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Zusammenfassung

Zusammenfassung

Bildgebende Massenspektrometrie mit matrixunterstutzter Laserdesorption/lonisation (MALDI MS ima-
ging) ist eine analytische Technik von wachsender Bedeutung fur verschiedene wissenschaftliche Gebiete.
Die Anwendungsfelder in den Lebensmittelwissenschaften sind vielfaltig und reichen von der Agrarfor-
schung bis hin zu gesundheitsrelevanten Fragen der Lebensmittelsicherheit, fur die MS imaging einge-
setzt werden kann, um raumliche Verteilungen sowohl erwunschter als auch unerwunschter Verbindungen
darzustellen. Die meisten bisherigen Vero entlichungen konzentrierten sich auf die Visualisierung von
Inhaltssto en in unverarbeiteten Lebensmitteln. Prozessierte Lebensmittel sind erst seit kurzem Gegen-
stand von MS imaging-Studien; Anwendungen zur Untersuchung exogener Bestandteile, wie Zusatzsto e
oder Kontaminanten, sind selten. Daruber hinaus gibt es aufgrund der bis dato begrenzten analytischen
Moglichkeiten kaum Rechtsnormen, in denen Anforderungen an die raumliche Verteilung von Bestand-
teilen in Lebensmitteln aufgenommen sind.

Um zur Uberwindung dieser Einschrankungen beizutragen, war das Ziel dieser Dissertation, die Leis-
tungsfahigkeit von MALDI MS imaging fur die Lebensmittelanalytik aufzuzeigen und das Potenzial zur
Anwendung in den Lebensmittelwissenschaften, aber auch durch Lebensmittelunternehmer und Untersu-
chungsbehorden, hervorzuheben. Auf analytischer Ebene sollten hierzu Work ows zur Probenvorbereitung
sowie Mess- und Datenanalysemethoden fur verschiedene Lebensmittel und Analyten entwickelt werden.
Hohe Massenau osung und Massengenauigkeit waren bei allen Untersuchungen entscheidend, um hohe
Messselektivitat zu gewahrleisten. Bei der Datenanalyse wurde nicht nur die blo e Darstellung raumlicher
Analytverteilungen, sondern auch die Entwicklung tiefergehender Analyseansatze aus MS imaging-Daten
angestrebt, insbesondere fur gesetzlich regulierte Substanzen. Ein weiteres wichtiges Ziel war die Entwick-
lung einer dedizierten MS imaging-Methode fur p anzliches Gewebe zur raumlich aufgelosten ,bottom-up*
Identi zierung von Proteinen basierend auf akkurater Massendetektion.

Zunachst wurde eine Reihe reprasentativer Methoden fur hochau osendes MALDI MS imaging von
Lebensmitteln entwickelt, um dessen breite Anwendbarkeit zu demonstrieren. Hardy Kiwi, Karotten,
Wei wurst, Gouda-Kase und Lebkuchen reprasentierten sowohl unverarbeitete als auch prozessierte Le-
bensmittel p anzlichen wie tierischen Ursprungs. Die untersuchten Substanzen umfassten hochgradig
unpolare und polare endogene Bestandteile ebenso wie Zutaten, Kontaminanten und Lebensmittelzu-
satzsto e. Mit dem kanzerogenen Acrylamid in Lebkuchen und dem Konservierungssto Natamycin in
Gouda-Kase ist es erstmals gelungen, molekulare Verteilungen einer Kontaminante und eines Lebensmit-
telzusatzsto s in prozessierten Lebensmitteln darzustellen. Zur Untersuchung des Di usionsverhaltens
von Natamycin in Gouda-Kase wurde ein neues Programm zur Datenverarbeitung entwickelt. Die Ergeb-
nisse dieser Studie verdeutlichen das gro e Potenzial von MALDI MS imaging fur die raumlich aufgeloste
Analyse verschiedenster Lebensmittel.

Aufbauend auf den Grundlagen der ersten Vero entlichung wurden die Protokolle zur Probenvorbe-
reitung und -messung von Lebkuchen optimiert. Durch seine inhomogene und sprode Konsistenz stellt
Lebkuchen eine herausfordernde Probe dar, die erhebliche Anpassungen im Work ow erforderte. Aufgrund
der unebenen Ober ache von Lebkuchenquerschnitten wurde Autofokussierung als neuer Bestandteil des
lonisierungsprozesses aufgenommen, um einen konstanten MALDI-Laserfokus zu gewahrleisten. Sowohl
abundante Nahrsto e als auch die gering konzentrierte Prozesskontaminante Acrylamid konnten iden-
ti ziert und ihre Verteilungen sichtbar gemacht werden. Ein Protokoll zum statistischen Vergleich der
relativen Acrylamid-Intensitaten unterstutzte die Beobachtung von erhohter Acrylamid-Kontamination
in Nussfragmenten. Weiterhin wurde zur Verbesserung der Nachweisselektivitat von Acrylamid eine neue
Methode zur in situ -Derivatisierung entwickelt. Fur die Bewertung von Acrylamid-Reduktionsstrategien,
die kurzlich in europaische Verordnungen aufgenommen wurden, konnen Informationen uber die raumliche
Verteilung von Acrylamid fur Lebensmittelunternehmer wie auch Uberwachungsbehorden von gro em
Nutzen sein. Diese Studie zeigt, dass MALDI MS imaging solche erganzenden Informationen auch in
anspruchsvollen, prozessierten Lebensmitteln liefern kann.

Neben dem Probenmaterial konnen auch Zielanalyten eine Herausforderung fur erfolgreiches MS ima-
ging darstellen; ein prominentes Beispiel hierfur sind Proteine. Im Bereich der Proteomik ist der ,bottom-
up‘ Ansatz eine bedeutende, ungerichtete Strategie zur Identi zierung von Proteinen, die die Messung
von Peptiden nach enzymatischem Verdau nutzt, um Informationen uber das Proteom abzuleiten; jedoch
wurde sie bislang kaum auf P anzengewebe angewandt. Dies wurde durch die systematische Entwicklung
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eines Protokolls fur die Probenvorbereitung, den in situ tryptischen Verdau und hochau osendes MALDI
MS imaging am Beispiel von Kichererbsen erganzt. Die Messungen ergaben unterschiedliche Verteilungs-
muster in den Samenkompartimenten, fur die insgesamt sechzehn Proteine anhand der akkuraten Massen
ihrer tryptischen Peptide identi ziert werden konnten. In einem Anwendungsbeispiel aus dem Gebiet der
Lebensmittelsicherheit wurde das toxische Protein Abrin in Paternostererbsen nachgewiesen und im Zu-
sammenhang mit klinischen Berichten uber Intoxikationen diskutiert. Diese Studie bildet die Grundlage
fur Untersuchungen von Proteinverteilungen in P anzenmatrices und ero net neue Moglichkeiten fur die
P anzenwissenschaften, zur Bewertung p anzlicher Nahrsto qualitat sowie der Sicherheit p anzlicher
Lebensmittel.

