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Zusammenfassung

Diese Arbeit beschreibt die Entwicklung und Implementierung neuartiger Matrizen und
Probenvorbereitungsprotokolle fiir die bildgebende Tandemmassenspektrometrie (engl. tandem mass
spectrometry imaging — MS?1) von C=C-Doppelbindungspositionsisomeren (DBPIs) von Lipiden mittels
Matrix-unterstiitzter Laser-Desorption/lonisation (MALDI). Grundlage der Methodik ist die MALDI-
Laser-aktivierte Paterno-Biichi- (PB-)Funktionalisierung der Doppelbindungen (DBs) mit PB-reaktiven
MALDI-Matrizen. Die Kollisionsaktivierung der PB-funktionalisierten Lipide fihrt zur DB-
Fragmentierung, und anhand der zugehoérigen Neutralverluste kénnen die DB-Positionen in den

Fettsaureresten abgeleitet werden.

Im ersten Projektteil wurden flissige PB-Reagenzien zur Lipidfunktionalisierung auf Gewebe
verwendet, bevor feste Verbindungen in Betracht gezogen wurden, gleichzeitig als PB-Reagenz und
MALDI-Matrix zu fungieren. Benzophenon (BPh) wurde als PB-reaktive Matrix identifiziert und
Protokolle zu dessen Applikation auf Proben via pneumatischen Sprihens oder Sublimierens
entwickelt. Bei einem Vergleich der mit BPh und der mit einer bekannten Matrix generierten MSI-
Bilder zeigt sich der Nutzen der neuen Matrix. Nebst der Einsatzbarkeit fiir allgemeine MSI-
Experimente, erlaubt BPh die Lokalisierung von DB-Positionen in verschiedenen Lipidstandards und die
hochaufgeloste Abbildung lateraler DBPI-Verteilungen in Gewebeschnitten des Cerebellums der Maus
(15 um Pixelgroe) und in parasitaren Wirmern (20 um PixelgréRe). Zur Auftragung der PB-reaktiven

Matrix sind kein spezielles Zubehor oder zuséatzliche Probevorbereitungsschritte vonnoten.

Ziel des zweiten Projektteils war die Etablierung einer PB-reaktiven Matrix, die eine effizientere
Lipidionisierung und PB-Funktionalisierung ermaoglicht, sowie eine héhere laterale Auflésung und die
Ausweitung der DBPI-Analyse auf mehr Lipidklassen. Alle zwolf getesteten BPh-Derivate wiesen eine
bessere lonisationseffizienz auf (bis zu 50-fach hohere lonenintensitaten), allerdings fiihrten nur fiinf
davon zu PB-Produkten. Die héchste Ausbeute wurde mit 2-Benzoylpyridin (BzPy) erzielt, und dessen
Einsatz ermoglichte die DBPI-Analyse fiir mehr Lipidklassen, sowie erste Beispiele im negativ-lonen-
Modus. Ebenso wurde die laterale Auflésung in MSI-Experimenten von 15 um PixelgréBe (mit BPh) auf
7 um (mit BzPy) verbessert. Die Listen annotierter Lipide des Cerebellums der Maus enthielten Spezies,
die nur mit BzPy-Anlagerung detektierbar waren. Die neue Matrix begiinstigt die Protonierung von an
sie gebunden Spezies hochstwahrscheinlich aufgrund ihres basischen Stickstoffatoms im Pyridin-Ring.
Auch die PixelgréRe von DBPI-auflésenden MS?I-Bildern wurde verbessert von 15 pm (mit BPh) auf 10
um (BzPy), was die Auflosung lateraler DBPI-Verteilungen in B-Zellen der Langerhans-Inseln in

Gewebeschnitten des Pankreas der Maus moglich machte. Die DBP-Isomerie von sechs Lipidsignalen



wurde aufgeklart und die bildgebende Auftragung der DBPI-diagnostischen Fragmentionensignale

zeigte unterscheidbare Verteilungen fiir vier DBPIs.

Der Anwendung der entwickelten Methode zur MSI- und DBPI-Analyse von Diabetes- und Herz-
Kreislauf-Erkrankungs-Modellgewebe wurde der dritte Projektteil gewidmet. Den Ergebnissen in
Langerhans-Inseln des Maus-Pankreas folgend, wurden DBPI-Signalintensitats-Verhéltnisse zwischen
diabetischem und gesundem Pankreasgewebe verglichen. Signifikante Unterschiede deuteten auf
verdnderte Rollen der DBPIs im erkrankten Gewebe hin. Im Falle der Herz-Kreislauf-erkrankten Mause
wurden die DBPI-Verteilungen in Lungengewebe studiert. Neben der Auflésung von Bronchien und
BlutgefaRen in den erhaltenen MSI-Bildern wurden erhdhte Signale eines Lipid-DBPIs im Epithelium
der Bronchien detektiert. Diese Ergebnisse demonstrieren exemplarisch die Anwendbarkeit der
entwickelten Methode fir biochemische und medizinische Studien. Zukiinftige Forschungen sollten
die Optimierung der Methode fir hohere lonen- und PB-Ausbeuten in den Fokus stellen, um DBPI-
auflésende MS?I-Analysen fiir mehr Lipidklassen und Lipide geringer Haufigkeit zu erméglichen. Unter
Verwendung von Matrizen, die diese Voraussetzung erfiillen, konnte der hier prasentierte Ansatz als
eine Routinemethode fir medizinische Forschung und Diagnose implementiert werden. Als solche
kénnte er Forschende dabei unterstiitzen, lokale Lipidmetabolismus-Vorgdange wie beispielsweise

Desaturasen- und Elongasen-Aktivitat und -spezifizitat besser zu beschreiben.



Abstract

This work describes the development and implementation of novel matrices and sample preparation
protocols for matrix-assisted laser desorption/ionization (MALDI) tandem mass spectrometry imaging
(MS?1) of C=C double bond (DB) position isomers (DBPI) of lipids. The methodology is based on MALDI-
laser-triggered Paterno-Blichi (PB) functionalization of the lipid DBs with PB-reactive MALDI matrices.
Collisional activation of the PB-functionalized lipids leads to DB fragmentation, and the corresponding

neutral losses are used to pinpoint DB positions in their fatty acid residues.

In the first part of the project, liquid PB reagents were employed for on-tissue lipid functionalization
before solid compounds were considered to serve as reagent and MALDI matrix. Benzophenone (BPh)
was identified as a PB-reactive matrix and matrix application protocols were developed for pneumatic
spraying or sublimation of BPh onto samples. Comparing the MS images acquired with the new matrix
BPh to imaging results of a common matrix demonstrated BPh’s benefit for MALDI-MSI. Apart from
working as a matrix for common MSI, BPh allowed to localize DB positions in various lipid standards
and to resolve lateral DBPI-distributions with high resolution in mouse cerebellum (15 um pixel size)
and in a parasite worm (20 um pixel size). To deposit the PB-reactive matrix, no special equipment and

no additional sample pretreatment were required.

The second project part targeted to find PB-reactive matrices, providing more efficient lipid ionization
and functionalization for higher lateral resolutions and the DBPI analysis of more lipid classes. All
twelve screened BPh derivatives could be used as MALDI matrices and enhanced the ion intensity (up
to 50-fold) but only five compounds yielded PB products. The highest PB reactivity was found for 2-
benzoylpyridine (BzPy). With BzPy, DBPI analysis was enabled for more lipid classes and for first
examples in the negative-ion mode. Also, the lateral resolution of MALDI-MSI experiments was
improved (7 um) compared to BPh (15 um). The annotation lists of mouse cerebellum tissue lipids
contained species that were exclusively detected with BzPy attachment. Most likely due to its basic
nitrogen, BzPy boosts the intensity of protonated ions. Compared to 15 um pixel size in DBPI-resolved
MS?l with BPh, BzPy allowed a reduced pixel size of 10 um, making possible the resolution of lateral
DBPI distributions in B-cells of the murine pancreatic islets. The DBP isomerism was elucidated for six
lipid signals. Imaging the DBPI-diagnostic fragment ion signals showed distinct distributions for four

DBPIs.

Applying the established method to disease-model tissue was the third part of the project. Namely, it
was used for MSI and DBPI analysis of diabetes- and cardiovascular-disease-model mouse tissue.
Following up the findings in murine pancreatic islets, the DBPI ratios in diabetic and healthy pancreas

tissue were compared. Significant variations suggested changing roles of the DBPIs. Concerning

v



cardiovascular-diseased mice, DBPI distributions in lung tissue were studied. Besides resolving bronchi
and blood vessels in MS images, an elevation of a phosphatidylcholine DBPI level was detected in the
epithelium of the bronchi. These results exemplify the applicability of the developed method to
biochemical and medical studies. In future, the method should be optimized for higher ion- and PB-
yields to facilitate DBPI-resolved MS?I of more lipid classes and low-abundance lipids. With matrices
fulfilling this requirement, the PB-reactive matrix approach could be implemented as a routine method
in medical research and diagnosis. As such, it would assist the investigation of localized lipid

metabolism, e.g. desaturase and elongase activities and specificities.



1. Introduction

1.1. Lipid Structures and Roles

Biological systems are composed of three major functional classes. These are proteins, genes and
metabolites.! Their analyses are called proteomics, genomics and metabolomics, where the “-omics”
suffix refers to the investigation of the entirety of the three classes of biomolecules.? Metabolomics
include lipidomics, dealing with the analysis of lipids which are loosely defined as biomolecules that
are soluble in nonpolar solvents.®> Whereas proteomics and genomics are well established methods,
lipidomics is still an emerging research field. In the last ten years, the number of publications, resulting
from a search for the term “lipidomics” in “Web of Knowledge”, increased by a factor of approximately
eight.% In contrast to the understanding of lipids just being membrane building blocks, energy storage
and passive components of biological processes, current research showed that they play crucial roles
in signaling and are active parts of cell function.® The wide field of lipid functions leads to a plethora of
different structures (>100,000%) summarized under the term lipids.® Because this includes compounds
that are greatly different in structure and function, the lipids were categorized by the International
Lipid Classification and Nomenclature Committee. Based on biosynthetic pathways and structural
similarities, the LIPID MAPS® databank established eight categories (fatty acids (FAs), glycerolipids
(GLs), glycerophospholipids (GPs), sphingolipids (SPs), sterol lipids (STs), prenol lipids, saccharolipids,
polyketides). These were subdivided in numerous classes and subclasses, e.g. based on the lipid
backbone (blue in Figure 1A and 1C) like glycerol and sphingosine and/or the head group such as

phosphocholine, -ethanolamine, -glycerol, -inositol, or serine (green in Figure 1A and 1B).® In the
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Figure 1. Examples of some lipids to illustrate lipid structures and nomenclature.
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example of GPs, FAs (red in Figure 1A, 1C and 1E) are attached to the lipid backbone in positions labeled
by the stereospecific numbering (sn-1/sn-2/sn-3) and are described by their length and unsaturation
(carbon number:number of unsaturation sites) as well as the DB position(s) and geometry (cis/trans or
Z/E). Naming of the DB position can be done counting from the acyl carbon (A-nomenclature used by
LIPID MAPS®) or the aliphatic end of the fatty acyl (n-x-nomenclature used in common trivial names).
As an alternative to FAs, also alkyls or alkenyls can be attached by ether or vinyl ether bonds, which is
indicated by an O- or a P-character, respectively. According to the LIPID MAPS® nomenclature, the lipid
shown in Figure 1A would therefore be named PC P-16:0/18:1 (9Z), where PC stands for
phosphatidylcholine and the order in that the FAs are given reflects their position (sn-1/sn-2) on the
backbone. Besides phosphosphingolipids, like the sphingomyelin (SM 18:1/18:1) shown in Figure 1C,
the sphingosine backbone can also carry one or more glycosyl units (e.g. glucose or galactose) or
sulfoglycosyl (e.g. sulfogalactosyl) head group (violet in Figure 1D), resulting in a glycosphingolipid
(HexCer) or sulfatide (SHexCer), respectively. In the case of sterol lipids like the cholesterol ester (CE)

shown in Figure 1E, backbone and head group are merged in the cholesterol moiety.®

One important function of lipids is the separation of the intracellular medium (cytoplasm) and the
extracellular medium as well as the compartmentalization of cell organelles.” Both media are aqueous
solutions which is why the lipids form a bilayer membrane where the hydrophilic head groups point to
the intra- and extracellular space and the hydrophobic tails point to each other building up the
hydrophobic core that blocks the mixing of intra- and extracellular media. Lipid bilayer membranes are
thus the barrier against substantial fluctuations maintaining the parameters: temperature, relative
humidity, pH value, sun exposure, osmotic pressure and nutrient concentration.® Lysosomes are
organelles that digest macromolecules to recycle their components. The responsible lysosomal
enzymes showcase the importance of compartmentalization because they are only active in the
lysosome-internal acidic pH value (between 4.5 and 5)° that is kept constant by the membrane and

transmembrane proton pumps.°

At the same time, lipids are the membrane’s gatekeepers and control the traffic between intra- and
extracellular space. Plasma membranes are selectively permeable, enabling to transport distinct
species in and out of cells.® Phosphatidylcholines (PCs), -ethanolamines (PEs), -serines (PSs), -inositols
(PIs) and sphingomyelins (SMs) are the main components of cell membranes, and the detailed
composition depends on the organism, cell type and even cell state. Different compositions, especially,
local differences lead to changes of the membrane tension, thickness, and curvature.” Phosphatidic
acids (PAs) and PEs, for example, possess small head groups and are cone-shaped lipids, in contrast to
PCs, phosphatidylglycerols (PGs), PSs and Pls that have bigger head groups and are cylindrical- or even

invertedly cone-shaped. Membrane regions that are rich of PAs or PEs, hence, have a negative



curvature that looks like a valley, regions dominated by cylindrical-shaped lipids are planar and an
enrichment of inverted cone-shaped lipids leads to a positive curvature.'*2 Such curvature distortions
e.g. serve the transport of proteins between organelles or from the plasma membrane to organelles
by vesicular trafficking.'® In this process, proteins force the membrane to bend to a positive curvature
for the so-called budding of a vesicle. After scission of the vesicle, it is transported to the target cell
compartment to be fused with the organelle membrane and release its cargo.!* Temporal local
curvature variations can also control the function of membrane proteins that are “solvated”!* in the
membrane. Membrane mechanical stress can activate protein’s function and vice versa protein action
deforms the membrane which in case of overlapping deformation sites of other membrane proteins

can serve as signal pathway between proteins.’

Also, membrane-like structures are part of the lipid-based energy storage but in this case just a
monolayer is needed because the core of the intracellular energy-storing organelles called lipid
droplets is not aqueous. Instead, neutral lipids such as triacylglycerides (TGs) and CEs are stored here.
As soon as energy is needed, this chemically stored fuel can be released by enzymatic cleavage of the

FAs and subsequent beta-oxidation.*

Beside the passive roles of lipids, they directly affect protein function. PAs are negatively charged
membrane parts and, for example, activate phospholipase Al (an enzyme that breaks lipid sn-1 ester
bonds'®) by anchoring the enzyme in close vicinity to its PC and PE substrates.'” In the abscisic acid
(ABA) signaling pathway, PAs act as messengers in a signaling cascade. ATHB6 is a transcription factor
protein that, after activation by another protein called ABI1, blocks the ABA signaling pathway. This
effect is attenuated by PAs that bind ABI1 to the plasma membrane and prevent it to migrate from the
cytosol to the nucleus where it would activate ATHB6. Zhang et al. proposed a signaling mechanism
where ABA stimulates phospholipase D to produce PA that inhibits ABI1 and thus the activation of

ATHB6 which consequently cannot block the ABA response.'®

In addition to the examples in healthy organisms, lipids also play roles in disease and therefore
lipidomic research could help in diagnosis, treatment and prevention of various physical disorders like

cardiovascular disease and diabetes.*

1.2. Lipids in Diabetes and Cardiovascular Disease

Diabetes is one of the major global health problems with 537 million cases and 6.7 million diabetes-
related deaths in 2021.%° Two forms of diabetes are known: Type 1 diabetes is a consequence of an
autoimmune attack on the pancreatic B-cells that are responsible for insulin production. Insulin is a

hormone serving the transport of glucose from the blood to the cells of an organism. Disabled B-cells



and the resulting lack of insulin lead to high blood glucose levels (hyperglycemia) and without external
insulin supply the patients would die. Type 1 diabetes is caused by a genetic defect and cannot be
prevented, whereas the major diabetes type 2 with over 90 % of all diabetes cases develops more
slowly and in an early stage prevention, delay or even remission is possible.’® As of type 1 diabetes, B-
cell dysfunction and hyperglycemia is the outcome of type 2 diabetes but the initial cause of the latter
form of the disease is not a lack in insulin but a so-called insulin resistance predominantly of skeletal
muscle and liver cells.?’ To balance this, B-cells increase insulin production but in later disease states
fail to provide increasing levels of insulins.'® Insulin secretion is controlled by B-cells that respond to
variable demand signals like increased levels of glucose or free FAs resulting from e.g. fasting-feeding
cycles. This control is impeded in type 2 diabetes and the combination of insulin resistance, impaired

insulin secretion and a deficit in R-cell mass and function leads to hyperglycemia.?*

Lipids, especially the already mentioned free FAs are known key players in the etiology of insulin
resistance. They play a sighaling role in diabetes by activating the toll-like receptor 4,22 which is a critical
transmembrane receptor protein for the innate immune response because it regulates pro-
inflammatory signaling pathways.? This inflammatory signaling is associated with insulin resistance
and thus with type 2 diabetes.?? Another lipid class playing a role in insulin resistance are
diacylglycerols (DGs). Shulman and coworkers showed that liver and skeletal muscle cells of acetyl-CoA
carboxylase 2 knock-out mice possess lowered DG concentrations, decreased activity of protein kinase
C and increased insulin sensitivity. These findings are in line with the group’s suggestion that DG
accumulation activates a protein kinase cascade which in turn inhibits insulin signaling of another
protein kinase. Consequently, DGs hinder the glucose uptake of cells.?* Ceramides were also shown to
impair the protein kinase-driven insulin signaling by two different mechanisms.?> First, they are
promoting the dephosphorylation and deactivation of the protein kinase called “Akt”. Second,
ceramides were observed to impede the Akt translocation to the membrane where it must be
activated to enter the cytosol and subsequently stimulate the translocation of glucose transporter-4
from the cytosol to the membrane. Therefore, ceramides hinder the glucose uptake of the cell, that in
healthy organisms is mediated by the named glucose transporter. Besides playing a role in insulin
resistance, ceramides are involved in the initiation of B-cell apoptosis which is one of the major
problems in diabetes. Ceramides trigger apoptosis by recruiting and activating pro-apoptotic proteins
to increase the mitochondrial membrane permeability?® for the electron carrier heme protein

cytochrome c which is released in the cytosol to prompt the cell’s suicide.?®

Although many treatment approaches exist to improve the patient’s quality of life, no therapy was
able to cure the loss of B-cells.?” Nevertheless, the development of type 2 diabetes can be delayed or

stopped in an early prediabetes stage. This is possible by medication or even just lifestyle interventions
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if the disorder is diagnosed very early. Diabetes is strongly correlated to obesity which is foremost
because of the release of free FAs by adipocytes when their storage capacity is exceeded.?! Beside
losing weight by physical activity and a healthy diet (e.g. less sugar) also avoiding risk factors like
sedentary lifestyle, excessive and deficient sleeping and consume of alcohol and tobacco, decreases
the risk of diabetes. Because the lifestyle of many people, especially in western societies, fulfills at least
some of the diabetes risk factors, a broad screening would assist early diagnosis and treatment.?
Detailed diagnosis of disease type and state and individualized therapy is complex because diabetes
can vary in symptoms or can be symptomless for a long time.?! Diabetes studies mostly focus on
genetics and proteomics. Lipidomic studies, on the other hand, predominantly investigate variations
on the lipid class level like, for example, elevated concentrations of free FAs in plasma?® or
accumulation of TGs in skeletal muscle cells.? Although lipid class upregulation was shown to help
diabetes prediction by using the TG-glucose index, it is not clear which roles specific lipids and lipid
isomers play on a molecular level. Pancreas, liver, skeletal muscle, kidney, brain, small intestine and
adipose tissue are all part of developing type 2 diabetes, but little is known about how the lipid
composition of these organs changes with progression of the disease.?® Convenient lipidomics can
improve the understanding of diabetes pathogenesis. This can help to find biomarkers for reliable

prediction and diagnosis to prevent the development or track therapy success.?%3!

