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Abstract

In the context of chemical ecology, exploring the biochemical underpinnings of interac-
tions between plant and non-plant organisms is an ongoing e�ort. Mass spectrometry
imaging could, in theory, contribute to this endeavor as a valuable tool in visualiz-
ing spatial distribution of molecules in a biological context. This potential, however,
remains underutilized, as most methods are developed in a medical context. De-
focussing, as well as other e�ects related to surface topography, represent a major
hurdle in widespread adoption of mass spectrometry imaging of plant-derived samples.
This work represents an e�ort to make mass spectrometry imaging more applicable to
the challenges faced in the �eld of chemical ecology.
A laser ablation electrospray ionization (LAESI) source was custom-built and integrated
with a pro�lometer from commercially available parts. This integration allowed reli-
able infrared laser ablation on samples with a three-dimensional surface morphology by
means of topographically guided repositioning of the sample to maintain laser focus.
Surface features with height variation in the range of millimeters have been successfully
ablated in a reproducible manner, with the smallest achievable ablation mark diameter
being 30 µm. The imaging capabilities of the custom-built system were developed,
tested and evaluated on cotton (Gossypium hirsutum) leaf and stem samples. Fur-
thermore, the distribution of characteristic glucosinolates in thale cress (Arabidopsis
thaliana) leaves was analyzed and compared between wounded leaves and an unharmed
control group.
The imaging results exhibited an unexpected level of noise that implicated the ion gen-
eration e�ciency to being subject to an inexplicable randomness, lowering the quality
of the obtained data. After exclusion of common error sources, three iterations on
the ion source geometry were conceived, assembled, and tested, along with a com-
mercial solution to compare sensitivity and stability in signal intensity obtained when
performing the same measurement multiple times. The evaluated experimental pa-
rameters included the mass spectrometer's stability of response, limit of detection for
[ring -13C6]L-phenylalanine, and the electrospray's stability by the proxy of electrospray
current. It was found that the custom-built and commercial ion sources operate at
a comparable level of stability, which renders the respective ion source capable of
distinguishing a 1-fold change in concentration.



Zusammenfassung

Die Erforschung von biochemischen Vorgängen zwischen P�anzen und ihren Inter-
aktionspartnern ist eines der Haupttätigkeitsfelder in der chemischen Ökologie. Bildge-
bende Massenspektrometrie (MSI) ermöglicht die Visualisierung von räumlichen Ver-
teilungen verschiedenster Metaboliten und könnte in dieser Hinsicht ein entscheidenen
Beitrag in der Erforschung molekularer Interaktionen leisten. In chemisch-ökologischer
Forschung bleibt MSI jedoch weitestgehend ungenutzt, da die Methodenentwicklung
in MSI hauptsächlich in der medizinischen Forschung statt�ndet, und nicht an Proben
p�anzlicher Natur angepasst ist. In dieser Arbeit wurden einige der wichtigsten Heraus-
forderungen angegangen, die einer breiteren Anwendung in der chemischen Ökologie
im Wege stehen.
Eine Laser Ablation ElectroSpray Ionization (LAESI) Ionenquelle wurde zusammen mit
einem Pro�lometer aus handelsüblichen Bauteilen konstruiert und erlaubt eine Be-
probung von unebenen Ober�ächen, wie sie typisch für Proben p�anzlicher Herkunft
sind und der Anwengung von MSI derzeit im Wege stehen. Blätter, sowie Teile der
Sprossachse der Baumwollp�anze (Gossypium hirsutum) dienten während der Ent-
wicklung und Erprobung des Prototypen als Testmaterial. Die gemessenen Höhenun-
terschiede der Probenober�äche bewegten sich dabei im Bereich von Millimetern und
der kleinste erreichte Durchmesser eines Ablationskraters bewegte sich im Bereich von
30 µm. Als erste Anwendung wurden die räumlichen Verteilungen von bekannten Glu-
cosinolaten in Blättern der Acker-Schmalwand (Arabidopsis thaliana) gemessen und
zwischen mechanisch verwundeten P�anzen sowie einer Kontrollgruppe verglichen.
Bei den Experimenten an der Acker-Schmalwand trat ein unerwarteter Grad an Va-
riation in den Messergebnissen auf, welche die Qualität der gemessenen Datensätze
negativ beein�usste. Um die Ursache der unerwarteten Variation zu ermitteln, wur-
den, nach Ausschluss von trivialen Fehlerquellen, verschiedene Iterationen der LAESI-
Quelle, einschlieÿlich einer kommerziellen Lösung, auf Messemp�ndlichkeit gegenüber
[ring -13C6]L-Phenylalanin, Stabilität der Signalintensität sowie Stabilität des Elektro-
sprays mittels Messung des bezogenen elektrischen Stromes getestet und verglichen.
Die kommerziell verkaufte LAESI-Quelle arbeitete auf einem vergleichbaren Stabilitäts-
niveau wie die Eigenkonstruktionen, welches eine Verdopplung bzw. Halbierung in der
lokalen Konzentration eines Metaboliten bestimmen lässt.
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Chapter 1

Introduction

�Curiosity is unruly. It doesn't like rules, or at least, it assumes that all
rules are provisional, subject to the laceration of a smart question nobody
has yet thought to ask. It disdains the approved pathways, preferring
diversions, unplanned excursions, impulsive left turns. In short, curiosity
is deviant. Pursuing it is liable to bring you into con�ict with authority
at some point, as everyone from Galileo to Charles Darwin to Steve Jobs
could have attested.�

Ian Leslie, `Curious: The Desire to Know and Why Your Future Depends On It'

As the Greek origin of its name suggests, biology is the Science of Life. Nowadays, it
is an incredibly vast �eld that spans a multitude of di�erent scienti�c disciplines that
can be pursued on every imaginable scale, be it systemic, macroscopic, microscopic,
or molecular. Independent of the scale it is studied on, biology aims to describe and
understand how the cogs of the great machine of life turn. At its core, however, it can
be understood as a study of interactions.

For a long time, that meant simple observation with a good portion of trial and
error. The capability to learn through observation and deduce an outcome under new
circumstances based on previous experience is undoubtedly one of the oldest tools
available to humanity [1]. If being curious and observant about one's surroundings
was once a necessity to stay alive, it is a choice of profession today. It is this type
of curiosity, which helped our ancestors to survive, that now fuels biologists all over
the globe. Where it was once understood that certain edible fungi only grew in the
shadow of certain trees, we now know now about mycorrhizae and that the interaction
between fungi and higher plants is essential to life as we know it [2]. Where it was
once known that certain combinations of plants in a garden help keep pests out, we
have now begun to understand how plants communicate among themselves and with
insects to both deter herbivores and attract the proper predator species [3].
Both of the mentioned examples are interactions typically investigated in the �eld of
ecology. As a study, ecology concerns itself with the interactions between various
organisms, both of the same and di�erent species, and how these interactions may
be shaped by biotic and abiotic factors of the environment. The switch from simple
observation and philosophical contemplation, e.g. by the ancient Greeks [4], to a

1



2 Chapter 1. Introduction

rational science happened in the 19th century, partly with Ernst Haeckel coining the
term "Ökologie" in 1866 [5]. Since then, advances in other �elds inevitably found their
way into the ecological tool box as a way to enhance the possibilities of either analysis
or observation.
These new tools, such as the microscope, and advances in analytical chemistry opened
up new scales to explore. Microorganisms became visible as interaction partners and
amenable to study in more detail. With that progress, the chemistry behind ecological
interactions started to attract more interest as well. Now termed `chemical ecology',
the chemical language and underpinnings of ecology are considered a �eld of its own,
the conception of which is generally credited to Thomas Eisner and Jerrold Meinwald,
amongst others in the mid-20th century. Already as early as 1888, however, Ernst
Stahl studied the herbivorous feeding behaviour of slugs and snails [5]. One particular
interest of his was the defence mechanisms that plants evolved to deter herbivores
where possible. In his feeding assays, Ernst Stahl also recognized that certain plants
protect themselves chemically by extractable compounds [5]. Nowadays, the fact that
plants produce a plethora of specialized metabolites for defence and other purposes is
widely acknowledged and has thus become a mainstay in pharmaceutical development,
as well as natural product research [6].

The long academic career of Thomas Eisner saw three technical advances that changed
the way ecological research was conducted fundamentally. There was the discovery of
DNA as the carrier of hereditary information in organisms [7] and all the tools that
have been developed over the time to analyze and modify it. Combined with the
digital revolution, the ever-increasing calculating power of computers enabled large
scale analysis of data and calculation of complex models. It also opened up entirely
new ways to communicate and collaborate in research, accelerating the exchange of
observations and results. With access to an increasing amount of fully sequenced
genomes, the evolution of ecological interactions can be traced in the phylogenetic
trees of all kingdoms of life. Furthermore, the invention of modern photography, �rst
as analogue devices and later as digital cameras, has had a tremendous impact on
research. With cheap and fast photography at high resolution and in colour, it was
possible to directly share observations made in the laboratory or in the �eld. The
accessibility of photography allowed scientists not only to come back to the tried-and-
true technique of visual observation, but this time also share it with anyone who was
interested. A �lm or a picture of organisms interacting lets the onlooker participate in
the experience of observing results almost directly.
Combining cameras with microscopes brought about the possibility to share observa-
tions made in the realm that was hidden to the naked eye until then. The discovery
of �uorescence microscopy [8] sparked a new wave of specialized imaging techniques,
e.g. tagging targets with the green �uorescent protein [9, 10] to bring out particular
aspects of interest in a sample, and even allowed for observing proteins or other com-
pound classes with sub-cellular resolution [11, 12]. However, many of these imaging
approaches require special markers or dyes and are limited to a low number of ob-
servable features at a time. When investigating the chemical basis of an ecological
interaction, a broader, less focused method of observation is necessary.
Mass spectrometry (MS) o�ers a label-free methodology that allows to track hundreds
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of di�erent chemical compounds simultaneously. By applying electric charge to com-
pounds present in a sample, each compound can be separated and detected based on
its mass-to-charge ratio (m/z). Ionization of the wide range of di�erent compound
classes commonly found in biological samples became possible with the development
of the electrospray ionization (ESI) method. Originally conceived by Dole in 1968 to
ionize large polymers [13], a further development of ESI-MS by John Fenn and co-
workers in the 1980s [14] to include the combination with liquid chromatography (LC)
[15] and other analytical separation techniques later on [16], triggered a widespread
adaptation of the technique in molecular laboratories [17]. Any modern `-omics' ap-
proach not concerned with DNA or RNA heavily relies on the capability of LC-MS to
track a multitude of chemical compounds in a label-free manner and is by now an
integral part of an ever-growing tool kit in chemical ecology. Information about spatial
context is, however, lost during tissue dissection and sample preparation.

The comparably young �eld of mass spectrometry imaging (MSI) combines the bene�t
of collecting spatial information, like microscopy imaging techniques do, with the label-
free nature of mass spectrometry [18]. As a result, MSI experiments can capture the
spatial distribution of any chemical compound detectable by a mass spectrometer. The
underlying principle is a spatially con�ned probing of the sample, e.g. with a laser,
recording of the corresponding mass spectra, and moving on to the next position.
After probing the whole region-of-interest (ROI), spatial distribution of any detected
compound can be visualized from the data by displaying the measured intensity of the
given compound for every sampled positions, resulting in an ion map [19].
A plethora of di�erent ionization sources capable of performing MSI experiments have
been developed since the inception of MSI [20, 21, 22, 23]. Currently, the most promi-
nent technique is matrix-assisted laser desorption / ionization (MALDI). In MALDI,
an ultraviolet laser is used to ablate sample material and ionize it with the help of a
chemical compound - the matrix - which needs to be applied to the sample surface
prior to the experiment [24]. Current MALDI sources have started to push for lateral
resolutions in the range of one micrometer and creep ever closer to lateral resolution
ranges provided by comparable �uorescent microscopy methods [25, 26].
With regards to application in the �eld of chemical ecology, MS techniques such as
MALDI hold great promise. Knowledge about the distribution of defensive metabolites
in leaves might help explain the otherwise peculiar feeding behaviour of herbivorous
insects [27, 28] and exploration of the chemical landscape of an interaction between
fungi and bacteria might reveal new compounds with antibiotic properties [29, 30].
How does a plant react to a fungal infection? Does it react at all and is the fungus
circumventing the defensive reactions of the plant? Despite interesting questions re-
vealing themselves immediately when considering chemical ecology, adaptation is low
and limited to a few pilot studies. In fact the majority of MALDI experimentation has
been carried out in a medical background [18, 31, 32, 33]. MALDI experiments require
extensive sample preparation, which includes coating the sample with a suitable ma-
trix compound and sectioning of the sample into thin slices with the �attest possible
surface. Although the latter prerequisite is rooted in the use of a laser, alternative
desorptive spray methods such as desorption electrospray ionization (DESI), the sec-
ond most prominent MSI technique, impose the same demands on the nature of the
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sample's surface [34].
Extensive sample preparation always brings the risk of altering the state of the sample
prior to analysis. Coming back to the example of a hypothetical fungus invading a
hypothetical plant for illustration: separating an infected leaf from the plant hours
before the experiment, subjecting it to the matrix-coating procedure and the subse-
quent drying can conceivably signi�cantly alter the metabolic state, and, implicitly, the
chemical pro�le, of both the plant and the fungus. Ideally, the analysis would require
no sample preparation at all to minimize the creation of artefacts, particularly when
targeting a delicate interaction between two living organisms.

In 2007, Nemes and Vertes published an alternative, laser-based ionization source con-
cept that would not require the application of a matrix compound [35]. The laser
ablation electrospray ionization (LAESI) source ablates sample material with an in-
frared laser operating at the infrared absorption band of water at 2940nm [36] using it
essentially as a makeshift matrix. Ionization of the ablated material is then facilitated
by a constantly running electrospray, intercepting the ablation plume [35]. In theory,
this concept has less impact on the chemical composition of the sample prior to the
analysis and, by relying on the native water content, emphasizes the freshness of the
sample [37]. However, as a laser-based method, it is reliant on the requirement of a
�at sample surface. On the background of medical research, where most MSI tech-
niques have been developed, �at surfaces occur regularly as part of the inevitable cross
section. In chemical ecology, su�ciently �at surfaces are seldom found in ecologically
relevant samples.
In the hypothetical infected leaf model, sectioning complicates the analysis of spatial
distributions, besides elongating sample preparation extensively. Fungal growth and
possible distributions of interesting metabolites would naturally be associated with the
leaf area. Any form of sensible sectioning would, however, take place perpendicular to
the leaf area, yielding multiple of cross-sections. To fully appreciate a spatial distribu-
tion across a single leaf, all cross-sections would need to be analyzed individually and
the data stitched together later. Additionally, the lateral resolution along the axis of
sectioning would be impaired, as it is impossible to reliably fabricate sections as thin as
the lateral resolution provided by current MALDI sources. Analyzing the leaf area and
thus its surface directly would reduce the overall e�ort to one single experiment instead.
For this, information about the height pro�le of the sample surface would be necessary
in order to facilitate corrective movements of the sample, negating the negative impact
that surface topography has on laser ablation. Distance sensors that provide this type
of information are regularly employed in the manufacturing of electronic devices for a
multitude of purposes and are readily commercially available [38].

In the present work, I therefore explored the possibility of constructing a LAESI source
that on one hand provides a lateral resolution corresponding to that of commonly
available MALDI sources and, on the other hand, is able to directly analyze uneven
surfaces of samples relevant in chemical ecology. By striving for a lateral resolution in
the range of 50 to 10 µm, the custom-built LAESI source would provide results com-
parable to available MALDI instrumentation also in instances were cross-sectioning is
feasible, and potentially allow for single plant cell analysis. Integration of an pro�lo-
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metric step prior to the actual MSI experiment will ensure the possibility to analyze
relevant samples in their native shape and state with almost no sample preparation.
Overall, my aim is to provide an analytical platform to visualize the spatial distribution
of specialized metabolites in plants and investigate the key part they may play in the
ecological interactions between plants and other organisms.

In the following sections I introduce some of the aforementioned topics in more detail.
Main focus is on topics necessary for understanding, evaluating, and discussing the
results presented thereafter in three separate chapters. Of these, Chapter 3 deals with
the conception and construction of a prototype LAESI source, including the veri�cation
experiments on leaves of both Brassica oleracea and Raphanus sativus. Chapter 4
focusses on the MSI aspect of this work, detailing the technical basis and providing
a proof-of-concept, as well as more applied experiments on Gossypium hirsutum and
Arabidopsis thaliana. Finally, Chapter 5 concerns improvement and iteration on the
prototype detailed in Chapter 3 in terms of sensitivity and reproducibility of the MSI
experiments. The structure is aimed at providing the necessary information in a factual
manner at the reader's discretion. A quick glance at the Table of Contents might have
already revealed the absence of a dedicated Materials and Methods chapter. I have
chosen to incorporate information about applied methodology and material components
always prior to the relevant report of experimental results. This design was adopted
partly to avoid the need to unnecessarily search for the relevant information during
reading, and partly because the reported experiments represent either the development
of a method themselves or required modi�cation of instrumentation or methodology
making a declaration of material and methods necessary, anyway. The �nal discussion
of the reported �ndings follows in Chapter 6.



Chapter 2

Theoretical background

2.1 Mass spectrometry

At the beginning of any MS experiment is the challenge of creating ions from electricly
neutral sample material. This �rst, crucial step of depositing an electric charge is
carried out in a dedicated part of a mass spectrometry set-up that, moving forward,
will be colloquially referred to as ion source. Once the compounds have been ionized, a
mass analyzer measures the m/z of the created ions, yielding a mass spectrum. While
ion sources are characterized by the types of molecules they can ionize and the type of
ions they produce, mass analyzers are characterized by their resolving power and the
range of m/z values they can detect simultaneously. In general, MS methodologies
capable of creating and detecting molecular ions ranging from small organic molecules
to big biopolymers like proteins - whilst operating in ambient conditions - are of greater
interest to biological research. Of the multitude of ion sources and mass analyzers
developed over the years, only ESI, LAESI, and MALDI and the time-of-�ight mass
analyzer (TOF)s are of relevance to this work and their functionalities will be described
in the following section.

2.1.1 The time-of-�ight mass analyzer

Historically, the origin of MS is linked to the investigation of the atomic structure in
the early 20th century [39, 40]. Nowadays, it is an analytical technique widely applied
in physics, chemistry and biology. This includes research applications as well as routine
measurements performed in industrial processes. The central component of any mass
spectrometer, regardless of the set-up or the application, is the mass analyzer. Its
function is to separate ions of di�erent m/z prior to detection itself. Over the years,
a handful of di�erent, physical phenomena have been exploited to that e�ect, and
specialized instruments developed. These are namely sector �elds, quadrupoles, ion
traps, Fourier-transform induced-cyclotron-resonance (FT-ICR) instruments, and TOF
instruments of which the latter plays a central role in this work.
First mentioned in proceedings of the American Physical Society in 1946 [41, 42], TOF-
MS was improved over the years but did not garner major attention until its advantages
were proved essential in the works later awarded with a Nobel prize in chemistry,
namely the detection of fullerenes in 1996 [43, 44], femtosecond spectroscopy in 1999

6
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[45, 46], and the soft ionization of big biomolecules in 2002 [47, 48]. Additionally,
the invention of ESI and MALDI made MS on biomolecules more attractive as both
ionization methods connected well with TOF analyzers [49]. The theoretically unlimited
mass scale, mass resolution advances provided by the more recent additions, such as
the re�ectron [50], and easy integration with other separating techniques, make TOF
mass spectrometers the workhorse of many laboratories worldwide [42].

2.1.1.1 Basic principle

In its simplest form, a TOF-instrument accelerates ions uniformly with an electric �eld
and releases them with a de�ned amount of kinetic energy into a �eld-free drift tube.
There, the velocity of each accelerated ion depends only on its m/z , and separation of
ions is achieved over the time necessary for drifting towards the detector. Considering
the potential energy (formula 2.1) and the kinetic energy (formula 2.2), the transition
from the acceleration area into the drift tube can be described with formula 2.3 /
2.4. At this point, all potential energy of the ions within the electric �eld has been
converted into kinetic energy.

Ep = qU (2.1) Ek =
mv2

2
(2.2)

Ep = Ek (2.3) qU =
mv2

2
(2.4)
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m

2
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t
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q
=

d2

2U
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Expressing the ion velocity as drift tube length d divided by the drift time t (formula
2.5), the m/z of a given ion is calculated using formula 2.6. Since the length of the
drift tube and the acceleration voltage are usually constant, the only variable parameter
is the drift time. Measuring the drift time is thus su�cient to determine the m/z of
any given ion. Omitting the acceleration time within the electric �eld leads to a
systematic error but it is less trivial to calculate and present a ceiling for the mass
resolution achievable with TOF-instruments [42]. The �nishing line for the �ight time
measurement is well determined with the ion's impact on the detector. Nevertheless,
the starting point is less well de�ned. Independent of the acceleration area's technical
design, an amount of uncertainty persists regarding the starting position and the kinetic
energy of any ion, due to Brownian motion of molecules and the space a cloud of equally
charged ions will inevitably occupy [42]. The matter of varying starting velocities has
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mostly been addressed by orthogonal ion extraction in the acceleration area, where
the acceleration of any ion into the �eld-free drift tube takes place orthogonally from
the original �ight path into the mass spectrometer. Introduction of one or more ion
mirrors, so-called re�ectrons [50] into the drift tube addressed the problem of slightly
di�erent starting positions of ions within the acceleration �eld, and thus inherently
di�erent kinetic energies. Ions of the same m/z are focussed by a re�ectron because
ions with higher velocities penetrate the re�ectron �eld deeper and thus spend more
time at the re�ectron than their counterparts with lower velocities [42]. As a result,
ions of the same m/z but di�erent velocities after acceleration arrive at the detector
at the same time, reducing the error of the measurement and increasing the resolution
of the instrument [42].

2.1.2 ESI - electrospray ionization

ESI was �rst described by Dole et al. [13] who were looking for a way to ionize large
polymers. Further improvement by Fenn and co-workers [14, 15, 51] led to a shared
Nobel prize in chemistry in 2002 [48, 52]. In this work, ESI plays a central role as the
source of primary ions, as section 2.1.3 will explain in more detail.

2.1.2.1 Basic principle

Despite the academic and commercial success of ESI sources, the actual mechanism
of ion creation is not yet fully understood. It is widely agreed upon, that an ESI
source initially produces a cloud of charged droplets containing analyte molecules in
solution created from a solvent mixture fed to an electrospray emitter. The source of
the droplets is a Taylor-cone [53, 54] which forms at the tip of the emitter when it is
subjected to electric potentials in a kiloVolt range and was named after Sir Geo�rey
Taylor, who described the phenomenon �rst [55]. Evaporation of solvent molecules
from the droplets reduces their volume, eventually reaching the Rayleigh limit, a critical
charge to droplet radius ratio. At this point, the repulsion between the electric charges
overcomes the surface tension of the solvent and the droplet fractures, becoming a
source of smaller droplets [56, 57]. In a cascade of such �ssions, the average droplet
size shrinks and eventually molecular ions can be found in the gas phase [58]. Figure
2.1 [57] illustrates this process. How and when these molecular ions are created is a
subject of ongoing research.
Currently, three major hypotheses for ion generation in an ESI source are discussed in
research and there is evidence to support each of them. The charged residue model
(CRM) argues that single ions occur in the gas phase as sole survivors of an otherwise
evaporated droplet, baring the remaining electric charge(s). Originally conceived by
Dole himself [13], it became known as the CRM only later [58]. This mechanism was
observed when studying the ionization of globular proteins [59]. In contrast, the ion
evaporation model (IEM) suggests that ions evaporate directly from the surface of small
progeny droplets with radii smaller than 10 nm. Due to the repulsion of equal charges,
ions are believed to eject directly from the surface of the small droplets, replacing the
mechanism of Coulomb �ssion at the droplet size [60, 61, 62]. Experiments supporting
the IEM featured analytes with low molecular weights [60, 63]. Whereas in the case



2.1. Mass spectrometry 9

Figure 2.1: Schematic representation of an electrospray's basic working principle in positive
ion mode. Cited from Konermann et.al. 2013 [57].

of CRM-type ionization an analyte protein is believed to adopt a globular fold, [13,
58] burring hydrophobic residues, modelling approaches suggest that unfolded protein
chains and unstructured polymers with hydrophobic properties receive electric charge
by a di�erent mechanism termed chain ejection model (CEM) [57]. Due to insu�cient
solvation within the droplet, the hydrophobic regions quickly associate with the droplet
surface and the whole chain is gradually ejected when accumulating electric charges
from the droplet's surface [57].
The IEM is the most relevant hypothesis for this work. The most abundant ions pro-
duced were those from solvents or additive molecules, such as formic acid, because no
analytes were introduced intro the spray solvent. Finding stable operation parameters
under the experimental conditions was the most important aspect of maintaining the
electrospray emitter. Over the years, extensive research has been conducted on elec-
trospray stability [53, 64, 65, 66, 54], but many of the necessary parameters are usually
unknown. Educated guesstimation and some trial-and-error remain the most practical
solutions to a stable electrospray.

