ABSTRACT
PACE, CRYSTAL L. Development of the Infrared Matrix-Assisted Laser Desorption Electrospray
Ionization (IR-MALDESI) Mass Spectrometry Imaging (MSI) Platform for the Analysis of
Underivatized Biomolecules (Under the direction of Dr. David C. Muddiman).

This dissertation describes the development of new methodologies and analytical
workflows to deeply investigate biological applications by infrared matrix-assisted laser
desorption electrospray ionization (IR-MALDESI) mass spectrometry imaging. IR-MALDESI is
a hybrid ionization source combining soft ionization aspects from both matrix-assisted laser
desorption ionization (MALDI) and electrospray ionization (ESI). An exogenous ice matrix is
applied to samples by controlled exposure to humidity removing any interference effects caused
by application of external matrices used by MALDI techniques. A mid-IR laser is used to ablate
neutral species from a sample positioned on an XYZ translational stage desorbing neutral species
into the gas-phase where they are post-ionized by an orthogonal ESI source. Interfaced with an
Orbitrap mass spectrometer, IR-MALDESI experiments utilize high resolving power for confident
identification of biomolecules.
The mechanisms by which fetal development is impacted by chemical exposures such as
flame retardants remains unclear, but emerging evidence suggests that disruption at the level of
the placenta may play a role. Without chemical derivatization, 49 neurotransmitters and their
related metabolites were putatively identified in rat placenta by IR-MALDESI MSI using mass
measurement accuracy and spectral accuracy. A handful of neurotransmitters were less abundant
in placentas exposed to various flame retardants and we found that these downregulated
neurotransmitters shared the same enzyme responsible for metabolism, aromatic L-amino acid
decarboxylase, suggesting a mechanistic role. These data constitute a new approach that could help
identify novel mechanisms of toxicity in complex tissues.

Multimodal mass spectrometry imaging (MSI) is a critical technique used for deeply
investigating biological systems by combining multiple MSI platforms in order to gain the
maximum molecular information about a sample that would otherwise be limited by a single
analytical technique. A multimodal MSI approach was created with IR-MALDESI and nanoPOTS
LC-MS/MS by analysis of adjacent tissue sections of rat brain for metabolomic and proteomic
imaging. The combined data revealed complementary molecular profiles distinguishing the corpus
collosum against other sampled regions of the brain. A multiomic pathway integration showed a
strong correlation between the two datasets when comparing average abundances of metabolites
and corresponding enzymes in each brain region. This work demonstrates the first steps in the
creation of a multimodal MSI technique that combines two highly sensitive and complementary
imaging platforms.
Glycans are complex molecules that pose analytical challenges due to their isomeric
compositions, labile character, and ionization preferences. Native N-linked glycans produced by
enzymatic cleavage (via PNGase F) of bovine fetuin were analyzed directly by IR-MALDESI in
both positive and negative ionization mode. A total of 12 N-linked glycans in negative mode and
4 N-linked glycans in positive mode were detected, a significant increase in the amount of
underivatized glycans detected by other ionization sources. Importantly, all N-linked glycans
detected contained at least one sialic acid residue, which are known to be labile. This work
represents a critical first step for N-linked glycan analysis by IR-MALDESI with future efforts
directed at mass spectrometry imaging.
The first analysis of N-linked glycans in situ by IR-MALDESI MSI was demonstrated.
Formalin-fixed paraffin-embedded (FFPE) human prostate tissue was analyzed in negative
ionization mode after tissue washing, antigen retrieval, and pneumatic application of PNGase F

for enzymatic digestion of N-linked glycans. 53 N-linked glycans were confidently identified in
the prostate sample where more than 60% contained labile sialic acid residues. This work
demonstrates the first steps in N-linked glycan imaging of biological tissues by IR-MALDESI
MSI.
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Chapter 1: Introduction to Mass Spectrometry
Mass spectrometry is a leading analytical tool in the discovery and quantification of
molecules in simple and complex samples. A wide range of analytes are routinely measured by
mass spectrometry including volatile organic molecules, metals, metabolites, polymers, lipids, and
proteins. Mass spectrometry measurements are made via (1) ionization of neutral molecules, (2)
separation of ions by mass-to-charge (m/z) ratios in the mass analyzer, and (3) detection of ions
for abundance. Thus, the primary components in the mass spectrometer are the ionization source,
mass analyzer, and detector which should all be chosen based on the sample type and analyte(s)
of interest being studied. Especially relevant to the work presented here are the ionization sources
and mass analyzers used, and a detailed description of the background and underlying theories for
the ionization sources and mass analyzers used in this work are discussed below.

1.1 Soft Ionization Sources
1.1.1 Electrospray Ionization
Electrospray ionization (ESI) has emerged as one of the most widely used ionization
sources due to its versatility and advantages for large molecule analysis. ESI was first theorized
for mass spectrometry in 1968 by Dole and co-workers1 and implemented with a mass
spectrometer by Fenn and co-workers in 19842. A key feature of ESI is the ability to produce
multiply-charged ions, which is useful for studying large macromolecules where previous analyses
were limited by the upper range of the mass analyzers. Molecule m/z ratios are much lower (by a
factor of z) for multiply-charged ions which allows for smaller constraints on the mass range of
mass analyzers. ESI is a soft ionization method meaning that fragmentation of ions seldom occurs
during ionization, whereas harder ionization methods (e.g., chemical impact and electron
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ionization) greatly fragment ions. Additionally, ESI is useful with complex samples, as it is easily
coupled with separation methods and sample cleanup techniques. Disadvantages in ESI analyses
include the susceptibility of analytes to ion suppression from interfering salt in complex samples
and hydrophobic bias during the desolvation of droplets resulting in preferential ionization of
hydrophobic analytes.
Analytes diluted primarily in aqueous solution are introduced to the ESI source by
continuous nano- to microliter flow (Figure 1.1). A voltage is applied to the capillary causing the
oxidation of water in positive ionization mode forming H+ ions (or reduction of water producing
OH- ions in negative ionization mode). The accumulation of charge at the tip causes an elongation
of solvent droplets which creates a cone of liquid called the Taylor cone. Once the maximum
charge density (i.e., the Rayleigh limit) has been reached, droplets are expelled from the Taylor
cone creating an electrospray plume of charged droplets. Precursor droplets migrating towards the
mass spectrometer (which acts as a counter electrode) first undergo desolvation from solvent
evaporation, causing droplets to shrink in size. Desolvation occurs until the charged droplets reach
the Rayleigh limit which causes offspring droplets containing analyte and charge to expel from the
precursor droplet. The charged residual model and the ion evaporation model are the two primary
models that explain the mechanism from which offspring droplets become desolvated ions.
In the charge residual model (CRM) proposed by Dole and co-workers1, offspring droplets
continue to desolvate and expel smaller offspring droplets when the Rayleigh limit is reached. This
process continues until only one molecule with charge remains, which can then be transmitted and
analyzed by mass spectrometry. In the ion evaporation model (IEM) proposed by Iribarne and
Thomson3, offspring droplets continue to desolvate and expel smaller offspring droplets when the
Rayleigh limit is reached. When the field strength of the droplet is greater than 107 V/m, ions are
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desorbed directly from the surface of the droplet. The precursor droplet containing other molecules
and charge is left behind and continues to desolvate until ions can be desorbed. The key difference
between the two models is that CRM releases charged analytes from complete solvent evaporation
and IEM releases charged analytes directly from the surface of offspring droplets.

Figure 1.1 Mechanism of electrospray ionization showing the two proposed models of ionization.
Red lines inside the water droplets represent analytes. The chemical reactions for the oxidation
and reduction of water are shown in the top left and the equation for the Rayleigh limit is shown
on the bottom.

1.1.2 Matrix-Assisted Laser Desorption Ionization
Matrix-assisted laser desorption ionization (MALDI) is a soft ionization source that
requires the use of an energy-absorbing matrix that allows for the ionization of large molecular
weight molecules by laser desorption. MALDI was introduced in the late 1980s by Hillenkamp
and Karas, who showed the addition of an organic matrix generates large molecular ions (about 10
kDa) without fragmentation by ultraviolet (UV) laser desorption.4 Since then, MALDI has become
3

popular for large molecule analysis and mass spectrometry imaging applications. Disadvantages
to MALDI include vacuum requirements, ion suppression and isobaric interference from the
energy-absorbing matrix, and the large mass range requirements for mass analyzers due to the
primary production of singly-charged ions.
A typical MALDI workflow begins by placing a sample (dried droplet or sectioned tissue)
onto a MALDI sample plate (Figure 1.2). An even layer of organic matrix is deposited on the
surface of the sample using a commercial pneumatic sprayer and allowed to co-crystallize with the
analytes. The MALDI sample plate is then placed inside a vacuum chamber for analysis. A UV
laser is triggered at the sample, exciting the matrix molecules and desorbing large multiplycharged clusters containing matrix molecules, counterions, and analytes into the gas-phase. The
excited-state matrix is responsible for ionizing analyte material through proton transfer by gasphase collision. There are two primary theories for the mechanism of proton transfer in MALDI:
the lucky survivor theory and the gas-phase protonation theory.
The lucky survivor theory states that the analyte is already charged prior to any
experimental steps and will retain the original charge state after being mixed with the matrix.5 As
matrix molecules separate from analyte clusters, the analyte will undergo many proton transfers
from matrix ions, gas-phase particles, and other analytes but will also be neutralized by electrons.
A small percentage of protonated analyte (from pre-matrix conditions) will survive to be analyzed,
thus making them lucky survivor ions. The gas-phase protonation theory states that neutral
analytes collide with gas-phase matrix ions and undergo proton transfer, given that the analyte has
a higher proton affinity than the matrix, as determined by the negative change in enthalpy of
reaction.6 Both theories have been thoroughly investigated and experimentally shown to occur.7
The mechanism that dominates is dependent on (1) the charge state of the analyte before matrix
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crystallization, (2) the pH of the solution, and (3) the laser fluence. Analytes that are pre-charged
in solution are more likely to follow a lucky survivor mechanism. An increase in pH of the solution
results in fewer pre-charged ions, leading to more gas-phase protonation. An increase in laser
fluence increases the amount of excited-state matrix molecules which allows for more gas-phase
protonation mechanisms to occur.

Figure 1.2 Ionization mechanism of MALDI analyses showing the co-crystallization of organic
matrix molecules with analytes of interest. UV laser ablation causes excited-state matrix molecules
responsible for ionization of analytes by the two primary theories shown on the right.

1.1.3 Infrared Matrix-Assisted Laser Desorption Electrospray Ionization
Matrix-assisted laser desorption electrospray ionization (MALDESI) was first introduced
in 2006 by Muddiman and co-workers for the analysis of intact polypeptides.8 MALDESI is a
branch of laser desorption ionization combining both MALDI and ESI techniques. MALDESI has
been employed for the direct analysis of small molecules, metabolites, lipids, and proteins in an
assortment of sample types such as liquid samples9, plants10, and biological tissues11. Previous
work has demonstrated the applicability of MALDESI for qualitative analyses as well as
quantitative with the addition of calibration curves and internal standards.12 This ionization source
5

combines advantages from both MALDI and ESI mechanisms. Similar to MALDI, MALDESI can
provide spatial information through imaging, tolerate high salt concentration in samples13, and
offers the opportunity for high throughput screening analyses14. Like ESI, MALDESI operates at
atmospheric pressure and can produce multiply-charged ions. These benefits make MALDESI an
excellent analytical tool for studying a range of molecular classes within a variety of sample types.
The current MALDESI platform contains an XYZ stage, an electrospray ionization source,
and a mid-infrared (IR) laser all kept in a humidity-controlled enclosure (Figure 1.3). Due to the
wavelength of the laser, the current rendition of the system utilized in this work will be specifically
referred to as IR-MALDESI. A sample either thaw-mounted onto a microscope glass slide or in
microliter well plates is placed on the XYZ translational stage for analysis. For tissue analyses, the
enclosure is purged with nitrogen gas to reduce humidity and the sample stage is cooled to -8ºC to
prevent condensation of water and maintain the spatial integrity of the tissue. A thin ice layer is
deposited on top of the tissue sample by controlled exposure to ambient humidity. This allows for
endogenous and exogenous water to act as an energy-absorbing matrix due to its IR absorption at
2.94 µm.15 The mid-IR laser fires a laser pulse perpendicular to the sample, ablating sample
material into neutral gas-phase particles that meet an orthogonal electrospray plume. The ablated
neutral species undergo ionization via an ESI-like process as described in Section 1.1.1. This
mechanism was determined by the observation of multiply-charged ions and deuterated ions when
using D2O in electrospray instead of H2O.16,17
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Figure 1.3 Schematic of IR-MALDESI depicting the sample with deposited ice matrix, mid-IR
laser, and electrospray plume.

1.2 Fourier Transform Mass Spectrometry
Following the ionization of analytes, ions need to be transmitted, separated, and detected
by mass-to-charge (m/z) ratios. The mass analyzer is responsible for the separation of ions by m/z
ratios prior to detection. There are a variety of mass analyzers available including time-of-flight,
quadrupole mass filters, and ion traps. The Orbitrap is a Fourier transform ion trapping mass
analyzer introduced in 1999 by Alexander Makarov.18 The Orbitrap has greatly impacted the
accessibility of Fourier transform mass spectrometers due to its very compact nature eliminating
the need for a large superconducting magnet. Orbitrap instruments can achieve a resolving power
of up to 1,000,000 at 200 m/z with a mass accuracy of less than 1 ppm with internal calibration.
All experiments in this document were obtained using the Q Exactive Plus (Figure 1.4), Q
Exactive HF-X, Orbitrap Exploris 480, or the Orbitrap Exploris 240 mass spectrometer. While
each of these instruments manufactured by Thermo Fisher Scientific contain improved and
7

updated technologies from each other, all contain similar core components including a quadrupole
mass filter paired with an Orbitrap mass analyzer. In each instrument model, ions are first
introduced into the instrument and transmitted through a set of ion optics which utilize an
alternating radio frequency (RF) to focus the ions to a narrow beam. The ions are then transmitted
through a bent flatapole, which is used to remove neutral species that cannot follow a bent path.
The quadrupole can be utilized as RF-only for transmitting all ions or as a mass filter for selecting
ions by m/z before arriving at the curved linear trap (C-trap). The ions enter the C-trap where they
are collisionally cooled by nitrogen gas before entering the Orbitrap mass analyzer. A high-energy
collisional dissociation (HCD) cell is available for optional fragmentation of ions.

Figure 1.4 Instrument configuration for the Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific).

A ramped voltage is applied to the C-trap to direct ions into the Orbitrap. Ions of each m/z
arrive as ion packets that are approximately millimeters long. Ion packets are injected into the
Orbitrap offset from the center to start axial oscillation around the central electrode. The frequency
of the harmonic oscillation is dependent on the m/z of the ions as shown in Equation 1.1:
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𝜔 = √(𝑧/𝑚) × 𝑘

(1.1)

where ω is the axial frequency and k is an instrument constant. The image current of ions is detected
by outer electrodes of the Orbitrap. A time-domain transient is recorded and Fourier transformed
to obtain frequency which can then be converted to m/z by Equation 1.1.

1.3 Mass Spectrometry Imaging
Mass spectrometry imaging (MSI) is a technique that gained significant momentum based
on earlier work when Caprioli and colleagues showed the capability of MALDI for imaging in the
late 1990s.19,20 In principle, MSI collects a mass spectrum at each X,Y location of a sample and
ion images for each m/z in the mass spectrum are formed by reconstructing each scan to its spatial
location. This allows for molecules to be mapped out based on location and abundance which can
elucidate changes in localization between healthy and diseased samples. Spatial distributions can
also help target future studies by depicting regions of tissue most affected by a physiological
change. Pulsed ionization sources are commonly used for MSI experiments because they allow
easy coordination between each pulse(s) and collection of spectra at each X,Y location. However,
it is possible to collect portions of tissue at X,Y locations using laser microdissection and analyze
tissue extracts with continuous ionization sources like ESI coupled to separation techniques.21
Common ionization sources used for MSI experiments include MALDI, desorption electrospray
ionization (DESI), secondary ion mass spectrometry (SIMS), and IR-MALDESI.
MSI faces a few additional challenges including ion suppression and pixel variability.
Additional ion suppression effects are introduced inherently by direct analysis of samples with no
separation steps prior to mass spectrometry analysis. When samples are ablated into the gas-phase,
many neutral species are competing for charge during ionization. Highly abundant species such as
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lipids in biological tissues will dominate mass spectra, making it difficult to detect and quantify
low abundant species. To overcome this challenge, tissue washing steps can be employed to
remove high abundant species like lipids.22 Another challenge for MSI experiments is pixel
variability due to factors such as changes in tissue density from pixel to pixel. Various
normalization techniques can be used to reduce variability such as normalizing to the total ion
current, a sum of biological peaks, or to a normalization standard peak typically applied to the
microscope slide prior to cryosectioning.23 Despite these challenges, MSI remains a useful tool in
obtaining spatial distribution for a variety of molecules and sample types.

1.4 Mass Spectrometry Analysis of Biological ‘Omics’
The suffix “omics” is generally added to a field to represent a comprehensive study of
composition, function, and interactions of that discipline in all organisms. It was first coined with
genomics, defining the field as the study of all genes including identification of their structure,
function, and interactions as a function of time, space, and environment.24 “Omics” has been
applied to many other fields including epigenomics, transcriptomics, proteomics, and
metabolomics. These disciplines have revolutionized the identification of disease function and
biomarkers. In a typical “omics” experiment, only one discipline is studied at a time due to
limitations on instrumentation and technology.

1.4.1 Metabolomics
Metabolites range from small molecules like amino acids and neurotransmitters to lipid
molecules varying in size, polarity, and structural diversity. Metabolomics is the study of both
endogenous and exogenous metabolites which is critical for biological insight into how genotypes
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are affected by external factors such as disease, diet, or environmental sources. The application of
mass spectrometry for metabolite profiling and fingerprinting has been quite useful in drug
discovery and cancer research, in many cases providing biomarkers for early detection and
diagnosis of disease.25,26 Mass spectrometry is a useful analytical tool for metabolomics due to its
high sensitivity, selectivity and abilities for high throughput analysis.