In addition to the direct diabetes symptoms, diabetes patients often suffer from cardiovascular
complications which are also the leading cause of death of diabetes.?! Diabetes and cardiovascular
diseases share risk factors such as physical inactivity, unhealthy diet (much salt, high fat and energy-
dense food), obesity and consume of tobacco and excessive amounts of alcohol.3? One part of the
cardiovascular diseases is atherosclerosis. It is the process by that blood vessels of the cardiovascular
system are blocked and cause myocardial infarction (heart attack) and stroke. The process starts in
regions of turbulent blood flow i.e. vessel-bifurcations, -narrowing or -curvature where the
concentration of low density lipoproteins (LDL) is increased by local recirculation.3*3* Lipoproteins are
macromolecular complexes, consisting of lipids and proteins and serve as lipid transporters in the
blood.?* Higher LDL concentrations let them pass the endothelial cells (interface between vessel-lumen
and -wall) to enter the arterial wall where they are oxidized. This works as an initial trigger for the
inflammatory reaction in the arterial wall that forces the endothelium surface to adhere white blood
cells (especially monocytes). After transport of the monocytes into the wall and their differentiation
to macrophages, they release pro-inflammatory proteins (so-called cytokines, chemokines and
chemoattractants) and lipid mediators like lysophospholipids and FAs (especially arachidonic acid). At
the same time, they excessively consume oxidized LDLs and are converted to lipid-laden macrophages,

i.e., foam cells. The accumulation and apoptosis of foam cells lead to a lipid-filled necrotic core that is



separated from the blood flow by the so-called fibrous cap. To build that up, smooth muscle cells
(SMCs) migrate between the necrotic core and the endothelium and produce collagen to serve as a
matrix for the SMCs. As long as the fibrous cap protects the necrotic core of the atherosclerotic plaque,
the artery is narrowed but not blocked. When the fibrous cap becomes thinner because of pro-
inflammatory proteins that impede SMCs migration and collagen synthesis, plaque rupture can
happen. In that process the lipids and inflammatory content of the necrotic core are exposed to blood
which results in thrombosis and possibly in myocardial infarction or stroke, depending on whether the

vessel supplies the heart (coronary artery) or the brain (cerebral artery), respectively.33*

Like it was mentioned above, lysophospholipids play a role in the mediation of inflammatory response
in atherosclerotic lesions. Lysophosphatidic acids (LPAs), for example, favor the above-mentioned
recruitment and proatherosclerotic action of monocytes and SMCs.3¢ LPAs stimulate: (1) the adhesion-
molecule expression by endothelial cells to tether monocytes and let them enter the vascular wall, (2)
the production of pro-inflammatory reactive oxygen intermediates, cytokines and arachidonic acid, (3)
the lipid accumulation of monocyte-derived macrophages and foam cell formation3®, and (4) the
dedifferentiation®, proliferation3® and migration3® of SMCs.*® Mast cells are immune cells known to
accumulate in atherosclerotic plagues and to play a role in their destabilization and subsequent
rupture.** LPAs were shown to be a factor in mast cell activation and to induce intraplaque hemorrhage
(bleeding) which means that newly formed blood vessels in the artery wall release blood resulting in

coagulation and thrombosis that can lead to plaque rupture.*

Similar to LPAs, also lysophosphatidylcholines (LPCs) were shown to have pro-inflammatory and
atherogenic effects. Besides the promotion of monocyte migration, lipid uptake, release of pro-
inflammatory proteins and conversion to foam cells, LPCs are major mediators of apoptosis of
endothelial cells, monocytes and SMCs.**** Considering that the choline group of LPCs is readily
removed by the lysophosphatase D yielding LPAs, similar observations for the pro-inflammatory effects
of LPCs and LPAs are predictable.* LPCs have also been linked to anti-inflammatory events, e.g. the
mediation of cholesterol efflux from macrophage-derived foam cells.*® As the excessive lipid consume
of foam cells is a pivotal step of atherosclerosis, the inversion of it is a perfect example of the
apparently ambivalent roles of LPCs. At the same time, it exemplifies the problem of a low level of
specificity in the analysis of lipids. LPCs are a whole class of lipids that includes numerous distinct
species differing in length and degree of unsaturation of their acyl chain, as well as the DB geometry
and position. It has been shown that the influence of LPCs in inflammation can vary depending on the
length and unsaturation of their hydrocarbon chain.*”*® Hence, the lipid’s structural variety is likely to
be one reason for the ambiguous results concerning the roles of LPCs in cardiovascular diseases.

Comprehensive lipid analysis resolving individual lipid species can help to understand cardiovascular



pathogenesis. Stegemann et al., for example, studied and compared the lipid content in plaque tissue
and healthy artery tissue. They assigned 150 lipid species with resolution of their individual FAs and
identified 24 lipids that were exclusively present in plaques.* Such lipidomics studies can reveal

molecules that are of crucial importance for a disease and could serve as biomarkers or therapy target.

1.3. Lipidomics - Routine Analytic Methods and Current Challenges

Although lipidomics is a modern and still emerging research field>®%?, lipid analysis started earlier and
some routine methods for it exist. Early lipid research relied on thin layer chromatography (TLC) and
gas chromatography (GC) for the separation of lipid extracts based on polarity differences.>? In general,
chromatographic separation of an analyte mixture happens by ad- or absorption of the analytes by a
stationary phase and subsequent elution of them by a mobile phase.>® Due to distinct interaction of
the analytes with the stationary phase, the elution time is analyte-specific and can lead to separation.
GC employs a gaseous mobile phase and a liquid stationary phase whereas TLC is a so-called liquid
chromatography (LC) method and works with a liquid mobile phase and a solid stationary phase.
Instead of TLC, modern lipidomics primarily use column-based LC where a column is packed with the
solid stationary phase material.>* Three main modes are distinguished: Normal phase LC (NP-LC) and
hydrophilic interaction liquid chromatography (HILIC) separate lipids based on their polarity. Reversed
phase LC (RP-LC) separates based on the lipid’s hydrophobicity. NP-LC and HILIC both employ polar
stationary phases but whereas NP-LC is done with non-polar organic solvents for the mobile phase,
HILIC uses water and water-miscible organic solvents. For analyte elution in NP-LC and HILIC, the
proportion of polar organic solvents and water is increased, respectively. Thus, the retention and
elution mechanisms differ but still the lipids are separated based on the polarity of their head group.
HILIC is more commonly used for lipidomics than NP-LC because the agueous mobile phase of HILIC is
advantageous for the mass spectrometric detection of the separated lipids. In HILIC, the analytes are
bound to the stationary phase by the name-giving hydrophilic interactions, i.e., dipole-dipole, H-
bounding and electrostatic interactions. RP-LC relies on non-polar stationary phases and polar mobile
phases. Hydrophobic interactions with the stationary phase lead to lipid separation based on their
hydrophobic part, i.e., the length and degree of unsaturation of the FA residues, making RP-LC
separation to some degree orthogonal to HILIC separations. The elution of analytes in RP-LC is done by

increasing the percentage of non-polar organic solvent.>

Another separation method is ion mobility spectrometry wherein analytes are ionized and accelerated
by an electric field to be then separated based on their mobility through an inert-gas-filled drift
chamber.>® As in the case of chromatography, ion mobility spectrometry introduces an analytical

dimension because larger ions collide with more inert gas molecules than smaller ones and thus
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Figure 2: Instrumental and functional details of a (A) linear quadrupole ion trap and an (B) orbital trapping analyzer (Orbitrap).
Reprinted with permission from (A) reference 58 © 2002 American Chemical Society and (B) reference 60 © 2015 Annual
Reviews.

possess a longer drift time through the drift chamber. The so-called collision cross section (CCS) is an
analyte-specific value that numerically reflects this phenomenon and is dependent on the shape, the

size and the charge of e.g. a lipid ion.*®

Using chromatography and ion mobility spectrometry, the lipidome can be separated but particular
molecular species cannot be resolved. In contrast, the employment of mass spectrometry (MS),
especially high-resolution MS allows to measure accurate mass-to-charge-number values (m/z) and to
determine lipid’s sum formula by comparison of accurate and theoretical m/z. The sum formula in turn
provides information about the lipid backbone, head group and overall number of fatty acyl carbons
and DBs.* Two of the most common MS instrument types are time-of-flight (TOF) and quadrupole ion
trap mass analyzers. Measurements with TOF-MS are based on the m/z-dependent acceleration of
ions by an electric field and the consequently m/z-dependent drift time in a field-free region.>® The
general principle of quadrupole ion trapping is to force ions to fly on stable trajectories between four
hyperbolic electrodes that periodically switch between electrostatic attraction and repulsion with a
defined radio frequency (RF).>” In modern linear quadrupole ion trap mass spectrometers, the ions are
trapped in a potential well of direct current (DC) and RF electric fields until they are resonantly ejected
for detection. The well is created by an axial trapping DC field and a radial trapping RF field which are
applied to the three sections (Front, Center, Back) of all quadrupole rods and pairwise to opposite rods
(orange and blue), respectively (Figure 2A). The mathematical description of the potential well is given

by Formula 1

__ U+Vcos(Qt)

P c(x% +y? —22%) Formula 1

where U is the DC potential, V the RF potential with its frequency Q, t is the time, r the distance from

the central z-axis, and x, y and z are the three coordinate axes. With the so-called Matthieu equation,
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two parameters (a, q) per dimension are obtained that allow to describe stability and instability of ion

trajectories in quadrupole ion traps. The two parameters are given in Formulae 2 and 3

8zeU 4zeV
a=————- Formula 2 =

=—= Formul
mry2Q2 mry2Q2 ormula 3

where z * e is the charge and r;, defines the trap size. As these equations define stable ion trajectories
and contain the m/z ratio, it is possible to trap ions of certain m/z values by applying an appropriate
combination of U and V when choosing a fixed alternating current (AC) frequency. In the trap, an inert
gas is provided for low energy collision-induced ion deceleration to diminish the impact of initial axial
velocity and thus focus the ions and reduce the dimension of the ion cloud. For the resonant axial
ejection of ions, two phases of frequency-tunable (5-500 kHz) AC voltage are applied to the X rods. An
AC-frequency sweep excites ions to radially exit the trap successively at their m/z-dependent
resonance frequency.>® The emitted ions are then, for example, destructively detected by a secondary
electron multiplier or a channeltron. Alternatively, ions can be ejected in z-direction (Figure 2A) to be
sent to another mass spectrometer like an orbital trapping mass analyzer.>® Combining the axial
ejection of a defined m/z range and sending the remaining ions to another mass analyzer enables
tandem MS or multiple MS analysis (MS") detailed below in this chapter. The “Orbitrap” was invented
by Alexander Makarov in 2000 and is much smaller (table-top size) and cheaper compared to the high
resolution Fourier-transform ion cyclotron resonance instruments that require maintenance-intense
cryomagnets.® Modern high field Orbitraps readily achieve mass resolutions of >200.000 whereas
2000 is considered already a high resolution for quadrupole ion traps.>®® In principle, the Orbitrap is
constructed by an inner spindle-shaped electrode and two surrounding outer electrodes that match
the shape of the central spindle (Figure 2B). After accumulation in a curved linear ion trap (C-trap) and
ejection by a voltage ramp, ion packages enter the analyzer through a decentral orifice and are trapped
in an orbiting motion around the inner electrode that attracts the ions while the outer electrodes repel
them. Due to the decentral injection, the axial field component causes the ion “ring” to oscillate in z-
direction. This oscillation does not depend on the initial ion velocity and the radial motion, but its
frequency depends on m/z and induces an AC image current in the outer electrodes. By measuring and
amplifying this current and Fourier-transforming the time-dependent signal, the axial oscillation
frequencies of the trapped ions are translated into m/z values and ion counts, i.e., a mass spectrum.>®°
No matter which mass analyzer is employed, MS requires ionization of the analytes, and soft ionization
techniques like electrospray ionization®! (ESI) and MALDI®*® are inevitable to mass spectrometrically

investigate intact ions of biomolecules such as lipids.>®

In ESI, an analyte solution is electrically charged and sprayed towards the mass spectrometer inlet by

an inert gas flow. The spraying capillary and the inlet are counter electrodes with high voltages (Figure



3). In the positive-ion mode, the spraying capillary is positively charged and a so-called Taylor cone® is
formed at the spraying capillary tip. Because of the high charge-carrier density per area at the cone tip
a fine jet emerges. High charge density and strong Coulomb repulsion let small, charged droplets
escape from the jet. While flying towards the mass spectrometer inlet, the droplet’s solvent
evaporates and the charge density rises. At the so-called Rayleigh limit®, the droplets burst into
smaller droplets which repeat that process until isolated gas-phase ions result.®® Two mechanisms exist
for the final step. In the so-called ion evaporation model, droplets with radii less than 10 nm directly
emit analyte ions into the gas phase. This mechanism fits for small but not for large ions. Another
model assumes the complete solvent evaporation from a droplet that contains only one large
molecule. This molecule would inherit the charges of its droplet and the model is consequently called

charge residue model.%®
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Figure 3: Depiction of the ESI instrumental setup for the positive-ion mode and processes leading to isolated ions by
electrospraying. Reprinted with permission from reference 66 © 2009 Wiley.

Liquid samples like body fluids or organ tissue extracts can be analyzed by ESI-MS in two different
ways. Either the solution is directly sprayed without prior separation®” or the ESI source is coupled to
a LC system (LC-MS).>* Whereas the first approach called shotgun MS is faster, less laborious than LC-
MS and needs only small analyte amounts, LC-MS comes with higher sensitivity and additional
information. Shotgun lipidomics is susceptible to ion suppression effects. This means that lipids with a
strong ionization tendency diminish the MS intensity of lipids that are harder to ionize. PCs, for
example, suppress PEs. LC-MS can solve this problem and enables the detection of much more species
by reducing spectral complexity.>* Furthermore, the distinct retention or drift time of certain lipids is
an additional analytical dimension that with the aid of standards can decipher lipid isomers.>>%8 These

are compounds that have the same m/z but structurally differ in e.g. the fatty acyl composition, their
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backbone attachment, DB geometry or DB position(s). Accurate m/z measurements of intact lipids and
even LC-MS without lipid standards cannot resolve isomer structures. But with fragmentation
methods, i.e., MS" and by investigation of the resulting fragments, researchers can derive structural
characteristics of the isomeric lipid precursors.®® The most common fragmentation techniques are
collision-induced dissociation (CID) and higher energy collision-induced dissociation (HCD).! Here,
analytes gain internal energy by collisions with inert gas molecules/atoms until the energy suffices for
the fragmentation of any bond. Consequently, the energy is consumed in low-energy dissociations
before molecules can accumulate enough energy for higher energy fragmentation paths.”® Thus, the
major fragmentation sites in phospholipids are the ester linkages from the lipid backbone to the head
group and the FAs. Resulting fragment ions and the corresponding neutral losses allow to identify the
head group and determine the length and unsaturation of individual FAs.”* Unfortunately, common

collisional fragmentation is blind to sn- and DB-position isomerism.

1.4. Isomer-resolved lipidomics

The more precisely lipid structures are resolved, the more readily researchers can draw conclusions
about biochemical roles of lipids. Also, more specific biomarkers can be found to, for example, assist
medical diagnosis. In order to resolve lipid isomers, many MS approaches have been tested, including
alternative fragmentation techniques, analyte derivatization and the combination of both.®® The goal
of alternatives to CID is to introduce high energy fragmentation paths. This is done by introducing more
energy than CID or introducing energy more specifically to the bonds to break. One way to activate
ions with more energy per hit than with collisional techniques is ultraviolet photodissociation (UVPD).”°
Instead of exciting molecular vibrations like infrared multiphoton dissociation (IRMPD) and CID, UVPD
excites a molecule to electronically excited states to open new fragmentation channels. Whereas
IRMPD is based on the absorption of multiple IR photons, in UVPD molecules can be fragmented by
the absorption of a single UV photon. Using a 193 nm UV laser, members of the Brodbelt group
discerned DBPIs of PCs on the basis of diagnostic carbon chain fragment ions that are not found in CID-
MS? spectra.’ In later publications they combined HCD and subsequent UVPD in a MS? experiment.
Therein, an initial collision-induced head group loss led to ring closure between the glycerol backbone
and the carbonyl oxygen of the sn-2 FA to form five-membered dioxolane rings. Subsequent UVPD
caused cross-ring cleavage and selective detachment of the sn-2 FA which served the sn-isomer
analysis of various GPs (PCs, PEs, PAs, PSs, Pls, PGs and cardiolipins).”®’* The Reid group extended DB
fragmentation by UVPD to sphingolipids wherein the sphingosine DB as well as FA carbon chain DBs

were elucidated.” Becher et al. could show that the attachment of PCs with iron (ll) cations improves
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the UVPD selectivity for the sn-2 FA, which has been used for the relative quantification of sn-

isomers.”®

Electronic excitation is also possible by electron-induced dissociation (EID). In contrast to CID, electron
activation leads to FA carbon chain fragments and was used to distinguish DB isomers of PCs’’, SMs’®
and TGs’®. Similar to UVPD, EID has been shown to selectively yield sn-1-fragments enabling sn-isomer
distinction for PCs”” and TGs”. In addition, Baba et al. could show that the mechanisms of radical
carbon chain fragmentation differ between E- and Z-DBs. Resulting diagnostic fragment ion intensities
were used to uncover DB geometry and resolve E/Z-DB isomers of PCs, SMs and TGs.® Another
fragmentation alternative for radical carbon chain fragmentation is metastable atom-activated

dissociation and its benefit for revealing DBPIs has been shown by Deimler et al.8!

Instead of altering the fragmentation technique, analytes can be derivatized to add functionality
and/or to open alternative fragmentation paths. For radical-directed dissociation (RDD), Pham et al.
added functionality to lipid analytes by supplementing the ESI spraying solution with iodine-
substituted derivatives of benzoic acid that provide highly reactive radicals after photoactivation.
Subsequent CID of the radical species allows the investigation of DBPIs in GPs, SMs and TGs®*%® and of
epimers in glycosphingolipids.®* The Xia group showed that RDD is also possible without
photoactivation using only the more available collisional activation. They used bicarbonate as ESI-
solution additive, forming adducts of PCs wherein the sn-2 FA can selectively be detached and the FA
chains can be fragmented to infer sn-isomers® as well as sites of unsaturation and chain branches.®
Recently, they presented another radical precursor that was attached to the amine group of PEs by
offline derivatization (vortexing at 50 °C for 60 minutes) prior to ESI-MS analysis. This has been used
to study the positions of cyclopropanation, methylation and DBs in the FA chains of bacterial PEs.¥
Derivatization can also be done inside the mass spectrometer avoiding laborious sample preparation
steps, as shown by Blanksby, McLuckey and coworkers: Negative-ion mode CID of GPs liberated the
sn-1 and sn-2 FAs that were subsequently charge switched in an ion/ion gas-phase reaction with tris-
phenanthroline magnesium dications inside a linear quadrupole ion trap. Positive-ion mode CID of the

charge-switched products led to DB dissociation.®

Opening alternative fragmentation paths for certain moieties has been done by selective
functionalization, yielding features that were readily fragmented by the used dissociation method. For
example, the epoxidation of lipid DBs forms strained three-membered epoxide rings that can be
fragmented by CID. Utilizing the common epoxidation reagent mCPBA, this approach suffers from long
reaction times (incubation at 50 °C for 60 minutes).® Cao et al. therefore applied a helium-sustained

low-temperature plasma (LTP) onto lipid solutions in acetonitrile and reached >90% of LTP-triggered
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epoxidation after 2 minutes.®® In a recent publication, another approach was presented using the
reactive oxygen that is produced in an ambient corona discharge between the inlet of the mass
spectrometer and the sample-containing glass capillary to which a high voltage of 4 kV was applied.*
Lipid DBs were also pinpointed by the aid of a functionalization with the common reagent chloramine-
T. It reacts with lipid DBs in 15 seconds of vortexing to form aziridines which are the nitrogen-analogues

of epoxides and can be fragmented by CID.%

One of the most commonly used DB derivatization techniques is ozonolysis or ozone-induced
dissociation (0zID) introduced by Blanksby and co-workers.®® In OzID, lipid ions are trapped in an
ozone-filled ion trap where lipid DBs are ozonolyzed, i.e., lipid DBs are fragmented. OzID can be
combined with CID to unveil sn-isomers: After CID-caused head group loss, the resulting fragments are
further dissociated by OzID which selectively detaches the FA in sn-2 position.®® In a large scale OzID
study of breast cancer tissue, Young et al. uncovered unusual lipid DBPIs, revealing an aberrant activity
of the fatty acyl desaturase 2 (FADS2). Employing gene silencing and stable isotope tracing, the authors

found high plasticity of FADS2 in terms of substrate acceptance and the desaturation site.%

%57 hetween a carbonyl

Another widely used DB functionalization is the photochemical PB reaction
C=0 and a C=C bond within a lipid, forming a strained four-membered oxetane ring.”® Mechanistic
considerations are depicted below (Scheme 1) and include three possible pathways.*® They share the
initial step of photoactivation of a carbonyl’s electron to an excited singlet state. Next, the excited
molecule can either directly react with the C=C to form a singlet diradical !D (red in Scheme 1) or can
first undergo intersystem crossing (ISC) to an excited triplet state to subsequently react with the C=C.
The latter case results in the same triplet diradical 3D (blue in Scheme 1) as ISC of D stemming from

the first path. Electron recombination of 3D can happen via cyclization or loss of the new bond forming

an oxetane or recover the substrates, respectively. According to computational research, the third
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Scheme 1: Main mechanisms of the Paterno-Blchi reaction.
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possible pathway is crossing a conical intersection (CCl) which directly leads !D to the oxetane or the
substrates.'® Phenylic carbonyls stabilize the diradical intermediate, causing long lifetimes that allow

bond rotation and in turn the loss of the alkene’s E/Z stereochemistry (see green in Scheme 1).%

In the lipid functionalization methodology introduced by the Xia group in 2014, lipid solutions in 1:1
water:acetone are electrosprayed by nanoESI while the capillary is irradiated with UV light to activate
acetone for the PB reaction. To date, the PB strategy has been further developed, combined with other

101-103 algae’ 104

techniques and applied to many different sample types like various mammal organs,
fish,1% in vivo samples, plant seeds and human tissue after surgical removal.l® Combining the PB
method with HPLC reduces the MS data complexity, can resolve constitutional isomers'® and enables
large-scale lipidomic studies on the DBPI level.X® For post-HPLC-column derivatization, the eluent was
duct through a UV light-irradiated capillary before being sprayed by ESI. Comparing DBPI ratios in
healthy and cancerous human breast tissue and in plasma samples of healthy and type 2 diabetes
infected individuals, Zhang et al. discovered significant changes that can serve as biomarkers for
disease diagnosis.!®® In another study, the PB method was combined with a liquid microjunction

surface sampling probe that desorbs lipid analytes directly from tissue before they are functionalized

by passing an UV light-irradiated capillary and subsequently get analyzed by ESI-MS2.1%7

In addition to acetone, other PB reagents were tested to enhance the ion yield and derivatization yield
and further functionalize the lipids. The PB attachment of acetophenone, e.g., introduces a
chromophore in direct vicinity to DBs, enabling their cleavage by UVPD with higher selectivity than
CID.1% Installation of the basic 3-acetylpyridine (3-AcPy) can boost the detection of hard-to-ionize
compounds (TGs, hexen, cyclohexene, CEs and FA esters) and can switch the charge of FAs that are
preferably detected as negative ions.1® Simultaneously, the attachment of the isomer 2-AcPy paves
the way for sn-isomer analysis of GPs in CID-MS?® experiments.'' Initial head group loss results in a
dioxolane which is favorably fragmented by cross-ring cleavage, yielding fragments lacking the sn-2 FA.
Independent of their sn-position, unsaturated 2-AcPy-bearing FA fragments experience the strong 2-
AcPy-caused intensity boost. Therefore, these 2-AcPy-functionalized fragments dominate the spectra,
negating the favored detection of sn-2 fragments. Accordingly, depending on whether the unsaturated
FAs were attached to the sn-1 or sn-2-position, the dominant fragments are products of cross-ring
cleavage or not.’° With the assistance of an iridium-based photocatalyst, Feng et al. were able to use
a visible-light-induced PB functionalization with methyl benzoylformate (MBF) to distinguish DBPIs and
E/Z-isomers. After visible-light excitation of the photocatalyst, it activates MBF by triplet-energy
transfer to efficiently react with lipid DBs (PB yields up to 72%). In course of PB derivatizations, Z-
isomers readily undergo isomerization to the corresponding E-isomers. Because E-isomers elute slower

than Z-isomers, a new peak with a longer retention time appears in chromatograms of Z-isomer
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samples after PB functionalization. Comparing pre- and post-functionalization chromatograms enables
E/Z-isomer resolution, because the PB functionalization of E-isomer in contrast to Z-isomer samples

yields no or very low additional chromatographic peaks.

