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Zusammenfassung

Diese Arbeit beschreibt die BEtwicklung und Implementierung neuartiger Matrizen und
Probenvorbereitungsprotokolle fir die bildgebende Tandemmassenspektrometrig.fandem mass
spectrometry imaging M) von C=@oppelbindungspositionsisomeren (DBPIs) von Lipiden mittels
Matrix-unterstitzter LaseDesorption/lonisation (MALDI). Grundlage der Methodik ist die MALDI
Laseraktivierte PaternéBucht (PB)Funktionalisierung deboppelbindungen (DBs) mit RBaktiven
MALDiMatrizen. Die Kollisionsaktivierung der -RBktionalisierten Lipide fuhrt zur DB
Fragmentierung, und anhand der zugehérigen Neutralverluste kénnen diBoBiBonen in den

Fettsaureresten abgeleitet werden.

Im ersten Projektteil wurden flussige f&agenzien zur Lipidfunktionalisierung auf Gewebe
verwendet, bevor feste Verbindungen in Betracht gezogen wurden, gleichzeitig-&e&@Bnz und
MALDiMatrix zu fungieren. Benzophenon (BPh) wurde alsreRRtive Madrix 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.bbBke der Einsatzbarkeit fir allgemeine MSI
Experimente, erlaubt BPh die Lokalisierung vosPDBitionen in verschiedenen Lipidstandards und die
hochaufgeldste Abbildung lateraler DBRirteilungen in Gewebeschnitten des Cerebellums der Maus
(15 um Pixelgro®) und in parasitdaren Wirmern (20 pm Pixelgré3e). Zur Auftragung dexaRBven

Matrix sind kein spezielles Zubehotr oder zusatzliche Probevorbereitungsschritte vonnéten.

Ziel des zweiten Projektteils war die Etablierung einesrd@i8tiven Matrix, die eine effizientere
Lipidionisierung und RBunktionalisierung ermdglicht, sowie eine héhere laterale Auflésung und die
Ausweitung der DBMPnalyse auf mehr Lipidklassen. ANebHf getesteten BPiDerivate wiesen eine
bessere lonisationseffizienz auf (bis zuf&h hohere lonenintensitaten), allerdings fihrten nur flnf
davon zu P®rodukten. Die hdchste Ausbeute wurde miB&nzoylpyridin (BzPy) erzielt, und dessen
Einsatz ermdigchte die DBRPAnalyse fur mehr Lipidklassen, sowie erste Beigpinelnegativionen
Modus. Ebenso wurde die laterale Auflésung ingderimenten von 15 pm Pixelgrof3e (mit BPh) auf
7 um (mit BzPy) verbessert. Die Listen annotierter Lipide des Cerebellums der Maus enthielten Spezies,
die nur mit BzPynlagerungletektierbar waren. Die neue Matrix begiinstigt die Protonierung von an
sie gebunden Spezies héchstwahrscheinlich aufgrund ihres basischen Stickstoffatoms irRihgidin
Auch die PixelgrofRe von BPBauflésenden M3-Bildern wurde verbessert von 15 um (mit BPh) auf 10
um (BzPy), was die Auflosung lateraler BBBINII S A f dzZfeles yer Rayigerhadsaseln in

Gewebeschnitten des Pankreas der Maus mdglich machte. DidsoBiérie von sechs Lipidsignalen



wurde aufgeklart und die bildgebende Auftragung der Bd&jnostischen Fragmentionensignale

zeigte unterscheidbare Verteilungen fir vier DBPIs.

Der Anwendung der entwickelten Methode zur M8hd DBPRAnalyse von Diabetesind Herz
KreislaufErkrankungsviodellgewebe wurde der dritte Projektteil gewidmet. Den Ergebnissen in
Langerhandnseln des Maufankreas folgend, wurden DBEfnalintensitatd/erhaltnisse zwischen
diabetischem und gesundem Pankreasgewebe verglichen. Signifikante Unterschiede deuteten auf
veranderte Rollen der DBPIs im erkrankten Gewebe hin. Im Falle deKksslauferkrankten Mause
wurden die DBPVerteilungen in Lungengewelstudiert. Neben der Auflésung von Bronchien und
BlutgefalRen in den erhaltenen MBildern wurden erhéhte Signale eines LipiBPIs im Epithelium

der Bronchien detektiert. Diese Ergebnisse demonstrieren exemplarisch die Anwendbarkeit der
entwickelten Mettode fir biochemische und medizinische Studien. Zukinftige Forschungen sollten
die Optimierung der Methode fiir héhere loneand PBAusbeuten in den Fokus stellen, um DBPI
auflosende M38-Analysen fiir mehr Lipidklassen und Lipide geringer Haufigkeit zu ermdglichen. Unter
Verwendung von Matrizen, die diese Voraussetzung erfillen, kénnte der hier prasentierte Ansatz als
eine Routinemethode fur medizinische Forschung und Diagnose implemiewgeden. Als solche
kénnte er Forschende dabei unterstiitzen, lokale Lipidmetabolisurgange wie beispielsweise

Desaturasenund Elongase#\ktivitat und-spezifizitdt besser zu beschreiben.



Abstract

This work describes the development and implementation of novel matrices and sample preparation
protocols for matrixassisted laser desorption/ionization (MALDI) tandem mass spectrometry imaging
(MS) of C=C double bond (DB) position isomers (DBPI) of lipids. The methodology is based en MALDI
lasertriggered PaternéBilichi (PB) functionalization of the ligidBs with PBreactive MALDI matrices.
Collisional activation of the PBnctionalized lipid¢eads toDB fragmentation, and the corresponding

neutral losses are used to pinpoint DB positiongheir fatty acid residues.

In the first part of the project, liquid PB reagents weraployedfor on-tissue lipid functionalization

before solid compounds were considered to serve as reagent and MALDI matrix. Benzophenone (BPh)
was identified ag PBreactive matrk and matrix application protocols were developed for pneumatic
sprayingor sublimation of BPh onto samples. Comparing the MS images acquired with the new matrix
BPh to imaging results of a common matiemonstraS R . lefef for MALDIMSI. Apart from
working asa matrix for common MSI, BPh allowed to localize DB positions in various lipid standards
and to resolve laterdDBPAdistributions with high resolution in mouse cerebellum (15 um pixel size)
and in a parasite worm (20 um pixel size). To deposit theeB&ive matrixno special equipment and

no additional sample pretreatmentere required.

The second project patargeted to findPBreactive matricesproviding more efficient lipid ionization

and functionalization for higher lateral resolutions and the DBPI analysis of more lipid classes. All
twelve screened BPh derivativesutd be used as MALDI matdsand enhancd the ion intensity (up

to 50-fold) but only five compounds yiedd PB products. The highest PB reactivity was found for 2
benzoylpyridine (BzPy). With BzPy, DBPI analysis was enabled for more lipid atak&esfirst
examplesin the negativeion mode. Also, the lateral resolutioof MALDIMSI experimentsvas
improved (7 um) compared to BPh (15 um). The annotdiita of mouse cerebellum tissue lipids
contained species that were exclusively detected with BzPy attachrivirt likelydue to its basic
nitrogen,BzPyboosts the intensity of protonated ions. Compared to 15 um pixel size ine&fVed

M with BPh, BzPy allowed a reduced pixel size of 10making possible the resolution of lateral
5.tL RAad( NNSaziieniyhd padckéatic islets. The DBP isomerism was elucidated for six
lipid sgnals. Imaging the DBHilagnostic fragment iosignalsshowed distinct distributions for four
DBPIs.

Applying the established method to diseas®del tissue was the third part of the project. Namely, it
was used for MSI and DBPI analysis of diabeted cardiovasculadiseasemodel 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



cardiovasculadiseased mice, DBPI distributions in lung tissue were studied. Besides resolving bronchi
andblood vessels in MS images) elevationof a phosphatidylcholine DBRVelwas detected in the
epithelium of the bronchi. These resulexemplifythe applicability of the developed methotb
biochemical and medical studies. In future, the mettabmbuldbe optimized for higher ionand PB

yields to facilitate DBREsolved M3 of more lipid classes and lembundancdipids. With matrices
fulfilling this requirement, the PBeactive matrix approach could be implemented as a routine method

in medical research and diagnasi8s such, it would assishe 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 mdjorctional classesThese are proteins, genes and
metabolites! ¢ KSANJ Iyl fe&asa NBE OIFffSR LINRPGIS2YAYOAMGE ¢3Sy 2
suffix refers to thenvestigationof the entirety of the threeclasses obiomolecules.? Metabolomics

include lipidomicsdealing with the analysis of lipids which are loosely defined as biomolecules that

are soluble in nonpolar solventdVhereas proteomics and genomics are well establisimethods

lipidomics isstill an emerging research field. In the last ten years, the number of publicatemating

from a search fothetermd £ A LJA R 2 Y A Oknéwledgy, increasedby & 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 functidrne wide field of lipid functions leatb a plethora of

different structures (>100,00f) summarized under the term lipidBecause this includesmpounds

that are greatly different in structure and function, the lipids were categorized byirtteznational

Lipid Classification and Nomenclature CommittBased on biosynthetic pathways and structural
similarities the LIPID MAPS® databank established eight categories (fady (&&As), glycerolipids

(GLs), glycerophospholipids (GPs), sphingolipids (SPs), sterol lipids (STs), prenoal lipids, saccharolipids,
polyketides). These were subdivided in numerous classes and subglasgedased 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 4B).the
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Figurel. Examples of some lipids to illustrate lipid structures and nomencla
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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 numberingrel/sn2/sn3) and are described by their length and unsaturation
(carbonnumbernumber ofunsaturationsiteg as well as the DB position(s) and geometry (cis/trans or
%BKkOUO® bl YAYyI 2F GKS 5. LR2aAiAldAzy -Gomghclduge use@hyS O2 dzy
LIPID MAPS®) or the aliphatic end of the fatty aeyinomenclature used in common trivial names).

As an alternative to FAs, also alkyls or alkeratdbe attached by ether or vinyl ether bonds, which is
indicated by an €or a Rcharacter, respectively. According to the LIPID MAPS® nomenclature, the lipid
shown in Figure 1A would therefore be named PG1@0/18:1 (9Z), where PC stands for
phosphatidylcholine and the order in that the FAs are given reflects their pos#ety§n-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 growipl€t in Figure 1D)resulting ina glycosphingolipid
(HexCer) or sulfatide (SHexCeggpectively. In the case of sterol lipids like the cholesterol €§1E1)

shownin Figure 1E, backbone and head group are merged in the cholesterol rfoiety.

One important function of lipids is the separation of the intracellular medium (cytoplasm) and the
extracellular medium as well as the compartmentalization of cell organeBesh media are agqueous
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 theiring of intra and extracellular media. Lipid bilayer membranes are
thus the barier against substantial fluctuations maintaining the parametéesnperature, relative
humidity, pH value, sun exposure, osmotic pressure and nutrient concentrétiorsosomes are
organelles that digest macromolecules to recycle their componeitie responsible lysosomal
enzymes showcase the importance of compartmentalization because they are only active in the
lysosomeinternal acidic pH value (between 4.5 and fhat is kept constant by the membrane and

transmembrane proton pump¥.

At the same time, lipids are thé S Y 0 NJgstekézpers and control the traffic between intrand
extracellular space. Plasma membranes are selectively permeabédbling to transport distinct
species in and out of cefif2hosphatidylcholines (PCsthanolamines (PEskerines (PSsjinositols

(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 corapsséspecially,

local differenes lead to changes of the membrane tension, thickness, and curvaRiiesphatidic

acids (PAs) and PEs, for example, possess small head groups and asfeagmuklipids, in contrast to

PCs, phosphatidylglycerols (PGs), PSs Brtid have bigger head groups and are cylindrimaéven

invertedy coneshaped. Membrane regions that are rich of PAs or PEs, hence, have a negative

2



curvature that looks like a valley, regions dominated by cylindsicaped lipids are planar and an
enrichment of inverted conshaped lipids leads to a positive curvatdté?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 sacalled budding of a vesicle. After scission of the vesicle, it is transported to the taibet
compartment to be fused with the organelle membrane and release its cargemporal local

OdzNIBI 1dzNB @ NAR I GA2ya OFy Ffaz2z O2yaNRft fikie Tdzy Ol
YSYONIYySd® aSYONIryS YSOKIyAOFt aiviserspro®ihattion OG A @1t (
deforms the membrane which in case of overlapping deformation sites of other membrane proteins

can serve as signal pathway between prot€ins.

