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Abstract 

Spatial metabolomics is an emerging field of research and provides deep insight into 

biochemical pathways and transport processes for low-molecular-weight chemical 

compounds in tissues and cells. Yet, current approaches predominantly focused on 

analyzing a limited number of previously known molecules of interest in mammalian 

tissues. In the first part of this thesis, we set out to apply mass spectrometry imaging 

(MSI)-based spatial metabolomics for investigating complex metabolic networks in the 

delicate sample system of insects. Specifically, we acquired spatially-resolved 

metabolomes related to plant toxin sequestration in milkweed butterflies. Despite being 

famous for sequestering milkweed steroidal glycosides (i.e. cardenolides), the underlying 

mechanism of uptake and toxin distribution in caterpillars of the monarch butterfly 

(Danaus plexippus) is still unknown. We revealed cardenolide distributions at 

unprecedent detail across the whole body of monarch caterpillars and the closely related 

nonsequestering common crow butterfly (Euploea core) to determine at which 

physiological scale quantitative and qualitative differences between both species 

manifest: while monarchs retain and accumulate cardenolides above plant 

concentrations, the toxins are degraded in the gut lumen of E. core. We visualized 

cardenolide transport over the monarch midgut epithelium at the low-micrometer-scale 

and identified integument cells as the final site of storage to provide chemical defenses 

against predators. Collectively, these results provided novel insight into the selectivity 

and the mechanism of cardenolide sequestration. Yet, we encountered significant 

challenges in terms of visualizing and identifying the complex metabolic network of 

steroid glycosides. In the second part of this thesis, we therefore enhanced our spatial 

metabolomic approach with liquid chromatography mass spectrometry (LC-MS)-based 

computational metabolome mining and on-tissue chemistry to counteract the absence of 

respective databases and low intrinsic ionization efficiency for steroidal glycosides. We 

conducted feature-based molecular networking in combination with artificial intelligence 

(AI)-driven molecular characterization to characterize and annotate 32 different 

cardenolides. This comprehensive database guided matrix-assisted laser 

desorption/ionization (MALDI) MSI of cardenolide sequestration in D. plexippus. We 

developed a spatial-context preserving on-tissue chemical derivatization (OTCD) 

protocol, which improved ion yields for cardenolides by at least 1 order of magnitude 

compared to untreated samples. Empowered by this approach, we visualized previously 

inaccessible cardenolide distributions with 2 µm and 5 µm pixel size across complex 

insect organs, such as Malpighian tubules. In addition to unraveling intricate details 

regarding cardenolide sequestration, the results underscore the potential of OTCD 

MALDI MSI for deeper spatial metabolomic research.  
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Zusammenfassung 

Die räumlich aufgelöste Metabolomik ist ein aufstrebendes Forschungsfeld, welches 

umfassende Einblicke in biochemische Wege und Transportprozesse von 

niedermolekularen chemischen Verbindungen in Geweben und Zellen ermöglicht. 

Gegenwärtige Ansätze konzentrieren sich jedoch vorwiegend darauf, eine begrenze 

Anzahl bereits bekannter Moleküle in Säugetiergewebe zu analysieren. Der erste Teil 

dieser Arbeit beschäftigt sich daher mit der Anwendung der massenspektrometrie-

basierten räumlich aufgelösten Metabolomik zur Untersuchung komplexer 

Stoffwechselnetzwerke für das anspruchsvolle Probensystem von Insektengewebe. 

Obwohl Monarchfalter (Danaus plexippus) bekannt für die Sequestrierung von 

Herzglykosiden sind, ist der zugrunde liegende Mechanismus hinsichtlich Aufnahme und 

Lokalisierung der Toxine noch unbekannt. Der verwendete Ansatz ermöglichte die 

Visualisierung von Herzglykosiden im gesamten Körper der Raupen des Monarchfalters 

und den direkten Vergleich hinsichtlich qualitativen and quantitativen Unterschieden zur 

nicht-sequestrierenden Krähenraupe (Euploea core). Während die Toxine im Darm von 

E. core abgebaut wurden, akkumulierten die Raupen des Monarchfalters Herzglykoside 

im Darm über dem Konzentrationsniveau der Wirtspflanze (Asclepias curassavica). Des 

Weiteren konnte mit Hilfe von hochauflösenden Analysen der Transport von 

Cardenoliden über das Mitteldarmepithel visualisiert und Integumentzellen als finalen 

Speicherort der Toxine identifiziert werden. Zusammenfassend lieferte dieser Ansatz 

erstmalig umfangreiche Informationen bezüglich Selektivität und Mechanismus 

hinsichtlich der Sequestrierung von Herzglykosiden. Nichtsdestotrotz wurde aufgrund 

der molekularen Komplexität, eine signifikante Herausforderung für die Visualisierung 

und Identifizierung von Herzglykosiden festgestellt. Dementsprechend wurde im zweiten 

Teil dieser Arbeit das experimentelle Design durch die Integration von 

computergestützter Metabolomik-Analyse basierend auf Flüssigkeitschromatographie 

mit Massenspektrometrie-Kopplung (LC-MS) und chemischer Derivatisierung am 

Gewebe (OTCD) weiterentwickelt. Dies diente dazu, die fehlende Datenbank und der 

niedrigen Ionisierungseffizienz von Herzglykoside entgegenzuwirken. Die erstellten 

molekularen Netzwerke ermöglichten die Charakterisierung von 32 verschiedenen 

Herzglykosiden. Diese umfassende Datenbank unterstütze die räumliche Analyse von 

Herzglykosid-Sequestierung in D. plexippus mittels bildgebender Massenspektrometrie. 

Das entwickelte OTCD Protokoll verbesserte die Ionenausbeute für Herzglykoside um 

mindestens eine Größenordnung und bewahrte dabei die räumliche Verteilung im 

Gewebe. Diese Verbesserung ermöglichte die Visualisierung von Herzglykosiden in 

komplexen Gewebestrukturen mit einer Pixelgröße von 2 und 5 µm und demonstriert das 

Potenzial von OTCD MSI für tiefere räumlich aufgelöste Metabolomik.
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CHAPTER I 

1.1 Introduction  

Metabolic networks describe interconnected pathways of biochemical reactions and 

transport processes of low-molecular-weight chemical species (e.g. metabolic 

intermediates, hormones, secondary metabolites) within living organisms.1,2 Spatial 

metabolomics is a rapidly emerging field of omics research focused on the mapping and 

interpretation of low-molecular-weight chemical species in their native spatial context of 

cells, tissues, organs and organisms.3 However, the identification and spatial 

characterization at the cellular level in an untargeted fashion remains challenging. 

Traditional methods, such as immunofluorescence, require the labelling of analytes of 

interest with fluorophores, which can be time-consuming, inefficient and restricted to 

individual compounds.4 In addition, labelling of molecules can alter their physiochemical 

properties and hence influence their native tissue distributions.5 In contrast, mass 

spectrometry imaging (MSI) emerged as one of the fastest growing mass spectrometry 

(MS) fields over the past decade providing for spatially-resolved, qualitative and semi-

quantitative analysis of molecular species in tissues and cells.6 Importantly, not only the 

analytes of interest but also thousands of other chemical species can be detected, 

visualized, and identified simultaneously 3 thereby aiming to link chemical structures to 

biological functions and origins. The following introduction covers the fundamentals of 

mass spectrometry and describes the biological context required for interpreting the MSI 

research presented in this thesis. 

 

Mass Spectrometry 

Mass spectrometry is a central bioanalytical technique in life sciences due to its 

unprecedented characteristics in limits of detection, depth of information, accuracy, time 

of acquisition and broad applicability. The general principle is to generate ions from either 

inorganic or organic compounds, utilizing a suitable ionization technique, and to detect 

these ions qualitatively and quantitatively by their respective mass-to-charge-number 

ratio (m/z) and abundance. In general, a mass spectrometer consists of an ion source, 

a mass analyzer and a detector. Whereas the ion source can be operated at atmospheric 

pressure or under various vacuum conditions, mass analyzer and detector are generally 

operated under high vacuum conditions.7  

The fundamental work for mass spectrometry was conducted in 1898 by analyzing anode 

rays via magnetic deflection and determining their respective positive charges.8 In 1912, 

the first mass spectrometer (called parabola spectrograph) was constructed and mass 

spectra of O2, N2, CO, CO2 and COCl2 were obtained.9 Further early developments 
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included the electron ionization source coupled to a spectrometer with a sector-shaped 

magnet with direct focusing in 191810 and the first mass spectrometer with velocity 

focusing to measure mass defects in 191911. 

In the ion source, molecular species are volatilized and ionized prior to mass analysis in 

the mass spectrometer. A plethora of ionization techniques were developed, which can 

be differentiated into hard (very energetic, extensive fragmentation) and soft ionization 

(generating intact ions of the molecular species) based on the internal energy transfer 

during the ionization process and the physico-chemical properties of the analyte.10,12319  

Electron ionization, chemical ionization and field ionization allow for gas-phase 

ionization, thus, are restricted to compounds that are sufficiently volatile and thermally 

stable. In contrast, chemical compounds that are thermally labile or do not have sufficient 

vapor pressure have to be extracted directly from the condensed to the gas phase via a 

direct ion source. These direct ion sources can be divided into two types: liquid-phase 

ion sources and solid-phase ion sources. For liquid-phase ion sources (e.g. electrospray 

ionization (ESI)), the analyte is in solution and introduced by nebulization into the ion 

source and subsequently, ions are generated at atmospheric pressure and focused into 

the mass spectrometer.12 In contrast, for solid-phase ion sources (e.g. matrix-assisted 

laser desorption/ionization (MALDI)), analytes are deposited in an involatile matrix (that 

can be native or applied), which is irradiated by energetic particles or photons. Next, the 

analytes of interest are desorbed and ionized and can be extracted by an electric field or 

gas stream and focused towards the inlet of the mass spectrometer.13 For both types, 

ion production is based on the ionization of neutral molecules in the gas phase including 

processes such as electron ejection, electron capture, protonation, deprotonation, 

adduct formation or by the transfer of charged species from a condensed phase into the 

gas phase, or by combinations of both.20  

In the next step, the mass-to-charge-number ratio (m/z) of the generated ions is 

measured and determined via the mass analyzer. Several types of mass analyzers (e.g. 

