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Abstract 
The work presented in this doctoral thesis addresses the development of mass spectrometry imaging 

(MSI) methods and focuses on their application to biological samples for analysis on the single-cell 

level. For this purpose, a home-built MSI ion source was developed and optimized for high lateral 

resolution in the low micrometer range. Sample preparation had to be optimized and multiple 

approaches were evaluated in order to fulfill the special requirements posed by high-lateral-resolution 

MSI at the single-cell level. 

In a first project, an approach alternative to the widely employed matrix-assisted laser 

desorption/ionization (MALDI) MSI was evaluated, involving a matrix-free sample preparation method 

using nanostructured membranes, so-called DIUTHAME (desorption ionization using through-hole 

alumina membrane). With this method, the MS image quality regarding contrast and signal 

homogeneity could be improved compared to MALDI MSI while employing a simpler and faster sample 

preparation workflow. DIUTHAME membranes were successfully demonstrated as useful ionization-

assisting materials on a variety of tissue types. However, signal intensities were found to be reduced 

by about one order of magnitude compared to MALDI MSI and thereby the number of analytes 

detected with the DIUTHAME method was reduced. Sub-cellular resolution MSI was demonstrated to 

be possible with a lateral resolution down to 5 µm using DIUTHAME, but better lateral resolutions were 

impeded by low ionization efficiency. 

In a second project, the MALDI MSI sample preparation workflow was optimized for microglia single 

cells grown on glass slides for high-lateral-resolution MSI down to 1.5 µm. Separate workflows have 

been developed for bulk lipidomics analysis and for high-lateral-resolution MSI to extend the usability 

of the method in general. It was possible to statistically differentiate multiple microglia cell lines from 

each other and find molecular markers for inflammatory stimulation. By employing an imaging 

approach, the cell morphology could be resolved in high detail while simultaneously pinpointing 

cellular heterogeneity on the level of distinct molecules. Intra-cellular heterogeneity involving the 

formation and varying composition of lipid droplets was observed and the influence of inflammatory 

stimulation was investigated. Further, inter-cellular phospholipid heterogeneity was described and 

visualized for the first time in microglia cells grown under identical conditions. 

In summary, the methods and home-built instrumentation described in this doctoral thesis successfully 

enabled single-cell mass spectrometry imaging at sub-cellular lateral resolution and fundamentally 

improved its application to biological samples. In an outlook, further possible applications of single-

cell MSI are showcased. Lipidomic differences in rested and sleep-deprived Drosophila melanogaster 

brains were identified and a potential localization to sleep-related neurons was investigated in a 

multimodal approach involving fluorescence microscopy. 
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Zusammenfassung 
Die in dieser Doktorarbeit vorgestellten Arbeiten beschäftigen sich mit der Weiterentwicklung von 

Methoden der bildgebenden Massenspektrometrie (MSI) und deren Anwendung auf biologische 

Proben. Eine eigens dafür entwickelte Ionenquelle ermöglicht räumlich hochaufgelöste Messungen im 

Mikrometerbereich, um einzelne biologische Zellen zu untersuchen und deren räumliche 

Molekülverteilung bildlich darzustellen. Des Weiteren wurden Probenvorbereitungsmethoden 

optimiert und verschiedene methodische Ansätze evaluiert, um den hohen Anforderungen von 

hochauflösender MSI auf Einzelzellebene gerecht zu werden. 

In einem ersten Projekt wurde eine Alternative zur weit verbreiteten Matrix-unterstützten 

Laserdesorption/-ionisation (MALDI) MSI evaluiert, die auf einer matrixfreien Probenvorbereitung mit 

nanostrukturierten Membranen, sogenannten DIUTHAME (engl.: desorption ionization using through-

hole alumina membrane), basiert. Mit dieser Methode konnten im Vergleich zu MALDI MSI Kontrast 

und Homogenität der erhaltenen Verteilungsbilder gesteigert werden, während die notwendigen 

Arbeitsschritte reduziert oder vereinfacht werden konnten. Die erhaltenen Signalintensitäten jedoch 

waren im Vergleich zu MALDI MSI um etwa eine Größenordnung reduziert, was eine verringerte Anzahl 

detektierbarer Moleküle zur Folge hatte. Die DIUTHAME Membranen wurden erfolgreich auf einer 

Vielzahl von verschiedenartigen biologischen Gewebeproben angewendet. Eine subzelluläre räumliche 

Auflösung konnte in MSI Experimenten gezeigt werden, die jedoch durch die geringe 

Ionisationseffizienz der Methode auf 5 µm begrenzt wurde. 