1.4.2 Proteomics
Proteomics has been instrumental in the study and discovery of biomarkers for biological
diseases.27–29 This field of study involves the identification and quantification of proteins in an
organism under various physiological states as well as understanding the biological function of
each protein. Proteins are macromolecules composed of amino acids translated by ribosome. There
are 20 amino acids that can be incorporated into proteins and vary in hydrophobicity, acidity, and
aromaticity. Small oligomers of amino acids are called peptides and are generally less than 5 kDa
in weight. Proteins are important to study as they play key roles in biology including transportation
of molecules30, transmission of signals31, and providing structural support for cells32.
Most proteomic workflows use liquid chromatography-mass spectrometry (LC-MS/MS)
with bottom-up or top-down proteomic strategies. Top-down proteomics is the analysis of intact
proteins with LC-MS which is generally preferred if post-translational modifications or isoforms
are being characterized. However, these analyses are typically limited by the dynamic range of
available instrumentation as they must be capable of measuring kilodalton-sized molecules.
Bottom-up proteomics involves the measurement of peptides rather than intact proteins and is
considered the workhorse of the proteomics field. Enzymatically cleaved peptides are separated,
measured, and fragmented by LC-MS/MS as a representation of the proteins in the sample (Figure
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1.5). Trypsin is the most common enzyme used, which cleaves proteins at the carboxyl group of
arginine and lysine residues.
Liquid chromatography is used to separate peptides based on their affinity for the stationary
phase of the column (typically nonpolar C18) over the course of a 1–3 hour gradient of organic
and aqueous mobile phases. Analytes elute from the column at separate time points and enter the
mass spectrometer for analysis where fragmentation (i.e., MS/MS) of the analytes is performed to
gain structural specific spectra. Common workflows utilize data-dependent acquisition (DDA)
where the most abundant multiply-charged peaks (assumed to be peptides) in each spectrum are
fragmented. Using advanced proteomics software (e.g., Proteome Discoverer, Mascot), both the
precursor and fragmentation spectra are used to identify the potential peptide sequences based on
predicted fragmentation patterns of peptides. In bottom-up proteomics, the peptides are searched
across a protein sequence database specific to the organism of interest to associate measured
peptides to the most likely proteins.

Figure 1.5 Bottom-up proteomics approach where proteins are digested into peptides and
fragmented by MS/MS for structural elucidation.

1.4.3 Glycomics
Glycosylation represents one of the most common post-translational modification in
proteins contributing to many roles in signal transduction33, enzyme activity34, and tumor
progression35,36. Glycomics is the study of all sugars (i.e. carbohydrates, monosaccharides)
12

including the identification and quantification of free or complex glycan structures under multiple
physiological states. Glycans are extremely complex polysaccharides posing many analytical
challenges. Examples of common monosaccharide units and their symbol nomenclatures are found
in Figure 1.6A. Each shape represents a unique chemical formula where two monosaccharides
having the same shape, but different colors are isomeric structures. This isomeric complexity along
with the unique ring conformations and linkages between monosaccharides contribute to the
complex nature of glycans.
There are two main classes of glycans: N- and O-linked glycans. O-linked glycans link to
proteins via serine and threonine residues and have many different types of core structures (i.e.
specific linkage between glycan and protein residue). As a result, no single enzyme can effectively
cleave all O-linked glycans in a single step. This limits the ability to discover and elucidate
glycomic characteristics in biological diseases. N-linked glycans link to proteins through the
asparagine residues with an N-X-S/T motif where X can be any amino acid except proline (Figure
1.6B). N-linked glycans are also characterized by a core structure of three mannose and two Nacetylglucosamines allowing for one enzyme to efficiently cleave all glycans in a single step.
Peptide-N-glycosidase F (PNGase F) cleaves N-linked glycans at the nitrogen atom of asparagine
creating an amine group at the reducing end which is subsequently hydrolyzed to an alcohol group.
More than 70% of proteins contain the N-X-S/T motif required for N-linked glycosylation37 and
as such have been a huge focus in glycomics due to its role in tumor progression and cancer
biology.35,36
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Figure 1.6 A) Common monosaccharide units in N-linked glycans found in mammalian systems
and their symbol nomenclature. B) Common core structure of N-linked glycans and their specific
linkage to proteins.

1.5 Research Synopsis
This dissertation describes the development of new methodologies and analytical
workflows to deeply investigate biological applications by infrared matrix-assisted laser
desorption electrospray ionization (IR-MALDESI) mass spectrometry imaging (MSI). Chapter 2
describes the direct analysis of underivatized neurotransmitters in rat placenta after exposure to
flame retardants. A handful of neurotransmitters were less abundant in placentas exposed to flame
retardants and we found that these downregulated neurotransmitters shared the same enzyme
responsible for metabolism, aromatic L-amino acid decarboxylase, suggesting a mechanistic role.
Chapter 3 details the creation of a multimodal MSI approach. The analysis of adjacent
tissue sections of rat brain for metabolomic and proteomic imaging by IR-MALDESI and
nanoPOTS LC-MS/MS revealed complementary molecular profiles distinguishing the corpus
collosum against other sampled regions of the brain. A multiomic pathway integration showed a
strong correlation between the two datasets when comparing average abundances of metabolites
and corresponding enzymes in each brain region.
14

Glycans are complex molecules that pose analytical challenges due to their isomeric
compositions, labile character, and ionization preferences. In Chapter 4, native N-linked glycans
produced by enzymatic cleavage (via PNGase F) of bovine fetuin were analyzed directly by IRMALDESI in both positive and negative ionization mode. A significant increase in the amount of
underivatized glycans were detected by IR-MALDESI compared to other ionization sources.
Importantly, all N-linked glycans detected contained at least one sialic acid residue, which are
known to be labile. Chapter 5 demonstrates the first analysis of N-linked glycans in situ by IRMALDESI MSI. Formalin-fixed paraffin-embedded (FFPE) human prostate tissue was analyzed
in negative ionization mode after tissue washing, antigen retrieval, and pneumatic application of
PNGase F for enzymatic digestion of N-linked glycans. 53 N-linked glycans were confidently
identified in the prostate sample where more than 60% contained labile sialic acid residues.
Appendices A-D contain supplemental information for each individual chapter. Appendix
E details preliminary work on the analysis of N-linked glycans digested from post-mortem human
brain tissue with Alzheimer’s disease. Appendix F details preliminary work on the use of
sequential paired covariance for improved ion images MSI datasets.
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Chapter 2: Analysis of Neurotransmitters in Rat Placenta Exposed to Flame Retardants
using IR-MALDESI Mass Spectrometry Imaging
Reused with permission from: Pace, C.L., Horman, H., Patisaul, H., Muddiman, D.C. Analytical
and Bioanalytical Chemistry, 2020, 412, 3745-3752. Copyright © 2020, Springer-Verlag GmbH
Germany, part of Springer Nature

2.1 Introduction
Mass spectrometry imaging (MSI) is a useful tool for visualizing multiple spatial
distributions of molecules in biological tissues simultaneously.1,2 MSI allows for spatial mapping
on a micrometer scale, and when using high mass measurement and spectral accuracy, high
specificity can be achieved. Matrix-assisted laser desorption ionization (MALDI) is the most
common MSI ionization source, which has expanded the field in various applications for the
analysis of metabolites, lipids, glycans, and proteins.3 While the MSI community has made
significant progress with MALDI, there are inherent disadvantages to the technique that are
problematic for small metabolites such as neurotransmitters. The biggest challenge for MALDIMSI is interference of the organic matrix in the mass spectra. The matrix creates a significant
amount of clusters in the low mass range which dominate and overlap with many small metabolites
such as neurotransmitters. For this reason, detection of neurotransmitters by MALDI-MSI has
historically been limited to very few identifications.4,5
The current solution for neurotransmitter analysis by MALDI-MSI is the use of chemical
derivatization. In this method, neurotransmitters are chemically tagged to increase the m/z of the
neurotransmitter above the mass range containing organic matrix clusters. This technique has
helped to significantly increase the number of identifications in biological tissue imaging to 35
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neurotransmitters and metabolites.6 While chemical derivatization has allowed MALDI-MSI the
ability to detect many neurotransmitters, additional sample preparation steps that consume more
time and resources are not desirable. Chemical derivatization methods are typically functional
group specific which limits the amount of neurotransmitter coverage obtained by a single
experiment. For example, Shariatgorji et al. tagged neurotransmitters with pyrylium salts which
specifically targets primary amines.7 Neurotransmitters such as acetylcholine do not contain a
primary amine functional group and is therefore not modified by the chemical derivatization
method. Additionally, chemical modifications on tissue samples is challenging with unknown
reaction efficiency which increases the variability of the measurements.
Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) is an
ambient ionization source combining MALDI and electrospray ionization techniques.8,9
Introduced in 2006, IR-MALDESI has been developed for metabolomic and lipidomic analysis
for an assortment of sample types including liquids10, plants11, and biological tissues12. In a typical
experiment, samples are placed on a cooled translational stage in a humidity-controlled enclosure.
A mid-IR laser at 2.94 µm is used to ablate sample material into gas-phase neutral species which
are then post-ionized by an orthogonal electrospray plume. Due to the IR absorption of water, IRMALDESI utilizes an ice matrix to facilitate enhanced desorption to the gas-phase with no
interference in the mass spectrum.13,14 This is directly advantageous for the analysis of
neurotransmitters and metabolites where other techniques require chemical derivatization to avoid
interference from matrix signals.6,7 Neurotransmitter imaging by IR-MALDESI has previously
been demonstrated in rat brain without the use of chemical derivatization.15
In this study, we sought to spatially examine neurotransmitter and metabolite distributions
by IR-MALDESI-MSI in rat placenta with the hypothesis that they would be largely confined to
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specific structures. The placenta is a vital but ephemeral organ developed during pregnancy to
deliver nutrients and facilitate gas exchange between mother and fetus. A complex organ with
multiple layers and cell types, the structure and function of the placenta changes dramatically
across gestation. Disruption of this transformation and, consequently, placental function could
result in poor fetal development and/or disease development later in life. It has been shown, for
example, that flame retardants such as Firemaster® 550 (FM550) can disrupt placental production
of neurotransmitters such as serotonin, which are critical to support fetal brain development.16,17
Additionally, in rats, placental FM550 levels exceed fetal and maternal serum levels,
demonstrating that the placenta receives the greatest exposure.18 Thus, the full FM550 mixture and
its brominated components were used for the present study. Given that human exposure to flame
retardants and other purported chemical toxicants is nearly ubiquitous, it is of high interest to
develop tools for investigating how anthropogenic chemicals affect biological processes such as
neurotransmitter production in the placenta, at a cellular level.
Herein, IR-MALDESI was used to identify neurotransmitters in rat placental tissue.
Neurotransmitters and their related-metabolites were putatively identified in rat placenta using
mass and spectral accuracy.19 In this preliminary investigation, IR-MALDESI-MSI was used to
interrogate the effect of exposure to flame retardants on placental neurotransmitters. Changes in
spatial localization and normalized abundance were observed and interrogated by metabolic
pathway analysis to investigate the potential source of biochemical change in placental tissues
exposed to flame retardants. Our results indicate IR-MALDESI is a useful approach for
neurotransmitter imaging which does not require chemical derivatization.
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2.2 Materials and Methods
Optima LC/MS grade methanol and water were purchased from Fisher Scientific
(Hampton, NH, USA). Formic acid was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Firemaster® 550 (FM550) and Firemaster® BZ-54 (BZ-54) were obtained from Great Lakes
Chemical (West Lafayette, IN, USA) via Heather Stapleton at Duke University. All chemicals
were used without any purification. Nitrogen gas used for purging sample enclosure was obtained
from Arc3 Gases (Raleigh, NC, USA).
Time pregnant Wistar rats were obtained from Charles River Laboratories (Raleigh, NC,
USA) and orally dosed with one of the two flame retardant mixtures from gestational days (GDs)
8 to 18. FM550 contains a mixture of isopropylated phenyl phosphates and brominated flame
retardants and BZ-54 contains only the brominated flame retardants. The doses used far exceed
typical human exposures but were selected to maximize the potential to detect them in placental
tissues. Flame retardants were diluted in sesame oil and given orally on a vanilla wafer in
concentrations of 100 µL of sesame oil (control), 10 mg of FM550 (low FM550), or 100 mg of
BZ-54 (BZ-54) daily. There were 2 control dams, 2 low FM550 dams, and 2 BZ-54 dams. All
were sacrificed 4 h after the last dose. An additional dam received the same daily exposure as the
low FM550 dosing group but received an additional dose 2 h before sacrifice and is distinguished
separately as the high FM550 dosing group. At GD 18, dams were sacrificed via CO2 asphyxiation
and rapid decapitation. Tissues were flash frozen on powdered dry ice, wrapped in foil, and stored
at − 80 °C until time of analysis. From each dam, one pup per sex (confirmed using PCR as
previously described) was randomly chosen for analysis and placenta tissues from each pup were
sectioned and analyzed with IR-MALDESI.20 One of the BZ-54 exposure groups (both a male and
female placenta) was removed from data analysis because of technical error during measurement.
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Whole rat placentas were cryosectioned (Leica CM1950 crysotat, Buffalo Grove, IL, USA)
immediately before analysis. Placentas were mounted on a sample disc with embedding material
(Fisher Scientific, Fair Lawn, NJ, USA) and sectioned at a thickness of 20 µm at – 15 °C. Tissue
sections were thaw-mounted onto glass slides and placed on a Peltier-cooled XY stage in a
humidity-controlled enclosure for the entire experiment. A thin ice layer was formed by controlled
exposure to ambient humidity. A mid-IR laser (IR-Opolette 2731, Opotek, Carlsbad, CA, USA)
operating at a wavelength of 2.94 µm was used for laser ablation at 1 laser pulse per voxel with an
energy of 1.3 mJ per shot. Spatial resolution was set to be 150 µm, slightly larger than the spot
size of the laser. The electrospray solvent was prepared daily and consisted of 50% methanol in
water containing 0.1% formic acid. Stable electrospray was achieved with a flow rate of 1 µL/min.
IR-MALDESI was coupled to a Q Exactive Plus (Thermo Fisher Scientific, Bremen,
Germany) set to a mass resolving power of 140,000FWHM at m/z 200. Automatic gain control (AGC)
was turned off and a fixed injection time of 25 ms was used. The mass spectrometer was operated
in positive ionization mode at an ESI voltage of 3.6 kV with a mass range of 100–400 m/z for
neurotransmitter analysis. Polysiloxane at m/z 371.1012 and diisooctyl phthalate at m/z 391.2843
were used as lock masses for internal calibration to obtain high mass measurement accuracy.
XCalibur RAW data files were converted to mzML files using MSConvert21 and then to
imzML files using imzMLconverter22. All ion images were generated and analyzed using
MSiReader, an open-source MATLAB software for imaging analysis.23,24 Ion images were
normalized to a biological total ion current (TIC) to account for inter- and intra-day variability.25
The biological TIC normalization was selected over the traditional normalization to TIC to remove
the dependency of highly abundant ambient background ions in the TIC. The biological TIC was
formed by summing the abundance of biological peaks in each pixel. Biological peaks that were
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2× more abundant on tissue than background or at least 80% present in tissue and less than 20%
present in background were found using the MSiPeakfinder tool in MSiReader. A total of 10
biological ions from the peak picking list that had a homogeneous distribution in the control tissues
and similar abundance were chosen for the biological TIC normalization. Finally, KEGG
metabolic pathways were used to analyze metabolic changes in neurotransmitters.26,27

2.3 Results and Discussion
The detection of neurotransmitters and the effect of flame retardant exposure on
biomolecules in rat placenta were the focus of this study. A placental section from the female
control group was first investigated to achieve confident identification of neurotransmitters
without chemical derivatization steps. The spatial distributions of the detected neurotransmitters
were then analyzed and compared to anatomically matched placental sections from the exposed
animals. We focused on three main placental regions as outlined in Figure 2.1: the maternal
portion (mesometrium), trophospongium, and fetal region (labyrinth zone). While all regions are
important for the production and transportation of nutrients needed for brain and fetal
development, the trophospongium is the primary source of placental neurotransmitters for the
developing fetus.
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Figure 2.1 Optical image of the rat placenta depicting the maternal, trophospongium, and fetal
regions.

2.3.1 Detection of Neurotransmitters using Accurate Mass and Spectral Accuracy
Neurotransmitters were detected and identified in placenta sections using mass and spectral
accuracy obtained through high resolution accurate mass (HRAM) mass spectrometry. IRMALDESI detected a total of 49 common neurotransmitters and related metabolites in placenta
tissue from the female control group. Figure 2.2 depicts the mass spectra of four of the
neurotransmitters putatively identified. Each molecule was detected with less than 2.5 ppm mass
measurement accuracy (MMA). The isotopic distributions were calculated using reported isotopic
abundance for each element and used to further confirm the identification of the
neurotransmitters.28 Each of the four neurotransmitters shown closely match the theoretical
isotopic distributions depicted by the red circles in Figure 2.2. It is important to note that the ion
counts of these molecules are below the recommended thresholds to obtain identifications through
spectral accuracy alone.19 A list of all neurotransmitters detected as well as mass spectra for each
metabolite can be found in Appendix A (Table A.1 and Figure A.1).
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Figure 2.2 Four examples of neurotransmitters putatively identified with accurate mass (<2.5 ppm
MMA) and spectral accuracy in placenta tissue from the female control group. Red circles
represent theoretical isotopic distribution, grey lines represent the background mass spectra, and
colored lines represent experimental isotopic distribution for each respective molecule. A zoomedin mass spectra is shown for the A+1 peak of dopamine to indicate that baseline resolution is
achieved for each peak of interest.

The high number of neurotransmitters and metabolites detected by IR-MALDESI MSI
without chemical derivatization represents a critical technical advancement for the neuroendocrine
and toxicological communities. Previous imaging of neurotransmitters and related-metabolites
have only reported the detection of approximately 10 or less neurotransmitters in a single
experiment (Table 2.1). Shariatgorji et al. detected 35 neurotransmitters and metabolites by
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tagging phenol and primary amines with 2-fluoro-1-methylpyridinium cation.6 This was a
significant achievement for MALDI-MSI; however, our method demonstrates that chemical
derivatization can be avoided for imaging analysis of neurotransmitters. Due to the absence of
matrix interference peaks in IR-MALDESI, this method is much more suitable than related MSI
techniques for neurotransmitter imaging.

Table 2.1 Summary of neurotransmitter and related metabolite detection in a single experiment by
common MSI ionization techniques. The number of neurotransmitters reported in column 1
reflects only molecules that are neurotransmitter related.
Metabolites
Detected
5

Sample
Type
Standards

5

Rat Brain

9

Rat Brain

12

Crab Brain

16

Rat Brain

35

Rat Brain

49

Rat
Placenta

MSI Platform
MALDI
TOF/TOF
MALDI
LTQ Orbitrap
XL
MALDI
FT-ICR
MALDI
LTQ Orbitrap
XL
IR-MALDESI
Q Exactive Plus
MALDI
FT-ICR

IR-MALDESI
Q Exactive Plus

Identification
Method
Mass
Accuracy1
Mass Accuracy

Chemical
Derivatization
No

Reference

No

5

Mass Accuracy

7

Mass Accuracy

Yes –
Primary
amines
No

Mass Accuracy

No

15

Mass
Accuracy1

Yes - Phenol
and
primary
amines
No

6

Spectral
Accuracy
Mass Accuracy
1
MS/MS was performed on select molecules in these studies.