2.1.2.2 Applications

It's capacity for soft ionization of even large molecules and broad application range has
led to a wide adoption of mass spectrometry in analytical life sciences [40, 17]. In par-
ticular in tandem with liquid chromatography, �elds like proteomics and metabolomics
would have been inconceivable without the introduction of this ionization technique
[67, 68, 69]. There is, however, another interesting application of electrosprays that
bears meaning for this work.
While ESI excels at ionizing analytes directly from solution, it can also be used as a
source of primary ions that transfer their charge to analytes brought in contact with
the electrospray plume in alternative ways. The ionization of aerosols and gas phase
molecules with an electrospray is referred to as secondary electrospray ionization (SESI)
[70, 71]. The technique has found application in the detection of explosives [72], and
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is subject to research in medical breath analysis [73, 74]. If the electrospray plume
is directed towards a surface, ions are generated in a desorptive manner, using the
aforementioned DESI [34, 75] that has become a prominent tool for surface analysis
[22]. Instead of directing the electrospray plume towards the sample surface itself, it is
also possible to ionize ablated sample material by the primary ions of the electrospray
which is the working principle of LAESI, the topic of the next section.

2.1.3 LAESI - laser ablation electrospray ionization

The concept of LAESI as a novel ambient ionization technique was published in 2007
by Nemes and Vertes [35] and is part of a `family' of ion sources, all of which are char-
acterized by spatially con�ned probing with some form of laser and post-ionization of
the ablation plume by an electrospray. Two ion source concepts, named electrospray-
assisted laser desorption / ionization (ELDI) [76] and matrix-assisted laser desorp-
tion electrospray ionization (MALDESI) [77], make use of a UV-Laser and, in case
of MALDESI, also of matrix compounds, the function of which will be described in
section 2.1.4. The concept of infrared laser-assisted desorption electrospray ioniza-
tion (IR-LADESI) [78] was published shortly after the concept of LAESI, the biggest
di�erence between the two being the angle of incidence at which laser ablation took
place.

Figure 2.2: Schematic representation of a basic LAESI-experiment.

2.1.3.1 Basic principle

LAESI and the three ion source concepts related to it operate on the same fundamental
principle, schematically visualized in Fig. 2.2. The sample is subjected to pulsed laser
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light, UV and IR at 2940 nm in ELDI & MALDESI and IR-LADESI & LAESI sources,
respectively, leading to the ablation of sample material in a spatially con�ned manner. A
plume of neutral sample particulates forms over the irradiated spot, expanding upwards
(ablation plume, Fig. 2.2). At a certain height above the sample surface, the ablation
plume is then intercepted by a plume of charged droplets (ESI plume, Fig. 2.2), created
by an electrospray emitter. It is in this interaction zone where the ionization of the
sample material takes place. The basics of pulsed laser ablation of biological surfaces
will be covered in section 2.3.

Similar to ion creation during ESI, more than one route of ionization is conceivable.
Volatile molecules, which tend to evaporate from sample droplets and particulates,
receive their charge directly from a primary ion of the electrospray in the form of
proton addition or subtraction [79]. Less volatile components are thought to receive
their charge after a merger event of ESI plume droplets and ablation plume droplets
by one of the `classic' ESI mechanisms discussed in section 2.1.2.1 [35]. LAESI and
the related ion source concepts behave therefore very similar to any other ESI source
and share the same advantages and disadvantages, such as the possibility to adapt
the electropsray solvent to better ionize certain target analytes and, as an ambient
technique, being prone to pick up airborne contaminants from the environment.

Hereinafter I will only refer to the concept of LAESI, despite the major similarities
between the ion source concepts described above, partly for ease of understanding,
but also because the original LAESI publication [35] describes the ion source concept
reproduced in this work. Additionally I consider acronym LAESI the most descriptive
and least convoluted. I recognize that this is an opinion and, as such, possibly subject
to debate.

2.1.3.2 Applications

Contrary to ELDI, MALDESI, and IR-LADESI that have been applied mostly in a
medical or pharmaceutical context [80], LAESI has been applied to samples across
the kingdoms of life in an explorational fashion [81]. This exploration of possible
applications also includes variations in ion source geometry to reduce laser spot size or
spatial resolution [82, 83], ionization of increasingly apolar analytes [84] and remote
sampling [85]. In more recent studies, LAESI was also combined with an ultra-high
resolving mass spectrometer [86] and assessed as a means of performing single-cell
metabolomics [87]. Still, the adoption of LAESI into dedicated MSI experimentation
remains low.

2.1.4 MALDI - matrix-assisted laser desorption/ionization

The �rst �ndings on MALDI as an ionization technique were published in 1985, when
Karas and co-workers observed ions of the amino acids tryptophan and alanine in a
UV-laser desorption / ionization (UV-LDI) experiment at the ablation threshold of
tryptophan, while alanine on its own would not ionize under otherwise equal conditions
[88]. The concept was introduced on a broader basis shortly after [89] and three years
later �rst proteins were ionized the same way by mixing the sample solutions with
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nicotinic acid as the chromophore [90]. The instrumental basis was a LAMMA-1000
instrument, which, at the time, was mostly applied to the (spatially resolved) analysis
of metal surfaces and already achieved spatial resolutions of 1 µm [49]. MALDI as a
term was coined in 1991 by Hillenkamp and Karas in the �rst review of their �ndings
[91]. Reports of MALDI sources operating under atmospheric pressure regime were
published as early in 2000 [92]. Since then, MALDI has been a cornerstone of modern
mass spectrometry of biological samples.

2.1.4.1 Basic principle

At its core, MALDI represents the ablation and photoionization of a matrix compound
that is deposited onto or mixed with the sample during sample preparation. Ions of the
matrix compound then transfer their charge onto co-ablated analyte molecules in gas
phase reactions such as photon transfers [89]. Alternatively, ion pairs may already form
in solution during sample preparation, when the analyte and the matrix are mixed. In
such a case, the laser ablation would liberate the pre-existing ions as `lucky survivors'
[93]. Both models are plausible and supported by experimental results [94]. Figure 2.3
depicts the MALDI process schematically.
In more novel applications, e.g. in MSI, the matrix usually coats the samples (com-
prising mainly biological tissue) with the matrix compound instead of premixing and
co-crystallization. The way the matrix application takes place has a strong e�ect on
the quality and reproducibility of the results obtained [95]. The in�uence that the size
of matrix crystals and surface wetting, or lack thereof, have on the quality and, in case
of MSI experiments, the spatial resolution, suggests that any detected analytes have
been extracted into the matrix layer during sample preparation [96, 97, 95].
In the context of this work, MALDI has to be understood as the accepted gold standard
of the �eld (MSI of biological samples) that any results obtained here have to be
compared to. Given the head start of approximately twenty years, considerably more
time has been spent [98, 99] on investigating the underlying theory, and put into the
development of instrumentation. It is also because of our understanding of the MALDI
mechanisms that we know of the chemically invasive nature of the necessary sample
preparation and now acknowledge that alternatives for ecologically relevant samples
are desirable.

Figure 2.3: Schematic representation of the basic MALDI process.
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2.1.4.2 Applications

MALDI �nds applications in any �eld that makes use of molecular analysis of biomolecu-
les. These include, but are not limited to, lipidomics, [100, 101], proteomics [102, 103],
microbiological analyses [104, 105] and other biotyping [106, 107], as well as medical
[108, 33, 109] and pharmaceutical [110] research. A combination of MALDI with an
ultra-high resolving FT-ICR mass spectrometer for the analysis of isotopic �ne structure
of biomolecules has been recently reported as well [111]. At the moment, MALDI is
probably the most widely used ionization technique in MSI (section 2.2).

2.2 MS as an imaging technique

The origins of using mass spectrometers as imaging devices can be traced back to
experimentation with secondary ion mass spectrometry (SIMS) [112] in the 1960s. At
that time, Helmut Liebl reported on his 'Ion Microprobe Mass Analyzer' [113], which
he applied to visualize an aluminium grid on a gold surface with an assumed lateral
resolution of 1.5 µm [114, 115]. Although SIMS instruments still o�er the highest
spatial resolution of any ionization technique used in mass spectrometry imaging, e.g.
Mohr et al. reporting a spotsize of less then 200 nm [116], MSI of biological samples
did not start to gather much attention until the invention of MALDI and its capability
to softly ionize big biomolecules. Between 1990 and 2000, the feasibility of MALDI
MSI on biomolecules was �rst demonstrated and then developed to an automated
process, starting at lower molecular masses [117], moving on to peptides and proteins
[18], and �nally fully automating data acquisition and processing [118]. Since then, the
invention of more dedicated ion sources [22, 80] that are now commercially available
has led to a wide adoption in life sciences [20], with a strong emphasis on the medical
[31, 33] and pharmaceutical sectors [110].

2.2.0.1 Basic principle

Figure 2.4: Schematic representation of the MSI methodology. I) First, a ROI is de�ned (black
square) and rastered by a spatially con�ned ionization technique (red square). By acquiring
mass spectra for all sampling positions with spatial context (II), the spatial distribution of
any detected mass feature can be visualized during data processing (III).
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Independently of the ionization technique, the MSI process can be divided into two
separate steps. Step one is the acquisition of mass spectra with the desired degree
of quality. To that e�ect, the ROI is divided into an appropriate number of sampling
positions (Fig. 2.4). The distance between two adjacent sampling positions is referred
to as lateral resolution and can be based on the area that the chosen method of spatially
con�ned ionization requires for operation, e.g. the laser spot size. Choosing a lower
lateral resolution - increasing the distance between the two sampling positions - is
referred to as undersampling. Oversampling in turn, means a higher lateral resolution
that re-samples part of the previous sampling position. In the end, one mass spectrum
is acquired for every sampling position and, importantly, stored together with the
information about its origin within the ROI (Fig. 2.4 II). It is this spatial context that
enables the imaging.

The second step is data processing. By treating every sampling spot as a pixel and
correlating the measured intensity response of any detected m/z to a color (or gray)
scale, the spatial distribution of the selected m/z can be visualized across the ROI in
the form an image (Fig. 2.4 III). These images are also referred to as ion maps and
represent the result of an MSI experiment. The choice of an appropriate color-coded
scale is not trivial and has been subject to research itself [119]. In this work, the
color scale of choice is the `viridis' scale that is readable to color-blind people and
seamlessly converts into a grey-scale when printed black and white [120]. In an e�ort
to keep up with ever-growing amount of applications and the resulting diversi�cation
in commercial and open source processing software solutions, the MSI community has
de�ned a standard data format for processing and sharing of experimental results. To
that end, the .imzML data format provides the means to keep experimental results
accessible across platforms and facilitates collaborational data exchange independent
of commercial restrictions [121, 122].

2.2.0.2 Applications

One aspect of application that has not been covered by the respective ion source
sections above is the untargeted vs. targeted analysis. While the execution of MSI
experiments themselves does not necessarily di�er based on the chosen approach, th
motivation of the experiment and the interpretation of the data may. The untargeted
approach is characterized by highly resolving mass spectrometers, high sample through-
put as well as explorative and statistical data analysis. Examples include biomarker
discovery [123, 124] and holistic metabolomic studies [125, 126]. The analytical ques-
tions motivating these kind of experiments usually revolve around discernible di�erences
between treated and control groups.

The targeted approach is characterized by a hunt for a given number of target com-
pounds with known biological and chemical properties [127, 128]. Typical analytical
questions may include localization relative to other molecules or observable biological
phenomena [128, 129, 130]. In terms of experimental parameters, lateral resolution
and detection limits are the ones that the experimental procedure is optimized for
[131].
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2.3 Laser ablation of biological tissues

Laser ablation describes the removal of material by the means of irradiating a surface
with laser light. In MS applications, laser ablation is usually facilitated by pulsed laser
sources, as triggering a �xed amount of laser pulses accurately de�nes the amount of
energy deposited onto the sample's surface and commercially available laser sources
provide a wide variety of wavelengths. The most commonly used wavelengths fall in
the UV region of the spectrum, as UV laser sources are comparably cheap and optical
elements for UV light can be made from inexpensive materials. Of particular interest to
this work is the IR wavelength of 2940 nm used in LAESI and IR-LADESI ion sources
[35, 78], because water molecules possess a strong IR-absorbtion peak at 2940 nm
[132] and biological samples tend to contain large proportions of endogenous water.

Independent of the wavelength used, laser irradiation of a sample's surface represents
a signi�cant amount of additional energy deposited onto the sample that needs to be
shed in order for the sample to return to an equilibrium state. Surface vaporization
is one possible mechanism by which deposited energy can be shed as molecules are
liberated from the sample surface and enter the gas phase. Considering, however, the
amount of energy that is usually deposited by a pulsed laser and the time frame of
that transfer, surface vaporization alone is not su�cient to facilitate the shedding of
the deposited energy [133].
As the amount of energy exceeds the limit sheddable by surface vaporization, the
temperature of the irradiated volume would increase to boiling point. In biological
tissues however, the presence of cell walls, extra-cellular matrices, and the cell skeleton
provide a mechanical strength and elasticity that hinder the process of normal boiling
[133, 134]. Instead, a process termed `con�ned boiling' takes place that drives the
liquid water phase of the irradiated volume to become metastable [134]. A critical
point is reached, when the available energy overcomes the surface tension of water,
the mechanical strength, and the elasticity of the biological tissue in question.

How the laser-deposited energy is applied to the sampled tissue depends on the wave-
length of the laser. In the UV region of the spectrum, it is mostly aromatic compounds,
e.g. DNA and the aromatic residues of proteins that absorb the incident light [135].
The energy deposited by UV lasers is therefore not directly absorbed by the water, but
rather by chromophores that may undergo photochemical decomposition in the process
[135]. This weakens the mechanical properties of the tissue and provides nucleation
centers for the creation of vapour bubbles, increasing the pressure within the irradiated
volume and ultimately leading to material expulsion [135]. In certain tissues, including
plant material, additional chromophores exist in the form of specialized metabolites
with aromatic moieties, which is the reason why laser desorption / ionization (LDI) of
plants can yield ions and thus mass spectra directly, without the application of MALDI
matrices or a post-ionization source, e.g. LAESI [136, 137].
At the IR wavelength of 2940 nm, the water molecules of biological tissues act as the
primary chromophores and most of the energy provided by the laser is deposited directly
in the water molecules [36, 135]. The main driver for material expulsion in this case is
the creation of a metastable water phase. At the critical point, the metastable water
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phase undergoes a so-called `phase explosion' separating the metastable phase into
vapor and liquid water. While the system as a whole moves towards an equilibrium,
the sudden increase in volume results in an ejection of water vapor, droplets, and small
particulates of sample material, forming the ablation plume [135]. Recoil stress from
the initial expulsion and lingering heat can trigger secondary material expulsions that
depend on the mechanical properties of the tissue in question [135]. The sharp rise in
local pressure from the recoil and the phase explosion are also responsible for secondary
tissue damage observable around the irradiated sample volume [134].

2.4 Pro�lometry

Pro�lometry is the part of metrology, the science of measuring distances, concerned
with the topography of surfaces. Practically, that means measuring the height pro�le
of the surface in question. In the scope of this work, the height pro�le of a sample
is the distance between any point on its surface relative to the same point on the
surface of the support the sample is resting on. Published and commonly applied MSI
techniques were mostly developed on thin sections [31], e.g. of animal or human tissues
in medical research, that are de�ned by uniform thickness and thus the commercially
available instrumentation assumes a reasonably �at sample surface.

2.4.0.1 What bene�t does pro�lometry in MSI provide?

Considering the native form of a leaf, stem, or any other part of the anatomy of a
plant, its surface topography is most likely uneven. On uneven surfaces, defocussing
e�ects (Fig. 2.5 I) have to be expected. A defocussed laser beam irradiates a bigger
area resulting in less energy deposited per unit of area, as laser ablation is performed at
constant laser energies. As a result, the quality of any MSI experiment would be greatly
diminished, in terms of both analytical merit and spatial resolution, as the parameters
of laser ablation would change over the course of the experiment, depending on the
surface topography. Exerting control over the sample position along the optical axis
opens up the possibility to counteract the e�ects of an uneven surface topography on
laser focus by corrective positioning of the sample, thus keeping the distance between
surface and focussing lens constant (Fig. 2.5 II). This, however, implies knowledge of
the surface topography and a way to measure the height pro�le of the ROI.
The many ways that have been devised to accomplish height pro�ling can be broadly
categorized into contact-based [138] and contact-less methodologies [139], of which
the latter ones are pertinent to this work. More speci�cally two optical methods have
been considered and will be explained in more details below.
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Figure 2.5: I) Leaf morphology creates a three-dimensional surface that is detrimental to
consistent laser focus. II) With knowledge about the surface topography, a sample can be
subjected to compensatory repositioning.

2.4.1 Laser triangulation devices

Triangulation is a tried and tested method of distance measurement that can be traced
back to ancient times [139]. It can be applied in a distance sensor in the millimeter
to micrometer range by observing a laser spot on the surface to be measured. For
this, two optical systems are necessary. One system focusses the laser beam onto
the surface and a second system images the spot's re�ection onto a detector at a
�xed distance and angle to the �rst optical system [140]. The position of the imaged
spot on the detector therefore depends on the distance of the surface to the focussing
optical system, which makes working distance and depth resolution of the whole set-up
a function not only of the optical systems but of the resolution of the detector as well
[140, 141].
Distance sensors based on laser triangulation can be produced comparably cheaply for
a wide variety of working ranges. Their potential for distance sensing in automated
systems was studied and patented early [142], making this type of sensor indispensable
nowadays in many producing industries, e.g. semi-conductor production [38].

2.4.2 Confocal distance sensors

Confocal distance sensors are an application of confocal microscopes that received
their name based on the fact that either the illuminating and the collecting objectives
have the same optical properties, i.e. they are confocal, focussed on the same point on
the observed sample, or the same objective is used to both illuminate the sample and
image the re�ected light onto a detector [143, 144]. Due to the confocal nature of the
set-up, light outside of collecting optical system will contribute less intensity to the
image the further away it originates from the focal point [144]. Displacing the detector
slightly out of focus and placing a pinhole in the focal plane can further enhance this
e�ect [145].
Light intensity can therefore be used as a proxy for surface distance to the focal
point of the optical system and used to discern distances [146]. If a monochromatic
light source is used, either the sample surface or the sensor have to be translated
with respect to each other to keep the measured light intensity constant, in order to
compensate for surface topography when moving laterally across the surface. The
corrective displacement can then be recorded, as it is proportional to the height pro�le
of the surface [139]. By using a polychromatic light source and employing and optical
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system with wavelength-dependent focal length, the working distance can be extended
by spectral analysis of the collected image [147]. Here, the distance measurement is
facilitated by determination of the wavelength in focus at a given time, rather then light
intensity, reducing the impact of surface properties, such as re�ectance or roughness,
and changing lighting from the surrounding environment [145].
Currently, confocal sensors are available commercially and are frequently utilized in
industrial production and quality control [148]. Especially applications with high de-
mand on depth and lateral resolution, such as quality control in microchip production
[149, 150] or thickness measurements of transparent layers make use of these sensors
[148].

2.5 Phytobiochemistry of specialized metabolites

Plants are known to produce a plethora of chemical compounds that, at �rst glace,
are of no consequence to a plant's metabolism [151]. These specialized metabolites
are not required for growth, development and reproduction of the plants. Their role
in ensuring the survival of plants in their respective environment was recognized with
the advent of chemical ecology and the systematic exploration of plants and their
interactions on a molecular level [5]. Molecules that belong to this type of metabolite
are usually formed in biosynthetic pathways unique to a plant genus, family, or order,
and the older term `secondary metabolites' is slowly falling out of fashion [6].

2.5.1 Ecological context

One of the �rst functions to be connected with these specialized metabolites was de-
fence against herbivory, by observing that herbivores exhibit feeding preferences [151].
On the same note, arti�cially breeding plants to produce less of a certain compound
class was found to reduce their resistance against herbivores and microorganisms [152].
More than sixty years of research into chemical ecology has shown that the topic is even
more complex and inherently connected to plant evolution [6]. Exploring the evolution-
ary history between plants and their specialist herbivores has revealed an evolutionary
arms race of adaptation and counter-adaptation [153].
Specialized metabolites are not only involved in adverse interactions, though. They
can serve functions in synergistic interactions such as the attraction of pollinators [3],
as well. As such, this type of metabolites may play an important role in shaping the
biosphere as we know it [154]. Another interesting case are the specialized metabo-
lites that are the product of the interaction between a plant and their endosymbiotic
microorganisms. In some cases it has been found that specialized metabolites are not
necessarily synthesized by the plant itself but by one or more endosymbionts, raising
interesting questions about the origin of some biosynthetic pathways usually associated
with plants [155, 156].
In this work, two groups of specialized metabolites are of interest. These are namely
glucosinolates and gossypol-like metabolites. Both of these groups are usually asso-
ciated with defensive functions in their plants of origin [157] and will be described in
more detail in the following sections.
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2.5.2 Glucosinolates

Glucosinolates are a well-de�ned group of specialized metabolites found in the plants of
the Brassicales order, most commonly in the Brassicaceae family. This includes com-
mon crops such as cabbage (Brassica oleracea) and radish (Raphanus sativus), but also
the model organism Arabidopsis thaliana [158]. As a class of molecules, glucosinolates
are still under investigation; especially the distribution, transport, and possible recruit-
ment of single glucosinolate species during wounding are areas of ongoing research that
might pro�t from MSI experiments.
The unifying feature of all glucosinolates is a thiohydroximate sulfate ester moiety
that remains S-glycosylated in planta whilst the molecule is stored by the plant, to
avoid autotoxicity [159]. The variable part is derived from one of several amino acids,
including but not limited to methionine, tyrosine, and tryptophan [160]. Most precursor
amino acids may undergo aliphatic chain elongation by the addition of methylene groups
prior and further substitution as well as oxidative and reductive alterations after the
formation of the core glucosinolate [160, 158].
In Brassicaceae, several glucosinolate species are constitutively present and stored in
their stable glycosylated form, spatially separated from their hydrolysing enzymes, my-
rosinases [158]. Damage to plant tissue that leads to a breakdown of cells also leads
to a mixing of myrosinases and glucosinolates, with the latter being hydrolysed by
the former [160]. In the nascent aglycone, the thiohydroximate may rearrange into
an isothiocyanate of a strong electrophilic nature [159]. Less polar, the aglycone may
di�use more freely through cell membranes. Once inside a cell, the isothiocyanate
exhibits strong reactivity towards nucleophilic moieties, for example reactive cysteine
and lysine residues in proteins and glutathione which tends to be present in signi�cant
concentrations in eukaryotes [161].
In the scope of this work, glucosinolates presented themselves as an ideal �rst target
molecule for proof-of-concept experiments with an unoptimized ion source due to their
consistent presence at high concentrations in commonly available plant material [162].
The molecular ions of glucosinolates furthermore exhibit a characteristic isotopic pat-
tern in mass spectra because of the two sulphur atoms in the thiohydroximate sulfate
ester moiety. The elevated [M+2] isotopic mass peak from 34S served as a useful
control for successful ablation and ionization of sample material. In the complex envi-
ronment of ESI, characteristic isotope patterns help di�erentiate genuine signals from
possible artefacts.
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Figure 2.6: I) Chemical structures of glucoraphanin and glucobrassicin that have been uti-
lized as indicative target molecules throughout this work. II) Hydrolysis of a glucosinolate
to glucose and the aglucone, as catalyzed by the enzyme myrosinase and the subsequent,
spontaneous `Lossen-like' rearrangement of the aglucone species to the toxic isothiocyanate
(III).
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2.5.3 Gossypol

Figure 2.7: Optical image of a young G. hirsu-
tum leaf taken at 150-fold magni�cation. Dif-
ferences in gossypol concentration in the grow-
ing pigment glands can be discerned by the
color hue.