Insgesamt demonstrieren die vorgestellten Arbeiten die breite Anwendbarkeit von hochau osendem
MALDI MS imaging fur verschiedenste Lebensmittel sowie Analyten. Bei sorgfaltiger Methodenentwick-
lung konnen auch wenig abundante Verbindungen in herausfordernden Lebensmittelmatrices zuverlassig
visualisiert werden. Fur P anzenproteine wurde eine hochau osende MALDI MS imaging-Methode zur
bottom-up Identi zierung entwickelt. Die Arbeiten im Rahmen dieser Dissertation sollen verdeutlichen,
dass MALDI MS imaging Methode der Wahl sein und chromatographiebasierte Analysen erganzen kann,
wenn raumliche Verteilungen von Bedeutung sind. Zudem kann MS imaging nicht nur fur die Wissen-
schaft, sondern auch fur Untersuchungsamter und Lebensmittelunternehmen zu Prozessuberwachungs-
oder Qualitatskontrollzwecken von Interesse sein. Neben der Ausstattung der Untersuchungsamter mit
entsprechenden Geraten und Expertise sollte die Implementierung gesetzlicher Anforderungen an die
raumliche Verteilung bestimmter Zielanalyten in Rechtsnormen ein Ziel sein, um ein stetig steigendes
Niveau an Lebensmittelsicherheit, -qualitat und -authentizitat zu gewahrleisten.
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Abstract

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry imaging (MS imaging) is a pow-
erful analytical technique of increasing popularity in various scienti c disciplines. Motivations in food
science are diverse and range from agricultural developments to health-relevant food safety concerns, for
which MS imaging can be applied to investigate spatial distributions of desired and undesired compounds.
Most reports have focused on visualizing constituents in unprocessed food. Processed food has only re-
cently become subject to MS imaging studies; applications targeting exogenous compounds, such as food
additives or contaminants, are rare. Furthermore, requirements regarding the distribution of food-related
compounds have hitherto scarcely been adopted into legal norms since analytical capabilities for such
analyses have been limited.

Seeking to overcome these limitations, this dissertation aimed to demonstrate the value of MALDI
MS imaging for food analysis and to stress its potential for use in the food sciences, by manufacturers
and food authorities. To achieve this, sample preparation work ows, measurement methods and data
analysis approaches were developed tailored to di erent kinds of food and analytes. In all measurements,
high mass resolution and accuracy were crucial for high detection selectivity. Going beyond the mere
visualization of distributions, in-depth data analysis approaches were to be designed for compounds
underlying legal regulations. Another important goal was the development of a dedicated MS imaging
method for the spatially resolved ‘bottom-up’ identi cation of proteins in plants based on accurate mass
detection.

Initially, high-resolution MALDI MS imaging methods were developed for a selection of food samples
to demonstrate its broad applicability. Samples of hardy kiwi, carrots, veal sausage, Gouda cheese and
German gingerbread represented fresh and processed food of plant and animal origin. Highly nonpolar
and polar constituents as well as ingredients, contaminants and food additives were detected and visual-
ized. With the carcinogen acrylamide in gingerbread and the preservative natamycin in Gouda cheese,
distributions of a contaminant and a food additive have been revealed in processed food for the rst
time. To investigate the penetration behavior of natamycin into Gouda cheese, a new data processing
tool was developed. Overall, the results show the great potential of MS imaging for the spatially resolved
investigation of various foodstu s.

Expanding upon the foundations laid in the rst publication, protocols for sample preparation and
measurement of German gingerbread were optimized. Since inhomogeneous, brittle gingerbread consti-
tutes a challenge for sample preparation, substantial modi cations to the work ow were necessary. The
uneven surface of gingerbread cross-sections required autofocusing as part of the ionization process to
ensure a constant MALDI-laser focus. Major nutrients and the low-abundant contaminant acrylamide
were identi ed and visualized. A statistical protocol based on relative acrylamide intensities substanti-
ated the observation of higher acrylamide contamination within nut fragments. Furthermore, to achieve
higher detection selectivity, a novel in situ derivatization protocol for acrylamide was developed. For
evaluating acrylamide mitigation strategies adopted into European regulations, knowledge about its spa-
tial distribution can be valuable to manufacturers and food authorities. This study demonstrates that
MALDI MS imaging can provide such complementary information even in challenging processed food.

Besides the sample material, target analytes can be challenging in MS imaging analysis as well; a
prominent example for such challenging analytes are proteins. In the eld of proteomics, the bottom-up
approach is a fundamental identi cation strategy including enzymatic protein digestion and analysis of
peptides to deduce untargeted information on the proteome. However, it has rarely been applied to plant
tissue yet. This was addressed by systematically developing a protocol for preparation, in situ tryptic
digestion and high-resolution MALDI MS imaging of chickpea seeds. Measurements revealed di erent
distribution patterns across seed compartments, for which a total of sixteen proteins were identi ed by
accurate mass detection of tryptic peptides. In a food safety application, the toxic protein abrin was
detected in seeds of crab’s eye vine and contextualized with human intoxication reports. This study lays
the foundation for investigations on protein distributions in plant matrices, o ering new possibilities for
plant sciences and the assessment of crop quality and safety.

Overall, this work demonstrates the broad applicability of high-resolution MALDI MS imaging for
various food samples and analytes. Given thorough method development, even low-abundant compounds
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in challenging food matrices could be reliably visualized. For plant proteins, a high-resolution MALDI
MS imaging method for bottom-up protein identi cation and visualization has been developed. All
work as part of this dissertation seeks to demonstrate that MS imaging can be the method of choice and
complement chromatography-based methods when spatial distributions matter. Moreover, it can not only
be of interest to analytical scientists, but also to food authorities as well as to manufacturers for process
monitoring or quality control reasons. Providing food authorities with MS imaging instrumentation and
expertise alongside the implementation of spatial distribution requirements into legal norms should be a
future objective to ensure an ever-increasing level of food safety, quality and authenticity.
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1 Introduction

1.1 Mass spectrometry imaging

Mass spectrometry imaging (MS imaging) is a powerful analytical technique, which links mass spectro-
metric data to de ned locations on the surface of (biological) samples and thus allows for resolving the
molecular complexity in a two-dimensional manner. In contrast to ‘classical’ MS techniques coupled to
chromatographic separation, such as gas chromatography (GC) or liquid chromatography (LC), sample
homogenization and analyte extraction are omitted, or the latter at least performed in a way that retains
analytes’ original spatial distribution across the sample. By MS imaging, both endogenous and exogenous
compounds can be simultaneously detected, visualized, and characterized based on their mass, without
the need for labeling or staining.® The only mandatory requirements are ionizability of the compounds
of interest and their presence in concentrations relevant to the instrument sensitivity. The possibility to
selectively analyze individual chemical compounds is a distinguishing feature of MS imaging compared
to other visualizing analytical techniques, such as histological staining, immunchistochemistry (IHC) or
spectroscopic methods. However, MS imaging is not per se linked to superior selectivity; this aspect
is further elaborated in section 1.1.2 and is an essential part of the second publication (section 3.2).
MS imaging can be performed as an untargeted analytical approach ]| with the limitation of more or less
determinant steps in sample preparation, such as the choice of matrix when using MALDI ] sinceito ers
the possibility of a retrospective analysis by use of a candidate analyte list or simply browsing through
mass-to-charge ratio (n=z)-values to observe interesting analyte distributions without prior knowledge
of the sample. This is of particular interest in protein MS imaging and elaborated in section 1.1.4 as well
as in the third publication (section 3.3).

‘MS images’ (or ‘ion images’) constitute two-dimensional heatmaps, which elucidate both the spatial
distributions and the relative abundances of ionizable compounds using color scales. Usually, MS images
are presented in combination with images recorded by optical microscopy to link spatial molecular features
to anatomical structures of the sample. More and more tools for MS imaging data processing are becoming
available, enabling in-depth statistical analysis and data interpretation. A selection of data analysis tools
used for this dissertation is presented in section 1.1.5.

Mass spectrometers can, in principle, be equipped with di erent MS imaging-compatible ion sources.
Among an ever-increasing list of ionization methods, the most popular ones today are MALDI under
vacuum as well as under atmospheric pressure (AP), secondary-ion mass spectrometry (SIMS), desorption
electrospray ionization (DESI) and laser-ablation inductively coupled plasma (LA-ICP), all possessing
individual advantages and limitations for speci c¢ research goals (see also applications described in sections
1.2.2 and 1.2.3). Since all MS imaging analyses as part of this dissertation were performed using AP-
MALDI, this technique will be further elaborated in the following section.