4

5

This Work
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2.3.2 Spatial Distributions of Neurotransmitters
After confident detection of neurotransmitters in placenta tissue by mass and spectral
accuracy, spatial distributions were investigated using the IR-MALDESI MSI platform on all
exposure groups. Visual inspection revealed that the majority of neurotransmitters had
homogenous distributions within the placenta and these distributions were largely unaffected by
exposure to flame retardants in either sex. As predicted, occasionally, there were “hotspots” where
the molecules appeared to be more abundant in one region than the rest of the tissue. For a few
neurotransmitters, there were instances where this region-specific abundance appeared to be
impacted by flame retardant exposure. Overall, the results demonstrate that our approach has the
potential to identify region-specific differences in neurotransmitter levels in a complex organ.
To demonstrate the diversity of spatial distributions for neurotransmitters in placenta
tissue, four representative neurotransmitters are shown in Figure 2.3. The distribution of
norepinephrine was mostly homogenous, regardless of sex or exposure. Dopamine, by contrast, is
one of the neurotransmitters that exhibited region-specific abundance in placenta tissue. In both
sexes, dopamine appeared to be elevated in the trophospongium and maternal region of the low
FM550 exposure group. This phenomenon was not observed in the BZ-54 exposure group,
suggesting that it may be the organophosphates in the FM 550 mixture driving this effect. In the
high FM550 exposure group (which received an extra dose 2 h before sacrifice), dopamine appears
to be lower compared to controls. This may suggest that dopamine levels are initially reduced
following exposure and then recover and heighten to overcome this deficit. These phenomena
demonstrate how the level of spatial resolution obtained via this unique approach could contribute
vital toxicological information for future interrogation that would have been difficult to observe
via other methods.
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Figure 2.3 Spatial distributions of neurotransmitters in placenta tissue as a function of exposure.
All four of these neurotransmitters are localized across the whole placenta. While dopamine and
norepinephrine appear to be unaffected by exposure levels, serotonin and tyramine have lower
normalized abundance in the BZ-54 and high FM550 exposure groups compared with the control
group. The BZ-54, high FM550, low FM550, and control exposure groups received a total of 1000
mg BZ-54, 110 mg FM550, 100 mg FM550, and 0 mg FM550, respectively. Dotted white line is
used to separate BZ-54 from FM550 exposed tissues.

Serotonin and tyramine had similar distribution patterns (Figure 2.3). By visual inspection,
these molecules had relatively homogenous spatial distributions in both sexes of the control
tissues. Both neurotransmitters appeared to decrease in abundance with increasing FM550
exposure to flame retardants, particularly on the fetal side. This phenomenon was also apparent in
the BZ-54 group suggesting that the brominated components of the FM550 mixture are driving
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this effect. In averaging the abundance on whole tissue sections, the control group had higher
normalized abundance of serotonin and tyramine compared with the high FM550 and BZ-54
exposure groups. Other neurotransmitters with a similar pattern of regional distribution and
exposure-related decreases include phenethylamine, synephrine, and tryptamine. Clustered bar
graphs representing the average abundance of neurotransmitter in each tissue can be found in
Appendix A (Figure A.2).

2.3.3 Pathway Analysis of Neurotransmitters
Metabolic pathways were investigated to identify a possible mode of action for the
potentially altered neurotransmitter distributions. The precursors, metabolites, and enzymes for
each neurotransmitter were considered using KEGG pathway database for rattus norvegicus.26,27
One neurotransmitter of interest was tryptamine, which is formed form the metabolism of
tryptophan and its ion image metabolic pathways is shown in Figure 2.4. Tryptophan and its
metabolites were spatially distributed across the whole placenta section and appeared to be
increased in the maternal region in the low FM550 exposure group. In contrast, tryptamine
appeared to be decreased in abundance across the whole tissue by exposure to flame retardants.
This pattern continued further down the tryptamine metabolic pathway, where Nmethyltryptamine also decreased in abundance in the BZ-54 and high FM550 exposure groups.
This could be due to there being less tryptamine to produce N-methyltryptamine. The change in
abundance is likely originating from the disrupted metabolism of tryptophan, which is consistent
with prior reports using other approaches.16 Other metabolites of tryptophan were investigated and
did not have a decreasing trend in abundance (other than the slight change in 5-hydroxytryptophan,
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Figure A.3). This suggests the hypothesis that the enzymatic activity of L-tryptophan and
aromatic-L-amino-acid decarboxylases may be hindered by exposure to flame retardants.

Figure 2.4 Ion image metabolic pathway of tryptamine. Tryptamine is produced from tryptophan
which has homogenous distributions across exposure groups. In the metabolism of tryptophan, the
control tissues produce more tryptamine compared with the higher dosed tissues. This indicates a
disruption in the metabolism of tryptophan to tryptamine. Other metabolites (blue) and their
respective enzymes (black) involved in this pathway are shown on the right. The BZ-54, high
FM550, low FM550, and control exposure groups received a total of 1000 mg BZ-54, 110 mg
FM550, 100 mg FM550, and 0 mg FM550, respectively. Dotted white line is used to separate BZ54 from FM550 exposed tissues.

The neurotransmitter phenethylamine also appeared to be decreased in abundance with
increased exposure to flame retardants. By contrast, phenylalanine which produces
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phenethylamine (Figure 2.5), had an interesting distribution with some evidence of heightened
levels in the maternal region in some exposed animals. Heightened maternal phenylalanine levels
impair fetal growth29 and could be indicative of impaired amino acid transfer30. The difference
between phenylalanine and phenethylamine indicates a possible change in the metabolic process.
Interestingly, the enzyme that converts phenylalanine to phenethylamine is aromatic-L-aminoacid decarboxylase, the same enzyme responsible for production of tryptamine (Figure 2.4). The
observation that both neurotransmitters exhibiting exposure-related effects, produced from
separate starting materials via the same enzyme, enhances confidence that disrupted activity of
this key enzyme may be crucial to the mode of action, warranting further interrogation.

Figure 2.5 Phenylalanine metabolic pathway depicting the production and metabolism of
phenethylamine. Phenylalanine is more abundant in the maternal region of the placenta but does
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not have a dosing group effect. Phenethylamine decreases in abundance with increasing exposure
to flame retardants. This implies that the reaction to form phenethylamine is impaired when
exposed to flame retardants. Other metabolites (blue) and their respective enzymes (black)
involved in this pathway are shown on the right. The BZ-54, high FM550, low FM550, and control
exposure groups received a total of 1000 mg BZ-54, 110 mg FM550, 100 mg FM550, and 0 mg
FM550, respectively. Dotted white line is used to separate BZ-54 from FM550 exposed tissues.

2.4 Conclusions
This study indicates that IR-MALDESI is a highly effective technique for region-specific
neurotransmitter imaging in rat placenta. For MSI of biological tissues, deep untargeted
metabolomic analysis in the low mass range is crucial in understanding neurological systems. This
method presents the capability of deep neurotransmitter and metabolite coverage not previously
achieved in a single imaging experiment without chemical derivatization. IR-MALDESI detected
49 neurotransmitters and metabolites in their native form (i.e., without chemical derivatization) in
untreated rat placental sections after gestational exposure to flame retardants. A few
neurotransmitters appeared to have been impacted by exposure to one or both flame retardant
mixtures. This demonstrates the power and potential of this approach for generating testable
hypotheses about mode of action and region-specific vulnerability; both of which can be followed
up by more targeted approaches.

2.5 Acknowledgments
The authors would also like to Dr. Måns Ekelöf for his guidance on the IR-MALDESI
instrumentation. All mass spectrometry measurements were carried out in the Molecular
Education, Technology, and Research Innovation Center (METRIC) at North Carolina State
University. The authors gratefully acknowledge the financial support received from the National
35

Institutes of Health (R01GM087964, R01ES028110, and P30ES025128) and North Carolina State
University.

36

2.6 References
(1)

Caprioli, R. M.; Farmer, T. B.; Gile, J. Molecular Imaging of Biological Samples:
Localization of Peptides and Proteins Using MALDI-TOF MS. Anal. Chem. 1997, 69 (23),
4751–4760.

(2)

Heeren, R. M. A.; Chughtai, K. Mass Spectrometric Imaging for Biomedical Tissue
Analysis. Chem. Rev. 2010, 110 (5), 3237–3277.

(3)

Xu, G.; Li, J. Recent Advances in Mass Spectrometry Imaging for Multiomics Application
in Neurology. J. Comp. Neurol. 2019, 527 (13), 2158–2169.

(4)

Sugiura, Y.; Zaima, N.; Setou, M.; Ito, S.; Yao, I. Visualization of Acetylcholine
Distribution in Central Nervous System Tissue Sections by Tandem Imaging Mass
Spectrometry. Anal. Bioanal. Chem. 2012, 403 (7), 1851–1861.

(5)

Ye, H.; Wang, J.; Greer, T.; Strupat, K.; Li, L. Visualizing Neurotransmitters and
Metabolites in the Central Nervous System by High Resolution and High Accuracy Mass
Spectrometric Imaging. ACS Chem. Neurosci. 2013, 4 (7), 1049–1056.

(6)

Shariatgorji, M.; Nilsson, A.; Fridjonsdottir, E.; Vallianatou, T.; Källback, P.; Katan, L.;
Sävmarker, J.; Mantas, I.; Zhang, X.; Bezard, E.; Svenningsson, P.; Odell, L. R.; Andrén,
P. E. Comprehensive Mapping of Neurotransmitter Networks by MALDI–MS Imaging.
Nat. Methods 2019, 16 (10), 1021–1028.

(7)

Shariatgorji, M.; Nilsson, A.; Goodwin, R. J. A.; Källback, P.; Schintu, N.; Zhang, X.;
Crossman, A. R.; Bezard, E.; Svenningsson, P.; Andren, P. E. Direct Targeted Quantitative
Molecular Imaging of Neurotransmitters in Brain Tissue Sections. Neuron 2014, 84 (4),
697–707.

(8)

Sampson, J. S.; Hawkridge, A. M.; Muddiman, D. C. Generation and Detection of Multiply-

37

Charged Peptides and Proteins by Matrix-Assisted Laser Desorption Electrospray
Ionization (MALDESI) Fourier Transform Ion Cyclotron Resonance Mass Spectrometry.
J. Am. Soc. Mass Spectrom. 2006, 17 (12), 1712–1716.
(9)

Bokhart, M. T.; Muddiman, D. C. Infrared Matrix-Assisted Laser Desorption Electrospray
Ionization Mass Spectrometry Imaging Analysis of Biospecimens. Analyst 2016, 141 (18),
5236–5245.

(10)

Nazari, M.; Ekelöf, M.; Khodjaniyazova, S.; Elsen, N. L.; Williams, J. D.; Muddiman, D.
C. Direct Screening of Enzyme Activity Using Infrared Matrix-Assisted Laser Desorption
Electrospray Ionization. Rapid Commun. Mass Spectrom. 2017, 31 (22), 1868–1874.

(11)

Ekelöf, M.; McMurtrie, E. K.; Nazari, M.; Johanningsmeier, S. D.; Muddiman, D. C. Direct
Analysis of Triterpenes from High-Salt Fermented Cucumbers Using Infrared MatrixAssisted Laser Desorption Electrospray Ionization (IR-MALDESI). J. Am. Soc. Mass
Spectrom. 2017, 28 (2), 370–375.

(12)

Nazari, M.; Bokhart, M. T.; Loziuk, P. L.; Muddiman, D. C. Quantitative Mass
Spectrometry Imaging of Glutathione in Healthy and Cancerous Hen Ovarian Tissue
Sections by Infrared Matrix-Assisted Laser Desorption Electrospray Ionization (IRMALDESI). Analyst 2018, 143 (3), 654–661.

(13)

Robichaud, G.; Barry, J. A.; Muddiman, D. C. IR-MALDESI Mass Spectrometry Imaging
of Biological Tissue Sections Using Ice as a Matrix. J. Am. Soc. Mass Spectrom. 2014, 25
(3), 319–328.

(14)

Tu, A.; Muddiman, D. C. Internal Energy Deposition in Infrared Matrix-Assisted Laser
Desorption Electrospray Ionization With and Without the Use of Ice as a Matrix. J. Am.
Soc. Mass Spectrom. 2019, 30 (11), 2380–2391.

38

(15)

Bagley, M. C.; Ekelöf, M.; Rock, K.; Patisaul, H.; Muddiman, D. C. IR-MALDESI Mass
Spectrometry Imaging of Underivatized Neurotransmitters in Brain Tissue of Rats Exposed
to Tetrabromobisphenol A. Anal. Bioanal. Chem. 2018, 410 (30), 7979–7986.

(16)

Rock, K. D.; Horman, B.; Phillips, A. L.; McRitchie, S. L.; Watson, S.; Deese-Spruill, J.;
Jima, D.; Sumner, S.; Stapleton, H. M.; Patisaul, H. B. EDC IMPACT: Molecular Effects
of Developmental FM 550 Exposure in Wistar Rat Placenta and Fetal Forebrain. Endocr.
Connect. 2018, 7 (2), 305–324.

(17)

Bonnin, A.; Levitt, P. Fetal, Maternal, and Placental Sources of Serotonin and New
Implications for Developmental Programming of the Brain. Neuroscience 2011, 197, 1–7.

(18)

Phillips, A. L.; Chen, A.; Rock, K. D.; Horman, B.; Patisaul, H. B.; Stapleton, H. M.
Transplacental and Lactational Transfer of Firemaster® 550 Components in Dosed Wistar
Rats. Toxicol. Sci. 2016, 153 (2), 246–257.

(19)

Khodjaniyazova, S.; Nazari, M.; Garrard, K. P.; Matos, M. P. V.; Jackson, G. P.; Muddiman,
D. C. Characterization of the Spectral Accuracy of an Orbitrap Mass Analyzer Using
Isotope Ratio Mass Spectrometry. Anal. Chem. 2018, 90 (3), 1897–1906.

(20)

Baldwin, K. R.; Phillips, A. L.; Horman, B.; Arambula, S. E.; Rebuli, M. E.; Stapleton, H.
M.; Patisaul, H. B. Sex Specific Placental Accumulation and Behavioral Effects of
Developmental Firemaster 550 Exposure in Wistar Rats. Sci. Rep. 2017, 7 (1), 1–13.

(21)

Kessner, D.; Chambers, M.; Burke, R.; Agus, D.; Mallick, P. ProteoWizard: Open Source
Software for Rapid Proteomics Tools Development. Bioinformatics 2008, 24 (21), 2534–
2536.

(22)

Race, A. M.; Styles, I. B.; Bunch, J. Inclusive Sharing of Mass Spectrometry Imaging Data
Requires a Converter for All. J. Proteomics 2012, 75 (16), 5111–5112.

39

(23)

Robichaud, G.; Garrard, K. P.; Barry, J. A.; Muddiman, D. C. MSiReader: An Open-Source
Interface to View and Analyze High Resolving Power MS Imaging Files on Matlab
Platform. J. Am. Soc. Mass Spectrom. 2013, 24 (5), 718–721.

(24)

Bokhart, M. T.; Nazari, M.; Garrard, K. P.; Muddiman, D. C. MSiReader v1.0: Evolving
Open-Source Mass Spectrometry Imaging Software for Targeted and Untargeted Analyses.
J. Am. Soc. Mass Spectrom. 2018, 29 (1), 8–16.

(25)

Tu, A.; Muddiman, D. C. Systematic Evaluation of Repeatability of IR-MALDESI-MS and
Normalization Strategies for Correcting the Analytical Variation and Improving Image
Quality. Anal. Bioanal. Chem. 2019, 411 (22), 5729–5743.

(26)

Kanehisa, M.; Sato, Y.; Furumichi, M.; Morishima, K.; Tanabe, M. New Approach for
Understanding Genome Variations in KEGG. Nucleic Acids Res. 2019, 47 (D1), D590–
D595.

(27)

Kanehisa, M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res.
2000, 28 (1), 27–30.

(28)

Berglund, M.; Wieser, M. E. Isotopic Compositions of the Elements 2009 (IUPAC
Technical Report). Pure Appl. Chem. 2011, 83 (2), 397–410.

(29)

Andersen, A. Maternal Hyperphenylalaninemia: An Experimental Model in Rats. Dev.
Psychobiol. 1976, 9 (2), 157–166.

(30)

Lofthouse, E. M.; Perazzolo, S.; Brooks, S.; Crocker, I. P.; Glazier, J. D.; Johnstone, E. D.;
Panitchob, N.; Sibley, C. P.; Widdows, K. L.; Sengers, B. G.; Lewis, R. M. Phenylalanine
Transfer across the Isolated Perfused Human Placenta: An Experimental and Modeling
Investigation. Am. J. Physiol. - Regul. Integr. Comp. Physiol. 2016, 310 (9), R828–R836.