Ein zweites Projekt fokussierte sich auf die Optimierung der Probenvorbereitung und Instrumentierung 

für MALDI MSI, um einzelne Mikrogliazellen auf Glasobjektträgern bildgebend mit bis zu 1.5 µm 

Auflösung zu vermessen. Dedizierte Methoden für hochauflösende Bildgebung oder optimierte 

Signalintensität von Lipiden wurden entwickelt, um eine vielseitigere Anwendungsmöglichkeit von 

MALDI MSI zu erreichen. Mit den entwickelten Methoden war es möglich, Zelllinien und 

Stimulationsstatus der Zellen basierend auf massenspektrometrischen Daten statistisch zu 

unterscheiden und molekulare Marker zu identifizieren. Die hohe räumliche Auflösung der Bildgebung 

ermöglichte es, die Morphologie der Zellen detailliert darzustellen und die Heterogenität einzelner 

Zellen auf molekularer Ebene zu identifizieren. Beispielsweise konnte die heterogene Verteilung von 

Lipidtropfen sowie deren veränderte Zusammensetzung und Verteilung nach Stimulation beobachtet 

werden. Des Weiteren konnte eine zelluläre Heterogenität auf Basis von Phospholipiden zwischen 

ansonsten ununterscheidbaren Zellen zum ersten Mal für Mikroglia gezeigt werden. 

Zusammenfassend kann gesagt werden, dass die in dieser Doktorarbeit entwickelte Methodik und 

Instrumentierung erfolgreich die Anwendung von MSI in biologischen Proben auf Einzelzellebene 

ermöglicht hat. Als Ausblick werden weitere Anwendungsmöglichkeiten präsentiert und erste 

Ergebnisse zum Einfluss von Schlafentzug auf die Lipidzusammensetzung des Gehirns von Drosophila 

melanogaster gezeigt. Einzelne Lipidmoleküle konnten identifiziert werden, deren Intensität sich nach 

Schlafentzug verändert hat. Ein räumlicher Zusammenhang mit schlafassoziierten Neuronen, die 

aufgrund genetischer Modifikationen durch Fluoreszenzmikroskopie identifizierbar sind, wurde 

untersucht.
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Chapter I - Synopsis 

Introduction 

Mass spectrometry 

Mass analyzers 

Mass spectrometry (MS) is a modern analytical technique to elucidate molecular information from 

organic or inorganic samples by determining the mass-to-charge-number ratio (m/z) of analytes. In 

mass spectra, the m/z values are plotted against signal intensities, which in combination allows for 

qualitative and quantitative investigation of the sample. High sensitivity, low limit of detection, fast 

data acquisition, precision and label-free analysis even of complex samples are key-factors, that 

enabled MS to reach outstanding importance and wide-spread application in the life sciences.1  

MS is generally relying on the generation of ions from the sample by various ionization techniques in 

an ion source. Ions are subsequently manipulated in high vacuum by electrical or magnetic fields in a 

mass analyzer. Most mass spectrometers can perform well with positively-charged or negatively-

charged ions. The polarity can be chosen individually before an experiment depending on the use case. 

Magnetic fields have first been used in a mass analyzer in 1918 by A. J. Dempster.2 Such analyzers, 

which are also used in modern-day sector field analyzers, can divert an initially linear ion beam onto a 

circular trajectory. The radius of the ion path is described in equation (1) and is dependent on the ion’s 

m/z value. By either varying the magnetic field strength or the position of the detector, ions can be 

separately detected based on their individual m/z. 

 𝑟 =  
𝑚𝑣

𝑧𝑒𝐵
 (1) 

r = radius 
m = mass 
v = velocity 
z = charge number 
e = elementary charge 
 
Mass spectrometers applying electric fields have first been described by A. E. Cameron and D. F. Eggers 

Jr. in 1948.3 They claimed that earlier magnetic-field-based mass spectrometers are too slow to 

describe rapidly changing samples due to multiple ion packages being necessary for a single spectrum. 

In their so-called “ion velocitron”, whose modern-day counterparts are known as “time-of-flight” (ToF) 

mass spectrometers, Cameron and Eggers applied a locally defined electric field to accelerate ions 

inside a high-vacuum field-free drift tube. All ions experience the same potential energy input, which 

is translated into kinetic energy, but following equation (3) their velocity will be dependent on their 

m/z value. By time-resolved detection of the ion package, a mass spectrum can be constructed. 