Quadrupole21, time-of-flight (TOF)22, Fourier transform ion cyclotron resonance (FT-

ICR)23,24 and orbital trapping devices (Orbitrap)25327) have been developed, each having 

their own advantages and limitations for the main performance characteristics of mass 

range, acquisition speed, ion transmission, mass accuracy and mass resolution. For this 

thesis, orbital trapping mass spectrometers were employed. The general principle of an 

electrostatic axially-harmonic orbital trap (<Orbitrap=) that utilizes Fourier transformation 

to obtain mass spectra was introduced in 2000.27 The Orbitrap consists of an outer barrel-

shaped electrode, split into two equal parts with a small interval and of a central electrode 

that has a spindle-like shape. While the outer electrode remains at ground potential, an 

electrostatic potential is applied to the inner electrode resulting in an electrostatic field 



Chapter I   3 

with a quadro-logarithmic potential distribution, based on the DC voltage and the specific 

geometry of the trap. The ions are injected off-axis and start to rotate on stable 

trajectories around the central electrode and oscillate in axial direction. The frequency of 

axial oscillation is directly linked to the m/z ratio while being independent of the kinetic 

energy of the injected ions. The electric current (induced by the oscillating ions) at the 

outer electrode is measured and converted by a Fourier transformation to the individual 

frequencies and intensities 3 thereby yielding the mass spectra.27  

The generated mass spectrum is a two-dimensional plot of the relative abundance 

(ordinate) versus the scale of atomic mass per number of elementary charges (abscissa), 

which is called mass-to-charge number ratio m/z (as often called <mass-to-charge ratio=). 

Since 1961, the unified atomic mass [u] has been defined as 1/12 of the mass of one single 

atom of the nuclide 12C, which by definition has been set to exactly 12 u. 

Depending on the ionization method and experimental conditions (e.g. large molecules), 

doubly, triply or highly charged ions can be generated. Importantly, there are different 

ways to define and to calculate the mass of an atom, molecule or ion. For instance, in 

chemical stoichiometry, the weighted average of the atomic masses of the different 

isotopes of each element in the molecule is utilized. However, in mass spectrometry, the 

monoisotopic mass is used, which is calculated based on the exact mass of the most 

abundant isotope of each constituent element.7 The obtained mass spectra are 

normalized to the base peak, which is the signal with the highest abundance for the 

corresponding spectrum (100% relative intensity). The individual peak intensities in 

absolute values can be determined by extracting the area under peak (AUP).  

 

Mass Spectrometry Imaging 

Mass spectrometry imaging (MSI) is a powerful method, which provides for the 

untargeted spatially-resolved analysis of molecular species in the spatial context of, for 

example, cells, tissues or organs. In contrast to microscopy-based methods (e.g. 

immunofluorescence microscopy), no prior knowledge or labeling of the analytes of 

interest is required.6,28,29 Since its introduction in 199430, matrix-assisted laser 

desorption/ionization (MALDI) MSI is the predominant bioanalytical MSI method in life 

sciences due to its applicability for a wide range of chemical classes and molecular 

masses while providing lateral resolutions at the low-micrometer-scale.6,31 The general 

experimental design for a MALDI MSI experiment is a multi-step process involving 

sample preparation, analyte desorption, mass analysis and image generation. Notably, 

sample preparation is one of the most crucial steps and has to be robust and reproducible 

for the analytical success of MALDI MSI experiments. To obtain snap-shots for in vivo 

biochemical processes, samples (e.g. complete organs) have to be flash-frozen or 
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chemically-fixed (e.g. FFPE preparation = <Formalin Fixed Paraffin Embedded=) to stop 

enzyme activity and to reduce degradation and delocalization of molecular species. Next, 

cryo-sectioning is performed to obtain thin tissue sections. These protocols have to 

consider sample stabilization, section thickness, orientation of fixation and optimized 

temperature and cutting-angle. In particular, for fragile and delicate sample specimens, 

embedding material (e.g. carboxymethyl cellulose, gelatin) is necessary to preserve 

tissue morphology. Next, analytes of interest are extracted from the tissue and 

embedded in a matrix of highly light absorbing, low-molecular-weight molecules. 

Typically, matrix-analyte crystallization is performed via pneumatic spraying or 

sublimation. Despite causing larger matrix crystal-sizes, the solvent of the sprayed matrix 

solution significantly improves analyte extraction and the development of automated 

sprayer systems enabled reproducible matrix application methods of high quality.32 

Importantly, the physico-chemical properties of MALDI matrices have to enable strong 

absorbance at the laser wavelength (typically UV, 337-344 nm), vacuum stability, 

solubility in solvents compatible to analytes of interest, low chemical reactivity and the 

potential to promote analyte ionization.33 However, the large degree of molecular 

heterogeneity in bioanalytical research (e.g. metabolites, peptides, proteins) precludes 

an universal MALDI matrix. Instead, the experimental design, including the choice of 

matrix and analyte extraction process, has to be developed and optimized for the 

individual bioanalytical framework. The development of rationally-designed MALDI 

matrices represents an active field of research. Yet, the first generation archetype MALDI 

matrices 2,5-dihydroxybenzoic acid (DHB)34, alpha-cyano-4-hydroxycinnamic acid 

(CHCA)35 for positive-ion mode and 9-aminoacridine (9-AA)36, 1,5-diaminonaphthalene 

(DAN)37 for negative-ion mode are still the most utilized compounds due to their relatively 

broad applicability regarding molecular coverage.  

In the next step, analyte-doped matrix crystals are irradiated by intense laser pulses of 

nanosecond duration resulting in rapid heating, localized ablation and subsequent 

sublimation of matrix crystals with intact analytes ejecting in the expanding matrix plume. 

The ejected material contains both, neutral and charged molecular species and although 

the MALDI ionization mechanism is not completely elucidated, several chemical- and 

physical ionization pathways, such as gas-phase photoionization, excited state proton 

transfer, ion-molecule reactions and the desorption of preformed ions (e.g. proton-

transfer in the solid phase) are suggested.38340 Notably, the intrinsic ionization efficiency 

and matrix/analyte integration efficiency varies for different chemical classes and 

molecular structures. As a consequence, very abundant and/or easily ionizable analyte 

molecules (e.g. phosphatidylcholine-lipids) are predominantly formed and detected.40,41 

Yet, various strategies can be applied to overcome and to limit the effect of <suppression 
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effects= (e.g. on-tissue chemical derivatization, which is described later in this 

introduction). In the last step of the measurement, ions are accelerated and focused by 

an electrostatic field (and/or a gas pressure gradient) towards the inlet of the mass 

spectrometer, followed by the transmission and the analysis in the mass analyzer.  

For conventional MALDI, the ionization process takes place under vacuum conditions. 

However, various developments in 2000 led to the advent of atmospheric pressure (AP) 

MALDI ion sources with ionization occurring at atmospheric pressure conditions outside 

the vacuum of the mass spectrometer.42344 To assist the ion transport from the 

atmospheric pressure ionization region towards the high vacuum of the mass 

spectrometer, a high voltage (3-4 kV) is applied on the MALDI probe (e.g. metal target 

plate). AP-MALDI allows for experimental flexibility by enabling the analysis of vacuum-

sensitive samples, volatile compounds and does not require sample fixation and/or -

drying. In addition, low-energy collisions of analyte ions with residual gas molecules 

result in a reduction of internal energy, thus preventing fragmentation and making it a 

softer ionization technique relative to conventional vacuum MALDI. In particular, 

atmospheric-pressure scanning microprobe matrix-assisted laser desorption/ionization 

(AP-SMALDI) MSI emerged as the high end in MALDI MSI instrumentation due to its 

unmatched performance regarding mass resolution, spatial resolution, sensitivity and 

experimental flexibility.45348 Moreover, the implemented pixel-wise autofocusing method 

utilizes laser-triangulation to keep the MALDI focus, fluence and ablation spot-size 

constant for the whole MSI experiment. This technical feature enables 3D-surface 

analysis and improves the sensitivity for decreasing sampling areas (subsequently 

reduced numbers of desorbed/ionized analytes of interest) of MSI experiments 

performed with pixel-sizes at the low-micrometer-scale (≤ 10 µm).47 

For typical MSI experiments, the region of interest (i.e. grid in x- and y-dimension) is 

analyzed with a defined step size between each measurement event. A mass spectrum 

is obtained for each separate measurement event and by utilizing computational 

software, individual m/z values can be extracted with their corresponding intensities (i.e. 

relative abundancies). Next, the chemical information is combined with the spatial 

information (based on the x,y-grid) into a heat map image depicting the relative 

distribution of the selected ion for the analyzed region of interest. 

Molecular identification and structural elucidation of specific ions remains as one of the 

key challenges for MSI. Recently, methods for automated data-dependent acquisition of 

structurally diagnostic MS2 data in parallel with MSI data were reported.49,50 However 

these approaches were restricted to highly abundant lipids while providing a spatial 

resolution of 40 µm. Also, performing on-tissue MALDI MS2 experiments of lowly 
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abundant chemical species or various metabolite classes (e.g. steroids, carboxylic acids) 

is challenging due to low intrinsic ionization efficiencies, thus, require additional method 

development to selectively improve the ion yield (e.g. on-tissue chemical derivatization). 