1.1.1 (Atmospheric pressure-) Matrix-assisted laser desorption/ionization

The principle of MALDI was rst published by Karas and Hillenkamp in 19882 and is today by far the
most commonly used ionization technique in MS imaging. MALDI is a soft ionization method producing
mostly singly-charged ions directly from solid samples. A surplus of highly light-absorbing chemicals
{ the matrix { is used to assist the ionization process by shielding analytes from direct laser exposure
and facilitating the energy transfer to analytes. For MALDI MS imaging, the matrix is commonly
applied by (re-)sublimation or in a pneumatic spray, causing analyte molecules to be extracted from the
sample surface and co-crystallized. Laser desorption/ionization (LDI) without a matrix works very well
for chromophore-containing compounds such as anthocyanins,® struggles, however, to ionize compounds
lacking a chromophore. Matrices used for ultraviolet (UV)-MALDI are crystalline organic solids with a
chromophore capable of absorbing UV light. Many common UV-MALDI matrices contain a delocalized
-electron system. More details are provided in section 1.1.4.

Upon MALDI-laser irradiation, both matrix molecules and analytes are co-desorbed while the matrix
inhibits excessive destructive heating of the analytes.* Georgiou and Hillenkamp described the laser
ablation during MALDI as ,,a very fast boiling o of the material\ and at the same time point out that
highly complex phenomena lie beyond this simpli cation.® To date, though MALDI is very commonly
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applied in analytical chemistry and several plausible theories explaining the desorption/ionization process
of analyte molecules have been published,®’ the entire process | in particular the desorption/ionization
I is yet not fully understood. It is consensus that there is no singular pathway of ion formation; instead,
depending on multiple factors, such as the types of matrix and analytes and the pH on the sample surface,
ions are preformed within matrix crystals and/or formed after desorption in the gas phase to a varying
extent.®

An advantage for the investigation of water-containing biological samples is conferred by AP-MALDI,
a subtype of MALDI using ion sources which are not operating under vacuum atmosphere. With AP-
MALDI, samples are analyzed in their native state without morphological changes at ambient pressure
and temperature. Moreover, a lower degree of fragmentation is observed in AP-MALDI MS imaging
experiments compared to vacuum MALDI due to the rapid collisional cooling of desorbed ions, which
occurs at atmospheric pressure.® As part of this dissertation, AP scanning MALDI (SMALDI) ionization
has been used for all MS imaging work done. The term ‘scanning’ refers to the ionization mode with the
MALDI-laser scanning the sample surface pixel by pixel (also known as ‘microprobe mode’). A schematic
representation of the MALDI-laser system is provided in Figure 1. From the laser source, the beam passes
an assembly of mirrors, lenses, and Iters to adjust the laser energy and at the same time direct it into
the ion source. There, an objective lens refocuses the laser beam onto the sample target attached to
an x/y/z-movable sample stage. This construction, i.e., the orthogonal orientation of the MALDI-laser
and the ion trajectory passing through the centrally drilled 45 mirror, is a distinguishing feature of the
TransMIT AP-SMALDI ion sources.'® As described in more detail in section 1.3, Prof. Rompp’s research
group has considerable experience in AP-MALDI MS imaging.*!
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Figure 1: Overview of the optical laser system of the AP-SMALDI ion source (TransMIT GmbH). Reprinted with the
kind permission of Prof. Bernhard Spengler.

1.1.2 High mass resolution MS imaging

A fundamental performance indicator in mass spectrometry is the mass resolution R. It is de ned by the
full peak width at half intensity maximum (FWHM) and calculated from the m/z di erence ( m/z) at
50 % peak intensity for a given mass (m) or m/z -value,® see equation 1.

m m=z
R=E— = (m=2) )

The mass resolution thus describes the narrowness of a peak in a mass spectrum and is predominantly
in uenced by the type of mass analyzer. The threshold for the distinction between low and high resolution
MS is not universally de ned since the boundary of achievable mass resolution has been constantly pushed
by the development of modern instruments. Additionally, the necessary level of mass resolution is always
dependent on the mass range, the complexity of the analyzed sample and the desired selectivity of the

experiment.

Another important key gure in mass spectrometry is mass accuracy. It is usually reported as the
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relative mass error to the theoretical m/z -value of a compound (calculated based on its sum formula).
In contrast to the absolute mass error, which constitutes the mere di erence in measured and theoretical
m/z, the relative mass error is expressed in parts per million (ppm) relative to a given m/z and calculated
according to equation 2.2

@

m ( M=Zmeasured  M=Ztheoretical ) 108
M=Ztheoretical

Besides the general requirement of high mass accuracy for reliably determining the elemental composi-
tion of an unknown compound, mass accuracy is a very useful quality control parameter in an MS imaging
experiment. A scatter plot of the relative mass errors (positive and negative) for a given m/z -value in
the mass spectra of all pixels against the respective signal intensities is commonly referred to as mass
measurement accuracy (MMA) plot. It can, for instance, reveal a systematic deviation to a hypothesized
theoretical m/z -value or the inclusion of multiple compound peaks into one image bin. A desirable MMA
plot exhibits a * r tree’-shape with its center near the theoretical m/z -value (i.e., 0 ppm relative mass
error) and all data points within the set image bin. The root-mean square of all (n) relative mass errors
(RMSE, see equation 3) is commonly used to summarize the overall mass accuracy for a given compound.

n _ _ _ )
RMSE pey = Z(m z mnztheorencal ) (3)
1

Thorough calibration of the mass spectrometer is a crucial prerequisite for high mass accuracy. Mass
spectrometers need to be calibrated externally on a regular basis using standard material with well-de ned
masses.8 Additionally, internal mass calibration is often used during an MS experiment to supplement
the external mass calibration and further increase mass accuracy. By use of a ubiquitous substance with
known mass, such as a matrix cluster ion, each mass spectrum can be corrected by the corresponding
relative mass error. All MS measurements presented in this work were conducted using both external
and internal mass calibration and pro ted from a systematic investigation thereof;'> more details are
provided in section 1.3.

Whenever it is referred to high-resolution mass spectrometry (HRMS) in this dissertation, this includes
both high mass resolution (R typically 240; 000 at m/z 200) and mass accuracy (RMSE < 1:5 ppm). Con-
sidering the molecular complexity of the investigated biological samples, combining high mass resolution
and mass accuracy is bene cial for the identi cation of compounds of interest by reducing false-positive
assignments, e.g., in database searches following untargeted analysis (see section 2.1.3 and third pub-
lication, section 3.3) or the determination of possible elemental compositions. Due to the plethora of
compounds in biological tissues as well as | in case of MALDI ionization ]| the matrix and its various
cluster forms, a highly selective detection of analytes by use of accurate masses, isotopic patterns and/or
in situ fragmentation experiments provides more reliable mass spectral data and thus an increased con-

dence level. In case of MS imaging in particular, high mass resolution and mass accuracy render a
selective presentation of analytes’ spatial distributions.'®

The selectivity of MS imaging experiments mainly depends on the mass resolution provided by the
instrument. The initial uniqueness of time-of- ight (TOF) mass analyzers following MALDI ionization
does not exist anymore since TOF mass resolution is sometimes insu cient for applications with com-
plex biological samples.}* Other modern high-resolution mass analyzers are nowadays coupled to MALDI
sources besides TOF, such as fourier-transform ion cyclotron resonance (FT-ICR) and Orbitrap instru-
ments. The latter was used for all MS experiments in this dissertation and is introduced in more detail
hereinafter.

The orbital trapping mass spectrometer was developed by Makarov in 2000'° and gained widespread
adoption in the eld of MS since. A simpli ed schematic description of such an instrument is provided
in Figure 2.