 
𝐸𝑘𝑖𝑛 =

1

2
𝑚𝑣2 = 𝑧𝑒𝑈 = 𝐸𝑝𝑜𝑡 (2) 

 

𝑣 = √
2𝑧𝑒𝑈

𝑚
 (3) 

Ekin = kinetic energy of the ion 
Epot = potential energy of the electric field 
m = mass 
v = velocity 
z = charge number 
e = elementary charge 
U = voltage 
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In 1953, W. Paul and H. Steinwedel first described the quadrupole ion trap.4 This concept is based on 

calculations, for which ions can be trapped in-between four rod-shaped electrodes, on which 

superimposed static and dynamic electric fields are applied. The fields can be carefully adjusted in a 

way to create a stable trapping potential for a given m/z range. Variation of the fields enables to 

selectively destabilize selected ions with given m/z values, which can then exit the trap to reach a 

detector. A systematic emptying of the trap, so called “scanning”, results in a complete mass spectrum 

of the initially trapped ions. 

Ion traps have since then appeared in multiple variants. In so-called Penning traps,5 the cyclotron 

frequency of ions circulating in an magnetic field can be precisely measured. This is directly dependent 

on the m/z value of the ion, which is utilized in so-called Fourier-transform ion cyclotron resonance 

(FT-ICR) mass spectrometers.6 As the name suggests, the overlap of the cyclotron frequencies of all 

ions is measured at once and translated into m/z values via Fourier transformation. 

While trapping techniques were becoming increasingly popular over time, A. Makarov described a new 

design of an ion trap in the year 2000, the so-called “Orbitrap”, which consists of an outer barrel-

shaped and an inner spindle-like electrode, between which ions can orbit on stable trajectories.7 Due 

to a decentral injection of ions, not only an orbital motion is induced, but also an axial movement along 

the central electrode. The harmonic frequency of this oscillation is dependent on an ion’s m/z value 

and can be measured as a transient for all ions in the trap. Through Fourier transformation, individual 

components and thereby m/z values of the ions can be determined. 

For most applications in the life sciences, a precise measurement of the m/z value of ions is key to 

identify molecules and understand biological or biochemical processes. Key quality markers for mass 

spectrometers are the mass resolution and mass accuracy that the system can deliver. Mass resolution 

describes the ability of a mass analyzer to discriminate ions having minimal m/z differences and can 

be calculated using equation (4), e.g. following the “full width at half maximum” (FWHM) definition. 

Mass spectrometers able to achieve high mass resolution results are called to have a high mass 

resolving power.8 

 𝑅 =
𝑚

∆𝑚
 (4) 

R = mass resolution 
m = mass of a selected, singly charged ion 
∆m = width of peak at 50% intensity 
 

Mass accuracy on the other hand describes the deviation of the accurate mass, which is measured by 

the mass spectrometer in an experiment, from the theoretically calculated exact mass, which is a true 

value per definition, and is usually given in parts per million (ppm) as in equation (5).8 

 ∆=
𝑚𝑎𝑐𝑐𝑢𝑟𝑎𝑡𝑒 − 𝑚𝑒𝑥𝑎𝑐𝑡

𝑚𝑒𝑥𝑎𝑐𝑡
∙ 106 (5) 

∆ = mass accuracy in parts per million (ppm) 
maccurate = measured mass of an ion with known charge 
mexact = theoretically calculated mass of an ion 
 

The higher the mass resolution of a mass spectrometer, the higher is its ability to individually detect 

ions of similar mass as separate peaks. The highest mass resolution can be achieved with FT-ICR 

instruments with up to R = 2,000,000 and an accuracy of < 1 ppm in recent approaches,9,10 which 

enables for example the differentiation of isotopologues of very similar masses like 57Fe-heme and 
56Fe-heme13C, differing by only ∆(m/z) = 0.0029.11 Similarly, with a mass resolution of up to R = 480,000 
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on commercial and up to R = 2,000,000 on experimental setups12,13 while simultaneously achieving a 

mass accuracy of < 1 ppm,  recent Orbitrap instruments can offer performances comparable to FT-ICR 

instruments while having greatly reduced expenses, complexity and size.14,15  

Despite their lower mass resolution, ToF analyzers are dominantly used due to their unprecedented 

speed and high versatility.16,17 Nevertheless, the share of ion-trapping analyzers has been growing 

constantly over the last decade, mainly driven by an increased need for high mass resolution and mass 

accuracy for molecular identification in complex samples.18–20 In the last ten years, the relative amount 

of publications using Orbitrap technology has doubled (Figure 1). 