As an alternative that does not rely on MS2 data, METASPACE51, a community-

populated knowledge base for annotating high-mass-resolution MSI data was 

developed. The applied bioinformatic framework performs database-driven annotation at 

the sum-formula level combined with metabolite-signal match scoring (integrating 

spectral and spatial isotopic information), and target-decoy false-discovery-rate (FDR) 

estimation 3 thereby providing automated and high-confidence annotation of MSI data.52 

Yet, the most prominent approach relies on separate LC-MS2 analysis of the respective 

tissue homogenate for the targeted structural characterization and confirmation of 

annotations related to the MSI experiment. In particular for untargeted workflows, 

thousands of MS2 spectra can be acquired within a single LC-MS2 experiment. The 

complexity of these datasets hinders manual analysis and, instead, fuels the 

development of various computational tools, which are discussed in the next chapter 

8Computational Metabolome Mining=. 

 

Computational Metabolome Mining 

To comprehensively explore and interpret metabolic networks, the corresponding 

individual chemical species have to be discovered and identified. As a highly sensitive 

and precise analytical platform, LC-MS enables routine analysis of these complex 

metabolic mixtures with the omission of spatial information. Notably, a single LC-MS 

experiment can collect thousands of MS1 and MS2 spectra, resulting into data sets which 

are too large for manual analysis. Also, decomposing complex metabolic networks into 

chemical compound classes and molecular identifications remains a major bottleneck 

due to the absence of repository-scaled databases. Instead, the majority of mass 

spectrometric reference data in spectral libraries are based on commercially available 

chemicals.53355 To tackle the chemical complexity, advances in bioinformatics tools have 

enhanced the field of MS-based metabolomics over the last decade by efficiently 

speeding up the discovery process of novel metabolites and their corresponding 

chemical structures.56,57 For example, Global Natural Products Social Molecular 

Networking (GNPS) is a data-driven infrastructure for the storage, analysis, and 

knowledge dissemination of MS2 spectra that enables community sharing of raw spectra, 

continuous annotation of deposited data, and collaborative curation of reference spectra 

and experimental data.58 The integrated molecular networking workflow has become an 

essential tool to organize, annotate and visualize the chemical space for untargeted 

mass spectrometry data and, uniquely, goes beyond spectral matching against reference 
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spectra. In detail, each MS2 spectrum is simplified as a vector in a multidimensional 

space with each dimension correlating to the m/z value of a fragment ion and its peak 

abundance. Next, for comparison, the angle between two spectral vectors in the 

multidimensional space is calculated and the similarity is determined via a cosine score. 

Importantly, fragment peaks between two spectra are not only aligned and compared 

based on their original m/z ratio, but also based on m/z shifts according to the difference 

in the precursor m/z of the two molecules (e.g. water loss which results in Δ(m/z) of 

18.0105 for a subset of fragment peaks). The resulting matrix of spectral similarities can 

be visualized as molecular networks with each node representing an MS2 spectrum, and 

edges between nodes displaying the calculated cosine score (which is above the user-

defined threshold).56,59,60 In nature, similar molecular building blocks are often reused to 

form increasingly complex structures. Thus, metabolites of the same molecular family 

share common substructures, which transpires into similar spectral patterns. Therefore, 

related molecules form molecular networks and spectral library annotations can be 

propagated to facilitate the process of structural elucidation and to discover novel 

metabolites of similar molecular families.56  

Chemical compound classes represent molecular species with similar sub-structural 

features and biological activities (e.g. flavonoids, polyketides, peptides). Over the last 

five years, various approaches have been developed to annotate metabolite features at 

the chemical-compound-class level for large-scale metabolomics analyses. In particular, 

the introduction of chemical ontologies allowed to train machine- and deep-learning 

methods for recognizing the links between MS2 spectra and chemical classes.61 For 

instance, the computational tool class assignment and ontology prediction using mass 

spectrometry (CANOPUS) uses a deep neural network to predict 2,497 compound 

classes (including all biologically relevant classes) from MS2 spectra. Remarkably, 

CANOPUS does not rely on annotated candidate structures and, instead, can assign 

compound classes to molecular species that are not recorded in any spectral- or 

structural database.62,63 

The annotation of MS2 spectra at the structural level remains the biggest challenge and 

is generally restricted to compounds present in spectral libraries. Introduced in 2015, 

Compound Structure Identification (CSI):FingerID tackles this major bottleneck and 

emerged as the state-of-the-art tool for in silico annotation of MS2 spectra.64 In the first 

step, putative fragmentation pathways (i.e. fragmentation trees) based on small chemical 

modifications are calculated, which subsequently form the input to a machine learning 

method for molecular fingerprint prediction. For this process, multiple support-vector 

machines (SVM) classifiers predict the presence or absence of several thousand 

fingerprint elements (e.g., aromatic ring, hydroxyl-function, nitrogen atom) resulting in a 
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vector of the probabilities regarding the presence of each fingerprint element. Next, the 

experimental molecular fingerprint is compared to calculated fingerprints based on 

molecular structure databases (which are substantially larger compared to spectral 

databases) and putative annotations are listed according to the similarity of the 

respective fingerprint vectors.56,64 

 

On-tissue Chemical Derivatization 

To detect and visualize the spatial distribution of molecular species directly from tissue 

sections and other samples via MALDI MSI, the analytes of interest have to be present 

at concentrations relevant to MALDI MSI and must be ionized efficiently. However, not 

all molecules are amenable to ionization, for example because of the absence of 

chargeable chemical functions or because of intrinsically low ionization efficiencies (e.g. 

steroids, carboxylic acids).65 In addition, the problem of generally low MALDI ionization 

efficiencies (ion yields of 10-6 for various chemical classes40,41) is exacerbated by the 

decreasing amount of ablated molecular material in high-resolution MSI. To increase the 

MALDI ion yield, multiple approaches have been reported, including optimized MALDI 

laser wavelength66,67 and laser-induced post-ionization.68 For example, the analytical 

sensitivity for phospho- and glycolipids was improved by post-ionization by several 

orders of magnitude with pixel sizes of 1 µm to 2 µm.69 However, this approach requires 

novel and complex instrumentation and the limited availability of commercial MALDI MSI 

instruments capable of post-ionization prevents broader applicability.70 

In 1997, chemical derivatization (CD) was performed to increase the sensitivity and to 

facilitate sequence analysis of peptides by post-source decay MALDI mass 

spectrometry.71 In 2005, CD has been used to improve the detection of poorly ionizable 

molecules in the context of ESI-LC-MS experiments.72,73 Both approaches utilized pre-

charged derivatization reagents that selectively reacted with functional chemical groups 

(e.g. amines) in the sample solution 3 thereby increasing the intrinsic ionization of 

analytes of interest. On-tissue chemical derivatization (OTCD) describes the transfer of 

CD to biological tissues. Therefore, in the context of MALDI MSI experiments, OTCD 

provides for counteracting low intrinsic ionization efficiencies, ion suppression and 

isobaric matrix interferences. Nevertheless, OTCD methods have to be specifically 

developed in accordance with the analytes of interest and desired spatial resolution of 

the MSI experiment. First, the choice of reagent, matrix compatibility and optimal 

application method has to be determined. In general, the OTCD reagent is applied to the 

sample surface before matrix application, using the same technique (e.g. pneumatic 

spraying). Hence, experimental parameters, such as reagent concentration, solvent 

composition, coverage density and physical parameters, including flow rate, velocity, 
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ambient temperature and distance to the sample surface, have to evaluated. Next, 

incubating the sample for several hours at increased humidity and temperature increases 

the ion yield with the drawback of potentially causing analyte delocalization.65 Therefore, 

all the additional sample preparation steps have to be optimized to selectively increase 

the ion yield while preserving the spatial information. 

As an alternative, recent developments also include reactive matrices, which combine 

the properties of derivatization reagents and physico-chemical MALDI matrix 

characteristics into one compound 3 thereby overcoming undesired side effects or 

additional sample preparation steps.74,75 

Utilizing different reagents, various different functional groups can be targeted via OTCD, 

such as aliphatic alcohols76, phenols77, alkenes75,78, carboxylic acids79, amines80,81, 

ketones and aldehydes82384. For instance, Girard9s T (GirT) and Girard9s P (GirP) are 

hydrazine-based reagents that form stable hydrazones with aldehyde- and carbonyl 

groups. In 2013, GirT was utilized for the first time to detect substrate and product of 

glucocorticoid-amplifying enzyme 11β-HSD1 in rat adrenal gland and mouse brain.85 In 

the following, GirT enabled the spatially-resolved analysis of various other steroidal 

compounds in mouse, rat and human tissue.82,83 All of these studies demonstrated that 

OTCD is a powerful method to selectively enhance ion yields for MSI-based bioanalytical 

research. Yet, limitations in sample preparation (that cause analyte diffusion) and 

instrumentation hindered the visualization of metabolite distributions with pixel sizes 

below 20 µm. 

 

Danaus plexippus, Sequestration and Cardenolides 

Over the course of the co-evolutionary arms race, plants evolved a plethora of defense 

traits against herbivorous insects and other antagonists. These traits include the 

production of low-molecular-weight chemicals (i.e. secondary plant metabolites), which 

affect herbivores directly, impair their growth and development, or lower the digestibility 

of the plant diet.86389 Remarkably, insects have developed sophisticated morphological, 

behavioral, and physiological adaptions to overcome plant defense mechanisms. 

Sequestration is the most complex phenomenon of insect adaptions and represents the 

selective accumulation of plant toxins in the insect body for defense against natural 

predators.90395 Monarch butterflies (Danaus plexippus) and its host plant milkweed 

(Asclepias spp., Apocynaceae) serve as royal representatives in deciphering insect-plant 

coevolution and are famous for the sequestration of cardenolides (i.e. steroid 

glycosides).963100 Cardenolides are specific inhibitors of Na+/K+-ATPase, a ubiquitously 

expressed animal enzyme that is involved in various essential physiological 

functions.101,102 Remarkably, the monarch butterfly has evolved resistant Na+/K+-ATPase 
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based on amino acid substitutions, which increase the target site insensitivity to 

cardenolides (i.e. lowering the binding-potential to the enzyme).98,1033107 Interestingly, 

other milkweed butterfly species (e.g. Euploea core) can tolerate dietary-cardenolides 

but are not able to cope with these steroidal glycosides once dispersed in the hemolymph 

of the caterpillar.98,108,109 This finding suggests that the Na+/K+-ATPase resistance to 

cardenolides for monarch butterflies represents an adaption, which is linked to the ability 

to sequester these plant toxins as chemical defense. 