Gossypol is a polyphenolic terpenoid of
yellow color produced by plants of the
Gossypium genus [163]. Usually stored
in specialized pigment glands, gossypol
and structurally related compounds such
as hemigossypol, hemigossypolone, and
heliocide H1-H4 (Fig. 2.8) have demon-
strated antibiotic and insecticidal proper-
ties [164]. Toxicity has also been demon-
strated for many other animals [165],
including humans, rendering the high
protein and fat content of Gossypium
seeds unsuitable for animal feed or human
consumption without extensive process-
ing. The average concentration of stored
gossypol in the pigment glands of cotton
is so high that the glands are visible as
black spots on all parts of the plant, with
even higher concentrations found in the seeds [166].
Of all Gossypium species, Gossypium hirsutum is the one predominantly cultivated
industrially and one of the main sources of plant �ber worldwide. `Glandless' cultivars
have been bred but exhibited a strong susceptibility to disease and herbivory demon-
strating the role of gossypol as a defense metabolite [166]. While gossypol's toxicity
has been demonstrated experimentally, the actual mechanism of toxicity remains at
least partially unclear.
Structurally, gossypol consists of two naphthalene moieties that are linked by a single
bond between the carbon skeleton and that are each decorated with three hydroxyl
groups, an aldehyde, an isopropyl, and a methyl group, symmetrically. One hydroxyl-
and the methyl group are located in peri -position to the internaphthyl bond and inhibit
free rotation around that bond, giving rise to two atropisomers of the gossypol molecule
[163]. The two aldehyde groups are postulated to be one of the main contributors to
toxicity due to their high reactivity [167]. Both aldehyde groups are known to react with
primary amines forming Schi�'s bases and can thereby lead to inactivation or cross-
linking of proteins when inside a cell [168]. The corresponding reaction mechanism is
shown in Fig. A24 on page 123 in the Appendix. Additionally, the aldehyde functions
enable three distinct tautomeric forms of the gossypol molecule that might explain the
complex degradation encountered throughout structure elucidation [169, 163]. Insects
known to feed on Gossypium plants have recently been found to glycosylate gossypol to
prevent passive di�usion through membranes and render active transport more e�ective,
allowing for excretion of the glycosylated detoxication product in the insect's feces
[170].
Plant tissue from G. hirsutum presented itself as an ideal matrix for the development
and optimization of the imaging methodology presented in this work. The unique
content of specialized metabolites gave mass spectra recorded during the ablation of a
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Figure 2.8: Chemical structures of gossypol, hemigossypolone and heliocide H1-4 are dis-
played. The compounds have been utilized as indicative target molecules during the develop-
ment of the MSI methodology throughout this work.
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pigment gland a particular �ngerprint. The e�ectively binary distribution of gossypol
and related compounds, easily discernible by the black pigmentation of the glands on
the green backdrop of the plant tissue, made it easy to compare generated ion maps
of molecular ions with optical images of the ROIs taken manually pre-ablation, and
to judge the reliability of data conversion and assignment of spatial context quickly.
Additionally, the concentration of these tell-tale molecules, namely hemigossypolone,
heliocide H1-4, and gossypol, was usually high and resulted in strong signals measured
even under sub-optimal experimental conditions. Furthermore, heliocides ionized well
in both negative and positive ion mode, making an exchange of sample unnecessary
when switching the polarity. Lastly, G. hirsutum brought with it the advantage of easy
access and fostered interdepartment collaboration, as other groups within the Max
Planck Institute for Chemical Ecology worked with this species as well and permanent
cultures of these plants have been kept in the greenhouse facilities.



Chapter 3

A custom-built LAESI source with

integrated topographical guidance

The development of the following concept of an ion source was motivated by the
desire to establish MSI in the context of plant chemical ecology. Ecologically relevant
experiments (e.g. observing the infection of a leaf by a fungus on the molecular level)
require a reduction of time-extensive and chemically-interfering sample preparation,
typical for any MALDI-based approach, to the absolute minimum. Previously published
work by Nemes and Vertes [35, 171] suggested LAESI as an ionization method with little
to no need for sample preparation and no external matrix application, as was explained
in Chapter 1 Section 2.1.3 in greater detail. In the following chapter, conception,
construction, and initial testing of a prototype ion source built in-house is reported on.
These �ndings have also been published partially in the journal `RSC Advances' [172].

3.1 Conception

Apart from the previously mentioned aim to construct an MSI platform independent
from externally applied matrices, the following additional aims informed the overall
design:

1. Native sample surfaces should be analyzed directly.

2. The laser focus should allow analysis of single eukaryotic cells.

3. The sample stage should be compatible with standard microscopy slides.

4. The area of a microscopy slide should be used to the full extent.

Standard microscopy slides as sample support allow for simple integration of micro-
scopic observation and documentation into the work�ow of experimentation. With the
overall goal of routine use in biological applications, the need for correlation to other,
more interfering microscopic methods was anticipated.
From these aims, a set of requirements arises for the realization of the ion source.
To accommodate the aims 1 and 2, the sample manipulation system has to operate
in at least three dimensions. Two dimensions are required for the pursued imaging

24
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Figure 3.1: Pro�lometric devices based on optical triangulation (I) are more susceptible to
shadow e�ects from pronounced surface features than devices based on confocal distance
sensors (II). Both forms su�er from obstructions by roof-like shadowing of surface features.

capabilities of the ion source, and will henceforth be referred to as X and Y. The
necessity to manipulate the sample position in a third dimension, orthogonal to the
XY imaging plane, and referred to as Z hereinafter, is a direct result of aim 1 and
discussed in Section 2.4. It was decided that a chromatic confocal distance sensor will
be implemented for the following reasons:

a) a sensor measuring orthogonally to the XY imaging plane is less prone to errors
shadow e�ects might cause,

b) smaller areas are evaluated for measurement and thus the lateral resolution is
higher,

c) higher resolution of distance measurement is achievable.

Regarding a), Fig. 3.1, panels I and II, illustrate why distance sensors based on optical
triangulation are more prone to errors in measurement on surfaces with pronounced
three-dimensional features, such as trichomes, e.g. hairs on plants. Close to such a
surface feature the light re�ected from the surface can be obstructed by the surface
feature and the obstruction render a correct measurement of the distance impossible.
Confocal distance sensors are less prone, but not impervious, to such errors [150]. With
the re�ected light being evaluated from the same angle as the angle of incidence, the
dead zones around pronounced surface features are signi�cantly smaller. Nevertheless,
both systems su�er from "roo�ng", however, as overhanging features obstruct the
surface below in both cases. Proper laser ablation would subsequently be impossible in
such positions. Considering that the type of laser ablation will take place orthogonally
to the XY imaging plane as well, the in�uence of the latter type of shadow e�ects has to
be kept in mind and its repercussions explored experimentally. Having the laser focused
orthogonally also eases the demands on the optical pathway and eliminates most of
the obstruction of the ablation laser's beam that could be caused by pronounced
three-dimensional surface features, similar to the way it was outlined for an optical
triangulation distance sensor. At the time of purchase, the technical speci�cations of
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commercially available confocal distance sensors were aligned more closely with said
aim.
With both pro�lometry and laser ablation taking place orthogonally to the imaging
plane, a fourth dimension in the sample manipulation system becomes necessary, as
the pro�lometer and laser optics can not be positioned perpendicularly above the same
spot in the imaging plane simultaneously. Referred to as B in the following text,
this dimension allows to shuttle the sample trough the di�erent steps of experimen-
tation, similarly to an assembly line. At the same time, such an experimental set-up
would allow for additional sensors or experimental steps to be included into the overall
procedure without changing the sample manipulation system and thus the need for
consolidation of di�erent coordinate systems. Figure 3.2 shows a graphical summary
of this section.

Figure 3.2: Schematic representation of the physical set-up of the ion source that directly
translates into the work�ow of any experiment conducted in the source.
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3.2 Construction of a prototype source

Tables of construction details and vendor information not included in textu can be
found in the Appendix (A.1, A.2 on page 98). Figure A19 in the Appendix shows a
picture of the �nal product.

3.2.1 Sca�olding and sample manipulation system

The LAESI source was assembled on a custom-built table made of a 750mm by 750mm
aluminium breadboard of 12.7mm thickness and an 30mm by 60mm aluminium pro�le
framework. For the realization of the sample manipulation system outlined in section
3.1, four linear travel stages were combined. Two linear 50mm translation stages were
connected orthogonally with a mounting adapter to facilitate sample positioning within
the XY imaging plane. A 25mm linear translation stage was connected vertically to the
XY-stages with a right-angle bracket for Z-axis positioning. Lastly, a 220mm travel
DC servo stage provided the means to shuttle the XYZ-assembly between the di�erent
positions in the experimental set-up (Fig.3.2). To mount the XYZ assembly onto the
B-axis servo stage, an adapter plate was custom-created out of an aluminium block in-
house. A holder for microscope slides was custom-made from a polyether ether ketone
(PEEK) (Fig. A18) block and mounted onto the Z-axis. During experiments, travel
along both X and Y axis was always conducted in direction of the maximum travel
distance to avoid positioning errors by backlash. As a result, the scanning pattern was
line-by-line.

3.2.2 Laser operation and optics

An OPO-pumped infrared pulse laser (Opotek, Carlsbad CA, USA) operating at 2940 nm
wavelength was mounted on a 450mm by 600mm by 60mm 'NEXUS' breadboard. The
laser beam was oriented parallel to the plane of the table and widened with CaF2 lenses
in a 20 / 100 telescope optic. Laser energy attenuation took place inside the telescope
optic and was facilitated by adding absorptive neutral density �lters of various optical
density. Additionally, the laser output was adjusted through the option provided by
the control software itself (Opotek.dll, version 2.9.25). The widened beam was redi-
rected downwards, orthogonal to the table plane, with a sapphire turning mirror and
focussed onto the sample with an aspheric ZnSe lens of 25mm focal length. This
optical set-up was designed by Dr. Norbert Danz and Bernd Höfer (IOF Jena, both)
based on the desired performance parameters outlined in section 3.1. Alignment of
the laser beam through the optical pathway was performed with the aid of a S470C
thermal power sensor in combination with a PM100USB power and energy meter inter-
face (both Thorlabs, Newton NJ, USA) and a 2mm pinhole. In Fig. 3.3 a schematic
representation of the optical pathway is shown and Fig. A20 in the Appendix shows
a photograph of the optical system. The full assembly, including the sample manip-
ulations system, electrospray emitter, and interface with the mass spectrometer, was
housed in a Plexiglas cover opaque to light above the wavelength of 2800 nm [173] as
a safety precaution.
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Figure 3.3: Schematic representation of the optical pathway build to focus the infrared laser.

3.2.3 Electrospray emitter and coupling to mass spectrom-
eter

As an electrospray emitter, a PicoTip (New Objective, Woburn MA, USA) with a
distal conductive coating, 360 µm outer diameter and 10 µm inner diameter was used
in conjunction with an Orbitrap mass spectrometer (ThermoScienti�c, La Jolla CA,
USA). In experiments on a Synapt HDMS mass spectrometer (Waters, Milford MA,
USA), a metal taper tip (New Objective) of 320 µm outer and 50 µm inner diameter
was used instead. MS acquisition on the Orbitrap or Synapt instruments was initiated
and stopped manually with acquisition times dictated by C-trap �lling or �xed to
250ms per scan, respectively. The electrospray emitter was clamped down onto a
custom-made PEEK (Arthur Krüger GmbH, Barsbüttel, Germany) plate opposite to
the equally clamped down steel capillary, bridging the gap to the ori�ce of the mass
spectrometer. The PEEK plate itself was positioned in between the focussing lens
and the sample holder, so that the electrospray was situated roughly 12mm above
the focal point of the laser. A round hole of 25 mm allowed the laser beam to
pass through the PEEK plate between the electrospray emitter and the ori�ce of the
capillary. Apart from the Plexiglas housing, the source itself was open to the laboratory
environment. In negative ion mode, a solution of 33.3%(v/v) propan-2-ol in deionized
water with 0.4%(v/v) ammonium acetate as additive was delivered to the electrospray
emitter with a PEEK capillary (VICI Jour, Schenkon, Switzerland) of 100 µm inner
diameter and a Fusion 100T syringe pump (Chemyx, Sta�ord TX, USA). In positive
mode, a mixture of 50%(v/v) methanol in deionized water with 0.1%(v/v) acetic
acid as additive was used instead. The ESI solvent was delivered to the PicoTip and
MetalTaperTip emitter at a �ow rate of 0.4 µl min−1 and 0.6 µl min−1, respectively.
General maintenance of the mass spectrometers was performed regularly throughout
this work, including daily tuning and calibration experiments (data not shown) with
leucine enkephalin calibration standard (Waters, part no. 186006013) and Pierce ESI
Negative/Positive Calibration Solution (Thermo Scienti�c) in case of the Synapt and
Orbitrap instrument, respectively. While tuning of the Orbitrap instrument was handled
by the built-in auto-tuning scripts, the Synapt HDMS, as a TOF instrument required
daily adjustments to `steering', `pusher' and `puller' voltage biases to maintain peak
resolution and sensitivity. Before conducting any relevant experiments, the LAESI
source prototype (and any iterations of the source thereafter) was tested using sinigrin
and leucine enkephalin standard solutions of varying concentrations. Thus derived
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values for tube lens as well as sampling and extraction cone voltages were chosen for
promoting the transport of ions with m/z< 1000 and slightly changed with seasonal
changes in the laboratory's atmosphere. Representative setting �les for negative and
positive ion mode can be found in the Appendix (page 124).

3.2.4 A custom-build pro�lometer

As mentioned in Section 3.1, a top-down pro�lometer was incorporated into the ex-
perimental set-up, sharing the same sample manipulation system as the LAESI source.
For this, a commercially available confocal distance sensor and a �tting controller,
IFS2405-1 + IFC2451 (both Micro-Epsilon Messtechnik, Ortenburg, Germany), respec-
tively, were added to the ion source assembly. The sensor was �xed to the aluminium
pro�le framework with a holder custom-made from a solid polyethylene (PE) block
(Arthur Krüger GmbH). Its position along the B-axis was chosen so that the position
of the laser's focal point and the measuring spot of the distance sensor roughly shared
the same coordinates on the X and Y axes.
The acquired IFS2405-1 confocal distance sensor has a measuring range of one mil-
limeter and a measuring spot of 8 µm in diameter. It was apparent from the beginning
that most relevant samples would require a wider measuring range. In terms of avail-
able instrumentation, however, this came at the price of an increased measuring spot
diameter and with a decreased tolerance for surface tilt. Keeping the spot diameter as
small as possible was important for two reasons: �rst, with the aim of single (plant)
cell analysis in mind, the measuring spot diameter should re�ect the desired laser fo-
cus. In other words, the pro�lometric measurements needed to be conducted at the
same, or an even higher lateral resolution than the laser ablation. Secondly, a bigger
measuring spot (and thus a bigger area evaluated) is more prone to inaccuracies due
to averaging e�ects on tilted surfaces, which are inevitably encountered in biological
samples. It is also the area of the measuring spot that determines the maximum tilt
a sensor can tolerate before its function is seriously impaired. The smaller the spot
area, the bigger the angle of tilt tolerated by the sensor. Of the commercially available
sensors, the mentioned IFS2405-1 presented itself as the best compromise at the time.

Figure 3.4: I) Schematic representation of the IFS2405-1 confocal distance sensor and II)
principle applied to increase the measuring range of the sensor. The measured distance of the
sensor (red) is added to the distance travelled by the Z-stage (blue) to increase the overall
measuring range of the pro�lometer beyond the range of the distance sensor.
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To meet the need for a measuring range beyond one millimeter, the height pro�le of
each sample was measured as the distance between the sensor and the sample surface
in the negative. This means a height value of one millimeter equals to a distance of
zero registered on the sensor and vice versa. With a Z-axis stage moving away from the
sensor as it travels along, the distance travelled can be added to the value registered
by the sensor, extending the overall measuring range of the pro�lometer. The concept
is visualized in panel II of Fig. 3.4.

3.2.5 The LabVIEW program

For smooth and robust experimentation, all parts previously mentioned in this sec-
tion had to be integrated into one software environment. The LabVIEW environment
(Version 2015, National Instruments, Austin Texas, USA) was chosen as the software
platform based on its ease of usage and because all three vendors, namely Thorlabs,
Micro-Epsilon, and Opotek, provided driver packages for software integration in Lab-
VIEW. Explaining the software architecture in its entirety is beyond the scope of this
work, but all of all in-house developed virtual instrument (VI)s, can be found on Github
(repository `LAESI-on-rough-surfaces').

Figure 3.5: Screenshot of the controlling VI's blockdiagram and the front panel (red insert),
written in the LabVIEW environment.
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3.3 Experiments

3.3.1 Establishing the connection between pro�lometry and
laser ablation

Due to the limits in precision when positioning the confocal sensor manually, correction
factors were needed for sample positioning along the X and Y axes in the pro�lometer.
These factors were determined experimentally by making use of laser ablation and
height pro�ling. A hole was shot into a piece of paper, the height pro�le of which was
measured at the maximum lateral resolution of 10 µm. The ROI for height pro�ling
was chosen symmetrically around the XY coordinates of the newly shot hole. If the
focal point and the sensor measuring spot exhibited perfect congruence, the hole was
to appear in center of the measured height pro�le. Any deviation along X and Y was
translated into a correction factor for the X and Y positioning accordingly, to be applied
during any pro�lometric measurement. Thus all experimentation took place uniformly
in the reference frame of laser ablation.
Additionally, an o�set between the laser's focal point and the distance sensor's measur-
ing spot existed along the Z-dimension. The o�set resulted mainly from construction
constrictions but was also a result of practical reality of custom-tooling aluminium scaf-
folding, as well as tooling sample and sensor holders from plastics. To experimentally
determine the Z-o�set for optimal laser focus, paper was ablated in a �xed set of 21
by 3 (X by Y) spots. Every step along the lateral X axis was combined with a recurring
step of 100 µm away from the focusing lens of the laser, resulting in a total distance of
two millimeters travelled along the Z axis. The quality and tightness of laser focus was
determined based on the shape and diameter of the ablation marks during microscopic
assessment after the experiment. The ablation marks were observed under a StemiDV4
stereo microscope (Carl Zeiss, Jena, Germany) at 32-fold magni�cation. A minimal
ablation mark diameter was associated with the best laser focus achievable and the
corresponding travel along the Z-axis used as a �xed (Z-)o�set between measured
height values and surface position during laser ablation. This experiment was repeated
iteratively and in alternation with the determination of X and Y correction factors until
all three values were stable. The combination was also part of regular maintenance
e�orts to maintain good performance. In Fig. 3.6 I and II an example is shown.
It has to be noted that the observed diameter of ablation marks on paper does not
necessarily equal the true laser beam diameter (at a particular Z-o�set). Instead,
ablation mark diameter indicates the part of the beam where laser �uency was above
the ablation threshold of the paper sampled. Main factors determining the ablation
threshold of a particular sample material were the water content and the mechanical
strength of the material in question, as was described section 2.3. The Z-o�set of
the tightest laser focus was understandably independent of the ablation threshold.
By exploiting the topographically guided sample repositioning, however, the laser is
also controllably de-focusable, which, in conjunction with modulation of laser energy,
can be used to control the observed diameter of ablation marks. Controlling the size
of the ablation marks means controlling the lateral resolution of any MSI experiment
dependent on said laser ablation. Thus, whenever new sample material was established
and experimented on, the Z-o�set experiment was repeated to gain experience of the
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II
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Figure 3.6: I) Topographic map of consecutive ablation marks in correction marker with
increasing o�set along the Z-axis (II) between laser focus and measuring spot of the distance
sensor. Adapted from [172].

achievable lateral resolution of laser ablation.

3.3.2 Assessing the in�uence of surface color on pro�lomet-
ric measurements

Figure 3.7: I & II) Optical image and topographic map, respectively, of printed paper with
an ablation mark as reference. III & IV) Optical image and topographic map, respectively,
of an USB device's surface markings. In V), an optical image captured at an angle highlights
the surface relief of the markings. The intensity scale encodes the measured height values in
a grey scale for the topographic maps II and IV. Adapted from [172].

Because the measurement principle of the chosen distance sensor is based on chromatic
aberation, the in�uence of surface color on the acquisition of height values during
pro�lometric measurements was investigated. Taking a piece of paper bearing parts
of an illustration containing the colors white, red, blue, and black, the height values
were measured and visualized in a topographic map after creating an ablation mark in
the center of the ROI. The observable depth of the ablation mark was measured to
be 149 µm but no discernible di�erence existed between the di�erently colored patches
within the ROI, as can be seen in Fig. 3.7 II. In contrast, the surface height pro�le
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of a white USB device with colored lines displayed the pattern drawn by said lines in
the topographic map(Fig. 3.7 IV). From the data it was determined that the print
protruded less than 5 µm in case of a singular line and less than 10 µm when two lines
cross each other. A closer inspection of the USB device's surface under a stereo-
microscope revealed that the colored lines did indeed protrude from the white surface,
illustrated in panel V of Fig. 3.7. Based on these results, a signi�cant in�uence of
surface color on the pro�lometric measurements was ruled out.

3.3.3 Proof-of-concept experiments

The e�cacy of the custom-built LAESI source coupled to a Synapt HDMS (Waters)
was tested on biological samples. Brassica oleracea (Capitata group, Savoy cabbage
cultivar) leaves (REWE, Germany), referred to as Savoy cabbage, were chosen as the
�rst sample because of their atrociously lumpy leaf morphology and the presence of
characteristic specialized metabolites. Two questions were supposed to be answered:

1. Is the topographically guided repositioning during laser ablation e�ective in main-
taining a constant laser focus?

2. Does the custom-built ion source actually produce ions when faced with a non-
arti�cial biological sample?

To answer question 1, rectangular sections were cut from freshly detached Savoy cab-
bage leaves with a scalpel and placed onto a slide without any further �xation or
treatment. Due to the size of the average Savoy cabbage leaf, it was impossible to
�t intact leaves onto the slides. An ROI of 4mm by 0.8mm was chosen intentionally
around demanding forms of leaf morphology. In the �rst approach, that was a slope
with a height di�erence of approximately one millimeter along one dimension. At a
lateral resolution of 400 µm, this resulted in thirty-three distinct sampling spots, the
height values of which were measured prior to the laser ablation step. Laser ablation
itself occurred in bursts of twenty pulses at a repetition rate of 20Hz and with a laser
energy of 93 ± 2 µJ. The ROI was inspected visually post-ablation under a stereo-
microscope and the average ablation mark diameters measured 234 ± 32 µm, shown in
Fig. 3.8 panel I. Based on the experience collected during the experiments described in
Section 3.3.1, it can be hypothesized that ablation would have failed twice over without
topographically guided sample repositioning. During visual inspection however, exten-
sive secondary tissue damage around all ablation marks became apparent. The damage
presumably resulted from the intensity with which endogenous water underwent phase
explosion during light exposure. An average ablation mark diameter of 234 µm did also
not satisfy aim 2 (Section 3.1). Performing the maintenance experiment described in
section 3.3.1 on Savoy cabbage leaves at di�erent laser energies revealed that ablation
mark diameter could be reduced by ca. 100 µm when reducing the laser energy by two
thirds. Therefore, the experiments described in the following section were performed
with a laser energy of 31± 1 µJ per pulse.