 

Figure 1: Relative percentage of publications listed in the Clarivate Web of Science upon searching for either FT-ICR (grey), 
Orbitrap (blue), quadrupole (yellow) or ToF (orange) analyzers per year in the MS research field without restriction in 
application. Results are normalized to 100%. 

 

Analyte identification and fragmentation 

In mass spectrometry, measuring the accurate mass of an ion is one way to designate a molecular 

identity. Based on the increasingly high mass accuracy and resolving power of modern mass 

spectrometers, the sum formula of an ion can be calculated from a peak or annotated using 

databases.21–24 Furthermore, the characteristic isotopic pattern of a molecular species observable in a 

mass spectrum can give additional information or validation of an analyte annotation and elemental 

composition. It must be considered, however, that charge carriers also contribute to the pattern of 

mass signals of one molecular species. In bioanalytical research, charge carriers are usually 

monoatomic or molecular ions of salts initially present in the biological environment which can attach 

to the analyte or substitute exchangeable protons of the molecule. Thereby, multiple signals in a mass 

spectrum can arise from one analyte with different charge carriers. 

However, multiple biological entities can usually be annotated to one m/z signal based on accurate 

mass alone. Molecules with identical sum formulae but different chemical structure, so-called isobaric 

ions, cannot be directly differentiated in accurate mass spectra. As an everyday example, the well-

known carbohydrates sucrose and lactose share the sum formula C12H22O11 and thereby would be 

measured with the same m/z values, but they are structurally different from each other, which is the 

background behind the clinically important selective intolerance for lactose but not glucose in some 

humans.25  
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To elucidate the structural features of molecules or ions using mass spectrometry, fragmentation 

experiments are typically performed. One of the benefits of ion trap mass spectrometers is their ability 

to not only measure but also store selected ions for further manipulation. Tandem-MS, also denoted 

as MS/MS or MS2, utilizes this ability for structural elucidation. In general, a narrow m/z range, 

putatively containing only the ion-species of interest, is selectively collected in the ion trap while other 

ions are discarded. The selected ion-species is then subjected to a high energy input, for example by 

gas collision26,27 or laser irradiation,28–30 which induces characteristic and predictable fragmentation of 

the ions. Subsequently, the fragment ions themselves are subjected to MS analysis, giving vital insights 

into the initial molecular structure through characteristic fragment ions. On suitable instruments, the 

process of isolation and fragmentation can be repeated several times on the resulting fragments (MSn), 

enabling a more and more elaborated structural analysis of the ion of interest.31 

 

Mass spectrometry Imaging 

Since mass spectrometry is a relatively fast process in obtaining a single mass spectrum (typically taking 

less than a second per spectrum), a high throughput of samples is feasible. In mass spectrometry 

imaging (MSI), first introduced in 1967 by H. Liebl32 and made available to bioanalytical research by 

B. Spengler in 1994,33 a multitude of MS measurements is performed repeatedly from a sample surface 

in an organized pattern, usually a rectangle.33 Signal acquisition by a probe, e.g. a focused laser, is 

restricted to a confined area on the sample per spectrum, resulting in a pixel-wise scanning of the 

surface. Since mass spectra are available for every pixel, an image can be reconstructed through data 

evaluation, resembling the distribution of a single ion over the sample surface.34–37 

 

Figure 2: Schematic workflow of a laser-based MSI experiment. Confined and ordered areas of the sample are sequentially 
ionized and subjected to MS analysis. The intensity distribution of selected peaks can be visualized as images after data 
evaluation. Up to three ion images can be overlaid to a loss-less RGB image. 

A key factor for MSI analysis is the achievable lateral resolution, represented by the pixel size, which is 

directly linked to the size of the sampling probe. In principle, it is desirable to achieve a preferably 

small sampling probe while retaining a sufficient ion signal intensity, which naturally drops with 

decreasing sampling area.38 This is in line with the trend in bioanalytical research towards small model 

organisms or cells cultures, that are easier to study than e.g. rodent animals, due to shorter 

reproduction cycles, low cost or ethical reasons,39 making high-lateral-resolution MSI an important and 

active field of research. 