Following the entry of ionized substances through the ion transfer tube, the ion beam is focused and
subsequently directed through one or more quadrupoles (indicated in blue in Figure 2). This part is
responsible for the elimination of uncharged molecules and an optional preselection of certain m/z -values
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Figure 2: Quadrupole Orbitrap mass spectrometer schematic overview. Reprinted from Kaufmann et al. 2618ith
written permission of John Wiley & Sons Inc.

in a quadrupole mass lIter, e.g., for single ion monitoring (SIM) or targeted tandem mass spectrometry
(MS/MS) experiments. The following C-Trap, highlighted in green in Figure 2, is a bent multipole
working in radio frequency (RF)-mode only, which is lled with nitrogen as a bath gas to slow down and
trap incoming ions by collisional cooling.'® After a short time period referred to as ‘C-Trap injection time’,
ion packets are accelerated into the Orbitrap, which constitutes the actual mass analyzer. The Orbitrap
is characterized by the combination of a split outer barrel-shaped and a central spindle-shaped electrode,
the latter depicted in violet color in Figure 2. lons enter from the C-Trap, indicated by the dashed violet
arrow, at a slight o set to the Orbitrap’s symmetry plane (‘equator’). Within the void between the two
electrodes, they are both accelerated towards the equator and forced to orbit around the central electrode.
The slighter the di erence in m/z of two ions, the more oscillations are necessary for physical separation,
which is why measurements at very high mass resolution take longer time. Oscillation frequencies of
the orbiting ions along the symmetry axis of the Orbitrap are dependent only on their m/z -ratios and
recorded as a current.’® Using Fourier transformation, acquired raw voltage/time data are transformed
and further processed to mass spectra with the m/z -ratio on the abscissa. For MS/MS experiments, a
higher-energy collisional dissociation (HCD)-cell for optional fragmentation analyses is located next to
the C-trap. Itis lled with (nitrogen) gas particles to collide with analyte ions and induce fragmentation.
From the HCD-cell, ions can then be redirected into the C-Trap as indicated by the red and blue arrows
in Figure 2.

The relevance of mass spectrometry as an analytical technique for food analysis and in particular the
bene ts of HRMS are emphasized in recent reviews.”'® As already mentioned, a Quadrupole-Orbitrap
MS instrument (QExactive HF, Thermo Fisher Scienti c) coupled to an AP-SMALDI ion source was
used for all MS imaging work done as part of this dissertation. All assignments of compounds to m/z -
values presented in this work are based on accurate mass, i.e., mass accuracy better than 1.5 ppm relative
mass error. This high level of selectivity is particularly important due to the complexity of food samples
and the lack of reduction measures, such as chromatographic separation, preceding mass spectrometric
analysis in MS imaging,'* which is highlighted in all three publications.

1.1.3 Autofocusing AP-SMALDI for MS imaging

In common MS imaging experiments, a at sample surface is crucial for constant MALDI conditions
throughout the measurement. Sometimes, it is hard to produce perfectly at surfaces, especially when
samples are di cult to section due to an inhomogeneous texture or the presence of cavities. According
to Bjarnholt et al., surface topology is an often overlooked, but serious issue for MS imaging results.®
When using a xed MALDI-laser focus, di erences in ionization e ciency caused by the sample surface
topology can be partly compensated by setting a larger ablation area (defocus) of the MALDI-laser, as
was done in the rst publication (section 3.1). An elegant recent add-on to keep measurement conditions
(laser focus and uence) constant despite an uneven sample surface is the introduction of an additional
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continuous-wave autofocusing (AF)-laser positioned at a 35 angle to the transfer capillary axis.*® This
feature was realized in a special MALDI source (AP-SMALDI5 AF, TransMIT GmbH, Giessen, Germany).
Autofocusing is performed by adjusting the relative position of the AF-laser at each pixel position prior to
irradiation by the MALDI-laser. To investigate irregular surfaces with height di erences up to hundreds
of m , such as plant leaves®® or, as shown in the second publication, sections of gingerbread, an AF-ion
source is highly bene cial and becomes increasingly necessary with higher lateral resolution. lon images
resulting from AF MALDI MS imaging are sometimes referred to as ‘3D ion images’. Since there is also
3D MS imaging as a technique for visualizing multiple sample layers, it is important to di erentiate these
terms. 3D ion images presented in this work represent the topology of the sample based on the recorded
z-positions of the sample stage at each pixel after adjustment by autofocusing.

1.1.4 Sample preparation for MALDI MS imaging

1.1.4.1 General work ow

The ultimate goal of a typical AP-MALDI MS imaging experiment is to create ion images representing
the molecular composition of a given sample in its current state. Despite what this subsection’s title might
imply, there is no universal sample preparation procedure. The ‘general work ow’ described hereinafter
consists of the most common steps in sample preparation for AP-MALDI MS imaging and is depicted in
Figure 3. In any case, it is indispensable to adapt the protocol to the properties of the respective sample
by optimizing parameters or extension by additional preparation steps (see following section).

Hardy kiwi cryosectioning/ matrix-application MALDI MS Imaging
(Actinidia arguta) thaw-mounting

Figure 3: General sample preparation work ow for AP-MALDI MS imaging by example of hardy kiwi.

Usually, the rst task is to produce thin sections of the sample (typically 10 - 100 m ). The most
common method for this is cryosectioning, with the frozen sample being introduced into the chilled
chamber of a cryomicrotome and attached to a movable stage in front of a cutting blade. With every
up-and-down rotation of the stage, it also moves towards the sharp blade for a well-de ned increment,
determining the thickness of the sections. These can be thaw-mounted onto an appropriate slide and
then stored in frozen state until further processing.

For MALDI MS imaging, a chemical matrix needs to be applied prior to the measurement. Here, both
the choice and deposition method of the matrix are crucial steps in method development. While most
analyte molecules are non-absorbing in the near-UV, it is essential for the matrix to absorb light at the
MALDI-laser emission wavelength. Some MALDI matrices, such as 2,5-dihydroxybenzoic acid (DHB),
can be applied for a wide spectrum of analytes of high and low mass, which is why DHB has been proven
suitable for all measurements in this dissertation. Technically, both an e ective analyte extraction/matrix
co-crystallization and the formation of crystals smaller than the desired laser focal point diameter need to
be achieved. For all experiments as part of this dissertation, samples were covered with matrix by spray
application: The matrix was dissolved in a mixture of an organic solvent and water and then nebulized in a
spray nozzle, which was either xed above the revolving sample plate (semiautomatic application, see rst
publication, section 3.1) or movable/programmable as part of a spray chamber (automated application,
see second and third publication, sections 3.2 and 3.3). In the pneumatic spray setup, solvent droplets
assist the extraction of analyte molecules from the sample surface; upon evaporation of the solvent, the
matrix crystallizes and incorporates the analytes. Optimizing spray parameters often strikes a balance
between e cient analyte extraction, resulting in potentially higher analyte abundance, and best possible
retention of analytes’ spatial arrangements, i.e., not to cause dislocation.
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After mounting the matrix-covered sample onto the movable stage of the AP-SMALDI chamber,
parameters for the stage (e.g., step size and raster size), the MALDI-laser (e.g., laser focus and energy)
and the mass spectrometer (e.g., acquisition mode, mass range and polarity) are set. As already described
in section 1.1.2, internal mass calibration was performed during the measurement using homogeneously
distributed matrix cluster ions.'? During the measurement, the stage moves in increments de ned by the
step size following each irradiation event until the entire raster is measured.

In AP-MALDI, molecular ions generated in positive ion mode are usually protonated or adducts with
alkali metal (Na*, K*) or ammonium (NH;*) cations.?® The types and relative proportions of ions
(protonated or adduct), which are detected in a particular experiment, are strongly in uenced by the
presence of adduct-forming cations in/on the sample, as encountered for instance in the rst publication
for natamycin in Gouda cheese, which was applied as a sodium salt and consequently detected as the
corresponding adduct in MALDI MS imaging experiments. Notably, distributions encountered in MS
images depend strongly on the ionizability of the respective analyte and can be in uenced by local
suppression e ects exerted by interfering compounds. Especially in heterogeneous samples, inconsistent
ion suppression cannot be ruled out and might require data normalization as described in section 1.1.5.