In a second attempt, Savoy cabbage leaf sections were experimented on as described
previously but the ROI of 2mm by 0.4mm was chosen intentionally around ledges
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Figure 3.8: In panel I an optical image of an B. oleracea leaf post LAESI experimentation is
shown. The scale bar represents a length of 400 µm. The height values measured for every
sampling spot pre-ablation are shown as a topographic map in II. Panels III-V show optical
images pre- and post-ablation as well as the topographic map, respectively, of an ROI around
a ledge-like surface feature are shown. In VI, the distribution of ablation mark diameter above
and below the ledge are given.

formed by the lumpy leaf morphology and sampled at a lateral resolution of 200 µm.
In Fig. 3.8 II & III, the optical image pre- and post ablation as well as a curve
depicting the height value of the sampled spots measured along the X axis are shown.
Figure 3.8 IV shows the distribution of ablation mark diameters measured post ablation
above and below the ledge-like surface feature. Two things become apparent from this
measurement. Firstly, the average diameters of ablation marks above and below the
ledge-like surface feature measure 146 ± 40 µm and 136 ± 26 µm, respectively, and
are not signi�cantly di�erent from each other. In Section 3.3.1 Fig.3.6 a smaller Z-
o�set than observed here resulted in a doubling of the ablation mark diameter. It can
therefore be concluded that the topographically guided sample repositioning is working
as intended. Secondly, it can be observed that the laser focus displayed was still far
from the desired single (plant) cell resolution.
In both instances, the signal-to-noise ratio (S/N) was low and the recorded mass
spectra in general non-informative. Whilst keeping the overall geometry described in
section 3.2.3 intact, slight adjustments were made, moving the ESI emitter closer to
the ion transfer tube and the assembly of both closer to the sample. In combination
with lowered laser energy, stronger signals were observed when experimenting with
liquid standards (data not shown).

To address question 2, Savoy cabbage leaf lamina sections were subjected to LAESI
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Table 3.1: Mass features detected during LAESI experiments on Savoy cabbage leaves and
putatively assigned based molecular identities based on accurate mass and isotopic peak
pattern.

m/z ion sum formula sample putative assignment
175.03 [M-H]⊖ C6H8O6 lamina, stalk ascorbic acid
179.06 [M-H]⊖ C6H12O6 lamina, stalk hexose, e.g. glucose
215.03 [M+Cl]⊖ C6H12O6 lamina, stalk hexose
341.10 [M-H]⊖ C12H22O11 lamina, stalk disaccharide, e.g. sucrose
359.12 [M-H]⊖ C19H20O7 lamina, stalk �avanone compound
367.12 [M-H]⊖ C21H20O6 lamina, stalk �avone compound
377.09 [M+Cl]⊖ C12H22O11 stalk disaccharide, e.g. sucrose
385.13 [M-H]⊖ C21H22O7 lamina /
422.05 [M-H]⊖ C15H21NO9S2 lamina, stalk gluconasturtiin
447.05 [M-H]⊖ C16H20N2O9S2 lamina glucobrassicin
477.05 [M-H]⊖ C17H22N2O10S2 lamina eg. neoglucobrassicin

experiments with the ROI chosen as squares of one by one millimeter. Keeping a
lateral resolution of 200 µm, this resulted in thirty-six distinct sampling spots. Mass
features present in the recorded spectra (Fig. A1) were assigned putatively by accurate
mass and isotopic peak pattern with the help of the Metlin database of metabolites
(xcmsonline.scripps.edu, The Scripps Research Institute, La Jolla CA, USA) and are
summarized in Table 3.1. The presence of glucosinolates was expected as plants of
the Brassicaceae typically contain this kind of specialized metabolites [174]. A puta-
tive assignment of 3 sum formulae to the glucosinolate compound class was possible,
namely glucoiberin, glucobrassicin, and neoglucobrassicin. Con�rmation of the molec-
ular identities beyond the sum formulae was, however, impossible, as signal intensities
were too low for follow-up tandem mass spectrometry (MS/MS) experiments.
In analogous experiments performed on leaf stalks, signals previously putatively as-
signed to the glucosinolates glucobrassicin, and neoglucobrassicin were missing in the
mass spectra (Fig. A2). Instead, mass features putatively assignable to mono- and
disaccharides were present in higher abundance. The di�erence in the mass spectrum
composition between leaf lamina and stalk makes sense from a biological point of view.
Glucosinolates are commonly understood as defense metabolites against chewing her-
bivores such as caterpillars [175]. A higher, and thus detectable, concentration within
the lamina is rationalized by the need of the plant to defend this photosynthetically
active tissue. Higher concentrations of sugars in the stalk, in turn, follow the function
of transport taking place in the connective tissues present in the stalk.

3.3.4 Radish leaves and �rst attempts at MSI

In an e�ort to address the low S/N preventing compound identi�cation by MS/MS ,
the LAESI source was coupled to an LTQ Orbitrap XL instrument. Di�erences in in-
let geometry made it necessary to switch to a di�erent type of electrospray emitter,
in order to achieve stable ESI conditions, as described in Section 3.2.3. Preliminary
experimentation on Savoy cabbage leaves as described above quickly demonstrated a
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Table 3.2: Mass features detected during LAESI experiments on R. sativus leaves and puta-
tively assigned molecular identities based on accurate mass and isotopic peak pattern.

m/z ion sum formula putative assignment
175.023 [M-H]⊖ C6H8O6 ascorbic acid
418.029 [M-H2O-H]

⊖ C12H23NO10S3 glucoraphanin
434.024 [M-H]⊖ C12H21NO10S3 glucoraphenin
447.052 [M-H]⊖ C16H20N2O9S2 glucobrassicin

worse S/N. Still, the decision was made to explore the capabilities of an FT-MS instru-
ment such as the Orbitrap and switch to a sample with a higher native concentration
of glucosinolate compounds to compensate for the lack of sensitivity.
Raphanus sativus (radish, piccolo cultivar) leaves were subjected to LAESI experiments
in a similar fashion as the Savoy cabbage leaves. Apart from the ESI emitter change,
a re-alignment of the ablation laser through the optical pathway was performed with
the aid of energy sensors (ES111C and ES220C, Thorlabs) that were more sensitive
and with better time resolution than the previously used thermal power sensor, greatly
improving the laser focus.
In Fig. 3.9, the results of an experiment on a radish leaf, analogue to the previously
described experiments around the ledges on Savoy cabbage leaves, are shown. At a
lateral resolution of 100 µm, an ROI of 3mm by 0.2mm was sampled, resulting in
ninety-three individual spots sampled. Laser ablation took place at a repetition rate of
20Hz with an energy of 27 µJ per pulse and ten pulses per spot. The average ablation
mark below and above a ledge-like surface feature was measured to be 69 ± 6 µm and
69 ± 7 µm in diameter, respectively. Not only was the average ablation mark diameter
reduced by additional ca. 70 µm compared to the experiments on Savoy cabbage,
but the shape of the marks was visibly more uniform and concise. No signi�cant
di�erence was found between ablation mark diameter above and below the ledge-
like surface feature. The height di�erence between the below- and the above-ledge
ablation marks was measured to be 1.43mm. Looking at the topographic map (panel
II) and comparing it to the optical image (I), a disconnect becomes apparent. In
the topographic map, the height di�erence of the ledge occurs within one step (a
distance of 100 µm), whilst in the optical image the distance is much bigger. The
sample shifted slightly during transfer between ion source and stereo-microscope as it
was not �xated by any means. Previously deemed a merely convenient feature, this
experiment demonstrated the disadvantage of the absence of �xation when performing
experiments including multiple modalities. This disconnect was not observed when
repeating the experiment on properly �xed leaves, as can be seen in Fig.3.9, panel V.
Moving forward, all samples where taped gently to the glass slide.
In the recorded mass spectra, mass features could be assigned putatively to char-
acteristic specialized metabolites expected to be present in R. sativus [162], based
on accurate mass and isotope pattern (table 3.2). These are namely glucoraphanin,
glucoraphenin, and glucobrassicin, corresponding to the m/z 418.051, 434.024, and
447.054, respectively. Although the content of glucosinolates in R. sativus leaves was
higher than observed in Savoy cabbage leaves, none of the specialized metabolites
was concentrated enough for MS/MS experiments in the scope of LAESI capabilities.
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Figure 3.9: Optical image (I) and topographic map (II) of an ROI around a ledge-like structure
on a R. sativus leaf. Panels IIIa-c show ion maps generated for them/z 418.051, 434.024, and
447.054, respectively. The boxplot (IV) depicts the distribution of ablation mark diameters
based on relative position to the ledge-like surface feature. In panel V, an optical image of
an analogous experiment with proper �xation of the leaf is shown. Adapted from [172].

Compared to a classical liquid chromatography experiment on a concentrated extract,
the necessary sensitivity is higher for a laser ablation-based ion source, as less material
is sampled. In total, fewer mass features could be correlated with the pulsed sampling
of the LAESI source compared to the proof-of-concept experiments on Savoy cabbage.

In a �rst attempt at MSI, the acquired mass spectra were assembled in the form of a
data cube and exported as a matrix to a .csv �le. Applying the Cardinal package [176]
for R (Version 3.3), ion intensity maps, short: ion maps, were generated for ions of
interest. Represented in a optically linear scale (viridis [120]) and normalized to the
highest intensity, low relative intensities are visualized by dark blue shades and high
relative intensities by yellow ones. Intended to be more of a case study, creation of
the ion maps was a test of compatibility between the in-house written R-scripts for
data conversion and existing/published MSI tools. In Fig. 3.9, panel IIIa-c, such ion
maps are shown for the previously mentioned mass features m/z 418.051, 434.024,
and 447.054. The ion maps reveal that glucosinolates are relatively homogeneously
distributed and that the maps su�er from noisy data. A common feature in all three
maps is a dark triangle that represents the area just below the 1.43mm ledge. In
the optical image, that particular part of the leaf features trichome structures that
would protrude over the ablated area and most likely interfere with the formation of
the ablation plume.

Going through the process once was enough to demonstrate the need for a full automa-
tion of mass spectrum extraction and spatial assembly. The initial attempt proved to
be very laborious even when de�ning a small ROI by the standards of the MSI �eld.
Main reason for the high work load was manual curation of the extracted mass spec-
tra. The standard applied in most ion sources for imaging is de�ning a pixel based
on a time stamp. Due to the additional movement in the third-dimension (Z-axis)
to reposition the sample, the time spent between two sampling spots is not constant.
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Chapter 4 will address this observation and describe the method that devised to record
laser activity during the experiment to assign spatial context during post-experiment
data processing.

3.4 Summary

Recalling the initial set of aims of analyzing unaltered sample surfaces in their natural
form on standard microscopy slides, it can be said that all have been successfully
translated into the working prototype, with the exception of the lateral resolution
for single-cell analysis. The custom-built source was able to successfully ablate and
ionize (plant) sample material. Acquired mass spectra re�ected the expected biological
reality but the S/N was below the desired threshold for MS/MS experiments. The aim
of achieving a lateral resolution for single-cell analysis was translated into a target
laser focus of approximately 10 µm during the design process of the optical system.
Refocussing the ablation laser with faster and more sensitive energy sensors enabled a
reduction in average diameter of ablation marks from initially 150 µm down to roughly
70 µm on R. sativus leaves. Connecting the LAESI to an Orbitrap instrument did
not provide the desired improvement in S/N that would enable MS/MS spectra to be
recorded during a LAESI experiment. The collected data can be converted into MSI
data sets, but the conversion is very laborious and requires too much manual input to
be feasible as is.

Declaration of contribution

Conception and assembly of the optical system was done by Dr. Norbert Danz and
Bernd Höfer of the Fraunhofer Institute for Applied Optics and Precision Engineering
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prototype was designed and constructed by the author with Dr. Ale² Svato² in a close,
advisory position. Experiments have been designed, conducted and analyzed by the
author, with Dr. Purva Kulkarni handling the calculation of the radish ion maps based
on the provided mass spectra.
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Developing MSI capabilities

Reliable and reproducible MSI experiments require a solid grasp of spatial context. In
the experiments presented in Section 3.3.4, separating individual pixels from each other
was a trivial task because there were distinct mass features detectable in every sampling
spot. This, however, is not necessarily the case in every sample. Keeping the irregular
dwell times at each sampling spot in mind, separating individual pixels from each
other without the help of indicative mass features becomes complex. In commercially
designed MSI instrumentation, data are usually pre-structured during acquisition to
assign spatial context. All the instruments used in this work were originally tasked with
the acquisition MS spectra during LC-experiments and no electronics accounting for
spatial distribution were installed. Finding a workable solution for the instrumentation
at hand was therefore one of the next steps taken and will be presented in Sections
4.1 and 4.4. The Sections 4.2 and 4.3 report on the proof-of-concept experimentation
on G. hirsutum and the application on A. thaliana, respectively. The development of
MSI capabilities and instrumental improvements took place in parallel. For reasons of
clarity and cohesion, the latter will be described in Chapter 5.

4.1 Recording laser activity

As mentioned before in Section 3.3.4 on page 38, the dwell time at each sampling
spot/pixel was not constant. The idea arose to record laser activity in the analog
channel of the Synapt instrument to have a handle by which a (R-based) script could
objectively discern mass spectra belonging to a particular pixel from mass spectra with-
out sample-related information. Originally intended to record UV/VIS data alongside
MS acquisition, the analog data are stored parallel to the MS spectra and suppos-
edly share the time dimension with the mass spectra. Feeding laser activity instead of
UV/VIS data, the analog input would record an active laser as a high value and the
break between sampling spots as a low value. Reading out whether a mass spectrum
is associated with a high or a low analog channel value would thus allow for an easy
distinction between sample related and unrelated spectra, respectively.
To this e�ect, an Arduino UNO Rev3 microcomputer was purchased and expanded
upon with a Screw Shield 1.0 (Conrad Electronic SE, Hirschau, Germany), since a
direct coupling of the laser to the MS analog input was impossible. Firstly, the output
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channel of the laser indicating active light ampli�cation by emission of radiation (Q-
switch output) operated at 10V but the analog input of the MS operated at 5V.
Secondly, the squared signal of the Q-switch output has a width of 50 µs, but in order
to be registered by the analog input of the MS, a signal needs to be at least 50ms long.
Shorter signals fall prey to the de-noising processing of the input board. The Arduino
microcomputer was connected so that it was intermittent to the Q-switch output and
the analog input. Executing a loop, the Arduino 'listened' to the Q-switch output and
would emit a 5V squared signal of 100ms width whenever it registered a Q-switch
signal. The program code is presented in the Appendix on page 122. By setting up a
mock LC experiment, the analog input was recorded alongside the mass spectra.
Whilst analyzing data from pre-experiments on G. hirsutum (data not shown, but
analogous to Section 4.2), it became apparent that the analog channel and the MS
channel were indeed not recorded on the same time scale. The longer the experiment,
the longer the disconnect between the length of analog and MS acquisition. This
observation was accompanied by di�culties while developing on an R-script for data
conversion from the Waters data format (.RAW) to the universal MSI data format
(.imzML) [121]. Ion maps of the indicative trio, namely hemigossypolone, heliocide
H1-4, and gossypol, did not show relative intensities expected when evaluating the
mass spectra by hand or match the optical images at all. The cause of this disconnect
were the rounding errors taking place in the storage of analog data points within the
control software of the MS (MassLynx Version 4.1, SCN872).
Contrary to the information given in the MassLynx handbook, data acquisition via the
analog input took place at a �xed frequency of 20Hz instead of a frequency equal
to the MS acquisition). The problem described above arose from the fact that time
stamps were generally stored in minutes and with a precision of three decimal places.

20Hz = 0.05 s−1 = 0.00833min−1 (4.1)

Considering the validity of equation 4.1, rounding errors are inevitable on a time scale
in minutes. In practice, analog data points were periodically assigned to the same time
stamp twice, compressing the analog time scale in relation to the MS time scale.

4.1.1 Synchronisation of MS and analog channels

In an attempt to solve the issue of desynchronized analog and MS channel following
experimentation (�xing the vendor software was ruled out), a calibration experiment
was performed in triplicates in both negative and positive ion mode. A 2 µl droplet
of 33.2 ng µl−1 sinigrin in water or 300 ng µl−1 leucin-enkephalin in water, negative or
positive ion mode, respectively, was spotted onto a glass slide and subjected to LAESI.
Approximately twenty-six droplets per experiment were sampled in a time frame varying
from 60min to 120min with �ve laser pulses at 20Hz repetition rate and a laser energy
of 41± 1 µJ. Mass spectra and analog input were recorded as described above. Time
stamps and scan number of peaks belonging to m/z 358.03 or 556.28 representing the
[M− H]− of sinigrin or the [M + H]+ of leucin-enkephalin in negative or positive ion
mode, respectively, and their corresponding peaks in the analog channel were read out
from the data manually.
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In the �rst step, all data points of the negative ion mode experiments were pooled.
Putting the time stamps of both channels in correlation with each other indicated a
linear connection (Fig. 4.1 IIa). Calculating the time di�erence between the channels
for each data point revealed however, that the di�erence between the two channels did
not grow linearly. Instead, the data points exhibited a noticeable bend after approxi-
mately thirty minutes of measurement (Fig. 4.1 IIc). Ultimately, the endevor to try
and �nd a model capable of directly calculating a MS channel time stamp from the
analog channel time stamp was abandoned, as di�erent models failed to predict MS
channel time stamps accurately enough to convert entire data sets without supervision.

Data points in both channels are, however, characterized not only by time points
but also scan numbers, and the two categories are assigned independently from each
other. In both cases, these scan numbers are growing rows of integers that are, within
a sensible time frame, not subject to rounding errors. Pooling all datapoints of the
negative mode calibration experiment again, a linear correlation is indicated (Fig. 4.1
IIb and d). Several regression models were tested, ranging from linear regression to
polynomials of the 4th order to predict MS channel scan numbers from analog channel
scan numbers. All of them exhibited remaining di�erences that grew linearly with
increasing analog scan number. In the end, the following combination of a second order
polynomial minus a linear regression calculated from the remaining di�erence between
the prediction and the recorded MS channel scan number reduced the remaining error
of prediction to < 0± 0.5. Rounding to the nearest integer scan number thus resulted
in the correct MS channel scan number. Thus, a function was found, converting analog
channel scan numbers from negative ion mode experiments to the corresponding MS
channel scan numbers.

Applying the same methodology described above, the data points of the positive mode
calibration experiment were pooled and MS channel scan numbers correlated with the
analog scan numbers. Contrary to the negative mode data, no regression model could
be found that satis�ed the condition of predicting MS scan numbers within a window
of ±0.5 around the correct MS channel scan number. Instead, all regression models
separated the pooled data back into their respective experiments, indicating that there
was no underlying systematic error but a certain level of randomness involved. Without
more detailed information about the electronics involved, �nding a corrective function
for the positive ion mode was abandoned.

The corrective function found for negative ion mode was incorporated into an R-script
written by Dr. Purva Kulkarni [177] where it was applied to correctly assign mass
spectra to their respective position within the ROI. To convert the Waters standard
.RAW into .imzML data sets, the data were �rst converted to .mzXML �les with the
MassWolf converter (V4.3.1, Seattle Proteome Center, tools.proteomecenter.org) and
then to .imzML data sets applying the R-script of Dr. Purva Kulkarni.

#msscan = −9.922∗10−12 ∗(#analogscan)2+(0.1846)∗(#analogscan)−0.34024
(4.2)
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Figure 4.1: Ia) Chronogram of analog channel and [M-H]⊖ intensity of sinigrin in red and
blue, respectively. Blow-ups of the time windows 0 to 10 minutes and 50 to 60 minutes are
shown in b and c, respectively. IIa) Plot of the pooled analog time points vs their respective
MS time points and the analogous plot (b) in the scan number space. In c and d the
di�erences between time points or scan number for each individual data point are plotted as
a function of the analog time or scan number, respectively.
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Figure 4.2: I) Plot of the di�erence between MS channel scan number prediction and actual
value for polynomial correction functions of di�erent orders. In II, the remaining di�erence
between the prediction and the actual value after correction for the prediction error shown in
I is presented. The red lines mark a di�erence of 0.5.

4.2 Proof-of-concept imaging of G. hirsutum pig-

ment glands

The binary and visually obvious distribution of gossypol and other specialized metabo-
lites found in the G. hirsutum pigment glands renders them ideal for testing the data
conversion pipeline described above. An ROI of one by one millimeter was sampled at
a lateral resolution of 100 µm with twenty laser pulses at 20Hz repetition rate and an
energy of 71 ± 2 µJ per pulse. An optical image was taken post-ablation at 200-fold
magni�cation with a VHX-5000 digital stereo-microscope and a VH-Z20R objective
(Keyence, Osaka, Japan). Surface re�ections were reduced by putting a OP-87429
polarization �lter (Keyence) in front of the objective lens of the stereo-microscope.
The positions of pigment glands within the ROI were identi�able from the optical im-
age by their black coloration. Representative mass spectra can be found in Fig. A7 in
the Appendix.
In the shown example (Fig. 4.3, panel I), the glands were located in the �rst and the
eighth row, position three and one, respectively. High concentrations of hemigossy-
polone were expected at these positions and therefore in the ion map of m/z 273.08,
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Figure 4.3: I) Optical image of the ROI post ablation at 200-fold magni�cation. II) Ion maps
of m/z 273.08, putatively assigned to the [M-H]⊖ ion of hemigossypolone, with (right) and
without (left) applying the corrective function during MSI data conversion.

representing [M-H]⊖ of hemigossypolone. This correlation had thus been detected by
every iteration of the LAESI source build in-house too. Panel II of Fig. 4.3 shows the
calculated ion map without and with correction for the rounding errors mentioned in
Section 4.1, (left and right, respectively). After corrections, the third pixel in the �rst
row correctly visualizes the local increase in m/z 273.08, expected from sampling a
pigment gland. The same pixel exhibited background intensities in the uncorrected ion
map. In case of the second gland of the ROI, located in row eight position one, an
increase in intensity is registered but the local maximum is found one pixel to the right.
The local maximum is still o� in the corrected ion map, but at the gland position a
signi�cantly higher signal was registered. Reasons for the shifted maximum include the
tendency of the specialized metabolites in question to `linger', causing signal trailing
into adjacent pixel downstream of the measurement. Additionally, pigment gland con-
tents tended to leak out once damaged and cross-contaminate the surrounding tissue.
In combination, this behaviour occasionally led to this kind of shifted local maximum
of intensity as observed in the case of the second pigment gland.

G. hirsutum stem

Having demonstrated the correct assignment of spatial context, pigment glands on
the stem of G. hirsutum plants were selected as the next challenge to be overcome.
Speci�cally, the challenge of compensation for the curvature of the stem surface and
the possibility of the LAESI method to work with ablation angles smaller than 90
degrees were considered.
A piece of G. hirsutum stem was cut transversally and positioned onto a microscopic
slide with the �at side down. MS experimentation took place under the same conditions
as in the leaf experiments. Representative mass spectra can be found in Fig. A8
in the Appendix. In Fig. 4.4, panels I and III, optical images captured at 50-fold
magni�cation are shown. The left-most columns exhibit failed laser ablation, that
became consistent from the 5th column onwards. In the topographic map (panel V),
irregularities in the height pro�ling are observable in the four left-most columns. These
irregularities indicate the curvature at which no reliable pro�lometry is possible with
the system at hand. In total, a height di�erence of 2.81mm was measured between
surface of the microscopic slide and the apex of the stem. Panel VII shows a three-
dimentional rendering of the ROI calculated from a Z-stack of optical images captured
post-ablation. The render-image illustrates the correlation between stem curvature and
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Figure 4.4: I) and III) Optical image of a G. hirsutum stem pre- and post-ablation, respec-
tively, at 50-fold magni�cation. The calculated ion maps II, IV,VI, and VIII represent the
distributions of m/z 273.08, 419.20, 289.11, and 59.03 that were putatively assigned to the
[M-H]⊖ of hemigossypolone, heliocide H1-4, catechin or raimondal, and formic acid back-
ground, respectively. V) Topographic map and a three-dimensional render (VII) of the ROI
based on an acquired Z-stack of optical images taken post-ablation.

failed laser ablation. Both m/z 273.08 and 409.20, putatively assigned to the [M-H]⊖

ion of hemigossypolone and heliocide H1-4, respectively, co-localize with the occurrence
of pigment glands, as can be seen in Fig. 4.4, panels II and IV. Of all four pigment
glands sampled, only the right-most gland appears to have leaked considerably. The
m/z 289.09 was assigned putatively to catechin or raimondal, based on accurate mass
and isotopic peak pattern. The mass resolution of the experiment was not su�cient
to separate the [M-H]⊖ ions of these two compounds. Catechin, as a polyphenolic
compound was expected to be distributed homogeneously within the ROI, whereas
raimondal - a sesquiterpenoid - is known to be associated with the pigment glands of
cotton [178]. The corresponding ion map (Fig. 4.4, panel VI) does not re�ect the
expected distribution of either metabolites. The two high intensity pixels were featured
in the ion maps of other compounds with an expected even distribution as well (data



46 Chapter 4. Developing MSI capabilities

not shown) and may be the result of an ionization artefact, such as a particulate from
laser ablation hitting the Taylor-cone of the electrospray directly. As an additive to the
ESI solvent, [M-H]⊖ of formic acid (m/z 59.03) was a prevalent background ion and
its ion map was included as a reference for electrospray stability (Fig. 4.4 panel VIII).