Commonly, imaging in bioanalytical research is performed by optical or fluorescence microscopy, often 

enhanced by staining techniques. However, classical histological staining is comparably unspecific, 

since it is only targeting a molecule class instead of giving defined molecular information.40 

Immunostaining techniques on the other hand are very precise but limited to one particular analyte 

per staining reagent and require at least some knowledge about the sample prior to investigation.41,42 

The same is true for in vivo imaging of organisms, that were genetically modified to selectively express 
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a fluorophore in targeted cells.43–45 MSI overcomes these shortcomings by being able to analyze any 

sample, even unknown ones, in an untargeted approach while simultaneously acquiring distinct 

molecular information for hundreds or thousands of analytes at the same time.34–37 

 

Ionization 
An important step of any MS analysis, independent of the analyzer, is the ionization of the analyte, for 

which a variety of methods exist. The analyte can be transferred to the gas phase and ionized through 

thermal, electric, kinetic, ionic or photonic energy input. Individual methods are classified into the 

categories “soft” and “hard”, depending on their tendency of fragmenting the analyte during 

ionization. Whereas a general fragmentation might be useful for example in structure elucidation of 

reaction products in organic chemistry,46 it would overcomplicate the already very complex spectra in 

modern biochemical research. Thereby, “soft” ionization methods are usually preferred in the life 

sciences for the analysis of intact biomolecules. These methods introduce charges by adding or 

removing charge carriers (X), yielding adducts with the analyte (M) that are commonly notated as 

[M ± X]±. For example, a proton (H+) can be added ([M+H]+) or subtracted ([M-H]-) from an analyte to 

introduce a charge without triggering fragmentation processes. Other charge carriers such as Na+, K+, 

NH4
+ or Cl- are naturally found in biological samples and therefore can also form adducts with the 

analyte, e.g. [M + Na]+. 

 

Electrospray ionization 

One of the most widely used ionization techniques is electrospray ionization (ESI), which was first 

described by M. Yamashita and J. B. Fenn in 1984.47 For ESI, the analyte has to be dissolved in some 

form of solvent, e.g. a mixture of water and methanol, which can be individually tuned to the 

experimental objective. The solution is then pumped through a fine capillary with an inner diameter in 

the micrometer range using a flow rate of a few microliters per minute. To create an electrospray, a 

high voltage of a few kilovolts is applied between the mass spectrometer inlet, which is usually on 

ground potential, and the ESI spray capillary. Charge separation occurs by charge carriers, e.g. protons, 

being enriched either on the capillary wall or at the capillary tip, depending on the applied polarity and 

their charge. From the capillary tip, a so-called Taylor-cone is formed, from which a liquid jet is ejected 

that decays into a spray of charged droplets due to electrostatic repulsion. As stated in equation (6), a 

stable electrospray can only be formed, if the force generated by the electric field is stronger than the 

surface tension of the solvent. Using a heated capillary or an assisting gas flow can support the 

ionization process. 

 
𝐹𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 =

2𝑈𝑞

𝑟 ∙ ln (
4𝑑
𝑟 )

> 𝜎𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (6) 

Frepulsion = force generated by the electric field 
U = voltage applied to the capillary 
q = charge 
r = radius of the capillary 
d = distance between capillary tip and mass spectrometer inlet 
σsurface = surface tension 
 

On the way to the mass spectrometer, the solvent gets vaporized and the charge density inside the 

droplets rises until it reaches the Rayleigh limit48 and the droplet gets split into smaller droplets 

repeatedly. The process of final ionization can be explained by two mechanisms. Smaller and highly 
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charged molecules tend to follow the “ion evaporation model” (IEM),49,50 which claims that ions are 

ejected from the droplets directly due to the high charge density inside the droplets. Larger molecules 

tend to follow the “charge residue model” (CRM),51,52 which assumes that the solvent is vaporized 

completely until only the analyte and charge carriers remain. 

One of the major benefits of ESI, which also contributes to its widespread use, is the possibility to 

seamlessly couple it with liquid chromatography, e.g. high-performance liquid chromatography 

(HPLC).53,54 In HPLC, a small amount of the sample is pumped through a column, the so-called 

stationary phase, using ultra-pure solvents as a mobile phase. Samples must be soluble in the mobile 

phase and are usually extracts from biological tissue or cells. Depending on the interaction of the 

individual analyte molecule with the mobile and stationary phase, e.g. due to its size or polarity, a 

chromatographic separation into multiple fractions can be achieved. The time an analyte takes to pass 

the stationary phase, the so-called retention time, is distinctive under given experimental conditions. 

For optimal separation, stationary and mobile phase have to be carefully tuned and optimized. 