1.1.4.2 Special requirements for plant (food) samples

Due to fundamental di erences in cell morphology between animal and plant cells, plant material
often has di erent requirements regarding preparation steps or parameters than commonly used animal
tissues, such as mouse brain or pig liver. There are several important aspects to consider in sample
preparation when attempting to analyze samples of plant origin by MS imaging, which are discussed in
the following.

In general, sectioning plant samples in a cryomicrotome is not trivial because, depending on the
organ (e.g., root, stem, leaf, fruit, or seed), the tissue might be very hard and brittle, or contain large
vacuoles.??23 If the sample texture is too rm for immediate cryosectioning, preparative soaking might
be necessary beforehand. This can be performed either by rinsing and keeping samples moist,?* placing
them on wet Iter paper,?® bubbling in water?® or soaking them in an appropriate medium (see third
publication, section 3.3). In the next step, samples need to be frozen, which is often done gently by
placing the sample in an ultra-low temperature (ULT)-freezer instead of (damaging) rapid deep-freezing
by submersion in liquid nitrogen.?®?” To prevent delicate samples from deformation or rupture upon
cryosectioning, they can be embedded in a stabilizing medium, such as gelatin or carboxymethyl cellulose.
Although embedding is also commonly used for fragile animal tissue, it is essential for many plant organs
due to the rigid plant cell wall and the high water content, which make them prone to crack formation
or detachment of sample parts. The cryomicrotome’s temperature settings, sample orientation towards
the cutting blade, and sectioning speed need to be adjusted to the speci ¢ type of sample. There is
no universal tendency when comparing sectioning protocols for plant and animal tissue. However, it
has often been found that for plant organs, a slightly higher thickness (i.e., 35{100 m ) needs to be
set to obtain sections of good and reproducible quality.?83° A popular method for the preparation of
thin sections of delicate samples, which makes use of a double-sided (conductive) adhesive tape, was
described by Kawamoto.3! This tape is xed onto the sample surface in the cryomicrotome immediately
before sectioning and thus ensures maintaining sections’ integrity. However, this method is not applicable
for protocols involving a subsequent washing step (see following section) since a sample section might
detach from the tape when it comes into contact with organic solvents. Despite the described measures
to facilitate cryosectioning even for challenging samples, some samples still remain which are not suitable
for the cryosectioning process. For these samples, alternative methods need to be developed to produce
sections or at surfaces. Reported methods include the use of a dicer and a shaver for turmeric roots,3 a
cutting blade for roasted co ee beans,3® or an electric cutting-disk as presented in the rst (section 3.1)
and second publication (section 3.2).

The variety of di erent histological features in plant tissues, including phloem and xylem, cells with
large vacuoles, stone and oil cells, might not only be responsible for their behavior in sectioning, but
also for the crystallization behavior of the MALDI matrix.° Many plant samples in their native state are
rich in water and, as dry thin sections, show a tendency to absorb liquid applied to their surface. It is
thus not surprising that the matrix application protocol needs to meet these requirements. Compared to
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the mentioned typical animal tissues, higher amounts of MALDI matrix tend to be necessary for plant
samples to achieve a complete coating with matrix crystals and avoid uncoated sample surface, ensuring
constantly e cient analyte ionization.

1.1.4.3 MALDI MS imaging of proteins

In an experimental context, the term ‘proteomics’ constitutes the determination of the qualitative
and quantitative composition of all proteins in biological samples as opposed to ‘protein analysis’, which
focuses on individual proteins and the determination of their molecular properties.®* In the eld of
MS imaging, such analyses usually cover the mass spectrometric identi cation of (multiple) proteins
together with the elucidation of their spatial distributions across the surface of a biological sample. As
for chromatography-based in-solution proteomics, two fundamental strategies for protein identi cation
can be distinguished also when applying an MS imaging setup: Top-down and bottom-up.

The top-down protein identi cation strategy is characterized by a direct analysis of intact proteins
in the mass spectrometer.®® Identi cation based solely on the mass of the intact protein is not reliable,
especially in mass ranges exceeding 30 kDa due to the decreasing detection sensitivity.3® Therefore,
MS/MS experiments are obligatory in top-down proteomics to support the hypothesized protein assign-
ment. In MALDI MS imaging, however, proteins merely carry a single charge, which leads to ine cient
fragmentation and less informative MS/MS spectra.

The bottom-up protein identi cation approach relies on an enzymatic digestion of proteins prior to the
MS measurement, resulting in smaller peptides.3” This enables the identi cation of proteins indirectly
based on their ‘peptide ngerprint’. By computational in-silico digestion of database protein entries,
theoretical peptide masses are matched with the observed accurate masses from the MS imaging expe-
riment and subsequently assigned to the corresponding protein(s). Therefore, the bottom-up approach
is especially advantageous for larger proteins that are usually not accessible through direct top-down
MS imaging. Trypsin is by far the most popular protease used in bottom-up proteomics and nearly
all analytical optimization work has been done using trypsin.®® It is both an e cient and speci ¢ en-
dopeptidase, which generates peptides with a C-terminal arginine or lysine, making it ideally suitable for
bottom-up proteomics. Therefore, trypsin was used for all protein MS imaging as part of this dissertation
as well. Due to the arti cial expansion of the molecular complexity through enzymatic digestion, ensuring
high selectivity is particularly important for bottom-up protein MS imaging measurements. Schober et
al. published the rst MS imaging experiments using an orbital trapping mass spectrometer for the detec-
tion of tryptic peptides with accurate mass and pointed out that high mass resolution and mass accuracy
are crucial for a selective detection and presentation of spatial features in MS imaging of mammalian
tissue.'®3° In contrast to MALDI-IHC as another highly selective spatially-resolved protein identi cation
strategy, bottom-up protein MS imaging is considered an untargeted approach, which is not restricted to
a selection of target proteins. This aspect has been taken up and emphasized by the example of chickpea
seeds in the third publication (section 3.3) and is further discussed in the results secion 2.1.3.

General possibilities and challenges in MS imaging of proteins were reviewed by Han et al.*® Specif-
ically for plant tissues, Grassl et al. provide practical aspects to consider for sample preparation and
in situ digestion.?” For instance, enzymatic digestion is usually preceded by washing steps to prevent
denaturation or deactivation of the proteolytic enzymes used as well as to prevent ion suppression e ects
exerted by salts, lipids and saccharides (the latter mostly in plant tissue).?* With this, however, comes
the risk of decreased spatial resolution due to analyte di usion, which is one of the major challenges
in bottom-up protein MS imaging. Therefore, to minimize this risk and to avoid analyte loss, washing
protocols should be kept as short as possible?® and enzyme (spray) application parameters need to be op-
timized thoroughly. Further general technical aspects, which are also applicable for protein MS imaging,
have already been addressed in the previous section.

1.1.5 Data analysis

As with sample preparation, there is no generally harmonized procedure for data analysis in MS ima-
ging; instead, it needs to be tailored to the speci c research question to be answered and might include
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additional calculations, quality control steps or statistical analyses. The essential steps in data analysis,
which have been applied to experiments as part of this work, are brie y described in the following.

Digital microscopy was used for quality control during sample preparation, so as to verify section
integrity, the morphology of matrix crystals or the laser burn pattern after the measurement. Further-
more, overview images were recorded since ion images are typically compared to a corresponding optical
image of the sample by superimposition or juxtaposition. After every MS imaging experiment, propri-
etary Thermo Fisher Scienti ¢ ‘RAW’ data were converted into the open le format imzML*? using open
access imzML converters, e.g., the jimzml converter.*? Validation of the created imzML les was done
using imzML Validator*® to complement the imzML data le with additional information necessary for
data analysis and further processing. lon images of a de ned bin width (3 ppm) were generated based
on the imzML le using MSiReader,** SpectralAnalysis*® or Mirion;*® the latter was also able to process
RAW data directly and was further used for the generation of 3D ion images. Complementary MS/MS
measurements were analyzed and processed using Thermo XCalibur QualBrowser.