The general structure of cardenolides consists of a steroidal core composed of 23 carbon 

atoms linked to a five-membered lactone ring at carbon 17 and exist either as glycosides 

(mostly mono-,bi- and triglycosides) or as free genins.101 For Asclepias curassavica (A. 

curassavica), which represents a critical host plant for monarch butterflies, 21 different 

cardenolides were identified using nuclear magnetic resonance spectroscopy (NMR), 

infrared spectroscopy (IR) and LC-MS.110 Yet, insect-plant studies of cardenolide 

sequestration in monarchs are restricted to the predominant toxic glycosides calotropin, 

calactin, uscharidin and voruscharin. Despite being already described in the 1960s, the 

molecular- and physical mechanisms underlying sequestration are still largely unknown. 

This gap of knowledge originates from the lack of analytical methods that enable the 

comprehensive analysis of the metabolome with its spatial and temporal details for 

complex sample systems, such as insects. 

 

Aims of the Thesis 

Most spatially-resolved metabolomic approaches have focused on mammalian tissues 

and were rarely employed to delicate sample systems, such as insect tissues. Taking 

advantage of recent technical developments for mass spectrometry imaging (MSI), we 

here set out to acquire spatially-resolved metabolomes related to cardenolide 

sequestration in D. plexippus and E. core caterpillars. First, we developed an MSI-

compatible sample preparation protocol to obtain high-quality tissue sections while 

taking snap-shots of in-vivo biochemical processes. Next, we revealed cardenolide 

distributions across the whole body and demonstrate that quantitative differences 

between both species already manifest in the gut lumen. While monarchs retain and 

accumulate cardenolides above plant concentrations, the toxins are degraded in the gut 

lumen of E. core. Utilizing dedicated sample preparation in conjunction with maximized 

analytical performance by the employed instrumental setup, we visualized cardenolide 

transport across the monarch midgut epithelium at unprecedent detail and identified 

integument cells as the final site of storage. This work is described in publication 1 

(Chapter II). 
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Furthermore, we expanded our experimental design to tackle the two major bottlenecks 

for the spatially-resolved analysis of cardenolide sequestration and other metabolic 

networks: the absence of repository-scaled databases and low intrinsic ionization 

efficiencies of steroidal compounds. Therefore, we integrated an LC-MS-based 

computational metabolomics pipeline into our MSI workflow to generate a 

comprehensive 8in-house= metabolomic database. This database guided subsequent 

MSI analysis of cardenolide sequestration in tissues and cells of D. plexippus. We 

developed a spatial-context-preserving OTCD method to mitigate the problem of low 

intrinsic ionization efficiencies by the selective chemical tagging of carbonyl-containing 

cardenolides with pre-charged moieties. This approach increased the molecular 

coverage and enabled the visualization of previously inaccessible (sub)-cellular 

cardenolide distributions in Malpighian tubules, epithelial cells and fat body tissue. 

Therefore, we demonstrated that expanding experimental designs for MSI studies with 

advanced computational and chemical tools allows to acquire even further biochemical 

insight and ultimately enhances spatially-resolved metabolomic research for complex 

sample systems. This work is described in publication 2 (Chapter III). 
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1.2 Results and Discussion  

Spatial metabolomics reveal divergent cardenolide processing in the 

monarch (Danaus plexippus) and the common crow butterfly (Euploea 

core) (Publication 1) 

The monarch butterfly (D. plexippus) is famous for the sequestration of toxic 

cardenolides from its host plant milkweed. However, the mechanism of sequestration 

and the location of cardenolides in the caterpillar body tissues are still unknown. Yet, 

technical- and methodical limitations hindered accurate and nontargeted analysis of 

molecular species in the spatial context of insect tissues and cells. Utilizing recent 

developments in AP-SMALDI MSI, we followed a spatial metabolomics approach to 

study cardenolide sequestration in D. plexippus and the closely-related species E. core 

(Fig. 1). First, we established an MSI-compatible sample preparation protocol to obtain 

transversal- and longitudinal tissue sections of final instar D. plexippus and E. core 

caterpillars with excellent quality regarding tissue morphology, allowing to snapshot in-

vivo biochemical processes in their native environment. Next, we performed whole-body 

AP-SMALDI MSI (20 µm to 45 µm step size) to reveal the presence of cardenolides in 

body tissues of D. plexippus and E. core caterpillars.  

Figure 1. Overview of the spatial metabolomics workflow to investigate cardenolide sequestration in  

D. plexippus and E. core via AP-SMALDI MSI  
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Figure 2. AP-SMALDI MSI of transversal sections of caterpillars of D. plexippus and E. core. (a) Optical 
image of the transversal section of a fifth instar caterpillar of D. plexippus (left) and E. core (right) before 
matrix application. P: plant material, EP: ectoperitrophic space, ME: midgut epithelium, FB: fat body, I: 
integument. (b) Corresponding RGB overlay images obtained with 35 µm (D. plexippus) and 20 µm (E. core) 
step size, showing the spatial distribution of the cardenolide calotropin and/or its isomer calactin ([M+K]+, 
red) at m/z 571.2304, the chlorophyll derivative pheophytin a at m/z 909.5288 ([M+K]+, green) as a chemical 
marker for plant tissue, and the animal lipid PE(36:3) ([M+K]+, blue) as a chemical marker for animal tissues. 
Both RGB overlay images are normalized to the same intensity scale. The D. plexippus gut epithelium was 
damaged at two areas (highlighted in the optical image), causing potential analyte delocalization in the 
corresponding hemolymph area. (c) Magnification of the optical image and RGB overlay image for the 
highlighted area of the E. core gut lumen. For this ion image, the intensity scale of calotropin/calactin was 
adjusted to highlight the cardenolide distribution at the fringes of leaf pieces in the gut lumen of E. core.  
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To overcome the technical challenges of the delicate and heterogeneous sample 

characteristics of caterpillar sections (e.g. fragile integument, various tissue types and 

ingested plant material), we utilized the recently implemented pixel-wise autofocusing 

method (3D-surface mode) of the AP-SMALDI5 AF ion source to keep the laser focus, 

fluence and ablation spot-size constant for the whole MSI experiment. Due to the high 

mass resolution and mass accuracy provided by the Orbitrap mass analyzer, we were 

able to assign and annotate cardenolides, lipids and other metabolites based on accurate 

mass measurements, which were subsequently confirmed by complementary HPLC-

MS/MS experiments.  

Utilizing whole-body MSI, we were able to reveal diverging strategies of the two closely-

related milkweed butterfly species regarding the processing and uptake of plant toxins in 

the gut as well as the storage of sequestered compounds for defense. In particular, our 

data demonstrated that the gut lumen was the first physiological layer, mediating 

selectivity and playing a vital role in coping with a toxic diet in both species. For D. 

plexippus, cardenolides were distributed in the entire body, including the integument as 

the location of storage, fat body, hemolymph and gut lumen including the ectoperitrophic 

space (i.e. the region between the peritrophic envelope surrounding the food bolus and 

the midgut epithelium) (Fig. 2b). In contrast, for E. core caterpillars, cardenolides were 

absent from body tissues (i.e. no sequestration) and exclusively detected at the fringes 

of A. curassavica leaf pieces and not in the liquid phase in the gut lumen (Fig. 2c).  

In addition to transversal sections, we performed whole-body MSI (45 µm step size) of 

longitudinal sections and found similar patterns of cardenolide distributions along the 

entire gut passage (Fig. 3a,b). According to the visual differences (in Figs. 2,3), we 

determined that cardenolides were up to 6.8 times more abundant (for comparable 

regions at leaf fringes) in the gut lumen of D. plexippus. For the in-depth quantitative 

analysis of the entire gut passage, we conducted complementary HPLC-MS and HPLC-

DAD experiments based on freeze-dried gut segments (foregut: FG, four sequential 

midgut portions: MG1-4, and hindgut: HG) and determined heterogeneous total 

cardenolide concentrations along the gut passage of D. plexippus (F5,38 = 8.312, p < 

0.001; n = 7-9) with higher cardenolide concentrations in midgut portions 2 and 3 

compared to milkweed leaves (F4,32 = 5.622, p = 0.002) (Fig. 3c). In contrast, total 

cardenolide concentrations were constant across all gut regions of E. core caterpillars 

(F5,25 = 1.044, p = 0.414, n = 6) and lower than in plant material except for midgut portion 

4 (plant vs. FG, MG1, MG2, MG3, MG4, HG: p = 0.046; 0.023; 0.029; 0.01; 0.228; 0.005; 

Tukey HSD) (Fig. 3c). In addition, the stereoisomer ratio of calotropin/calactin in E. core 

gut lumen (24:1) differed significantly from the isomer ratio found in monarch gut lumen 

(1.2:1) and A. curassavica leaves (1.6:1). 
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Figure 3. Whole-body AP-SMALDI MSI of fifth instar D. plexippus and E. core caterpillars. (a) Optical image 
of longitudinal D. plexippus (left) and E. core (right) sections before matrix application. H: head, I: integument, 
TL: thoracic legs, SG: probably salivary gland, VN: probably ventral nerve code, ML: abdominal prolegs, AL: 
anal prolegs, R: rectum, T: testis, GL: gut lumen, FB: fat body, ME: midgut epithelium. (b) Corresponding 
RGB overlay images obtained with 45 µm step size, showing the spatial distribution of calactin/calotropin 
([M+K]+, at m/z 571.2304 (red), pheophytin a ([M+K]+, green) at m/z 909.5292 to highlight ingested A. 
curassavica plant material, and PE(36:3) ([M+K]+, blue) at m/z 780.4941 serving as a marker for insect 
tissue, such as gut epithelium and fat body. Both RGB overlay images are normalized to the same intensity 
scale. (c) Schematic representation of total cardenolide concentrations across the gut passage in caterpillars 
of D. plexippus and E. core relative to the total cardenolide concentration in A. curassavica leaves based on 
means of six (E. core) and nine (D. plexippus) dissected caterpillars and milkweed leaves. Horizontal lines 
indicate the cardenolide concentration in plant material (i.e. 100%).  
 