Lipidomic studies mostly analyze tissue or body fluid extracts, containing the lipid content of tens or
even thousands of cells because the work with smaller amounts is challenging in terms of sample
handling and instrumental sensitivity. Consequently, most lipidomic studies are blind for intercellular
heterogeneity. In contrast, Li et al. published a DBPI- and sn-isomer-resolving single-cell shotgun
lipidomics workflow, combining their PB and bicarbonate strategies with cell fixation and droplet-
assisted nanoESI.*! The cell fixation prevents cell lysis caused by the chemical conditions of the PB
preparation step. Cell lysis would otherwise threaten the cell integrity and consequently single-cell
analysis. For droplet-assisted nanokESl, solvent droplets are applied to the nanokESI tip to achieve a
better analyte extraction of the single cells. Using the described method, single cancer cells were
annotated to being either drug-sensitive or drug-resistant, based on quantitative DBPI and sn-isomer
analysis.’'! This example highlights the potential of accepting the challenge of probing local
biomolecule concentrations. Another technique that, on the one hand, already routinely probes local

biochemistry and, on the other hand, still develops, is MALDI-MS and is discussed hereafter.

1.5. MALDI-MS

In laser desorption/ionization MS (LDI-MS) experiments with several amino acids, Karas and
Hillenkamp discovered that mass spectra of tryptophan at its threshold laser irradiance possess higher
ion yields at lower fragmentation than other amino acids. Additionally, LDI-MS of tryptophan-alanine
mixtures at the tryptophan threshold irradiance yielded tryptophan and alanine peaks although the
threshold of alanine is higher by a factor of ten. These observations were interpreted to be caused by
a matrix effect of excess tryptophan that absorbs the laser energy and assists the soft ionization of
alanine.®® This finding initialized the research field of MALDI-MS. Beside the advantage of higher MS
intensities, utilizing matrices also ensures the soft ionization of large, fragile biomolecules to get intact
molecular ions with little or no fragmentation.5%!1? |n 1988, Tanaka et al. introduced their so-called
“ultra-fine metal plus liquid matrix method” using cobalt particles of 30 nm diameter and glycerol as
matrix to achieve ions of proteins and polymers up to m/z 100,000.1*3 In more detail, the “assistance”
of the matrix is to isolate analytes from each other in a solid solution, to provide charge carriers and
to absorb and mediate laser energy for a soft and nondestructive phase transfer (desorption) and
ionization. MALDI-MS rapidly developed and was optimized by, for example, testing various

matrices,'!* varying the laser wavelength,*> and installing an additional laser for post-ionization.!!®
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Even though MALDI-MS is routinely used in laboratories today, the processes after laser irradiation of
the sample are still not fully understood. Because understanding desorption/ionization helps to
optimize MALDI workflows in terms of e.g. sensitivity, reproducibility and reliability, the mechanism
was studied extensively and various models were developed.''’ Early work investigated wavelength
dependence,!!® the role of photoionization and photochemistry!!* and angular-resolved initial velocity
distributions of desorbed material.}'® Although the acronym “MALDI” is set, the choice of the term
“desorption” is still discussed because it suggests a thermal phase transfer of individual molecules
from the surface of the sample. This is in contrast to the also proposed explosive ejection of clusters
composed of matrix and analyte molecules.'?® Nowadays, it is consensus that after material ablation
and initial charge separation there is a so-called MALDI plume. This plume is characterized by high
temperatures and still high particle densities and consequently it is the location of secondary processes
that most likely lead to the ions that are finally detected by MS.**” Within this two-step framework it
is still under debate how the primary ions are formed and which secondary reactions proceed in the
plume. As MALDI is a photoinduced process, it is intuitive to assume a photochemical ionization, but
direct photoionization of electronically excited matrix molecules cannot be the basis because the
ionization potentials are higher than the energy of absorbed photons, regardless of whether
considering ultraviolet (UV) or infrared (IR) light. Instead, observed photoionization products were
explained by multiphoton ionization based on energy pooling. Here, the energy of multiple excited
molecules is shared in favor of one molecule to reach a higher excited state above the ionization limit,
whereas the others transition into a lower lying electronic state in this collective process.'*
Chromophores are known to strongly interact with other chromophores in spatial vicinity. Therefore,
energy pooling in the diffusely excited solid is much more likely than the multiple excitation of one
molecule.'” Another mechanism assumes excited-state proton transfer (ESPT) from excited matrix
molecules to ground state analyte molecules which is promoted by an increase of matrix acidity or
basicity as a consequence of electronic excitation. Although this chemistry was observed for some
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compounds, common matrices did not show ESPT-activity'** and known ESPT-active compounds failed

as MALDI matrices. Consequently, ESPT is not considered to significantly contribute to the ionization

process in MALDI.12

Photoionization also plays an essential role in a third model regarding the finally detected ions as lucky
survivors of charged matrix-analyte clusters that are desolvated by direct evaporation of neutrals or
indirectly after neutralization reactions.'?? According to the lucky survivor model, the liquid solution
charge states of analytes are preserved in the “solid solution” i.e. the matrix. The photon energy
absorbed by the matrix leads to desorption of preformed ions as clusters including analyte- and matrix-

molecules and -ions as well as corresponding counterions. But some clusters statistically occur with an
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excess or deficit of cations or anions. Excess energy of the highly excited clusters facilitates (1)
neutralization reactions with matrix ions and/or by proton- and electron-transfer and (2) the
desolvation of neutral species finally yielding (luckily surviving) isolated ions in the gas phase.?® Instead
of cluster reactions, the energy pooling-based “coupled chemical and physical dynamics model” (CCPD)
takes secondary reactions between free molecular species in the hot dense plume into account.'?*
Here, analyte ions are produced by collisions of analyte neutrals with photoionized matrix.1?®
Conceivable matrix ion species are matrix radical cations (m**), protonated/deprotonated matrix
(Im+H]*/[m-H]") and metal-cation adducts of the matrix ([m+Me]*). Electron transfer from neutral
analytes to matrix radical cations is only likely if the analyte’s ionization potential is lower than that of
the matrix. Otherwise m** is converted to [m+H]* by detaching a hydrogen from a neutral matrix
molecule. Secondary reactions forming analyte ions are predominantly protonation, deprotonation

and cationization.'*

A central phenomenon of MALDI-MS is the dominant detection of singly charged ions. Even for large
molecules wherein spatial distance can stabilize multiple charges and in the case of adducts with
divalent cations, charge numbers exceeding one are almost completely absent in MALDI-MS spectra.!?
Regardless of the model applied, charge reduction takes place as secondary reactions in the plume i.e.
proton- or electron-transfer processes. According to the lucky survivor model, the electron capture
cross section is the reason for the exclusive survival of singly charged ions.*?? Supported by their higher
cross section, multiply charged clusters more efficiently trap electrons stemming from photoionization
of other clusters or the metal below the sample.'?® The CCPD postulates collision-induced proton- and

125

electron-transfer reactions of multiply charged ions with neutral matrix molecules'* or adduction with

deprotonated matrix anions.'*!

Another typical MALDI phenomenon is that matrix ions can be suppressed completely if analyte
concentrations are sufficiently high.''>12> Besides on the analyte concentration, the matrix suppression
effect also depends on the laser fluence as follows: Higher fluence needs higher analyte concentration
to suppress the higher number of matrix molecules being photoionized.'?* In the lucky survivor model,
the analyte concentration dependance is explained by the need of at least one acidic/basic analyte

molecule per charged cluster that can claim the charge.!®

Lower MS abundance of negative compared to positive ions are widely observed in MALDI-MS.*?? Karas
et al. proposed that this is a result of adduct interactions being weaker for anions compared to cations
(e.g. CI” versus Na*, K*). Further, they argue that anions are less basic than most analytes and therefore
I “

will “survive” instead of deprotonating an analyte molecule. The high mobility of electrons is

considered another reason for low negative ion abundance as this leads to their rapid loss from the
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plume, preventing negative ion formation. Moreover, photoionization of clusters is named as a
possible explanation for higher positive-ion abundances because it yields positive charges and
electrons. Whereas electrons rapidly leave the plume, positively charged clusters are far less mobile

and remain available for secondary processes yielding isolated positive ions in the gas phase.!??

In contrast to the models discussed above, the thermal ionization models assume thermal equilibrium
or quasi-equilibrium for the ionization processes. Early examples are the reports of Chait'?’ and

Beavis!?®

postulating the polar fluid model in that the matrix aids the charge separation as a polar
solvent. The matrix is electronically excited and electronic energy is converted to vibrational energy by
non-radiative processes. Vibrational, i.e., thermal energy, leads to melting of the matrix. For a short
period, the matrix serves as a hot polar solvent for molecules to frequently collide and react in thermal
protonation and deprotonation reactions that produce ions. Equilibrium is reached before matrix- and
analyte-neutrals and -ions are desorbed to the gas phase. In detail, the reactions are autoprotolysis,

proton disproportionation and proton transfer to/from analyte neutrals from/to

protonated/deprotonated matrix ions:!?

2m = [m+H]" + [m-H]" 2 A= [A+H]" + [A-H]”
m + A = [m+H]" + [A-H]" m+ A= [m-H]™ + [A+H]*
[M+H]* + A= m + [A+H]* [Mm-H]"+A=m+ [A-H]

Questions of thermal equilibrium are not addressed in the lucky survivor model, but are commented
by the CCPD as relying on primary ion formation by energy pooling and secondary ionization in the
plume.?* These secondary analyte ionizations can proceed to local thermal (quasi) equilibrium if
molecules undergo a sufficient number of collisions before reactions are interrupted by physical
expansion and ion extraction by applied electric fields.>® However, thermal equilibrium was concluded
to be unlikely. On the one hand, reverse reactions of analyte ionizations are considered to be too slow
to reach equilibrium in typical MALDI time scales. On the other hand, ions with varying formation

energies were observed in comparable abundances which is in conflict with thermal equilibrium.?*

In experiments with a deuterated matrix, Jaskolla et al. evaluated the role of preformed ions and gas-
phase protonation/deuteronation in MALDI.* Exclusive analyte ionization in the gas phase would
produce only deuteronated signals, whereas exclusive desorption of preformed ions would result in
only protonated signals. Variation of the sample preparation pH and the laser fluence suggest a
mixture of both mechanisms. At lower pH values, higher signals of protonation were observed
emphasizing the role of preformed ions. In contrast, deprotonation-derived signals were more

abundant at higher laser fluences, indicating an increased role of gas-phase reactions.**°
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1.6. MALDI-MS imaging

After over 35 years since the first MALDI experiments, the detailed MALDI mechanism is still discussed
but nevertheless MALDI is routinely used as a reliable method in bioanalytical chemistry. In addition
to being a soft ionization technique, MALDI comes with the advantage to extract the content of a small
sample region with diameters in the micrometer range. MALDI-MS imaging (MALDI-MSI), introduced
in 1994 by Spengler et al.’3!, uses the micrometer accuracy of the ablation by a highly focused laser
beam for the pixel-by-pixel scanning of a sample acquiring a mass spectrum for each pixel (Figure 4).
Subsequent plotting of the MS intensity (I) of a certain m/z signal in a color or gray scale for every pixel
in the scanning raster (x, y, z coordinates) yields an image of the analyte distribution in, e.g., a biological
tissue sample.’3 How accurate MALDI-MS images reflect the real biological distributions, is affected
by, for example, sample heterogeneity (physical or chemical), sample preparation, the matrix choice

and ion suppression effects,133-136

As described for matrix ions, also the detection of analytes is suppressed when other analyte
molecules, competing for charge, are more effectively ionized. This was shown for various analyte
classes3¥134137-139 byt one prominent example is the ion suppression exerted by PCs in lipidomics
studies.’® In the positive-ion mode, the ionization affinity of PCs is higher than that of PAs, PEs, PGs

and PSs, hindering their positive charging, whereas the latter species cause lower PC-derived signals in

Figure 4: General workflow of MALDI-MSI experiments. For every pixel with the spatial coordinates x, y and z, a mass spectrum
is recorded providing m/z and intensity (I) values. Plotting I in a color or gray scale for every pixel yields lateral distribution
images like at the bottom left.
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the negative-ion mode. At the same time, PCs were observed to boost the negative-ion intensity of
PEs, PGs, and PSs, most likely by promoting deprotonation or cation detachment from the other
lipids.'3® This showcases that MALDI-MSI results can be compromised by ion suppression effects. If, for
instance, PCs are endogenously upregulated in a certain tissue area, mass spectrometric PE signals will
be reduced there even though the biological PE-distribution would be homogenous throughout the

whole tissue.

Local (bio)chemical and physical sample conditions also influence MSI results. Alkali metal adduct ions
are part of the most common lipid signals in MALDI-MSI of biological tissues.'*® Local presence of alkali
metal cations interferes with the signal intensity of protonated lipids from the same location.'*! This
problem can be solved by washing the sample with ammonium acetate or ammonium formate
solutions.'®? Sample preparation steps can thus help to overcome imaging issues but also can cause
problems as exemplified by the impact of divergent analyte extraction and incorporation into matrix
crystals. The analyte migration and co-crystallization with the matrix is crucial for efficient ionization
by MALDI and can vary between analytes and sample preparation strategies.’*4* Matrix application
for imaging experiments is most commonly conducted by spraying (electro, ultrasonic, vibrational or
pneumatic spray) or sublimation/recrystallization. Utilizing pneumatic spraying, highly concentrated
matrix solutions (almost saturated) are nebulized by a vigorous inert gas flow and sprayed onto the
sample. Under optimized conditions, the sample is slightly wetted providing the possibility for analytes
to be extracted and to co-crystallize with the matrix while preventing wash-out effects. No solvent is
used if the matrix is applied by sublimation onto the sample surface. To ensure co-crystallization
though, the matrix is forced to recrystallize by exposure of the matrix-coated sample to a solvent-
saturated atmosphere.'®® Besides ensuring co-crystallization and avoiding analyte delocalization, the
matrix amount must be carefully controlled. This is because thick coating will cause analyte
suppression and insufficient coating will diminish the “softness” of ionization when MALDI is locally
replaced by the harsh LDI. Scanning electron microscopy experiments revealed that the structure of
matrix-analyte co-crystals on top of various biological tissues changes with varying morphology of the
tissue.X In short, the quality of the MALDI matrix varies depending on the used method and the tissue
type. A recent work of the Soltwisch group, for example, employed laser microdissection of histological
regions of mouse cerebellum that were defined on basis of MALDI-MS images to extract the lipids of
the released material and analyze it by quantitative LC-MS. Comparison of the MALDI-MSI and the LC-
MS results unveiled discrepancies between the lateral distribution displayed by MSI and the

enrichment and depletion found by LC-MS.1%®

Choosing a matrix for a MALDI-MSI experiment influences the analyte species that can be imaged.

Some matrices specifically perform in the negative- or the positive-ion mode whereas others can be
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used in both ion modes. Most matrices are low-molecular-weight compounds. So, a matrix ion signal
background can disturb the detection of low molecular weight analytes in metabolomics if the mass
spectrometer cannot resolve matrix and analyte peaks. Nevertheless, matrix cluster ions can interfere
with higher-weight analyte ion signals too. The most commonly used matrices in lipidomics (Scheme
2) are 2,5-dihydroxybenzoic acid (DHB), a-cyano-4-hydroxycinnamic acid (CHCA), 9-aminoacridine
(9AA), 1,5-diaminonaphtalene (DAN), 2,5-dihydroxyacetophenone (DHA), and sinapinic acid
(SA).132147.148 parry et al. recently evaluated how the lipid profiles acquired by MALDI-MSI of mouse
liver tissue depend on the employed matrix. Applying five commonly used matrices, variations have
been found concerning the lipid coverage, the preferred ionization of certain lipid subclasses and the
patterns of proton, sodium and potassium adducts. One matrix tested in this study is DAN and it
showed a special reactivity with phosphatidylcholines. It detaches a methyl group from the choline
head group, yielding molecules with the same m/z value as a PE with two more acyl chain C-atoms

than the original PC, i.e., the ion signal of [PC 34:0-CHs+H]" is erroneously annotated as [PE 36:0+H]*.1*®

Due to the fact that every biological sample is different, ion suppression and other confounding factors
are not constant. This is important to note for MALDI-MS image interpretation. As these factors are
difficult to predict, quantification via MALDI-MSI requires internal standards that, for example, are
spotted on top of or beneath the tissue.'*>° The use of internal standards is more easily done in
desorption electrospray ionization (DESI) and nanospray desorption electrospray ionization (nanoDESI)
MSI experiments where the analytes of a sample are desorbed by applying a solvent mixture as
electrospray or “permanent droplet”, respectively.’>!52 Simple incorporation of internal standards in
the applied solvent mixture enables quantitative analysis.> In so-called droplet pick-up mechanism of
DESI, the impacting electrospray desorbs secondary droplets from the sample that is already wetted
by the sprayed solvent mixture. These secondary droplets contain charged analytes and undergo

ionization as discussed for ESI. In nanoDESI experiments, a solvent-delivering primary capillary, the
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Scheme 2: Examples of MALDI matrices that are most commonly used in lipidomics studies.
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sample and a nanospray capillary are permanently bridged by a solvent mixture droplet. The analyte
solution produced by constant solvent application onto the sample is sucked and electrosprayed by
the nanospray capillary.’> lonization is again similar to the ESI mechanism. DESI and nanoDESI offer
the advantage that no sample preparation is needed but even with specialized equipment, nanoDESI
provides lateral resolution down to 10 um pixel size®> which is better than DESI (typical larger than 20

um)>157 puyt still not in the range of MALDI-MS]. 158159

The lateral resolution in MALDI-MSI is limited by the laser focus diameter, the matrix crystal size and
the amount of ablated material that can be ionized without fragmentation and transferred into the
mass spectrometer as intact molecular ions. Kompauer et al. developed a MALDI source employing a
focused laser beam and optimized the sample preparation for small matrix crystals to enable lateral
resolutions down to 1.4 um.**® Because smaller pixels mean less desorbed material, a high ionization
yield is desirable. Soltwisch et al. used laser-induced post-ionization to address this.!® In their so-called
MALDI-2 setup, a second laser fires into the desorption plume created in the MALDI event with the
aim to increase the ionization of desorbed material. In a recent study, the authors introduced
transmission-mode MALDI-2 in which the sample is penetrated by laser light from the backside through
a UV-transparent sample holder.?® With this setup they achieved a pixel size of 0.6 pm. Another
favorable effect reported for MALDI-2 is that the above-mentioned suppression exerted by PCs is
mitigated.'#® Smaller pixels at constant overall image size mean more pixels and longer acquisition
times. Scanning a particular area with a 1 um pixel size needs 16 times more pixels than a scan with 4
pum pixels. Typically, the following sequence is used for MALDI-MSI measurements: move to a defined
sample location, fire the laser, acquire a mass spectrum, and repeat this procedure. The time per pixel
has been dramatically reduced by using a rapidly firing laser while continuously moving the sample
stage and simultaneously acquiring mass spectra.’®! In the conventional spot mode, only a part of the
pixel’s material is ablated, but by moving the stage in a small zigzag pattern while the laser fires with
maximum repetition rate, the material of the full pixel can be used.’®® Non-planar samples are
challenging because they run out of focus if they are not refocused on spots of a differing height. An
autofocusing MALDI source developed by the Spengler group utilizes a laser triangulation system with
a camera that recognizes the lateral position of a second laser that is calibrated to cross the laser beam
in its focus plane. If the system is in focus, the autofocus laser irradiates the spot-to-measure. If the
laser is missing the spot, the sample stage corrects its z-position and resolves height variations down

to 1.5 um.182

Besides simple matching of spatial coordinates with m/z-intensity data pairs, some in silico corrections
are common practice in MSI data processing.'®® Normalization of the signal intensity to the total ion

count (TIC), a certain matrix or analyte signal, or an internal standard signal is used to compensate for
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artifacts stemming from sample heterogeneity, matrix hot spots or poor sample preparation. In order
to assign m/z signals with higher mass accuracy, post measurement m/z-recalibration is applied by
correcting all signals on the basis of the deviation of a known signal from its theoretical m/z value.!?
Mirion®* and MSlreader®® are visualization tools translating the raw data into MS images. The tools
can also produce overlay images of several m/z channels (in distinct color scales) or by superimposing
microscopic and MS images. Moreover, regions of interest can be defined in the images to let the
software extract underlying spectra and peak lists. Nowadays there are many MSI processing tools
(ImageQuest (Thermo Fisher Scientific),’®® SCiLS (Bruker),'®” High Definition Imaging (Waters),%®
SpectralAnalysis,'®® EXIMS,° massPix*"?) including some that offer more complicated data analysis
like, e.g., principal component analysis and other statistical methods for multivariate data analysis.'®3
One example that highlights the advantage of common data formats (imzML2) in combination with a
big database to store and share MSI results is METASPACE.'’® Researchers can upload their MSI data
to the platform subsequently outputting MS images that are already assigned to metabolites and lipids
from databases. In that course, images of isotopic species are excluded and the adducts (e.g. Na* or K*
adducts) of particular species are grouped in overviews. Assignments are evaluated by a so-called
metabolite-signal match score (MSM) that considers spatial chaos, the similarity of measured and
theoretical isotope patterns, as well as the similarity of isotope signal images. Basically, spatial chaos

is measured by calculating if the image is structured or displays a random distribution of spectral

noise.’3

With the aid of sophisticated data analysis, MALDI-MSI is a powerful tool for targeted or non-targeted
bioanalytical studies to gain insight into biochemical processes by investigating local relative
concentrations in biological samples. This has been demonstrated for numerous sample types

174,175 reptiles,177 ﬁsh'178,179

176

including plants , and organ and whole-body sections of mammals,

180181 and parasites.8218 By development of specialized workflows with matrix-precoated

insects
sample holders it is possible to use MALDI-MSI in a timeframe of surgical pathology.’®* In a recent
publication, the lipid signatures of atherosclerotic plaque features have been studied in 106 plaque
sections of human carotid artery parts that were surgically removed from 12 patients.!8> By statistical
data analysis, the large MSI dataset was compressed in six components (clusters) with distinct spatial
distributions. Each component possessed a spectral profile of lipid signals with a correlating spatial
distribution. Comparing the derived MS image features with histologically identified plaque regions
revealed a colocalization of SMs and oxidized CEs in necrotic core regions, as well as of DGs and TGs in
fibrin-rich regions. Fibrin is a thrombosis-associated protein, indicating intraplaque bleeding which can

be a precursor of plaque rupture and an impending heart attack. Specific lipids can be derived as

potential markers for high-risk atherosclerotic plaques by decompressing the clustered data.'® Instead
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of exclusively looking at symptomatic (severe) plaques, Greco et al. compared lipid profiles of
symptomatic and asymptomatic ones. They presented a whole workflow including the histology-
/immunofluorescence-supported in-silico annotation of tissue regions and the subsequent data
processing by multivariate data analysis. Applying this workflow, the authors were able to clearly
discern between symptomatic and asymptomatic plaques by uncovering regiospecific lipidomic

differences.'®®

Despite the great progress in MALDI-MSI instrumentation and data analysis, many substances of

interest are inaccessible or not distinguishable for MS with common MALDI sample preparation.