40

Chapter 3: Multimodal Mass Spectrometry Imaging of Rat Brain Using IR-MALDESI and
NanoPOTS-LC-MS/MS
Reused with permission from: Pace, C.L., Simmons, J., Kelly, R.T., Muddiman, D.C. Journal of
Proteome Research, 2021, In Press. Copyright © 2020, American Chemical Society

3.1 Introduction
Spatial distributions of biomolecules within tissues enable changes in expression to be
visualized between healthy and diseased regions of interest within two or three-dimensional
specimens.1–4 Mass spectrometry imaging (MSI) is an invaluable tool for obtaining these spatial
distributions of biomolecules while still gaining a considerable amount of molecular depth.
Existing MSI platforms have explored a variety of fields such as metabolomics, lipidomics,
glycomics, and proteomics.5 However, in a typical “omics” experiment, only one class of
biomolecules is studied at a time due to limitations on instrumentation and technology. For
example, Pang and co-workers recently demonstrated the use of ambient air flow-assisted
desorption electrospray ionization MSI to deeply profile polar metabolites and map their metabolic
network in sagittal rat brain tissues.6 Incorporating multiomic approaches into a single experiment
allows more opportunity for discovering disease-related correlations.
Multimodal imaging combines multiple imaging platforms to gain the maximum amount
of molecular spatial information about a sample.7 It is very common for MSI techniques to use
molecular histology to correlate histological regions of interests with ion images obtained by MSI
experiments.8–10 Multimodal MSI specifically combines two or more MSI techniques, which is
important as singular MSI experiments are typically limited to specific classes of biomolecules
(e.g., lipids, metabolites) due to the selective extraction, purification, and ionization of molecules
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under a given set of conditions for in situ analyses. Proteomic analyses are challenging for most
MSI techniques due to significant matrix suppression and a lack of sensitivity for low abundant
proteins. Most established MSI approaches typically identify only hundreds of proteins/peptides
during an imaging experiment.11,12 This low coverage compared to typical LC-MS/MS studies
limits the scope of biological questions that may be answered by MSI. Therefore, there is a great
need for improvement in proteomic imaging techniques.
Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) is a
hybrid ambient ionization platform created in 2006 that combines two widely used soft ionization
techniques, MALDI and ESI.13–15 IR-MALDESI utilizes an IR laser to ablate neutral species from
a biological specimen into the gas-phase which are subsequently postionized by an orthogonal
electrospray plume. Prior to IR ablation, a thin ice layer is applied to the sample by controlled
exposure to humidity, creating both an endogenous and exogenous ice matrix. This facilitates
enhanced desorption due to the -OH stretching band found in water at the wavelength of the IR
laser (2.94 µm). The ice matrix is particularly advantageous compared to chemical matrices
utilized by other imaging platforms, as it does not produce matrix interference effects that
significantly interfere with the small m/z range. This is a key advantage over metabolomic analyses
in which additional processing steps (e.g., chemical derivatization) may be required to overcome
matrix interference effects caused by chemical matrices in order to detect small metabolites such
as neurotransmitters.16,17 As such, IR-MALDESI has been quite useful in the analysis of
metabolomics and lipidomics for a wide variety of sample types.17–19
Nanodroplet processing in one pot for trace samples (nanoPOTS)20 is a recently developed
ultrasensitive sample processing workflow, which when combined with laser capture
microdissection (LCM), enables in-depth spatially resolved proteome profiling21,22 and proteome
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imaging23 with high spatial resolution. This technique reduces sample losses and increases
digestion efficiency by use of a one-pot workflow within nanoliter volumes. Combined with high
sensitivity LC-MS, nanoPOTS enables in-depth profiling of small samples including single
cells.24,25 Protein imaging by nanoPOTS first utilizes LCM to isolate and collect tissue regions of
interest. Tissue regions are then transferred to nanowells where all preparation steps are completed
prior to analysis. A bottom-up proteomics approach is typically employed, and proteins contained
in the sample are enzymatically digested within the nanodroplet. The peptides are then collected
and introduced to LC-MS/MS platforms for analysis. The nanoPOTS imaging workflow is a
current leader in the field for obtaining the deepest identification coverage for protein imaging data
sets.23
Here we propose the design of a multimodal MSI study in order to obtain spatial
distributions of metabolites and proteins in adjacent sections of rat brain tissue. A multimodal MSI
workflow will be accomplished using IR-MALDESI for metabolomic imaging with
complementary proteomic imaging by nanoPOTS-LC-MS/MS. Each data set will be analyzed
separately in order to gain maximum molecular coverage from each platform and then integrated
together by a multiomic pathway analysis.

3.2 Materials and Methods
3.2.1 Cryosectioning
Rat brain tissue was provided by NCSU Department of Biological Sciences and
experiments were performed in accordance with NCSU IACUC. Brain tissue was acquired from
Wistar rats following CO2 asphyxiation and rapid decapitation. Harvested tissue was flash frozen
on powdered dry ice, wrapped in foil, and stored at -80 °C until the time of analysis. Rat brain was
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mounted onto a specimen disc with optimal cutting temperature medium and cryosectioned to a
thickness of 12 µm. Adjacent tissue sections were thaw-mounted onto glass microscope slides and
PEN-membrane slides for IR-MALDESI and nanoPOTS analysis, respectively. Sectioned tissue
for IR-MALDESI was analyzed immediately and tissue for nanoPOTS analysis was sent to
Brigham Young University overnight on dry ice.

3.2.2 Metabolomic Mass Spectrometry Imaging
IR-MALDESI Analysis. Sectioned brain tissue for IR-MALDESI analysis was placed
directly on the Peltier-cooled translational stage inside the sample enclosure purged with nitrogen
gas (Arc3 Gases, Raleigh, NC, USA) and a thin ice layer was formed by controlled exposure to
humidity. An electrospray ionization source was achieved with 50% optima LC-MS grade
methanol (Fisher Scientific Hampton, NH, USA) and 0.2% formic acid (Sigma-Aldrich, St. Louis,
MO, USA) solution at a flow rate of 1.5 µL/min and spray voltage of 4000 V. A mid-IR laser
Opolette 2731/3034 (Opotek, Carlsbad, CA, USA) operating at 2.94 µm was used for laser ablation
at 1.1 mJ per voxel with a spatial resolution set to 150 µm. IR-MALDESI was coupled to a Q
Exactive Plus mass spectrometer (Thermo Fisher Scientific, Breman, Germany) for high resolution
accurate mass spectrometry at a resolving power of 140000fwhm at 200 m/z. Automatic gain control
(AGC) was disabled and a fixed injection time of 25 ms was set to synchronize the laser ablation
event with collection of ions in the C-trap. External lock masses (157.0835 m/z and 371.1012 m/z)
were used for high mass accuracy.
Data Analysis for IR-MALDESI. Thermo .RAW data files were converted to mzML files
using MSConvert26 and then to imzML files using imzMLconverter27. All ion images were
generated and analyzed using MSiReader, an open-source MATLAB software for imaging
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analyses.28,29 The MSiImage tool in MSiReader was used to overlay the optical image taken after
microdissection on the nanoPOTS brain section. With the optical image overlaid on the IRMALDESI data set, regions of interest were selected and saved to match the nanoPOTS dissected
regions. The MSiPeakfinder tool was used to find ions that were 2× more abundant in one ROI or
at least 80% present in one ROI and less than 20% present in other ROIs. These ions were then
manually searched against HMDB30–33 and METLIN34 databases for putative identifications based
on mass and spectral accuracy. Additionally, the data was uploaded into METASPACE, an online
MSI annotation software, to annotate metabolites and lipids based on spectral accuracy, spatial
informativeness, and spatially correlated isotopes at a 20% false discovery rate using HMDB,
LipidMaps, and SwissLipids databases.35

3.2.3 Spatially Resolved Proteome Profiling.
Tissue Staining and Microdissection. Tissue fixative solution (70% ethanol) was precooled
to 4 °C before use. The brain tissue section was immediately immersed into 70% ethanol for 15 s
after removal from the −80 °C freezer or dry ice box. Brain tissue was rehydrated in deionized
water and immersed in Mayer’s hematoxylin solution (Sigma-Aldrich, St. Louis, USA) for 20 s,
dipped in deionized water to remove excess dye solution, and immersed in Scott’s Tap Water
Substitute (Sigma-Aldrich) for 10 s to dye the tissue section. Following a wash in 70% ethanol,
the tissue was immersed in eosin Y solution for 5 s. Finally, tissue dehydration was performed by
sequentially immersing the tissue section in 95% ethanol three times followed by two rapid rinses
in 100% ethanol. The section was dried in a fume hood for 10 min and stored at −80 °C until use.
Nanowell chips were fabricated in house as described previously.20 Before experiments,
nanowells were prepopulated with 200 nL DMSO droplets that served as capture medium.21 Laser
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capture microdissection (LCM) was performed on a PALM MicroBeam system (Carl Zeiss
MicroImaging, Munich, Germany). A slide adapter (SlideCollector 48, Carl Zeiss MicroImaging)
was used to mount the nanowell chip on the LCM microscope. Five distinct regions of the brain
were extracted via LCM and were composed of the cerebral cortex, caudate putamen, corpus
callosum and septal area (Figure 3.1). Four 100 × 100 µm tissue voxels were collected from each
region of interest and pooled into nanowells. Cutting was performed using the 5× objective and
with an energy level of 60. The “CenterRoboLPC” function with an energy level of delta 8 and a
focus level of delta 15 was used to catapult tissue voxels into DMSO droplets. The “CapCheck”
function was activated to confirm successful sample collection from tissue sections to DMSO
droplets. The collected samples could be processed directly or stored at −20 °C until use.
Proteomic Sample Processing. Following tissue capture, the nanowell chip was heated to
70 °C for 10 min to evaporate the DMSO droplet. A nanoliter-resolution robotic liquid handling
platform was employed to dispense reagents into nanowells. First, 100 nL of cell lysis buffer
containing 0.2% (w/v) n-dodecyl-β-D-maltoside (Sigma-Aldrich), 5 mM dithiothreitol in PBS was
deposited into each nanowell. The chip was incubated at 70 °C for 1 h for cell lysis, protein
extraction, and denaturation. Next, 50 nL of 30 mM iodoacetamide in 50 mM ammonium
bicarbonate (ABC) buffer (pH 8.0) were added to each well and incubated in the dark for 30 min.
Protein digestion was performed by dispensing 50 nL of 0.01 ng/nL Lys-C (MS grade, Promega,
Madison, USA) and trypsin (Promega) in ABC buffer, and incubated for 4 and 8 h, respectively.
Finally, the enzymatic reaction was terminated by adding 50 nL of 0.5% trifluoroacetic acid in
aqueous buffer and incubated for 30 min. Samples were then collected into a short length of 200
µm i.d. capillary tubing that was then sealed on both ends with Parafilm and stored at -20 °C until
use.
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NanoLC-MS/MS Analysis. Prior to separation, the sample was transferred from the storage
capillary to a home-packed 75 µm-i.d., 5 cm-long SPE column for desalting by infusing mobile
phase A (MP A; 0.1% formic acid in water) at a flow rate of 1 µL/min for 10 min using an UltiMate
3000 RSLCnano pump (Thermo Fisher). The SPE column was then connected to an in-house
slurry-packed 30 mm-i.d., 50 cm-long LC column with a zero-dead-volume union (Valco,
Houston, TX). Chromatographic media for both the SPE and LC columns were 3 mm C18 porous
particles having 300 Å pores (Phenomenex, Torrance, CA). The LC separation flow rate was ~40
nL/min, which was achieved using a flow splitter. A linear 100 min gradient of 8–22% mobile
phase B (MP B; 0.1% formic acid in acetonitrile) was followed by a 20 min gradient of 22–45%
MP B that was used to elute hydrophobic peptides. The gradient was then ramped to 90% MP B
over 5 min and held for 5 min to wash the column. Finally, the gradient was ramped to 2% MP B
over 5 min and held for 15 min to re-equilibrate the column. Electrospray ionization was performed
using a 10-μm-i.d. chemically etched emitter that was coupled to the separation column using a
VICI nanovolume union.
An Orbitrap Exploris 480 (Thermo Fisher) mass spectrometer with the Nanospray Flex ion
source was used. The electrospray voltage was set to 2.0 kV and the temperature of the ion transfer
tube was set to 200 °C. For MS1, the Orbitrap resolution was set to 120000fwhm at 200 m/z with
the normalized AGC target of 100%. The maximum injection time was set to 250 ms. Precursor
ions of +2 to +6 charge and having a minimum intensity of 5000 were selected for MS2 analysis.
The exclusion duration was set to 90s, HCD collision energy was 30% and the isolation window
was 1.6. Orbitrap resolution for MS2 was 60000fwhm at 200 m/z and maximum injection time was
250 ms.
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Data Analysis for NanoPOTS. Thermo .RAW files were searched against the Rattus
norvegicus Uniprot Database using Proteome Discoverer 2.4.0.305. Tryptic peptides with a
minimum length of 6 amino acids and 2 maximum missed cleavage sites were searched using the
Sequest HT algorithm with a precursor mass tolerance of 5 ppm and fragment mass tolerance of
0.02 Da.36 Dynamic modifications searched were methionine oxidation and deamidation of
asparagine and glutamine. N-terminal modifications included acetylation and methionine
loss/acetylation. Static modifications searched included carbamidomethylation on cysteine
residues. The percolator algorithm with a 1% FDR rate was used to identify false positives.37

3.2.4 Multiomic Pathway Integration
Enzymes in the nanoPOTS data set were searched in KEGG pathway database for the
Rattus norvegicus species.38,39 Reactant and product metabolites were searched against the IRMALDESI data set. Pathways in which enzyme, reactant and product metabolites were detected
were investigated for correlations between each brain region. The correlations between grouped
abundances of enzymes and average abundances of product metabolites in each ROI were
calculated in Excel.

3.3 Results and Discussion
To create a multimodal mass spectrometry imaging technique, two adjacent rat brain tissue
sections were analyzed by IR-MALDESI-MSI and nanoPOTS-LC-MS/MS. Each data set was then
analyzed independently of each other to find unique observations and trends within the data set.
While IR-MALDESI analyzed the entire tissue section, nanoPOTS dissected and focused on five
primary regions of the brain to reduce the analytical complexity required for experiments and data
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analysis for our preliminary investigations. The five brain regions analyzed are labeled ROI 1-5
for simplicity (Figure 3.1) and comprised of different areas of the cerebral cortex (ROI 1 and 2),
caudate putamen (ROI 3), corpus callosum (ROI 4), and septal area (ROI 5).40 These five regions
were selected in the IR-MALDESI metabolomic data set by using the MSiImage and ROI tools in
MSiReader.29 The optical image taken after tissue dissection for nanoPOTS analysis was overlaid
on the IR-MALDESI data in MSiReader with the MSiImage tool. The ROIs were then drawn
around the dissected regions of the optical image using the ROI tool in MSiReader.

Figure 3.1 Optical image of 12 µm rat brain tissue section mounted on a PEN-membrane slide for
nanoPOTS-LC-MS/MS analysis with each dissected region annotated as ROI 1-5.

The MSiPeakfinder tool was used to find ions that were significantly different between
regions of the brain. The MSiPeakfinder tool allows the user to select two regions of interest at
one time, so every combination of the five ROIs (i.e., ROI 1v2, ROI 1v3, ROI 1v4, etc.) was
searched for significant differences. Specifically, ions that were 80% higher in one region and less
than 20% lower in the reference region or at least 2× more abundant were searched with the
MSiPeakfinder tool. A large quantity of ions from all combinations examined (1770 m/z values)
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fit this description but were filtered down via deisotoping and annotation. From the combinations
investigated, three primary spatial patterns were observed, as shown by examples in Figure 3.2.
Ions were (1) homogeneously distributed across the whole brain tissue (Figure 3.2A), or (2)
significantly more (Figure 3.2B) or (3) significantly less (Figure 3.2C) abundant in ROI 4 (the
corpus callosum). ROI 4 appeared to have the only significant differences in abundance of
metabolites compared to other brain regions.

Figure 3.2 Metabolites detected by IR-MALDESI and putatively identified by accurate mass and
spectral accuracy using METASPACE, HMDB, and Metlin databases. Example metabolites
represent ion images with (A) homogeneous spatial distributions, (B) higher abundance in ROI 4
(corpus callosum), and (C) lower abundance in ROI 4 (corpus callosum).

Metabolites found using the MSiPeakfinder tool were then putatively annotated by accurate
mass and spectral accuracy using HMDB and METLIN databases, as well as METASPACE
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annotation software. Examples of putative identifications are shown in Figure 3.2. A total of 326
annotated metabolites were found to have a significant fold change (less than 0.5 or greater than
2) between ROI 4 and another region of the brain (Table B.1). Of the 326 putatively annotated
metabolites, 58 were significantly lower in ROI 4 while 268 were significantly higher in ROI 4.
Overall, the IR-MALDESI metabolomic data shows that ROI 4 (corpus callosum) had significantly
different metabolomic compositions compared to other regions of the brain.
On an adjacent tissue section, five brain regions were dissected and analyzed using
nanoPOTS-LC-MS/MS for highly sensitive proteomics analysis. Four 100 × 100 µm tissue voxels
were dissected by LCM collected from each ROI and combined in nanowells to create two samples
per brain region. Each nanowell was prepared with a bottom-up proteomics workflow and
subsequently analyzed by LC-MS/MS. Data sets were then uploaded into Proteome Discoverer
2.4 to identify peptides and their corresponding proteins identified in rat brain ROIs. Annotated
proteins were filtered to produce approximately 1600 high confidence proteins that represented
master proteins with less than 20% CV of grouped abundances and containing a minimum of 2
unique peptides (Table B.2). Proteins identified as contaminants (keratin and trypsin) were also
filtered out of the data set. Proteins detected in each sample ranged from 1496 to 1637 proteins
(Figure 3.3), which is a significant number of proteins that will allow for comparison of brain
regions and correlate proteomic with metabolomic data sets.
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Figure 3.3 Number of proteins detected in each sample per ROI of tissue by nanoPOTS-LCMS/MS.

Proteomic differences among rat brain regions were first compared by utilizing principal
component analysis (PCA), which is an unsupervised algorithm that transforms data into main
principal components (PC) that explain the most variance in the data set.41 Figure 3.4 represents
the PCA plot that distinguished the analyzed brain ROIs with PC 1 and 2 which accounts for 36.9%
and 20.0% of the variance in the data set, respectively. It was clear from this plot that ROIs 1, 2,
and 3 were closely clustered together with only mild separation. ROI 5 was separated from ROI 1,
2, and 3 by differences in PC2 while ROI 4 was clearly separated from all brain ROIs by both PC1
and PC2. This initial data indicated that ROI 4 (corpus callosum) had the most significant
proteomic differences compared to the other brain ROIs analyzed.
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Figure 3.4 Principal component analysis of proteomic data grouped together by each region of the
brain analyzed by nanoPOTS-LC-MS/MS.

Changes in protein abundances between the five brain ROIs were also compared. To
visualize these changes, a heatmap of protein abundances was created (Figure 3.5). Protein
abundances were scaled by a z-score transformation, representing the number of standard
deviations from the mean value. Red values represent proteins higher than the average abundance
while green values represent proteins lower than the average protein abundance. Clear differences
in proteomic makeup were visible between the analyzed brain ROIs. ROI 4 of the brain exhibited
the most differences compared to the other brain regions. A clear observation of proteins elevated
in ROI 4 relative to other regions is highlighted in Figure 3.5 with a dotted white rectangle.
Highlighted with a dotted orange rectangle are clusters of proteins with much lower than average
abundance in ROI 4 but higher than average abundance in other brain regions. The protein
abundances in the heatmap were also clustered together using hierarchical clustering (clustered by
proteins (left) and by brain region (top)). This clustering also distinguishes ROI 4 (corpus
callosum) as clearly different from the other brain regions.
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Figure 3.5 Heatmap of protein abundances in each region hierarchically clustered together by
abundance. Abundances are transformed with a z-score transformation where red values represent
abundances higher than the mean protein abundance and green values represent abundances lower
than the mean protein abundance.