Also, membrandike structures are part of thdipid-based energy storage but in this case just a
monolayer is needed because the core of the intracellular enstgring 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 subsequébeta-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 bpédks-1 ester
bonds'®) by anchoring the enzyme in close vicinity to its PC and PE subsfratebe abscisic acid
(ABA) signaling pathwalAs act as messengeén a signaling cascade. ATHBG 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 thabitshABI1 and thus the activation of
ATHBG6 which consequently cannot block the ABA respBnse.

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 irDiabetes 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

F dzi 2 AYYdzyS | GG Ofcel that dr&krEspondibl @NE&Sliti groduction. Insulin is a
hormone serving the transport of glucose from the bldodi KS OSf f & 2F | ycelBNAI yA &



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 whereasthe 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 po¥sislefi @ LIS m RAF 0680 S
cell dysfunction and hyperglycemia is the outcome of type 2 diabetes but the initial causelaftér

form of the disease is not a lack in insulin but acatbed insulin resistance predominantly of skeletal

muscle and liver cel.¢ 2 o | f | yc@l§incie&sa iashlin production but in later disease states

fail to provide increasing levels of insulfid. y & dzf Ay & S ONXB i icéls'thakraspod®®d y (i NB £ f
variable demand signals like increased levels of glucose or free FAs refsaitirgyg. fastingfeeding

cycles. This control is impeded in type 2 diabetes and the combination of insulimnesisimpaired

insulin secretion and a deficit ind&ll mass and function leads to hyperglycefiia.

Lipids, especially the already mentioned free FAs are known key players in the etiology of insulin
resistance. They play a signaling role in diabetes by activating tHiéaleceptor £2which is a critical
transmembrane receptor protein for the innate immune response because it regulates pro
inflammatory signaling pathway$.This inflammatory signaling is associated with insulin resistance

and thus with type 2 diabete®. Another lipid class playing a role in insulin resistance are
diacylglycerols (Bs). Shulman and coworkers showed that liver and skeletal muscle cells ofGaatyl
carboxylase 2 knoefiut mice possess lowered DG concentrations, decreased activity of protein kinase

C and increased insulin sensitivity. These findings are in line With t I N2 dzLJQ&a &dzZ33SadaA
accumulation activates a protein kinase cascade which in turn inhibits insulin signaling of another
protein kinase. Consequently, DGs hinder the glucose uptake oft@samides were also shown to

impair the protein kinas@riven insulin signaling by two different mechanisth&sirst, they are
LINEY2(GAy3 (KS RSLIK2ALK2NEfFGA2Y YR RSIOGADI GA?Z
ceramides were observed to impede the Akt translocation to the membrane where it must be
activated to enter the cytosol and subsequently stimuldte translocation of glucose transportdr

from the cytosol to the membrane. Therefore, ceramides hinder the glucose uptake of the cell, that in
healthy organisms is mediated by timamed glucose trasporter. Besides playing a role in insulin
NEaAadl yOSs OSNI YARSAE | NBIl apoptadia iviglc8 R onk yf thé kn&or A y A (0 A
problems in diabetes. Ceramides trigger apoptosis by recruiting and activatirapppiotic proteins

to increasethe mitochondrial membrane permeabilfy for the electron carrier heme protein
OBi20KNRYS O ¢9KAOK Aa NBfSIaSR®Ay GKS Oeltzazt G2
lf K2dAK Ylye GNBIFIGYSyd | LILINRIFOKSa SEA&G G2 AYL
FofS (2 OdznBIs”iNeverthdlegsathie dév@loprent 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 exédgeside

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 taleEmeases

the risk of diabetes. Because the lifestyle of many people, especially in western societies, fulfifls at le
some of the diabetes risk factors, a broad screening would assist early diagnosis and tredtment.
Detailed diagnosis of disease type and state and individualized therapy is complex because diabetes
can vary in symptoms aran be symptomless for a long tinfé Diabetes studies mostly focus on
genetics and proteomicdipidomic studieson the other handpredominantly investigate variations

on the lipid class level like, for example, elevated concentrations of free FAs in flasma
accumulation of TGs in skeletal muscle célilthough lipid class upregulation was shown to help
diabetes prediction by using the TgBucose 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, bug liglknown about how the lipid
composition of these organs changes with progression of the dis€&3envenient 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 suéééss.

In addition to the direct diabetes symptoms, diabetes patients often suff@m cardiovascular
complications which are also the leading cause of death of diaB&@mbetes 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 &fcGma.part of the
cardiovascular diseases itharosclerosisltis the process by that blood vessels of the cardiovascular
system areblocked and cause myocardial infarction (heart attack) and stroke. The process starts in
regions of turbulent blood flow i.e. vesdaifurcations, -narrowing or -curvature where the
concentration of low density lipoproteins (LDL) is increased by locatutation3334Lipoproteins are
macromolecular complexegonsisting of lipids and proteins and serve as lipid transporters in the
blood 3 Higher LDL concentrations let them pass the endothelial cells (interface betweenluessel

and -wall) to enter te 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 intoathlk and their differentiation

to macrophages, they release pmflammatory proteins (saalled cytokines, chemokines and
chemoattractants) and lipid mediators like lysophospholipids and FAs (especially arachidonic acid). At
the same time, they excessiyatonsume oxidized LDLs and are converted tolgmidn macrophages

i.e,, foam cells. The accumulation and apoptosis of foam cells lead to diliptinecrotic core that is



separated from the blood flow by the smlled fibrous cap. To build that up, smooth muscle cells
(SMCs) migrate betweethe necrotic core andhe endothelium and produce collagen to serve as a
matrix for theSMCsAs 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 synthesisuelapture can
happen. In that process tHgids 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)ecesply 23

Like it was mentioned above, lysophospholipids play a role in the mediation of inflammatory response
in atherosclerotic lesions. Lysophosphatidic acids (LPAs), for example, favor thenadrttiened
recruitment and proatherosclerotic action of monocytesls€BMCs® LPAs stimulate: (1) the adhesion
molecule expression by endothelial cells to tether monocytes and let them enter the vasali|4R)

the production of preinflammatory reactive oxygen intermediates, cytokines and arachidoni¢(&3id

the lipid accumulation of monocytderived macrophages and foam cell formafiyrand (4)the
dedifferentiatior?’, proliferatior’® and migratior® of SMCg° Mast cells are immune cells known to
accumulate in atherosclerotic plaques 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 rupttire.

Similar to LPAs, also lysophosphatidylcholines (LPCs) were shown to hawfapnmatory and
atherogenic effects. Besides the promotion of monocyte migration, lipid uptake, release -of pro
inflammatory proteins and conversion to foam cells, LPCs are nmagmliators of apoptosis of
endothelial cells, monocytes and SME$' Considering that the choline group of LPCs is readily
removed by the lysophosphatase D yielding LPAs, similar observations for {imflgnmamatory effects

of LPCs and LPAs are preditedb LPCs have also been linked to anfiammatory eventse.g. the
mediation of cholesterol efflux from macrophagderived foam cellé® 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 anakis of lipids. LPCs are a whole class of lipids that includes numerous distinct
species differing in length and degr 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 chdif®l Sy 0Sz (G KS f ALMARQ&a ai NHzOi
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
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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 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 modernand still emergingesearch fieléP>% lipid analysistarted earlierand

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 diffePéhtgeneral,
chromatographic separation of an analyte mixture happens byoadbsorption of the analytes by a
stationary phase and subsequent elution of them by a mobile phaBee to dstinctinteraction d

the analytes with the stationary phaghe elution time is analytspecific andcanlead to separation.

GC employs a gaseous mobile phase and a liquid stationary phase whereas TL-Caited kquid
chromatography (LC) method and works with a liquid mobile phase and a solid stationary phase.
Instead of TLC, modern lipidomics primauge columrbased LC where a column is packed with the
solid stationary phase materigl Three main modes are distinguished: Normal phase L& QyRnd
hydrophilic inteaction liquid chromatography (HILIC) separate lipids based on their polarity. Reversed
phase LC (REC) separatebased on thd A LJA RQ& K & RINPahdKHELECH@H einplaly pdiat
stationary phases but whereas NI is done with nepolar organic solvents for the mobile phase,
HILIC uses water and watatiscible organic solvents. For analyte elution inlNPand HIL]Ghe
proportion of polar organic solvents and water is increased, respectively. Thus, the retention and
elution mechanisms differ butifl the lipids are separated based on the polarity of their head group.
HILIC is more commonly used for lipidomics thar 8Mecause the aqueous mobile phase of HILIC is
advantageous for the mass spectrometric detection of the separated lipids. In thiEhalytes are
bound to the stationary phase by the nargesing hydrophilic interactiond.e., dipole-dipole, H
bounding and electrostatic interactions. IRE relies on nepolar stationary phases and polar mobile
phases. Hydrophobic interactions withe stationary phase ks to lipid separation based on their
hydrophobic part i.e., the length and degree of unsaturation of the FA residues, makingRP
separation to some degree orthogonal to HILIC separations. The elution of analytels@nif@fone by

increasing the percentage of ngpolar 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-gesfilled 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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Figure2: Instrumental and functional details of a (A) linear quadrupole ion trap and an (B) arégping analyzer@rbitrap).
Reprinted with permission from (A) reference 58 © 2002 American Chemical Society and (B) reference 60 © 20:
Reviews.

possess a longer drift time through the drift chamber. Theaked collision cross section (CCShis a
analytespecific value that numerically reflects this phenomenon and is dependent on the shape, the

size and the charge of e.g. a lipid fn.

Usingchromatography and ion mobility spectrometye lipidomecan beseparated but particular
molecular speciegannot be resolvedin contrast, the employment afmass spectrometryMS),
especially highresolution MS allows to measure accurate masshargenumbervalues fn/2) and to
RSGSNXAYS fALARQa &adzy ¥F2NX)dzZ I nd2ThOinodmNdirgdny 2 F |
provides information about the lipid backbone, head group and overall number of fatty acyl carbons
and DBS.Two of the mat common MS instrumertypes are timeof-flight (TOF) and quadrupole ion

trap mass analyzers. Measurements with & are basel on the m/z-dependent acceleration of

ions by an electric field and the consequentlyz-dependent drift time in a fieldree 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 madern linear quadrupole ion trap mass spectrometéhg 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 sectian(Front, Center, Back) of all guadrupole rods and pairwise to opposite rods
(orange and blue), respectivelyigure2A). The mathematical description of the potential well is given

by Formula 1
B —Ow ® ca Formula 1

where"Yis the DC potentiatpthe RF potential with its frequenay Ois the time,i the distance from

the centrald-axis, andy wanddaare the three coordinate axes. Withe socalled Matthieu equation,
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two parameters @ 1) per dimensionare 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

@ ——  Formula 2 n —— Formula 3

where @z ‘Qis the charge and defines the trap size. As these equations define stable ion trajectories
and contain them/zratio, it is possible to trap ions of certain/z values by applying an appropriate
combination of Yandcwwhen choosing a fixealternating current (Adyequency In the trap, an inert

gas is provided for low energy collisiorduced 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 phaseof frequencytunable (5500 kHz)ACvoltage are applied to the X rods. An
ACfrequency sweep excites ions to radially exit the trap successively at ther-dependent
resonance frequenc$? The emitted ions are therfor exampledestructively detectedy asecondary
electron multiplieror a channeltron Alternatively ions can be ejected indirection (Figure ) to be

sent to another mass spectrometer like an orbital trapping mass analyz&ombining the axial
ejection of a definedn/z range and sending the remaining ions to another mass analyzer enables
tandem MSor multiple MS analysigVS) detailedbelowin thischapterd ¢ONS Adi NI LJXE 4| &
by AlexandeMakarov in 2000 and is much smaller (tabidp size) and cheaper compared to the high
resolution Fouriettransform ion cyclotron resonance instruments that require maintenaintense
cryomagnets? Modern high fieldOrbitraps readily achieve mass resolutions>@00.000 whereas

2000 is consideredlreadya high resolution for quadrupole ion trap%°In principle, theOrbitrap is
constructed by an inner spindihaped electrode and two surrounding outer electrodes that match
the shape of the central spindI€igure2B). After accumulation in a curved linear ion tragr@p) 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 oeisctrodes repel

Ay

them. Due to the decentral injection, the axial field componeatisesi KS A2y A NRARyz3¢ (2 2

direction. This oscillation does not depend on the initial ion velocity and the raditibn, but its
frequency depends om/zand induces an AC image current in the outer electrodes. By measuring and
amplifying this current and Fouriransforming the timedependent signal, the axial oscillation
frequencies of the trapped ions are translated imiézvalues and ion counts, i.e., a magectrum?>¢:6°

No matter which mass analyzer is employed, MS requires ionization of the analytiesoft ionization
techniques like electrospray ionizattd{ESI) and MALf3are inevitable to mass spectrometrically

investigate intact ions of biomoleculssichas 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 voFfages (



3). In the positivdon mode the spraying capillary is positively charged arst-called Taylor corféis

formed at the spraying capillary tiBecause of thbighchargecarrier density per areat the cone tip

a fine jet emergesHigh charge density and strong Coulomb repulsion let small, charged droplets
Saldl IS FNRY GKS 2SS 2KAES Fteay3a (261 NRa (KS
evaporates and the charge density rises. At thecalted Rayleigh linfit, the droplets burst into

smaller droplets which repeat that process until isolated-plaase ions resuf® Two mechanisms exist

for the final step. In the soalled ion evaporatin model, droplets with radii less than 10 nm directly

emit analyte ions into the gas phase. This mecharfigsrfor 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 modéf

Positive lons Reduction

© 0 p o a8 beweien,

Oxidation
Electrons
? TDC Electrons
High Voltage
Power Supply

Figure 3: Depiction of the ESI instrumental setup for the posiive mode and processes leading to isolated ion
electrospraying. Reprinted withermission from reference 66 © 2009 Wiley.