150 187,188

Sample washing *?, the application of internal standards'*® and on-tissue enzymatic digestion are
methodologies for a more sensitive and specific MALDI-MS analysis. These are complemented by on-

tissue chemical derivatization (OTCD) strategies.

1.7. On-tissue derivatization and isomer-resolving MSI

OTCD methods can facilitate the detection of species that are hard to ionize, prone to suppression or
matrix-background interferences and the differentiation of isomeric species that cannot be resolved
by MS without chemical modifications.?®*1%° Whereas chemical derivatization is well-established as in-
solution reactions for other disciplines like electrophoresis, GC, and LC, the on-tissue version for MSI
experiments is still challenging. Issues are associated with (1) analyte delocalization because excessive
sample wetting by reagent solutions can occur, (2) undesired reactions or interferences with the
reagent can complicate resulting mass spectra, and (3) low OTCD efficiencies due to insufficient
solvation of the analytes or too short reaction time frames can counteract the intended benefits.
Ideally, an OTCD reagent needs to react with the target analytes very efficiently and selectively while
not affecting their lateral distribution. Spraying is the most common method to apply the derivatization
reagent without wash-out effects but also vapor deposition and precoating of the MALDI targets are

strategies to avoid derivatization-caused analyte delocalization.1891%

In the following, some sensitivity-enhancing methodologies are summarized. With reagent-precoated
MALDI targets, Manier et al. enhanced the MALDI-MSI of neurotransmitters in pig adrenal glands and
rat brain using an aldehyde reagent that forms Schiff’s bases (hydrazones) with primary amines under
mild conditions (Scheme 3A).1°! Amines are popular derivatization targets because they are reactive
and present in most metabolites, amino acids and neurotransmitters that can be veiled in the crowd
of matrix-derived ions in the low m/z range. Attaching a derivatization reagent to an analyte shifts its
mass into higher m/z regimes and can also enhance ionization efficiencies by introducing a charge
(Scheme 3B).22 Girard’s T reagent (GirT), for example, contains a charged ammonium group and its

hydrazine moiety forms stable hydrazones with carbonyls (Scheme 3C). This compound has been used
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to study the distributions of steroids that are hard to detect with MALDI-MS. Employing GirT-
derivatization (GirT-precoated sample holders), Cobice et al. analyzed the steroid turnover to monitor
the performance of the inhibitor for an dementia-associated enzyme.®® Another group sprayed GirT
onto samples to discriminate and image steroid isomers in human adrenal gland tissue surgically
dissected from kidney cancer patients. They found elevated concentrations of aldosterone in
aldosterone-producing cell clusters where cortisone and cortisol exhibited lower concentrations.'®*
Precharged reagents can also serve for charge switching of negatively charged analytes like free fatty
acids. Sun et al. recently presented a precharged amine reagent that, after spray deposition, reacts
with carboxyl-containing compounds to form amides that are positively charged (Scheme 3D). Using
their derivatization workflow, they imaged free fatty acids, citric acid cycle metabolites and PCs
parallelly in the positive-ion mode.’® Another charge switching OTCD reagent has recently been
published that improves the MALDI-MSI of minor-abundant phospholipids in murine brain tissue by
tagging phosphate monoesters with a zinc complex. Derivatized sphingosinemonophosphates,
ceramidephosphates, PAs and LPAs could readily be imaged in the positive-ion mode whereas the

imaging as negative ions of the underivatized species failed.%®

Considering that OTCD reagents and matrices are often applied the same way (spraying, vapor
deposition, sublimation), it is obvious that a combination, i.e., matrices that react with analyte
molecules, are not necessarily a drawback like in the detrimental example of DAN that demethylates
PCs.1*® Reactive matrices can effectively reduce the sample preparation and the risk of wash-out
effects. Andren and coworkers took advantage of pyridinium salts'®” as reactive matrices that convert
primary amines to charged pyridinium cations (Scheme 3E). With the use of such a pyridinium matrix,

the group investigated the neurotransmitter metabolism in mice after knock-out of the Parkinson’s
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Scheme 3: Reaction schemes of the on-tissue chemical derivatization approaches discussed in this section.
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disease-associated receptor GPR37. Lesions with the parkinsonism-inducing neurotoxin 6-
hydroxydopamine were found to affect GPR37-knock-out mice stronger than wildtype controls. This
has been interpreted as evidence that the presence of active GPR37 impedes the development of
Parkinson’s disease.’®® In order to assist neurotransmitter imaging with a reactive matrix, not only the
amine group can be derivatized but also the cis-diol function at the catechol backbone (Scheme 3F).
By bounding the precharged reactive matrix 4-N-methylpyridinium boronic acid, the catecholamine
detection is simplified because of higher ion yields, a higher mass beyond the crowded low m/z range

and the characteristic isotope pattern for boron-containing species.**®

Besides the presented sensitivity-enhancing OTCD techniques, various functionalization and
fragmentation strategies have been developed to enhance specificity of on-tissue analysis, i.e.,
resolving lipid isomers in MSI experiments. The use of ozone for DBPI and sn-isomer identification has
been demonstrated above. This has been exploited for DBPI-resolving MSI by employing on-tissue
ozonization. It is carried out in an ozone-flushed reaction chamber, wherein the tissue lipids are
converted to the Criegee ozonide which is subsequently analyzed by CID-MS? to laterally localize DBPIs

in human colon sections with a lateral resolution down to 15 pm.2®

Reactive oxygen species were also used for functionalization in an application by the Laskin group.
Herein, singlet oxygen was photochemically generated in situ by UV laser irradiation of nano(D)ESI
capillaries, forming hydroperoxides with lipid’s DBs that can readily be cleaved by CID, enabling DBPI-
resolved imaging with 30 um pixel size.?’! Epoxidation has also been done on tissue as it was presented
by Kuo et al., but the epoxidation with mCPBA was laborious (60 minutes incubation) and the lateral

resolution was low (200 um pixel size).®

Bednafik et al. adapted the PB methodology for OTCD and DBPI elucidation of PCs, PSs and
glycosylceramides in mouse brain sections.?®> The PB reagent, benzaldehyde, was vaporized and
introduced into a reaction chamber where it condensed onto the cooled tissue sample that was
simultaneously irradiated by 254 nm UV light. Resulting PB products were ionized with a MALDI-2
source and subsequent CID allowed to map DBPIs of PC 36:1 and PS 36:2 (25 um pixel size) in one MS?|
run. This was done because these are isobars (sharing the same nominal mass) that were co-isolated
but could be distinguished by high-resolution MS. Post-ionization by the second laser of the MALDI-2
source ensured the efficient ionization of the PS that was suppressed by the PC species in conventional

MALDI.
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2. Aim of this work

The identification of lipidomic variations caused by diseases can help to understand the underlying
biochemical processes and changes. For example, varied DBPI compositions in diseased tissue
compared to healthy samples can unveil changed activities of distinct enzymes responsible for
structural changes of lipids. In order to discover lipid DBPIs and their lateral distribution in tissue
samples, this work had the intention to develop a direct on-tissue PB functionalization approach for

DBPI-resolved MALDI-MS?| analysis.

Based on earlier research with the in-solution PB reactions of acetophenone (AcPh) with unsaturated
lipids,1%8 the initial target was to use the known reagent directly on-tissue. Pure AcPh or AcPh:solvent
mixtures were applied on tissue slides as thin films while the sample was irradiated with 254 nm UV
light. In order to achieve the film, two approaches were tested: (1) Pneumatic spraying of the reagent
and (2) dropping the reagent onto the tissue and covering it with an UV-permeable quartz cover slip.
Because of low functionalization yields and the time-consuming sample treatment, another approach
was considered. The new aim was to combine PB reagent and MALDI matrix and establish the concept
of PB-reactive MALDI matrices. BPh was tested as reactive matrix because of three reasons: (1) The PB
reactivity was shown in solution,?° (2) BPh allows highly efficient ISC to the triplet state that is assumed
to play a key role in the PB reaction®®?%* (3) the chromophores were expected to assist both the
photochemical activation for the PB reaction and the absorption of the MALDI laser light. Since BPh
performed as both MALDI matrix and PB reagent, the next goal was to develop and optimize an on-
tissue sample preparation ensuring to homogenously cover the sample with small BPh-crystals without
sample washout effects. The method of choice was pneumatic spraying, and the parameters to
optimize were mainly the solvent composition and the sprayed volume of BPh solution. During
spraying, the sample was UV-irradiated to excite the photochemical PB reaction. Data of later light-
exclusion experiments suggested that the main part of the PB yield did not rely on UV-lamp irradiation
but was caused by the UV-MALDI laser pulses. Finally, to establish BPh as a new matrix, the imaging
results had to be compared to a common matrix, the scope of DBPI-analyzable lipid classes were
elucidated, and the new DBPI-resolved imaging technique had to be tested. The MSl and DBPI-resolved
MS?| abilities were evaluated by using well-known mouse cerebellum tissue but also the lateral DBPI-

distributions in Schistosoma mansoni were investigated.

After the proof-of-principle with BPh, the aim was to improve the PB-reactive matrix approach in terms
of ion and PB yields as well as the scope of lipids that can be analyzed. Hence, BPh derivatives were
screened and conclusions were drawn about PB-reactivity trends of tested compounds, inter alia, that

pyridine-based matrices especially BzPy provide good PB yields and boost ionization because of the
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basic nitrogen. The screening experiments raised the question if a systematic study of different
reactive matrices and lipid substrates can provide reactivity trends to improve the MALDI-laser-
initiated PB functionalization. Reactivity trends were thus evaluated for halogen-substituted BPh-
derivatives, as well as for lipids possessing various head groups and various degrees of unsaturation.
Furthermore, DBPI analysis was performed for lipid standards of 13 lipid classes in both polarities. The
long-term goal of DBPI-resolving MS?| is the application to biological and medical problems. BzPy was
therefore employed for MALDI-MSI and -MS?l studies of various healthy and diseased organ tissue
types including, e.g., brain, kidney and pancreas of wildtype (wt), diabetic and cardiovascularly

diseased mice.
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3. Results

The goal of this work was to bring lipidomic A
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to tissue sections while the sample was
irradiated by a mercury-vapor UV pencil lamp. Despite using various application techniques (droplet-
application and pneumatic spraying) and optimizing their parameters, AcPh did not yield sufficient PB
functionalization. Benzaldehyde was anticipated to be more reactive than AcPh but also failed as PB
reagent for our DBPI-resolving MS?l approach. 2,5-Dihydroxyacetophenone (DHAP) is known to
perform as MALDI matrix?® and motivated by the fact that AcPh in principle enables DBPI analysis, the
dihydroxy-derivative was tested as PB-reactive matrix. To promote the photoreaction, the sample was
UV-irradiated during the pneumatic spraying procedure of DHAP. Excellent ion intensities were

observed, better than with the previously used matrix DHB, but no PB product. In contrast, BPh was

shown to be PB-reactive and to be effective as MALDI matrix.
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In the first publication of the project?® the results of implementing BPh as new PB-reactive MALDI
matrix for high-resolution MALDI-MSI and DBPI-resolved MALDI-MS?| are presented. Before using BPh
as MALDI matrix, it was tested as on-tissue PB reagent in combination with DHB as MALDI matrix that
was applied after PB-functionalization. BPh outperformed the low yields of AcPh and benzaldehyde. In
contrast to the droplet-application, BPh-spraying provided homogenous reagent deposition by
exploiting the advantage of small solvent volumes (spray droplets), ensuring the analyte extraction for
efficient derivatization while preventing lateral analyte delocalization. Optimization of the BPh
concentration and the solvent mix composition enabled to acquire the first DBPI-resolved MALDI-MS?

images that display histological tissue structures in mouse cerebellum.

After BPh was observed to be a good on-tissue PB reagent for DBPI resolution in MS?l, it was tested as
reactive matrix by omitting DHB as additional matrix. The resulting MALDI-MS and -MS? spectra are
shown in Figure 5. Comparing the signal intensities in spectra of tissue with and without additional
DHB showed only one order of magnitude lower signal with BPh as exclusive matrix. It is worth noting
that much cleaner spectra, i.e., fewer noise peaks were obtained with only BPh. Most likely this is
because the mutual ionization of DHB and BPh yielding matrix cluster ions is prevented. With the
objective to introduce BPh as PB-reactive matrix allowing high lateral resolution DBPI-specific MALDI-
MS?l, homogenous BPh-coverage of tissues with matrix crystals possessing sizes below 15 pm was
required. Parameters of the matrix spraying setup and protocol that had to be optimized were the
concentration of BPh and the ionization-assisting trifluoracetic acid (TFA), the solvent composition, the
UV irradiation time, the overall sprayed volume, the spraying flowrate, the sample-to-spraying-needle
distance, the sample-to-UV lamp distance, the strength of the nebulizing-gas flow (N;) and the
rotational speed of the sample holder. As their influence on the PB yield, the BPh crystal size and crystal
homogeneity was negligible, the sample’s rotation velocity (5 rotations per second), the UV lamp
distance (3 mm) and irradiation time (3 minutes) were set after short optimization and held constant.
The sample-to-spraying-needle distance is defined by the size of the spraying chamber. To avoid the
laborious construction of several spray chambers, this parameter was set (66 mm) and held constant
while adapting the other parameters. The spraying flowrate was optimized for minimal sample
preparation time while not causing sample wash-out. Low flowrates (<10 uL/min) were considered to
maximize the PB yield by providing a thinner solvent film that allows more photons to reach the BPh
molecules in close vicinity to the analytes. This effect was not confirmed. As higher flowrates caused
wash-out effects, 10 uL/min was determined as the optimum. The N»-flow must be strong enough to
nebulize the matrix-solution to a fine spray. At the same time a too strong gas stream leads to wash-
out caused by too fast impacting solution droplets. Optimal conditions were found with a fully opened
valve and a pressure regulator setting of 0.5 bar. Besides improving the ion yield, the addition of TFA

to the spraying solutions turned out to affect the BPh matrix layer quality as well. After using 0.2% TFA
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in the optimization experiments, higher concentrations were tested for better ionization and 0.5% was

selected as a maximum of ionization-assistance without impacting the quality of the matrix layer.

Fast BPh crystallization is beneficial for matrix quality because it prevents sample wetting and it favors
small crystallites over bigger crystals due to kinetic trapping of small crystals. However, it was
hypothesized that too fast crystallization does not allow BPh to react with the analytes in the solution
phase. In the best case, the tissue is covered by small, isolated solution droplets in that lipids are
extracted and PB-derivatized to subsequently co-crystallize with BPh. In order to support fast
crystallization, solutions with high BPh concentrations (near saturation) have been prepared in volatile
solvent mixtures. Because it is difficult to predict the effects of variations of the BPh concentration and
the solvent composition, numerous combinations were empirically tested in order to find the
optimized spraying workflow described above. The BPh concentration was first varied between 5 and
90 mg/mL. After these initial experiments, a smaller concentration range between 5 and 30 mg/mL
was set for the screening with numerous solvent mixtures. Concentrations exceeding 30 mg/mL were
too often prone to clogging the sprayer. The tested solvents fulfilled different roles as explained
hereafter: Acetonitrile (AcN) and MeOH were selected because they readily dissolve BPh and lipids. 2-
Propanol (6.00 kPa)?®” and water (3.07 kPa)?®® exhibit lower vapor-pressures (values in brackets) than
AcN (11.8 kPa)?® and MeOH (16.9 kPa)?*® and were employed to achieve mixtures with moderate
volatility. Ethanol (7.87 kPa)?®” was tested in some mixtures as it is of intermediate solvation
performance and volatility like 2-propanol, but the latter was superior in this discipline. MeOH easily
solved lipids and BPh but was replaced by AcN because of the lower vapor-pressure at similar solvation
ability. The optimized spraying solution was 20 mg/mL BPh in 6:3:1 AcN/2-propanol/water with
additional 0.5% TFA. To protect analytes from direct laser impacts and consequent fragmentation, a
MALDI matrix excess is necessary. Although, a too high matrix excess prevents matrix suppression and
leads to intense matrix ion background in MS spectra. The matrix layer thickness is determined by the
overall sprayed matrix solution volume and its concentration. Varying the volume between 100 and
400 pL revealed 230 pl to be the optimum for high PB yields and lipid ion intensity with the above-

described spraying solution.

Due to the detection of PB products after BPh coating without UV irradiation (Figure 5), light exclusion
experiments were undertaken to eliminate the PB activation by ambient UV light. Still, PB products
were detected by MALDI-MS suggesting that the reaction is activated by the UV laser of the MALDI
source. To examine this hypothesis, multiple mouse cerebellum tissue sections were BPh-coated under
light exclusion, the samples were scratched from the sample holder, lipids were extracted with a
methyl-tert-butylether extraction protocol?!® and the extract was analyzed by HPLC-ESI-MS. This

experiment still identified lipid PB derivatives but in much lower yields (0.03% versus 12%). On the one
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hand this shows how highly reactive BPh is and
on the other hand supports the assumption
that the UV laser initiates the PB
functionalization. Further support for the latter
was found in measurements of the PB yield as
a function of energy per MALDI laser pulse that
ascertained a direct correlation (Figure 6).
Without UV irradiation during the matrix
spraying, higher normalized levels were
observed (Figure 5). Although the PByield (12%
vs. 21%) was lower than with UV irradiation,
the absolute ion count of PB products was
higher. Consequently, no more UV-irradiation
via Hg-lamp was required during the sample

preparation workflow.
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Figure 6: PB reaction yield (Y) of [PC 34:1+BPh+H]* from a BPh-
covered mouse brain tissue section as a function of the energy
per MALDI laser pulse. Blue dots represent the mean Y value
from 100 individual measurements. The error bars are the
corresponding standard deviation and the two-point floating
average of Y (red line) is depicted as a guide to the eye.
Reprinted with permission from reference 206 © 2019
American Chemical Society.

After workflow optimization, the analytical scope of the new matrix was evaluated by DB position

analysis of various lipid standards and of endogenous lipids from mouse cerebellum tissue. Indeed, DB

positions of PC, PE, Pl, PA, PG, and SM standards and ten PCs directly from tissue were inferred. In

order to assess the matrix performance aside its functionalization ability, the imaging results were

compared to those with a DHB-coated sample. BPh allows MSI with a good lateral resolution of 15 um

pixel size and the lipid coverage as well as the lipid distributions were similar using BPh and DHB as

matrix (Figure 7). Comparing the lists of annotated lipid signals (92 with DHB and 74 with BPh as

matrix), BPh appeared to promote protonated
species while alkali metal adducts were less
intense or absent for some species that were
better detected by DHB. In turn, some
protonated species were exclusively detected

using BPh.