Volcano plots allow easy identification of statistically significant proteins by plotting a
fold change versus p-value between two variables for each individual protein. Proteomic
differences between each individual brain region were compared by visualizing volcano plots.
Figure 3.6 shows all volcano plots comparing each ROI against each other in which significant
proteins are highlighted by red/green boxes and represent proteins with a significant fold change
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(less than 0.5 or greater than 2) and a p-value less than 0.05. Comparison of ROIs excluding ROI
4 (Figure 3.6A-F) revealed a difference of 29-73 proteins significantly changing between each of
these brain regions. Each sample is likely to have some significant differentially expressed proteins
as these samples represent distinct biological regions of the brain. Interestingly, investigation of
volcano plots comparing ROI 4 to other regions had strikingly obvious differences in the proteomic
data (Figure 3.6G-J). More than 225 proteins were found to be significantly more or less abundant
in ROI 4 compared to the other analyzed regions of the brain. This is a 5× increase in average
number of significant proteins compared between ROI 4 and other analyzed regions of the brain.
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Figure 3.6 Volcano plots of proteins comparing each individual brain region against the other
analyzed regions of the brain. Proteins located in the red/green highlighted boxes represent
proteins with a statistically significant difference between the two regions with the values in the
top left and right corner indicating the amount of proteins in those regions. (A-F) Volcano plots
comparing regions not including ROI 4. (G-J) Volcano plots comparing ROI 4 against other
analyzed brain regions show that ROI 4 exhibits a significant proteomic difference indicated by
the significant increase in the amount of proteins that are significantly higher/lower abundant in
ROI 4 compared to other analyzed regions of the brain.
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The complementary data represented here indicates that a multimodal MSI technique with
these two platforms is achievable, so direct correlations between the data sets were then
investigated to dig deeper into the data sets. A multiomic pathway integration was achieved by
searching for pathways in KEGG for the Rattus norvegicus species for which both reactant and
product metabolites were detected in the IR-MALDESI data set for a particular enzyme detected
by nanoPOTS-LC-MS/MS. Figure 3.7 shows an example of this multiomic pathway integration
approach. IR-MALDESI-MSI detected dihydrothymine which metabolizes to ureidoisobutyrate
by dihydropyrimindinase (detected by nanoPOTS-LC-MS/MS). The metabolites are represented
by ion image heatmaps and the enzyme is represented by a bar graph showing the grouped
abundance in each ROI. The average abundances of ureidoisobutyrate were calculated in each ROI
of the IR-MALDESI data and plotted against the grouped abundance of dihydropyrimindinase to
create a correlation plot. With each data point representing a ROI, this plot shows that these data
sets were strongly correlated with each other (R2=0.9942, r=0.9971). Additional examples of
multiomic integration between IR-MALDESI and nanoPOTS-LC-MS/MS can be found in Figure
B.1.
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Figure 3.7. Multiomic pathway integration of IR-MALDESI and nanoPOTS-LC-MS/MS. Ion
images represent metabolites detected by IR-MALDESI in the rat brain, and the bar graph
represents the average abundance of the enzyme involved in this metabolism for each brain region
outlined in Figure 3.1. Correlation plot of the grouped abundance of enzyme versus the average
abundance of metabolite in each region shows a strong correlation between the two data sets.

3.4 Conclusions
A multimodal mass spectrometry imaging approach was created by combining IRMALDESI for metabolomic analysis with nanoPOTS-LC-MS/MS for proteomic analysis. From
two adjacent 12 µm rat brain sections, a significant amount of metabolomic and proteomic
information was detected and utilized to gain the maximum molecular information from a
biological specimen. These two platforms analyzed individually for separate molecular profiles
revealed complementary information about the molecular profiles in the rat brain. Further
investigation of metabolomic pathway analysis showed high correlation between the two
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techniques. This work represents preliminary investigations on combining two highly sensitive
techniques for a multimodal mass spectrometry imaging workflow.

3.5 Supporting Information
Additional examples about multiomic integration (Figure B.1); Metabolites putatively
annotated by IR-MALDESI with significant fold changes between ROI 4 and other analyzed
regions of the brain (Table B.1.xlsx); Proteins identified in the rat brain by nanoPOTS-LC-MS/MS
by Proteome Discoverer 2.4 (Table B.2.xlsx)
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Chapter 4: Direct Analysis of Native N-Linked Glycans by IR-MALDESI
Reused with permission from: Pace, C.L., Muddiman, D.C. Journal of the American Society for
Mass Spectrometry, 2020, 31(8), 1759-1762. Copyright © 2020, American Society for Mass
Spectrometry

4.1 Introduction
Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) is an
ambient ionization source that was developed in 2006, combining laser desorption techniques with
electrospray ionization (ESI).1,2 IR-MALDESI fires a mid-IR laser at sample material, desorbing
neutral species into the gas-phase, where they encounter an orthogonal electrospray plume. Neutral
molecules partition into the plume and are post-ionized by charged electrospray droplets. Existing
evidence shows characteristics of the ionization mechanism in IR-MALDESI that resemble those
of ESI, making IR-MALDESI a soft and versatile ionization source.3,4 IR-MALDESI has been
demonstrated as an effective technique for the direct analysis of biological tissues for metabolites
and lipids as well as liquid substrates for high-throughput screening of enzyme activity and
biological buffers.5 A significant opportunity not yet pursed is the use of IR-MALDESI for the
analysis of N-linked glycans.
Glycans are structurally diverse polysaccharides that pose many analytical challenges
affecting the detection of diverse coverage in soft ionization techniques such as ESI and matrixassisted laser desorption ionization (MALDI). The first challenge involves the labile nature of
sialic acid residues, where sample preparation and ionization conditions cause sialic acid residues
to dissociate from glycans. This results in misidentified glycans with reduced sialic acid content.
Existing evidence shows that sialic acid dissociation is more prevalent in MALDI than ESI, likely

67

as a result of large energy transfer from MALDI matrices during proton transfer.6 Many chemical
derivatization reactions exist, such as esterification, that attempt to stabilize sialic acid residues.7
However these sample preparation methods are time-consuming and have variable reaction
efficiencies. Another challenge for native glycan analysis is due to the negative charge on the
carboxylic acid in sialic acid, which causes the preference for negative ionization. Whereas ESI is
capable of achieving sensitive measurements in negative mode, MALDI platforms primarily
operate in positive mode due to low sensitivity in negative mode, thereby reducing the diversity
of glycans detected by MALDI.8 Due to these limitations, an ESI-like ionization method would be
more ideal for N-linked glycan profiling.
The ESI-like characteristics of IR-MALDESI suggest that it would be a good alternative
to analyze N-linked glycans due to preservation of sialic acid residues during ionization and the
increased sensitivity of negative mode ionization. IR-MALDESI is coupled to a high-resolution
accurate mass spectrometer which will provide confident glycan identifications by mass and
spectral accuracy. Additionally, IR-MALDESI has been coupled with ion mobility for isomer
separation opening up future opportunities for glycan analyses.9 In this study, we report the first
analysis of N-linked glycans by IR-MALDESI. The detection of N-linked glycans digested from
bovine fetuin was compared between positive and negative ionization modes, and putative Nlinked glycan structures are reported. This work demonstrates the fundamental ionization of Nlinked glycans by IR-MALDESI with the goal to pursue mass spectrometry imaging of biological
tissues for changes in N-glycosylation.
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4.2 Methods
4.2.1 Digestion and Preparation of N-linked Glycans
N-linked glycans were cleaved from bovine fetuin (Sigma Aldrich, St. Louis, MO, USA)
using methods previously described.10 First, 100 mM ammonium bicarbonate (Acros Organics,
Geel, Belgium) at pH 8.3 was prepared as the digest buffer. Next, 250 µg of bovine fetuin was
loaded onto a 10 kDa MWCO filter with 2 µL of 1 M dithiothreitol (Sigma Aldrich, St. Louis,
MO, USA) and 200 µL of digest buffer for incubation at 56 ºC. The denatured proteins were
alkylated with 50 µL of 1 M iodoacetamide (Sigma Aldrich, St. Louis, MO, USA) and incubated
at 37 ºC to prevent re-formation of disulfide bonds. The glycoprotein was concentrated onto the
filter by centrifuging for 40 min. Three washes cycles with 100 µL digest buffer and 20 min of
centrifugation were completed. One thousand units of PNGase F (Bulldog Bio, Portsmouth, NH,
USA) were added to the filter to cleave N-linked glycans from the protein and incubated overnight
at 37 ºC for 18 h. Glycans were eluted by centrifugation for 20 min followed by three wash cycles
as previously described. Samples were incubated in the −80 ºC freezer for 30 min and subsequently
dried to completion in a vacuum concentrator at room temperature for 5 h. The dried N-linked
glycans were resuspended in 50 µL of optima LC/MS grade water (Fisher Scientific, Waltham,
MA, USA) directly before IR-MALDESI analysis.

4.2.2 IR-MALDESI Analysis
Five microliters of resuspended glycans were pipetted onto a Teflon microwell slide
(Prosolia, Indianapolis, IN, USA). A mid-IR laser (JGM Associates, Burlington, MA, USA)
operating at a wavelength of 2.97 µm was used for laser ablation with an energy of 0.4 mJ per
burst.9,11 The electrospray solvent consisted of 50% acetonitrile (Fisher Scientific, Hampton, NH,
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USA) containing 1 mM acetic acid (Sigma Aldrich, St. Louis, MO, USA) for negative mode and
60% acetonitrile containing 0.1% formic acid (Sigma Aldrich, St. Louis, MO, USA) for positive
mode. Stable electrospray was achieved with a flow rate of 2 µL/min at a voltage of 3.2 kV. IRMALDESI was coupled to a Q Exactive HF-X (Thermo Fisher Scientific, Bremen, Germany) set
to a mass resolving power of 240,000FWHM at m/z 200, analyzing between 150 and 1500 m/z in
positive and negative ionization mode. Automatic gain control (AGC) was turned off, and a fixed
injection time of 50 ms was used. High mass measurement accuracy was achieved using lock
masses for internal calibration.

4.2.3 Data Analysis
A list of N-linked glycans detected previously from bovine fetuin and reported in literature
were compiled to search in the data.12–15 N-linked glycans were identified manually by searching
for monoisotopic masses and confirming isotopic distributions in XCalibur. GlycoWorkbench was
utilized to compare theoretical monoisotopic masses and search glycan databases by experimental
m/z. Putative glycan structures were drawn using the SNGF nomenclature.16,17

4.3 Results and Discussion
The aim of this work was to demonstrate (1) the ionization of N-linked glycans by IRMALDESI, (2) the detection of sialylated glycan species, and (3) the comparison of glycans
detected in positive and negative ionization. To easily compare structure types, the detected glycan
structures were putatively drawn according to literature-based characterization. As shown in
Figure 4.1, each detected N-linked glycan contains at least one sialic acid residue, and more than
half the structures contain three and four sialic acid residues. Additionally, the most abundant

70

glycan detected by IR-MALDESI is the trisialylated triantennary form. No dissociation of sialic
acid was observed in this analysis, which is supported by the detected glycans being reported in
the literature as a derivatized species. Other abundant peaks in the mass spectrum are unidentified
multiply charged ions that were not found in bovine fetuin literature and are listed in Appendix C
(Table C.1).

Figure 4.1 IR-MALDESI mass spectrum of detected N-linked glycans in negative mode with their
experimental m/z shown below each putative identification. These N-linked glycans were detected
as glycosylamines which is discussed in more detail below. Putative structures were assigned
based on accurate mass and literature-based characterizations and are heavily composed of sialic
acid residues (purple diamonds).

Multiply charged protonated and deprotonated N-linked glycans were detected by IRMALDESI. The production of multiply charged ions by IR-MALDESI will be directly beneficial
for enhanced structural elucidation by MS/MS fragmentation in untargeted glycan analyses.18
From a list of 42 previously reported N-linked glycans, 12 were detected in negative mode and 4
were detected in positive mode (Table 4.1, Figure C.1). The higher number of glycans detected
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in negative mode is attributed to the negative charge on sialic acid residues. Additionally, positive
mode ionization collects a high number of ambient ions which fill the C-trap due to their constant
flux. It is important to note that the 42 previously reported glycans were discovered using chemical
derivatization methods. Analyses of native glycans have reported up to 5 and 6 native glycans by
negative mode ESI and MALDI, respectively.13,14 Therefore, the 12 native N-linked glycans
detected by IR-MALDESI represents a significant increase compared to previous reports in the
literature. The glycans not detected by IR-MALDESI were primarily high-mannose glycans, which
are significantly less abundant than the sialylated glycans in bovine fetuin.
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Table 4.1 List of N-linked glycans detected as glycosylamines in both positive and negative mode
ionization with high mass measurement accuracy (MMA) in parts per million (ppm).a
Negative Mode

[M-2H+]2-

N-Linked Glycan
Gal2GlcNAc4Man3NeuAc2
Gal2GlcNAc4Man3NeuAc1NeuGc1
Gal2GlcNAc4Man3Fuc1NeuAc2
Gal2GlcNAc4Man3NeuAc3
Gal3GlcNAc5Man3NeuAc2
Gal3GlcNAc5Man3Fuc1NeuAc2
Gal3GlcNAc5Man3NeuAc3
Gal3GlcNAc5Man3NeuAc2NeuGc1
Gal3GlcNAc5Man3Fuc1NeuAc3
Gal3GlcNAc5Man3NeuAc4
Gal3GlcNAc5NeuAc3NeuGc1
Gal4GlcNAc6Man3NeuAc4
Positive Mode

Theo m/z MMA
1109.8922
2.1
1117.8897
2.5
1182.9212
0.1

1438.0060
1446.0035

[M-3H+]3-

2.3
1.3

[M+2H+]2+

Theo m/z
739.5924

MMA
1.1

788.2784
0.2
836.6242
1.0
861.3031
1.7
909.9891
0.0
958.3349
2.1
963.6666
1.9
1007.0209
2.9
1055.3667
2.2
1060.6984
1.4
1177.0775
4.0
+
3+
[M+3H ]

N-Linked Glycan
Theo m/z MMA Theo m/z
MMA
Gal2GlcNAc4Man3NeuAc1
966.3591
2.0
Gal2GlcNAc4Man3NeuAc2
1111.9068
0.1
Gal3GlcNAc5Man3NeuAc3
1440.0206
0.6
960.3495
0.2
Gal3GlcNAc5Man3NeuAc4
1057.3813
0.4
a
More glycans were detected in negative mode ionization. Putative identifications were made
based on accurate mass and reported glycans in literature.

In this study, N-linked glycans were detected with a primary amine terminus. During
enzymatic digestion, PNGase F cleaves N-linked glycans from asparagine residues. This produces
glycosylamines which are subsequently hydrolyzed in slightly acidic conditions to form an alcohol
terminus at the reducing end. The theoretical m/z of the alcohol terminus was approximately 10
ppm from the experimental A + 1 peak for all observed glycans, leading us to investigate further.
Due to the pH of the ammonium bicarbonate buffer (pH 8.3) and a lack of an acidic quench in this
experiment, N-linked glycans with a primary amine terminus were produced, as observed
previously.19 The presence of the primary amine terminus was confirmed based on mass and
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spectral accuracy.20 Using Gal3GlcNAc5Man3NeuAc3 as an example in Figure 4.2, the mass
accuracy of the monoisotopic peak was reduced to 2.1 ppm when considering the primary amine
terminus. Additionally, the theoretical isotopic distribution of a primary amine terminus closely
resembles the experimental distribution. Each isotopologue is slightly more abundant than each
theoretical abundance due to the presence of both primary amine and alcohol termini, with the
primary amine being the predominant form.

Figure 4.2 Full experimental isotopic distribution of Gal3GlcNAc5Man3NeuAc3. Mass and
spectral accuracy indicate this glycan as having a primary amine terminus. The monoisotopic peak
in this distribution was observed at m/z 958.3369 where the expected alcohol terminus structure
would have been at m/z 958.6629. Each isotopologue is slightly more abundant than the theoretical
abundance due to the presence of both primary amine (major form) and alcohol termini (minor
form).

4.4 Conclusions
The work presented here demonstrates the enhanced potential of IR-MALDESI for Nlinked glycan analysis. Highly abundant and multiply sialylated glycans were detected without
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stabilization by chemical derivatization. Additionally, we demonstrated the improved ionization
of glycan species in negative mode compared to positive mode ionization. This work indicates IRMALDESI as an alternative approach for profiling underivatized N-linked glycans by negative
mode ionization. In future work, mass spectrometry imaging of N-linked glycans in biological
tissues by IR-MALDESI will be pursued.
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Chapter 5: Mass Spectrometry Imaging of N-Linked Glycans in Formalin-Fixed ParaffinEmbedded Human Prostate by Infrared Matrix-Assisted Laser Desorption Electrospray
Ionization
Reused with permission from: Pace, C.L., Angel, P.M., Drake, R.R., Muddiman, D.C. Journal of
Proteome Research, 2021, In Press. Copyright © 2020, American Chemical Society

5.1 Introduction
Glycosylation represents one of the most common post-translational modifications in
humans, wherein a glycan moiety is enzymatically added to a protein and mediates its function in
tumor progress and signal transduction.1 N-Linked glycans are polysaccharides covalently bound
to asparagine residues on proteins containing an N-X-T/S motif where X is any amino acid except
proline. The structural diversity of N-linked glycans (isomeric monosaccharides, ring
conformations, linkages, and protein localization) contributes to the analytical challenges to
investigate the biological importance of N-linked glycans. Additionally, N-linked glycans
containing N-acetylneuraminic acid (sialic acid) face additional challenges due to the lability and
ionization preference of the monosaccharide. These challenges demand for improved analytical
techniques addressing these unique difficulties to confidently investigate the biological role of Nlinked glycans in various disease states.
Common workflows for analysis of N-linked glycans utilize liquid chromatography-mass
spectrometry where sample preparation requires homogenization of tissue samples resulting in the
loss of any molecular spatial specificity.2,3 Mass spectrometry imaging (MSI) methodologies allow
the visualization of molecular spatial distributions across tissue types, which is important in
understanding their biological importance and biological role in tumor regions within a tissue

79

sample. Thus far, successful MSI of N-linked glycans has primarily used matrix-assisted laser
desorption ionization (MALDI).4–6 While significant progress has been made for N-linked glycan
imaging, previous research indicates that MALDI results in fewer sialic acid species than
electrospray ionization (ESI) due to internal energy deposited by MALDI matrices during proton
transfer.7 Chemical derivatization methods have been developed to overcome this challenge,
requiring more time and resources involved in sample preperation.8 Additionally, sialic acid
contains a negative charge due to the presence of a carboxylic acid indicating a preference for
negative ionization mode. Negative mode analyses are less sensitive in MALDI measurements,
and thus, glycan imaging has primarily operated in positive ionization mode.9,10 Therefore, an ESIlike ionization method could be useful for N-linked glycan imaging without the need of additional
chemical derivatization methods during sample preparation.
Infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI),
commonly used for MSI applications, utilizes a mid-IR laser to resonantly excite water found in
biological samples and desorbs neutral species into the gas phase. Neutral species are then postionized by an orthogonal electrospray plume in an ESI-like fashion. By combination of both
MALDI and ESI characteristics, IR-MALDESI achieves advantages from both soft ionization
sources such as spatial correlation from MALDI and ionization characteristics from ESI. IRMALDESI interfaced with Orbitrap technology yields high mass measurement accuracy (MMA)
and high resolving power critical for confident detection of biomolecules with untargeted MSI
datasets. IR-MALDESI has established its utility for sampling a variety of complex sample types
such as bones and zebrafish for analysis of metabolites and lipids.11–14 Recently, we demonstrated
the use of IR-MALDESI in the direct analysis of native N-linked glycans enzymatically cleaved
from glycoproteins without any use of chemical derivatization.15
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In this work, we demonstrate the first IR-MALDESI MSI analysis of N-linked glycans. A
formalin-fixed paraffin-embedded (FFPE) human prostate was chosen for analysis due to its high
abundance of N-linked glycans in the tissue as well as its biological importance in prostate
cancer.16–18 Previously established sample preparation methods were utilized to prepare prostate
samples for the enzymatic digestion of N-linked glycans prior to analysis by IR-MALDESI.19 This
proof-of-concept study demonstrates the utility of IR-MALDESI for N-linked glycan imaging,
laying the ground-work for future studies.