Liquid samples like body fluids or organ tissue extracts can be analyzed-My EStwo different
ways. Either the solution is directly sprayed without prior separationthe ESI source is coupled to

a LC system (LX@S)>* Whereas the first approach called shotgun MS is faster, less laborious than LC
MS and needs only small analyte amounts;M% comes with higher sensitivity and additional
information. Shotgun lipidomics is susceptible to ion suppression effedamEans that lipids with a
strong ionization tendency diminish the MS intensity of lipids that are harder to ionize. PCs, for
example, suppress PEs-MGS can solve this problem and enables the detection of much more species
by reducing spectral complexitfFurthermore, the distinct retention or drift time of certain lipids is

an additional analytical dimension that with the aid of standards can decipher lipid iséhi&fhiese

are compound that have the samm/z but structurally differ in e.g. the fatty acyl composition, their
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backbone attachment, DB geometry or DB position(s). Accunézeneasurement®f intact lipidsand

even LGVIS 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 precursétsthe most common fragmentation technicmiare
collisioninduced dissociation (Cl2nd higher energy collisicinduced dissociation (HCBHere,
analytes gain internanergy by collisions with inert gas molecules/atoms wuh#l energysuffices for

the fragmentation of any bondConsequentlythe energy is consumeth low-energy dissociatios
before molecules can accumulaenough energy for higher enerdragmentation 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 andsaturation of individual FAS.Unfortunately, ommon

collisional fragmentation is blind sn- and DBposition isomerism.

1.4. Isomerresolved 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 isomerany MS approaches have been tested, including
alternative fragmentation techniques, analyte derivatization and the combination of $athe goal

of alternatives to CID is to introduce high energy fragmentation paths. This is done by introducing more
energythan ClDor 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 ((WPD).
Instead of exciting molecular vibrations like infrared multiphoton dissociation (IRMPD) and CID, UVPD
excites a molecule to electronically excited states to open new fragmentatiamnels Whereas

IRMPD is based on the absorption of multifRphotons, in UVPD molecules can be fragmented by

the absorptionof a singleUV 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
M spectra’? In later publications they combined HCD and subsequent UVPD i exigiSiment.
Therein, an initial collisiemduced head group loss led to ring closure between the glycerol backbone
and the carbonyl oxygen of then2 FA to form fivenembered dioxolane rings. Subsequent UVPD
causel crossring cleavage and selée¢ detachment of thesn2 FA which served thenisomer
analysis of various GPs (PCs, PEs, PAs, PSs, Pls, PGs and cardiblipm&eid 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 thétachmentof PCs with iron (1) cations improves
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the UVPD selectivity for then2 FA, which has been used for the relative quantificatiorsref

isomers’®

Electronic excitation is also possible by electiwthuced dissociation (EID).dantrast to CID, electron
activation leads to FA carbon chain fragments and was used to distinguish DB isomer$, GNP€s
and TG¥. Similar to UVPD, EID has been shown to selectivelysyidlfragments enablingnisomer
distinction for PC$ and TG®. In addition, Baba et al. could show that the mechanisms of radical
carbon chain fragmentation differ between &d ZDBs. Resulting diagnostic fragment ion intensities
were used to uncover DB geometry and resolve-BE isomers of PCs, SMs and %Gother
fragmentation alternative for radical carbon chain fragmentation is metastable atciwated

dissociation and its benefit for revealing DBPIs has been shown by Deimlét et al.

Instead of altering the fragmentation technique, analytes can be derivatized to add functionality
and/or to open alternative fragmentation paths. For radidakcted 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 investigatioBRisDn GPs, SMs and ¥&sand of
epimers in glyasphingolipid$* The Xia group showed that RDD is also possible without
photoactivation using only the more available collisional activation. They used bicarbonate as ESI
solution additive forming adducts of PCs wherein the2 FA can selectively be detached and the FA
chains can be fragmented to infenisomer$® as well as sites of unsaturation and chain brandes.
Recently, they presented another radical precursor thas attached to the amine group of PEs by
offline derivatization (vortexing at 50C for 60 minutes) prior to EBIS analysis. This has been used

to study the positions of cyclopropanation, methylation and DBs in the FA chains of bactefal PEs.
Derivatization can also be done inside the mass spectrometer avoiding laborious sample preparation
steps, ashown by Blanksby, McLuckey and coworkers: Negadivenode CID of GPs liberdtéhe

sn1 andsn2 FAs thatvere subsequently charge switched in an ion/ion-gaase reaction with tris
phenanthroline magnesium dications inside a lingaadrupole ion trap. Positivien mode CID of the

chargeswitched products led to DB dissociatith.

Opening alternative fragmentation paths for certain moietibas been done by selective
functionalizationyielding features thatvere readily fragmented by the used dissociation methiamt.
example the epoxidation of lipid DB$orms strained threemembered 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 minut&sLao et al. therefore applied a heliusustained

low-temperature plasma (LTP) onto lipid solutions in acetonitrile and reached >90%-tiggEired
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epoxidation after 2 minute® In a recent publicationanother approachwas presented using the
reactive oxygen that is produced in an ambient corona discharge between the inlet of the mass
spectrometer and the sampleontaining glass capillary to which a high voltage of wa¥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 nitnoglegues

of epoxidesand can be fragmented by Cib.

One of the most commonly used DB derivatization techniques is ozonolysis or-iodoiced
dissociation (OzID) introduced by Blanksby andvodkers®® In OzID,ipid ions are trapped in an
ozonefilled ion trap where lipid DBs are ozonolyzede., lipid DBs are fragmented. OzID can be
combined with CID to unveihrisomers: After CHaused head group loss, the resulting fragments are
further dissociated by OzID which selectively detaches the BAZrposition® In a large scale OzID

study of breast carer tissue, Young et al. uncovered unusual lipid DBRisaling 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 desaturatitn site.

Another widely used DB functionalization is the photochemical PB redtiidretween a carbonyl

C=0 and a C=C bond within a lipid, forming a strainedrfmmbered oxetane rin§f Mechanistic
considerations are depicted belo@@cheme 1and include three possible pathwa$sThey share the
AYAGALE ad0SLI 2F LK2G2F0GAGFGA2y 2F || OFINb2yetQa
molecule can either directly react with the C=C to form a singlet diratic@ed inSchemel) 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 diradil(blue inSchemel) as ISC dD stemming from

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

an oxetane or recover the substrates, respectively. According to computational research, the third

O O
2 2
/Rz - ccl VR VR
o) 1 of Rt / R? R R!
L hy ( //> R .
R ca, L
1D r/
1
e R
\ISC
R2 R2 R2
AN . ISC S
3 o* 7 R2 1 1
( //> R ) R R
R sc, 0 o,
3D r/
R’I

Schemel: Main mechanisraof the PaternéBlichi reactior

13



possible pathway is crossing a conical intersect®@lwhich directly leads$D to the oxetane or the
substratest® Phenylic carbonyls stabilize the diradical intermediatusing long lifetimes that allow
02yYR NRBUFGAZ2Y | YR A Y E/dsteiédCheikty (sdefrach BrBemel)PKS | £ | Sy S

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 datike PB strategy has been further developed, combined with other
techniques and applied to many different sample types like various mammal ofjgfsalgael®

fish 1% in vivo samples, plant seeds and human tissue after surgical reM{6dmbining the PB
method with HPLC reduces the MS data complexity, can resolve constitutional i$¢fraatsenables
large-scale lipidomic studies on the DBPI le\f&For postHPL@&olumn derivatization, the eluent was

duct through a UV lightradiated 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 diagnosi§® 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 lightadiated capillary and subsequently get analyzed HyMER 07

In addition to acetone, other PB reagents were tested to enhance thgiédthand derivatizatioryield

and further functionalize the lipids. The PB attachment of acetophenang, introduces a
chromophore in direct vicinity to DBsenabling their cleavage by UVPD with higher selectivity than
CID!®8 Installation of the basic -Acetylpyridine (3AcPy) can boost the detection of haiationize
compounds (TGs, hexen, cyclohexene, CEs and FA esters) and can switch the charge of FAs that are
preferably detected as negative ioH8.Simultaneously, the attachment of the isome®A2Py paves

the way forsnisomer analysis of GPs in @3 experimentst®? Initial head group loss results &
dioxolane which is favorably fragmented by crosg) cleavaggyielding fragments lacking trsn2 FA.
Independent of theisnposition, unsaturated AcPybearing FA fragments experience the strong 2
AcPycaused intensity boost. Therefore, thesé2Pyfunctionalized fragments dominate the spectra
negating the favored detection afi2 fragments. Accordingly, depending on whether the unsaturated
FAs were attached to then-1 or sn-2-position, the dominant fragments are products of crossy
cleavage onot.!'°With the assistance of an iriditivased photocatalysFeng et al. were able to use

a visiblelight-induced PB functionalization with methyl benzoylformate (MBF) to distinguish DBPIs and
E/Zisomers. After visiblight excitation of the photocatalyst, it activates MBF by trigdaeergy
transfer to efficiently react with lipid DBs (PB vyields up to 728ourse of PB derivatizatisnZ-
isomers readily undergo isomerization to the correspondiigpiEners. Becauseigomers elute slower

than Zisomers, a new peak with a longer retention time appears in chromatogramsisgnzer
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samples after PB functionalization. Comparing pred postfunctionalization chromatograms enables
E/Zisomer resolution, because the PB functionalization -e§dimer in contrast to Zsomer samples

yields no or very low additional chromatographic peaks.

Lipidomic studies mostly analyze tissue or body fluid extr&ctstaining 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 lipidawidiesare blind for intercellular
heterogeneity. In contrast, Li et al. published a DBO snisomerresolving singleell shotgun
lipidomicsworkflow, combining their PB and bicarbomastrategies with cell fixation and droplet
assisted nanoESt 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-séiigle
analysis. For dropledssisted nanoESI, solvent droplets are appliethtonanoESI tip to achieve a
better analyte extraction of the single cells. Using the described method, single cancer cells were
annotated tobeingeither drugsensitive or drugesistant based on quantitative DBPI asd-isomer
analysist!? This example highlights the potential of accepting the challenge of probing local
biomolecule concentrations. Another technique thanh the one handalready routinely probes local

biochemistry andon the other handstill developsis MALDIMS and is discussed hereafter.

1.5. MALDIMS

In laser desorption/ionization MS (LBIIS) experiments with several aminacids, Karasand

Hillenkamp discovered that mass spectra of tryptophan at its threshold laser irradiance possess higher

ion yields at lower fragmentation than other amino acids. Additionally;M.® bf tryptopharalanine

mixtures at the tryptophan threshold irradianggelded 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 effectof excess tryptophan that absorbs the laser energy and assists the soft ionization of
alanine®® This finding initialized the research field of MAMS. 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 fragmentatidi®:}'2In 1988, Tanaka et al. introduced their-called
dltra-fineY S+t LJX dzda fAljdZAR YIGNRE YSGiK2R¢ dzaiAy3d 0206l
matrix to achieve ions of proteins and polymers upntz 100,000'2Ly Y2 NB RSOl Af X GKS
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. MALDIMS rapidly developed and was optimized by, for example, testing various

matrices!'*varying the laser wavelengf?and installing an additional laser for peenization!!®
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Even though MALEMS is routinely useth laboratoriestoday, the processes after laser irradiation of

the sample are still nofully 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 develdpegarly work investigated wavelength
dependencé®the role of photoionization and photochemisttfand angularesolved initial velocity
distributions of desorbed materidl®! f § K2 dzZAK GKS | ONRPye@yY adaa![5L¢ Aa
GRS&a2N1LJiA2yé Aa aidAaftt RAaOdzaaSR 0SOlFdzasS AG &dz3
from the surface of the sample. This is in contrast to the also proposed explosive ejdotiosters
composed of matrix and analyte molecufé$Nowadays, it is consensus that after material ablation

and initial chage separation there is a smlled 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. M3Vithin 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 photoioniation 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 photoi@zatoducts 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 othes transition into a lower lying electronic state in this collective proc¥$s.
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 excisdte proton transfer (ESPT) from excited matrix
moleculesto ground state analyte molecules which is promoted by an increase of matrix acidity or
basicity as a consequence of electronic excitatiothobdigh this chemistrywas observedor some
compounds, common matricelid not showESP3Hctivity'**and known ESPactive compounds failed

as MALDI matrices. Consequently, ESPT is not considered to significantly contribute to the ionization
process in MALDB#!