4.3 MSI of Arabidopsis thaliana leaves

Compounds with a spatial distribution that can be described as binary, such as the pre-
viously mentioned gossypol compound family, are suitable targets for proof-of-concept
experiments. Nevertheless, gradual distributions with slowly changing local concentra-
tions are more common. Glucosinolates are compounds that fall in the latter category.
As prevalent defence compounds, glucosinolates can be found in many Brassicaceae,
including the model organism A. thaliana [158].
Unpublished MALDI MSI experiments indicated an increase in glucosinolate concen-
tration around sites of mechanical wounding on A. thaliana leaves [179]. Similar ex-
periments were conducted using the custom-built LAESI source to test the source
beyond the proof-of-concept experiments and to either corroborate the observation
or reveal possible artefacts of the sample preparation process necessary for a MALDI
MSI experiment. To that end, the 5th leaf of a A. thaliana plant was separated from
the rosette and �xed with the abaxial side up to a microscope slide with double-sided
adhesive tape. The adaxial side of A. thaliana leaves is littered with trichomes that
contain high concentrations of glucosinolates and other defensive compounds that may
have masked smaller increases in local concentration around a wound. Plants of the
treatment group were wounded prior to separating the leaf from the rosette whereas
plants of the control group were left untouched and kept separate from the plants of
the treatment group. A ROI of usually ten by �ve millimeters was sampled at a lateral
resolution of 200 µm with 20 laser pulses at a repetition rate of 20Hz and an energy
of 35± 1 µJ per pulse. Representative average mass spectra can be found in Fig. A9
in the Appendix.
In the MALDI experiment [179], glucobrassicin, glucoraphanin, and several compounds
of the octadecanoid pathway were found in increased local concentrations around the
wound, in contrast to the rest of the leaf. Of these, glucobrassicin and glucoraphanin
have been putatively identi�ed in the LAESI experiments by accurate mass and isotope
pattern but exhibited a di�erent spatial distribution. There was no increase in local
concentration around the wound observable. In Fig. (Fig. 4.5), ion maps of the

Figure 4.5: I) Optical image of puncture marks on the adaxial side of an A.thaliana leaf. At
the time of MALDI MSI, the left mark was 70min and the right mark 10min old. Panels II
and III show the ion maps of m/z 436.042 and m/z 447.054 that were putatively identi�ed as
the [M-H]⊖ of glucoraphanin and glucobrassicin, respectively, at a lateral resolution of 10 µm.



4.3. MSI of Arabidopsis thaliana leaves 47

Figure 4.6: The panels I and II show the optical image of an A. thaliana leaf taken pre-
ablation (a), as well as the ion maps of m/z 447.05 (b), m/z 436.04 (c), and m/z 223.06
(d), assigned putatively to the [M-H]⊖ of glucobrassicin, glucoraphanin, and sinapic acid, for
a control group and treated plant, respectively.
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Figure 4.7: The panels I and II show ion maps of m/z 436.04, putatively assigned to the
[M-H]⊖ of glucoraphanin, for three replicates (a, b, and c) of the control and treated group,
respectively.

MALDI experiment are shown. In Fig. 4.6, panels I and II, the corresponding ion
maps of the LAESI experiment, control and treatment group, respectively, illustrate
the lack of local glucobrassicin and glucoraphanin accumulation in the vicinity of the
wound. The ion maps of glucoraphanin (shown in sub�gures c of the Fig. 4.6, panels
I and II indicate a di�erent distribution. However, a trichome can be found in the
optical image Ia at the corresponding position of the single, high intensity pixel in
the bottom right corner of the ion map Ic, which could explain the highly localised
intensity. In fact, glucoraphanin tends to be present in higher concentrations in the
midrib and in the trichomes at the edge of the leaf [27], making the leaf shown in Fig
4.6 II an outlier. Figure 4.7 shows three more examples of glucoraphanin ion maps
from both control and treatment group plants.
One of the most abundant mass features in the LAESI experiments was m/z 223.06,
putatively assigned to sinapic acid. Both sub�gures d of Fig. 4.6 show the correspond-
ing ion map of the control and treatment group. Of note is the lack of intensity in the
leaves' midrib regions, in contrast to the spatial distribution of bothglucobrassicin and
glucoraphanin.
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4.4 A pixel-by-pixel approach to MSI

So far, MSI experiments were only possible in negative ion mode as described in
Section 4.1.1. By changing how spatial context was assigned, MSI in positive ion
mode became a possibility as well. Instead of recording mass spectra continuously and
assigning spatial context based on recorded laser activity, only one mass spectrum was
recorded for each sampling position with the ROI. For this, sample positioning and
laser activity had to be synchronized with the scanning cycle of the MS.
The Synapt instrument makes use of an internal transistor-transistor logic signal (TTL-
signal) to communicate active scanning and inter-scan delays to the vendor software
as well as to synchronize other internal processes. As a squared signal, its high value is
associated with the inter-scan delay and its low value with active acquisition of a mass
spectrum. The signal was monitored by a NI-USB 6210 data acquisition device (DAQ-
device) (National Instruments, Austin TX, USA) with electronics capable of detecting
and counting the edges of a squared signal. After rewriting parts of the controlling VI,
the laser was triggered upon the detection of falling edges and sample repositioning
took place upon the occurrence of rising edges.
The previously described line-by-line scanning pattern of the sample positioning system
(Section 3.2) had to be changed in order to accommodate the strict timing of the MS
acquisition. Adopting a meandering scanning pattern changed the long repositioning
time from the end of a line to the beginning of a new line to another single step. An
inter-scan delay of two seconds was necessary to accommodate sample repositioning
with the comparably low speed of the linear translation stages. Acquisition time was
set to one second. The line-by-line pattern was retained during pro�lometry.
A custom contact closure signal was improvised in order to achieve reliable synchronicity
in every measurement. When the sample was properly positioned, a NI-USB 6008 DAQ
(National Instruments) triggered a TQ2-L-5V relay (Farnell, Leeds, United Kingdom),
shorting out the contact closure input of the Synapt. As a result, MS aquisition
acquisition would start and the �rst falling edge of the TTL-signal triggered the laser
ablation on the �rst sampling spot. Figure 4.8 o�ers a visualised representation of the
process.
After converting the Waters .RAW �le format to .mzXML with MassWolf, data con-
version to the .imzML �le format was possible by making use of the imzML converter
[122]. Spatial context was assigned by choosing the right sampling pattern in imzML
converter as every mass spectrum in the data represented only one particular sampling
spot.
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Figure 4.8: Schematic representation of the pixel-by-pixel approach to MSI. A monitoring
DAQ-device records the internal TTL-signal of the mass spectrometer to trigger laser ablation
on the falling edge synchronized the acquisition of a mass spectrum and the repositioning
of the sample to the next sampling position with the rising edge synchronized the inter-scan
delay. Each mass spectrum therefore represents one position within the ROI.
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4.4.1 Proof-of-concept on G. hirsutum leaves

The pixel-by-pixel approach to MSI was tested on G. hirsutum leaves analogous to the
experiment described in section 4.2 in both positive and negative ion mode. However,
only one mass spectrum per sampling spot was acquired, with no acquisition of inter-
mediary spectra during translation of the sample. As MSI in negative ion mode has
already been demonstrated before, only the results from positive ion mode are shown
here. The heliocide H1-4 compound family was ionizable both in positive and negative
ion mode (observable ion [M+H]⊕ m/z 411.22 and [M-H]⊖ m/z 409.20) and was
only present in the black pigment glands. The correct assignment of spatial context
was evaluated by comparing the optical image of the ROI taken post-ablation with the
ion map of the respective heliocide H1-4 ion. In case of correct assignment, a local
intensity high in the ion map would match with the position of a black pigment gland
in the optical image. Figure 4.9 shows the optical image of the ROI post-ablation,
at 200-fold magni�cation (Ia) and the ion map of heliocide H1-4 [M+H]⊕ (b). The
pigment gland was located in column 7, row 9. A local intensity high can be found at
the corresponding position in the ion map. It was therefore concluded that assignment
of spatial context worked as intended.

Figure 4.9: I) Optical image of the ROI on a G. hirsutum leaf taken post-ablation of a positive
ion mode LAESI experiment at 200-fold magni�cation. In II, the calculated ion map of m/z
411.22, putatively assigned to the [M+H]⊕ ion of heliocide H1-4, is shown.
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4.5 Summary

In this section, two methods of assigning spatial context to mass spectra were described
in detail. The �rst, recording laser activity in the analog input channel of the MS
instrument, was applicable in negative ion mode only. Pronounced rounding errors in
the time scale complicated the association of mass spectra with their corresponding
sampling position. A correction function was developed for experiments in negative ion
mode but no such function could be found for experiments in positive ion mode. The
feasibility of topographically guided laser ablation in MSI experiments on plants was
demonstrated on G. hirsutum leaves and stem, as well as the imaging of glucosinolates
distribution in A. thaliana leaves.
In the second approach to MSI, only one spectrum was acquired per sampling position.
No intermediary spectra were acquired during repositioning of the sample. A simple
MSI experiment on G. hirsutum leaves demonstrated the feasibility of the method in
positive ion mode.
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Chapter 5

Sensitivity and stability - meeting

the demands of application

At its core, MSI represents a relative quanti�cation of analytes in a de�ned ROI.
Therefore, two criteria need to be ful�lled to make a technique, such as LAESI, viable
for application in MSI. Firstly, the technique has to be sensitive enough to detect
analytes present in biologically relevant concentrations, within the con�nes of one
sampling spot/pixel. Secondly, the method's response to a particular concentration of
analyte needs to be stable enough - within the scope of one experiment - to allow direct
comparison to any other sampling spot/pixel within the ROI and meaningfully infer
di�erences in concentration. As the prototype (Chapter 3) did not meet either of these
criteria, three iterations on the prototype ion source will be presented in this chapter.
Each iteration represented a variation on the general LAESI source geometry and was
tested with the aim of satisfying the mentioned criteria. Sensitivity was compared both
qualitatively on G. hirsutum leaves to assess the number of mass features detected,
and quantitatively with a liquid standard of [ring -13C6]L-phenylalanine. The same liquid
standard was then employed to assess the stability of response when sampling the same
concentration repeatedly.

5.1 Testing di�erent ion source geometries

5.1.1 The ionization chamber set-up

Apart from the generally low S/N and sensitivity, the construction of certain elements
of the prototype LAESI source made routine maintenance unnecessarily complicated
and slowed down the experimental work-�ow. For example, the maintenance of the
electrospray emitter, situated just below the optical pathway, proved itself challenging
and impacted laser alignment negatively on a regular basis. Additionally, attenuation
of the laser energy was achieved with neutral density �lters and the laser output setting
in the software. In each experimentation iteration, this approach had proven itself to
be too unre�ned. A signi�cant amount of pre-experimentation was required for each
new kind of sample, in order to �nd the right combination of density �lter and energy
output. Additionally, the space between electrospray emitter and MS-inlet capillary

53
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Figure 5.1: Schematic representation of the ionization chamber source geometry.

was open to the surrounding air movements. This was considered to be either fully or
partially responsible for the low sensitivity and reproducibility. The general geometry of
the ion source, i.e. the relative position of sample, focussing lens, electrospray emitter
and MS inlet, was to be kept unchanged, despite a complete rebuild.

5.1.1.1 Changes to the optical pathway

The entire optical pathway was rebuilt from scratch. Introducing additional mirrors
and elongating the telescope, now widening the beam ten times, made room for mod-
i�cations on the electrospray emitter. As a basis, a Thorlabs 30mm cage system in
conjunction with the one inch diameter lens tubes system was used to create a sca�old-
ing for the optical pathway. Two gold mirrors in kinetic mounts were used to center the
beam within the pathway, and additional three gold mirrors guided the beam through
the necessary bends. Capabilities of continuous energy attenuation were provided by
placing a wire grid polarization �lter on a rotatable mount in front of the third mirror.
In Table A.6, the laser energies measured with the ES111C sensor and PM100USB en-
ergy meter at di�erent rotation angles behind the focussing lens are reported. Ahead
of the telescope, a 2mm pinhole was introduced to control the beam width entering
the telescope. The focussing lens remained unchanged. Figure A10 in the Appendix
shows a detailed schematic of the optical pathway and Fig. A11 a three-dimensional
rendering in Autodesk Inventor 2017 (Autodesk Inc., Mill Valley CA, USA). Detailed
vendor information is given in Table A.3.

5.1.1.2 Ionization chamber and changes to the ESI emitter

A custom-made ionization chamber was made from PEEK in six parts to address
the open nature of the prototype ion source and to provide better access for routine
maintenance of the electrospray emitter. The corresponding schematic drawings of
the single parts can be found in the Appendix (Fig. A12- A18). Consisting of an
ablation housing for the sample holder and a separated ionization chamber, of which
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a schematic drawing is shown in Fig. 5.1, this part housed the critical step of ESI in
a more con�ned space and allowed for more control over the relative positioning of
the electrospray emitter and the MS-inlet capillary. The emitter itself was changed to
include a sheath gas.
In this iteration, the spray solvent was now delivered by a stainless steel capillary
(Waters part no. 700000341) of 130 µm inner and 230 µm outer diameter that was
guided straight through a P-727-01 PEEK Tee body with a `thru hole' of 500 µm
(IDEX Corporation, Lake Forrest IL, USA). On the opposite connector of the tee, a
U-145 stainless steel capillary (IDEX) of 1.17mm inner and 1.6mm outer diameter
acted as a sheath gas capillary around the spray capillary. Nitrogen gas was introduced
from the Synapt gas supply at the third, orthogonal connector of the tee. The solvent
delivery system was not changed. To achieve stable negative ion mode ESI conditions
within the new environment, the solvent mixture was altered to 0.5%(v/v) ammonium
acetate in ethanol.
Inside the ionization chamber, the ori�ces of inlet and sheath gas capillaries were 10mm
apart and positioned symmetrically around the vertical axis of the laser beam that ran
through the ionization chamber from top to bottom. A 4mm-wide aperture at the
bottom of the chamber allowed the beam to exit into the sample holder groove. The
aperture was situated 6mm above the focal point of the focussing lens and an equal
distance below the axis between inlet capillary and ESI emitter, which protruded out
of the sheath gas capillary by approximately a millimeter.
The position and holder of the distance sensor for pro�lometry was changed, too. A
new holder was custom-made from aluminium and PEEK to attach the distance sensor
directly to the housing of the last turning mirror of the optical pathway. As a result,
the sensor was now �xed to the more stable optical pathway sca�old and required less
frequent maintenance than that described in Section 3.3.1.

5.1.1.3 Comparing the ionization chamber set-up to the prototype on G.
hirsutum leaves

A new batch of young "Deltapine cala 90" G. hirsutum plants (Monsanto CO, Hollan-
dale MS, USA) was continually cultivated in the greenhouse in Klasmann Erden clay
substrate (Art. Nr. 4230, Klasmann Deilmann GmbH, Geeste, Germany) and �bric
peat (Letta Flor Nordtorf Group, Aknistes, Latvia) in a 1:1 ratio with added 1 g l−1

Osmocote exact 16 -11-11 (Scotts Germany GmbH, Nordhorn, Germany). A 15-hour
day was simulated with high pressure sodium vapor lamps (Eye Sunlux Ace NH 360
FLX, Iwasaki Electronic Co.Ltd, Tokyo, Japan) at an average temperature of 28 and 23
◦C for simulated day and night, respectively, and with 65% relative humidity. Raised
under stable conditions, G. hirsutum was established as accessible sample material
suited for control experiments. Leaves were removed from the plant minutes before
the experiment and half a leaf gently �xed on microscopy slides (Carl Roth GmbH,
Karlsruhe, Germany) with tape.
An area of 0.5mm by 0.5mm was sampled in the prototype LAESI source with a step
size of 100 µm and a laser energy of approximately 60 µJ per pulse, with a total of 10
pulses at 20Hz per sampling spot. With the ionization chamber set-up, an area of one
square millimeter at 100 µm step size and a laser energy of 71± 2 µJ per pulse, with a
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Table 5.1: Mass features detected and putatively assigned based on accurate mass, isotope
patterns, and pre-existing knowledge, during LAESI experiments on G. hirsutum leaves with
both the prototype LAESI source and the ionization chamber source geometry.

m/z ion sum formula putative assignment source set-up
135.06 [M-H]⊖ C8H12N2 tetramethylpyrazine prototype
157.09 [M-H]⊖ C9H18O2 nonanoic acid chamber
161.01 [M-H]⊖ C9H6O3 umibelliferone prototype
171.07 [M-H]⊖ C9H6O3 methyl nonanate chamber
174.05 [M-H]⊖ C11H13NO 3-ethyl-5-methoxyindole chamber
227.06 [M-H]⊖ C14H12O3 resveratrol chamber

243.05 [M-H]⊖
C15H16O3 desoxyhemigossypol

chamber
C16H20O2 2-hydroxy-7-methoxy-cadalene

245.07 [M-H]⊖ C15H18O3 lacinilene C both
257.06 [M-H]⊖ C15H14O4 hemigossylic acid lactone both
271.06 [M-H]⊖ C15H12O5 naringenin chamber

273.07 [M-H]⊖
C15H14O5 hemigossypolone

chamber
C16H18O4 methoxyhemigossypol

287.10 [M-H]⊖ C16H16O5 6-methoxyhemigossypolone both

total of 20 pulses at 20Hz per sampling spot. In both cases, mass spectra were acquired
on the Synapt HDMS instrument at a frequency of 4Hz. Three consecutive mass
spectra of both pigment gland and green leaf tissue were combined and background-
subtracted for comparison and putative metabolite identi�cation. Table 5.1 summarizes
mass features for which putative assignments could be made based on accurate mass,
pre-existing knowledge from LC-MS experiments (data not shown), and isotopic peak
patterns where applicable. In the data from the ionization chamber set-up experiment,
17 additional mass features were found but could not be assigned with any margin of
con�dence to a sum formula and are therefore not listed in Table 5.1. The respective
mass spectra can be found in the Appendix (Fig. A4 and A5).
Although the ionization chamber set-up did improve upon the prototype LAESI source,
overall performance was still below expectation and worse in quality than the published
data [35, 171]. Emulating the set-up of the original publication[35] as faithfully as
possible was therefore selected as a further strategy to adapt the source for biological
application.

5.1.2 Emulating the original LAESI geometry

The key di�erence of the original LAESI source to any LAESI iterations built in-house
is that ESI of the ablation plume took place directly in front of the MS inlet ori�ce.
Due to its sideways orientation in the Synapt instruments, space for sample movement
would therefore be limited. This limitation was the original reason for installing an
inlet capillary. Of the approximately 50mm by 25mm area previously available, an
area of only 10mm by 6mm remained. A new sample holder was custom-made from
aluminium to �t the new situation. A protective housing for the new ionization space
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Figure 5.2: Schematic drawing of the classic LAESI ion source geometry reproduced based
on Nemes et al. 2007 [35]

around the inlet ori�ce was attached to the front side of the Synapt instrument, using
prede�ned bores usually used to attach the Waters ESI source. The ESI emitter of
the Waters ESI source was detached from its housing and integrated into the new
housing. It was oriented, so that the electrospray would be in line with the ori�ce. A
schematic drawing of the set-up is shown in Fig. 5.2. This emitter made use of the
same ESI capillary (Waters part no. 700000341) but was easier to integrate into the
boxy housing than the custom-built emitter, which was rather �imsy in nature. As
for the solvent delivery system, the previously used syringe pump was exchanged for
a LC-20AD Prominence binary pump (SHIMADZU, Kyoto, Japan) and a 1100 Series
degassing unit (Agilent, Santa Clara CA, USA) to provide a robust solvent �ow of
1.2 µl min−1 to the ESI emitter. A stable electrospray in both positive and negative ion
mode was ultimately achieved with 1%(v/v) formic acid in a 1 : 1 : 1 : 1(v/v/v/v)
mixture of water, methanol, isopropanol, and acetonitrile.
The optical pathway had to be rearranged and adapted to the new set-up. It retained
all the optical elements as described in Section 5.1.1.1 but apart from the last turning
mirror, which was not needed. Secondly, the focussing lens was changed to an aspheric
ZnSe lens of 50mm focal length as the geometry of the Synapt's inlet ori�ce made
it impossible to retain the original focussing lens. After alignment of the laser beam,
the observable laser focus was on par with the focus attained in the ablation chamber
set-up.

5.1.2.1 Comparison to ionization chamber set-up G. hirsutum

An area of two by two millimeters on a G. hirsutum leaf was sampled under the same
conditions as in Section 5.1.1.3 and three consecutive mass spectra of both pigment
gland and green leaf tissue were combined and background-subtracted for comparison
and putative metabolite identi�cation. The switch to an emulation of the classic LAESI
geometry resulted in a ten-fold increase in total ion count compared to the ionization
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Table 5.2: Mass features detected and putatively assigned based on accurate mass and isotopic
peak pattern, during LAESI experiments on G. hirsutum leaves with an ion source geometry
as published in [171]

m/z ion sum formula putative assignemnt source geom.
85.04 [M-H]⊖ C4H6O2 valeric acid classic
115.02 [M-H]⊖ C4H4O4 fumaric acid classic
133.03 [M-H]⊖ C4H6O5 malic acid classic
157.09 [M-H]⊖ C9H18O2 nonanoic acid chamber
171.07 [M-H]⊖ C9H6O3 methyl nonanate chamber
174.05 [M-H]⊖ C11H13NO 3-ethyl-5-methoxyindole chamber
179.07 [M-H]⊖ C6H12O6 hexose classic

191.04 [M-H]⊖
C10H8O4 scopoletin

classicC7H12O6 quinic acid
C6H8O7 citric acid

227.06 [M-H]⊖ C14H12O3 resveratol chamber

243.12 [M-H]⊖
C15H16O3 desoxyhemigossypol

both
C16H20O2 2-hydroxy-7-methoxy-cadalene

245.09 [M-H]⊖ C15H18O3 lacinilene C both

257.10 [M-H]⊖
C15H14O4 hemigossylic acid lactone

both
C16H18O3 desoxy-6-methoxyhemigossypol

259.12 [M-H]⊖ C15H16O4 hemigossypol classic
271.07 [M-H]⊖ C15H12O5 naringenin both

273.07 [M-H]⊖
C15H14O5 hemigossypolone

both
C16H18O4 methoxyhemigossypol

287.11 [M-H]⊖ C16H16O5 6-methoxyhemigossypolone both

289.09 [M-H]⊖
C15H14O6 catechin

classic
C16H18O5 raimondal

409.22 [M-H]⊖ C25H30O5 heliocide H1-H4 classic
423.21 [M-H]⊖ C26H32O5 heliocide B1-B4 classic
447.11 [M-H]⊖ C21H20O11 kaempferol-O-glucoside classic
517.21 [M-H]⊖ C30H30O8 gossypol classic
531.22 [M-H]⊖ C31H32O8 6-methoxygossypol classic
609.10 [M-H]⊖ C27H20O16 quercetin-O-neohesperidoside classic
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Figure 5.3: I) Optical image of a G. hirsutum leaf taken at 50-fold magni�cation post laser
ablation. The average ablation mark was 30 µm in diameter. II) Optical image of a G. hirsu-
tum leaf taken at 100-fold magni�cation post laser ablation without topographic guidance.
The average ablation mark diameter varied from ca. 30 µm up to 90 µm based on surface
topography.

chamber. Table 5.2 summarizes the putatively assigned mass features and the source
geometry these were detected with. The biggest di�erence was the increased amount
of mass features detected in the m/z range above 300. In total, more mass features
could be correlated to laser ablation than were assignable by hand. Both mass accuracy
and resolving power were,however, too low to employ digital means to automate this
process.
MS/MS experiments were still possible exclusively for the most intense mass features,
although the overall S/N was the highest so far. MS/MS spectra of less intense mass
features required the acquisition of multiple low intensity MS/MS spectra. There was,
however, not enough time and sample material provided in a single sampling spot.
Therefore, spatial resolution and ablation mark diameter were kept at approximately
100 µm to maximise the number of mass features detected in regular MS acquisition.
This, in e�ect, also meant abandoning of the aim to achieve single plant cell resolution,
despite the ablation mark diameter of 30 µm achievable on G. hirsutum leaves (Fig.
5.3). Of the two iterations on the prototype LAESI source tested so far, the classic
LAESI set-up appeared to be the better choice for application and was therefore utilized.
The imaging data reported in Chapter 4 were acquired with this source geometry.
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5.2 Quantitative assessment of sensitivity and sta-

bility of response

Experiments such as the analog channel calibration (page 42) demonstrated how much
signal intensity varied when sampling the same analyte concentration repeatedly. There
are two conceivable causes for the signal variation apart from variation in analyte con-
centration. One, the generation of primary ions by the electrospray varies, either by low
stability in the spray regime due to badly chosen parameters or because of the sample
ablation event itself. In the latter case, neutral particles impact the spray capillary and
cross the spray cone orthogonally. Two, the volume of the interaction between ablation
plume and electrospray cone is not constant. As an ambient technique, the sample
ablation takes place at atmospheric pressure. The ablation plume is thus subject to
movement in the gas phase of the ion source and is most likely shaped di�erently in
every sampling spot. If the di�erences in shape become too big, it should be assumed
that the interaction volume between the plume and spray will vary, with consequences
for the observed ion yield of the method. A random ion yield would signi�cantly im-
pact the trustworthiness of the MSI experiment, as any two pixels would not have been
recorded under the same experimental conditions, the basis for relative quanti�cation
in MSI.
Sensitivity and stability of the signal response was assessed in experiments sampling
droplets of [ring -13C6]L-phenylalanine standard. All experiments were performed with
the ionization chamber and classic LAESI source geometry, as well as the third iteration
described below. As the fourth set-up, the commercial solution, LAESI DP-1000
(Protea Bioscience, Morgantown WV, USA) connected to a XEVO qTOF instrument
(Waters) was included as well. The DP-1000 ion source was well suited as a control
against any in-house construction bias, although it missed the topographic guidance
of laser ablation and employed a much simpler laser optic with less spatial resolution.