5.2 Materials and Methods
FFPE human prostate cancer tissue (Gleason Score 6) was obtained from MUSC Hollings
Cancer Center Biorepository under an MUSC Institutional Review Board for Human Research
approved protocol (Pro 17669). The FFPE human prostate sample was prepared for analysis using
previously published methods which are summarized below.19 All solvents and materials were
purchased from Thermo Fisher Scientific (Hampton, NH, USA) unless otherwise specified.

5.2.1 Dewaxing/Delipidation
The FFPE human prostate tissue section was heated at 60 °C for 1 h to melt the paraffin
residue around the tissue section. After heating, the prostate section was cooled to room
temperature on the benchtop for approximately 5 min. The prostate tissue was rinsed with eight
washes in Coplin jars to remove salts and lipids from the prostate tissue.19,20 Tissue washes were
composed of histology-grade xylenes (×2, 3 min each), 200 proof ethanol (×2, 1 min each), 95%
ethanol (1 min), 70% ethanol (1 min), and LC-MS grade water (×2, 3 min each). Following tissue
washes, the prostate tissue was vacuum desiccated for 5 min.

81

5.2.2 Antigen Retrieval
A vegetable steamer (Rival, Kansas City, Missouri, USA) was filled to the water line and
preheated to produce steam for antigen retrieval. The prostate section was steamed for 30 min in a
side opening five-slide mailer filled with 5.6 mM citraconic acid buffer (pH ~3, Sigma-Aldrich,
St. Louis, MO, USA). After steaming, the slide mailer was removed from the steamer and placed
into cool tap water for 5 min to slowly cool down the prostate sample. The tissue section was
slowly cooled down by removing half the buffer, replenishing with LC-MS grade water and
incubating for 5 min for a total of 3 times. The prostate tissue was then rinsed with LC-MS grade
water and vacuum-desiccated for 5 min.

5.2.3 Enzymatic Digestion of N-Linked Glycans
Exactly 100 µg/mL PNGase F PRIME-LY (Bulldog Bio, Portsmouth, NH, USA) was
evenly sprayed onto the prostate tissue using a TM-Sprayer (HT-X Technologies, Carrboro, NC,
USA) at 25 µL/min, 1200 mm/min velocity, 3 mm spacing, 5 mm overspray margins, and 15
passes in a crisscross pattern. Nitrogen gas (Arc3 Gases, Raleigh, NC, USA) was set to 10 psi, and
the nozzle was heated to 45 °C. N-Linked glycans were then enzymatically cleaved during
incubation at 37 °C for 2 h in a humidity chamber where the relative humidity was greater than
80%.

5.2.4 IR-MALDESI MSI Analysis
The digested human prostate tissue was placed directly on the Peltier-cooled translational
stage inside the sample enclosure purged with nitrogen gas (Arc3 Gases, Raleigh, NC, USA), and
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a thin ice layer was formed by controlled exposure to humidity. An electrospray ionization source
was achieved with 60% acetonitrile and 1 mM acetic acid solution at a flow rate of 2 µL/min and
spray voltage of 3600 V for negative ionization mode.21 A mid-IR laser (JGM Associates,
Burlington, MA, USA) operating at 2.97 µm was used for laser ablation at 1.2 mJ per voxel with
a spatial resolution of 150 µm. IR-MALDESI was coupled to an Orbitrap Exploris 240 mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) for high-resolution accurate mass
spectrometry at a resolving power of 240,000FWHM at 200 m/z. Automatic gain control (AGC) was
disabled and a fixed injection time of 90 ms was set to synchronize the laser ablation event with
the collection of ionized glycans in the ion routing multipole. The prostate sample was analyzed
in two separate regions of interest to evaluate ESI stability halfway through. The instrument was
mass calibrated the morning of analysis to achieve high mass measurement accuracy (<2.5 ppm).
A small portion of the tissue was left unanalyzed so that multiply-charged peaks could be
fragmented, and putative structures could be further identified. Three ions were individually
isolated with a window of 2 Da and the normalized collision energy (NCE) was ramped up every
five scans to get a range of fragmentation patterns for each precursor ion.

5.2.5 Data Analysis
Thermo .RAW data files were converted to mzML files using MSConvert22 and then to
imzML files using imzMLconverter23. All ion images were generated and analyzed using
MSiReader, an open-source MATLAB software for imaging analyses.24,25 The two imzML files
were separated with a black border in each ion image. The MSiImage tool in MSiReader was used
to overlay the optical image onto ion images to compare morphological regions. GlyConnect, an
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experimentally curated glycomic database, was used to search previously identified N-linked
glycans found in human samples.26
GlycoHunter was used to quickly search for multiply-charged peaks detected by IRMALDESI.27 Peak pairs with a 0.5017 (z = 2) and 0.3345 Da (z = 3) mass offset were searched in
the data with a 10 ppm mass offset m/z tolerance and a minimum abundance threshold of 1000
ions/s. These multiply-charged ions were searched in GlycoMod, a theoretical glycan database,
where each identification must be within 2.5 ppm MMA, contain the core N-linked glycan
structure (Hex3HexNAc2), and not include pentose, KDN, or HexA monosaccharides.28
For further identification of putative structures, the predicted structures were drawn in
GlycoWorkbench and the glycosidic cleavages were computed and searched within each MS/MS
data file.29

5.3 Results and Discussion
IR-MALDESI was used to spatially investigate the distribution of N-linked glycans in the
human prostate. The human prostate tissue served as a model system for the first demonstration of
glycan imaging by IR-MALDESI due to the biological involvement of N-linked glycans in prostate
cancer.16–18 Figure 5.1 shows the optical image of the FFPE human prostate tissue section taken
prior to IR-MALDESI MSI analysis, depicting large and diverse morphological regions. Sample
preparation procedures not typically used prior to IR-MALDESI analyses were required to
enzymatically cleave and detect N-linked glycans in the prostate sample (Figure 5.2). Tissue
washes in xylenes, ethanol, and water were required to remove paraffin residue, salts, metabolites,
and lipids that would otherwise suppress and dominate the recorded mass spectra. Protein crosslinking was reduced by antigen retrieval allowing enzyme access to the glycosylation sites. Finally,
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PNGase F was pneumatically sprayed over the human prostate before digestion at 37 °C in a
humidity chamber. Enzymatically cleaved N-linked glycans were then analyzed by IR-MALDESI
in negative ionization mode due to a previous work indicating negative mode as a more sensitive
method for negatively charged sialylated species with reduced ambient background ions.15

Figure 5.1 Optical image of the FFPE human prostate tissue showing multiple large morphological
features. The tumorous region as determined by H&E staining is roughly outlined. A few examples
of glandular and stromal regions are highlighted and will be discussed later with ion image
distributions.
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Figure 5.2 Experimental workflow implemented in this study for the analysis of N-linked glycans.
Tissue washing was utilized for dewaxing and delipidating the tissue. Antigen retrieval was
required to reduce protein crosslinking prior to enzymatic digestion by pneumatically applied
PNGase F. IR-MALDESI MSI was used to spatially detect N-linked glycans in negative ionization
mode. Data analysis included spatial interpretation in MSiReader and peak picking of multiplycharged species via GlycoHunter.

Native N-linked glycans were detected as multiply-charged species in negative ionization
mode by IR-MALDESI MSI. Due to the significant amount of N-linked glycans observed in each
individual spectrum, GlyConnect was used to specifically search for previously identified N-linked
glycans specific to the human species. N-Linked glycans reported in GlyConnect were exported
and filtered to structures that contained at minimum three hexose and two N-acetylglucosamines
with the monoisotopic peaks of the second or third charge state overlapping the experimental mass
range used in this study. This filtering criteria resulted in 580 previously identified N-linked
glycans reported in GlyConnect that were searched within this dataset. The ion images for the
multiply-charged monoisotopic peaks were exported and filtered down to tissue-specific ions with
spatially informative ion images (i.e., ions with sporadic signal were filtered out). Isotopic
distributions for tissue-specific ions were then investigated to confirm the presence of a multiply86

charged distribution. A total of 53 multiply-charged deprotonated N-linked glycans were detected
by IR-MALDESI with high mass measurement accuracy (MMA, <2.5 ppm) in the human prostate
sample (Table 5.1).

Table 5.1 Fifty-Three Multiply-Charged Deprotonated N-Linked Glycans Detected in the Human
FFPE Prostate Tissue with High Mass Measurement Accuracy (MMA)a.

a

These identifications were found by searching for the human N-linked glycans reported in

GlyConnect. Each identification is represented in short-hand notation where H=Hexose, N=NAcetylglucosamine, F=Fucose, S=N-Acetyl-Neuraminic Acid, and U=Sulphate Modification.
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More than 60% of the N-linked glycans detected by IR-MALDESI (Table 5.1) contain at
least one sialic acid residue, which is a considerable amount given that no chemical derivatization
steps were used to stabilize the labile monosaccharide. This observation is supported by a previous
investigation into the internal energy deposited into a molecule during ionization (using
thermometer ions), demonstrating that IR-MALDESI is a soft ionization method that produces
ions with comparable internal energy to conventional ESI measurements.30 The mechanism in
which IR-MALDESI produces soft ions begins with IR absorption of the endogenous and
exogenous water/ice matrix. Neutral species can be vibrationally activated in a multiphoton
process as a result of IR irradiation, but these neutral species quickly enter the charged ESI droplets
and are cooled via vibrational relaxation giving up their internal energy by increasing the
temperature of the solvent. Thus, even when sufficient internal energy is deposited in a molecule
when irradiated, labile species are not given the time to dissociate prior to the internal energy being
removed.
To demonstrate the critical importance of IR-MALDESI for glycan imaging
methodologies, it is important that the N-linked glycans detected in this study also have spatially
informative ion images and show close alignment with the morphological features of the prostate
sample. Figure 5.3 demonstrates the colocalization of the ion images with the morphological
features of three spatially distinct N-linked glycans within the prostate sample. The optical image
taken prior to IR-MALDESI analysis (Figure 5.1) was overlaid in MSiReader to correlate these
regions together. A zoomed-in region of each unique spatial distribution shows alignment with the
morphological regions. For example, Figure 5.3A shows an ion particularly distributed in a small
glandular region while the ion shown in Figure 5.3B is distributed across the stromal tissue of the
prostate. The ion represented in Figure 5.3C is well distributed across the entire prostate sample
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but of importance is the decrease in abundance inside the large glandular region highlighted in the
zoomed-in image. This ion is observed to have a decrease in abundance inside the glandular tissue
of this region; however, the abundance of this ion closely aligns with the connective tissue between
each of the individual glands. The spatial distribution of all N-linked glycans detected by IRMALDESI is shown in Figure D.1.

Figure 5.3 (A-C) Colocalization with spatial features of the human prostate sample. Ion images
of three putatively identified N-linked glycans are shown for reference (left). The optical image of
the prostate sample is overlaid on top of each ion image (middle) to show colocalization with
morphological features of the tissue with smaller regions of interest zoomed-in to exhibit close
alignment (right). The black line seen halfway through the ion images was added by MSiReader
to separate two regions of interest collected for this prostate sample.
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After identification of the 53 N-linked glycans, it became clear that there was a significant
number of unidentified multiply-charged species in the prostate sample. For example, Figure 5.4A
shows the mass spectrum #7719 that shows more unidentified multiply-charged peaks than
putatively identified N-linked glycans from GlyConnect, which are highlighted in green.
Considering that multiply-charged peaks are not present in the IR-MALDESI background, these
peaks represent tissue-specific ions and are most likely N-linked glycans that were enzymatically
cleaved by PNGase F. These multiply-charged peaks were first extracted using GlycoHunter and
then searched in GlycoMod for theoretical identifications. This resulted in a total of 604 peak pairs
in spectrum #7719 alone, which was further reduced down to 123 unique peak pairs by deisotoping
and verifying the detection of the isotopic distribution (Figure D.2).
A majority of the monoisotopic peaks found by GlycoHunter did not have any theoretical
matches to GlycoMod (Figure 5.3) and thus were left unidentified by database searching. Fortythree multiply-charged GlycoHunter peaks, having tissue-specific spatial distributions and isotopic
distributions, matched theoretical structures reported in GlycoMod, many of which were already
annotated by searching for GlyConnect N-linked glycans (Table 5.1). Twenty-three multiplycharged peaks not previously identified by GlyConnect were identified by GlycoMod (Figure
D.4), in which case most contained sulfate or phosphate modifications that are under-reported and
thus not present in GlyConnect. Figure 5.4B shows six selected ion images demonstrating that
these ions found in spectrum #7719 by GlycoHunter had similar spatial distributions to
GlyConnect ions and could represent biologically relevant N-linked glycans.
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Figure 5.4 (A) Mass spectrum #7719 showing a significant number of multiply-charged peaks.
Labels highlighted in green were already annotated by GlyConnect database searching (Table 5.1).
This scan was searched for peak pairs via GlycoHunter with a 0.5017 or 0.3345 Da m/z offset to
find multiply-charged monoisotopic peaks to search within the GlycoMod database. (B) Ion
images of multiply-charged peaks with no GlycoMod database identifications and potential
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sulfate/phosphate modifications represent significant spatially informative distributions that could
be of biological importance to the human prostate sample. The black line seen halfway through
the ion images was added by MSiReader to separate two regions of interest collected for this
prostate sample.

Tandem mass spectrometry was performed on three N-linked glycans to confirm the
presence of putatively identified structures as well as one of the unidentified multiply-charged
peaks. The putative structures provided by GlyConnect were drawn in GlycoWorkbench, and its
glycosidic cleavages were predicted.29 For example, the predicted fragments for 1037.8650 m/z
that were detected in the MS/MS file are shown in Figure 5.5A. The combination of the
biantennary branches as well as the loss of the reducing end all confirm and lead to
Hex5HexNAc4Fuc1NeuAc1 being the most likely structure. Additionally, each fragment that
resulted in the loss of the reducing end was not detected with a fucose, confirming the presence of
a core fucose. The unidentified multiply-charged precursor could not be drawn and have computed
fragments in GlycoWorkbench. However, the unknown multiply-charged precursor was observed
to fragment in extremely similar patterns to the 1037.8650 m/z ion (Figure 5.5B). Additionally,
the first charge state of the 1037.8650 m/z ion was detected as a fragment in the unknown MS/MS
spectrum. This indicates that Hex5HexNAc4Fuc1NeuAc1 is likely the core structure of the
unidentified ion with an additional modification. These ions have a neutral mass difference of
35.9763 Da, which corresponds by accurate mass to a chlorine adduct and loss of a proton ([MH++Cl-]2-).
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Figure 5.5 Fragmentation spectra for a putatively identified N-linked glycan and an unidentified
multiply-charged peak. (A) The glycosidic cleavages shown for the 1037 m/z peak confirm the
putative identification of Hex5HexNAc4Fuc1NeuAc1. (B) The unknown peak at 1055 m/z showed
extremely similar fragmentation peaks to the 1037 m/z peak. Additionally, the singly-charged form
of Hex5HexNAc4Fuc1NeuAc1 was also detected indicating that this is likely the core structure of
the 1055 m/z peak with an additional unknown modification.

After discovering that the mass offset likely represented a mixed-mode ionization with
chlorine adducts, we searched the data for other possible chlorinated N-linked glycans. This led to
the annotation of 36 N-linked glycan peaks that were previously extracted by GlycoHunter but left
unidentified by database searching (Table D.1). Although chlorines have distinctive isotopic
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patterns, the 37Cl isotopologue could not be resolved due to the resolving power at the detected
m/z values as well as the m/z spacing of multiply-charged peaks. However, the isotopic
distributions of the detected N-linked glycans very closely align with the theoretical distribution
of the glycans with chlorinated adducts. Figure 5.6A shows that Hex5HexNAc4Fuc1NeuAc1 is
likely adducted with one chlorine and the loss of a proton. The presence of one chlorine adduct
causes a 40% increase in the abundance of the A + 2 isotopic peak. The observed isotopic
distribution closely aligns with the increase in abundance as demonstrated by the chi-squared
value, which tests for goodness of fit between two distributions. Similarly, Figure 5.6B represents
an N-linked glycan detected with two chlorine adducts that causes a 200% increase in the A + 2
peak, which is clearly observed in the experimental data.

Figure 5.6 (A, B) Isotopic distributions of two detected N-linked glycans with theoretical
distributions of chlorine and deprotonated adducts overlaid. The [M-2H+]2- isotopic distribution
would be observed at a lower m/z value but has been shifted to compare probabilities of abundance.
Chi-squared values testing a goodness of fit indicate that the N-linked glycans were detected with
chlorine adducts.