If in a measurement the total ion current (TIC) is expected (or encountered) to be substantially sus-
ceptible to the sample morphology, normalization methods should be applied to MS imaging data to at
least partially account for such e ects.*” For instance, normalization to the TIC is necessary for hetero-
geneous samples such as highly processed food comprising multiple ingredients (see second publication,
section 3.2). This function is available in all mentioned MS imaging data processing tools. Whenever the
generation of MMA plots was conducted for the veri cation of satisfactory mass accuracy, the in-house
programmed software ‘imzML Analyzer’ was chosen.*® Apart from the already mentioned generation of
ion images, SpectralAnalysis*® was used as a basis for the semiautomatic penetration tool (next to a
dedicated MATLAB program) presented in the rst publication as well as for the creation and export of
regions of interest in the second publication.

For the identi cation and visualization of proteins from MS imaging data, as done for the third
publication, a dedicated data analysis approach was necessary. This was supported by a series of in-
house coded programs currently under development in Prof. Rompp’s group. Based on a list of peptide
candidates, a protein identi cation strategy including both spatial patterns and the assignment of peptides
to their corresponding proteins was used, which was conceived by Prof. Rompp.?* The Excel add-in ‘Pep-
calc’ was used for the calculation of molecular masses and sum formulae from peptide one-letter codes.*®
For the interpretation of tryptic peptide MS/MS spectra, mMass v5.5.0 was chosen.*°

1.2 MS imaging of food

As presented in the following sections, numerous reports on the application of MS imaging to food
samples have been published within the last decade. Recent reviews summarize and categorize these
applications, focusing on technical aspects,®>°2 on target analyte groups®® or speci cally on (edible)
plants.>*%¢ In the following subsection, fundamental motivations for the use of MS imaging for food
samples are discussed, followed by the presentation of selected applications, with a general di erentiation
between unprocessed/raw food (crops) and processed food of animal and plant origin.

1.2.1 Motivations for MS imaging of food

Mass spectrometry in general is extensively used as an analytical technique to ensure food safety.l” In-
deed, food safety is an important motivation for researchers to use MS imaging and is commonly referred
to in publications.®”® In the context of food safety, there are various types of undesired compounds
which need to be regulated and controlled. These mainly include residues™, such as pesticides and veteri-
nary drugs, and contaminants®, which in turn can be subdivided into heavy metals (e.g., lead, cadmium),
agricultural contaminants (e.g., mycotoxins, pyrrolizidine and tropane alkaloids), process contaminants
(e.g., nitrosamines or acrylamide) and persistent environmental contaminants (e.g., dioxins or per- and
poly uorinated alkyl substances). Distribution analyses of such undesired compounds in food can be

f1 Regulation (EC) 1107/2009 of the European Parliament and of the Council of 21 October 2009 concerning the placing
of plant protection products on the market and repealing Council Directives 79/117/EEC and 91/414/EEC
2 Council Regulation (EEC) 315/93 of 8 February 1993 laying down Community procedures for contaminants in food
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valuable in addition to quantitative information from homogenates whenever the substances in question
are expected to be inhomogeneously distributed or even concentrated in hotspots. This added knowl-
edge may help manufacturers in optimizing production processes for an e ective reduction of exposure.
For instance, by imaging pesticide distributions in/on crops, a possible reduction potential could be
assessed on a sub-millimeter scale, thereby simultaneously considering su cient surface treatment and
avoiding di usion into the mesocarp. In case of contaminants, distribution analyses could contribute
to the optimization of food processing steps, as described by example of acrylamide in gingerbread in
the second publication (section 2.1.2), or to assess a possible post-harvest removal of contaminated crop
parts. For all these applications, MS imaging may be the method of choice, especially when distributions
cannot be easily elucidated by sample dissection and separate analysis due to small-scale (approximately
< 5 mm) and/or complex distributions or when analytes are di cult to detect by spectroscopic imaging
techniques. To date, spatial distributions of undesired compounds in food are investigated solely out of
scienti c interest. Even though in the European Union (EU) legal norms have been adopted for residues
and contaminants, they focus very strongly on concentrations in the homogenate, but scarcely take spa-
tial distributions into account. Given a widespread equipment of food authorities (and commercial food
laboratories) with MS imaging instrumentation, legal requirements could be de ned in a more di eren-
tiated manner than by merely laying down overall concentration limits, particularly in food comprising
non-edible parts, such as rind, peel, coating, etc.

Next to food safety, motivations for food quality and authenticity spark the development of MS ima-
ging methods. Biomarker distributions could for example be used to determine food quality or the
geographical origin of crops. The detection of transglutaminase-treated meat products based on di erent
constituents’ distribution patterns constitute a conceivable MS imaging application for food authenticity
reasons. A recent study used MS imaging to di erentiate the type of farming (e.g., wild vs. farmed animal
products, further discussion see section 1.2.2). In food technology as well as nutritional sciences, knowl-
edge about the location of desired/bene cial constituents, such as nutrients, vitamins, phytochemicals,
or minerals, can be helpful, especially in the context of food processing to prevent the loss or degradation
of such substances.

In the eld of agricultural sciences, understanding metabolic processes through spatiotemporal changes
in plant seeds and sprouts during dormancy and/or germination is a typical motivation to use MS ima-
ging?? (for further details, see section 1.2.2). Other examples might be the investigation of metabolic
responses to wounding or other types of stress induced in food crops or insights into molecular changes
between transgenic and wild agricultural products, e.g., spatial di erences in the proteome subsequent
to genetic modi cation. Most commonly, such studies aim to make food crops more resistant to external
(phytosanitary, climatic or other) in uences or to increase their yield. However, by use of MS imaging,
also the interfaces to food safety and nutrition could be examined when it comes to health- or nutritionally
relevant changes in constituents’ distributions as a result of genetic modi cations.

Recently, the application of MS imaging for food microbiology has been advocated for in a review
article by Zou et al.%! Possible applications might be the detection and identi cation of desired and
pathogenic microorganisms directly in/on food (surfaces), on food surface blots or crude extracts. Time-
consuming cultivation of such microorganisms could be shortened if by MS imaging colonies of less than
1 mm in diameter can be identi ed, localized and counted directly on the sample surface (e.g., broiler
skin) in a spatially resolved setup.

As presented in the rst publication (section 3.1), MS imaging o ers the possibility to visualize
a very large range of chemical compounds in one measurement, which can help in identifying rela-
tions/interferences of di erent compounds without prior knowledge (‘untargeted’). Thus, irrespective of
the listed elds of research, MS imaging can be bene cial for explaining molecular processes underlying
observed phenomena.
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1.2.2 Applications in food crops and raw food materials

The vast majority of MS imaging applications in food have dealt with unprocessed™ food materials or
food crops. Although the term ‘food MS imaging’ might indicate that actual food is sampled, it is often
not edible parts which are chosen as target samples, but for instance other plant organs or crops at an
early development stage. This wide de nition of the term ‘food MS imaging’ is important to keep in
mind and is a result from the various motivations for MS imaging in the food context (see section 1.2.1).
A selection of applications using actual food as a sample is provided in Table 1, in conjunction with the
respective predominant motivation and analytical technique.

Table 1: Selection of MS imaging applications on unprocessed food, subdivided by plant/animal origin and the

predominant motivation brought forward in the respective publications.