Following the matrix evaluation in DBPI analysis
and as a MALDI-MSI matrix, the capabilities for
DBPI-resolved MALDI-MS?l were examined.
Mouse cerebellum MALDI-MS? images were
acquired for PCs with lateral resolutions down to

15 um pixel size which enable the resolution of

Figure 7: RGB MALDI-MS images of mouse cerebellum
acquired with 15 um pixel size in the full pixel mode using (left)
BPh and (right) DHB as matrix. The laterally resolved signal
intensities of three selected lipids are superimposed: [PE
36:0+H]* (red, m/z 748.585), [PC 36:1+H]* (green, m/z
788.617), and [PC 32:0+H]* (blue, m/z 734.570). The scale bar
reflects 1 mm. Reprinted with permission from reference 206
© 2019 American Chemical Society.
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small histological tissue regions (Figure 8)
in the range of murine neuronal cell

Size.211'212

In accordance with previous
reports, the abundances of the n-9 DBPIs
of PC 34:1 and PC 36:1 were elevated in
the white matter whereas the n-7 DBPIs
showed a complementary elevation in the

gray matter of the cerebellum.

In order to test the new PB-reactive matrix
for its use in studying unknown samples,
DBPI-distributions of PC 34:1 in a whole
parasitic worm (S. mansoni) were imaged
using the 3D-autofocusing mode of the AP-
SMALDI° AF ion source (Figure 9).
Fragment ions of DBs in three different
positions were detected (n-9, n-7, n-13).

Whereas homogenous distributions were

n-9 isomer

n-7 isomer

H&E stains

Figure 8: MALDI-MS? images of the DBPI-diagnostic fragment ions of
(A) PC 36:1 and (B-D) PC 34:1 acquired from mouse cerebellum
sections with (A,B) 25 um and (C,D) 15 um pixel size. Signal intensities
were (A-C) TIC normalized or (D) relative intensities (n-9/n-7 and n-
7/n-9) are used. The red square in B highlights the region measured in
C and D. Lower row: Optical microscope images of post-MALDI-MS?|
hematoxylin and eosin (H&E) stained tissue sections. Scale bars reflect
(A,B) 1 mm and (C,D) 0.4 mm. Reprinted with permission from
reference 206 © 2019 American Chemical Society.

found for the n-9 and n-7 isomers, the data revealed an elevation of the unusual n-13 DBPI in the head-

and the tail-region of the parasite. Localization of the DBPI in these regions suggests a local function

of it or that it is the product of a local metabolic process.

The described methodology was developed with an atmospheric pressure AP-SMALDI® AF source. To

test the application to other ion source systems, BPh-covered mouse cerebellum tissue was analyzed

employing an intermediate pressure MALDI-2 ion

sourcel®%160

of the Dreisewerd group. Both the
varied pressure domain and varied ionization
technique did not inhibit the MALDI-laser-induced

PB derivatization (Figure 10).

The second publication of the project?'® describes
the results of the efforts to improve the PB-reactive
MALDI matrix performance. A screening of twelve
BPh-related compounds as PB-reactive matrices was
performed to enhance the PB yield, the ionization
efficiency, and the scope of analyzable lipid classes.
For the screening, a PC 18:1 (n-9)/18:1 (n-9) standard
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Figure 9: MALDI-MS? images of DBPI-diagnostic
fragment ions of PC 34:1, acquired from a male S.
mansoni worm with 20 um pixel size. Signal intensities
were TIC normalized. The lower row shows an optical
microscopy image before the measurement. Scale bars
reflect 1 mm. Reprinted with permission from
reference 206 © 2019 American Chemical Society.



and one of the potential matrices were
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lipid-matrix adducts did not contain any DB-
fragments. It was concluded that electron donating groups diminish the matrices’ PB reactivity.
Extension of the aromatic system has this negative effect as well. In contrast, pyridinyl derivatives of

BPh were found to improve PB reactivity.

In order to further examine the effect of electron structure variations in the aromatic system, BPh and
4-halogenobenzophenone derivatives with fluorine, chlorine, bromine and iodine were used to
systematically decrease the electron density of the reactive matrix. 4-Fluorobenzophenone slightly
increased the PB yield compared to BPh but all other 4-halogenobenzophenone caused lower yields.
Most likely, this is due to the electron donating mesomeric effect that negates the electron

withdrawing inductive effect and consequently results in electron donation by Cl, Br, and | substitution.
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Figure 11: Normalized levels of the PC 18:1/18:1 standard (red bars) and the matrix-attachment yield, Y, (blue bars) for each
matrix of the screening. MS2-confirmed PB product formation and absent PB reactivity are indicated by full blue and hashed
blue bars, respectively. Reprinted with permission from reference 213 © 2020 American Chemical Society.
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To investigate the effect of varying the lipid’s head group and unsaturation, PB functionalization with

BPh was tested for PC, PA, PG, PE, PI, PS (each
[TG 54:3+BzPy+H]*  NL = 1.02-108

. .. 100+ [TG 54:3+
with the FA-combination 16:0/18:1) and PC L 1068.855 TG543+ [TG54:3+ 3B2Py+Nal*
~ 80 2BzPy+H]* 2BzPy+NaJ* 1456.973
16:0/18:1, PC 18:1/18:1, PC 18:2/18:2, PC & | 1251.925 1273.907
; . 2 60 [TG 54:3+ 1
16:0/20:4, respectively. The PB yield showed to & BzPy+Na]* (TG 54:3+
£ 407G 54:3+Na]*  |1090.837 3BzPy+HJ"
be very similar for the different head groupsand @ 907773 1434.991 \
S 20- x l l
. 3 Y]
to be higher for more unsaturated FAs. At the s L. lll . A' i l " .J. '
same time, the yield did not change by adding a 900 1000 1100 1111330 1300 1400 1500

DB while the number of DBs per FA was . .
Figure 12: MALDI mass spectrum of a TG 54:3 standard using

maintained, i.e., same yields were recorded for BzPy as PB-reactive MALDI matrix. Reprinted with permission
from reference 213 © 2020 American Chemical Society.

PC 16:0/18:1 and PC 18:1/18:1.
Among the screened matrices, the highest PB reactivity was found for BzPy that outperforms BPh by
roughly 10% higher PB yields. Pyridine moieties have the additional advantage of a basic nitrogen that
can boost the ion intensity of protonated BzPy-adducted lipids in the positive-ion mode. In
experiments that were done to test the lipidomic scope of the new matrix compound, protonated
species of PG, cardiolipin (CL), and TG standards were exclusively detected after BzPy-attachment
(Figure 12). These experiments furthermore showed
the extended field of lipid classes that can be analyzed
on the DBPI level. Whereas DB positions were
pinpointed in PC, PE, PI, PA, PG, and SM standards with
BPh, BzPy adds FAs, SHexCers, PSs, HexCers, CLs, TGs,
and plasmalogen PCs to this list. Especially the entries
of FAs and SHexCers are noteworthy because these
represent the first examples of unveiling DB positions

by MALDI-MS? in the negative-ion mode.

BzPy is a dual-polarity matrix and can therefore cover

many compounds of various lipid classes which has

been demonstrated by the annotation of 133/58 lipids Figure 13: RGB MALDI-MS images of the mouse kidney

acquired in (A) the positive- and (B) negative-ion mode
in positive/negative-ion mode MSI of mouse with 7 um step size. The TIC-normalized laterally
resolved signal intensities of [PS 0-36:1+H]* (red, m/z
776.581), [SM 34:1+H]* (green, m/z 703.575), and [PE
38:0+K]* (blue, m/z 814.573) in the positive-ion mode
and [PA 36:1-H] (red, m/z 701.513), [PE-Cer 36:1-H]-
benefit of the pyridine-based reactive matrix. BzPy (8reen, m/z 687.544), and [SHexCer 42:2-H]" (blue,

m/z 888.623) in the negative-ion mode were
makes possible a more than doubled lateral resolution superimposed. The scale bars reflect 0.4 mm.

Reprinted with permission from reference 213 © 2020
(7 um) compared to BPh (15 um) which was used to American Chemical Society.

cerebellum. The 37/11 lipids that were exclusively

detected as BzPy adducts highlight the additional
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image fine structures in mouse kidney sections in both o o u R R R R
R—FR + N, — 0o Y o
X“7Y Laser Y/ Y

MS ion modes (Figure 13). Comparing the acquired

Lipid Matrix Lipid + Matrix HCD
MS images with post-MSI microscopy images shows R' o + + + ¢ _R2
that histological structures are well reflected by BzPy- Hon T
R'+CHO R2+C,HXY

based MALDI-MSI and that the sample preparation

Scheme 4: PB functionalization and HCD of
functionalized lipids. R! and R2? are the residues
containing the FA carbon chain and the lipid head
BzPy was also applied in DBPI-analysis directly from  group, respectively.

does not cause sample wash-out.

mouse pancreas tissue and in contrast to BPh, BzPy facilitates DBPI-resolution of a SHexCer from tissue
in the negative-ion mode. As shown in Scheme 4, the DB fragment ions are labeled as a or w ions
depending on whether they contain the head group or the remaining FA residue. “A” and “E” in the
subscript indicate if the fragment contains an aldehyde or an alkene moiety, respectively. The
superscript x reflects the DB position in the FA and # the overall number of DBs in the FA. Figure 14A
and B show MS? spectra of [PC 34:1+BzPy+H]* and [PC 36:2+BzPy+H]* from mouse pancreas which
reveal DB position isomerism for both lipids. Fragmentation of [PC 34:1+BzPy+H]* yielded DBPI-
diagnostic fragment ions for PC 34:1 (n-9) and PC 34:1 (n-7). PC 36:2 was identified as containing either
one di-unsaturated FA (with n-6 and n-9 DBs) and one saturated FA or two mono-unsaturated FAs
(with a n-9 or a n-7 DB). Compared to BPh (15 um), the lateral resolution of MS?l experiments has been
improved to 10 um pixel size (Figure 14C and D). After the MALDI-MS?l measurements,
immunofluorescence staining was successfully performed as indicated by the fluorescence microscopy
image in Figure 14E. The islets of Langerhans, which mainly consist of B-cells in mouse pancreas, were
stained in red. In sum, the a fragment ions of four selected PC m/z values were imaged in pancreas
tissue sections. No isomeric a ions were detected for PC 36:4 and PC 34:2 but distinct lateral
distributions were found for the above-mentioned isomers of PC 34:1 and PC 36:2 (Figure 14C, D and
14F-I). PC 34:1 (n-9) and PC 34:1 (n-7) have a converse distribution in the pancreatic islets where they
possessed elevation and depletion, respectively (Figure 14C and D). A homogenous distribution was
found for the diagnostic fragment ions of the di-unsaturated DBPI of PC 36:2 (Figure 14F and G)
whereas its mono-unsaturated DBPIs were both enriched in the tissue regions that were characterized

as islets of Langerhans (Figure 14H and 1).

In addition to the already published results, some measurements were done for the long-term goal of
applying DBPI-resolving MS?I to biological and medical issues as well as in routine analytical workflows.
To test the developed methodology in medical research, it has been employed for investigations in
organ tissue sections of disease-model mice. As a follow-up study of the results in pancreas described
above, pancreas tissue sections of diabetic (db/db) and wt mice were studied and the DBPI ratios of

PC 34:1 in the islets of Langerhans were compared. Diabetic mouse pancreatic islets exhibited a
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significant decrease of the n-9/n-7 ratio indicating a diminished importance of the n-9 isomer or a more

relevant role of the n-7 isomer.

Also, the cardiovascular disease mouse model (B6.129P2-Apoe'™V"¢/]) has been studied to decipher
characteristic lipidomic changes in pro-atherosclerotic mice. High-resolution (15 um pixel size) MS- and
MS2-images were acquired for apolipoprotein-E KO (apoE”") and wt mouse lung tissue (Figure 15) and
lipid annotations as well as lipid distributions were compared. The annotations include underivatized
lipids and BzPy-adducted ones. BzPy-adducts dominate the positive-ion mode annotations which again
highlights the advantage of BzPy’s basicity exerting a protonation boost after PB or non-covalent
attachment compared to endogenous lipids. Altogether, in the positive/negative-ion mode 243/186
and 192/214 lipids were assigned in wt and apoE”" mouse lung tissue, respectively. Comparing the
apoE”" to the wt annotations, an elevation of GP signals and a depletion of sphingolipid and GL signals
in apoE”" tissue were observed. The lateral distributions of lipids that were found in mutant and wt

were scanned for local variations. After assignment of the latter to histological features in microscopy
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Figure 14: MALDI-MS? and -MS2| from mouse pancreas tissue sections: HCD-MALDI-MS? spectra of (A) [PC 34:1+BzPy+H]* and
(B) [PC 36:2+BzPy+H]*. MALDI-MS? images are shown for the DBPI-diagnostic fragment ions of (C, D) PC 34:1 and (F-I) PC 36:2,
acquired with 10 and 20 um pixel size, respectively. Signal intensities were TIC normalized. E shows a fluorescence microscopy
image of the post-MALDI-MS?l-immunofluorescence-stained pancreas tissue section of C and D. Scale bars reflect 0.6 mm.
Reprinted with permission from reference 213 © 2020 American Chemical Society.
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images, the distributions in apoE”" and wt wildtype
tissue were compared. In both cases, G5 :
elevation and depletion were foremost
identified in tissue regions of bronchi and

blood vessels. In detail, the sites of higher

MALDI-MSI

intensity were sorted in five categories, (1)

surrounding bronchi and blood vessels, (2)

surrounding bronchi, (3) in bronchi and
blood vessels, (4) in bronchi, and (5) in
blood vessels, like exemplified for wt

tissue in Figure 16A, B, C, D, and E,

Microscopy

respectively. Table 1 summarizes the lipids

assigned to the five categories.
Figure 15: Upper row: RGB MALDI-MS images of the apoE/- and wt

Category (1) comprises various SMs that mouse lung acquired with 10 and 15 um pixel size, respectively. The
TIC normalized laterally resolved signal intensities of [PC 34:3+H]* (red,

are absent in the other categories except m/z 756.551), [SM 34:1+K]* (green, m/z 741.529), and [PC 34:0+H]*
(blue, m/z 762.583) were superimposed. Lower row: Optical
one example in (5). Ether-PSs that were microscope images of post-MALDI-MSI tissue sections. The scale bars
reflect 1 mm.
assigned to (1) bear rather long-chain FAs
(>C-atoms > 36) compared to category (4)-assigned ether-PSs (3C-atoms < 34). Furthermore, only
unsaturated lipids were assigned to category (1). As it was observed in an earlier work,?** PC 34:0 was
found enriched in blood vessels and consequently listed in (5). Whereas the annotations in the
categories (1) and (5) are similar for apoE”" and wt tissue, annotations differ greatly in the categories
(2), (3) and (4). PAs, for example, were only present in bronchi of apoE”* lung and acyl-PSs were only
found in wt lung. The tendency of longer FA chains in category (1) compared to category (4) is again
observed for acyl-PSs with > 36 C-atoms versus 34 C-atoms, respectively. Annotations in category (3)
differ the most between apoE” and wt lung having only PC 32:0 in common. Category (3) of apoE™”
tissue additionally comprises PS 0-34:0 and PS 0-36:3, whereas wt annotations are more diverse with

HexCer 36:1, PE 0-34:0 and the additional PC 32:1. Exclusive enrichment around the bronchi (category

Figure 16: TIC-normalized MALDI-MS images of wt mouse lung acquired with 15 pm pixel size. (A) [SM 34:1+K]* (m/z 741.531),
(B) [PS 38:3+H]* (m/z 814.558), (C) [PC 32:0+Na]* (m/z 756.552), (D) [PC 30:0+Na]* (m/z 728.521), and (E) [PC 34:0+H]* (m/z
762.600). The scale bars reflect 1 mm.
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(2)) is only observed in wt lung tissue. In detail, category (2) is filled with PCs of various chain lengths

(32 — 38 C-atoms), PE 36:1, PS 0-36:1 and various long chain PSs (36 — 42 C-atoms).

Table 1: Lipids annotated in apoE7- and wt mouse lung tissue and assigned to five categories of sites of higher concentrations:
(1) surrounding bronchi and blood vessels, (2) surrounding bronchi, (3) in bronchi and blood vessels, (4) in bronchi, and (5) in
blood vessels.

Annotated lipids Category Annotated lipids Category
apoE” wt apoE” wt
PC34:1 (1) HexCer 36:1 (3)
PS 36:2 (1) PC 32:0 PC 32:0 (3)
PC 36:4 (1) PC32:1 (3)
PS 0-36:2 PS 0-36:2 (1) PE 0-34:0 (3)
PS 0-36:3 (1) PS 0-34:0 (3)
PS 0-38:2 (1) PS 0-36:3 (3)
PS 0-38:3 (1) DG 30:1 (4)
PS 0-38:4 (1) DG 0-32:2 (4)
SM 34:1 SM 34:1 (1) HexCer 36:2 (4)
SM 34:2 (1) PA32:1 (4)
SM 36:1 SM 36:1 (1) PA 34:1 (4)
SM 40:1 (1) PA 34:2 (4)
SM 42:1 (1) PC 30:0 PC 30:0 (4)
SM 42:2 (1) PC 30:1 PC 30:1 (4)
PC 32:0 (2) PC32:1 (4)
PC32:1 2) PC32:2 (4)
PC34:2 (2) PC 36:5 (4)
PC34:3 (2) PE 34:0 (4)
PC36:1 (2) PE 0-32:0 (4)
PC 38:5 (2) PS 34:1 (4)
PE 36:1 2) PS 34:2 (4)
PS 36:0 (2) PS 0-32:1 PS 0-32:1 (4)
PS 36:1 (2) PS 0-34:1 PS 0-34:1 (4)
PS 36:2 (2) PS 0-34:2 PS 0-34:2 (4)
PS 38:3 2) PS 0-34:3 (4)
PS 42:4 (2) PC 34:0 PC 34:0 (5)
PS 42:5 (2) PE 36:0 (5)
PS 0-36:1 2) SM 40:1 (5)
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Besides endogenous lipids, PB functionalized lipids or non-covalent BzPy-adducts were imaged and the

lateral distributions showed good agreement with those of underivatized counterparts. This indicates

that the chosen sample preparation
procedure  prevents  wash-out
effects during reaction and that the
PB products as well as the
downstream DB-associated
fragments reflect the endogenous

lateral distributions.

DBPI-resolved MS? images of wt and
apoE”  lung reveal diverse
distributions for the n-9 and the n-7
isomer of PC 34:1 (Figure 17). Except
for the intensity gaps at the lumen
of the bronchi, DB-derived
fragments of PC 34:1 n-9 were
almost homogenously detected
throughout the measured tissue
area. On the contrary, PC 34:1 n-7
was found enriched in the bronchi
epithelial cells, protruding in the

lumen of the bronchi.

apoE’- wildtype

n-9

I

Microscopy

Figure 17: MALDI-MS? images of the DBPI-diagnostic fragment ions of PC 34:1
(n-9) and PC 34:1 (n-7) in apoE7- and wt mouse lung tissue. Pixel sizes: 15 um
(apoE7") and 20 um (wildtype). Signal intensities were TIC normalized. Lower
row: Optical microscopic images of tissue sections before measurement. Scale
bars reflect 0.6 mm (apoE”-) and 2 mm (wildtype).
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4. Conclusion

The aim of this work was to develop a workflow for the on-tissue PB functionalization of lipids to shed
light on DBPI distributions by MALDI-MS?| experiments in biological tissue samples. PB reagents were
applied as MALDI matrices onto samples and were photo-activated by the MALDI-laser irradiation,
triggering the PB functionalization of the lipid DBs. Subsequent collisional activation of the PB products

enabled the acquisition of DBPI-resolved MALDI-MS? images with down to 10 um lateral resolution.

The approach to fulfill the initial goal of using AcPh as an on-tissue PB reagent was the application of
AcPh thin films onto UV-irradiated tissue samples. Although the optimization of the reagent deposition
reduced wash-out effects and led to the observation of PB functionalization, the PB yield was too low
for MS?l. Neither benzaldehyde nor 2,5-dihydroxyacetophenone produced sufficient amounts of PB
derivatized lipids. That is why BPh was tested next and indeed, dropping BPh-solutions onto samples
and subsequent UV irradiation gave higher PB yields of 20% (compared to 5.6% with AcPh). The next
target was to tackle wash-out issues and to achieve homogenous BPh application. It was achieved by
pneumatic spraying of BPh solutions onto UV-irradiated samples. After few optimizations of the BPh
concentration and the solvent mixture, the pneumatic-spraying-based PB method yielded a DBPI-
resolved MALDI-MS? image of histological tissue features in mouse cerebellum. In an experiment
without DHB as supporting MALDI matrix, BPh was shown to function as a MALDI matrix itself. Spectra
with only one order of magnitude lower intensities than with DHB were obtained that were at the
same time cleaner regarding interfering matrix-derived signals. BPh was therefore used as PB-reactive
matrix, avoiding the need for any additional MALDI matrix. Consequently, the aim was now to optimize
the BPh spraying protocol for maximal lateral resolution and PB yield. The spraying parameters (the
concentration of BPh and the ionization-assisting trifluoracetic acid (TFA), the solvent composition, the
UV irradiation time, the overall sprayed volume, the spraying flowrate, the sample-to-spraying-needle
distance, the sample-to-UV-lamp distance, the strength of the nebulizing-gas flow (N2) and the
rotational speed of the sample holder) were optimized, enabling small matrix crystals (~15 pum) and

high ionization- (~10° normalized level) and derivatization-efficiencies (> 15%).