Previous studies showed that calactin is > 3x more toxic for E. core than its stereoisomer 

calotropin.111 Hence, we suggested that E. core prevents cardenolide intoxication by 

minimizing the concentration of calactin. Taking together, by revealing the absence of 

cardenolides in the liquid phase combined with the overall lower cardenolide 

concentration (relative to D. plexippus gut lumen and A. curassavica plant material) and 

striking differences of the stereoisomer ratio in E. core gut lumen, our data indicated 

immediate degradation and/or conversion of toxic steroid glycosides extracted from the 

plant material. 
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In contrast, for D. plexippus, our results suggested that cardenolides were selectively 

retained in the monarch gut lumen, resulting in higher local concentrations of 

preferentially-sequestered cardenolides (e.g. calotropin/calactin, frugoside, calotoxin) to 

create a steep concentration gradient that supports efficient sequestration. To further 

address the hypothesis of cardenolide retention in the midgut lumen of D. plexippus 

caterpillars, we conducted MSI experiments with caterpillars raised on A. curassavica 

but fed with the cardenolide-free diet O. coeruleum before sampling. Remarkably, even 

after several rounds of purging with cardenolide-free plant material, preferentially-

sequestered cardenolides, such as calotropin/calactin, calotoxin, and frugoside were still 

located in the interstices between O. coeruleum leaf particles with 2.7 x, 1.1 x, 2.1 x lower 

abundance (t-test, p < 0.001 for all comparisons) compared to previous MSI experiments 

(Fig. 4). Notably, the dominant A. curassavica leaf cardenolides voruscharin, uscharin 

and asclepin were not detected anymore. Thus, we demonstrated that preferentially-

sequestered cardenolides were retained in the gut lumen and were not moving linearly 

along with the gut contents. Our MSI data revealed that the spatial distribution of retained 

cardenolides resembles the shape of the O. coeruleum leaf particles (Fig. 4a). Therefore, 

we propose a mechanism analogous to adsorption chromatography to retain 

cardenolides in the gut lumen while the food contents are passing by and are defecated. 

Whether the observed selectivity is related to the retention mechanism and/or enzymatic 

activities in the gut environment remains an open question.  

Figure 4. AP-SMALDI MSI (25 µm step size) of D. plexippus and E. core fed with the non-toxic plant 
Oxypetalum coeruleum before sampling. Optical image, RGB overlay and magnified view of transversal (a) 
D. plexippus and (b) E. core section. P: O. coeruleum plant material, EP: ectoperitrophic space, PM: 
peritrophic matrix, ME: midgut epithelium, T: testis, FB: fat body, I: integument. Both RGB overlay images 
and magnified views show calactin/calotropin ([M+K]+, red) at m/z 571.2304, pheophytin a ([M+K]+, green) 
at m/z 909.5292 as a chemical marker for plant tissue and PE(36:3) ([M+K]+, blue) at m/z 780.4942 as a 
chemical marker for insect tissue.  
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In contrast to previous MSI experiments based on caterpillars actively feeding on A. 

curassavica before sampling, we did not detect cardenolides in the ectoperitrophic space 

and body cavity of D. plexippus caterpillars, thus, suggesting rapid clearance once the 

supply from the gut lumen is halted (Fig. 4a). For E. core, we did not detect any 

cardenolides after purging the gut lumen overnight with O. coeruleum (Fig. 4b). 

We complemented our whole-body MSI with high-resolution AP-SMALDI MSI 

experiments (5 µm and 10 µm step size) of particular regions of interest (e.g. epithelia of 

the midgut and integument) for in-depth analysis of the selectivity of sequestration as 

well as transportation and storage of cardenolides in D. plexippus (Fig. 5). Despite being 

lowly abundant compounds in A. curassavica leaves (Fig. 5a), calotropin/calactin, 

frugoside and calotoxin were the most abundant cardenolides in the gut lumen and 

integument of monarch caterpillars (Fig. 5a-c). In contrast, the predominant cardenolides 

in A. curassavica leaves, uscharidin, asclepin, voruscharin and uscharin did not belong 

to the preferentially-sequestered steroid glycosides of the monarch. In particular, 

asclepin being 5.8 times more abundant in A. curassavica leaves relative to calotropin 

(Fig. 5a), was not sequestered and by utilizing the high spatial resolution (5 µm pixel 

size) provided by the AP-SMALDI MSI platform, we were able to reveal that asclepin was 

exclusively abundant at fringes of ingested A. curassavica leaf material (Fig. 5d). 

Considering the high structural similarity to calotropin/calactin (i.e. acetoxy-group (-OAc) 

instead of hydroxyl-group (-OH) in the sugar moiety), it seems puzzling that the molecular 

mechanism underlying sequestration prohibits the uptake of asclepin. Based on our high-

resolution MSI data, we hypothesized that asclepin was rapidly converted into calactin 

and/or calotropin instead of being not sequestered (Fig. 5e). Similar observations 

regarding the metabolic conversion of structurally-related cardenolides into 

calotropin/calactin by D. plexippus were already made for uscharidin and  

voruscharin.1123114 Notably, uscharidin occurred at similar concentration (compared to 

asclepin) in A. curassavica leaves (Fig. 5a), but was very abundant in the monarch gut 

lumen (Figure 5f). Hence, we hypothesized that the conversion rate of asclepin into 

calotropin/calactin is significantly higher compared to uscharidin, suggesting a passive 

mechanism (e.g. gut pH; similar to the observations for voruscharin) and not an 

involvement of enzymes as it was shown for uscharidin. 

Previous studies showed that for the thiazolidine-ring containing cardenolide 

voruscharin, monarch Na+/K+-ATPases was less than twofold more resistant compared 

to non-adapted porcine Na+/K+-ATPases (for other cardenolides, monarch Na+/K+-

ATPases showed 50- to 94-fold higher resistance) and was also not detected in D. 

plexippus caterpillar bodies via LC-MS.111,114 
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Figure 5. Bulk quantification of cardenolides for A. curassavica leaf and D. plexippus integument and high-
resolution AP-SMALDI MSI (5 µm step size) of a transversal D. plexippus section. (a) HPLC-MS-based 
quantification for 10 detected cardenolides in Asclepias curassavica leaf material and D. plexippus 
integument. Each bar represents the mean of three biological replicates and error bars indicate standard 
deviation. The area under peak (AUP) was normalized to the internal standard (digitoxin). Note that 
quantities between leaf material and caterpillar tissue may not be compared in absolute terms since sample 
dry masses were different. (b) Optical image of the analyzed region of interest. C: cuticle, EC: epidermal 
cells, HL: hemolymph, FB: fat body, ME: midgut epithelium, GL: gut lumen, P: A. curassavica plant material. 
(c,d) RGB overlay images showing the spatial distribution of (c) calactin/calotropin ([M+K]+, red) at m/z 
571.2304, (d) asclepin ([M+K]+, red) at m/z 613.2427, and (c,d) pheophytin a ([M+K]+, green) at m/z 
909.5290 and PE(36:3) ([M+K]+, blue) at m/z 780.4940. (e) Putative degradation pathway of asclepin in D. 
plexippus gut. (f,g) RGB overlay images showing the spatial distribution of (f) uscharidin ([M+K]+, red) at m/z 
569.2146, (g) voruscharin ([M+H]+, red) at m/z 590.2770, and (f,g) pheophytin a ([M+K]+, green) at m/z 
909.5290 and PE(36:3) ([M+K]+, blue) at m/z 780.4940.  
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Consequently, the results were interpreted as an adaption to avoid toxicity. However, 

due to the high sensitivity of the employed MSI system, we were able to detect and 

visualize low amounts of voruscharin in the gut lumen and epidermal cells of the 

integument (Fig. 5g; LC-MS-based quantification revealed 160 x lower concentration 

compared to calotropin in the integument). Hence, our data indicated that rapid 

degradation of voruscharin in the caterpillar gut results in reduced sequestration and 

limited resistance by not exerting selection pressure on monarch Na+/K+-ATPase. 

To investigate the role of the midgut epithelium as the transport organ for sequestered 

toxins mediating selectivity, we also analyzed the distribution of cardenolides at the 

interface gut lumen, midgut epithelium, and hemolymph. We were able to detect 

calotropin/calactin with low abundance in the midgut epithelium tissue of transversal 

monarch sections (Fig. 6a). To address the molecular transport process in a larger 

spatial environment, we also performed high-resolution AP-SMALDI MSI (10 µm pixel 

size) of longitudinal sections. In line with the previous results, we were able to reveal 

calotropin/calactin and other dominant sequestered cardenolides (calotoxin and 

frugoside) within the epithelial tissue of the monarch gut (Fig. 6b,c). In contrast, the 

cardenolides uzarin and asclepin, which were absent from the body cavity (i.e. not 

sequestered), were also not detected within the layer of midgut cells (Figs. 6d and 7b). 

For uzarin, metabolism can be ruled out as a factor preventing sequestration due to being 

extensively abundant in the gut lumen and being in direct contact with the apical surface 

of the midgut epithelium. Hence, our MSI data provided proof that the midgut epithelium 

discriminates against individual compounds with molecular size and/or polarity being 

important determinants (uzarin had the highest mass out of all detected cardenolides). 