Photoionization also plays an essential role in a third model regarding the finally detected ions as lucky
survivors of charged matranalyte clusters that are desolvated by direct evaporation of neutrals or
indirectly after neutralization reaction'$? According to the lucky survivor model, the liquid solution
OKIFNBS aidlFldiSa 2F IylfaidisSa IINB LINBaAaSNBSR Ay ((KS
absorbed by the matrix leado desorption of preformed ions as clusters including analgtel matix-

molecules andions 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 protoand electrontransfer and (2) the
desolvation of neutral species finally yielding (luckily simg) isolated ions in the gas pha$éinstead

of cluster reactions, the energy poolidgl 8 SR a 02 dzLJ SR OKSYAOIf | yR LIKeéa
takes secondary reactions between free molecular species in the hot dense plume into a@tount.

Here, amlyte ions are produced by collisions of analyte neutrals with photoionized m#trix.
Conceivable matrix ion species are matrix radical catior®),(q@rotonated/deprotonated matrix

(Im+HIk @Y &n@ metalcation adducts of the matrix ([m+Mg] Electron transfer from neutral
FylrtedsSa G2 YFGNRE NYRAOIFE OFidAaz2ya Aa 2yfeée fA1St
the matrix. Otherwise i is converted to [m+H]by detaching a hydrogen from a neutral matrix
molecule. Secondary reactie forming analyte ions are predominantly protonation, deprotonation

and cationizatiort®

A central phenomenon of MALIMS is thedominantdetection of singly charged ions. Even for large
molecules wherein spatial distance can stabilize multiple charges and in the case of adducts with
divalent cations, chargeumbers exceeding one are almost completely absent in MAL®kpectra?®
Regardless of the model applied, charge reduction takes place as secondary reactions in the plume i.e.
proton- or electrontransfer processes. According to the lucky suwiwnodel, the electron capture

cross section is the reason for the exclusive survival of singly charge@iSopported by their higher

cross section, multiply charged clusters more efficiently trap electrons stemming from photoionization
of other clusters or the metal below the sampiéThe CCPD postulates collisioduced proton and
electrontransfer reactions of multiply charged ions with neutral matrix molecétes adduction with

deprotonated matrix anion$*

Another typical MALDI phenomenon is that matrix ions can be suppressed completely if analyte
concentrations are sufficiently high®>°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 photoioniZgd.the lucky survivor model,

the analyte concentration dependance is explained by the need of at least one acidic/basic analyte

moleculeper charged cluster that can claim the chatge.

Lower MS abundance of negative compared to positive ions are widely observed inM8E8Karas

et al. proposed that this is a result of adduct interactions being weaker for anions compared to cations

(e.g. Clversus N3 K). Further, they argue that anions are less basic than most analytes and therefore
gAtt GqadiNDAGSE AyadSIR 2F RSLINRG2Y L GAY3T |y |yl

considered another reason for low negative ion abundance as this leads tadpé loss from the
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plume, preventing negative ion formation. Moreover, photoionization of clusters is named as a
possible explanation for higher positi@n 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 ga¥phase.

In contrast to the models discussed above, the thermal ionization models assume thermal equilibrium
or quasiequilibrium for the ionization processes. Early examples are the reports of € lzaitl
Beavi$?® 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.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 reactiorttat produce ions. Equilibrium is reached before matrind
analyteneutrals andions are desorbed to the gas phase. In dethi reactions are autoprotolysis,
proton disproportionation and proton transfer to/from analyte neutrals from/to

protonated/deprotonated matrix iong?®

2mz [m+Hfb w¥bL 1 6 2Az [A+tHIb P b1 8
m+Az [m+Hfb ®* b1 6 m+ Az @Y b"k B\+H]
[m+H] + Az m + [A+H] OWYL'HBRZY b B! LI 6

Questions of thermal equilibrium are not addressed in the lucky survivor model, but are commented
by the CCPRsrelying 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 fiefdslowever, thermal equilibrium was concluded

to be unlikely. Oithe 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 conflictheitmal equilibrium-4

In experiments with a deuterated matrix, Jaskolla et al. evaluated the role of preformed ions and gas
phase protonation/deuteronation in MALB¥ 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 o both mechanisms. At lower pH valydsgher signals of protonation were observed
emphasizing the role of pfermed ions. In contrast, deprotonatieterived signals were more

abundant at higher laser fluensgndicating an increased role of gphase reaction$*°
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1.6. MALDIMS 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 comédththe advantage to extract the content of a small
sample region with diameters in the micrometer range. MAMBSIimaging (MALEMSI), introduced

in 1994 by Spengler et &, uses the micrometer accuracy of the ablation by a highly focused laser
beam br the pixetby-pixel scanning of a sample acquiringnassspectrum for each pixeF{gure4).
Subsequent plotting of the MS intensity 6f a certairm/zsignal in a coloor grayscale for every pixel

in the scanning raster (X, y, z coordinates) yields an image of the analyte distribué&an abiological

tissue samplé®? How accurate MALENIS images reflect the real biological distributions, is affected

by, for example, sample heterogeneity (physical or chemical), sample preparation, the matrix choice

and ion suppressioaffects13%136

As described for matrix ions, also the detection of analytes is suppressed when other analyte
molecules competing for chargeare more effectively ionized. This was shown for various analyte

classe&3 1341339 phyt one prominent example is the ion suppression exerted by PCs in lipidomics
studies!®® In the positiveion mode, the ionization affinity of PCs is higher than that of PAs, PEs, PGs

and PSghindering their positive charging, whereas the latter species cause lowdef@d signals in

(x,y,2,m/z,1)

Figured: General workflow of MALENMSI experiments. For every pixel with the spatial coordinates x, y and z, amass s
is recorded providingn/z and intensity () values. Plotting in a coloror grayscale for every pixel yields lateral distribut
images like at the bottom left.
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the negativeion mode. At the same time, PCs were observed to boost the negativmtensity of

PEs, PGs, and PSs, most likely by promoting deprotonation or cation detachment from the other
lipids 136 This showcases that MALBISI results can be compromised by ion suppression effects. If, for
instance, PCs are endogenously upregulated in a certain tissue area, mass spectrometric PE signhals will
be reduced there even though the biologi¢dkdistribution 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 MAMSI of biological tissué4®Local presence of alkali

metal cations interferes with the signal intensity of protonated lipids from the same locHfidihis
problem can be solved by washing the sample with ammonium acetate or ammonium formate
solutions!*2 Sample preparation steps can thus help to overcome imaging issues but also can cause
problems as eemplified by the impact of divergent analyte extraction and incorporation into matrix
crystals. The analyte migration and-cxystallization with the matrix is crucial for efficient ionization

by MALDI and can vary between analytes and sample preparstiategiest*>'4*Matrix application

for imaging experiments is most commonly conducted by spraying (electro, ultrasonic, vibrational or
pneumatic spray) or sublimation/recrystallization. Utilizing pneumatic sprayinglytighcentrated

matrix solutions(almost saturated) are nebulized by a vigorous inert gas flow and sprayed onto the
sample. Under optimizecbnditionsthe sample is slightly wetted providing the possibility for analytes

to be extracted ando co-crystallize with the matrix while preventing washt effects. No solvent is

used if the matrix is applied by sublimation ontoetsample surface. To ensure-coystallization
though, the matrix is forced to recrystallize by exposure of the matoated sample to a solvent
saturated atmospheré® Besides ensuring exrystallization and avoiding analyte delocalization, the
matrix amount must be carefully controlled. This is because thick coating will cause analyte
adzZLILINB&aaAz2y YR AyadzFFAOASYG O21I GA yWALDSIA lbchlly RA YA Y |
replaced by the harsh LDI. Scanning electron microscopy experiments revealed that the structure of
matrix-analyte cecrystals on top of various biological tissues changes with varying morphology of the
tissue*®In short, the quality ofhe 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 MM.®Images to extrache lipids of

the released material and analyze it by quantitativeM.& Comparison of the MALBISI and the L.C

MS results unveiled discrepancies between the lateral distribution displayed by MSI and the

enrichment and depletion found by NS 146

Choosing a matrix for a MALBISI experiment influences the analyte species that can be imaged.

Some matrices specifically perform in the negativethe positiveion mode whereas others can be
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used in both ion modes. Most matrices are lawlecularweight compounds. So, a matrix isignal
backgroundcandisturb the detection of low molecular weight analytes in metabolomics if the mass
spectrometer cannot resolve matrix amadhalyte peaks. Nevertheless, matrix cluster ions can interfere
with higherweight analyte ion signals too. The most commonly used matrices in lipidoBtberfe

2) are 25RA K@ RNR E& 6 Sy 1 2ckabod-hyddxyinnaniic acid (CHOA)aminoacridine
(9AA), 1,&Hiaminonaphtalene (DAN), 2dihydroxyacetophenone (DHA)and sinapinic acid
(SA)32147.1498perry et al. recently evaluated how the lipid profiles acquired by MMM$of mouse

liver tissue depend on the employed matrix. Applying five commonly osadces, variationhave

been found concerning the lipid coverage, the preferred ionization of certain lipid subclasses and the
patterns of proton, sodiunand 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 groupyielding molecules with the same/z value as a PE with two more acyl chaiat@ms

than the original PGe., i KS A 2y & A 3 yskHT is @rdneabisly/annotatedsiPE B6:0+H]8

Due to the fact thaevery biological sample is different, ion suppression and other confounding factors

are not constant. Tis is importantto note for MALDIMS image interpretation. As these factors are

difficult to predict, quantification via MALIMSI require internal standards that, for example, are

spotted on top of or beneath the tissué>!*°The use of internal standards is more easily done in
desorption electrospray ionization (DESI) and nanospray desorption electrospray ionization (nanoDESI)

MSI experiments wher¢he analytes of a sample are desorbed by applying a solvent mixture as

St SOGNRALINI & 2 NJ & LIS NV Siyipfe inBoNaBratibn Diintebhal stddatdiSiO G A G S f
the applied solvent mixture enables quantitative analy3isn socalled droplet pickup 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 discsed for ESI. In naBbESI experiments, a solveselivering primary capillary, the

o) o) NH,
HO
Cﬁw w JNsee
CN
OH HO N7
DHB CHCA
9AA
NH, o) o)
D@ H"Cﬁ RO
OH HO SA
NH, DAN DHA _O

Scheme2: Examples of MALDI matrices that are most commonly used in lipidomics s
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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 capillar¥?? 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 pm pixel $t2avhich is better than DESI (typical larger than 20