Nevertheless, a perfect separation of all analytes in a complex biological sample usually cannot be 

achieved due to similarities in the large ensemble of bioactive compounds, limiting the 

chromatographic resolution. The mass spectrometer can serve as the detector here, not only detecting 

the presence of an analyte for determining its retention time, but additionally separating analytes by 

their m/z values. The interconnection of HPLC-MS enables to better elucidate the molecular structure 

or identity by physically separating individual molecules and thereby deconvoluting resulting mass 

spectra. Additionally, tandem-MS experiments can be conducted more reliably, since HPLC can 

partially eliminate co-isolation of multiple molecules. 

 

Desorption electrospray ionization 

Similar to ESI, the method of desorption electrospray ionization (DESI)55–57 is utilizing an electrospray 

with solvent to ionize the sample. The analyte, however, is not dissolved in the electrospray solvent, 

but is residing on a sample surface on which the electrospray is directed at. Charged droplets are 

ejected from a small capillary and accelerated by a gas stream to hit the sample surface, from which 

analytes are subsequently desorbed, ionized and transported towards the mass spectrometer inlet by 

secondary droplets.58 The lack of sample pretreatment and the ability to investigate virtually any 

sample under ambient conditions are key factors, that make DESI an attractive bioanalytical method. 

Extracting and dissolving the analyte, which would be an additional sample preparation step employing 

ESI analysis, is already incorporated into the DESI process. Additionally, microdroplets as utilized in 

DESI are ideally suited reaction vessels to derivatize analytes during desorption and ionization by 

mixing derivatization agents into the solvent, so-called reactive DESI.59 Thereby, charge carriers or 

polar groups, which are usually inevitable for efficient ionization with soft ionization methods, can be 

chemically introduced into an apolar target molecule. For example, Wu and coworkers were able to 

investigate cholesterol with reactive DESI,60 whereas underivatized cholesterol is hard to ionize due to 

its low proton affinity and low acidity.61 DESI can also be employed as an imaging technique, since the 

solvent jet can be selectively steered over the surface to scan a sample.57,62 Depending on the size of 

the capillary used, a lateral resolution of around 10 µm can be achieved.63,64 

 

Matrix-assisted laser desorption/ionization 

By using light as a sampling probe, matrix-assisted laser desorption/ionization (MALDI) is, besides ESI, 

one of the most widely used ionization techniques in MS.65–68 First described by M. Karas and 

F. Hillenkamp in 1987, MALDI utilizes a focused ultraviolet (UV) laser beam directed to a sample, which 

was covered with an ionization-assisting matrix.69 Despite laser desorption/ionization (LDI) was already 

described for the use of small molecules, particles or elemental analysis,70–72 only the introduction of 
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an organic matrix enabled the technique to also be applicable to larger biomolecules.73 Especially for 

imaging applications, MALDI MSI has become one of the most valuable and widely used techniques in 

the life sciences today.33,34,36,74 Nevertheless, the actual ionization mechanism of MALDI is still a matter 

of debate.75 Recent research has focused on secondary ionization processes in the dense desorption 

plume, that are responsible for analyte ion formation, whereas the primary source of matrix ionization 

remains unclear.76 

As matrices, various organic acids or bases can be utilized for positive- or negative-ion mode, 

respectively.65 Nevertheless, matrices should be mostly inert towards the sample or oxidation, be in 

solid state under ambient conditions, have a low vapor pressure, absorb the wavelength of the laser 

employed and ideally produce minimal background signal.77–81 In the early days of the method, matrix 

application was performed via the “dried droplet” method. A sample is spotted onto a surface, e.g. a 

purified authentic standard on a glass slide, and subsequently covered by a small amount of matrix 

solution. While the solvent is vaporized after some time, the matrix incorporates the analyte inside 

large crystals in a process called co-crystallization.73 This method is still applied today due to its ease 

of use,82 but cannot be used for quantitative approaches since the distribution of the analyte in the 

spot after drying is far from homogeneous, resulting in hotspots of higher signal intensities.83 Also, 

imaging applications would not be possible with dried droplet matrix preparation protocols. 