To this point, the phenomenon of plant toxin sequestration, involving various chemical 

classes, is described for more than 275 insect species.90 Yet, the underlying mechanism 

of how plant toxins are transported across the insect gut epithelium (i.e. from the gut 

lumen into the body cavity) is still largely unknown. Our high-resolution MSI data 

revealed a discrete granular pattern of cardenolides in the midgut epithelial tissue 

(Fig.6c), which might indicate a vesicular transport via transcytosis, similar to albumin 

uptake in the midgut of the silkworm (Bombyx mori).115 In addition, other secondary plant 

metabolites, such as polysaccharides, and flavonoids, as well as primary metabolites 

(e.g. guanosine) appeared in the same granular pattern, thus suggesting that vesicular 

uptake is a universal mode of uptake for various metabolites (Fig. 7c-f). Micelles, formed 

by the aggregation of phospholipids, galactosyl glycerides, long chain fatty acids, and 

other amphiphilic and lipophilic compounds, are known to represent the primary 

constituents of the non-aqueous phase of the midgut fluid in insect herbivores.116 
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Figure 6. High-resolution AP-SMALDI MSI of the interface gut lumen, midgut epithelium and hemolymph for 
transversal and longitudinal D. plexippus sections. (a) Optical image of the analyzed region of interest and 
corresponding single ion image for calactin/calotropin ([M+K]+, red) at m/z 571.2304. P: A. curassavica plant 
material, GL: gut lumen, ME: midgut epithelium, HL: hemolymph. (b) Optical image of the analyzed region 
of interest and magnified view (3.5x) of the outlined region in c,d. (c,d) RGB overlay images and magnified 
view of the outlined region showing the spatial distribution of calactin/calotropin ([M+K]+, red) at m/z 
571.2304 in (c), uzarin ([M+K]+, red) at m/z 737.3149 in (d), pheophytin a ([M+K]+, green) at m/z 909.5290 
and PE(36:3) ([M+K]+, blue) at m/z 780.4940.  
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Figure 7. High-resolution AP-SMALDI MSI (10 µm step size) of midgut epithelium tissue for longitudinal 
D.plexippus and Euploea core section to investigate the transport of cardenolides and other primary- and 
secondary metabolites. (a) Optical image of the analyzed region of interest for D. plexippus. GL: gut lumen, 
ME: midgut epithelium tissue, HL: hemolymph. (b-f) RGB overlay images showing the spatial distribution for 
(b) asclepin ([M+K]+, red) at m/z 613.2415, (c) kaempferol-glucopyranoside ([M+Na]+, red) at m/z 471.0898, 
(d) malvidin-glucoside ([M+Na]+, red) at m/z 515.1160, (e) guanosine ([M+K]+, red) at m/z 322.0548, (f) 
disaccharide ([M+K]+, red) at m/z 381.0793. (g) Optical image of the analyzed region of interest for E. core. 
(h-j) RGB overlay images showing the spatial distribution for (h) calotropin/calactin ([M+K]+, red) at m/z 
571.2305, (i) guanosine ([M+K]+, red) at m/z 322.0547, (j) disaccharide ([M+K]+, red) at m/z 381.0792. For 
all RGB images, pheophytin a ([M+K]+, green) at m/z 909.5290 and PE(36:3) ([M+K]+, blue) at m/z 780.4940 
were used to highlight ingested plant tissue and midgut epithelium tissue. 
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Previous studies showed that amphiphilic allelochemicals are expected to be absorbed 

into micelles in the fluid phase of the insect9s gut.116 Therefore, we hypothesized that the 

observed granular distribution was related to micelles, composed of plant lipids and 

cardenolides, crossing the midgut epithelium by diffusion 3 thereby representing the 

mode of transport by which cardenolides were sequestered.  

We followed the same experimental design for E. core, and found comparable patterns 

for various metabolites but remarkably, cardenolides were not detected in the midgut 

epithelium (Fig. 7g-j). Therefore, it is unclear, how caterpillars of E. core discriminated 

against the uptake of cardenolides while apparently taking up other metabolites in a 

similar fashion compared to D. plexippus. The peritrophic membrane (i.e. semi-

permeable, non-cellular structure surrounding the food bolus) of grasshoppers prevents 

the uptake of micelles containing various plant toxins (including the cardenolide digitoxin) 

by ultrafiltration.116 However, our MSI data showed that cardenolides were able to cross 

the peritrophic membrane and were in close contact with the midgut epithelium. 

Therefore, our study suggests that degradation of cardenolides in the fluid-phase of the 

gut prevents the sequestration of cardenolides in E. core. 
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Molecular Networking and On-Tissue Chemical Derivatization for Enhanced 

Identification and Visualization of Steroid Glycosides by MALDI Mass 

Spectrometry Imaging (Publication 2) 

First, we utilized non-targeted LC-MS2 experiments of A. curassavica leaf extracts to 

acquire an 8in-house9 metabolomic database of the host plant (Fig. 8a). However, 

molecular identification and elucidation of chemical structures is generally restricted to 

compounds for which mass spectrometric reference data are archived in spectral 

databases (e.g. commercially available chemicals). Thus, the metabolomics-related 

aspects of our workflow are built in state-of-the-art molecular networking tools as well as 

in silico molecular characterization methods based on machine learning and deep 

learning. We performed feature-based molecular networking (FBMN) from the GNPS 

ecosystem to push the boundaries of database search. The underlying idea of molecular 

networking utilizes spectral similarity to group metabolites with the implicit assumption 

that similar molecular structures will generate similar MS2 fragmentation spectra. Thus, 

spectral library annotations can be propagated throughout the molecular network and 

facilitate structural elucidation of unknown chemical compounds. In total, our FBMN 

results for A. curassavica consisted of 1175 mass spectral nodes (MS2 spectra), which 

were organized into 89 independent molecular families (Fig. 8b). By utilizing 145 spectral 

library hits, we were able to classify the corresponding molecular networks, such as fatty 

acids, phosphatidylcholines, sphingomyelins, flavonoid glycosides, carotenoids, 

polysaccharides and cardiac glycosides, which are potent inhibitors for Na+/K+-ATPase, 

a cation carrier ubiquitously expressed in animal cells. Figure 8c shows the enlarged 

steroidal glycoside molecular networks with the node size proportionally representing the 

LC-MS feature abundance (i.e. peak area) and increased edge thickness correlating to 

higher spectral similarity. In addition, our AI-driven molecular characterization approach 

classified 12 additional nodes (MS2 spectra) as cardiac glycosides, which were not part 

of the molecular networks due to different fragments in the MS2 spectra. In total, 32 

different cardiac glycosides were identified based on eight GNPS spectral library hits 

(red nodes) and 24 in-silico annotations (grey nodes), which were evaluated by analysing 

the respective fragmentation spectra. Compared to most recent studies regarding 

steroidal glycoside composition in A. curassavica, we, therefore, found 20 additional 

cardiac glycosides that were also absent from mass spectral libraries. Computational 

substructure predictions facilitated detailed structural characterization 3 thereby 

revealing structural diversity along cardiac glycosides in A. curassavica. Besides 

digitoxin and two derivatives, all cardiac glycosides were 19-oxosteroids with either an 

aldehyde or hydroxyl group at C19.  
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Figure 8. Feature-based molecular networking and AI-driven molecular classification, substructure 
prediction and annotation of cardiac glycosides in A. curassavica. (a) Overview of the workflow for 
generating an 8in-house9 metabolomic database. (b) Comprehensive FBMN results consisting of 1175 mass 
spectral nodes, that were organized into 89 independent molecular families. In total, 145 spectral library hits 
(red nodes) were obtained allowing to classify the corresponding molecular networks. For instance, the 
molecular networks I to III (MN I-III) were composed of fatty acids, phosphatidylcholines (PC), 
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sphingomyelins (SM) and arachidonoylthio-PCs; MN IV contains flavonoid glycosides, MN V contains 
phosphatidylethanolamines (PE), MN VI contains carotenoids, MN VII contains cardiac glycosides, MN VIII 
contains flavonoids, MN IX contains polysaccharides and MN X contains isoflavonoids. (c) Magnified view 
of the molecular networks related to cardiac glycosides. Node size proportionally represents the LC-MS 
feature abundance (peak area) and increased edge thickness corresponds to higher cosine similarity (0.7 
to 1.0). AI-driven molecular classification and compound annotation was utilized to discover additional 
steroid glycosides that were not part of the original molecular network. In total, 32 different cardiac glycosides 
were identified based on 8 GNPS spectral library hits (red nodes) and 24 in silico annotations (grey nodes).  

In addition, we determined differences regarding the linkage between the glycoside unit 

and the steroidal-backbone, which either consisted of ether-bond linkage or 1,4-dioxane 

linkage. Furthermore, the highlighted spectral library annotations in Figure 8c 

demonstrate different chemical subgroups (e.g. thiazolidine-/thiazoline-, acetyloxy- and 

hydroxy-/ketone-group) in the glycoside unit. In contrast to classical molecular 

networking, the feature-based molecular networking workflow (including pre-processing 

of chromatographic features) resolved structural isomers for m/z 533.2741, m/z 

549.2693 and m/z 591.2803 and enables quantitative analysis, thus, showing that 

asclepin, acetoxyasclepin, uscharidin and voruscharin are the most abundant cardiac 

glycosides in A. curassavica (Fig. 8c). 
Next, we used our metabolomic 8in-house9 database to guide the spatial characterization 

of metabolic networks related to cardiac glycoside sequestration in D. plexippus. 

However, previous studies showed that a broad range of metabolite classes, including 

steroids82,85, show low intrinsic ionization efficiencies in MSI experiments, thus restricting 

the spatial characterization of metabolic networks in the context of tissues and cells. 