Um)% byt still notin the range oMALDIMS| 158159

The lateral resolution in MALIMSI 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. Kompaued.edeveloped a MALDI source employing a
focused laser beam and optimized the sample preparation for small matrix crystals to enable lateral
resolutiors down to 1.4 um>® Because smaller pixels mean less desorbed materiaighionization

yieldis degrable. Soltwisch et al. used laseduced postionization toaddresshis.**°In their socalled
MALDI2 setup a second laser fésinto 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
transmissioamode MALDR in which the sample is penetrated by laser light from the backside tftrou

a UVitransparent sample holdef® With this setup they achieved a pixel size of 0.6 um. Another
favorable effect reported for MALE? is that the abovanentioned suppression exerted by PCs is
mitigated 146 Smaller pixels at constant overall image sizean more pixed 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 MMI$)Imeasurements: move to a defined
sample location, fire the lasgacquire 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 acquirintassspectral®! In the conventhnal spot mode, only a part of the
LAEStQa YIGSNAIE A& ofl GSRE odzi o0& Y2@0Ay3a (KS
maximum repetition rate, the material of the full pixel can be us&dNonplanar samples are
challenging because they run out of focus if they are not refocused on spots of a differing height. An
autofocusing MALDI source develogggthe Spengler group utilizes a laser triangulation system with

a camera that recognizes the lateral position of a second laser thalilisated to cross the laser beam

in its focus plane. If the system is in focus, the autofocus laser irradiates théospmasure. If the

laser is missing the spot, the sample stage correctstssition and resolves height variations down

to 1.5 pm?62

Besides simple matching of spatial coordinates witlz-intensity data pairs, somia silicocorrections
are common practice in MSI data processitidNormalization 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 spotpasr sample preparation. In order

to assignm/z signals with higher mass accuracy, post measurem#mtrecalibration is applied by
correcting all signals on the basis of the deviation of a known signal from its theoraticahlue!®
Mirion'®*and MSireadéf® are visualization tools translating the raw data into MS images. The tools
can also produce overlay images of sevarat 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 (Thermdisher Scientific}®® SCILS (Brukel¥, High Definition Imaging (Waters}
SpectralAnalysi¥® EXIMS/® massPi¥X?) including some that offer more complicated data analysis
like, e.g, principal component analysis and other statistical methods for multivariate data angfysis.
One example that highlights the advantage of common data formats (ifN.combination with a

big database to store and share MSI results is METASPE#AREearchers can upload their MSI data

to the platform subsequently outputting MS images that are already assigned to metabolites and lipids
from databases. In that coursienages of isotopic species are excluded and the adducts (e.gr Ka
adducts) of pdicular species are grouped in overviews. Assignments are evaluated bygadlesb
metabolite-signal match score (MSM) that considers spatial chaos, the similarity of measured and
theoretical isotope patterns, as well as the similarity of isotope signages. Basically, spatial chaos

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

noisel”s

With the aid of sophisticated data analysis, MAM3I is a powerful tool for targeted or ndargeted
bioanalytical studies to gain insight into biochemical processes by investigating local relative
concentrations in biological samples. This has been detnated for numerous sample types
including plant¥4’5 and organ and wholbody sections of mammalé® reptiles!’” fish 178179
insects®18! and parasites®2183 By development of specialized workflows with mafiecoated
sample holders it isgssible to use MALBMISI in a timeframe of surgical patholotf§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 pafi&Ry. statistical

data analysis, the large MSI dataset was compressed in six components (clusters) with distinct spatial
distributions. Each component possedse spectral profile of lipid signals with a correlating spatial
distribution. Comparinghe derived MS image features with histologically identified plaque regions
reveakd 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 thrombosissociated proteiyindicating intraplaque bleeding which can

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

potential markers for highisk atherosclerotic plaques by decompressing the clustered ‘altastead

23



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
/immunofluorescencesupported 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

differencest®®

Despite the great progress in MAH@SI instrumentation and data analysis, many substances of
interest are inaccessible or not distinguishable for MS with common MALDI sample preparation.
Sample washintf?, the application of internal standartf$and ontissue enzyratic digestiort®’1%8are
methodologies for a more sensitive and specific MAUBIanalysis. These are complemented by on

tissue chemical derivatization (OTCD) strategies.

1.7. Ontissue derivatization and isomezsolving 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 isomespecies that cannot be resolved

by MS without chemical modificatiod®1**Whereas chemical derivatization is weditablished as in
solution reactions for other disciplines like electrophoresis, GC, and LC, tissoa version for MSI
experiments is still challenginigsues are associated with @halyte delocalization becausxcessive
sample wetting by reagent solutions can occ{#) undesired reactions or interferences with the
reagent can complicate resulting mass spectiad (3) low OTCD effiencies 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 laterbdistribution. Spraying is the most common method to apply the derivatization
reagent without waskout effects but also vapor deposition and precoating of the MALDI targets are

strategies to avoid derivatizatiecaused analyte delocalizatid#:1%

In the following, some sensitiviignhancing methodologies are summarized. With reageetoated
MALDI targets, Manier et al. enhanced the MAMSI of neurotransmitters in pig adrenal glands and

rat brain using an aldehyde reagent that forms Schiff’s bases (hydrazones) with primary amdlieies

mild conditions $cheme3A)°* 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 lown/zrange. Attaching a derivatization reagent to an analyte shifts its
mass imo higher m/z regimes and can also enhance ionization efficiencies by introducing a charge
(Schemes3B) 12 Girard’s T reagent (GirT), for example, contains a charged ammonium group and its

hydrazine moiety forms stable hydrazones with carborythéme3C). This compound has been used
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to study the distributions of steroids that are hard to detect with MAM3. Employing Gi¥rT
derivatization (Girfprecoated sample holders), Cobice et al. analyzed the steroid turnover to monitor
the performance of the inhibitor for an dementi@ssociatecenzyme'®® 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
aldosteroneproducing cell clsters where cortisone and cortisol exhibited lower concentratitifis.
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 carboxylcontaining compounds to form amidebkat are positively chargeds¢heme3D). Using

their derivatization workflow, they imaged free fatty acids, citric acid cycle metabolites and PCs
parallelly in the positivéon mode!®® Another charge switching OTCD reagent has recently been
published that improves the MALIMSI of minorabundant phospholipids in murine brain tissue by
tagging phosphate monoesters with a zinc complex. Derivatized sphingosinemonophosphates,
ceramidephosphtes, PAs and LPAs could readily be imaged in the pewitivenode whereas the

imaging as negative ions of the underivatized species faifed.

Considering that OTCD reagents and matrices are often applied the same way (spraying, vapor
deposition, sublimation), it is obvious that a combinatio®. matrices that react with analyte
molecules are not necessarily a drawback like in the detrimental example of DAN that demethylates
PCd“8 Reactive matrices can effectively reduce the sample preparation and the risk ofowtsh
effects. Andren and coworkers took advantage of pyridinium $alis reactive matrices that convert
primary amines to chaed pyridinium cationsScheme3E). With the use of such a pyridinium matrix,

the group investigated the neurotransmitter metabolism in mice after kamakof the Parkinson’s
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diseaseassociated receptor GPR37. Lesions with the parkinseimdoting neurotoxin 6
hydroxydopamine were found to affect GPR3Wwckout mice stronger than wildtype controls. This
has been interpreted as evidence that the presence of active GPR37 impeelelevelopment of
Parkinson’s disease® In order to assist neurotransmitter imaging with a reactive matrix, not only the
amine group can be derivatized but also thedi® function at the catechol backbon&¢heme3F).

By bounding the precharged reactive matriN4methylpyridinium boronic acid, the catecholamine
detection is simplified because of higher ion yields, a higher mass beyordatvdedlow m/zrange

and the characteristic isotope pattern for bor@montaining specie®?®

Besides the presented sensitivignhancing OTCD techniques, various functionalization and
fragmentation strategies have been developed @énhance specificity of otissue analysisi.e.,
resolving lipid isomers in MSI experiments. The use of ozone for DBB+eadner identification has
been demonstrated above. This has been exploited for B&elving MSI by employing dissue
ozonization. It is carried out in an ozoflashed reaction chamber, wherein the tissue lipids are
converted to the Criegee ozonide igh is subsequently analyzed by GI& to laterally localize DBPIs

in human colon sections with a lateral resolution down to 15ffin

Reactive oxygen speciggere also used for functionalization in an application by the Laskin group.
Herein, singlet oxygewas photochemically generated in situ by UV laser irradiation of nano(D)ESI
capillariesF 2N ¥ Ay 3 K@ RNRBLISNRPEARSA 6AGK f AL#KDDPGDBPL & (K|
resolved imaging with 30 um pixel sf2ZéEpoxidation has also been done on tissue as it was presented

by Kuo et al.but the epoxidation with mCPB#&aslaborious (60 minutes incubation) and the lateral

resolution waslow (200 um pixel sizéj.

. SRYFnNl S&G Ffo® IFTRIFILWSR G4KS t. YSiK2Rg&na3ae F2N
glycosylceramides in mouse brain sectiéttsThe PB reagent, benzaldehydeas vaporized and

introduced into a reaction chamber where it condedsento the cooled tissue sample thatas
simultaneously irradiated by 254 nm UV light. Resulting PB prodveres ionized with a MALEA

source and subsequent CID allhto map DBPIs of PC 36:1 and PS 36:2 (25 pum pixel size) in 8ine MS

run. Thiswas donebecause these are isobars (sharing the same nominal massyénatcoisolated

but could be distinguished by higtesolution MS. Pogbnization by the second laser of the MALDI

source ensurdthe efficient ionization of the PS thatassuppressed by the PC species in conventional

MALDI.
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2. Aim of this work

The identification of lipidomic variations caused by dissase: 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 enzsespensible for
structural changes of lipiddn order to discover lipid DBPIs and their lateral distribution in tissue
samples, this work had the intention to develop a directtissue PB functionalization approach for

DBPiresolved MALDMSI analysis.

Based on earlier research with thegnlution PB reactions of acetophenone (AcPh) with unsaturated
lipids %8 the initial target was to use the known reagent dilgan-tissue.Pure AcPh oAcPh: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 approachasre tested: (1) Pneumatic spraying of the reagent
and (2) dropping the reageminto the tissue and covering it with an Ypérmeable quartz cover slip.
Beause of low functionalization yields and the timmensuming sample treatment, another approach
was considered. The new aim was to combine PB reagent and MALDI matrix and establish the concept
of PBreactive MALDI matrices. BPh was telsds reactive matribecauseof three reasons: (IJhe PB
reactivity was shown in solutio#i®(2) BPhallowshighly efficient ISQo the triplet state thatis assumed

to play a key role in the PB reactf8#™ (3) the chromophores wre expected to assisboth the
photochemical activation for the PB reactiand the absorption of the MALDé&serlight. Since BPh
performed as both MALDI matrix and Riagent,the next goal was to develop and optimize an on
tissue sample preparation ensuring to homogenogslyerthe sample with small BRtrystals 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 Wfradiated to excite the photochemical PB reaction. Data of lateright
exclusion experiments suggestthat the main part othe PB yield @l not rely on UMamp irradiation

but was caused by the UMALDI lasepulses Finally, to establish BPh as a new matrix, the imaging
results had to be compared to a common matrix, the scope of @aBd&yzable lipid classesgere
elucidated, and the new DBRisolved imaging technigue had to be tested. The MSI and-i2B&lived

M$ abilities wereevaluated by using weknown mouse cerebellum tissue but also the lateral BBPI

distributions inSchistosoma mansowiere investigated.

After the proofof-principle with BPh, the aim was to improve thefeRctive matrix approach iterms
of ion and PB yields as well as the scope of lipids that can be analyzed. HenderiiaRlveswere
screened and conclusions were drawn abourB&tivity 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 Maddpl
initiated PB functionalization. Reactivity trends were thus evaluated for halegbstituted BPh
derivatives, as well as for lipids possessing various head groups and various degrees of unsaturation.
Furthermore, DBPI analysis was performed fodlgiandards o 3lipid classes in both polaritieg.he
longterm gaoal of DBRtesolving M3 is the application to biological and medical problems. BzPy was
therefore employed for MALEMSI and-M$ studies of various healthy and diseased organ tissue
types including e.g, brain, kidney and pancreas of wildtype (wt), diabetic and cardiovadgular

diseased mice.
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3. Results

The goal of this work was to bring lipidomic a PO 1)
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to tissue sections while the samplevas
irradiated by a mercuryapor 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 torbere reactive than AcPh but also failed as PB
reagent for our DBRksolving M3 approach. 2,®ihydroxyacetophenone (DHAP) is known to
perform as MALDI matd% and motivated by the fact that AcPh in priple enables DBPI analysie
dihydroxyderivative was tested as RBactive matrix. To promote the photoreaction, the sample was
UVtirradiated during the pneumatic spraying procedure of DHAP. Excellent ion idsnsire
observed, better than with the previously used matrix DHB, but no PB productntrast, BPRvas

shown to bePBreactive ando be effectiveas MALDI matrix.
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In the first publication of the projeét the results of implementing BPh as new-ieBctive MALDI
matrix for highresolution MALBMSI and DBREsolved MALBMS are presentedBefore using BPh
asMALDImatrix, it was tested asn-tissuePB reagenin combinationwith DHB asMALDI matrixhat

was applied aftePBfunctionalization BPhoutperformedthe low yields of AcPh and benzaldehyde. In
contrast to the dropletapplication, BPispraying provided homogenous reagent deposition by
exploiting the advarage of small solvent volumes (spray droplggs)suring 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-B3Blved MALDMS

images that display histological tissue structures in mouse cerebellum.