Prerm_lnant Sample Analytes Technique Reference
motivation :
wheat seed lipids, carbohydrates m,SAIi_rIT:])aII;JiOnr;ntrap 22
. . MALDI-TOF
Agricultural  Nightshades metabolites MS imaging 62
sciences -
green and tomatine, esculeoside A MALDI-TOF 63
red tomato MS imaging
tomato steroidal glycoalkaloids mgl;rlr?;gEICR 64
-c -
§ rye ergot body ergot alkaloids k/gElrSr:a-glj_lcn)g 57
)
c -
8 potato tuber glycoalkaloids MALDI .TOF 58
Q | Food safety MS imaging
soybean seed . MALDI-TOF 59
organochlorines : .
and sprout MS imaging
. nano-PALDI-FT- 60
cucumber procymidone ICR MS imaging
grape nutrients, anthocyanins mg‘li‘g;é%r;'trap 28
Nutritional . LA-ICP
sciences barley grain Fe, Zn MS imaging &
. DESI- IM-TOF "
nuts lipids MS imaging
Food sea bream ( sh)  anserine, carnitine MALDI-TOF 66
3 authenticity ' MS imaging
L phospholipids, MALDI-TOF
< | Food quality bovine muscle triglycerides, ; ; o7
= MS imaging
= cholesterol
< .
Nutritional  aWw pork chops  phosphatidylcholines mgli‘g;g-irncélz &8
sciences . : : 69
raw broiler meat cholesterol, vitamin E TOF-SIMS

Studies from the perspective of agricultural sciences predominantly investigated the in uence of
plant development, fruit ripening, stress induction or genetic modi cations on the distribution of value-
determining constituents/metabolites or marker compounds. The rst MS imaging study with high mass
resolution (R > 50; 000 at m/z 200) and high spatial resolution in plants was conducted by Prof. Rompp’s

3The term ‘unprocessed’ is used according to the de nition in Art. 2 No. 1 lit. n Regulation (EC) 852/2004 of the

european parliament and of the council of 29 April 2004 on the hygiene of foodstu s
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1.2 MS imaging of food

group using wheat seeds, oilseed rape and rice roots.?? Especially in agricultural sciences, analyses often
include non-edible parts of crops, which are nonetheless important for holistic approaches. For instance,
Bhandari et al. investigated the pathosystem of wheat stems and the fungus Fusarium graminearum after
inoculation of young roots.”® From the food safety perspective, studies mainly investigated edible parts
of food or spatially close parts with a risk for contamination, e.g., ergot alkaloids in rye ergot bodies.®’
As mentioned in section 1.2.1 as well as the rst and second publication, analytical targets are mostly
undesired compounds, such as contaminants’*’? and residues.>®"® Interestingly, already the rst report
on MS imaging in plant science used the technique to study pesticide uptake into soy plants.” Nutritional
science studies mainly focus on the elucidation of nutrient distributions in ripe fruit/cereals or raw meat.
Occasionally, scientists investigated samples in di erent ripening stages with regards to nutrient distri-
butions.%® Such applications are, however, often closely related to agricultural sciences and sometimes
not unequivocally classi able. For food authenticity reasons, Goto-Inoue et al. applied MS imaging for
the di erentiation of wild and farmed sea sh based on the well-known marker compounds anserine and
carnitine.®® Moreover, they suggest the use of biomarkers’ distributions for determining the geographic
origin of sh samples. Yet, the added value of MS imaging compared to quantitative MS of dissected
red and white muscle tissue does not entirely come across in this study. Dyer et al. used MS imaging
to determine the food quality of bovine muscle tissue.5” Distributions of phosphatidylethanolamines and
lysophosphatidylcholines revealed oxidative degradation mechanisms that progress from the outer parts
into the interior of the muscle.

MS imaging of proteins in food has already been mentioned as a challenging task from a technical
point of view. Publications on MS imaging of proteins in food of animal origin are di cult to nd,
because samples such as mouse kidney are not considered food but model tissues for proof-of-concept
studies. The emphasis of such studies often lies in technical aspects, such as method development and/or
validation. In food of plant origin, few studies were published applying MALDI-TOF MS imaging at low
mass resolution for the detection of small proteins: Cavatorta et al. showed the distribution of Pru P3
allergen protein (approximately 9 kDa) in peach peel, which constitutes a typical food safety topic.” In
tomato, distributions of small lipid transfer proteins (7 9 kDa) were detected.”® A recent study used
protein fragments (10 kDa) to obtain spatial information on proteins in soybean.?® A notable exception
regarding the protein size is a recent publication using ca eic acid as a matrix for top-down MALDI-TOF
MS imaging of large proteins (up to 200 kDa) in germinating soybeans.”” In section 2.1.3 and the third
publication, these publications are put into context with regards to protein identi cation strategies.

1.2.3 Applications in processed food of animal and plant origin

The term ‘processing’ in this dissertation conforms to the legal de nition laid down in Regulation (EC)
852/2004" as ,any action that substantially alters the initial product\, including, inter alia, heating,
curing, maturing, drying and extraction. In general, processed food has scarcely been subject to MS ima-
ging studies so far. With respect to sample preparation, processed food often poses a greater challenge due
to an altered texture resulting from the mixture of multiple ingredients, processing and/or preparation
steps. Especially for a reliable detection of minor compounds, such as most food additives, residues,
contaminants, or low abundant constituents in complex processed food, high mass resolution and mass
accuracy are often crucial to ensure su cient selectivity.

The rst reported application of MS imaging of processed food used an in-house built gas desorption
unit coupled to an atmospheric pressure chemical ionization (APCI) source and a linear ion trap mass
spectrometer to generate an MS/MS image of the contaminant melamine on a cross-section of cooked
egg with an approximate pixel size of 250 m .”® Dry-cured ham muscle is another type of processed food
subject to MS imaging investigation. Though dry-curing substantially changes the texture of ham, it is
still suitable for sectioning in a cryomicrotome. In two publications, endogenous peptides were measured
and visualized by MALDI-TOF MS imaging to evaluate peptide oxidation”® and proteolytic activity®
as food quality parameters within such muscle tissue. Roasted co ee beans are an example for processed
food, which cannot be sectioned in a cryomicrotome due to their hard and brittle texture. Instead,
Fowble et al. used razor blades to cut the samples into halves and measured the uneven cutting planes

¥ Art. 2 No. 1 lit. m Regulation (EC) 852/2004 of the European Parliament and of the Council of 29 April 2004 on the
hygiene of foodstu s
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1.3 Previous work and status built upon

using laser ablation direct analysis in real time (DART)-TOF MS imaging to trace volatile compounds.33
Lastly, a recent article by Cao et al. claimed to conduct MALDI-TOF MS imaging of vegetable oils for
authentication.8? Though vegetable oils are doubtlessly processed food and the shown mass spectrometric
analyses of lipids appear to be scienti cally substantiated, no spatial information is provided in the results
and thus there is no di erence to standard MALDI MS. In a recent review on MS imaging of insects, the
authors directly refer to possible future applications with edible insects in the context of food safety.8?
Although the review does not list publications on insects which are currently admitted as novel food in the
EU, it argues that MS imaging can provide valuable information on metabolites’ distributions in insects.
This might spark new applications for edible insects in the future. These few examples demonstrate that
MS imaging of processed food, particularly with high mass resolution and mass accuracy, is a scienti ¢
niche that has yet to be fully explored and the results presented in the rst and second publication
(sections 3.1 and 3.2) are pushing the boundaries of the eld.