Thus, sensitivity is a significant barrier in spatial metabolomics research, in particular for 

high-resolution MSI experiments (i.e. decreasing amount of ablated material for smaller 

spot sizes). Therefore, we developed an ultrafine OTCD method using Girard9s reagent 

T (GirT) to selectively increase the ion yield for steroidal glycosides. Importantly, OTCD 

methods have to overcome several challenges including incomplete derivatization, 

interferences due to excess of derivatization reagents and analyte delocalization caused 

by additional spraying- and incubation steps. Hence, we optimized the sample 

preparation protocol to achieve high sensitivity for derivatized molecular species at (sub)-

cellular resolution. In summary, the solvent composition of methanol/water (7:3) v/v 

enabled high GirT reagent concentration (15 mg/mL), which subsequently allowed a low 

spray volume (35 µL), preventing analyte delocalization. Between OTCD and matrix 

application, the sample tissue was transferred into a desiccator for two hours at room 

temperature to increase reaction yield (Fig. 9a) and to prevent spatial artefacts due to 

hydroscopic properties of the GirT reagent. Any further incubation step that included 

increased humidity and temperature resulted in analyte delocalization and wash-out 

effects and was thus avoided (Fig. 9b).   
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Figure 9. Method development for high-resolution OTCD MALDI MSI of steroid glycosides. (a) Dried-
droplet MALDI MSI experiments of two derivatized cardiac glycoside standards (calotropin and calotoxin). A 
volume of 1 µL cardiac glycoside standard was spotted into reaction holes of a PTFE-coated glass slide. 
Subsequently, 1 µL of GirT-reagent (15 mg/mL) was added. After specific time intervals, the reaction was 
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quenched by adding 1 µL of DHB-matrix solution (30 mg/mL). The highest reaction yield was obtained after 
120 minutes of incubation. After 8 hours, uscharidin was detected for the calotropin standard measurement, 
indicating oxidation of the respective species. Note that all reaction holes were measured simultaneously 
after the longest incubation time interval (8 hours). Thus, our data suggests that the chemical reaction is 
successfully quenched by adding the DHB matrix solution, which subsequently provides chemical 
preservation and inhibits the oxidation of derivatized cardiac glycosides (see time incubation intervals of ≤ 
2 hours). (b) OTCD MALDI MSI of derivatized cardiac glycosides in D. plexippus. After GirT-reagent 
application (10 mg/ml in MeOH/water 7:3 v/v, 50 µL spray volume, 10 µL/min flowrate), the sample was 
incubated in a cell culture incubator (38°C, 100% relative humidity) for 2 hours. Optical image of transversal 
D. plexippus section before OTCD and matrix application and the corresponding RGB overlay image 
obtained with 25 µm step size shows the spatial distribution of calotropin/calactin in red ([M+GirT]+ at m/z 
646.3699), pheophytin a ([M+K]+ at m/z 909.5291) in green and PS(18:1/18:2) ([M+K]+ at m/z 810.5046) in 
blue. The extensive and leaked-out cardiac glycoside distribution at the integument indicates wash-out 
effects and analyte delocalization. (c) Optical images of longitudinal D. plexippus section (a) after OTCD 
and (b) after OTCD and matrix application. The optimized sample preparation protocol for OTCD (15 mg/ml 
GirT in MeOH/water 7:3 v/v, 35 µL spray volume, 7 µL/min flowrate) and matrix application (30 mg/ml DHB 
in MeOH/water 1:1 v/v, 100 µL spray volume, 5 µL/min flowrate) provides a homogenous matrix layer with 
crystal sizes of ≤ 10 µm, which is demonstrated for different surface characteristics including integument (I) 
plant material (P), gut lumen (GL) and gut epithelium (GE). 

Using an ultrafine pneumatic spraying protocol for DHB as the MALDI matrix with 

methanol/water (1:1) v/v as solvent showed excellent results regarding homogenous 

matrix crystallization (crystal sizes ≤ 10 µm) for different surface characteristics of D. 

plexippus tissue sections, including fat tissue, digested plant material and integument 

(Fig.9c). 
The applied workflow for OTCD MALDI MSI of cardiac glycosides for longitudinal D. 

plexippus sections is depicted in Figure 10a. As previously determined in the process of 

structural elucidation, the majority of detected cardiac glycosides are 19-oxosteroids 

having an aldehyde function at C19. Girard9s reagent T is a quaternary ammonium salt 

that reacts with carbonyl-functions, resulting in hydrazine formation (Fig.10b). 

Subsequently, the derivatized analyte of interest contains a positively charged 

trimethylamine, which facilitates MSI analysis by increasing the ion yield and, thus, the 

sensitivity. To analyze and demonstrate the ion signal boost in detail, we also performed 

MSI experiments without OTCD, but with identical experimental parameters of the 

adjacent section. Figure 10c displays the optical images of the analyzed area consisting 

of gut lumen (GL) that contains A. curassavica plant material, surrounded by the gut 

epithelium (GE), fat tissue (FT), and integument (I). The corresponding MSI results for 

three selected ion signals are shown in red-green-blue (RGB) overlay images obtained 

with 25 µm step size. The toxic cardiac glycosides isomers calotropin and calactin are 

shown in red ([M+K]+ for control, [M+GirT]+ for OTCD). The green color channel 

highlights pheophytin a ([M+K]+), which is characterized as a chlorophyll A molecule 

without the central Mg2+ cation and is serving as a marker for plant material in the gut 

lumen. The spatial distribution of PS(36:3) ([M+K]+) is shown in blue to highlight the gut 

epithelium and fat body tissue of the caterpillar. For OTCD, no additional adducts 

(H+,Na+,K+) of cardiac glycosides were detected and derivatized ions were exclusively 

detected as GirT-carrying ions. Both RGB images are normalized to the same intensity 

scale to demonstrate that the average signal intensity of calotropin/calactin ([M+GirT]+) 
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was increased by 16-fold relative to the [M+K]+ adduct, which was the dominant adduct 

for the control MSI experiment. 

Figure 10. High-resolution OTCD MALDI MSI of cardiac glycosides in longitudinal D. plexippus 
sections. (a) Overview of the workflow for OTCD MALDI MSI (b) Schematic of the reaction between 
calotropin/calactin and GirT reagent. (c) Optical images of the analysed area showing the analysed area for 
conventional MALDI (left) and OTCD MALDI MSI (right). The corresponding RGB overlay images are 
normalized to the same intensity scale and show the spatial distribution of calotropin/calactin in red as [M+K]+ 
at m/z 571.2306) for control (left) and [M+GirT]+ at m/z 646.3699 for OTCD (right), pheophytin a as [M+K]+ 
at m/z 909.5291) in green and PS(36:3) as [M+K]+ at m/z 810.5046) in blue. (d) Magnified view for the 
integument area of the OTCD experiment highlighting the accumulation of the toxin in the epithelial cells of 
the integument. Corresponding OTCD MALDI MS2 spectrum of calotropin/calactin as [M+GirT]+ at m/z 
646.3699) acquired from a single pixel at the D. plexippus integument. Six characteristic fragments are 
highlighted.   
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Consequently, OTCD MALDI MSI lowered the limit of detection for calotropin/calactin 

and increased the pixel coverage to 58% (14% for control). Therefore, OTCD MALDI 

MSI significantly improved the extracted biological information and vividly revealed that 

cardiac glycosides are extracted from the ingested plant material, absorbed into the gut 

epithelium and stored in the integument of the caterpillar. Importantly, derivatized cardiac 

glycosides preserved their spatial integrity, thus, allowing us to spatially resolve the fine 

distribution of the accumulated toxin in the single layer of epithelial cells in the integument 

(Fig. 10d). The enhanced ion signal intensities also enabled in situ identification of 

chemically derivatized cardiac glycosides via on-tissue single pixel MALDI MS2 (Fig. 

10d). By utilizing our 8in-house9 metabolomic database, we annotated and visualized the 

spatial distribution for 19 derivatized cardiac glycosides 3 thus, demonstrating that our 

LC-MS-based molecular networking/AI-classification approach successfully guided and 

facilitated the spatial molecular characterization using MALDI MSI. The majority of 

cardiac glycosides are taken up and stored in the integument of the caterpillar (Fig. 11a-

e). However, asclepin and hydroxyasclepin, which belong to the most abundant steroid 

glycosides in A. curassavica host plants, were not sequestered and instead were 

exclusively found in the gut lumen (Fig.11f,g). Thus, by utilizing OTCD MALDI MSI, we 

were able to comprehensively analyze cardiac glycoside distributions in D. plexippus, 

thereby demonstrating that small incremental changes in the chemical structure directly 

correlate to the selectivity of the underlying uptake- and transport mechanism. 

Figure 11. OTCD MALDI MSI for cardiac glycosides that were annotated based on the 8in-house9 
metabolomic database. RGB overlay images showing additional derivatized cardiac glycosides in red. (a) 
uscharidin ([M+GirT]+, m/z 644.3541), (b) hydroxyuscharidin ([M+GirT]+, m/z 660.3489), (c) gofrugoside 
([M+GirT]+, m/z 648.3828), (d) calotoxin/hydroxycalactin/hydroxycalotropin ([M+GirT]+, m/z 662.3648), (e) 
calotropagenin ([M+GirT]+, m/z 518.3233), (f) asclepin ([M+GirT]+, m/z 688.3806), (g) hydroxyasclepin 
([M+GirT]+, m/z 704.3756). Scale bars, 1 mm. 