During the optimization of the spraying protocol, PB products were found in spectra of samples that
were not irradiated with a UV lamp. HPLC-ESI-MS measurements of the extracts of samples that were
prepared the same way did only show very low PB yields. This and a discovered correlation between
PB yield and the applied MALDI laser energy supported the assumption of the PB functionalization
being activated by the MALDI laser. The normalized levels in spectra of samples prepared without UV-
lamp irradiation were higher than those with a UV lamp. As a consequence, absolute PB product ion

counts were higher without UV irradiation unless the PB yield is lower. The UV lamp was thus removed
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from the sample preparation setup. In the first publication of the project, BPh was introduced as a
novel PB-reactive MALDI matrix that enables lipid DBPI resolution. Besides showing BPh’s suitability
for the DBPI analysis of standards of 6 lipid classes (PC, PE, PI, PA, PG, and SM), BPh was shown to be
sufficient for high resolution (15 um pixel size) MSI and DBPI-resolving MS?l. Comparing the MS images
of mouse cerebellum with BPh versus DHB as matrix revealed similar lipid coverages and lateral
distributions. In sum, 92/74 lipids were assigned in mouse cerebellum by using DHB/BPh as matrix and
BPh was observed to promote protonated signals whereas DHB showed more alkali metal adducts.
MS? images of whole S. mansoni worms uncovered elevated concentrations of the special n-13 isomer

in the parasite’s head and tail region.

Intending to improve the PB-reactive matrix approach, various BPh derivatives were screened and
compared in terms of ionization and functionalization efficiency. In the second publication of the
project, the results of the screening were presented and BzPy was introduced as new PB-reactive
matrix that outperforms BPh in the above-defined analytical figures of merit. Whereas hydroxy- and
amino derivatives of BPh provided high ion intensities but no PB products, pyridine derivatives like
BzPy enhanced ion intensities and PB yields. Furthermore, the basic pyridine moieties facilitated
protonation of lipid-matrix adducts. So, protonated BzPy-adducts of PG, CL and TG standards can be
detected while no signals appeared for [PG+H]*, [CL+H]* or [TG+H]* without BzPy attachment.
Complementing the scope of BPh (6 lipid classes), BzPy additionally enabled the DBPI analysis of FAs,
SHexCers, PSs, HexCers, CLs, TGs, and plasmalogen PCs (13 lipid classes). Localizing DBs in the negative-
ion mode was shown for the first time for FA and SHexCer standards and for a SHexCer from tissue.
Replacing BPh by BzPy improved the lateral resolution (15 pum versus 7 um) in MALDI-MS images and
with BzPy as a dual-polarity matrix, 133/58 lipids were assigned for mouse cerebellum tissue in the
positive/negative-ion mode, respectively. Higher resolutions (10 um) of DBPI-resolved MS? images
allowed to unveil the lateral distributions of the DBPIs of various unsaturated lipids in the islets of

Langerhans in mouse pancreas tissue sections.

In the final part of the project, the long-term goal of medical and routine application has been
addressed by studying diabetes- and cardiovascular-disease-model mouse tissue. Because of the found
differences of lateral DBPI distributions in pancreatic islets, DBPI ratios in these regions of wt and
diabetic-mouse pancreas tissue were investigated and compared. The n-9/n-7 ratio of PC 34:1 was
lower in diabetic islets of Langerhans, suggesting altered roles of the isomers. Another medical
application was the study of lipid profiles in lung tissue of apoE” mice which are model mice for
atherosclerosis research. Lipids were annotated by means of accurate m/z measurements in the MSI
data and the images were examined for signal elevations and depletions that were then matched to

histological regions. Regions of higher and lower lipid signal intensities were identified to be blood
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vessels and bronchi. In these histological structures, also the abundances of distinct DBPIs varied: The
PC 34:1 n-7 isomer showed higher concentrations in the epithelium of the bronchi than in the

surrounding tissue, whereas the PC 34:1 n-9 isomer was homogenously distributed.

Matrix screening experiments indicated that electron donating substituents like hydroxy and amino
groups hinder the PB functionalization of lipids, whereas BPh derivatives with lower electron density
in the aromatic system are more reactive than BPh. These trends can help further screening
experiments to find more reactive matrices and matrices with other desired advantages for structural

lipid analysis.
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5. Outlook

It was shown in this work that the PB functionalization of lipids is compatible with MALDI-MSI by using
PB-reactive matrices. The developed sample preparation method enables dual-polarity MALDI-MSI
and DBPI-resolved MS? from biological samples. Due to this multifunctionality, the matrix can be
deployed for common lipidomics without DBPI resolution while it also provides the option to fragment
PB products for DBPI imaging. Especially, BzPy can support common MS?!I because of the protonation
boost effect exerted by the basic nitrogen. This can help future lipidomics studies to image, e.g., TGs
that are hard to detect without BzPy-adduction. In principle, the protonation boost can be applied to
all molecules that form adducts with BzPy. In follow up studies, reactive matrices should be screened
to find more of such sensitivity-enhancing matrices for lipids and other biochemical species. Matrices
showing high ion yields in preceding screening experiments but were discarded for the lack of PB

reactivity, should be reviewed for their ionization ability in other applications than PB functionalization.

Because the DBPI-resolved MS?| often fails due to low PB product intensities, new matrices with higher
ionization and/or functionalization efficiency would enable the DBPI resolution of less abundant lipids.
Apart from that, optimized sample preparation methods as, e.g., recrystallization of the matrix layer
or additional washing steps have to be considered to extend the lipid class scope that is accessible in
MSI experiments with DBPI resolution. The already used ammonium formate washing could be
complemented or replaced by other procedures that, for example, wash away polar and charged lipids
to avoid the suppression of unpolar lipids like TGs. Recrystallization is expected to enhance the
ionization efficiency of lipids when they co-crystallize with the matrix.}*®* The development of a
recrystallization protocol requires to optimize the composition of the recrystallization solution, the

recrystallization time and the pressure of the recrystallization chamber.

Analyzing DBPIs in the negative-ion mode is challenging because the intensities of DB fragmentation-
derived ions is low. Although it has been demonstrated that DB positions can be uncovered with the
aid of BzPy as PB-reactive matrix, the fragment ion intensities did not suffice for DBPI-resolved MS?|
yet. To address this, PB-reactive matrices that boost negative-ion intensities, such as negatively
charged matrix materials, are needed. By using the charged matrix BzPy, we-fragments (remaining FA
chain residue coupled to the charged matrix) were observed in this work. Negatively charged matrices
could allow detecting this fragment type in the negative-ion mode. DBPI analysis of favorable
negatively charged lipids such as FAs, SHexCers, Pls, etc. could be accessible by using we-fragments in
future projects. 4-Benzoylbenzoic acid, for example, was already tested in the screening experiments

of this work and showed approximately 12% PB yield with a PC 18:1/18:1 standard in the positive-ion

44



mode. As 4-benzoylbenzoic acid is readily deprotonated, this PB-reactive matrix could help to

overcome the challenge of DBPI-resolved MS?| in the negative-ion mode.

In the conducted shotgun lipidomics experiments, many lipids could not be analyzed by MS? because
their signals were superimposed by more abundant or more-readily ionized lipids. Combining shotgun
lipidomics with parallel HPLC-MS and -MS? runs to confirm shotgun annotations and to find additional
species would allow a more complete lipidomic picture of tissue samples. Routine methods including
(A) imaging and (B) HPLC protocols should be the long-term goal to transfer the methodology from
specialized laboratories to routine analysis, performed by briefly trained technicians. The protocols
should cover all parameters, pitfalls and troubleshooting of (A) embedding, sectioning, washing steps,
matrix application, MS measurement, image processing as well as the annotation of lipid species and

(B) lipid extraction, HPLC (column, eluent, gradient, etc.) and MS measurement.

The search for new matrices would benefit from a comprehensive understanding of the processes
occurring in the MALDI-triggered PB reaction observed in this work. Mechanistic details of the PB
reaction are still discussed and new questions arose during the course of our studies: Does the reaction
happen in the solid- or gas-phase or in matrix-analyte clusters of the MALDI plume? Can the found
regioselectivity contribute to the understanding of the PB reaction? Can our data complement the
available data for PB reactions of pyridine-substituted carbonyls? When electron-donating substitution
lowers the PB reactivity of the matrix — why is this the case? Turro et al. consider two mechanistic
paths for the carbonyl’s nit* state reacting in the PB reaction: (1) The semi-occupied n* orbital reacts
as a nucleophile or (2) the semi-occupied non-binding n, orbital of the carbonyl oxygen reacts as an
electrophile.?* Our experiments indicate that higher electron density led to lower PB reactivity.
Consequently, path (2) is suggested to be the favored path. Other explanations could be that the
electron donating groups vary the energy of the carbonyl’s HOMO in an unfavorable manner or that
they impede the ISC of the excited carbonyl. In order to answer these questions, more experiments
using BPh derivatives with systematically varied electronic structure are needed. The used halogen-
substituted BPh derivatives led to ambiguous results most likely because electron-donating mesomeric
effects masked electron-withdrawing inductive effects. This could be tackled by employing
trihalogenomethyl-substituted derivatives instead of halogen-substituted ones because the former
cannot exert a mesomeric effect. Furthermore, theoretical calculations, i.e., computational chemistry
should also be considered to support the mechanistic studies like Guerra et al. recently did for the PB

reaction of formaldehyde and ethylene.?®®

In a preceding study, PB functionalization with AcPh and UVPD-MS?were combined. Compared to CID-

MS?, UVPD showed higher selectivity for DB fragmentation. Consequently, it is worth testing the UVPD-

fragmentation performance with BPh- or BzPy-functionalized lipids. If the higher selectivity of UVPD is
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observed here too and DB fragment ion intensities are increased, this could help to image DBPIs of
low-abundance lipids as well. The Brodbelt group lately published a UVPD workflow with a subsequent
precursor exclusion to enhance the signal-to-noise ratio of DB fragment ions.?® By applying a wide
isolation window including the fragment ion but excluding the precursor, the orbitrap is loaded with
less ions which, according to the authors, reduces space-charging and dephasing?!’ effects. This can
easily be adapted to the developed PB methodology by using an MS"-capable ion-trap mass

spectrometer.

Because neither in CID nor in UVPD DB-fragmentation is the main fragmentation path, other more
intense fragment ions like head group losses disturb DBPI analysis. If the oxetane of the PB
functionalization remains intact after head group detachment, it can be fragmented in an MS? step to
finally yield DB-derived fragment ions. Apart from this, Cao et al. showed that sn-isomerism can be
resolved by CID of head group loss fragments of lipids that were PB-functionalized with 2-AcPy.!°
These findings motivate to apply the CID-MS® workflow to the BzPy-functionalized lipids used in the

work at hand.

Besides the method optimization for higher lateral resolution, increased ionization and
functionalization efficiency and more lipid classes accessible for DBPI analysis, the developed
technique has to be applied to biochemical and medical issues. Initial results for apoE”- mouse lung
tissue and the lateral DBPI distributions in diabetic mouse pancreas call for further surveys to acquire
reliable trends for the DBPI ratios in wt compared to diseased tissue. Studying variations in DBPI ratios
and lateral distributions can help to infer disease-induced changes of the activities of enzymes and
proteins like, for example, desaturases, elongases, FA-binding proteins, acyltransferases and
phospholipases.®>?!® Lipid isomers consequently can serve as disease biomarkers to assist diagnosis

and precise treatment.
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ABSTRACT: The location and identity of phospholipids
(PLs) within tissues can serve as diagnostic markers for
tissue types or diseases. Whereas mass spectrometry
imaging (MSI) has emerged as a powerful bioanalytical
tool to visualize PL distributions, inferring PL identities
from MSI experiments is challenging. Especially, C=C
double-bond (DB) positions are not identifiable in most
MSI experiments. Herein, we introduce benzophenone
(BPh) as a novel reactive matrix for matrix-assisted laser
desorption/ionization (MALDI). BPh promotes desorp-
tion/ionization and simultaneously serves as derivatization
reagent that allows functionalization of unsaturated PLs
during the MALDI process via a laser-light driven
Paterno—Biichi (PB) reaction without the need for
additional equipment. Using BPh, PB product ions of
numerous PL classes are readily generated to pinpoint the
location of DBs. High lateral resolution MSI results of
DB-position isomers are presented, highlighting the
capabilities of BPh as a PB-reactive MALDI matrix to
potentially unveil the impact of DB-position isomers in PL
metabolism.

Lipids fulfill significant roles in energy storage,' cell
signaling” and are the building blocks of cell membranes.®
As details of lipid functions are closely connected to their
molecular makeup, structural lipid analysis helps to decipher
specifics of metabolic transformations® and to reveal disease
biomarkers.®

Mass spectrometry (MS), tandem MS (MS") and ion
mobility MS have emerged as important bioanalytical tools to
study lipid structures.” For example, direct infusion, or
“shotgun” MS’ has recently been used to show that energy
homeostasis in mitochondria is modulated by cardiolipins.’®
Automated structure assignment of lipids was successfully
implemented for shotgun and liquid chromatography MS to
facilitate high throughput structure-resolved lipidomics.”

Despite the impressive capabilities of MS-based lipidomics,
not all structural features of lipids are readily deciphered via
collision-induced dissociation (CID). In particular, assignment
of stereospecific numbering (sn) and DB-positions necessitate
comparison to authentic standards in most MS* methods.
Therefore, novel MS" and functionalization strategies have

v ACS Publicat\vons © 2019 American Chemical Society

been developed. Ultraviolet photodissociation, ozonolysis and
UV light induced PB functionalization were shown to allow
DB-positions and/or sn-isomers elssi‘(g,rm'lent,m‘11

However, local variations of lipid abundances and structures
are only accessible when using MSI. Sophisticated MSI
instruments have been developed to discriminate DB-position
and sn-isomers of PLs.'*™'* All these studies revealed an
unexpectedly high level of PL isomer organization in specific
histological regions that heralds the importance of underlying
metabolic processes.

We herein present BPh as a PB reactive MALDI matrix, in
order to allow researchers to study PL DB-position isomers
and their changes in tissue with access to MALDI-MSI
equipment. Upon UV laser (343 nm) irradiation during the
normal laser desorption/ionization process, BPh reacts with
unsaturated PLs in a [2+2] PB reaction enabling assignment of
DB-positions in MS* and MS?I experiments.

To simplify PB functionalization of PLs for MALDI-MSI
applications, compounds that can simultaneously serve as
crystalline MALDI matrix and PB functionalization reagent
were screened. Our investigations commenced with BPh
because it readily crystallizes, absorbs typical MALDI laser
wzlvelengthslS (Figure S1) and was shown to efficiently react
with olefins in in-solution PB reactions.'® PB-functionalized
PLs are 182.07 Da higher in mass per functionalized DB than
their unfunctionalized counterparts (Scheme 1). CID of PB

Scheme 1. PB Reaction Scheme of a Hypothetical PL with
BPh and Subsequent CID Fragmentation”
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product ions results in formation of two fragment ions for
every DB-position in a retro-PB reaction. The fragment ions
corresponding to the same DB-position are separated by
150.08 Da.

The optimized application protocol was used to cover
mouse brain sections by pneumatic matrix deposition
(Supporting Protocol 1, Figure S2A). During BPh application
the sample surface was, in first experiments, irradiated by a
mercury-UV lamp (Figure S2B). The resulting MALDI mass
spectrum is shown in Figure 1A. The mass spectrum between
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Figure 1. (A) MALDI-MS recorded from BPh-covered mouse brain
section with UV lamp irradiation. (B) MALDI-MS recorded from
BPh-covered mouse brain section without UV lamp irradiation. (C)
MALDI-MS? spectrum of [PC 34:1+BPh+H]*. NL = normalized
level.

m/z 700—900 contains signals assigned to protonated PLs.
Two selected protonated PCs, namely PC 34:1 and PC 36:1,
are highlighted. A complete list of detected PLs with BPh as
matrix are listed and compared to results with the standard
matrix 2,S-dihydroxybenzoic acid (DHB) in Table SI and
Figure S3. Assignment of ions detected between m/z 900—
1000 to endogenous PLs was not possible. However, the mass
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differences between ions from this higher m/z range and
assigned endogenous PLs are in line with addition of BPh to
PLs and these ions are absent in MALDI mass spectra when
using DHB as matrix (Figure $4). For example, for protonated
PC 34:1 and PC 36:1, associated signals 182.07 Da higher in
mass are detected with an apparent reaction yield, Y, of 21%
and 17%, respectively (Figure 1A).

To investigate if ions between m/z 900—1000 form as a
result of UV lamp irradiation, BPh was applied under light
exclusion onto mouse brain sections. The resulting MALDI
mass spectrum is shown in Figure 1B. The spectra in Figure 1A
and Figure 1B are unexpectedly similar. The major difference
between the spectra being the absolute MS signal intensity.
Without UV lamp irradiation the signals for [PC 34:1+H]* and
[PC 34:1+BPh+H]" were 5.0 and 2.5 times higher than the
same signals with UV irradiation during matrix application,
respectively. The PB reaction yields for PC 34:1 and PC 36:1
were 12% and 11% (Figure 1B). This suggests that the
majority of product ions are not due to UV lamp irradiation.
However, CID of BPh-attached PL ions with and without the
use of mercury-UV light yielded identical fragment ions.
Typical CID mass spectra are shown in Figure 1C and Figure
SS. [PC 34:1+BPh+H]* fragment ions assigned to retro-PB
reactions of DBs located at n-7 and n-9 are consistent with
recently published results (Figure 1C).""* The fact that the
majority of BPh-attached PLs do not originate from UV lamp
irradiation while tandem MS results indicate the presence of
PB product ions, supports the idea that PB product ions are
formed as a result of MALDI laser irradiation of the BPh-
covered sample surface. Comparable results for relative ion
intensities, matrix crystals sizes and Y values were obtained
when sublimating BPh onto mouse brain tissue (Figure S6).
MALDI mass spectra of BPh-covered mouse brain resulted in a
total of 19 signals that were assigned to PB-functionalized
unsaturated PLs (Table S2).

In order to corroborate that MALDI laser light initiates the
PB reaction, extracts of BPh-coated mouse brain sections were
analyzed via liquid chromatography (LC)-MS®. The PB
product yields were only about 0.03% (Figure S7). This
demonstrates that the large majority of PB products are formed
upon UV laser irradiation. A second piece of evidence comes
from MALDI MS measurements with varying laser pulse
energy. If the PB reaction is initiated by MALDI laser light,
increasing laser fluence is expected to result in increased PB
yields. As evident from Figure S8, Y for [PC 34:1+BPh+H]"
increases from 9.0 + 2.3% for 0.13 pJ/pulse to 19.2 + 2.5% for
1.44 pJ/pulse. Our findings are supported by results reported
by Yuan et al., which showed that the *(nz*) phosphorescence
quantum yield of BPh, the state involved in PB reactivity, at
room temperature is increased from 0.001% in solution to
15.9% in BPh crystals.'® This combined evidence strongly
suggests that MALDI laser light initiates PB reactions between
BPh and PLs.

To evaluate the analytical capabilities of BPh as a MALDI
matrix for pinpointing PL DB-positions, different PL classes
with varying degrees of unsaturation were investigated, and
results are shown in Figures S9 and $10. In accordance with
previous reports for other PB reagents, DBs were successfully
localized in PC, PE, PI, PA, PG and SM lipids. DBs were
successfully determined for 10 PCs directly from mouse
cerebellum (Table S3). The relative ion intensity of PB
product ions from mouse brain tissue increases with increasin%
DB number in line with in-solution experiments (Table $4).

DOI: 10.1021/jacs.9b05868
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Intensities for PB product ions of other lipid classes from
mouse brain tissue were too low for DB-localization, most
likely due to the known ion suppression effect exerted by PCs
and SMs."” In addition to qualitative PL DB-position analysis,
relative quantification of DB-position isomers was successfully
performed (Figure S11).

Following BPh performance evaluation as MALDI matrix
(Figures S12—S14), the BPh matrix was employed for DB-
position resolved MALDI-MS?I experiments. Results for PC
34:1 and PC 36:1 in mouse cerebellum sections are shown in
Figures 2, S1S5 and S16. As previously demonstrated, PC 34:1

A B C D

n-9 isomer

n-7 isomer

Figure 2. MALDI-MS® images of diagnostic retro-PB aldehyde
fragment ions of (A) PC 36:1 and (B—D) PC 34:1 acquired from
mouse cerebellum sections with (A,B) 25 ym and (C,D) 1S um pixel
size. TIC normalized (A—C) n-9, (A—C) n-7 and relative intensity
(D) n-9/n-7 and (D) n-7/n-9 MS images. The red square in column B
highlights the region measured in column C+D. (lower row)
Microscope images of H&E stained tissue sections after MALDI-
MS?L. Scale bars are (A,B) 1 mm and (C,D) 400 pm. TIC — total ion
current.

and PC 36:1 mainly consist of PC 16:0 18:1(n-9)/PC
16:0_18:1(n-7) and PC 16:0_20:1(n-9)/PC 16:0_20:1(n-
7)/PC 18:0_18:1(n-9)/PC 18:0_18:1(n-7), respectively.'>"*
Consistently, we solely detected n-9 and n-7 associated
fragment jons and the distribution of these DB-position
isomers within mouse cerebellum tissue differed (Figure 2).
The TIC normalized lateral distributions of n-9 for PC 36:1
(Figure 2A) and PC 34:1 (Figure 2B) with 25 um pixel
resolution reveal increased abundance of -9 in the white
matter of the cerebellum compared to surrounding tissue. In
contrast to the n-9 distributions, the distributions of n-7 of PC
36:1 and PC 34:1 (Figure 2, A+B) exhibit depleted n-7 isomer
abundance in white brain matter compared to gray brain
matter. Our results are in line with previous reports.'>"*
Comparison between 25 ym MS?I results and H&E stained
microscopy images acquired after MS’ experiments (Figure 2)
confirm that regions with increased n-9 and n-7 abundance
correlate with white and gray brain matter, respectively. DB-
position isomer resolved MS*I results of PC 34:1 in mouse
cerebellum with 15 um pixel resolution are shown in Figure
2C. In accordance with 25 ym MS’I results and histological
regions identified via microscopy, DB-position isomer

abundances differ between tissue regions. The abundance of
n-9 is higher in white compared to gray matter, whereas n-7
shows a complementary intensity distribution. Visualization of
this organizational preference of DB-position isomers is
pronounced by plotting the intensity ratios n-9/n-7 and n-7/
n-9 (Figure 2D). Taking into account that the average
diameter of neuronal cells in mouse brain is between 10—20
um,'® the separation between histological regions based on
DB-position isomer abundances down to 15 um suggests that
specific PL isomer abundances are preserved down to the
single cell level.