After BPhwas observedo be a goodn-tissuePB reagent for DBPI resolution in ¥ & was tested as
reactive matrix by omitting DHB as additional matrix. The resulting MMID4and-MS spectra are
shown in Figure 5. Comparing the signal inteesin spectra of tissue with and without additional
DHB showed only one order of magnitude lower sigvidi BPh as exclusive matrix. It is worth noting
that much cleaner spectrd.e.,fewer noise peaksvere obtained with only BRPHMost likelythis is
because the mutual ionization @HB and BPkielding matrix cluster ions is prevented. With the
objective to introduce BPh as f&uctive matrix allowing high lateral resolution DBpécific MALDI

M1, homogenous BRboverage of tissues withatrix crystalspossessingizes belowl5 pm was
required Parametersof the matrix spraying setup and protodablat had to be optimized were the
concentration of BPh and the ionizati@ssisting trifluoracetic acid (TFA), the solvent composition, the
UV irradiatiortime, the overall sprayed volume, the spraying flowrate, the sarpisprayingneedle
distance, the sampko-UV lamp distance, the strength of the nebulizos flow (M) and the
rotational speed of the sample holder. As their influence on the PB yield, the BPh crystal sinestaid
K2Y23SySAade gra ySItAITAoftS:T GKS al YL SQa NRGF (A
distance (3 mm) and irradiation time (3 minutes) were set after short optimization and held constant.
The sampldo-sprayingneedle distance is dimed by the size of the spraying chamber. To avoid the
laborious construction of several spray chambers, this parametersetg$6 mm) ancheld constant
while adapting the other parameters. The spraying flowratas optimized for minimal sample
preparation time while not causing sample waslt. Low flowrates (<10 pL/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 vicinitp the analytesThis effect was not confirmed. As higher flowrates caused
washout effects, 10 pL/min was determined as the optimum. Thdldlv must be strong enough to
nebulize the matrixsolution to a fine spray. At the same time a too strong gas stream leads te wash
out caused by too fast impacting solution droplets. Optimal conditions were found with a fully opened
valve and a pressuregulator setting of 0.5 bar. Besides improving the ion yield, the addition of TFA

to the spraying solutions turned out to affect tlB&h matrix layer quality as well. After using 0.2% TFA
30



in the optimization experiments, higher concentrations were tested for better ionization and 0.5% was

selected as a maximum of ionizatiagsistance withouimpactingthe qualityof the matrix layer.

Fast BPh crystallization is beneficial for matrix quality because it prevents sagtfiteg andit favors

small crystallitesover bigger crystalsdue to kinetic trapping of small crystalslowever,it was
hypothesized thatoo fastcrystallization 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 PHlerivatized to subsequently etrystallize with BPh. In order to support fast
crystallizationsolutions withhigh 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 werempirically tested in order to find the
optimized spraying workflow described above. The BPh concentratiofinstagaried between 5 and

90 mg/mL After theseinitial experimentsa smallerconcentrationrange between 5 and 30 mg/mL
wasset for the screening with numerous solvent mixtures. Concentrations exceeding 30 mg/mL were
too often prone to clogging the sprayer. The tested solveuntglled different roles as explained
hereafter. Acetonitrile (AcN) and MeOH were selectegtause they readily dissolve BPh and lipids. 2
Propanol (6.00 kP&Y and water (3.07 kP#¥ exhibit lower vapoipressuregvalues in bracketghan

AcN (11.8 kP#P and MeOH (16.9 kP4j and were employed to achieve mixtures with moderate
volatility. Ethanol (7.87 kP&) was tested in some mixtures as it is of intermediate solvation
performance and volatility like-gropanol, but the lattemwassuperior in this discipline. MeOghsily
sohedlipids and BPh but was replaced by AcN because of the leaper-pressure at similar solvation
ability. The optimized spraying solution was 20 mg/mL BPh in 6:3:124xbbanolwater with
additional 0.5% TFA.0 protectanalytes from direct laser impacand consequentiragmentation a
MALDI matrixexcesss necessaryAlthoughatoo highmatrixexcess 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/ttheme between 100 and

400 pL revealed 230 uL 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 MALEMS suggesting that the reacti is activated by the UV laser of the MALDI
source. T@xaminethis hypothesis, multiple mouse cerebellum tissue sections wereddBted under

light exclusion, the samples were scratched from the sample holder, lipids were extracted with a
methyktert-butylether extraction protocdt® and the extract was analyzed by HRESIMS. This
experiment still identified lipid PB derivatives but in much lower yields (0.03% versus2&t@ one
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handthis shows how highly reactive BPh is and ]
on the other hand suppostthe assumption 20 {
that the UV laser initiates the PB 15_5
functionalization. Furthesupportfor the latter ]

YI%

; . 10 3
was found in measurements of the PB yield a:

a function of energy per MALDI laser pulse thai 5+

ascertained a direct correlation (Figure 6).

Without UV irradiation during the matrix 00 0z 04 06 08 10 12 14 16
energy per pulse | pJ

rayin higher normaliz levels wer
spraying, ghe ormalized levels eeFigure6: PB reaction yieldYj of [PC 34:1+BPh+Hijom a BPk

observed (Figure Shlthough the PB yield (12% covered mouse brain tissue section as a function of the el
per MALDI laser pulse. Blue dots represent the mgéaalue

vs 21%) was lower than with UV irradiation, from 100 individual measurements. The error bars are
corresponding standard deviation and the typoint floatinc
the absolute ion count ofPB products was average ofY (red line) is depicted as a guide to the ¢
. . Lo Reprinted with permission from reference 200 201¢
higher. Consequentlyno more UV-irradiation  american Chemical Society.
via Hglamp was required during theample

preparation workflow.

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, PI, PA, PG, and SM standards and ten P@sfdinedtssuewere inferred. In

order to assess the matrix performance aside its functionalization ability, the imaging results were
compared to those with a DH&ated sample. BPh allows MSI with a good lateral resolution of 15 pum
pixel size and the lipid coverage as well as the lipid disiohatwere similar using BPh and DHB as
matrix (Figure 7). Comparing the ligis annotated lipid signal$92 with DHB and 74 with BPh as
matrix), BPh appeared to promote protonated

species while alkali metal adducts were le

intense or absent for some spes that were
better detected by DHB. In turn, som
protonated species were exclusively detecte

using BPh.

Following the matridevaluation in DBPI analysi

and as a MALEMISI matrix, thecapabllltlesfor Figure 7. RGB MALEMS images of mouse cerebell

DBPiresolved MALDMSI were examined. acquired with 15 um pixel size in the full pixel mode using
BPh and (right) DHB as matrix. The latgregsolved signi

Mouse cerebellum MALBMS images were intensities of three selected lipids are superimposed:
36:0+H} (red, m/z 748.585), [PC 36:1+H](green, m/z
acquired for PCs with lateral resolutions down 788.617), and [PC 32:0+Hblue,m/z 734.570). The scale t
reflects 1 mm. Reprinted with permission from referencé
15 Hm pixel size which enable the resolution © 2019 American Chemical Society.
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small histological tissue regions (Figure
in the range of murine neuronal cel

size?'1212 |n accordance with previous

n-9 isomer

reports, the abundances of the9 DBPIs
of PC 34:1 and PC 36akre elevated in
the white matter whereas then-7 DBHF

showed a complementary elevation in thi

n-7 isomer

gray matter of the cerebellum.

In order to test the new PBeactive matrix

H&E stains

for its use in studying unknown sample:

DBP{distributions of PC 34:1 in a whol

parasitic worm $. mansoniwere imaged Figure8: MALDIMS images of the DBRliagnostic fragment ions
(A) PC 36:1 and ¢B) PC 34:1 acquired from mouse cerebe

using the 3Bautofocusing mode of thAR  sections with (A,B) 25 um and (C,D) 15 um pixel size. Signal inte
. . were (AC) TIC normalized or (D) relative intensitie®/-7 andn-

SMALDt AF ion source (Figure 9)-7/n-9) are used. The red square in B highlights the region meast
. . . C and D. Lower row: Optical microscope imagegost-MALDIMS

Fragment ions of DBs in three dlffererhematoxylin and eosin (H&E) stained tissue sections. Scale bars

" ~ ~ (A,B) 1 mm and (C,D) 0.4 mm. Reprinted with permission
positions were detectedrk9, n-7, n-13). reference 26 © 2019 American Chemical Society.

Whereas homogenous distributiongere
found for then-9 andn-7 isomers, the data revealed an elevation of the unustE3 DBPI in the head
and the taitregion of the parasite. Localizati 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 preggu8MALDIAFsource To
test the applicéion to other ion source systems, Bfebvered mouse cerebellum tissue was analyzed

employing an intermediate pressure MAEDIlion

source®®1% of the Dreisewerd group. Both thef
varied pressure domain andaried ionization
technique did not inhibit the MALBé&serinduced
PB derivatizatiotfFigure 10)

The second publication of the projétt describes

—

the results otthe efforts to improve the PBeactive

%%  Optical image
g oy
MALDI matrix perforlllance@\ screeningof twelve .

BPhrelated compounds as PBactive matricesvas Figure 9: MALDIMS images of DBRiiagnosti
. .. . fragment ions of PC 34:hcquired from a maleS
performedto enhance the PB yield, the ionizatiomansoniworm with 20 pm pixel size. Signal intensi

ffici d th f | ble lipid cl were TIC normalized. The lower row shows an oy
emciency, an € scope of analyzable lipid ¢ assmicroscopyimage before the measurement. Scale

; . - reflect 1 mm. Reprinted with permission frc
For the screening, a PC 1819)/18:1 (n-9) standard reference 26 © 2019 American Chemical Society.
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and one of the potential matrices were

[PC 34:1+H]*

consecutively deposited ontoteflon-coated 0o 700,388 MALDI —
~ 7 [PC 36:1+H]* 1008.647
microscope slides by driedroplet deposition. 2] R R
. g 60 {PEIZLH 766,601 G 314K PC tsmonay
The resulting samples were measured by MALDE - \ 756,541 o
"= 40 1 0l 968,675
. . . oo ] 734.570 s A eBPLa -
MS to evaluate ionization and matrix 3 ,,] oy "’““932“652‘\
-‘! d [PC 32:1+H]*
. [ 5
attachment followed byMALDIMS to confirm = o o

700 750 800 850 200 950 1000
miz

the attachments as PB products. In Figuleal
B e ogsr

bar diagram shows blue and red bars for thes "]
normalized level of the [PC8:1/18:1+HJ (ion

MALDI-2 [PC O-40:3+BPh+H]*
{ 1993,750] [PC O-40:2
40- 728.559

[PC 0-40:2+H]* +BPh+H]*
828.692 [HexGer 42:2+BPh+H]* 1010.766
992.755
[PC O-40:3+H]"
826676  [HexCer 40:2+BPh+H]*
964.724
[PC 34:14BPh+H]"
942,659
[PE 36:2+BPh+H]"
——— 926.627
AeHT
E i [PE 0-36:3+BPh+H]"
201 \ \750.535 910532\

increasedthe PC ion signdly a factor of upto %, 750 800 s 900 950 1000
miz

27 compared to BPh but the attachment yielc;:‘igurelo: (A) MALDIL-MS and (B) MALERMS spectrum ¢

mouse cerebellum using an intermediate pressure MA2
ion source and BPh &Breactive MALDmatrix.

lipid-matrix adducts did not contain any BB

[HexCer 40:2+H]"
782,650

[PC 0-38:2+H]"

7 PE 36:2+H) 800.680

60 744.554

3
o
!

\
[PE 0-36:3+H]*

yield) and the matripattachment vyield Y),

respectively. Amino- and hydroxy derivatives

relative intensity /

were low, and the fragmentation spectra of

fragments. Itwas 02 y Of dzZRSR G KI &G St SOUNRBY R2ylFGAy3 3INEPdzLla
Extension of the aromatic system has this negative effect as well. In contrast, pyridinyl derivatives of

BPh were found to improveB reactivity

In order tofurther examine theeffect of electron structurerariationsin the aromatic systenBPh and
4-halogenobenzophenone derivatives with fluorine, chlorine, bromine and iotiree usedto
systematically decrease the electron density of the reactive matrBdudrobenzophenone slightly
increased the PB yield compared to BPh but all othkaldgenobenzophenone caused lower yields.
Most likely, this is due to the electron donating mesoineeffect that negates the electron

withdrawing inductive effet and consequently results in electron donation by Cl, Br, and | substitution.