5.4 Conclusions
A new methodology to spatially detect N-linked glycans in a biological tissue was created using
IR-MALDESI MSI. A total of 53 N-linked glycans were confidently identified based on previous
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identifications found in the literature. More than 60% of these identifications included sialic acid
residues indicating the softness of IR-MALDESI to preserve these labile species. A significant
amount of multiply-charged peaks was discovered via GlycoHunter in a single scan which led to
potential sulfate/phosphate modifications as well as many chlorine-adducted structures. This
proof-of-concept effort demonstrates that N-linked glycan imaging by IR-MALDESI can be
carried out without the need for chemical derivatization.

5.5 Supporting Information
Ion images of 53 multiply-charged N-linked glycans detected in the human prostate (Figure D.1),
examples of isotopic distributions investigated after peak pair extraction via GlycoHunter (Figure
D.2), ion images of multiply-charged peaks found by GlycoHunter that have no database
identifications in GlycoMod or GlyConnect (Figure D.3), ion images of N-linked glycans found
by GlycoHunter and annotated by GlycoMod (Figure D.4), and a list of N-linked glycans detected
with chlorinated adducts with high mass measurement accuracy (Table D.1)
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Appendix A: Supplemental Information for Chapter 2
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Table A.1 List of neurotransmitters and related-metabolites detected in placenta tissue by IR-MALDESI with their respective mass
measurement accuracy (MMA) and spectral isotope score. The spectral isotope measure provided by METASPACE, is calculated as the
average difference between a predicted and experimental isotope abundances where a value closest to 1 represents an exact match. The
right side of the table indicates the spatial distribution of each molecule as determined from a female control tissue as well as the effect
of flame retardant exposure on the abundance and regional distribution for each metabolite.
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Table A.1 (continued)
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Table A.1 (continued)
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Figure A.1 Mass spectra of each neurotransmitter and related metabolite detected by IR-MALDESI without chemical derivatization
averaged over approximately 50 scans. The experimental m/z is depicted in the upper left corner of the mass spectra with its calculated
mass measurement accuracy (MMA). Each metabolite except three were detected with accurate mass (<2.5 ppm MMA). Many
metabolites were also detected with high spectral accuracy as represented by each theoretical isotopic distribution (red circles). Please
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note that these spectra also contain clusters of background signal similar to the neurotransmitters shown in Figure 2.2. These clusters
were not shown here for simplicity.

Figure A.2 Clustered bar graph representing the normalized abundance of each neurotransmitter averaged across the whole tissue section
for male and female placenta tissues. For both dopamine and norepinephrine, normalized abundances are relatively similar among
exposure groups in both male and female placenta tissue. For the other neurotransmitters, there is an overall decreasing trend for each
neurotransmitter with exposed tissues at lower abundance than control tissues in male placenta tissue. In female tissues, the BZ-54 and
high FM550 exposure groups have a lower normalized abundance of neurotransmitter compared to the control groups. The low exposure
group in female tissues do not have decreased abundance for each neurotransmitter compared to the control groups.
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Figure A.3 Ion images of all metabolites of tryptophan. Tryptamine and 5-hydroxytryptophan (which produces serotonin) are the only
metabolites produced from tryptophan that are downregulated by flame retardant exposure.
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Figure A.4 Ion images of all metabolites of phenylalanine. Only the production of phenethylamine is affected by exposure to brominated
flame retardants.
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Appendix B: Supplemental Information for Chapter 3
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Figure B.1 Additional examples of multiomic pathway integration of IR-MALDESI and
nanoPOTS-LC-MS/MS. Ion images represent metabolites detected by IR-MALDESI in the rat
brain and the bar graph represents the average abundance of the enzyme involved in this
metabolism for each brain region. Correlation plot of the grouped abundance of enzyme versus the
average abundance of metabolite in each region show a strong or moderate correlation between
the two datasets.
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Table B.1.xlsx Metabolites putatively annotated by IR-MALDESI with significant fold changes between ROI 4 and other analyzed
regions of the brain.
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Table B.2.xlsx Proteins identified in the rat brain by nanoPOTS-LC-MS/MS by Proteome Discoverer 2.4.
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Appendix C: Supplemental Information for Chapter 4

Figure C.1 IR-MALDESI mass spectrum of detected N-linked glycans as glycosylamines in
positive mode. Putative structures were drawn in GlycoWorkbench and are composed of labile
sialic acid residues. The mass spectrum in positive mode also has a high abundance of ambient
ions creating a higher interference compared to negative mode.
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Table C.1 A list of unidentified peaks found in the negative mode spectra. These are likely Nlinked glycans since they are multiply-charged species. However, many of these have no hits in
the GlycoWorkbench database. The peaks that did have a database hit are labeled with a potential
molecule but are not included in the main text since they have not been characterized in literature
for the bovine fetuin glycoprotein.
Experimental
Monoisotopic Mass
1138.4052
758.6005
778.6080
855.6327
1449.0001
1466.5198
977.3441
1477.5101
982.6759
1047.6885
791.2745
1066.6955
1062.6960
795.2732
1074.3761
805.5299

Charge
Abundance State
1.27E+04
2
5.40E+03
3
1.15E+03
3
1.55E+03
3
7.15E+03
2
6.66E+03
2
7.72E+04
3
3.80E+03
2
3.57E+03
3
2.30E+03
3
1.84E+04
4
2.00E+03
3
1.14E+03
3
1.24E+03
4
7.86E+03
3
1.50E+04
4

Neutral
Mass
2278.8250
2278.8233
2338.8458
2569.9199
2900.0148
2935.0542
2935.0541
2957.0348
2951.0495
3146.0873
3169.1271
3203.1083
3191.1098
3185.1219
3226.1501
3226.1487

Potential Identification from
GlycoWorkbench
Hex4HexNAc5NeuAc1NeuGc1
Hex4HexNAc5NeuAc1NeuGc1

Hex5HexNAc6NeuAc2NeuGc
Hex5HexNAc6NeuAc2NeuGc
Hex5HexNAc6NeuAc1NeuGc2
Hex8HexNAc6NeuGc2
Hex6HexNAc5NeuAc4
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Table C.2 Complete list of N-linked structures and adducts searched in the dataset. m/z’s highlighted in green were detected by IRMALDESI. The reference column indicates the source in which these were characterized.
+ +

Glycan - NH2 Terminus

Neutral MI Mass

[M+H ]

Hex4HexNAc2

1071.3966

Hex5HexNAc2

1233.4494

+ 2+

+ 3+

+

+

+ -

+ 2-

+ 3-

+ [M+Na-2H ] Reference

[M+Na ]

[M+NH4 ]

[M-H ]

[M-2H ]

[M-3H ]

358.1395

1094.3858

1071.3966

1070.3893

534.6910

356.1249

1115.3605

12

412.1571

1256.4386

1233.4494

1232.4421

615.7174

410.1425

1277.4133

12

[M+2H ]

[M+3H ]

1072.4039

536.7056

1234.4567

617.7320

Hex6HexNAc2

1395.5022

1396.5095

698.7584

466.1747

1418.4915

1395.5022

1394.4950

696.7438

464.1601

1439.4661

12

Hex3HexNAc3NeuAc1

1403.5186

1404.5258

702.7666

468.8468

1426.5078

1403.5186

1402.5113

700.7520

466.8322

1447.4824

12

Hex7HexNAc2

1557.5551

1558.5623

779.7848

520.1923

1580.5443

1557.5551

1556.5478

777.7703

518.1777

1601.5189

12

Hex4HexNAc3NeuAc1

1565.5714

1566.5787

783.7930

522.8644

1588.5606

1565.5714

1564.5641

781.7784

520.8498

1609.5353

12

Hex6HexNAc3

1598.5816

1599.5889

800.2981

533.8678

1621.5708

1598.5816

1597.5743

798.2835

531.8533

1642.5455

12

Hex5HexNAc4

1639.6082

1640.6154

820.8114

547.5433

1662.5974

1639.6082

1638.6009

818.7968

545.5288

1683.5720

12

Hex8HexNAc2

1719.6079

1720.6152

860.8112

574.2099

1742.5971

1719.6079

1718.6006

858.7967

572.1954

1763.5718

12

Hex5HexNAc3NeuAc1

1727.6242

1728.6315

864.8194

576.8820

1750.6134

1727.6242

1726.6169

862.8048

574.8675

1771.5881

12

Hex4HexNAc4NeuAc1

1768.6507

1769.6580

885.3327

590.5575

1791.6400

1768.6507

1767.6435

883.3181

588.5430

1812.6146

12

Hex5HexNAc4Fuc1

1785.6661

1786.6733

893.8403

596.2293

1808.6553

1785.6661

1784.6588

891.8258

594.2147

1829.6300

12

Hex6HexNAc4

1801.661

1802.6683

901.8378

601.5609

1824.6502

1801.6610

1800.6537

899.8232

599.5464

1845.6249

12

Hex9HexNAc2

1881.6607

1882.6680

941.8376

628.2275

1904.6499

1881.6607

1880.6534

939.8231

626.2130

1925.6246

12

Hex6HexNAc3NeuAc1

1889.677

1890.6843

945.8458

630.8996

1912.6662

1889.6770

1888.6697

943.8312

628.8851

1933.6409

12

Hex5HexNAc4NeuAc1

1930.7036

1931.7108

966.3591

644.5751

1953.6928

1930.7036

1929.6963

964.3445

642.5606

1974.6675

12, 13, 14

Hex6HexNAc4Fuc1

1947.7189

1948.7262

974.8667

650.2469

1970.7081

1947.7189

1946.7116

972.8522

648.2324

1991.6828

12

Hex5HexNAc4Fuc1NeuAc1

2076.7615

2077.7688 1039.3880

693.2611

2099.7507

2076.7615

2075.7542

1037.3735

691.2466

2120.7254

12

Hex6HexNAc4NeuAc1

2092.7564

2093.7637 1047.3855

698.5927

2115.7456

2092.7564

2091.7491

1045.3709

696.5782

2136.7203

12

Hex6HexNAc4Fuc2

2093.7768

2094.7841 1047.8957

698.9329

2116.7660

2093.7768

2092.7695

1045.8811

696.9183

2137.7407

12

Hex7HexNAc4Fuc1

2109.7717

2110.7790 1055.8931

704.2645

2132.7609

2109.7717

2108.7644

1053.8786

702.2500

2153.7356

Hex5HexNAc4NeuAc2

2221.799

2222.8063 1111.9068

741.6069

2244.7882

2221.7990

2220.7917

1109.8922

739.5924

Hex5HexNAc4NeuAc1NeuGc1

2237.7939

2238.8011 1119.9042

746.9386

2260.7831

2237.7939

2236.7866

1117.8897

744.9240

12
12, 13, 14,
2265.7629
15
2281.7578
15

Hex4HexNAc2Fuc4NeuAc2

2237.8191

2238.8263 1119.9168

746.9470

2260.8083

2237.8191

2236.8118

1117.9023

744.9324

2281.7829

12

Hex6HexNAc4Fuc1NeuAc1

2238.8143

2239.8216 1120.4144

747.2787

2261.8035

2238.8143

2237.8070

1118.3999

745.2642

2282.7782

12

Hex5HexNAc4NeuGc2

2253.7888

2254.7961 1127.9017

752.2702

2276.7780

2253.7888

2252.7815

1125.8871

750.2557

2297.7527

15

Hex6HexNAc5NeuAc1

2295.8358

2296.8430 1148.9252

766.2859

2318.8250

2295.8358

2294.8285

1146.9106

764.2713

2339.7997

14

Hex5HexNAc4Fuc1NeuAc2

2367.8569

2368.8642 1184.9357

790.2929

2390.8461

2367.8569

2366.8496

1182.9212

788.2784

2411.8208

12

Table C.2 (continued).
[M+2H+]2+

[M+3H+]3+

[M+Na+]

[M+NH4+]

[M-H+]-

[M-2H+]2-

[M-3H+]3-

2383.8518

2384.8591 1192.9332

795.6245

2406.8410

2383.8518

2382.8445

1190.9186

793.6100

2427.8157

12

2512.8944

2513.9017 1257.4545

838.6387

2535.8836

2512.8944

2511.8871

1255.4399

836.6242

2556.8583

12

Glycan - NH2 Terminus

Neutral MI Mass

Hex6HexNAc4NeuAc2
Hex5HexNAc4NeuAc3

[M+H+]+

[M+Na-2H+]- Reference

Hex6HexNAc5NeuAc2

2586.9312

2587.9385 1294.4729

863.3177

2609.9204

2586.9312

2585.9239

1292.4583

861.3031

12, 13, 14,
2630.8951
15

Hex6HexNAc5Fuc4

2588.9720

2589.9793 1295.4933

863.9979

2611.9612

2588.9720

2587.9647

1293.4787

861.9834

2632.9359

12

Hex6HexNAc5Fuc1NeuAc2

2732.9891

2733.9964 1367.5018

912.0036

2755.9783

2732.9891

2731.9818

1365.4873

909.9891

2776.9530

12

Hex6HexNAc5NeuAc3

2878.0266

2879.0339 1440.0206

960.3495

2901.0158

2878.0266

2877.0193

1438.0060

958.3349

12, 13, 14,
2921.9905
15

Hex6HexNAc5NeuAc2NeuGc1

2894.0215

2895.0288 1448.0180

965.6811

2917.0107

2894.0215

2893.0142

1446.0035

963.6666

2937.9854

15

Hex5HexNAc3Fuc4NeuAc3

2894.0467

2895.0539 1448.0306

965.6895

2917.0359

2894.0467

2893.0394

1446.0161

963.6749

2938.0106

12

Hex6HexNAc5Fuc1NeuAc3

3024.0845

3025.0918 1513.0495 1009.0354 3047.0737

3024.0845

3023.0772

1511.0350 1007.0209 3068.0484

Hex6HexNAc5NeuAc4

3169.1220

3170.1293 1585.5683 1057.3813 3192.1112

3169.1220

3168.1147

Hex6HexNAc5NeuAc3NeuGc1

3185.1169

3186.1242 1593.5657 1062.7129 3208.1062

3185.1169

3184.1097

12
12, 13, 14,
1583.5537 1055.3667 3213.0859
15
1591.5512 1060.6984 3229.0808
15

Hex6HexNAc5Fuc1NeuAc4

3315.1799

3316.1872 1658.5972 1106.0673 3338.1691

3315.1799

3314.1727

1656.5827 1104.0527 3359.1438

12

Hex6HexNAc5NeuAc5

3460.2174

3461.2247 1731.1160 1154.4131 3483.2067

3460.2174

3459.2102

1729.1014 1152.3985 3504.1813

12, 15

Hex7HexNAc6NeuAc4

3534.2542

3535.2615 1768.1344 1179.0920 3557.2434

3534.2542

3533.2469

1766.1198 1177.0775 3578.2181

12, 15
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Figure D.1 Ion images of 53 multiply-charged deprotonated N-linked glycans detected in human
prostate sample with high mass measurement accuracy. The black line seen halfway through the
ion images was added by MSiReader to separate two regions of interest collected for this prostate
sample.
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Figure D.2 Examples of isotopic distributions investigated after peak pair extraction via
GlycoHunter. A) 535.2104 m/z (z=3) revealed an incomplete isotopic distribution which resulted
in the removal from the dataset. B) Investigation of 1183.4121 m/z (z=2) revealed a complete
isotopic distribution and was kept for ion image analysis. GlycoHunter reported each isotopologue
peak as five separate peak pairs which were removed from analysis yielding only the monoisotopic
peak for examining ion image distributions.
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Figure D.3 Ion images of multiply-charged peaks found by GlycoHunter that have no database
identifications in GlycoMod or GlyConnect. The black line seen halfway through the ion images
was added by MSiReader to separate two regions of interest collected for this prostate sample.

125

126

Figure D.4 Ion Images of N-linked glycans found by GlycoHunter that have not been
experimentally identified and reported in GlyConnect database. Sulfate and phosphate modified
N-linked glycans reported by GlycoMod are reported underneath each ion image in short-hand
notation where H=Hexose, N=N-Acetylglucosamine, F=Fucose, S=N-Acetyl-Neuraminic Acid,
G=N-Glycolyl-Neuraminic Acid, U=Sulphate Modification, and P=Phosphate Modification. The
black line seen halfway through the ion images was added by MSiReader to separate two regions
of interest collected for this prostate sample.
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Table D.1 List of N-linked glycans detected with chlorinated adducts with high mass measurement
accuracy (MMA, <2.5 ppm). Each glycan is represented in short-hand notation where H=Hexose,
N=N-Acetylglucosamine, F=Fucose, and S=N-Acetyl-Neuraminic Acid.
Charge

Experimental m/z

Adduct

Glycan

2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

652.1859
733.2123
745.7275
766.2406
814.2398
834.7514
855.2646
928.2939
1037.8295
1110.8599
751.9112
825.2771
922.3085
946.9875
1044.0193
800.5974
715.2236
727.7395
796.2499
800.2571
829.2787
837.2775
873.2870
877.2755
881.2843
910.3052
962.3107
982.8243
1019.8426
1055.8530
1076.3662
1092.8710
1165.3899
1238.4188
1347.9561
1420.9850

[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M+2Cl-]2[M-2H++Cl-]3[M-2H++Cl-]3[M-2H++Cl-]3[M-2H++Cl-]3[M-2H++Cl-]3[M-2H++Cl-]3[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2[M-H++Cl-]2-

H5N2
H6N2
H4N3F1
H3N4F1
H7N2
H6N3
H5N4
H5N4F1
H6N5
H6N5F1
H5N4S2
H6N5F1S1
H6N5F1S2
H7N6F1S1
H7N6F1S2
H5N4F1S2
H6N2
H4N3F1
H7N2
H4N3S1
H4N4F1
H5N4
H4N3F1S1
H8N2
H5N3S1
H5N4F1
H6N3S1
H5N4S1
H6N5
H5N4S1F1
H4N5F1S1
H6N5F1
H6N5S1
H6N5F1S1
H7N6S1
H7N6F1S1

Theoretical m/z MMA (ppm)
652.1856
733.2120
745.7278
766.2411
814.2384
834.7517
855.2649
928.2939
1037.8310
1110.8600
751.9124
825.2773
922.3091
946.9881
1044.0199
800.5984
715.2239
727.7397
796.2503
800.2585
829.2794
837.2769
873.2874
877.2767
881.2849
910.3058
962.3113
982.8246
1019.8430
1055.8535
1076.3668
1092.8719
1165.3907
1238.4196
1347.9568
1420.9857

-0.5
-0.4
0.3
0.6
-1.7
0.4
0.4
0.0
1.4
0.1
1.7
0.3
0.7
0.6
0.6
1.3
0.4
0.3
0.6
1.8
0.9
-0.8
0.5
1.4
0.7
0.7
0.6
0.3
0.4
0.5
0.5
0.8
0.6
0.7
0.5
0.5
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Appendix E: Relative Quantification of N-Linked Glycans in Alzheimer’s Disease PostMortem Human Brain Tissue
The following work is preliminary in nature, and thus is written as a brief report and included as an appendix rather
than a full chapter. This work was done in collaboration with Dr. Thomas Montine from Stanford University as well
as Dr. Jaclyn Kalmar, Dr. Karen Butler, and Dr. Erin Baker in the Department of Chemistry, Dr. Emily Griffith in the
Department of Statistics, and Dr. Taufika Williams in METRIC at North Carolina State University.