To achieve a homogeneous matrix layer over the sample suitable for imaging applications, e.g.  on 

tissues or cells, sublimation and spray-coating methods were developed. However, careful method 

optimization is a crucial step in MALDI MSI sample preparation, since even slight changes to the 

protocol can lead to reduced reproducibility and validity of the results.84–86 In general, the matrix layer 

should consist of small, homogeneously distributed matrix crystals and efficiently incorporate the 

analyte of interest. For spray-coating, the matrix is therefore dissolved in a suitable solvent mixture 

and then nebulized by a gas flow towards the sample. Small solvent droplets hit the sample surface 

and dissolve some of the analytes to form matrix-analyte cocrystals after solvent evaporation. Careful 

adjustments of the solvent mixture, spray volume and spray duration are inevitable to efficiently 

dissolve analyte molecules while avoiding wash-out effects and analyte delocalization on the sample.87 

For sublimation, a matrix substance is placed in a vacuum chamber and heated. Matrix is transferred 

to the gas phase and subsequently resublimates on the sample, which is mounted on a cold finger at 

the top of the vacuum chamber.88 The analytes of the sample will not only be covered with small matrix 

crystals, but to some extent will also diffuse into the matrix crystals.89,90 However, analyte 

incorporation and therefore signal intensity is usually higher using spray-coating methods due to 

solvent use.38,85  

 

Surface-assisted laser desorption/ionization 

Since matrix application is such a crucial step in MALDI MS(I) experiments, efforts have been made to 

eliminate organic matrices from the workflow. Around the same time as MALDI emerging as an 

ionization technique, K. Tanaka described the use of inorganic particles to assist ionization in a process 

later called surface-assisted laser desorption/ionization (SALDI).91,92 A surface, however, can be made 

of a large variety of nanomaterials. A nanostructured material, ranging from randomly oriented 

nanoparticles or colloidal materials93–95 to highly engineered nanoposts,96–98 nanotubes,99 

nanowires100,101 or nanoholes,102,103 is usually made up of metals104 or their oxides,93–95,99 silicon101,105 

or inorganic carbon, e.g. graphene91,106. 

The mechanism taking place on the surface of a material during desorption and ionization is highly 

debated. Since the analytical performance of a SALDI experiment is dependent on many material 

characteristics like shape, size, nanostructure, thermal conductivity, melting point, photoabsorption 
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efficiency or chemical surface properties, finding a general mechanism for all materials is tough if not 

impossible.107,108 However, thermal and non-thermal processes both seem to play a role when the 

rapid and sharp increase in surface temperature induced by the laser has to be efficiently transferred 

to the analyte.109 

The desorption process is assumed to be driven by the rapid heating of the material surface and 

subsequent phase transfer.108,110 Due to heat confinement effects in the nanostructures and low 

thermal conductivity of the material, a locally restricted high temperature spike is produced upon laser 

irradiation.111 Through this heat spike, material residing on the surface of the material will be thermally 

desorbed.107 

For ionization, however, multiple proposed mechanisms and potential pathways exist.112 For example, 

the so-called “hot electron” mechanism proposal assumes, that laser-induced electron ejection leads 

to surface charges and subsequent fragmentation of the charge-separated SALDI material through 

Coulomb explosion, as a main cause of analyte ionization.113 Later, this mechanism was extended on 

remaining electron-holes after electron ejection, which are considered to be possible contributors to 

ionization.114 Another proposed mechanism claims that the SALDI material is quickly heated until a 

laser-induced plasma is formed. Through a shockwave from the rapidly expanding material, analytes 

are desorbed from the surface and ionized through gas-phase interactions with the plasma.115 Beyond 

those examples, a high number of further mechanistic proposals exist.112 Due to the highly diverse 

nature of the different materials and nanostructures, multiple mechanistic approaches might be 

relevant.109  

 

Post-ionization 

In surface-based ionization techniques such as MALDI, DESI or SALDI, desorption and ionization are 

typically concerted processes initialized by the sampling probe. In this process, many more analyte 

molecules are desorbed than actually ionized, resulting in highly reduced ion yields. It is estimated that 

for MALDI, less than 0.1 % of the desorbed molecules are actually ionized.116,117 Especially for high-

lateral-resolution MSI experiments, that are naturally limited in the number of available molecules due 

to the small sampling area, the low ionization efficiency may become a limiting factor. 

However, to boost signal intensities and increase ion yield, techniques have been developed to 

additionally assist ionization. So-called post-ionization approaches implement a secondary ionization 

step into the system, that is performed on the already desorbed material. Post-ionization can for 

example be performed by electrospray, plasma or irradiation using a second laser.118  

One example for spray-based post-ionization is laser ablation electrospray ionization (LAESI), where 

the sample is ablated using an infrared (IR) laser. The resulting desorption plume is then intercepted 

with an electrospray plume. Post-ionization is achieved due to the fusion of electrospray droplets with 

ablated neutral molecules or particles, resulting in doping of the electrospray with analyte, which is 

then measured by the mass spectrometer.119,120 

In another approach called MALDI-2, a laser is utilized to enhance ionization in a MALDI experiment.121 