5 Il PB Products

& Y No PB Products - 40
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Figurell: Normalized levels of the PC 18:1/18:1 standard (red bars) and the rattiichment yield)Y, (blue bars) for eac
matrix of the screening. M&onfirmed PB product formation and absent PB reactivity are indicated by full blue and
blue bars, respectively. Reprinted with permission fr@ference 2B © 2020 American Chemical Society.
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BPh was tested for PC, PA, PG, PE, PI, PS (each
[TG 54:3+BzPy+H]*  NL = 1.02-108

with the FAcombination 16:0/18:1) and PC o '*] [P — e p
o E 2BzPy+H]* 2BzPy+Na]* 1456.973
16:0/18:1, PC 18:1/18:1, PC 18:2/1822, | & °'] 251 625, 1273007
. . 2 60 - =
16:0/20:4, respectively. The PB yield showed g | o o sec:
£ 40-[TG54:3+Nal*  |1090.837 ZPy+H]"
be very similar for the different head groups an @ 1907773 1434.991 \,
S 20- x l l
. 3 2
to be higher for more ungarated FAs. At the s L lll ) 1.1. i l WV '
same time the yield did not change by adding 00 1000 1100 1200 1300 1400 (1500

m/z

DB while the number of DBs per Rfas _
Figure12: MALDImassspectrum of a TG 54:3 standard us

maintained, i.e., same yields were recordexut fBzPy as PRactive MALDinatrix. Reprinted with permissi
from reference 2B © 2020 American Chemical Society.
PC 16:0/18:1 and PC 18:1/18:1.

Among the screened matricedid highest PB reactivity was found BzPythat 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 Bz&®gducted lipids in the positivien 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 detiéeteédizPyattachment

(Figure 2). These experients furthermore showed
the extended field of lipid classes that can be analyz
on the DBPI level. Whereas DB positions we
pinpointed in PC, PE, PI, PA, PG, and SM standards
BPh, BzPy adds FAs, SHexCers, PSs, HexCers, Cl
and plasmalogen PCs to this list. Esgbctae entries
of FAs and SHexCers are noteworthy because th
represent the first examples of unveiling DB positiol

by MALDMS in the negativeion mode.

BzPy is aualpolarity matrix and can therefore covel

many compoundsof various lipid classes which ha

been demonstrated by the annotation of 133/58 lipicFigure13: RGB MALEMS images of the mouse kidr
. . o acquired in (A) the positivand (B) negativéon mode
in  positive/negativeéion mode M$ of mouse with 7 um step size. The Fi@rmalized lateray
cerebellum. The 37/11 lipids that were exclusive;e%)_ glsef)lﬂgﬁggfﬂ;’&igLT,?%;T;E()?:;]?/[E
38:0+K} (blue,m/z 814.573) in the positivion mode
FYR ot !b(redomyzd@l BI8), [PE SNJ ot

benefit of the pyridinebased reactive matrix. BzP(@eenmzcy T ®pnnoz | yR * (bld
m/z 888.623) in the negativion mode wer

makes possible a more than doubled lateral resolutisuperimposed. The scale bars reflect Owh.
Reprinted with permission from reference 2® 202C
(7 pm) compared to BPh (15 pm) whichsmased to American Chemical Society.

detected as BzPy adducts highlight the additior
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image fine structures in mouse kidney sections in both o R': R? R!_: R?
RI_R® 4+ V. TE o+ I
XJLY Laser YX 0 O: XY

MS ion modes (Figure3L Comparing the acquired

Lipid Matrix Lipid + Matrix HCD
MS images with pog¥ISI microscopy images shows . 2
R-o + + + X,_R
H H /H# Y 1#
that histological structures are well reflected by BzPy *wa g
R'+CHO R2+C,HXY

based MALDMSI and that the sample preparation

Scheme 4. PB functionalization and HCD
functionalized lipids. Rand R are the residue
containing the FA carbon chain and the lipid t
BzPy waslso appliedin DBP{analysisdirectly from  group, respectively.

does not cause sample waslt.

mouse pancreas tissue and in contrast to BPh, BzPy faci&egesolutionof a SHexCdrom tissue

in the negativeion mode. As shown in Schemei®KS 5. FNJ} AYSyid A2ya | NB f
RSLISYRAY3I 2y GKSGKSNI (KSe O2yidl Ay GKS KSIFR 3N dz
subscript indicate if the fragment contains afdehyde or an akne moiety, respectively. The
superscriptx reflects the DB position in the FA and # the ovarathber of DBs in the FA. FiguréAl

and B show MSspectra of [PC 34:1+BzPy+Hhd [PC 36:2+BzPy+Hijom mouse pancreas which

reveal DB position isomerism for both lipids. Fragmentation of [PC 34:1+BzRyeitiéd DBRI

diagnostic fragment ions for PC 34m9) and PC 34:h{7). PC 36:2 was identified as containing either

one diunsaturated FA (witm-6 andn-9 DBs) and one saturated FA or two mamtsaturated FAs

(with an-9 or an-7 DB). Compared to BPh (15 um), the lateral resolution &f &®eriments has been

improved to 10 um pixel sizeFigure 1€ and D). After the MALMSI measurements,
immunofluorescence staining wagaccessfully performed as indicatedthg fluorescence microscopy

imagein Figure 1£&.Theislets of Langerhansvhich mainly consist éf-cellsin mouse pancreasyere
stainedinredd Ly &adzyx GKS h FNI I Wn&yalues were/idhaged Tn paneremN) & St ¢
GAaadzsS aSOlA2yad b2 Aaz2YSNAO h A2ya @gSNB RSGSO
distributions were found for the abovmentioned isomers of PC 34:1 and PC 3Bigure 1€,D and

14Kc]). PC 34:1r-9) and PC 34:1{7) have a converse distributionthe pancreatic isletsvherethey

possesed elevation and depletion, respectivelfFigure 1€ and D). A homogenous distribution was

found for the diagnostic fragment ions of the-whisaturated DBPof PC 36:2Figue 14 and G)

whereasits mono-unsaturated DBPMere both enriched in the tissue regions that were characterized

as islets of Langerhansigure 14 and I).

In addition to the already published results, some measurements were done ftorigéerm goal of
applying DBPiesolving M3 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 diseas®del mice. As a followip study of the resudt in pancreas described
above, pancreas tissue sections of diabétile/db) and wt mice were studied and the DBPI ratios of

PC 34:1 in the islets of Langerhans were compared. Diabetic mouse pancreatic isileitedexh
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significant decrease of the9/n-7 ratio indicating a diminished importance of th® isomer or a more

relevant role of then-7 isomer.

Also, the cardiovascular disease mouse model (B6.1:2@@®2™"9J) has been studied to decipher
characteristic lipidomic changes in patherosclerotic mice. Higresolution (15 um pixel size) M&nhd

MS-images were acquired for apolipoproteih KO (apof) and wt mouse lung tissue (Figurs) and

lipid annotations as well as lipid distributions were compared. The annotations include underivatized

lipids and BzRgdducted ones. BzPydducts dominate the positivion mode annotations which again
KAIKEfAIKGE GKS FTRGFyGFr3asS 2F . TteéQa ol-céodalerkie SES
attachmentcompared to endogenougpids. Altogether, in the positive/negatiien mode 243/186

and 192/214 lipids were assigned in wt and apofouse 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 werendoin mutant and wt

were scanned for local variations. After assignment of the latter to histological features in microscopy

P! 11+BzPy+H]* B 1869.6 1827.5 : +
<100 posstaPe 2 gre pomamey
. Label m/z Species - 943.7 - CoHu b E b Cotrd “§E- : 969.7
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Figurel4: MALDIMS and-M$ from mouse pancreas tissue sections: HNUALDIMS spectra of (A) [PC 34:1+BzPy+tic
(B) [PC 36:2+BzPy+HJIALDIMS images are shown for the DB#ihgnostic fragment ions of () PC 34:1 anddf PC36:2,
acquired with 10 and 20 um pixel size, respectively. Signal intensities were TIC normalized. E shows a fluorescencg
image of the posMALDIMSI-immunofluorescencestained pancreas tissue sectiof Cand D Scale bars reflect 0.6 m
Reprinted with permission fromeference 2B © 2020 American Chemical Society.
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images, the distributions in apdtand wt | wildtype
tissue were compared. In both case: s £
elevation and depletion were foremosixn
identified in tissue regions of bronchi ané
blood vessels. In detail, the sites of high«?::I
intensity were sorted in five categories, (1

surrounding bronchi and blood vessg(8)

surrounding bronchi, (3) in bronchi an
blood vessels, (4) in bronchi, and (5)
blood vessels, like exemplifietbr wt
tissue in Figure BA, B, C, D, and ES

roscopy

respectivelyTablel summarizes thdipids

assigred to the five categories.
Figure 15: Upper row: RGB MALMS images of the apdEand wi

Category (1) comprises various SMs thmouse lung acquired with 10 and 15 pm pixel size, respectivel
TIC normalized latenglresolved signal intensities of [PC 34:3%(rd,

are absent in the other categories excejm/z 756.551), [SM 34:1+K{green,m/z 741.529), and [PC 34:0+
(blue, m/z 762.583) were superimposed. Lower row: Op

one example in (5). EthétSs that were microscope images of po8MALDIMSI tissue sections. The scale |
assigned to (1) bear rather lomfpain FAs reflect 1 mm.

Orl/G2Y&a x oc0 O2YLhsNEhed ethet { @ I-F@RAY2ENEX 6aimo & CdzNIi K S 1
unsaturated lipids were assigned to category (1). As it was observed in an earliet¥RCk34:Qvas

found enriched in blood vessels and consequently listed in (5). Whereas the annotations in the
categories (1) and (5) are similar for apaihd wt tissue, annotations differ greatly in the categories

(2), (3) and (4). PAs, for examplesre only present in bronchi of apdHung and acyPSs were only

found in wt lung. The tendency of longer FA chains in category (1) compared to category (4) is again
observed foracyl { & & A Gakomswversus 34/8toms, respectively. Annotations in category (3)
differ the most between poE- and wt lung having only PC 32:0 in common. Category (3) of' apoE
tissue additionally comprises PS3@.0 and PS-Q6:3, whereas wt annotations are more diverse with

HexCer 36:1, PE®:0 andhe additional PC 32:1. Exclusive enrichment around the brdjealtegory

Figurel6: TIGnormalized MALBMS images of wt mouse lung acquired with 15 um pixel size. (A) [SM 34r#x441.531)
(B) [PS 38:3+H[m/z814.558), (C) [PC 32:0+Nah/z 756.552), (D) [PC 30:0+Né&h/z728.521), and (E) [PC 34:0% i/ z
762.600). The scale bars reflect 1 mm.
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(2)) is only observed in wiung tissue. In detail, category (2) is filled with PCs of various chain lengths

(32¢ 38 Catoms), PE 36:1, PS3B:1 and various long chain PSs {3& Catoms).

Tablel: Lipids annotated in apoEand wt mouse lung tissuand assigned to five categoriessities 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” wit apoE” wit
PC 34:1 Q) HexCer 36:1 3)
PS 36:2 (1) PC 32:0 PC 32:0 (3)
PC 36:4 (1) PC 32:1 (3)
PS (86:2 PS (86:2 (1) PE @84:0 (3)
PS @86:3 (1) PS @84:0 (3)
PS @88:2 (1) PS @86:3 (3)
PS @88:3 (1) DG 30:1 (4)
PS CB8:4 (1) DG G32:2 (4)
SM 34:1 SM 34:1 (@) HexCer 36:2 4
SM 34:2 (1) PA 32:1 (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)
PC32:0 (2) PC 32:1 (4)
PC 32:1 2) PC 32:2 (4)
PC 34:2 2) PC 36:5 (4)
PC 34:3 2) PE 34:0 (4)
PC 36:1 2) PE @82:0 (4)
PC 38:5 2) PS 34:1 (4)
PE 36:1 2) PS 34:2 (4)
PS 36:0 2) PS @B2:1 PS @B2:1 (4)
PS 36:1 2) PSO-34:1 PS @B4:1 (4)
PS 36:2 2) PS @B4:2 PS @84:2 (4)
PS 38:3 2) PS @8B4:3 (4)
PS 42:4 2) PC 34:0 PC 34:0 (5)
PS 42:5 2) PE 36:0 (5)
PS @86:1 2) SM 40:1 (5)
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Besides endogenous lipids, PB functionalized lipids ocoealent BzPadductswereimaged and the
lateral distributions showed good agreement with those of underivatized counterpartsinticates

that the chosensample preparation

apoE/- wildtype

procedure  prevents washout

effects during reaction and that the
PB products as well as th@
downstream DBassociated
fragments reflect the endogenous

lateral distributions.