5.2.1 Spatially separating laser ablation from ionization

Figure 5.4: Schematic representation of the coaxial ionization source geometry.
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A third iteration of LAESI source was custom-built with the aim of keeping the
interaction of ablation plume and electrospray cone as uniform as possible. The major
di�erence to the other two geometries described above was the removal of the electro-
spray emitter from the laser ablation site, and its placement into an air-tight housing
in front of the MS-inlet ori�ce. A U-139 stainless steel capillary (IDEX) with an inner
diameter of 1.016mm and a P-714 PEEK Tee-connector (IDEX) with a `thru hole' of
equal inner diameter created a direct link between the ESI housing and the ablation
site. Due to the pressure gradient between the ambient conditions and the vacuum
inside the MS instrument, sample material from the ablation plume was sucked into
the steel capillary and incorporated into the air stream around the electrospray. This
way any sample material travelled the same distance around the electrospray plume.
While the ESI-solvent and the solvent delivery system, including the ESI capillary itself
remained unchanged from classic LAESI setting, the optical pathway required minor
recon�guration and a realignment of the laser. The overall structure shown in Fig. A10
remains true. The new ESI-housing was custom-made from PE and attacked directly
to the inlet of the MS-instrument. In Fig. 5.4, a schematic drawing of the ion source
geometry, referred to as coaxial geometry in the following text, is shown.

5.2.2 Determining the [ring-13C6]L-phenylalanine limit of
detection

A 2 µl droplet of [ring -13C6]L-phenylalanine standard (Cambridge Isotope Laboratories
Inc.,Tewksbury MA, USA) was sampled with eleven times �ve laser pulses at 20Hz
repetition rate and a laser energy of approximately 75 µJ per pulse. Due to the increased
beam diameter and the resulting increase in sample consumption, a droplet of 20 µl
volume had to be provided in case of the DP-1000. Laser ablation in the DP-1000
took place at 10Hz and 1mJ laser energy per pulse. The experiment was performed
three times for every concentration tested, namely 1 µgml−1, 10 µgml−1, 50 µgml−1,
100 µgml−1 and 500 µgml−1. For the purposes of evaluation, the intensity response
of the m/z 126.11 fragment was considered instead of the molecular ion, due to its
higher abundance.

In Fig. 5.5, the results for all 4 ion sources are shown as both concentration versus
intensity and concentration versus S/N. In every plot, a red line marks the threshold
value for the limit of detection that was de�ned as a signal to noise ration of four. A
linear correlation indicated in every plot is evident. An exception is observable in Fig.
5.5, panel I for the plot of concentration versus S/N, where exceptionally low noise
during the measurement of the 50 µgml−1 [ring -13C6]L-phenylalanine standard created
an abnormally wide range of S/N between the replicates. Results measured from the
500 µgml−1 [ring -13C6]L-phenylalanine standard are not shown in Fig. 5.5 due to their
variable response.
A more detailed regression modelling in R (v3.6.0., R Development Core Team, 2019),
however, made it necessary to describe the in�uence of the concentration on the signal
intensity with a quadratic regression model, mainly to account for the signal variation
that increased with increasing concentrations sampled. The variance heterogeneity
was accounted for using a generalized least squares method (function gls() of the
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Figure 5.5: I, II, III, and IV)[ring -13C6]L-phenylalanine concentration versus intensity re-
sponse (left) or signal to noise ratio (right) measured with the ionization chamber, classic
LAESI, coaxial ionization geometry, and the DP-1000 ion source, respectively, are shown.
The red line marks the detection limit.
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Table 5.3: Calculated [ring -13C6]L-phenylalanine limit-of-detection values, including con�-
dence intervals (p = 0.05) for all four ion source geometries tested are shown, together with
the achieved laser focus and sample volume presented.

ion source geometry LOD [µgml−1] laser focus [ µm] V(sample) [ µl]
ionization chamber geometry 0.86 ± 0.48 100 2
classic LAESI geometry 2.5 ± 2.5 100 2
coaxial source geometry 32 ± 30 100 2
DP-1000 LAESI source 4.3 ± 4.9 300 20

`nlme' library [180]) employing the `varPower' or the `varExp' structure to weight the
residual variances. Which variance structure was incorporated into the model was
determined by model comparison and a likelihood ratio test, as well as by selection of
the model with the smallest AIC [181]. The relevant R scripts (LOD_plotting.R and
LOD_regression.R) can be found in the GitHub repository `LAESI-on-rough-surfaces'
under `R-scripts for stability assessment' together with the data used to generate Fig
5.5. Table 5.3 lists the determined limit-of-detection values.
Contrary to the qualitative comparison of Section 5.1 where the classic LAESI geometry
appeared to be more sensitive, the ionization chamber geometry here exhibited higher
sensitivity towards [ring -13C6]L-phenylalanine. It remains unclear if this outcome was
due to a more rigorous experimental design or if the transfer capillary, which sets the
ionization chamber geometry apart from the classic LAESI geometry, acted as a �lter
for certain mass features.

5.2.3 Determining the stability of response

5.2.3.1 The experiment

The stability of response of all four LAESI ion sources was tested by sampling a
droplet of [ring -13C6]L-phenylalanine standard of known concentration multiple times
in short succession. A 2 µl droplet of the 13C6-marked L-phenylalanine standard was
sampled with eleven times �ve laser pulses at 20Hz repetition rate and a laser energy
of approximately 75 µJ per pulse. In the LAESI DP-1000 ion source a 20 µl droplet was
sampled at 10Hz repetition rate and a laser energy of ca. 1mJ per pulse instead. There
was a break of two seconds between each sampling of the droplet. A concentration
of 100 µgml−1 [ring -13C6]L-phenylalanine was presented to the ionization chamber and
classic LAESI geometry as well as the DP-1000 ion source. In case of the coaxial
ionization geometry, a concentration of 500 µgml−1 was used instead to ensure a
signal response above the limit of detection for every sampling of the droplet. The
experiment was repeated ten times in each ionization source. For evaluation, the
intensity response of the m/z 126.11 fragment was measured for every sampling. The
coe�cient of variation was calculated as the ratio between standard deviation (σ) and
mean intensity (x) of m/z 126.11 for every repeat of the experiment

cv =
σ

x
(5.1)
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(Equation 5.1). The same set of experiments was also repeated without providing a
droplet to sample. The latter set of experiments was included to assess the in�uence
of laser ablation on the stability of the electrospray. Figure 5.6 shows the coe�cients
of variation calculated from the experimental data.

Figure 5.6: Boxplot of the calculated coe�cient of
variation for all tested ionization source geometries.
Numbers above a bracket denote the corresponding
p-value of a pairwise t-test.

A coe�cient of 0.25, the level at
which the DP-1000, the coaxial ion-
ization, and the ionization chamber
geometry operated at, represents a
(normal) distribution where the stan-
dard deviation is 25% of the mean.
Under these conditions, the signal
response needs to double in order
to di�erentiate two signals as signif-
icantly di�erent. Due to the rela-
tive nature of the coe�cient of varia-
tion, the same conclusion holds true
when looking at concentrations. The
equations on page 96 in the Ap-
pendix elaborate on that conclusion.
To di�erentiate two concentrations
as signi�cantly di�erent a di�erence
of 100%, i.e. a doubling of the con-
centration, is necessary. It is impor-
tant to note that this conclusion is
based on data with ten replicates. In
an average imaging experiment, the same position is seldom sampled more than once.
In the case of LAESI, sampling the same position repeatedly is not possible, due to the
method's destructive laser ablation. The classic LAESI geometry exhibited a signi�-
cantly worse stability of response compared to the other three ion source geometries.
It was also observable that spatially separating ablation and ionization in the coaxial
ionization geometry did not signi�cantly impact the stability of response compared
to the ionization chamber geometry and the commercial LAESI DP-1000 ion source.
The statistical signi�cance was tested with a pairwise t-test at a signi�cance level of
p = 0.05

5.2.3.2 Assessing the in�uence of laser ablation on electrospray stability

The current drawn by the electrospray during the experiments was measured in parallel
to the MS-acquisition of the m/z 126.11 fragment. Situated between the electro-
spray emitter and the power supply unit of the Synapt instrument, the ESI current
meter (IOCB, Prague, Czechia) translated the current drawn by the electrospray into
a recordable voltage signal. The voltage signal was recorded with an NI-6008 DAQ-
device (National Instruments) together with the analog signal of laser activity, normally
used to infer spatial information. For evaluation, the average ESI current and current
range observable during experimentation were calculated from the raw data.
In Fig. 5.7, both the average ESI current (I) and the current range (II) are shown for
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Figure 5.7: I) Boxplot of the average current measured during the stability of response
experiment (blue) and the no ablation control (red). In the boxplot II the corresponding
average range of current observed is shown.

each source geometry. The average ESI current was stronger in the more open ion
source geometries, namely classic LAESI and DP-1000, compared to the more con�ned
geometries, namely ionization chamber and coaxial ionization geometry. The average
ESI current drawn was signi�cantly di�erent (p < 0.01 and p < 0.001) between
ablation of sample droplet and the no-ablation control measured in the classic LAESI
and DP-1000 ion source, respectively. The classic LAESI geometry drew more current
during ablation whereas the DP-1000 ion source drew less current. No signi�cant
di�erence was found in the average ESI current drawn by the other two ion source
geometries tested. The range of the drawn ESI current was considered in addition to the
mean value as an indicator for electrospray stability. Between sample ablation and the
non-ablated control, no signi�cant di�erences were found for any ion source geometry.
The DP-1000 ion source did, however, exhibit the biggest range of drawn ESI current
of all four ion source geometries tested. The relevant R script (evaluation_SA.R)
can be found in the GitHub repository `LAESI-on-rough-surfaces' under `R-scripts for
stability assessment' together with the data used to generate Fig. 5.6 and 5.7.
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5.3 Summary

In this chapter three iterations on the LAESI source prototype described in chapter 3
were assessed on their application potential. Two of these iterations, the ionization
chamber and the classic LAESI source geometry, were compared qualitatively on G.
hirsutum leaves in terms of detectable mass features and overall signal intensity. In
this comparison, the classic LAESI geometry appeared to be the better choice for ap-
plication and the MSI shown in Chapter 4 was measured with the classic LAESI source
geometry. As the third iteration on the original prototype, the coaxial ionization geom-
etry spatially separated the laser ablation of the sample material from the ionization
of the sample material by the electrospray. The separation was devised as a way to
assert more control over the interaction between the electrospray and the ablation
plumes. All three iterations, along with a commercial LAESI source, LAESI DP-1000,
were compared quantitatively in terms of sensitivity to [ring -13C6]L-phenylalanine and
stability of response, as it is a crucial parameter for ion sources to be applied in MSI, as
outlined in the introduction to this Chapter. The collected experimental data suggest
that spatially separating laser ablation and ESI does not signi�cantly in�uence the sta-
bility of response. In fact, three of the four tested ion source geometries operated at
the same level of stability and only the classic LAESI geometry responded signi�cantly
less stably. The data further suggest that all four iterations on the LAESI principle are
not stable enough for the imaging of gradual changes in concentrations.

Declaration of contribution

While all experiments were designed, conducted, and analyzed by the author, custom-
making of any constructional unit not commercially available was handled by the work-
shop teams of the Max Planck Institute of Chemical Ecology and the Fraunhofer In-
stitute for Applied Optics and Precision Engineering IOF. Dr. Grit Kunert helped with
the statistical analysis in a close advisory function. The conception and construction
of the ESI current meter was fully handled by Jan Pa£es of the IOCB, Prague.



Chapter 6

Discussion

Prior to this work, MSI of specialized metabolites in plants could be described as
challenging and biased towards samples that were reasonably �at. Most of the time,
samples were simply sectioned into slices with an even surface because the methods
applied tended towards the tried and proven ones from the medical section of the �eld.
For samples relevant to the �eld of chemical ecology, which is the governing perspective
for this work, this limitation imposes a gross alteration of the sample's natural state
and creation of artefacts during analysis has to be assumed. Experiments done in the
scope of this work support this notion (Section 4.3).

The aim of this work, therefore, was to enable MSI on uneven surfaces, a quality shared
between essentially all biological surfaces. Secondly, MSI was to be performed in a way
that minimizes the alteration of the sample prior to analysis as much as possible, i.e.
avoiding any form of sample preparation wherever possible. Ideally, the most intense
and time-consuming part of sample preparation would besample selection. The MALDI
technique was therefore not considered as an option due to the necessity to coat the
sample with matrix compounds prior to analysis. The performance of commercially
available MALDI sources in terms of lateral resolution and soft ionization, however,
was aimed for.

Based on literature, LAESI as an ionization technique �t the requirements. Infrared
laser ablation of biological tissues is a well-researched process due to its medical ap-
plications and suitable laser sources are therefore commercially available. Ionization,
facilitated by ESI in LAESI, takes places at the second step, removed from the sample
ablation, and is therefore considered to pose no issue to the chemical state of the
sample. Due to the �exibility of solvent selection for ESI, adjustments could, in theory,
be made to cater to the speci�c ionization requirements of certain compound classes
over others. Results of experiments published in peer-reviewed journals furthermore
suggested robustness and stability of the method in the ionization of plant-derived
metabolites [35, 182].

In the following section, the experimental results presented in the previous chapters
will be evaluated and put into the bigger context of MSI as a research �eld itself. The
possible rami�cations for MSI of specialized metabolites in plants, and topographically
guided LAESI as a tool in the �eld of chemical ecology of plant - non-plant interactions
are discussed.

67
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6.1 Topographically guided laser ablation:

novelty and impact

Although the idea to combine MSI and height pro�ling of surfaces itself was not new,
publication of the results presented throughout chapter 3 in early 2017 was the �rst
description - to my best knowledge - of topographically guided laser ablation in an ion
source designed for MSI experiments. The necessity for either topographical guidance
or a �at sample surfaces in established MSI methodologies is imposed by the desorption
mechanism of the chosen ionization technique. In the case of LAESI, or indeed any
other laser based ionization technique, the necessity for topographical guidance is owed
to the fact of focussing the laser beam with a lens of �xed focal length. On samples with
pronounced surface topography, lateral movement of the sample below the focussing
lens will therefore cause defocussing e�ects that were described in Section 2.4. Optical
systems that rely on short focal lengths and high numerical apertures are particularly
vulnerable to this e�ect.
In DESI, an ESI-based ionization technique without lasers and applied for MSI regu-
larly, the incident angle of the electrospray onto the sample and the position of the
ion collecting capillary are optimized on �at surfaces and stay �xed throughout the
experiment [75]. On an uneven surface, the incident angle of the primary ESI droplets
and the collection angle of the secondary, desorbed droplets are constantly subject to
change, depending on the surface topography. While changing the operative angles
in DESI experiments on the �y seems complicated, simple repositioning of the sample
underneath a focussing lens can solve the issue of surface morphology for laser based
systems. All this approach requires is a measurement of the ROI's height pro�le prior
to laser ablation and a third dimension on the sample manipulation system, which most
ion sources possess already.
The �rst successful combination of pro�lometry and MS analysis made use of heatable
atomic force microscope (AFM) cantilevers to desorb sample material that was then
ionized by an electrospray [183]. Although lateral resolution is reportedly high, appli-
cations in biology are limited by the working distance of the AFM, which is measured
on the micrometer scale [184].
Shorty before the results of chapter 3 were published in early 2017, Nguyen et al. [185]
reported on the use of shear force microscopy to regulate the distance of the sampling
capillary of a NanoDESI source to the surface of microbial colonies. NanoDESI, which
represents a variation of the DESI technique, relies heavily on a liquid junction between
a sampling capillary and the sample surface that extracts analytes and feeds them into
an electrospray [186]. Changes in the distance between the sampling capillary and the
sample surface result in a changing junction volume, which, in turn, greatly in�uence
the achieved lateral resolution [185].
In the second half of the year 2017, a laser triangulation distance sensor with a MALDI
source was published [187]. It had long been noticed that signal intensity in MALDI
MSI of large tissue sections may drop over the course of the experiment. In their
publication, Kompauer et al.[187] highlight the bene�t of keeping the distance between
sample surface and focussing lens constant not only for samples with uneven surfaces
but for rat brain sections as well.
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The `sudden' interest in mitigating the e�ects of surface topography is most likely a
consequence of two developments shaping the research e�orts in the �eld of MSI. For
one, constant technical improvements of the ion source instrumentation, progressively
pushing for faster measurements and higher lateral resolutions, considerably reduced
the margin of error that goes unnoticed. The aforementioned optical systems of high
numerical aperture used to focus ablation lasers tightly are more susceptible to de-
focussing e�ects. At the same time, the increased measuring speed led not only to
samples being measured faster but to bigger ROIs being sampled instead. Longer
distances travelled laterally then exaggerate slight tilts of the sample stage and / or
sample surface, defocussing the ablation laser even on �at surfaces. Manufacturers of
commercial MALDI instrumentation, e.g. Bruker, have reacted by implementing tilt
correction through measuring the distance of the sample holder corners relative to the
focal plane of the ablation laser.
Secondly, the increased adoption of MSI in applied �elds, such as medical research
and, even more so, chemical ecology, confronts established methods with less and
less ideal samples that require adaptation. During method development, samples are
usually chosen based on their inherent features that help the development process or
at least decrease ambiguity in the obtained results. This is supported by the choice of
Brassicaceae and G. hirsutum with their unique specialized metabolites, well suited for
experiments performed in this work. A successful method, however, is robust enough
to remain applicable to samples that do not possess these features and introduce
ambiguity, because that is where the unknowns are and (applied) science takes place.
In chemical ecology, as well as other bioscience �elds performing in vivo studies, this
presents the challenge of dealing with uneven surfaces.
In the scope of this work, the impact of pro�lometry can only be described as over-
whelmingly positive. After the initial characterization and set-up (Section 3.3.1), to-
pographical guidance has proven itself reliable to the extent of the surface tilt the
distance sensor can tolerate, as demonstrated in the experiment on G. hirsutum stem.
The experiments on examples of extreme Brassicaceae leaf morphology illustrated the
robustness of the method in case of sharp surface features. Controlled defocussing,
paired with precise laser energy control also demonstrated the possibility to manipulate
the lateral resolution by changing the diameter of the ablation marks. Overall, it can
be postulated that the inclusion of a pro�lometric step prior to laser ablation enabled
consistent sampling for MSI on plant surfaces.
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6.2 Experimental outcomes and their implications

6.2.0.1 The prototype

In chapter 3, the �rst prototype LAESI source was described in concept and construc-
tion. Proof-of-concept experiments followed suit to verify the software integration and
operational parameters of the prototype. Establishing the spatial connection between
laser focus and the distance sensor's measuring spot can be considered the cornerstone
that determined the performance of laser ablation and thus had a huge impact on the
quality of the data obtained later. Regular maintenance of this connection became a
regular part of system upkeep in all iterations of the ion source.
The proof-of-concept experiments on Savoy cabbage (B. oleracea) leaves (Section
3.3.3) yielded information about two things: e�cacy of the topographical guidance
provided by height pro�ling of the ROI and viability of the custom-built LAESI source.
While the former proved to be a success following a short period of �ne-tuning the
laser ablation, the latter was a proof of the concept but little beyond that. In fact,
the ionization step of the method remained shy of the results published in the original
publication [35] in terms of both S/N (I) and number of unique mass features detected
(II). The number of unique mass features detected and the S/N are indicators of the
method's sensitivity. In general, (II) is important to actually detect molecules of interest
that are o�en present in low abundance in a tested sample, and (I) is an important
factor for compound identi�cation, to a point where it decides if MS/MS experiments
are possible at all. Thus, these experiments outlined which parts of the prototype
required further improvements and which parts already worked as intended.
Given the outcome of the experiments on Savoy cabbage, the Synapt HDMS instrument
was ruled out as the reason for low sensitivity by connecting the prototype LAESI
source to the Orbitrap instrument, only to observe even lower sensitivity. Switching
samples from Savoy cabbage to radish (R. sativus) allowed the detection of a few
characteristic compounds from leaves (table 3.2). Sampling the young, angular leaves
of radish at least corroborated the good performance of the topographically guided
laser ablation. While the focus of 70 µm demonstrated on these leaves would hardly be
enough for sampling a single epithelial cell of onion (Allium cepa) skin as reported by
Shrestha et al. [82, 188], the achieved lateral resolution was not su�cient for single cell
analysis in the analyzed plant tissues of R. sativus and B. oleracea. During the design
process, single cell analysis (Aim 2, page 24) was translated into a target laser focus
of approximately 10 µm. The Savoy cabbage and radish experiments demonstrated,
however, the need for control over ablation mark diameter and this control was slowly
built over the course of many experiments. A key parameter in�uencing the observed
laser focus (in the form of ablation marks) was the laser's energy output. With the
described optical set-up (page 27), the control over the energy output was coarse and
relied on a function of the control software directly controlling energy output at the
light ampli�cation. As a result, the stability of the energy output varied depending
on the chosen output. A rework of the optical pathway was thus included into the
modi�cations of the overall ion source layout.
While curating the mass spectra from the experiments on radish leaves, it became
clear that the Orbitrap instrument possessed one big disadvantage over the qTOF
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instrument. In an Orbitrap instrument, ions are collected in a `C-trap' until a suitable
cloud of ions can be injected into the analyzer. When laser ablation and C-trap �lling
are not synchronized, a situation can occur where half of a sampling position reaches
the C-trap and the second half is directed into the next cycle or gets lost in the
short window of unresponsiveness. As a result, sample-related ions get diluted in the
background of ions produced by the constantly running electrospray. For this reason
and the lack of improvement in terms of S/N that the Orbitrap instrument provided,
moving the LAESI source back to the Synapt qTOF instrument seemed the only logical
choice at the time, as the fast measuring cycles of the qTOF prevented similar e�ects
to occur. This decision was not without consequences of its own, as the development
of an automated assignment of spatial context - an imperative step for MSI - in chapter
4 demonstrated.