E.1 Introduction
Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders
affecting the memory and cognitive abilities of 6 million Americans over the age of 65.1 60-80%
of patients experiencing dementia, a large umbrella term for memory loss and cognitive
disfunction, are caused by late-onset AD.2 The primary changes in the brain caused by AD include
the accumulation of β-amyloid plaques outside neurons and tau neurofibrillary tangles inside
neurons. The first causes interference in neuron communication at synapses while the latter
prevents the transportation of essential nutrients. Both ultimately lead to neuron death causing
significant memory deterioration and eventually impairment of daily tasks such as walking and
talking.
The main risk factors associated with AD are age, family history, and possession of the
APOE ε4 gene. The APOE gene is primarily responsible for the transcription of proteins that
transport cholesterol and other lipids. There are three possible APOE alleles where one may be
received from each parent: ε2, ε3, and ε4. The possession of the APOE ε4 allele is believed to
increase the risk of developing late-onset AD, while the possession of the ε2 allele is thought to
decrease the risk compared to those carrying the ε3 allele. Another risk factor for AD is sex, as
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more than two-thirds of Americans with AD are women, although this is likely correlated with the
longer life expectancy of women.1
Proteins associated with AD are known to be N-glycosylated proteins (e.g., the amyloid
precursor peptide (APP) which contributes to β-amyloid plaques by aberrant cleavage by β-site
APP cleaving enzyme-1 (BACE1)).3 N-linked glycans are a common and important posttranslational modification to proteins, mediating their function and involvement in disease and
tumor progression.4,5 These molecules are polysaccharides that covalently bind to proteins via
asparagine residues within an N-X-S/T motif where X may be any amino acid except proline.
Understanding their exact function and role in specific diseases such as AD is of high interest and
requires further elucidation.

E.2 Methods
In this study, changes in N-glycosylation within post-mortem brain tissue samples
(specifically coronal sections of the caudate nucleus at the level of ante) of AD patients were
investigated for correlation with APOE genotypes and sex. The homogenized tissue samples were
strategically paired and chemically derivatized with natural (NAT) and stable isotope labeled (SIL)
individuality normalization when labeling with isotopic glycan hydrazide tags (INLIGHT) for
relative quantification of N-linked glycans detected by LC-MS/MS (Figure E.1).6 Differences
among APOE genotypes were investigated by combining patients of the same sex carrying ε2/ε3,
ε3/ε3, and ε3/ε4 APOE genes such that the NAT and SIL pairs contained two different APOE
genes per sample. Differences associated with sex were investigated by combining female and
male samples derivatized with NAT and SIL INLIGHT, respectively.
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Figure E.1 Study design for preliminary investigation of N-glycosylation in AD brains where
arrows indicate which samples were combined 1:1 for LC-MS/MS analysis.

Brain tissues were homogenized with a pellet pestle and reduced with triethylammonium
bicarbonate, tris(2-carboxyethyl) phosphine), and deoxycholate. Protein concentrations were
measured using a 280 nm absorbance assay with the NanoDrop 2000c Spectrophotometer (Thermo
Fisher Scientific) and samples were normalized to protein content prior to N-glycosylation
digestion. Samples were then prepped using our previously published protocol.7 Briefly, 95 µg of
protein per sample was denatured by dithiothreitol and alkylated with iodoacetamide prior to
enzymatic digestion by PNGase F (Figure E.2). The cleaved N-linked glycans were collected by
centrifugation and derivatized with INLIGHT. NAT and SIL INLIGHT samples were combined
1:1 with their predetermined sample pair as discussed previously. Derivatized N-linked glycans
were then separated by nanoflow-liquid chromatography and analyzed using MS/MS on the
Exploris 480 platform.

131

Figure E.2 Sample preparation and derivatization for N-linked glycans in AD samples using male
(M) and female (F) comparison as an example.

The immense amount of data produced from these comparisons required an analysis
workflow that would thoroughly profile the N-linked glycans detected to make statistical
comparisons between variables (Figure E.3). GlycoHunter was first used to extract N-linked
glycan peak pairs using the specific m/z offsets between NAT and SIL INLIGHT peaks.8 This
software identified approximately 2800 peak pairs from one datafile. However, these
identifications included peaks from the same isotopic distribution (i.e., monoisotopic, A+1, A+2,
etc.) as well as peak pairs that didn’t correspond to matching glycan distributions (i.e., noise,
incomplete isotopic distributions, or incorrectly matched peaks). Skyline was then used to filter
this list to increase confidence in the peaks chosen for N-linked glycan comparisons. Criteria
included having full isotopic distributions as well as chromatographic separation. This extensive
list was reduced to approximately 100 high confidence peak pairs. In order to search databases for
these glycan structures, the NAT INLIGHT monoisotopic peak was converted to the monoisotopic
mass of the underivatized [M+H+]+ peak (i.e., by first converting to a singly-charged m/z and
removing the weight of NAT INLIGHT). The monoisotopic masses were then searched in the
GlycoMod database, searching specifically for glycans with the core N-linked glycan structure
(Man3HexNAc2) within 2.5 ppm of the theoretical m/z. Only 46 N-linked glycans reported in
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GlycoMod database (and also present in GlyConnect, an experimentally curated database) were
putatively identified to be used for relative quantification comparisons among variables associated
with AD brain samples. The peak areas of these 46 N-linked glycans were exported from Skyline
and area ratios were calculated:
𝐴𝑟𝑒𝑎 𝑅𝑎𝑡𝑖𝑜 =

𝐴𝑟𝑒𝑎𝑁𝐴𝑇
𝐴𝑟𝑒𝑎𝑁𝐴𝑇 + 𝐴𝑟𝑒𝑎𝑆𝐼𝐿

where an area ratio of 0.5 would indicate similar expression between glycans in both NAT and
SIL derivatized samples. These ratios were then compared among genotypes and sex variables to
the null value of 0.5.

Figure E.3 Data analysis workflow for extraction and identification of N-linked glycans used for
investigation of biological changes in AD human post-mortem brains.

E.3 Preliminary Results
Three combinations of APOE gene types were labeled with INLIGHT for comparison
among male and female brain samples. No SIL N-linked glycans were detected in the female
sample comparing ε2/ε3 and ε3/ε4, and it was therefore removed from analysis. The computed
area ratios and their 95% confidence limits are represented in Figure E.4 for all N-linked glycans
confidently identified in this study. A majority of the glycans were found to have area ratios less
than the null value of 0.5. This indicates that the APOE pair derivatized with SIL INLIGHT had
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higher expressions of N-linked glycans, with the exception of the ε3/ε4 genotype in the male
sample. The ratios comparing the ε3/ε3 and ε3/ε4 genes in males consistently had higher ratios
than the null of 0.5 (72% of observed N-linked glycans) indicating the ε3/ε3 had higher expression
than the ε3/ε4 sample.

Figure E.4 Comparisons of N-linked glycans between APOE genotypes in AD human postmortem brain tissues. Error bars represent 95% confidence intervals between three technical
replicates, and the dotted red line represents the null value of 0.5 indicating similar expression
between APOE genotypes.

Differences among sex were investigated by derivatizing female and male brain samples
with NAT and SIL INLIGHT, respectively. More than 25 N-linked glycans (59%) were observed
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with significantly higher abundance in male samples. The rest of the detected glycans were not
statistically different from the null value. Therefore, there was no evidence of a significant
difference between male and female brain samples. The observed N-linked glycans were divided
into their major structure types (high mannose, complex/hybrid, and sialylated) to show structural
differences among sex (Figure E.5). Except for H8N2 and H9N2, the high mannose N-linked
glycans also lacked a significant difference between male and female samples. In contrast, the
majority of the hybrid/complex and sialylated N-linked glycans were found to be significantly
higher in male samples. Sialylated N-glycosylation has previously been observed to decrease in
patients with AD by a decrease in sialyltransferase levels in serum and post-mortem brain
samples.9,10 Therefore, this is an interesting observation that female brain samples had lower
expression of sialylated N-linked glycans given that females are at higher risk for developing AD
(hypothesized to be a result of increased life expectancy).
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Figure E.5 Relative comparisons of N-linked glycans between male and female AD post-mortem
brain tissue. Error bars represent 95% confidence intervals between two biological replicates and
dotted red line represents the null value of 0.5 indicating similar expression between male and
female samples.

E.4 Conclusions
The results presented here demonstrate a methodology and data analysis workflow as a
useful technique for exploring changes in N-glycosylation among AD brain tissue. Both sex and
genotypes were observed to have differences in N-glycosylation. Future follow-up studies will
focus on these variables and build large study designs intended to investigate them further with
much larger sample sizes.
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Appendix F: Sequential Paired Covariance for Improved Ion Images in Mass Spectrometry
Imaging Datasets
The following work is preliminary in nature, and thus it is written as a brief report and included as
an appendix rather than a full chapter.

F.1 Introduction
Most mass spectrometry imaging (MSI) methodologies face voxel-to-voxel variability
challenges due to changes in tissue density across a biospecimen. This can result in pixelated ion
images making it hard to decipher between edges of histological features. To account for this,
molecular standards with similar ionization efficiencies to the analyte of interest can be sprayed
underneath biological samples and used for normalization.1,2 However, normalization standards
are difficult to choose for untargeted experiments because of the variability of ionization
efficiencies between the molecules detected. There are many post-processing normalization
methods available that do not require a standard to reduce the relative standard deviation between
voxels. These include normalization to the total ion current (TIC), median, or to the sum of
biological peaks.3 However, these normalization techniques don’t always reduce the pixelated
appearance of ion images and thus, the need for additional approaches still exists.
Sequential paired covariance was introduced for mass spectrometry applications in 1995
to reduce signal-to-noise ratios in chromatographic datasets.4 This ultimately allowed for rapid
assessment of significant peaks in the chromatogram. The sequential paired covariance algorithm
represents the dot product of sequential mass spectra, thus reducing the effect of variable noise
peaks in the dataset.5 This research report presents a new data transformation specifically to
improve the visualization of ion images in MSI methodologies in order to easily decipher between
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histological features of a tissue. To our knowledge, this is the first application of sequential paired
covariance to MSI datasets to improve ion images. We demonstrate this improvement within a
variety of heterogenous datasets by use of the sequential paired covariance algorithm. These
datasets were chosen as they each have distinct biological features showing that sequential paired
covariance allows for easy interpretation and visualization of colocalized features. This feature
will be implemented in MSiReader to easily apply to MSI datasets.

F.2 Methods
F.2.1 Calculation of Sequential Paired Covariance
Abundance matrices of ions of interest in each dataset were exported from MSiReader.
Sequential paired covariance was calculated and applied to abundance matrices in Excel and then
imported into MSiReader for visualization. Before calculation of sequential paired covariance, a
value of 1 was added to all voxels to make minimum abundances in the sequential paired
covariance calculations equal to 1. This step was necessary to prevent the propagation of zero
values throughout the ion image. Sequential paired covariance was then calculated by multiplying
the ion abundance in each voxel by adjacent and diagonal voxels (Figure F.1). For all voxels
except those touching the border of the ROI, the sequential paired covariance calculation results
in the abundance of 9 voxels being multiplied. Depending on the absolute abundance of the ion,
this results in a significant magnification of ion abundances with a large dynamic range between
the lowest and highest value. Therefore, it was necessary to also include logarithmic
transformations to visualize the distribution of ions throughout the tissue samples.
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Figure F.1 Calculation of sequential paired covariance for voxels in a simple ROI.

F.2.2 Evaluation of Imaging Datasets
A few datasets were selected to evaluate the use of sequential paired covariance to improve
the visualization of spatial distributions. These datasets were chosen based on the heterogenous
nature of the biological tissues. Each dataset was obtained by IR-MALDESI MSI coupled to an
Orbitrap mass spectrometer as previously described.6 Thermo .RAW data files were converted to
mzML files using MSConvert7 and then to imzML files using imzMLconverter8. All ion images
were generated and analyzed using MSiReader, an open-source MATLAB software for imaging
analyses.9,10
F.2.2.1 Mass Spectrometry Imaging of Metabolites in Rat Brain
Briefly, rat brain sectioned to a thickness of 12 µm was placed inside the sample enclosure
purged with nitrogen gas (Arc3 Gases, Raleigh, NC, USA) and a thin ice layer was formed by
controlled exposure to humidity. An electrospray ionization source was achieved with 50% optima
LC-MS grade methanol (Fisher Scientific Hampton, NH, USA) and 0.2% formic acid (SigmaAldrich, St. Louis, MO, USA) solution at a flow rate of 1.5 µL/min and spray voltage of 4000 V.
A mid-IR laser Opolette 2731/3034 (Opotek, Carlsbad, CA, USA) operating at 2.94 µm was used
for laser ablation at 1.1 mJ per voxel with a spatial resolution set to 150 µm. IR-MALDESI was
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coupled to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, Breman, Germany) for
high resolution accurate mass spectrometry at a resolving power of 140,000FWHM at 200 m/z.
Automatic gain control (AGC) was disabled and a fixed injection time of 25 ms was set to
synchronize the laser ablation event with collection of ions in the C-trap.
F.2.2.2 Mass Spectrometry Imaging of N-Linked Glycans in Human Prostate
FFPE human prostate tissue was dewaxed/delipidated, antigen retrieved, and
enzymatically cleaved by PNGase F for the analysis of N-linked glycans using previously
published sample preparation methods.11 The digested human prostate tissue was placed directly
inside the sample enclosure and a thin ice layer was formed by controlled exposure to humidity.
An electrospray ionization source was achieved with 60% acetonitrile and 1 mM acetic acid
solution at a flow rate of 2 µL/min and spray voltage of 3600 V for negative ionization mode.12 A
mid-IR laser (JGM Associates, Burlington, MA, USA) operating at 2.97 µm was used for laser
ablation at 1.2 mJ per voxel with a spatial resolution of 150 µm. IR-MALDESI was coupled to an
Orbitrap Exploris 240 mass spectrometer (Thermo Fisher Scientific, Breman, Germany) for high
resolution accurate mass spectrometry at a resolving power of 240,000FWHM at 200 m/z. Automatic
gain control (AGC) was disabled and a fixed injection time of 90 ms was set to synchronize the
laser ablation event with collection of ionized glycans in the C-trap.

F.3 Preliminary Results
F.3.1 Mass Spectrometry Imaging of Metabolites in Rat Brain
To first evaluate the use of sequential paired covariance on heterogenous tissue, we
investigated a biological tissue from a previous study where direct comparisons between biological
features were made. Four distinct features of the rat brain, such as the cerebral cortex, corpus
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callosum, caudate putamen, and septal region were compared for differences in metabolite profiles
and abundances. From this study, we found significant differences particularly between the corpus
callosum and other analyzed regions (Figure F.2A). From these ion images, the global differences
throughout the tissue features can be visualized. However, due to the pixelated nature of the
images, the edges of many are the histological features are not smooth and this makes it difficult
to decipher the biological features. When the sequential paired covariance algorithm is applied to
each ion image, the noisy pixelated features are reduced. The distinct histological features can then
be visualized much more clearly (Figure F.2B).

Figure F.2 Ion images of metabolites in the rat brain before (A) and after (B) sequential paired
covariance.

It is important to validate that the data is not altered such that different biological
conclusions are made in the process of applying the sequential paired covariance algorithm. To
demonstrate that relative relationships remained the same, we exported the abundances in each of
the histological regions and calculated an average abundance per region for both raw and
sequential paired covariance transformed dataset. Figure F.3A show bar graphs of the average
abundance of cholesterol in each brain region. While the magnitude between raw abundances and
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sequential paired covariance values are drastically different (E6 vs E2), the relative distributions
of abundances among the regions of interest remained the same. Region 4 (the corpus callosum)
had the highest abundance of cholesterol while region 2 (cerebral cortex) remained the region with
the lowest abundance of cholesterol. This confirmed the spatial relationships between these regions
remained accurate after post-processing with the sequential paired covariance algorithm. Relative
standard deviation was calculated to estimate the variance independent of magnitude between raw
abundances and sequential paired covariance transformations. Figure F.3B represents the %RSD
for cholesterol in each of the histological features of the brain showing a significant decrease in
the variability when using sequential paired covariance.

Figure F.3 A) Average abundance of cholesterol in regions of the brain showing the relative
relationships are still existent after transformation with sequential paired covariance. B) Relative
standard deviations (%RSD) show a significant decrease in variability after transformation by
sequential paired covariance. C) Optical image of the rat brain depicting the histological regions
of interest.
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F.3.2 Mass Spectrometry Imaging of N-Linked Glycans in Human Prostate
We also applied sequential paired covariance to a large dataset of N-linked glycans in the
human prostate tissue (Figure F.4A). This dataset included glycans with much smaller features
that demonstrated a need for data transformation to visualize those specific features in the prostate
tissue. The glycan in Figure F.4B (757.2151 m/z) for example is distributed across the majority
of the tissue but absent in many of the small glandular features. Due to the pixelated nature of the
ion image, many of those glandular features are hard to distinguish. The large circular stromatic
feature in the top right corner is more easily observed to overlap with the ion image after
transformation with sequential paired covariance. The glycan in Figure F.4C (820.2117 m/z) was
observed in the large glandular features in the top right while Figure F.4D (1037.8650 m/z)
represents a glycan particularly distributed throughout the prostate tissue with a decrease in
abundance in the large circular feature in the top right.

145

Figure F.4 Ion images of N-linked glycans in the human prostate before and after transformation
by sequential paired covariance (SPC).

F.4 Conclusions
Application of sequential paired covariance was used to distinguish biological features in
ion images more clearly. The sequential paired covariance was applied to multiple datasets with
varying types of heterogenous features. Analysis of average abundances before and after
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transformation showed that relative relationships between biological features were preserved
despite application of the algorithm. This tool will be added into MSiReader, an open-source
imaging software to allow for easy application and visualization of ion images with sequential
paired covariance.
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