DBPiresolved M3images of wt and -

. , ]
apoF lung reveal diverse < f&
distributions for then-9 and then-7
isomer of PC 34:1 (Figuré)1Except

for the intensity gaps at the lumen
of the bronchi, DRlerived

roscopy

fragments of PC 34:1n-9 were

(%)
almost homogenously detectec'g

throughout the measured tissue

Figurel7: MALDIMS images of the DBRIiagnostic fragment ions of PC 2
area. On the contrary, PC 34ni7 (n-9) and PC 34:1{7) in apoE:- and wt mouse lung tissue. Pixel sizes: 1¢

was found enriched in the bronchi (apoE-) and 20 um (wildtype). Signal intensities were TIC normalized.
row: Optical microscopic images of tissue sections before measurement
epithelial cells protruding in the barsreflect 0.6 mm (apof and 2 mm (wildtype).

lumen of the bronchi.

40



4. Conclusion

The aim of this work was to develop a workflow for thretissuePB functionalization of lipids to shed

light on DBPI distributions by MALRIE| experiments in biological tissue samples. PB reagents were
applied as MALDI matrices onto samples and were photivated by the MALB&ser irradiation
triggering the PB functionalization of the lipid DBs. Subsequent collisional activation of the PB products

enabled the acquisition of DBRisolved MALBDMS imageswith down to 10 um lateral resolutian

The approach to fulfill the initial goal of using AcPh as atissne PB reagent was the application of
AcPh thin films onto Wfradiated tissue samples. Although the optimization of the reagent deposition
reduced waskout effects and led to the obsenianh of PB functionalization, the PB yield was too low
for MS1. Neither benzaldehyde nor 2dihydroxyacetophenone produdesufficient amounts of PB
derivatized lipids. That is why BRMas tested nexand ndeed, dropping BRRolutions onto samples

and sulsequent UV irradiation gave higher PB yields of 20% (compared to 5.6% with AcPh). The next
target was to tackle washut issues and to achieve homogenous BPh application. It was achieved by
pneumatic spraying of BPh solutions onto-llbddiated samples. Adr few optimizations of the BPh
concentration and the solvent mixture, the pneumasigrayingbased PBnethod yielded a DBPI
resolved MALDMS image of histological tissue features in mouse cerebellum. In an experiment
without DHB as supporting MALDI maf BPh was shown to function aMALDI matrix itself. Spectra
with only one order of magnitude lower intenigs than with DHB were obtained that were at the
same time cleaneregardinginterfering matrixderived signals. BPh was therefore used asd2Btive
matrix, avoiding the need for any additional MALDI matrix. Consequently, the aim was now to optimize
the BPhsprayingprotocol for maximal lateral resolution and PB yield. The spraying parameters (the
concentration of BPh and the ionizati@ssisting trifluoracetic acid (TFA), the solvent composition, the
UV irradiation time, the overall sprayed volume, the spraying ey the sampleto-sprayingneedle
distance, the samphlo-UV-lamp distance, the strength of the nebuliziggs flow (M) and the
rotational speed of the sample holden)ere optimized enabling small matrix crystats 15 um) and

high ionization ¢ 10°normalized level) and derivatizatieefficiendes (> 15%).

During the optimization of the spraying proto¢c®B products were found in spectra of samples that
were not irradiated with a UV lamp. HREGIMS 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 yieldand the applied MALDI laser energyppored the assumptionof the PB functionalization
beingactivated by the MALDI laser. The normalized levels in specsanyblegprepared withoutUV-
lampirradiation were higher tharnthosewith a UV lampAs a consequencapsolute 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 proj@&fhwasintroduced as a

novel PRreactive MALDY | G NAE GKIF G Syl ofSa fALAR 5.tL NBazft d
for the DBPI analysis sfandards of 6 lipid classéBC, PE, PI, PA, PG, and, ®h was shown to be

sufficient for highresolution (15 um pixel size) MSI and D&Rblving M&. Comparing the MS images

of mouse cerebellum with BPh versus DHB as matrix revealed similar lipid covarabéateral

distributions In sum 92/74 lipids were assigndd mouse cerebellum by using DHEPh as matriand

BPhwas observed t@romote protonated signals whereas DHB sleownore alkali metal adducts.

M images of whol&. mansonivorms uncovered elevated concentrations of the spewiaB isomer

Ay GKS LI NIaAdSQa KSIR YR (FAf NBIA2Yy O

Intending to improve the PBeactive 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 BeRg introduced as new RBeactive
matrix thatoutperformsBPh in the abovéefined analytial figures of merit Whereas hydroxyand
amino derivatives of BPh providédiigh ion intensities but no PB products, pyridine derivatives like
BzPy enhanakion intensities and PB yields. Furthermore, the basic pyridine moieties fadlitate
protonation of lipidmatrix adducts. So, protonated BzRgducts of PG, CL and TG standards can be
detected while no signals appeat for [PG-HJ, [CI+H] or [TG-H] without BzPy attachment.
Complementing the scope of Biflipid classesBzPy additionally enalidehe DBPI analysi FAS,
SHexCers, PSs, HexCers, CLs, TGs, and plasmaldd8ripi@slassésLocalizing DBs in the negative

ion modewas shown for the first time for FA and SHexCer standards and for a SHexCer from tissue
Replacing BPh by BzPy imprdtke lateral resolution (1fm versus 7 umin MALDIMS imagesnd

with BzPy as dualpolarity matrix 133/58 lipids were assignddr mouse cerebellum tissu@ the
positive/negativeion mode respectively Higher resolutions (10 um) of DBBsolved M&images
allowed to unveil the lateral distributions of the DBPIs of various unsaturated lipids in the islets of

Langerhans in mouse paeers tissue sections.

In the final part of the project, the longrm goal of medical and routine application has been
addressed by studying diabetesd cardiovasculadiseasemodelmouse tissue. Because of tteimhd
differencesof lateral DBPI distributions in pancreatic islets, DBPI ratios in these regions of wt and
diabeticmouse pancreas tissue were investigated and compafbd.n-9/n-7 ratio of PC 34:Wwas

lower in diabetic islets of Langerharsuggesting altered roles of the isomers. Another medical
application was the study of lipid profiles in lung tissue of dpatice which are model mice for
atherosclerosis research. Lipids were annotdbydneans of accurate/z measurementsn the MSI

data and the images were examined for signal elevations and depletions that werentitehedto

histological regions. Regions of higher and lower lipid sigmaihsities were identified to be blood
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vessels and bronchi. In thebestological structuresalsothe abundances of distin@BP$varied The
PC 34:1n-7 isomer showed higher concentrations in the epithelium of the bronchi than in the

surrounding tissugwhereas thePC 34:1-9 isomerwas homogenously distributed.

Matrix screening experiments indicated thelectron donating substituents like hydroxy and amino
groups hinder the PB functionalization of lipidéereas BPh derivatives with lower electron density

in the aromatic system are more reactive than BPh. These treamshelp 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 wasshown in this work that the PB functionalization of lipidsampatible withMALDIMS by using
PBreactive matrices. The developed sample preparatioethod enables duapolarity MALDIMSI

and DBPRtesolved M4 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 comidrebéise of the protonation
boost effect exeted by the basic nitrogen. This can help future lipidomics studies to image, e.g., TGs
that are hard to detect without BzPadduction. In principle, the protonation boost can be applied to

all molecules that form adducts with BzPy. In follow up studies;tiee matrices should be screened

to find more of such sensitivilgnhancing 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 bereviewed for their ionization ability in other applications than PB functionalization.

Because the DB#é¢solved M3 often failsdueto low PB product intensities, new matrices with higher
ionization and/or functionalization efficiency would enable the DBBblution of less abundant lipids.
Apart from that, optimized sample preparationethodsas, e.g., recrystallization of the matrix layer
or additional washing steps have to be considereéxtend thelipid classscopethat is accessible in
MSI experiments wittDBPIresolution The already used ammonium formate washing could be
complemerted or replaced byther procedureghat, for examplewash away polar and charged lipids
to avoid the suppression of unpoldipids like TGs. Recrystallization is expected to enhance the
ionization efficiency of lipids when they -coystallize with the matrix*® The development of a
recrystallization protocol requires to optimize the composition of the recrystallizatantion, the

recrystallization time and the pressure of the recrystallization chamber.

Analyzing DBPIs in tmegativeion 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 RBactive matrix, the fragment ion intensities did not suffice for bigBblved M3

yet. To address this, RBactive matrices that boost negatiren intensiies, such asnegatively

charged matoi materialsl NB ySSRSR® . & dzi Ay Jefragihénts Qéiaildg SR Y I G N
chain reside coupled to the charged matrix) were observed in this work. Negatively charged matrices

could allow detecting this fragment type in the negativien mode. DBPI analysis of favomabl

negatively charged lipicsucha<C! 8> {1 SE/ SN&=Z t L&z SiOdgménesdat R 6 S
future projects. 4Benzoylbenzoic 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 {imsitive
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mode. As 4enzoylbenzoic acid iseadily deprotonated this PBreactive matrix could heldo

overcomethe challenge of DBRésolved M3 in the negativdéon mode.

In the conducted shotgun lipidomics experiments, many lipaldctnotbe analyzed by M®ecause

their signas weresuperimposed by more abundaat more-readilyionized lipids. Combining shotgun
lipidomics with parallel HPEXS and-M$ runs toconfirm shotgun annotations and to find additional
speciesvould allow a more complete lipidomic picture of tissue samples. Routine methods including
(A) imaging and (B) HPLC protocols should be thettmng goal to transfer the methodology from
specialized laboratories to routine analygierformed by briefly trainedtechnicians The protoca

should cover all parameters, pitfalls and troubleshooting of (A) embedding, sectioning, washing steps,
matrix application, MS measurement, image processing as well entiatation of lipid species and

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

The search for new matrices woultgnefit from a comprehensive understanding of the processes
occurringin the MALDtriggered PB reaction observed in this work. Mechanistic details of the PB
reaction are still discussed and new questiarsseduring the course of our studieBoes the reaction
happen in the solidor gasphaseor in matrixanalyte clusters of the MALDI plumé&an thdound
regioselectivity contribute to the understanding of the PB reaction? Can our data complement the
available data for B reactions of pyridinsubstituted carbonylsWhenelectrondonating substitution
lowers the PB reactivity of the matrixwhy is this the cas@ Turro et al. consider two mechanistic
pathsfortheOl Nb2yef Qa y - aidldiS NBIFIO@bPbPazZA$RIKE 2 NbNB
as a nucleophile or (2) the semmicupied norbinding ny orbital of the carbonyl oxygen reacts as an
electrophile?* Our experimentsindicate that higher electron density led to lower PB reactivity
Consequentlypath (2) is suggested to be the favored pa®iher explanatios could be that the
electron donating groups vary the energy of the carb@idOMGn an unfavorable manneor that

they impede the ISC of the excited carbanlyl order to answer these questions, more experiments
using BPh derivatives with systematically varied electronic structure ardetke The used halogen
substituted BPh derivatives led to ambiguous results most likely because elelctinating mesomeric
effects masked electrewithdrawing inductive effects. This could be tackled by employing
trihalogenomethydsubstituted derivativesnstead of halogessubstituted 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. recentlyttiel RB

reaction offormaldehyde and ethylen&?

In a preceding study, PB functionalizatisith AcPh and UVRBIS were combined Compared to CHD

MS, UVPD showd higher selectivity for DB fragmentation. Consequently, it is worth testing the UVPD

fragmentation performance with BPbr BzPyfunctionalized lipids. If the higher selectivity of UVPD is
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observedhere 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 sigt@inoise ratio of DB fragment s 21 By applying a wide
isolation window including the fragment ion but excluding the precursar orbitrap is loaded with

less ions whichaccording to the authorseduces spaceharging and dephasifg effects. This can

easily be dapted to the developed PB methodology by using MS-capable ioArap mass

spectrometer

Because neither in CID nor in UVPDfBmentation is the main fragmentation path, other more
intense fragment ions like head group losses disturb DBfRlysis. If the oxetane of the PB
functionalization remains intact after head group detachment, it can be fragmented in &st&fSto
finally yield DBlerived fragment ions. Apart from this, Cao et al. showed #misomerism can be
resolved by CID of head group loss fragments of lipids that werfeireBonalized with 2AcPy:1°
These findings motivate apply the CIBMS workflow to the BzPyunctionalized lipids used in the

work at hand.

Besides the method optimization for higher lateral resolution, increased ionization and
functionalization efficiency and more lipid classascessiblefor DBPIlanalysis the developed
technique has to be applied to biochemical and medical issues. Initial résulipoE- mouse lung
tissue and the laterdDBPHWistributions in diabetic mouse pancreas call for further surveys to acquire
reliable trends for the DBIPatios in wicompared todiseased tissuestudying variations1 DBPI ratios
and lateral distributions can help to infeliseaseinducedchange of the activities of enzymeand
proteins like, for example,desaturases, elongases, -Bfiding proteins acyltransferases and
phospholipase$>?'8Lipid isomersonsequently can serve aiseasebiomarkersto 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
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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).
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