6.2.0.2 MSI development

The main consequence of focussing development on the Synapt HDMS qTOF instru-
ment was dealing with electronics set up for LC-MS and a general lack of sensitivity, in
comparison to newer instruments. While the latter was a simple fact to deal with that
might limit the detection of target compounds with low concentrations, the former
posed a serious hurdle during the development of the imaging aspect of the project.
As time is the only dimension of interest in LC-MS experiments, no concept of space
existed in the electronics and data structure of the Synapt instrument. The extra
time needed for a topographically guided repositioning of the sample during an MSI
experiment, however, was solely dependent on the surface topography of the particular
sample measured, making a strict division of the data based on a �xed or calculated
dwell time unsuitable. A tailored approach to assigning spatial context was therefore
needed. The need was reconciled by recording laser activity in the auxiliary data channel
recording analog voltage signals presumably in a uni�ed time dimension with the MS
data. Early attempts at the proof-of-concept experiment of Section 4.2 demonstrated,
that the acquisition of MS spectra and analog data did not,in fact, share the same
time dimension due to di�erent acquisition frequencies and rounding errors during data
storage (formula 4.1, page 40).
The calibration experiments described in Section 4.1.1 eventually led to a solution,
after unsuccessful attempts at �xing the problem with the time domain and focussing
instead on the scan numbers. As two growing rows of integers, both metrics were free
of rounding errors. However, a function to calculate the corresponding MS scan number
from any given analog scan number was determined only for the calibration data set
recorded in the negative ion mode. The data from the three replicates measured in
the positive ion mode did not mix well enough to yield a unifying correction function
with enough precision, for reasons that remain unknown. E�cacy of the correction
function for negative ion mode, however, was demonstrated with the proof-of-concept
experiments of Section 4.2 and shown in Fig. 4.3, marking the (partly) successful
implementation of MSI in this work.
The anomaly preventing MSI in positive ion mode sparked an investigation into an
alternative approach to assign spatial context. Instead of recording mass spectra at
high frequency, regardless of their value for MSI, and assigning spatial context post-
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experiment, the inside knowledge of the Synapt's engineering provided by MS Vision
allowed to synchronize the sample repositioning and laser ablation with the scan cycles
of the MS instrument. By acquiring only one mass spectrum per sampling position, it
became possible to perform MSI in a pixel-by-pixel approach and this approach worked
in both positive and negative ion mode (Section 4.4). The reduced number of mass
spectra acquired noticeably reduced the size of the data sets on disk. The new structure
of the data sets also allowed data conversion into imaging data sets (.imzML), using a
software developed by the MSI community [122], resolving potential compatibility issues
pre-emptively. As a negative side e�ect, the acquisition rate of mass spectra had to be
reduced, in order to allow the sample stage to reposition the sample on all three axes
between the measuring cycles of the MS. Where previously the laser repetition rate set
the pace of acquisition, the linear translation stages bought during construction of the
prototype ion source became the bottleneck factor for measuring speed. Missing the
intermediary spectra between sampling positions for background subtraction, discovery
of mass features belonging to the sample and not originating from the ESI background
became that much more di�cult, requiring additional experiments to obtain(table 3.2)
information on the background.
Regardless of the approach taken to assign spatial context for MSI, selecting G. hirsu-
tum as a standard sample for development proved to be a well-informed choice. The
binary distribution of gossypol and related compounds helped considerably in verifying
the correction function and data conversion of the recorded data to imaging data sets.
Furthermore, the MSI experiments on the G. hirsutum stem satisfactorily demonstrated
the power of topographic guidance.
The MSI of A. thaliana was the �rst application of the LAESI source with bigger ROIs
than the small squares used in the previous experiments. With the compounds of inter-
est being glucosinolates, spatial distribution of specialized metabolites was also more
gradual and not at all binary in nature. The data reported in Section 4.3 focus on the
compounds glucoraphanin and glucobrassicin speci�cally, as the measured intensities
were high enough to putatively identify them based on accurate mass and isotopic
peak pattern. Overall, these experiments corroborated the observation made on the
distribution of glucosinolates in intact A.thaliana leaves previously with MALDI MSI
[27, 189], where amongst others, glucoraphanin and glucobrassicin were found to be
relatively evenly distributed in the leaf's cell content. They also demonstrated that the
extractive aspect of MALDI and the deposition of the matrix component on the surface
may lead to artefacts, as the discrepancy between the unpublished data shown in Fig.
4.5 and the LAESI MSI data shown in Fig. 4.6 indicate. It stands to reason that in
case of the MALDI experiment shown in Fig. 4.5, glucosinolate concentrations around
the wound appeared to be elevated compared to the usually much lower amount of
glucosinolates present at the surface [189]. The destroyed cuticle of the wound allows
for the extraction of the polar glucosinolate compounds, otherwise inhibited by the
waxy cuticle. Sample preparation protocols apparently play a role here. The di�erence
between the MALDI experiments are the compounds applied as matrix (9-AA[190] in
case of Shro� et. al. [27, 189] vs. DPN [191] in case of the unpublished data [179]),
the method of matrix application (air brush wetting [27] vs. sublimation [189] vs.
spray coating [179]), and the laser energy used for ablation. The type of matrix appli-
cation, even with the same matrix applied, may apparently lead to results obtained in
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respect to where the ionized compounds originate from, i.e. surface-associated glucosi-
nolates [189] and a full extraction from cell contents of deeper tissues [27]. Only the
newer unpublished results [179] demonstrate to the fullest how the chemical properties
of sample tissues, here the apolar nature of the cuticle, may in�uence the results of
MALDI and how deeply MALDI sample preparation may alter the state of the sample,
e.g. by overcoming the apolar nature of the cuticle. While this harbours potential
for di�erentiated analysis based on sample preparation, it also presents a great risk of
misinterpretation, if these phenomena happen unknowingly. The infrared laser ablation
of LAESI MSI removed plant tissue and can therefore be expected to liberate polar
compounds from underneath a hydrophobic wax layer. The abrasive nature of LAESI
probing can be used to achieve a controlled depth resolution [182, 192]. Mass spectra
can be associated not only with their sampling position in the imaging plane but also
with their position in the sequence of laser pulses �red on the same sampling position .
The �rst laser pulse will inevitably ablate the surface layer, digging a little deeper with
each subsequent pulse. Given su�cient sensitivity, a properly designed LAESI source
could therefore combine lateral MSI with depth pro�ling of living tissue without the
chemical intrusion of MALDI sample preparation.
Further glucosinolated compounds could theoretically be identi�ed in the LAESI MSI
data based on accurate mass but, the S/N was generally too low to assign molecular
identities with great con�dence. A. thaliana leaves provide less ablatable biomass than
the G. hirsutum leaves, which might be a reason for the overall low signal intensities.
LAESI MSI was only viable with the original LAESI geometry as described in Section
5.1.2, because of its apparently increased sensitivity.

6.2.0.3 Sensitivity and stability of response

Prolonged experimentation on A. thaliana leaves with the original LAESI geometry
brought another general issue to light. The rather gradual di�erences in glucosinolate
concentration throughout the A. thaliana leaves emphasized a layer of noise being
present that went undetected in the experiments on G. hirsutum because of the binary
distribution of the target metabolites.
After the experiments in 3.3, two iterations on the prototype LAESI source, namely
the ionization chamber and the original LAESI geometry, were tested qualitatively and
in parallel to developing the MSI capabilities in experiments on G. hirsutum leaves as
described in 5.1. The primary di�erence between the two was an ion transfer capillary
in the ionization chamber geometry that reduced the signal intensity and seemed to
introduce a cut-o� of higher m/z values. The examples of MSI imaging reported in
Chapter 4 were measured with this ion source geometry, as the results were regarded
to be of higher quality. It has to be stated that at that stage of the project, the
focus of the development was still on quick implementation of the ion source and
starting actual application in ongoing research. The imaging of A. thaliana leaves
was such a research e�ort and demonstrated the need for further investigation into
the characteristics of the built ion source. Although the ion maps of glucoraphanin
(m/z 436.04) and glucobrassicin (m/z 447.05) depict the same general trend as found
by Shro� et al. [189], the aforementioned layer of noise made it di�cult to directly
compare two individual pixels. It was uncertain, how much of the di�erence was
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caused by local �uctuations in concentration and how much di�erence is due to noise.
Ambiguities like these defeat the purpose of MSI experiments and diminish the gain
they provide, especially if contradicting results such as the di�erences in glucoraphanin
ion maps as shown in Fig. 4.7 are to be interpreted.
Chapter 5.2 therefore dealt with the investigation into the source of the encountered
noise. From a theoretical point of view, there were three explanations for the observed
phenomenon. For one, the alleged layer of noise was indeed caused by biological
variation and the method worked as intended. This is the narrative presented by the
original publication [193] and follow-up publications such as the reported single-cell
metabolomics by Stopka et al. [87]. Secondly, the production of primary ions by ESI
was unstable, either as a result of unfavourably chosen parameters or as a result of an
interaction with the ablation plume. This hypothesis had its main merit in experimental
expertise gained throughout this work. Thirdly, the interaction between ablation and
ESI plume resulted in a variable ion yield due to randomly changing interaction volumes.
The experiments designed to investigate these issues have been described in 5.2 and
included a third iteration on the LAESI geometry, namely coaxial ionization geometry
(page 60), to address hypothesis number three speci�cally by forcing a uniform interac-
tion between the ablation and the ESI plume. By incorporating the ablation plume into
the sheath gas capillary around the ESI emitter, the interaction time and volume have
to be the same for every ablation. It was not surprising to see this forced interaction
of the coaxial ionization geometry came with the price of sensitivity decrease. Indeed,
this development it was to be expected from the unoptimized nature of the particular
set-up. Additionally, determining the limits of detection (Section 5.2.2) for all ion
source geometries and recognizing the high uncertainness of the limits, demonstrated
how prone LAESI was to variation in the intensity response.
Quantifying the stability of the (intensity) response in itself is not a complicated ex-
periment, but it carries great importance as a parameter for any imaging technique.
Sampling a particular concentration twice should, in theory, result in the same intensity
measured by the MS at least in the scope of one MSI experiment, because in MSI the
di�erences in the shading of a pixel are contingent upon di�erences in local concen-
tration of the analyte observed. Sampling a liquid standard of known concentration
as done in 5.2.3 yields information about the variation of intensities introduced by
the ionization technique under the assumption that the analyte is evenly distributed in
the solvent. For [ring -13C6]L-phenylalanine in water, this assumption was considered
valid. The obtained results (Fig. 5.6) led to three conclusions. First, two of the
three ion source geometries built in-house for this work were operating as stably as
the commercially available DP-1000 LAESI source. The encountered variability in the
intensity response was therefore not a result of building ion sources in-house. Secondly,
both of the ion sources on par with the DP-1000 LAESI source imposed some form
of restriction on the travel path of the ablation plume and its interaction with the ESI
plume. This also means that with the classical LAESI source geometry, unfortunately,
the least consistent set-up was chosen for the majority of MSI experiments shown in
this work. Thirdly, all four ion source geometries introduce too much variation for MSI
experiments on specialized metabolites with subtle spatial distributions, as cv = 0.25
means that only a concentration di�erence of 100%, i.e. halving or doubling the
concentration, results in a signi�cant di�erence in measured intensity.
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Of the three hypotheses explaining what the reason for the observed layer of noise could
be, the �rst, i.e. the absence of noise can therefore be ruled out. Hypothesis number
two, whereby the observed noise was a result of ESI instability was not supported by
experimental evidence, either. Figure 5.7 shows that although the average current
drawn was signi�cantly di�erent between ablation and no ablation taking place in the
classic LAESI geometry and the DP-1000 LAESI source, the �uctuation of the currents
measured was not. While this observation does not rule out an in�uence of the ablation
plume on the ESI, it shows that production of primary ions remains stable during the
ablation event itself. It can therefore not be responsible for signi�cantly varying signal
responses within one experiment, but suggests that the ESI produces varying amounts
of primary ions over the course of maintaining it for longer periods of time, a fact that
should be considered when comparing signal intensities between experiments conducted
at di�erent days. Going forward, the use of an internal standard in the ESI solvent to
normalize against such as the short peptide leucin-enkephalin, appears to be a prudent
practice.
The most plausible explanation for the observed layer of noise is therefore a inconsis-
tent interaction between ablation plume and ESI plume with a resulting randomness
in the ion yield. Conceivably, a changing interaction volume resulting from a seem-
ingly chaotic expansion of the ablation plume within the atmosphere of the ion source
would mean an apparently random analytical volume to extract secondary analyte ions
from. Such a situation would result in less stability of response in an ion source ge-
ometry constricting the ablation and ESI plume interaction less and vice versa. The
experimental results shown in 5.6 roughly represent this scenario. While su�ciently
steep concentration gradients will result in meaningful data that represents the general
trends, as was demonstrated here on G. hirsutum samples, MSI of metabolites with
delicate and �nely nuanced spatial distributions will not. In projects where little is
known from other avenues of investigation, this can lead to serious misinterpretation
of the biological facts. Overall, it appears as if neither the commercially distributed
DP-1000 LAESI source nor the ion sources built in-house appear to be fully developed
and should be applied with care.
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6.3 Final conclusions and outlook

Most of the original aims have been achieved. Especially the reduction of sample prepa-
ration was accomplished to a point where the biggest e�ort was to �xate the sample
onto a glass slide. Making use of standard microscopy slides eased the combination
of the MS analysis with the pre- and post-experimental, optical documentation. It
also guaranteed compatibility with other microscopic methods, if necessary. No addi-
tional steps were necessary between collecting the sample and starting the experimental
procedure. Arranging the pro�lometer and the ion source in a way that resembles an in-
dustrial assembly line provided automatic co-registration of the acquired height pro�les
with the MSI part of the experiment, and allowed for an automation of the experimen-
tal procedure. Following the idea of an assembly line further, the �exibility provided
by the LabVIEW software environment could in theory allow an integration of other
imaging systems and an automatic optical documentation as well.
Laser ablation itself pro�ted from the topographic guidance provided by pro�lometry
considerably. Apart from the achieved consistency in ablation mark diameter, an av-
erage ablation mark diameter of 30 µm is one of the smallest diameters reported for
ionization techniques based on infrared lasers. While the achieved laser focus was
within the window aimed for and comparable with the average, front-side-illuminated
MALDI source, it was not enough for single cell probing in the analyzed plant species.
The optical systems with a reportedly tighter focus of 15 µm and 10 µm are based
on an etched optical �ber and a back-side-illuminating transmission geometry, respec-
tively [87, 194]. Both require close proximity to the sample's surface that was realized
through manual manipulation as well as sectioning due to their vulnerability to sur-
face topography. Incidentally, controlled positioning of such optical systems could be
automated when combined with topographical guidance as described in this work.
A laser focus of 30 µm turned out to be impractical in the scope of the conducted
experiments due to the lack of sensitivity in ion detection. Employing a mass spec-
trometer of older generation (manufactured in 2007) has presumably contributed to
the general lack of sensitivity which made MS/MS experiments infeasible throughout
this work. The experimental evidence of Section 5.2 additionally implies a signi�cant
(non)contribution of the ionization technique itself. Reduction of the average ablation
mark diameter only exaggerated this e�ect by providing progressively less ablated sam-
ple to be ionized. This may be showing the lack of optimization that the interaction
between ablation and ESI plume received. SESI, which conceivably works very similar
to LAESI from the perspective of charge transfer (in both cases, charges are transferred
from primary ESI-derived ions and droplets onto either volatile has-phase molecules, or
molecules associated with small droplets of aerosols or particulates) was optimized for
this charge transfer interaction[79, 195, 196]. Contemporary research in LAESI as a
methodology was mainly focussed on increasing lateral resolution [194, 87] or increased
performance on the side of the mass spectrometer [197, 86] but not necessarily on the
optimization of the plume interaction. The results presented here and the general
lack of adoption of LAESI as an ionization technique demonstrate the need for further
fundamental research into the LAESI mechanism. As mentioned before, the current
narrative in the literature on the matter does not agree with the experimental results
obtained here, especially with the results reported in Stopka et al. 2018 [87], who
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came to the conclusion that the observed variation in signal intensity is mostly based
on biological variability. The inclusion of the commercially distributed DP-1000 LAESI
source can therefore be seen as a control against systematic errors in the engineering
of custom-built ion sources.
The remaining challenges that the LAESI MSI platform presented here needs to over-
come in order to achieve a wide range of applicability within the �eld of chemical
ecology are the low sensitivity, (in)stability of response, and length of measuring time.
The latter issue may be solved comparably easily with technical upgrades including
faster translation stages (possibly including rotational axes for the analysis of surfaces
with a curvature that exceeds the limit of the pro�lometer), laser with faster repetition
rates [198], and re�ned software development. Measuring time as an experimental
boundary condition has a big impact on experiments with the aspiration of measuring
in vivo. While the cells of a hypothetical leaf may be alive and in a metabolically
unaltered state, hour-long laser ablation with the resulting loss of water and increase
in temperature will lead to a change in metabolism and metabolite concentrations
through a stress response. Drying of the sample was a constant factor during the
experiments performed in the scope of this work and size of the ROI was therefore
always in�uenced by these considerations. The commercial DP-1000 source featured
a cooling mechanism for the sample holder that has proven to alleviate the issue and
would make a good addition to the custom-built ion source.
Another commonly sought-after improvement in many methodologies is that in sen-
sitivity of the analytical system. Here, the lack of sensitivity was linked to the MS
instrument used but also to the lack of optimization in terms of engineering. The
possibilities at hand were su�cient to demonstrate the potential that topographically
guided LAESI o�ers for MSI in chemical ecology. For a routine application in less
characterized systems, however, more time will need to be spent to optimize for in-
creased sensitivity and stability of response. Alternative ionization techniques for the
post-ionization step could play a role in increasing sensitivity, for example by catering
to the preferred ionization of analytes with particular chemical properties. Photoioniza-
tion has reportedly been applied to enhance the ionization of apolar plant specialized
metabolites [84, 84]. Low-temperature plasma sources have also reportedly been used
for laser-assisted MSI on plants and might provide an avenue of investigation, with
the added bene�t of the possibility to be built comparatively inexpensively [199, 200].
Another promising alternative to ESI is rapid evaporative ionization mass spectrometry
(REIMS) that is based on capturing desorbed material in a stream of heated nitro-
gen with subsequent ionization through gas phase reactions with proton donors [201].
REIMS has been applied to various biological samples especially for biotyping, and
might therefore be considered a strong candidate[202, 203]. The alternative LAESI
source geometries with transmission or �ber-based optical systems [194, 87] achieve
impressively small ablation mark diameters. They are, however, unsuitable (to a varying
degree) for samples of interest in chemical ecology. Samples with surface morphologies
close to the Savoy cabbage or even whole insects will provide a challenge to �ber-based
optics and are most likely not ablatable at all with transmission optics. Modelling of
the ablation and ESI plume for LAESI similar to the way it was done for SESI, however,
might yet prove to be su�cient.
The same might hold true for the (in)stability of response. Using LAESI, some vari-
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ability will always be a result of the mechanical properties of the analyzed biological
samples. Tougher tissues will always require more energy to be ablated than softer tis-
sues (Section 2.3). Sampling big ROIs over intact leaves will probe tissues of di�erent
mechanical strength and this aspect should therefore be considered when designing the
experiment. The experiments in Section 5.2.3, however, were conducted on droplets
of liquid standard and should not su�er from inherit heterogeneities. Given the lack of
discussion of this topic in the scienti�c community around LAESI, the solution is either
a well-guarded trade secret (at odds with the fact that the commercial instrument
su�ers of the same issue) or no easy solution exists and dedicated research into the
issue will be necessary. Further instrumental development should target the transport
of neutral ablation products, interaction between the ablation and the ESI plumes, and
capture as well as transport of the created secondary ions.

Overall, the work presented here can be seen as a �rst stepping stone on the way to-
wards a next-generation analytical platform that holds promise for in situ MS analysis
in chemical ecology. The uncomplicated analysis of unaltered samples fresh from the
�eld or the greenhouse, as made possible by LAESI, is an advantage that established
MSI methodologies can not provide. By adopting MSI more to the requirements im-
posed by the sample, instead of pruning the sample to the requirement of the analytical
method, it seems reasonable to assume that in chemical ecology, LAESI-MSI could be-
come as commonplace as PCR to investigate and develop hypotheses about action and
synthesis of specialized metabolites. Solving the outstanding challenges presented here
would result in a useful tool to probe the molecular make-up of plants together with
their interaction partners with a degree of freedom that has yet to be achieved other-
wise. It would also stay true to the vision that Thomas Eisner and Jerrold Meinwald
pioneered and exempli�ed in their research.
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Appendix

How di�erent do two signal intensities have to be in order to be detected
as two signi�cantly di�erent signals?

De�nition of the coe�cient of variation:

cv =
σ

x
(1)

De�nition of a two sided t-test:

t =
x1 − x2

σ1 + σ2

=
∆x

Σσ
(2)

Assuming that standard deviation stays the same while measuring with the same ion
source twice:

t =
∆x

2σ
(3)

Solving for ∆x as the di�erence in signal intensities:

∆x = t ∗ 2σ (4)

The standard deviation can be expressed as dependent on the signal intensity with
formula 1, expressing the di�erence in signal intensity as a function of cv and signal
intensity in general x:

∆x = t ∗ 2 ∗ cv ∗ x (5)

The experimentally determined cv = 0.25 is based on 10 replicates, comparing two
intensities therefore results in 18 degrees of freedom. Assuming an α = 0.05 the
t-quantile for a two sided test is therefore 2.101, yielding:

∆x = 2.101 ∗ 2 ∗ 0.25 ∗ x = 1.0505x (6)

Given a cv = 0.25, the signal response from sampling one concentration to the next
must therefore result in a 100% increase in signal response to be considered signi�cantly
di�erent. With the basis of the quadratic model used to describe the relation between
measured concentration and signal response:

xc = a ∗ c2 + b ∗ c+ d (7)

where a, b, and d are the regression parameters given in Table A.7 (page 100), xc

is the measured signal response, and c is the [ring -13C6]L-phenylalanine concentration
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of the standard, the following formula can be used to express the measured intensity
values as a concentration value:

c(x) = − b

2a
±
√︃

b2

4a2
− d

a
+

x

a
(8)

From these, a concentration-based coe�cient of variation (cv(c)) can be estimated for
every ion source geometry which are listed in Table A.8 (page 100). The coe�cient of
variation derived from the originally measured intensity values (cv(x)) and coe�cient of
variation based on concentration estimates of the regression model (cv(c)) follow the
same trend and are of comparable value. It seems therefore reasonable to transfer the
conclusion of formula 6 to the di�erentiation of two concentrations:

∆c = 2.101 ∗ 2 ∗ 0.25 ∗ c = 1.0505c (9)
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Table A.1: Vendor information on parts used in the sample manipulation system and scaf-
folding assembly.

Function in set-up Part Vendor
Breadboard, table top MB7575/M Thorlabs, Newton NJ, USA
X & Y axes MZS50/M-Z8 -"-
Z-axis MZS25/M-Z8 -"-
B-axis DDS220/M -"-
XY mounting adapter MZS50B-Z8 -"-
Right-angle Bracket MTS50C-Z8 -"-
Servo motor controller TDC001 -"-
Brushless DC Controller BBD201 -"-
Controller hub & power supply TCH002 -"-
Aluminium pro�le, sca�olding / Metall- und Montagetechnik Fetik GmbH

Table A.2: Vendor information on parts used in the optical pathway assembly.

Function in set-up Part Vendor
Breadboard, optical pathway B4560A Thorlabs, Newton NJ, USA
Telescope lens, f = 20mm LA5315 -"-
Focussing lens, f = 25mm AL72525-E -"-
Telescope lens, f = 100mm LA5817 -"-
Neutral density �lter NENIR05A -"-
Turning mirror, dichroic 122622 Layertec, Mellingen, Germany
Dove tail system rail S40-100-LL OWIS, Staufen i. Br., Germany
XY adjusting mounting plates OH40-D25-FGS-XY OWIS, Staufen i. Br., Germany

Table A.3: Vendor information on parts used in the optical pathway update.

Function in set-up Part Vendor
Breadboard, telescope MB1530F/M Thorlabs, Newton NJ, USA
Right angle bracket VB01/M -"-
Telescope lens, f = 20mm LA5315-E -"-
Focussing lens, f = 50mm AL72550-E -"-
Telescope lens, f = 200mm LA5714-E -"-
Polarization �lter, energy attenuation WP25M-UB -"-
Turning mirrors, gold PF10-03-M01 -"-
Right-angle prism mirror, gold MRA25-M01 -"-
Mounting cube for prisms CCM1-4ER -"-
Kinematic mirror mount, tapped KCB1/M -"-
Kinematic mirror mount, bore KCB1C/M -"-
Rotation mount for 30 mm cage CRM1/M -"-
Optical cage rod, 8 inches ER8 -"-
Optical cage rod, 2 inches ER2 -"-
Optical cage rod, 1 inches ER1 -"-
Optical cage rod, 0.25 inches ER025 -"-
ER rod adapter ERSCA -"-
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Table A.4: Vendor information on chemicals used throughout this work.