Next, we studied DB-resolved PL surface distributions of
male Schistosoma mansoni to demonstrate the applicability of
our workflow to study unknown samples. S. mansoni is a
mammalian trematode causing the human disease schistoso-
miasis (bilharzia).'”*° The parasite is known for its unique PL
metabolism, but specifics of DB-position isomerism are largely
unknown. DB-position resolved MALDI-MS?I experiments for
PC 34:1 and PC 36:1 from S. mansoni surfaces are shown in
Figures 3, S17, S18 and S19, respectively. PC 34:1 in male S.

Optical image

Figure 3. MALDI-MS® images of diagnostic retro-PB aldehyde
fragment ions of PC 34:1 acquired from male S. mansoni tegument
with 20 um pixel size (TIC normalized). (lower row) Optical
microscopy image before measurement. The scale bars reflect 1 mm.

mansoni tegument, i.e., the worm surface, does not only consist
of n-7 and n-9 DB-positions but also contains the n-13 DB-
position (Figure 3) in line with previous studies."” Shotgun
PB-MS? of male S. mansoni extracts revealed that PC 34:1
mainly consists of the isomers PC 16:0 18:1(n-7), PC
16:0_18:1(n-9) and PC 16:0_18:1(n-13) (Figures S20 and
S21). However, the three DB-position isomers are not
uniformly distributed across the parasite surface. While n-7
and n-9 isomers are located across the entire S. mansoni
surface, n-13 associated fragment ions show increased
abundance in head and tail in comparison to the intermediate
region of the parasitic organism’s tegument (Figures 3 and
S17). This might indicate an accumulation or specific function
of PC 16:0_18:1(n-13) in these regions. Male S. mansoni PC
36:1 was found to be composed of FA 16:0, FA 18:0, FA 18:1
and FA 20:1 (Figure $20). The most abundant DB-position
fragment ijon corresponds to a DB at position #n-9, but low
intensity signals for n-7 and n-13 were also present (Figure
S21). Even though no pronounced accumulations of DB-
position isomers in tegumental structures were observed

DOI: 10.1021/jacs.9b05868
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(Figure S18), our MALDI-MS’T method using BPh as matrix
permitted the identification of the unusual FA 18:1(n-13)/FA
20:1(n-13) in PC 36:1 from male S. mansoni tegument.

In conclusion, we have demonstrated that pneumatically
sprayed and sublimated BPh crystal layers can undergo a PB
reaction with unsaturated PLs initiated by 343 nm laser light
during laser desorption/ionization. To the best of our
knowledge, this is the first report of a structure-diagnostic
photochemical reaction during MALDI. We have exploited the
resulting PB reaction products to perform MALDI-MS’I
experiments with the highest reported pixel resolution of 15
pum, enabling the discrimination of DB-position PL isomer
lateral distributions using commercially available MSI equip-
ment. As only BPh and laser light of 330—370 nm is required
to perform DB-position resolved MALDI-MS’I experiments,
our methodology can be used by all researchers in life science
or medicine with access to modern commercial MALDI-MSI
equipment. In order to improve the PB reaction yield, our
future research efforts will focus on testing other PB reactive
solid matrix compounds with various MALDI laser wave-
lengths and mixtures of PB reactive with conventional
matrices.”'
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ABSTRACT: Local lipid variations in tissues are readily revealed with mass
spectrometry imaging (MSI) methods, and the resulting lipid distributions serve as
bioanalytical signatures to reveal cell- or tissue-specific lipids. Comprehensive MSI
lipid mapping requires measurements in both ion polarities. Additionally, structural
lipid characterization is necessary to link the lipid structure to lipid function. Whereas
some structural elements of lipids are readily derived from high-resolution mass i “H gt :
spectrometry (MS) and tandem-MS (MS"), the localization of C=C double bonds R AR mouse
(DBs) requires specialized fragmentation and/or functionalization methods. In this [[ulIEER IR & o * ‘pancreas
work, we identify a multifunctional matrix-assisted laser desorption/ionization

(MALDI) matrix for spatially resolved lipidomics investigations that reacts with lipids in Paterno—Biichi (PB) reactions during laser
irradiation facilitating DB-position assignment and allows dual-polarity high-resolution MALDI-MSI and MALDI MSI studies. By
screening 12 compounds for improved ionization efficiency in positive-/negative-ion mode and the functionalization yield compared
to the previously introduced reactive MALDI matrix benzophenone, 2-benzoylpyridine (BzPy) is identified as the best candidate.
The new matrix enables DB localization of authentic standards belonging to 12 lipid classes and helps to assign 133/58 lipid features
in positive-/negative-ion mode from mouse cerebellum tissue. The analytical capabilities of BzPy as a multifunctional MALDI-MSI
matrix are demonstrated by imaging endogenous and PB-functionalized lipids in mouse kidney sections with 7 gm lateral resolution
in both ion modes. Tracking diagnostic lipid DB-position fragment ions in mouse pancreatic tissue with down to 10 ym pixel size
allows us to identify the islets of Langerhans associated with lipid isomer upregulation and depletion.

Bl INTRODUCTION investigate lipid structure variations to reveal unexpected
effects in lipid biology.

One of the most widely used untargeted bioanalytical tools
in lipidomics is mass spectrometry (MS).> This is because
direct infusion measurements, often usin% electrospray

In-depth lipid characterization of cells, tissues, or body fluids is
at the heart of lipidomics that promises novel insights into lipid
biology and aims to use lipid biomarkers or lipid signatures as

diagnostic probes to monitor disease progression."”” Lipid ionization (ESI) desorption ESI (DESI)," and matrix-
analysis requires not only comprehensive charting of expressed assisted laser desorption/ionization (MALDI),'! allow us to
lipids but also a detailed characterization of lipid distribution distinguish a multitude of lipids by accurate mass-to-charge
and structures.” This is because disease-associated lipid (m/z) values and assign their sum formulae when employing
abundance alterations or implications of subtle structural state-of-the-art mass spectrometers. Tandem MS (MS"), first
changes are often unpredictable as most of the intertwined and foremost collision-induced dissociation (CID), reveals
enzymatic processes involved in lipid metabolism are yet to be lipid fatty acid composition and lipid classes.'” Hyphenated
unraveled.”™® For example, the unfolded protein response techniques such as liquid chromatography (LC) or ion-
(UPR) of eukaryotic cells increases when the level of saturated mobility spectrometry can further improve the performance of
lipids in the cell membrane of the endoplasmic reticulum MS-based ]jg)idomjcs by separating isobaric and isomeric lipid
increases. This suggests that the UPR regulatory machinery can compounds.'* However, the assignment of mass spectrometric
sense cell membrane composition offering a potential features to specific lipid structures, especially for glycerolipids,

connecting to reports about endoplasmic reticulum stress
induced by obesity, high-fat diets, or type 2 diabetes.”® The Received: July 24, 2020
mechanism of lipid composition sensing, however, remains Accepted: September 12, 2020
unclear. This demonstrates that many details of lipid Published: September 12, 2020
metabolism in the context of biology and medicine will benefit

from bioanalytical methods that can provide a comprehensive

picture of lipid composition and distribution and also can

© 2020 American Chemical Society https:/dx.doi.org/10.1021/acs.analchem.0c03150
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glycerophospholipids, sphingolipids, and glycolipids, remains
challenging. Therefore, recent years have seen a surge in novel
MS" methods that allow us to distinguish structural features of
isomeric lipids. Especially for C=C (DB) position assignment,
many novel mass spectrometric tools, for examFle, ultraviolet
(UV) photodissociation mass spectrometry, *~ "7 radical-
directed dissociation,’®'® ozone-induced dissociation
(0zID),” and infrared (IR) action spectroscopy of ultracold
ions,”’ have been reported. In-solution functionalization via
epoxidation®*® or photochemical Paterno—Biichi (PB)
functionalization prior ESI is also capable of identifing lipid
DB positions.”* > The latter functionalization scheme,
pioneered by Ma and Xia,”> has been used by numerous
groups to assign DB positions in direct infusion and LC—MS
workflows.”>*" Lipid DB isomer assignment from surfaces or
local alterations of lipid isomer abundances in tissues, however,
require desorption-based ionization methods."*****3* For
example, MALDI-MS and MALDI-MS imaging (MSI) tools
were developed that enable pinpointing lipid DB positions.
MALDI-MSI and OzID were combined by Paine et al. to
visualize DB-position isomer distributions in rat brain sections
with down to 80 um lateral resolution.* Bednatik et al.
developed on-tissue PB and ozonolysis functionalization
methods for lipids to track lateral DB-position isomer
variations in the brain and colon tissue with MALDI2-MSI
and MALDI-MS’I with down to 25 and 15 um, respec-
tively.>** In one of our recent studies, we identified
benzophenone (BPh) as a compound that can act as a
MALDI matrix and reacts with lipids in a PB reaction during
laser irradiation, a process termed PB-reactive MALDL>® This
enabled in situ derivatization, DB-position assignment, and
imaging of lipids in mouse brain sections and parasites with a
pixel size down to 15 pm. These studies have revealed that
some DB-position isomers are associated with distinct
histological features and that lipid isomer abundances can
change upon disease progression. As the biochemical origin of
these organizational preferences is largely unknown, charting of
spatially resolved lipid DB-position maps are regujred to
develop a refined picture of local lipid metabolism.*® In order
to develop a comprehensive map of lipid abundances and DB-
position expression in tissues, MALDI methods are required
that facilitate high-lateral-resolution measurements (below 20
um), allow DB-position assignment, and cover a broad range
of lipid classes. Aside from appropriate MALDI equipment, the
MALDI matrix is particularly important.”** The matrix needs
to enable high-lateral-resolution measurements, allow DB-
position assignment, and enable dual-polarity measurements to
cover a broad range of the chemically diverse class of lipids.
MALDI matrices typically used for high-resolution MSI
measurements, such as 2,5-dihydroxybenzoic acid®’ or 9-
aminoacridine,* yield best results in positive- or negative-ion
mode. Novel tailormade matrices, like acid/base bifunctional
MALDI matrices, improve the detection of positive/negative
ions.*' MALDI matrices for low-molecular-weight compounds
were recently reviewed.*” However, simultaneous detection of
lipids in both ion modes, DB-position assignment, and high-
resolution MALDI-MSI has not been achieved yet.

Here, we evaluated the ability of 12 BPh derivatives to serve
as a PB-reactive MALDI matrix and improve lipid coverage,
DB-position assignment, as well as the lateral resolution in
MALDI-MSI and -MS*I compared with BPh. The reactive PB
matrix with the best-combined performance characteristics in
terms of MS ion signal intensity and MS* DB-diagnostic

14131

69

fragment ion intensities is demonstrated to allow dual-polarity
MALDI-MSI with down to 7 gm lateral resolution, to increase
the lipid class coverage compared with BPh results, to facilitate
DB-position assignment of 12 lipid classes in positive- or
negative-ion mode, and to enable DB-position-resolved
MALDI-MS?I with down to 10 gm pixel size. The capabilities
of this novel PB-reactive matrix are showcased by imaging
histological features of mouse kidney/pancreas tissue. In
particular, glomeruli in the kidney are imaged in both ion
polarities in MALDI-MSI experiments, and DB-position-
resolved MALDI-MS’I results of the Langerhans islets of the
murine pancreas are presented.

B EXPERIMENTAL SECTION

Materials and Lipid Nomenclature. Lipid standards and
lipid extracts were purchased from Avanti Polar Lipids
(Alabama, USA) and NOF Corporation (New York, USA).
BPh, 2-benzoylpyridine (BzPy), di(pyridine-2-yl)methanone
(D2PyM), di(pyridine-3-yl)methanone (D3PyM), 4-benzoyl-
benzoic acid (4-BzBA), 4,4'-difluorobenzophenone (DFBPh),
2-aminobenzophenone (2-ABPh), 3-aminobenzophenone (3-
ABPh), 4-aminobenzophenone (4-ABPh), l-isoquinolinyl
phenyl ketone (IQPK), diazafluorenone (DAF), 9-fluorenone
(9F), and 2,2',4,4'-tetrahydroxybenzophenone (THBPh)
(Figure S1) used in screening experiments were purchased
from Sigma-Aldrich. All chemicals (analytical purity) were
used without further purification. The lipid nomenclature
introduced by Liebisch et al.*® is adapted in this manuscript
except for the DB-position notation for which the #-
nomenclature is employed, where a DB at position x counted
from the aliphatic end of the hydrocarbon residue (@-carbon)
is noted as “n-x”. Consequently, a @-6 fatty acid with 18 C-
atoms and one DB is abbreviated as FA 18:1 (n-6).

Tissue and Sample Preparation. Cryotome (HMS2S;
Thermo Scientific, Dreieich, Germany) sectioning of the
mouse brain (C57BL6/N male and female mice, 12—20 weeks
of age), mouse kidney (wt/wt male mouse, 39 weeks of age),
and mouse pancreas (wt/wt female mouse, 12 weeks of age)
samples was done at —20 °C, and the resulting tissue sections
(20 pm thickness) were thaw-mounted on glass slides. Organ
samples and tissue sections were stored at —80 °C until further
use. All animal experiments were performed with the
permission of the Regional Council Karlsruhe (permission
number G-53/17) and conformed to the Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 85-23,
revised 2011). The mice were housed in the Interfaculty
Biomedical Research Facility (IBF) of Heidelberg University,
Germany. Matrices were applied by sublimation/resublimation
onto tissue sections using a homebuilt setup (Figure S2 left).**
Lipid standards and lipid extracts were spotted onto glass slides
by dried-droplet deposition (1 L) of 107> M solutions in
methanol, chloroform, or dichloromethane. After lipid
deposition, 107 M solutions of the respective matrix was
spotted onto the lipid sample by dried-droplet deposition (1
ulL).

MALDI-MSI. An AP-SMALDIS-AF MSI ion source (Trans-
MIT GmbH, Giessen, Germany) coupled to an orbital
trapping mass spectrometer (Q Exactive or Q Exactive HF;
Thermo Fisher Scientific GmbH, Bremen, Germany) was
employed for the MALDI-MS, MALDI-MSI, MALDI-MS?,
and MALDI-MS?I experiments. The full-pixel mode was used
for MALDI-MS, MALDI-MS?, and MALDI-MS’I experiments
with 10—20 um pixel size. In full-pixel mode, the ablation area

https://dx.doi.org/10.1021/acs.analchem.0c03150
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is increased by quickly moving the sample while operating the
ablation laser with a high repetition rate.”> For MALDI-MSI
measurements, a step size of 7 yum was used to locally probe
the sample surface without steering the laser across the sample.
For MS, MSI, MS? and M$?, the following settings were
used—mass resolution at m/z 200: 140,000 (Q Exactive) or
240,000 (Q Exactive HF); higher-energy collisional dissocia-
tion (HCD) normalized collision energy setting: between 18
and 44; inlet capillary temperature: 250 °C; S-lens setting: 100;
and inlet time: 500 ms. External mass calibration for MALDI-
MSI was performed using the ion signals of protonated PC
34:1 and deprotonated PI 38:4 in positive- and negative-ion
mode, respectively.

Microscopy and UV/Vis Spectroscopy. Immunofluor-
escence staining of mouse kidney and mouse pancreas tissue
sections was done following Supporting Protocol 1 and
Supporting Protocol 2, respectively. Optical microscope
images and fluorescence microscope images were acquired
using the aid of a Keyence VHX-5000 digital microscope
(Keyence Deutschland GmbH, Neu-Isenburg, Germany) and
an Axiovert 2000 M microscope (Zeiss, Oberkochen,
Germany), respectively. UV/vis measurements of matrix-
covered cuvettes were performed using a V-550 (JASCO
GmbH, Pfungstadt, Germany) instrument.

Data Analysis and Visualization. The Thermo XCalibur
Qual Browser was used for manual analysis of individual or
averaged mass spectra, whereas MS images were processed
using Mirion imaging software.” Normalized level (NL)
values, the intensity scale of Thermo Fisher Scientific mass
spectrometers, were provided by XCalibur Qual Browser
software. All images were created with a histogram bin width of
0.01 u and an absolute m/z variance of 0.01 u. Ion-signal
intensities used for MALDI-MSI and MALDI-MS’[ were
normalized to the total ion current (TIC) per pixel and the
highest signal intensity per image. For lipid assignment in
MALDI-MSI experiments, accurate n/z values were compared
with exact m/z values using data bank searches in LIPID
MAPS. The data bank was searched for protonated, sodiated,
potassiated, and deprotonated ions in the positive- and
negative-ion mode, respectively. Annotations were included
in a putative lipid list if their relative m/z deviation was < +2
ppm. Additional annotation criteria are detailed in the
Supporting Information. The reaction yield (Y) for the
attachment of neutral matrix molecules to lipid ions was
calculated using MS intensities of one particular ion type ([M
+ HJ*, [M + Na]*, [M + K]*, or [M — H]") according to the
formula Y = (product ion intensity)/(product ion intensity +
unfunctionalized lipid precursor ion intensity)-100%.

Fragment lon Nomenclature. Upon dissociative cleavage
of intact oxetanes formed in PB reactions, four fragment ions
per DB position can result from HCD (Scheme 1). According
to the nomenclature introduced in Scheme 1, fragment ions
that contain the lipid head group will be labeled as a ions.
Complementary fragment ions that contain the remaining FA
residue are classified as w-ions. The location, x, of the
dissociated DB, according to the above introduced DB
nomenclature, is added as a superscript. If the number of
DBs in the FA from which the retro-PB ions originate, #, is
known or determined from MS? results, # is added as the
second superscript. The subscript A indicates if the fragment
ions formally contain an aldehyde, whereas E refers to the
suffix -ene for the alkene moieties within the fragment ions.

Scheme 1. Paterno—Biichi Functionalization and Higher-
Energy Collisional Dissociation of Functionalized Lipids®

R': R? R': R?
(o] t +
R'__R? 4 1 uv I—‘—JO + &
XY Laser Y7 Y
X X
Lipid Matrix Lipid + Matrix HCD
Rlog + RL—Y 4 + Xo— R?
X Y
L Xl o Xlitore
R'+CHO R'+C,HXY R%+C,HXY

“R? corresponds to the lipid residue containing the lipid head group,
whereas R' comprises the remaining hydrocarbon chain.

B RESULTS AND DISCUSSION

Screening of PB-Reactive Matrices. To improve the
performance of our PB-reactive MALDI scheme in terms of
MS intensities and reaction yields compared with BPh results,
mixtures of 12 BPh derivatives with PC 18:1(n-9)/18:1(n-9)
were investigated using MALDI-MS as well as MALDI-MS*
and results are shown in Figure 1 and Figure S3. All tested
matrices contain a carbonyl group to ensure PB reactivity and
aromatic residues for UV absorption (Figures S1 and $4).
Additional hydroxy, carboxy, and amine groups are attached to
the aromatic residues of THBPh, 4-BzBA, and 2-/3-/4-ABPh
to promote the protonation or deprotonation of analytes,
respectively. Other potential matrices contain fluorine
substituents (DFBPh), covalently interlinked aromatic residues
(DAF and 9F), an expanded aromatic system (IQPK), or
pyridinyl instead of phenyl moieties (BzPy, D2PyM, and
D3PyM). A comparison of the NLs of protonated PC 18:1(n-
9)/18:1(n-9) as a relative measure for ionization efficiency and
the reaction yield derived from the [PC 18:1(n-9)/18:1(n-9) +
matrix + H]* signal for all studied matrix compounds and BPh
is shown in Figure 1A. Every tested compound performed as a
MALDI matrix, affording NL values ranging from 3.8 X 10* for
D2PyM to 1.2 X 10° for 4-ABPh, which is a 1.5- and 49.6-fold
NL improvement compared with BPh, respectively. In
contrast, most reaction yields of the [PC 18:1(n-9)/18:1(n-
9) + matrix + H]" signal were lower or comparable to BPh
results. In particular, only the matrices BzPy, D2PyM, and
D3PyM gave Y values of 35 + 6, 23 + 7, and 18 + 4%,
respectively, which are higher or comparable to the Y value 25
+ 6% obtained for BPh.

In the next set of experiments, MALDI-MS” of [PC 18:1(n-
9)/18:1(n-9) + matrix + H]* ions was performed to
distinguish nonselective lipid-matrix compounds from PB
reaction products. As highlighted in Scheme 1, collisional
activation of PB product ions results in a set of product ion
pairs per DB upon retro-PB oxetane cleavage, whereas only
dissociation of ions/molecules containing intact matrix
molecules is expected in the absence of PB reactivity. Two
representative MALDI-MS? spectra that indicate the absence
of PB reactivity and are characteristics for PB-reactive matrices
are shown in Figure 1B and C, respectively. Whereas
experiments with 9F resulted in the formation of [PC
18:1(n-9)/18:1(n-9) + 9F + H]* ions with a reaction yield
of § &+ 1% (Figure S3A), no retro-PB ions are present in the
MALDI-MS® spectrum (Figure 1B). This indicates that 9F is
not PB reactive (indicated in Figure 1A; shaded blue). This is
in contrast to the fragment ions in MALDI-MS? spectra of [PC
18:1(n-9)/18:1(n-9) + BzPy + H]" (Figure 1C). The ions at
m/z 676.453 and m/z 827.531 are in line with the retro-PB

https://dx.doi.org/10.1021/acs.analchem.0c03150
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Figure 1. (A) Normalized level (red bars) and the reaction yield, Y,
(blue bars) of screened matrices. Confirmed PB product formation
and the absence of PB reactions are highlighted by full blue bars and
shaded blue bars, respectively. Error bars represent one standard
deviation. Positive-ion mode MALDI-MS? spectra of (B) [PC 18:1(n-
9)/18:1(n-9) + 9F + H]* and (C) [PC 18:1(n-9)/18:1(n-9) + BzPy
+ H]". Corresponding oxetane structures of [PC 18:1(1n-9)/18:1(n-9)
+ BzPy + H]" and retro-PB cleavage sites are indicated. NL —
normalized level; HG — head group; NMe; — trimethylamine.

cleavage of oxetanes resulting in Ny, and 7ag fragments

(Scheme 1) consistent with a PB reaction between BzPy and
PC 18:1(n-9)/18:1(n-9) during MALDI. Additionally, the
signal at m/z 294.221 indicates the protonation of the pyridine
moiety, affording '@y fragments not observed with BPh
(Figure S5). However, prominent neutral water and matrix
loss, as recently demonstrated by Xia and co-workers,®" reveal
that other reactions than PB functionalization can occur
(Figure SS). According to the MALDI-MS? results, not only
BzPy but also D2PyM, D3PyM, 4-BzBA, and DFBPh are PB-
reactive MALDI matrices as highlighted in Figure 1A.