1.3 Previous work and status built upon

While the presented work on food MS imaging and the resulting publications describe considerable
improvements in terms of practical aspects of sample preparation as well as the scienti ¢ results of
the experiments performed, needless to say it bene ted greatly from the valuable experience of the
work group around Prof. Rompp in MS imaging of biological samples over the past decade.'®3 Since
large parts of the work for this dissertation concentrated on food of plant origin, the work group’s
profound experience on the preparation and measurement of plant (food) samples?®?28 was particularly
valuable. For successful and high-quality MALDI MS imaging experiments, many key prerequisites have
been addressed by (former) colleagues without which the described achievements would not have been
possible. Starting with the provided MS imaging instrumentation, the considerable development work
of Prof. Spengler’s work group in Giessen, including Prof. Rompp at that time, resulted in the unique
high-resolution AP scanning microprobe MALDI source, which was later commercialized by TransMIT
GmbH. The AP-SMALDI source is known for its applicability at high spatial resolution down to a few
micrometers pixel size for a vast range of samples, especially for complex and delicate biological samples
both of animal origin (e.g., down to 10 m in mouse kidney,®* 5 m in mouse lung® and 5 m in
zebra sh®) as well as samples of plant origin (e.g., 10 m in roots of peony®? and down to 5 m in wheat
seeds??). In combination with Orbitrap MS instruments working at high mass resolution (R typically
240; 000 at m/z 200) and mass accuracy (RMSE < 1:5 ppm), the resulting setup provides both high lateral
resolution and high mass resolution, which is a key element in the work of Prof. Rompp’s group and
became known as ,.high resolution in mass and space (HR®)\ MS imaging.*8* The broad applicability
of these developments o er the possibility for a systematic transfer to other types of challenging samples
and/or analytes and built the foundation for the achievements described in this dissertation. Profound
preliminary work on internal mass calibration for MALDI MS imaging was helpful to ensure high mass
accuracy.*?

The rst Orbitrap-MS imaging experiments of peptides following tryptic digestion of mammalian
tissues by Schober et al. provided important ndings, especially on the necessity of high mass accuracy
and mass resolution for reliable bottom-up proteomics in MS imaging as well as the bene cial e ect of
complementary LC-MS/MS measurements for protein identi cation.'®3® Moreover, these and following
e orts on manual trypsin spray application for mammalian tissue?>8” laid the basis for the successful
development of a sample preparation work ow for plant tissue, including an automated trypsin spray
method, as presented in the third publication. The chosen strategy for protein identi cation pro ted
from profound development work and ndings from experiments on mammalian tissues.?!

To handle MS imaging data and perform in-depth data analysis as described in section 1.1.5, the
common open-source data format (imzML) was co-developed by Prof. Rompp and contributed to the
standardization and consolidation of MS imaging data, irrespective of the initial proprietary instrument
software.*28 Lastly, powerful and partially tailor-made software solutions for handling data presented in
the publications were developed by (former) colleagues, enabling conversion*? and validation*? of imzML
data as well as profound data visualization*® and analysis.*®
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2 Results

2.1 Synopsis

This dissertation constitutes a compilation of three scienti c¢ publications, which have all been accepted
and published in renowned, peer-reviewed journals. Towards the overall goal of demonstrating the ana-
lytical potential of MALDI MS imaging for the eld of food analysis, these three publications highlight
multiple key aspects:

In the rst publication, MALDI MS imaging is presented to the food science community as a versatile
analytical technique for a wide range of food samples supported by dedicated work ows and data analysis
approaches for fresh and processed food samples of plant and animal origin. Both major constituents, such
as carbohydrates, lipids and phytochemicals, as well as minor compounds underlying legal regulations,
such as a food contaminant and a food additive, have been selected as target analytes for investigation
and visualization.

Highly processed food can be very challenging for successful MALDI MS imaging analysis. In the
pursuit of developing the analytical technique for its application not only for scienti ¢ reasons, but also
by manufacturers and food authorities, it is necessary to nd new ways to overcome such di culties
posed by ‘real-life’ samples. Expanding upon the rst MALDI MS imaging measurement of acrylamide
in German gingerbread in the rst publication, several decisive methodological advancements, in-depth
data analysis steps and practical aspects of quality control in MS imaging are presented in the second
publication.

Proteins constitute a challenging, but no less important group of analytes in food; motivations for
investigation of their distributions reach from nutritional studies to health-relevant food safety issues.
Since reports on protein distributions in plant tissue using MS imaging are scarce and restricted to top-
down measurement settings and/or low mass resolution, a high-resolution MALDI MS imaging method
for the spatially resolved ‘bottom-up’ identi cation of proteins in plants was developed by example of
chickpea seeds in the third publication. The developed work ow was nally used for the food safety-
related investigation of the toxic protein abrin in seeds of crab’s eye vine.

A detailed description of all three publications is given in the following subsections of this synopsis,
pointing out the respective motivations, methodological approaches and scienti ¢ results. Subsequent to
the scienti ¢ manuscripts including supplementary information in section 3, general concluding remarks
and an outlook based on the ndings of all publications are provided in section 4.

2.1.1 MALDI MS imaging of various substance classes in fresh and processed food

The following details are part of the rst publication entitled , MALDI mass spectrometry imaging: from
constituents in fresh food to ingredients, contaminants and additives in processed food\

In this study, MALDI MS imaging is portrayed as an analytical method for food samples. It demon-
strates the versatility of high-resolution MALDI MS imaging for the visualization of constituents, ingre-
dients, contaminants and food additives. The selection of food matrices spans food of plant and animal
origin as well as both fresh/unprocessed and processed food. For each food category in conjunction with
the target analytes, an MS imaging work ow was optimized and tailored sample preparation protocols
are presented to meet the speci ¢ sample properties and challenges.

By means of a MALDI MS imaging analysis of hardy kiwi (Actinidia arguta ), which is a grape-sized
hairless fruit of green colored peel and esh, the basic measurement and data analysis procedure was
explained (see Figure 4). A thin section of 30 m was produced in a cryomicrotome and covered with
DHB matrix prior to the measurement with a step size of 45 m and a mass range of m/z 250{1000.
The MS signals of three representative constituents of di erent molecular structures and physicochemical
properties, namely disaccharides as a carbohydrate, quercetin as a phytochemical/polyphenol and the
lipid glyceryl trilinolenate TG(54:9), were chosen for the generation of ion images. As shown in single
ion images in Figure 4, the lipophilic triglyceride proved to be present exclusively in the interior of the
seed while quercetin was detected in the peel and disaccharides were highly abundant in the pericarp.
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Figure 4. Basic MS imaging data analysis protocol by example of hardy kiwi (A. arguta), following up the sample
preparation and measurement work ow described in section 1.1.4. Single pixel mass spectra of three candidate signals
are displayed with the corresponding relative mass errors, mass resolutions R and molecular structures. Upon selecting a
target m/z-value, analyte peaks are retrieved from all mass spectra and processed into an ion image with the brightness
re ecting peak intensities. lon images normalized to the TIC were generated for the lipid TG(54:9) K-adduct (red),
the phytochemical quercetin (blue) and disaccharide K-adducts (green). Note that the structure of sucrose is displayed
exemplary for the green signal, although the ion image includes all disaccharide K-adducts with the respective sum
formula. Single ion images can be overlaid in an RGB ion image and juxtaposed with a microscopy image.

A red, green and blue (RGB) overlay of those three ion images and co-registration with the microscopic
image of the hardy kiwi demonstrated the possibility to link the distributions of mass spectrometric
signals to anatomical structures such as peel, pericarp, seeds or stalk. Besides, the respective values for
mass resolution R (FWHM) and relative mass deviation (in ppm) were provided in the mass spectra to
introduce the terms and illustrate their signi cance for highly selective data visualization.

Carrots (Daucus carota) have been chosen as representatives for raw food of plant origin with optically
visible structures of -carotene and, in case of purple carrots (Daucus carota ssp. sativus var. atrorubens
Alef.), anthocyanins. The well-known provitamin -carotene, which is abundant in orange carrots, is a
challenging analyte due to its highly nonpolar structure and thus a low ionization e ciency with MALDI
ionization. Nonetheless, the radical cation of -carotene could be detected and a successful retention of
the spatial distribution was observed when compared to the microscopic image (Figure 5A). In purple
carrots, the visible coloring of the outer core and cortex could be reproduced by visualizing cyanidin as a
representative anthocyanidin (Figure 5B). Also structures invisible to the naked eye can be unraveled using
MS imaging, which was demonstrated by means of German veal sausage as an example for processed food
of animal origin with a dramatically altered texture compared to the primary ingredients (e.g., trimmed
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