To reveal specific molecular events and transport processes involved in cardiac 

glycoside sequestration, the spatially-resolved analysis has to approach (sub)-cellular 

resolution. However, using a smaller on-tissue laser focus diameter substantially 

decreases the ablated tissue volume, thus resulting in reduced ion numbers. Utilizing 

laser-induced post-ionization (MALDI-2) has been shown to enhance ion yields 

predominantly for lipids and various metabolite classes by several orders of magnitude 

over those of the used non-post-ionizing instrumentation. Yet, this approach requires 
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additional instrumentation, and no commercial instrument allows MALDI-2 MSI 

experiments performed with ≤ 5 µm step size. Therefore, our ultrafine OTCD MALDI MSI 

method serves as a powerful alternative for visualizing (sub)-cellular metabolite 

distributions by selectively increasing the ion yield and preserving spatial fidelity. We 

conducted OTCD MALDI MSI experiments with 5 µm step size of Malpighian tubules, 

which are multifunctional tissues involved in osmoregulation, renal excretion and the 

elimination of xenobiotics and metabolic waste from the hemolymph (i.e. body fluid of 

the caterpillar).117 

 

Figure 12. OTCD MALDI MSI of derivatized cardiac glycosides, nucleotides and lipids at sub-cellular 
resolution in Malpighian tubules of D. plexippus. (a) Simplified schematic showing the morphology of D. 
plexippus malpighian tubules. The principal cells fold upon itself to form a tubule lumen. PrC: principal cell; 
PN: principal cell nucleus; TL: tubule lumen. (b) Optical image of H&E-stained Malpighian tubules after MSI 
analysis. (c) Corresponding green-blue overlay image obtained with 5 µm step size showing the spatial 
distribution of thymidine 39,59-hydrogen phosphate ([M+K]+, m/z 343.0092, green) in the tubule lumen and 
GlcCer(47:5;O2) ([M+H]+, m/z 874.7130, blue) in the principal cell of the tubule. (d) Magnifications of the 
highlighted areas displaying the morphology for transverse-sectioned Malpighian tubules and their 
corresponding red-green overlay images obtained with 5 µm step size, showing the spatial distribution of 
calotropin/calactin ([M+GirT]+, m/z 646.3699, red) and thymidine 39,59-hydrogen phosphate ([M+K]+, m/z 
343.0092, green). Scale bars, (c) 100 µm, (d) 25 µm. 
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Malpighian tubules consist of several principal cells (PrC) that fold upon itself to form a 

tubule lumen (TL) (Fig. 12a). The optical image of H&E-stained Malpighian tubules after 

MSI analysis is displayed in Figure 12b. The morphology of transverse-sectioned 

tubules can be reproduced by the OTCD MALDI MSI green-blue overlay image, showing 

the spatial distribution of thymidine 39,59-hydrogen phosphate ([M+K]+ at m/z 343.0092) 

in green and GlcCer(47:5) ([M+H]+ at m/z 874.7130) in blue (Fig. 12c). The nucleotide 

derivative was primarily located in the tubule lumen and the surrounding tissue, whereas 

a broad variety of lipids from different lipid classes (e.g. PC, PE, PI, SM) were exclusively 

detected in the principal cells. Figure 12d displays detailed OTCD MALDI MSI results 

for individual Malpighian tubules (highlighted in Fig. 12b) with the red color channel 

showing the spatial distribution of derivatized calotropin/calactin ([M+GirT]+ at m/z 

646.3699). Interestingly, the cardiac glycoside was exclusively detected in the principal 

cells and not in the lumen of the tubules. However, the osmotic gradient in the Malpighian 

tubules causes water-soluble xenobiotics and metabolic waste from the hemolymph to 

diffuse. Therefore, our data suggests that cardiac glycosides are not part of the excretion 

pathways and instead are actively transported back to the hemolymph, which 

subsequently allows accumulation in the integument. 

We next analyzed different physiological layers regarding cardiac glycoside uptake with 

2 µm step size (Fig. 13). The analyzed region of interest consisted of the gut lumen (GL), 

peritrophic membrane (PM), ectoperitrophic space (EP), gut epithelium (GE) fat body 

(FB) and hemolymph (HL) (Fig. 13a). To highlight the fat body and gut epithelium, we 

utilized the lipid [PE(44:1)+H]+ at m/z 858.6927, shown in green. Depicted in blue, we 

also found various sphingomyelin species (e.g. SM(29:5;O5)) showing specific lipid 

microdomains, which would most likely remain hidden with higher step sizes. In line with 

our previous MSI experiments, our data demonstrates that the majority of cardiac 

glycosides are sequestered (Fig. 13b), whereas dominant plant toxins, such as 

hydroxyasclepin are not taken up by the caterpillar (Fig. 13c). However, utilizing 2 µm 

step size, we were able to spatially-resolve the ectoperitrophic space (i.e. space between 

the peritrophic membrane and gut epithelium) to demonstrate that the peritrophic 

membrane, which was shown to restrict cardiac glycosides to the gut lumen of locusts116, 

has no function regarding selectivity of cardiac glycosides in D. plexippus. In contrast to 

conventional MALDI MSI experiments, we were able to visualize sequestered cardiac 

glycosides in the fat body with increased accumulation in the outer layer of fat tissue 

(Fig. 13d,e). This observation was not made for other derivatized metabolites that have 

different chemical origin but similar polarities (Fig. 13f), thus, suggesting that these 

specific patterns along with other (sub)-cellular cardiac glycoside distributions were not 

caused by analyte delocalization during sample preparation. 
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Figure 13. OTCD MALDI MSI of derivatized metabolites and lipids at (sub)-cellular resolution to 
analyze cardiac glycoside uptake in D. plexippus. (a) Optical image of the region of interest showing the 
hemolymph (HL), fat body (FB), gut epithelium (GE), ectoperitrophic space (EP), peritrophic membrane (PM) 
and gut lumen (GL). (b,c) Corresponding RGB overlay images obtained with 2 µm step size showing the 
spatial distribution of calotropin/calactin ([M+GirT]+, m/z 646.3699, red) for (b), hydroxyasclepin ([M+GirT]+, 
m/z 704.3754, red) for (c) and PE(44:1) ([M+H]+, m/z 858.6927, green) and SM(29:5;O5) ([M+Na]+, m/z 
695.3991, blue) for (b,c). (d) Single ion images for the chemical compounds shown in the RGB overlay. (e,f) 
Red-green overlay images showing the spatial distribution for the derivatized isomers 
calotoxin/hydroxycalotropin/hydroxycalactin ([M+GirT]+, m/z 662.3648) and calotropagenin ([M+GirT]+, m/z 
518.3233) in red and dehypoxanthine futalosine ([M+GirT]+, m/z 411.1986) in red; PE(46:3) ([M+H]+, m/z 
882.6922) in green. In contrast to cardiac glycosides, the derivatized futalosine species is not accumulated 
in the outer layer of the fat body tissue of the caterpillar. Scale bars, (b-d) 60 µm, (e,f) 70 µm. 
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1.4 Conclusion  

Our spatially-resolved metabolomics approach exhibited diverging strategies regarding 

cardenolide processing in D. plexippus and E. core. By utilizing recent developments of 

the AP-SMALDI MSI technology, we revealed cardenolide distributions at 

unprecedented detail to provide novel insight into the selectivity and the mechanism of 

cardenolide sequestration. However, we encountered low intrinsic ionization efficiencies 

for cardenolides (i.e. steroid glycosides) and the absence of repository-scaled databases 

hindered comprehensive analysis of the complex metabolic network underlying 

cardenolide sequestration. We therefore combined LC-MS-based computational 

metabolome mining with sophisticated on-tissue chemistry MALDI MSI in a robust 

workflow to comprehensively explore and reveal spatial metabolomes at the cellular 

level. Our 8in-house9 metabolomic database included 32 different cardiac glycosides. To 

the best of our knowledge, this is the highest number of detected cardiac glycosides for 

this milkweed species. Hence, we demonstrated the enormous potential of 

computational metabolomic approaches to decompose metabolic networks into 

molecular annotations and to successfully guide subsequent MSI analysis. To enhance 

MSI, we developed a spatial-context-preserving OTCD MSI method, enabling the 

visualization of previously inaccessible (sub)-cellular cardenolide distributions in various 

tissues of D. plexippus. Although primarily described here for carbonyl-containing steroid 

glycosides, many functional groups, such as phenols, thiols, amines, carboxylic acids, 

phosphate monoesters and alkenes can be targeted with different OTCD reagents to 

achieve increased ion yields and to force specific fragmentation patterns. Hence, our 

generic workflow represents a customizable method that can be applied to a wide range 

of spatially-resolved small molecule studies. Collectively, this thesis reports vital 

conceptual and methodological advances for applying MSI to investigate spatial 

biochemistry in insects and other complex tissues 3 thereby paving the way for a plethora 

of innovative applications, ranging from pharmacokinetic analysis of xenobiotics (e.g. 

insecticides) to other insect-plant or host-parasite interactions. 

 

1.5 Future Work  

Spatially-resolved isotope tracing allows to reveal the spatial organization of metabolic 

activities in tissues.118 For our experimental design, integrating the spatially-resolved 

analysis of isotope-labeled cardenolides into the MSI workflow can provide detailed 

information regarding metabolic activities (e.g. reduced abundance of asclepin in the gut 

lumen) in monarch caterpillars. For E. core, this approach allows to elucidate molecular 

mechanisms of cardenolide detoxification in qualitative and quantitative fashion by 

determining degraded molecular products in the gut lumen of the caterpillar. In this 
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context, open-source software packages to analyze spectral variations of isotopic 

patterns based on MSI data were recently described.118  

Developing a new acquisition mode for AP-SMALDI MSI, which enables MSI analysis to 

be performed in parallel with data-dependent acquisition (DDA) MS2 would deliver deep 

molecular information for every pixel. Advanced data pre-processing tools, such as 

MZmine 3119 already enable multimodal feature detection for DDA MS2 data. Therefore, 

feature-based molecular networking combined with AI-driven chemical classification and 

-annotation can be integrated into MSI workflows to significantly increase the analytical 

depth while retaining spatial information. 

In this context, our OTCD method selectively increased the sensitivity and enabled the 

acquisition of high-quality on-tissue MALDI MS2 spectra for toxic steroid glycosides 

based on individual 25 µm2 pixels. Thus, OTCD may facilitate these in situ molecular 

networking approaches (that rely on spectral similarity) not only by acquiring more MS2 

spectra of high quality, but also due to forcing specific fragmentation pathways that are 

characteristic for derivatized analytes of interest.  

In conclusion, the additional work described above not only allows further interrogation 

of the complex biochemistry underlying plant toxin sequestration, but will also allow 

molecular identification solely based on MSI data for generating region-specific 

metabolomic atlases 3 therefore pushing MSI-based spatial metabolomics closer to the 

dimension of large-scale, shotgun-based omics approaches. 
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