These results suggest that PB reactivity is diminished if
hydroxy or amino groups are present or conformational
flexibility of matrix moieties is decreased as a result of covalent
interlinking of aromatic residues. The reactivity trend of
identified PB-reactive matrices, however, does not correlate
with available photochemical reactivity descriptors such as
matrix extinction coefficients at 343 nm or phosphorescence
quantum yields. Out of all tested matrices, only BzPy, D2PyM,
and D3PyM afforded reaction yields higher or comparable to
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BPh. MALDI-MS® of these compounds provided a and @
retro-PB fragment ions (Figure 1C, Figure S6). Because the Y
and NL values for a ions were higher for BzPy than those for
BPh, D2PyM, and D3PyM, BzPy was used throughout the rest
of the study as the reactive MALDI matrix.

Reaction Yields and DB Assignment of Lipids in
Positive- and Negative-lon Mode. To evaluate the number
of lipid classes with addressable DBs compared with BPh and
other DB localization methods, the DB functionalization scope
of BzPy was investigated. Table S1 summarizes the
corresponding positive- and negative-ion mode MALDI-MS
and MALDI-MS? results. In particular, Y values of investigated
lipids (FA, SHexCer, PA, PE, PI, SM, PG, PS, HexCer, CL,
TG, and plasmalogen PC) along with the DB positions
inferred from accurate m/z values (mass error < +5 ppm) of
fragment ions are listed. In both ion modes, PB-functionalized
lipids differ by 183.068 Da from unfunctionalized compounds.
The a/w fragment ion pairs corresponding to the same DB are
separated by 151.079 Da (Scheme 1). Lipids and the
corresponding reaction products were detected as [M + H]*
and/or [M + Na]* and [M — H]™ ions. The Y values for BzPy
depend on the lipid class and ion identity and range from 5.0%
for oleic acid to 100% for TG 54:3. The reaction yields also
depend on the charge carrier identity as observed for different
TG adducts. For example, the TG + matrix signals ([TG 54:3
+ BzPy + HJ*, [TG $4:3 + 2BzPy + HJ*, and [TG 54:3 +
3BzPy + H]") are higher in intensity than the corresponding
sodiated ion signals, even though the NL value for [TG $4:3 +
Na]* is higher than that for [TG $4:3 + HJ]* As a
consequence, the reaction yields for the sodiated TG 54:3 +
BzPy species with the highest MS intensity is 70.8%, whereas Y’
calculated for the corresponding protonated signal is 100%.
Similarly, the protonated-to-sodiated ion signal ratios of
reaction products of PI, PA, PE, and PS were increased by a
factor of 2—600 compared with unfunctionalized species.
Protonated signals of PG, CL, and TG lipids were exclusively
observed for BzPy-modified compounds. These results suggest
that BzPy attachment can affect ionization yields of products
compared with unfunctionalized lipids. This is also in line with
the recent PB-ESI-MS results by Ma,*® Xia,*" and our group™®
that documented the ability to enhance ionization efficiencies
using various pyridine-containing PB-reactive compounds.
Therefore, Y values are affected by the intrinsic matrix
reactivity and ionization efficiency changes. In general, these
results indicate that BzPy can ionize all tested lipid standards in
positive- and/or negative-ion mode and can increase the MS
intensity of lipid ions upon BzPy attachment.

Next, HCD fragmentation of BzPy-adduct ions was used to
investigate the influence of lipid classes and ion modes on the
ability to assign DB positions. As listed in Table S1, a, and ag
ions were detected for all lipid species except for PS 16:0/
18:1(n-9) and SHexCer 42:2(n-9) for which the ay signals are
absent in the MS* spectra. To the best of our knowledge, the
list includes MALDI-MS? DB localization for lipid classes not
reported before. Some representative examples are shown in
Figure 2 and Figure S7 , and MS? spectra of the other tested
lipids are shown in Figures S8 and S9. For example, TG 54:3
readily reacts with BzPy during MALDI to form mono-, di-,
and tri-PB-functionalized protonated or sodiated ions (Figure
$9). The MS? spectra of [TG 54:3 + 3BzPy + H]" and mono-
and difunctionalized protonated and sodiated TG 54:3 are
shown in Figure 2A and Figure S9B—E, respectively. Similar to
mono- and difunctionalized counterparts, HCD of [TG $4:3 +

https://dx.doi.org/10.1021/acs.analchem.0c03150
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Figure 2. MALDI-MS® spectra of BzPy-functionalized (A) TG
18:1(n-9)/18:1(1-9)/18:1(1-9), (B) PC P-18:0/18:1(n-9), and (C)
FA 18:1(n-9). See Figure S7 for additional assignments.

3BzPy + H]* yielded a,, @, and @y fragment ions resulting
from a combination of multiple retro-PB events. All HCD
results for TGs exhibit protonated or sodiated *'wg ion
signals. This indicates that charge carriers can migrate to or are
located at BzPy. Because the appearance of @y ion signals
documents the propensity of BzPy toward charge carries, these
results also support the finding that the ionization efficiency is
changed due to BzPy attachment.

Another example for DB assignment is shown in Figure 2B
for the plasmalogen PC P-18:0/18:1(n-9) that possesses a
vinylic and an isolated DB at positions n-17 and n-9,
respectively. HCD of [PC P-18:0/18:1(n-9) + BzPy + H]*
afforded multiple DB fragment ions including protonated a,,
ag, and @y ions that enable the DB assignment of the free and
the vinylic DBs. In contrast to the reports of Lin et al. who
observed a preference for @ fragments from plasmalogen DBs,
a fragments were detected with similar abundances (ag:a, =
1.4:1).* To demonstrate the use of BzPy in negative-ion mode
DB localization, MALDI-MS? of deprotonated FA 18:1(n-9)
(Figure 2C) and SHexCer 42:2(n-9) (Figure S8A) were
performed. Despite the low intensity of retro-PB fragment ions
(0.3—2.2% relative to the precursor ions), *'a,/*'ag and
91, ions enabled DB-position assignment for FA 18:1(n-9)
and SHexCer 42:2(n-9) in negative-ion mode using MALDI-
MS? for the first time, respectively. Next, we investigated if
reactive MALDI using BzPy allows us to relatively quantify
DB-position isomers. Solutions of the isomeric lipid standards
PC 18:1(n-12)/18:1(n-12) and PC 18:1(n-9)/18:1(n-9) were
mixed in defined molar ratios, and MALDI-MS?* experiments
were performed. The MS’ intensity ratios of the isomer-

specific '*'a, and *'a, ions linearly correlate with the molar
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ratios (R* = 0.999), showcasing the ability to differentiate and
relatively quantify lipid DB-position isomers using the reactive
matrix BzPy (Figure S7D).

These results demonstrate the multifunctional character of
BzPy as a MALDI matrix: The compound enables lipid
ionization in positive- and negative-ion mode, enhances MS
signals for some lipids upon reaction, and improves the ability
introduced with BPh to identify and relatively quantify DB
positions of lipids in positive-ion mode while extending the DB
addressable lipid classes.

MSI Lipid Class Coverage in the Mouse Cerebellum.
As the ionization of many lipid classes suffers from the ion
suppression effect,”” the coverage of lipid classes in mouse
cerebellum tissue was evaluated to assess the suitability of BzPy
for comprehensive lipid coverage in MSI studies (Figure 3,
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Figure 3. Assigned compounds and the corresponding lipid classes in
(upper row) positive- and (lower row) negative-ion mode from
MALDI-MSI measurements of BzPy-covered mouse cerebellum
tissue. The numbers of lipids with and without BzPy-attachment are

highlighted as blue and yellow bars, respectively.

Figure S10). In total, 251/79 features were assigned to 133/58
lipids in the positive-/negative-ion mode. Figure S11A gives an
overview of the assigned lipids and lipid classes. Corresponding
subclasses are shown in Figure S11B—D. Tables S2—S6 list all
the assigned lipid species. As expected, the assigned lipids are
dominated by 107/45 glycerophospholipids (GPLs) but also
4/0 GLs, 19/12 sphingolipids (SLs), and 3/1 sterols (STs) are
present in positive-/negative-ion mode (Figure S11A top
rows). In addition to the detected unfunctionalized species
(Figure S11A middle rows), 48/41% of the annotated signals
are BzPy-attached species in positive-/negative-ion mode. This
includes lipids annotated either without and with BzPy, and
37/11 assignments in positive-/negative-ion mode that were
exclusively detected as BzPy adducts (Figure S11). This
underlines the advantage of using a reactive matrix that
facilitates ionization. Because BzPy attachment was observed
for unsaturated and saturated lipids, BzPy most likely also
reacts with the head group, in a reaction other than PB
functionalization, or attaches to lipids in a noncovalent
manner. This is also consistent with the reports by Xia®' and
Hayen®® about PB reaction by-products in in-solution
reactions. The numbers of lipids with or without BzPy
attachment are compared in Figure 3. For example, BzPy
attachment increases the number of detectable PEs and PCs by

https://dx.doi.org/10.1021/acs.analchem.0c03150
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30 and 71% in positive-ion mode as well as PSs, PAs, and PIs
by 43, 75, and 50% in negative-ion mode, respectively. Some
lipids, namely, DGs, STs, and CerPs, are only detected due to
BzPy attachment, highlighting the potential of BzPy to provide
increased lipid coverage in comparison with BPh.
Dual-Polarity High-Resolution MALDI-MSI of the
Mouse Kidney. After evaluating the matrix crystal size, PB
and retro-PB reactivity, and the lipid class coverage of BzPy,
the ability to perform MALDI-MSI experiments in both ion
modes with pixel resolutions down to 7 ym was tested. For this
purpose, lipid distributions were visualized from transverse
mouse kidney sections, and Figure 4 displays the RGB

Figure 4. RGB MALDI-MS images of the mouse kidney acquired in
(A) positive- and (B) negative-ion mode with 7 ym step size. The
lateral resolved signal intensities of [PS O-36:1 + H]" (red, m/z
776.581), [SM 34:1 + H]" (green, m/z 703.575), and [PE 38:0 + K]*
(blue, m/z 814.573) in the positive-ion mode and [PA 36:1 — H]~
(red, m/z 701.513), [PE-Cer 36:1 — H]™ (green, m/z 687.544), and
[SHexCer 42:2 — H] ™ (blue, m/z 888.623) in the negative-ion mode
were superimposed. The scale bars reflect 400 pm.

MALDI-MS images (7 pum step size) of [PS O-36:1 + H]*
(red), [SM 34:1 + H]" (green), and [PE 38:0 + K]* (blue) in
the positive-ion mode and [PA 36:1 — H]™ (red), [PE-Cer
36:1 — H]™ (green), and [SHexCer 42:2 — H]™ (blue) in the
negative-ion mode. Fluorescence microscopy images of post-
MALDI-MSI immunofluorescence-stained sections (following
Supporting Protocol 1) are shown in Figure S12. A comparison
of MSI results in Figure 4 and microscopic images in Figure
S12 allows us to correlate histological regions, for example,
glomeruli with synaptopodin, with mass spectrometrically
recorded lipid distributions. Whereas [PS O-36:1 + H]* and
[PA 36:1 — H]™ are associated with the inner renal medulla
and the renal tubules, [SM 34:1 + H]* and [PE-Cer 36:1 —
H]™ are located in the outer renal medullary interstitium
regions and the glomeruli. High signal intensities of [PE 38:0 +
K]* and [SHexCer 42:2 — H]™ are associated with the renal
cortex.”® Further MS images are presented in Figures S13 and
S14 for both ion polarities and 7 pm pixel size and 10 pm pixel
size as shown in Figure S15. For example, the regions with low
or no ion intensity in Figure 4 are renal blood vessels (Figure
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S16) and are linked with other lipids such as [PC 34:0 + K]*
(Figure S13]). In addition to unfunctionalized lipids, BzPy
allows us to image lipid + BzPy ion signals. Representative
examples are shown in Figure S17 (positive-ion mode) and
Figure S18 (negative-ion mode) and indicate that the lateral
distributions of BzPy-derivatized lipids and unfunctionalized
compounds are similar. For example, high signal intensities of
[SM 34:1 + H]" and [SM 34:1 + BzPy+H]" (Figure S17A) are
linked to the medullary interstitium and glomeruli. Addition-
ally, the correlation between MALDI-MSI and optical
microscopy suggests that no wash-out effects occur with
BzPy as the MALDI matrix and that BzPy can be used to
visualize and differentiate histological features in tissues with
down to 7 um in positive- and negative-ion mode.

On-Tissue DB Assignment of Lipids. To investigate the
capabilities of BzPy as a reactive matrix for lipid DB-position
assignment in complex lipid mixtures, the mouse cerebellum,
kidney, and pancreas tissues were studied in positive- and
negative-ion mode. Representative MS? results for [PC 36:2 +
BzPy+H]" (pancreas) and [PC 34:1 + BzPy+H]" (pancreas),
as well as [PC 0-38:6 + BzPy+H]* (kidney), [PC 36:4 + BzPy
+H]* (pancreas), [PC 36:3 + BzPy+H]* (pancreas), and
[SHexCer 42:2 + BzPy—H]~ (cerebellum), are shown in
Figure S and Figures S19 and S20, respectively. For all
compounds, @ and/or @ ions enabled the assignment of DB
positions. Whereas retro-PB fragments for SHexCer 42:2
(Figure S20), PC O-38:6 (Figure S19A), and PC 36:4 (Figure
S19B) are consistent with the presence of only a single DB-
position isomer, multiple isomers are present for PC 36:2
(Figure SA), PC 34:1 (Figure SB), and PC 36:3 (Figure
S19C). In particular, @/ ions for PC 34:1, PC 36:2, and PC
36:3 point to the presence of two, three, and five DB positions,
respectively. For example, retro-PB fragment ions of PC 36:2
indicate that mono- and diunsaturated FAs, such as PC
18:1 18:1 and PC 18:0_18:2, are combined and that their
DBs are located at n-6, n-7, and n-9. Fragment ions of PC 36:2
wherein all DBs are lost allow us to connect them to either
mono- or diunsaturated FAs. This is because the correspond-
ing neutral loss channels from a diunsaturated FA contain
intact DBs, shifting the neutral loss by —2.016 Da compared
with the fragment ions stemming from monounsaturated FAs.
DB-retaining fragment ions do not allow us to distinguish
mono- and diunsaturated FAs, but in combination with the
lack of corresponding unsaturated neutral losses, these
fragments indicate the presence of a monounsaturated FA.
These results suggest that BzPy enables DB assignment of
mono- and polyunsaturated lipids in positive- and negative-ion
mode directly from tissues.

Resolving DB-Position Isomers in Pancreatic B-Cells.
To demonstrate the improvement in lateral resolution for DB-
position isomer localization when using BzPy compared with
BPh, mouse pancreas tissue sections were investigated with
MALDI-MS’L. An average MALDI mass spectrum is shown in
Figure S21, revealing endogenous lipids and the corresponding
derivatization products detected in the pancreas tissue.
MALDI-MSI distributions of lipids were largely in line with
previous studies of the pancreas tissue.*’ Multiple ion signals of
BzPy-derivatized lipids were subjected to MALDI-MS’L.
Namely, protonated signals of PC 34:1 + BzPy, PC 36:2 +
BzPy, PC 36:4 + BzPy, and PC 34:2 + BzPy were fragmented,
and a, ions were employed to visualize lateral DB-position
isomer distributions with 10 ym pixel size (Figure S and
Figures S22 and $23). To the best of our knowledge, this is the

https://dx.doi.org/10.1021/acs.analchem.0c03150
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DB-position isomers of [PC 34:1 + BzPy+H]" were acquired from mouse pancreas tissue with 10 yum pixel size. (E) Fluorescence microscopy
image of the post-MALDI-MS’I-immunofluorescence-stained pancreas tissue section. Red areas in E indicate insulin-positive f-cells in the

Langerhans islets. The scale bars reflect 600 ym.

highest reported lateral resolution for DB-position isomer
imaging. Protonated PC 34:2 + BzPy and PC 36:4 + BzPy did
not show DB-position isomerism. Consequently, all DB
fragment ions showed similar lateral distributions (Figure
$23). In contrast, protonated PC 34:1 + BzPy and PC 36:2 +
BzPy possess several isomers with DBs in the positions #-9 and
n-7 and n-9, n-7, and n-6, respectively. The lateral distributions
of these isomers differed. Local upregulation of mass
spectrometric intensities linked with the n-9 isomer of PC
34:1 was observed in circular areas with 50—150 ym diameter
(Figure 5C), contrasted by the /'@, ion intensities decreased
in the same regions (Figure SD). After post-MALDI-MSI
immunfluorescence staining, fluorescence microscopy was
performed to assign PC 34:1 isomer distribution to specific
histological regions in the pancreatic tissue, and the results are
shown in Figure SE. Red fluorescence indicates the location of
Langerhans islets, whereas cell nuclei are colored blue. A
comparison of MALDI-MS’I results for PC 34:1 with
fluorescence microscopy reveals that tissue regions with high
g, and low "'a, intensities are correlated with the location
of pancreatic islets. Differing lateral distributions were also
observed for the DB-position isomers of PC 36:2. The a, ions
of the PC 36:2 isomer possessing a diunsaturated FA with DBs
at positions n-6 and n-9 are homogenously distributed (Figure
S22A,B). In contrast, *’'a, and "'a, ions of the isomers with
two monounsaturated FAs are both enriched in the pancreatic
islets (Figure S22C,D). The murine Langerhans islets
predominantly consist of f-cells.’® Consequently, the increased
mass spectrometric abundances in the pancreatic islets are
directly linked to fB-cells and are distinctly different from the
surrounding tissue. This finding suggests that the enriched
lipid DB-position isomers fulfill specific functions in f-cells or
are linked to metabolic reactions in f-cells that predominantly
give rise to lipids with well-defined DB positions.
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Bl CONCLUSIONS

Screening of 12 aromatic carbonyl compounds revealed
pyridine derivatives of BPh as novel PB reactive MALDI
matrices for DB position-resolved MALDI-MS?I and high-
resolution dual-polarity MALDI-MSI studies. In particular,
BzPy improves ion intensities in positive-ion mode, the
reaction yield, and the number as well as relative signal
intensities of DB-position diagnostic fragment ions compared
with BPh. In situ PB functionalization using PB-reactive
MALDI and MS? DB localization is presented for GPLs, SLs,
and a TG in the positive-ion mode as well as for an FA and a
SHexCer in the negative-ion mode. This extends the number
of lipid classes with addressable DB positions compared with
the previously reported desorption-based MS?® strategies. PB
and nonspecific functionalization of lipids with BzPy during
MALDI allows us to increase lipid ion intensities and lipid
coverage compared with BPh results. Namely, a total of 133/
S8 features were assigned in positive-/negative-ion mode
including GPLs, GLs, SLs, and STs.

The capabilities of spatially resolved lipidomics have been
demonstrated by on-tissue MALDI-MS?, MALDI-MSI, and
MALDI-MS?I from different mouse tissues. High-resolution
dual-polarity MALDI-MSI (7 um) of the mouse kidney allows
us to link lateral distributions of endogenous lipids and
histological features, such as glomeruli, by post-MSI immuno-
fluorescence microscopy. In comparison to BPh, the improve-
ment in lateral resolution and detectable diagnostic fragment
ions of MALDI-MSI is showcased by DB-position isomer-
resolved MS? images of PCs with down to 10 ym in mouse
pancreas tissue sections. We observed up- and downregulation
of the n-9 and n-7 isomers in areas that match with the islets of
Langerhans.

The caveat of our methodology, similar to DESI and other
MALDI workflows, is the ion suppression effect that makes
MALDI-MS’l experiments challenging. Whereas signal in-

https://dx.doi.org/10.1021/acs.analchem.0c03150
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tensities for ~90% of PCs and SMs are sufficient for DB
assignment, DB positions of suppressed lipid classes from
tissue are not accessible. Even though the matrix BzPy has
considerably increased lipid coverage, allowed negative-ion
mode investigations, and improved the lateral resolution
compared with BPh, other laser wavelengths, matrix systems
that provide higher Y values to decrease spectral complexity
due to additional lipid + matrix signals, or postionization
schemes are most likely necessary to probe DB-position
isomerism in tissue samples for lipid classes other than PCs,
SMs, and SHexCers. These investigations are currently
underway.

In terms of applications, we envision that the herein
introduced BzPy matrix can be used to study local lipid
isomer variations in pancreas and kidney tissues in the context
of diabetes. Diabetes and related metabolic malfunctions have
been linked with lipid, especially local PC, alterations in these
organs, and we are keen to explore spatially resolved lipid
isomerism to contribute to an understanding of altered lipid
metabolism.
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