Chemical CAS number Vendor
Water 7732-18-5 Merck KGaA, Darmstadt, Germany
Methanol, hypergrade 67-56-1 Merck KGaA, Darmstadt, Germany
Ethanol, Rotisolv 64-17-5 Carl Roth GmbH, Karlsruhe, Germany
2-Propanol, Rotisolv 67-63-0 Carl Roth GmbH, Karlsruhe, Germany
Acetonitril, hypergrade 75-05-8 Merck KGaA, Darmstadt, Germany
Trichlormethane, Rotisolv 67-66-3 Carl Roth GmbH, Karlsruhe, Germany
Formic acid, Rotipuran 64-18-6 Carl Roth GmbH, Karlsruhe, Germany
Acetic acid, Rotipuran 64-19-7 Carl Roth GmbH, Karlsruhe, Germany
Leucine enkephalin 58822-25-6 Waters, Milford MA, USA
Sinigrin hydrate 3952-98-5 Fluka analytical, München, Germany

Table A.5: Mass features detected and putatively assigned based on accurate mass and isotope
pattern, during LAESI experiments on G. hirsutum leaves with an ion source geometry as
published in [171]

m/z ion sum formula putative assignment

85.04 [M-H]⊖
C4H6O2 γ - butyrolactone
C5H10O2 valeric acid

115.02 [M-H]⊖ C4H4O4 fumaric acid

133.03 [M-H]⊖
C4H6O5 malic acid
C9H10O ethylbenzaldehyde

179.07 [M-H]⊖ C6H12O6 hexose

191.04 [M-H]⊖
C10H8O4 scopoletin
C7H12O6 quinic acid
C6H8O7 citric acid

243.12 [M-H]⊖
C15H16O3 desoxyhemigossypol
C16H20O2 2-hydroxy-7-methoxy-cadalene

245.09 [M-H]⊖ C15H18O3 lacinilene C

257.10 [M-H]⊖
C15H14O4 hemigossylic acid lactone
C16H18O3 desoxy-6-methoxyhemigossypol

259.12 [M-H]⊖ C15H16O4 hemigossypol
271.07 [M-H]⊖ C15H12O5 naringenin

273.07 [M-H]⊖
C15H14O5 hemigossypolone
C16H18O4 methoxyhemigossypol

2287.11 [M-H]⊖ C16H16O5 6-methoxyhemigossypolone

289.11 [M-H]⊖
C15H14O6 catechin
C16H18O5 raimondal

409.22 [M-H]⊖ C25H30O5 heliocide H1-H4
423.21 [M-H]⊖ C26H32O5 heliocide B1-B4
447.11 [M-H]⊖ C21H20O11 kaempferol-O-glucoside
517.21 [M-H]⊖ C30H30O8 gossypol
531.22 [M-H]⊖ C31H32O8 6-methoxygossypol
609.10 [M-H]⊖ C27H20O16 quercetin-O-neohesperidoside
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Table A.6: Laser energies measured after attenuation with wire-grid polarization �lter as an
average of 100 samples. The beam passed through a running electrospray to simulate active
experimentation.

rotation angle in degree laser energy in µJ
40 73± 2 µJ
50 73± 2 µJ
60 71± 2 µJ
70 64± 2 µJ
80 54± 2 µJ
90 41± 1 µJ
100 29± 0.7 µJ
110 17± 0.5 µJ
120 7.8± 0.2 µJ
130 NA

Table A.7: Parameters determined for quadratic regression �tting of the LOD data sets.
General regression formula: xc = ac2+ bc+d with c being the concentration of [ring -13C6]L-
phenylalanine. Values in brackets denote p-values.

ion source geometry a b d weighting
ionization chamber -0.0013 (0.071) 2.423 (< 0.001) -0.0836 (0.803) `varPower'
classic LAESI 0.0043 (0.068) 2.961 (< 0.001) 2.727 (0.030) `varPower'
DP-1000 LAESI 0.0022 (0.019) 1.418 (0.001) 17.808 (0.004) `varPower'
coaxial ionization 0.0002 (0.014) 0.1581 (0.002) 2.706 (0.166) `varExp'

Table A.8: Coe�cients of variation determined for all for ion source geometries from intensity
(cv(x)) and concentration estimates (cv(c)).

ion source geometry cv(x) cv(c)
ionization chamber 0.32 0.31
classic LAESI 0.61 0.49
DP-1000 LAESI 0.28 0.21
coaxial ionization 0.35 0.22
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Figure A1: Representative mass spectra from LAESI experiments on B. oleracea leaf lamina.
From right to left; background, sampling spot, and background-subtracted sampling spot
spectrum.
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Figure A2: Representative mass spectra from LAESI experiments on B. oleracea leaf stalks.
From right to left; background, sampling spot, and background-subtracted sampling spot
spectrum.
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Figure A3: Representative mass spectra from LAESI experiments on R. sativus leaves. Shown
are a sampling spot (left) and the average background (right).



104 Appendix . Appendix

m
/z

50
10

0
15

0
20

0
25

0
30

0
35

0
40

0
45

0
50

0
55

0
60

0
65

0
70

0
75

0
80

0

% 0

10
0% 0

10
0

 17
02

10
_N

E
G

_C
ot

to
n_

Le
af

_P
10

E
54

O
D

02
_1

  6
53

 (2
.9

45
) S

m
 (M

n,
 2

x3
.0

0)
; C

m
 (6

51
:6

53
-5

31
:5

33
)

 TO
F 

M
S

 E
S

- 
 3.

84
13

5.
04

12
5.

02
59

.0
2

16
1.

02

25
5.

21

22
5.

21
19

9.
16

28
1.

28

32
5.

24
28

3.
26

46
9.

35
32

8.
96

 17
02

10
_N

E
G

_C
ot

to
n_

Le
af

_P
10

E
54

O
D

02
_1

  9
50

 (4
.2

76
) S

m
 (M

n,
 2

x3
.0

0)
; C

m
 (9

48
:9

50
-5

31
:5

33
)

 TO
F 

M
S

 E
S

- 
 14

.3
27

3.
08

27
2.

07
24

5.
09

16
1.

02

28
7.

10

Figure A4: Shown are representative mass spectra from green leaf tissue (left) and pigment
gland (right) measured during LAESI experiments on G. hirsutum leaves in the prototype ion
source.
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Figure A5: Shown are representative mass spectra from green leaf tissue (left) and pigment
gland (right) measured during LAESI experiments on G. hirsutum leave with the ionization
chamber set-up.
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Figure A6: Shown are representative mass spectra from green leaf tissue (left) and pigment
gland (right) measured during LAESI experiments on G. hirsutum leaves with the classic
LAESI source geometry.
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Figure A7: Shown are representative mass spectra of pigment gland (left) and green tis-
sue(right) from the proof-of-concept experiments on G. hirsutum leaves measured with the
classic LAESI source geometry during the analog-input MSI proof-of-concept experiments.
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Figure A8: Shown are representative mass spectra of green tissue (left) and pigment gland
(right) from the proof-of-concept experiments on G. hirsutum stem, measured with the classic
LAESI source geometry.
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Figure A9: Shown are representative mass spectra from A. thaliana leaves from the control
group (left) and the treated group (right) measured during LAESI experiments with the classic
LAESI source geometry.
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Figure A10: Schematic representation of the optical pathway after the rework in conjunction
with the ionization chamber set-up. Blue lines connect the same optical element in di�erent
perspectives.



111

Figure A11: Three-dimensional rendering of the reworked optical pathway used in the ioniza-
tion chamber and the coaxial ionization LAESI geometry.
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Figure A12: Schematic representation of the custom-made holder �xing the ionization cham-
ber to the sca�olding.
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Figure A13: Schematic representation of the custom-made side plate of the ionization cham-
ber.
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Figure A14: Schematic representation of the custom-made baseplate of the ionization cham-
ber.
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Figure A15: Schematic representation of the custom-made back plate of the ionization cham-
ber.
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Figure A16: Schematic representation of the actual, custom-made ionization chamber.
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Figure A17: Schematic representation of the custom-made ESI holder plate for the ionization
chamber.
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Figure A18: Schematic representation of the custom-made sample holder for microscopic
slides.
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Figure A19: Picture of the prototype LAESI source with a piece of Savoy cabbage leaf about
to be measured by the the pro�lometer.

Figure A20: Picture of the prototype LAESI source optics with a ruler for scale.
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Figure A21: Three-dimensional rendering of the ionization chamber used in the ionization
chamber LAESI source.

Figure A22: Picture of the ionization chamber LAESI source.
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Figure A23: Picture of the ionization chamber LAESI source, including the full, reworked
optical pathway.
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Arduino program code

Written in Arduino Genuino 1.6.12.

i n t i nP i n = 7 ;
i n t outP in = 8 ;
un s i gned l ong du r a t i o n ;

v o i d s e tup ( ){ pinMode ( inP in , INPUT ) ;
pinMode ( outPin , OUTPUT) ;
S e r i a l . b eg i n ( 9600 ) ;
}

vo i d l oop ( ){ du r a t i o n = p u l s e I n ( inP in , HIGH ) ;

i f ( d u r a t i o n <= 60 and du r a t i o n != 0) {
d i g i t a lW r i t e ( outPin , HIGH ) ;
d e l a y ( 2 5 0 ) ;
d i g i t a lW r i t e ( outPin , LOW) ;
S e r i a l . p r i n t ("FIRED " ) ;
S e r i a l . p r i n t l n ( d u r a t i o n ) ;
}

}
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Figure A24: Reaction mechanism between a gossypol-like compound with a primary amine
forming a Schi�'s base and its three tautomeric forms.
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MS tune �les

Transcripts of representative MS tune �les:

Parameter s f o r C : \ MassLynx\LAESI MSI .PRO\ACQUDB\
Neg_LAESI_6min .EXP

Created by Mass lynx v4 . 1

Lock Spray Con f i g u r a t i o n :
Tuning on Re f e r en c e

Temperature Co r r e c t i o n :
Temperature Co r r e c t i o n D i s ab l e d

I n s t r umen t Con f i g u r a t i o n :
T r i g g e r Thre sho ld 700
S i g n a l Thre sho ld 35
T0Constant =50
L t e f f 1400 .0
Ve f f 5499.00
Cen t r o i d Thre sho ld 1
Min Po i n t s i n Peak 2
Np Mu l t i p l i e r 0 .700
Re s o l u t i o n 8000
EDC Delay C o e f f i c i e n t 1 .4100
EDC Delay O f f s e t 0 .4000
Tof Emulat ion T r an s f e r Pu l s e He ight (V) 0 .1

Expe r imen ta l I n s t r umen t Parameter s
I n s t r umen t Parameter F i l ename
C: \ MassLynx\LAESI MSI .PRO\ACQUDB\ IMStune . i p r (MODIFIED)
P o l a r i t y ES=
Ana l y s e r V Mode
C a p i l l a r y (kV) 3 .8
Sampl ing Cone 25 .0
E x t r a c t i o n Cone 6 .0
Source Temperature (C) 80
De s o l v a t i o n Temperature (C) 150
Cone Gas Flow (L/Hr ) 45 .0
Nanoflow Gas P r e s s u r e ( Bar ) 0 . 0
De s o l v a t i o n Gas Flow (L/Hr ) 0 . 0
LM Re s o l u t i o n 4 .7
HM Re s o l u t i o n 15 .0
Ape r tu r e 1 0 .0
Pre= f i l t e r 1 . 7
Ion Energy 1 .0
Trap C o l l i s i o n Energy 6 .0
T r an s f e r C o l l i s i o n Energy 4 .0
Trap Gas Flow (mL/min ) 2 .00
Source Gas Flow (mL/min ) 0 .00
IMS Gas Flow (mL/min ) 25 .00
Detec to r 1700
Pusher I n t e r v a l ( uS ) 45
Pusher Width 4
A c c e l e r a t i o n 1 70 .0
A c c e l e r a t i o n 2 200 .0



125

Aper tu re2 70 .0
Transpo r t1 70 .0
Transpo r t2 70 .0
S t e e r i n g 2 .0
Tube Lens 75
Pusher 910 .0
Pusher O f f s e t =3.22
P u l l e r 698 .0
Photo M u l t i p l i e r 650
C o l l e c t o r 60
C o l l e c t o r Pu l s e 10 .0
Stopper 10
Stopper Pu l s e 20 .0
Ent rance 75
S t a t i c O f f s e t 120
P u l l e r O f f s e t 0 .00
TOF (kV) 9 .10
R e f l e c t r o n (kV) 2 .16
Pusher I n t e r v a l ( uS ) 45
Pusher Width 4
Trap DC Ent rance 5 .0
Trap DC Bias 4 . 0
Trap DC Ex i t 5 . 0
IMS DC Ent rance =20.0
IMS DC Ex i t 20 .0
T r an s f e r DC Ent rance 5 .0
T r an s f e r DC Ex i t 15 .0
Source Manual Con t r o l OFF
Source Wave V e l o c i t y (m/ s ) 300
Source Wave He ight (V) 0 .2
Trap Manual Con t r o l OFF
Trap Wave V e l o c i t y (m/ s ) 300
Trap Wave He ight (V) 0 .5
IMS Manual Con t r o l OFF
IMS Wave V e l o c i t y (m/ s ) 300
IMS Wave He ight (V) 0 .5
T r an s f e r Manual Con t r o l OFF
T r an s f e r Wave V e l o c i t y (m/ s ) 465
T r an s f e r Wave He ight (V) 0 .2
Trapp ing Mode/ Loca t i on Trap
Trap Manual Re l e a s e Enabled FALSE
Trap Re l e a s e Time ( us ) 100
Trap Trap He ight (V) 10 .0
Trap Ex t r a c t He ight (V) 5 .0
IMS Manual Re l e a s e Enabled FALSE
IMS Re l e a s e Time (\mu s ) 100
IMS Trap He ight (V) 10 .0
IMS Ex t r a c t He ight (V) 5 .0
EDC Enabled FALSE
EDC Mode EDC
EDC Mass 357 .0
HDC Table
T r an s f e r Trap He ight (V) 1 .6
T r an s f e r E x t r a c t He ight (V) 5 .3
Va r i a b l e Wave He ight Enab led TRUE
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Wave He ight Ramp Type L i n e a r
Wave He ight S t a r t (V) 6 .2
Wave He ight End (V) 12 .7
Wave He ight Us ing F u l l IMS FALSE
Wave He ight Ramp (%) 50 .0
Wave He ight Look Up Table
V a r i a b l e Wave V e l o c i t y Enabled FALSE
Wave V e l o c i t y Ramp Type L i n e a r
Wave V e l o c i t y S t a r t (m/ s ) 300 .0
Wave V e l o c i t y End (m/ s ) 600 .0
Wave V e l o c i t y Us ing F u l l IMS TRUE
Wave V e l o c i t y Ramp (%) 10 .0
Wave V e l o c i t y Look Up Table
IMS Bia s Look Up Table Enabled FALSE
IMS Bias Look Up Table
M u l t i p l i e r 650
C o l l e c t o r 60
C o l l e c t o r P u l s e 10 .0
S toppe rB i a s 10
S toppe rPu l s e 20 .0
Ent rance 75
C o l l i s i o n C e l l S t a t i c O f f s e t 120
O f f s e t 2 0 .00
TOF 9.10
R e f l e c t r o n 2 .16
Vacuum Lock 7 .70 e=4
Backing 2 .04 e0
Source OFF
Quadrupole OFF
Trap 9 .62 e=3
IMS 3 .72 e=4
TOF 9.31 e=7
SourceRFOf f se t 350
SourceRFGain 0
SourceRFLimit 450
IMSRFOffset 350
IMSRFGain 0
IMSRFLimit 380
TrapRFOffset 350
TrapRFGain 0
TrapRFLimit 380
Tran s f e rRFOf f s e t 350
Trans fe rRFGa in 0
Tran s f e rRFL im i t 380
MS P r o f i l e Type Auto P
MSProf i l eMass1 500
MSProf i l eDwel lT ime1 20
MSProfileRampTime1 80
MSProf i l eMass2 500
MSProf i l eDwel lT ime2 0
MSProfileRampTime2 0
MSProf i l eMass3 500

Funct i on Parameter s = Funct i on 1 = TOF MS FUNCTION
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Scan Time ( s e c ) 0 .250
I n t e r s c a n Time ( s e c ) 0 .020
S t a r t Mass 50 .0
End Mass 900 .0
S t a r t Time ( mins ) 0 .00
End Time ( mins ) 6 .00
Data Format Continuum
Use Tune Page Cone Vo l tage YES
Use Tune Page C o l l i s i o n Energy YES
Use Tune Page C o l l i s i o n Energy2 YES
S e n s i t i v i t y Normal
Dynamic Range Normal
Save Co l l a p s e d Re t en t i on Time Data No
Use Rule F i l e F i l t e r i n g No
C a l i b r a t i o n Dynamic 2

Pos_LAESI_05min .EXP
Created by Mass lynx v4 . 1

Lock Spray Con f i g u r a t i o n :
Tuning on Re f e r en c e

Temperature Co r r e c t i o n :
Temperature Co r r e c t i o n D i s ab l e d

I n s t r umen t Con f i g u r a t i o n :
T r i g g e r Thre sho ld 700
S i g n a l Thre sho ld 35
T0Constant =51
L t e f f 1400 .0
Ve f f 5500.00
Cen t r o i d Thre sho ld 1
Min Po i n t s i n Peak 2
Np Mu l t i p l i e r 0 .700
Re s o l u t i o n 8000
EDC Delay C o e f f i c i e n t 1 .4100
EDC Delay O f f s e t 0 .4000
Tof Emulat ion T r an s f e r Pu l s e He ight (V) 0 .1

Expe r imen ta l I n s t r umen t Parameter s
I n s t r umen t Parameter F i l ename
C: \ MassLynx\LAESI MSI .PRO\ACQUDB\ IMStune . i p r
P o l a r i t y ES+
Ana l y s e r V Mode
C a p i l l a r y (kV) 4 .2
Sampl ing Cone 30 .0
E x t r a c t i o n Cone 8 .0
Source Temperature (C) 80
De s o l v a t i o n Temperature (C) 150
Cone Gas Flow (L/Hr ) 0 .0
Nanoflow Gas P r e s s u r e ( Bar ) 0 . 0
De s o l v a t i o n Gas Flow (L/Hr ) 500 .0
LM Re s o l u t i o n 4 .7
HM Re s o l u t i o n 15 .0
Ape r tu r e 1 0 .0
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Pre= f i l t e r 2 . 7
Ion Energy 2 .5
Trap C o l l i s i o n Energy 6 .0
T r an s f e r C o l l i s i o n Energy 4 .0
Trap Gas Flow (mL/min ) 2 .00
Source Gas Flow (mL/min ) 0 .00
IMS Gas Flow (mL/min ) 24 .00
Detec to r 1700
Pusher I n t e r v a l ( uS ) 45
Pusher Width 4
A c c e l e r a t i o n 1 70 .0
A c c e l e r a t i o n 2 200 .0
Ape r tu re2 70 .0
Transpo r t1 70 .0
Transpo r t2 70 .0
S t e e r i n g =1.9
Tube Lens 75
Pusher 900 .0
Pusher O f f s e t =2.20
P u l l e r 685 .0
Photo M u l t i p l i e r 650
C o l l e c t o r 60
C o l l e c t o r Pu l s e 10 .0
Stopper 10
Stopper Pu l s e 20 .0
Ent rance 75
S t a t i c O f f s e t 120
P u l l e r O f f s e t 0 .00
TOF (kV) 9 .10
R e f l e c t r o n (kV) 2 .16
Pusher I n t e r v a l ( uS ) 45
Pusher Width 4
Trap DC Ent rance 5 .0
Trap DC Bias 4 . 0
Trap DC Ex i t 5 . 0
IMS DC Ent rance =20.0
IMS DC Ex i t 20 .0
T r an s f e r DC Ent rance 5 .0
T r an s f e r DC Ex i t 15 .0
Source Manual Con t r o l OFF
Source Wave V e l o c i t y (m/ s ) 300
Source Wave He ight (V) 0 .2
Trap Manual Con t r o l OFF
Trap Wave V e l o c i t y (m/ s ) 300
Trap Wave He ight (V) 0 .5
IMS Manual Con t r o l OFF
IMS Wave V e l o c i t y (m/ s ) 300
IMS Wave He ight (V) 0 .5
T r an s f e r Manual Con t r o l OFF
T r an s f e r Wave V e l o c i t y (m/ s ) 248
T r an s f e r Wave He ight (V) 0 .2
Trapp ing Mode/ Loca t i on Trap
Trap Manual Re l e a s e Enabled FALSE
Trap Re l e a s e Time ( us ) 100
Trap Trap He ight (V) 10 .0
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Trap Ex t r a c t He ight (V) 5 .0
IMS Manual Re l e a s e Enabled FALSE
IMS Re l e a s e Time ( us ) 100
IMS Trap He ight (V) 10 .0
IMS Ex t r a c t He ight (V) 5 .0
EDC Enabled FALSE
EDC Mode EDC
EDC Mass 556 .0
HDC Table
T r an s f e r Trap He ight (V) 4 .0
T r an s f e r E x t r a c t He ight (V) 15 .0
Va r i a b l e Wave He ight Enab led FALSE
Wave He ight Ramp Type L i n e a r
Wave He ight S t a r t (V) 1 .0
Wave He ight End (V) 1 .0
Wave He ight Us ing F u l l IMS TRUE
Wave He ight Ramp (%) 10 .0
Wave He ight Look Up Table
V a r i a b l e Wave V e l o c i t y Enabled FALSE
Wave V e l o c i t y Ramp Type L i n e a r
Wave V e l o c i t y S t a r t (m/ s ) 300 .0
Wave V e l o c i t y End (m/ s ) 600 .0
Wave V e l o c i t y Us ing F u l l IMS TRUE
Wave V e l o c i t y Ramp (%) 10 .0
Wave V e l o c i t y Look Up Table
IMS Bia s Look Up Table Enabled FALSE
IMS Bias Look Up Table
M u l t i p l i e r 650
C o l l e c t o r 60
C o l l e c t o r P u l s e 10 .0
S toppe rB i a s 10
S toppe rPu l s e 20 .0
Ent rance 75
C o l l i s i o n C e l l S t a t i c O f f s e t 120
O f f s e t 2 0 .00
TOF 9.10
R e f l e c t r o n 2 .16
Vacuum Lock 7 .50 e=4
Backing 1 .92 e0
Source OFF
Quadrupole OFF
Trap 9 .62 e=3
IMS 3 .90 e=4
TOF 8.51 e=7
SourceRFOf f se t 250
SourceRFGain 0
SourceRFLimit 450
IMSRFOffset 350
IMSRFGain 0
IMSRFLimit 380
TrapRFOffset 350
TrapRFGain 0
TrapRFLimit 380
Tran s f e rRFOf f s e t 350
Trans fe rRFGa in 0
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Trans f e rRFL im i t 380
MS P r o f i l e Type Auto P
MSProf i l eMass1 500
MSProf i l eDwel lT ime1 20
MSProfileRampTime1 80
MSProf i l eMass2 500
MSProf i l eDwel lT ime2 0
MSProfileRampTime2 0
MSProf i l eMass3 500

Funct i on Parameter s = Funct i on 1 = TOF MS FUNCTION
Scan Time ( s e c ) 0 .250
I n t e r s c a n Time ( s e c ) 0 .020
S t a r t Mass 50 .0
End Mass 900 .0
S t a r t Time ( mins ) 0 .00
End Time ( mins ) 0 .50
Data Format Continuum
Use Tune Page Cone Vo l tage YES
Use Tune Page C o l l i s i o n Energy YES
Use Tune Page C o l l i s i o n Energy2 YES
S e n s i t i v i t y Normal
Dynamic Range Normal
Save Co l l a p s e d Re t en t i on Time Data No
Use Rule F i l e F i l t e r i n g No
C a l i b r a t i o n Dynamic 2
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