Here, a second laser with higher intensity is precisely timed to intersect the desorption plume ejected 

from the sample surface by the primary laser. For example, an increase in signal intensity by up to two 

orders of magnitude was observed for some lipid species, whereas on other lipid species the effect 

was lower or miniscule, showing an efficiency dependence on the actual ion species.121 The 

mechanistic background of the process is still a matter of active research, but it is suggested that a 

two-photon process on desorbed molecules as well as a classical MALDI process in ejected material 

clusters play an important role in laser-based post-ionization.122 
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High-resolution laser-based mass spectrometry imaging 

Laser sampling probe 

The use of laser systems as sampling probes in mass spectrometry imaging applications is the basis of 

both, MALDI and SALDI MSI. One of the main advantages of using lasers here is their versatility, ease 

of use and wide-spread availability. A laser can be easily controlled using optical elements like lenses, 

filters or mirrors, which are, as the laser sources themselves, available in a large variety and already 

widely applied in numerous scientific, medical or industrial settings. 

To achieve high lateral resolution in MSI, the laser has to be focused to a small spot on the sample 

surface. Commercially available ion sources typically operate at laser spot sizes between 5 µm and 

20 µm.34 However, smaller ablation spot diameters around 1 µm have been shown in experimental 

setups as proofs-of-principle.38,121,123,124 From a mechanistic point of view, the development towards 

high lateral resolution is not only appreciated for its increasingly detailed analysis of the sample 

morphology, but also in regard to ionization efficiency. For example, it has been found that ionization 

efficiency in MALDI is strongly dependent on laser fluence, which is the employed laser energy per 

irradiated area.125–127 Despite that smaller ablation spots naturally reduce signal intensities due to a 

reduced sampling area, the increased laser fluence is counteracting this behavior to some extent. 

In the MSI community, the terms “pixel size” and 

“spot size” are often used synonymously to 

describe the measurement characteristics of an 

MSI experiment. However, when talking about 

high lateral resolution, the difference between 

the terms should be made clear. “Pixel size” is 

referring to the size of the picture elements in a 

digital image and is equivalent to the distance the 

sample or the laser spot is moved between two 

consecutive desorption/ionization events on the 

sample surface. It thus defines the size of the area represented by a pixel in an MS image. The pixel 

size is directly set by the experimenter. “Spot size” on the other hand refers to the actual size of the 

ablation spot crater produced by a single desorption/ionization event, which is dependent on the 

objective lens used to focus the laser and can be additionally controlled via the laser energy input. The 

lower the laser energy, the smaller is the spot size for a given (near) gaussian laser spot intensity 

profile. However, the actual size of the ablation spot is also dependent on surface and sample 

characteristics and should thereby be confirmed by microscopy techniques for each experiment. 

The achievable minimal pixel size and thereby level of detail for the MSI measurements is dependent 

on the ablation spot diameter, since the laser should be directed to a completely untouched area of 

the sample surface for each pixel to ensure authentic and reproducible MSI results (“non-oversampling 

conditions”). Therefore, the spot size should be smaller than the pixel size. However, by using so-called 

oversampling conditions, a pixel size smaller than the ablation spots can be employed. In this case it is 

assumed that 100% of the sample material is desorbed during a laser irradiation event. For the next 

pixel, only the not-yet irradiated part of the sample surface under the laser spot is desorbed and 

ionized, resulting in the pixel size becoming independent of the laser ablation spot size. However, the 

assumption on which oversampling is based is not necessarily true, especially at the low laser energy 

settings that are required for achieving small ablation spots. Therefore, when using oversampling, 

some material of the previous pixel is always co-analyzed, resulting in measurement artifacts and 

washout effects. For achieving authentic and reproducible MSI results, oversampling should be 

avoided.37 All results in this work are produced without oversampling. 

Figure 3: Schematic representation of pixel size and spot size 
for a typical MSI measurement and for oversampling 
approaches. 
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Single-cell and subcellular mass spectrometry imaging 

The required lateral resolution of an MSI experiment is linked to the kind of sample to be investigated. 

Larger samples like tissue sections can easily be investigated with commercially available ion sources. 

However, research on the single-cell level is becoming increasingly important.34,128–133 Genetically 

identical cells, which were grown under the same environmental conditions from the same ancestor 

can express different phenotypes.129 In this context, a phenotype is defined as a subset from a set of 

genetically identical cells, which have distinct observable characteristics, e.g. the expression of a 

specific molecule.134 Phenotype heterogeneity has been found to play an important role in health and 

disease135–138 and even switching phenotypes, e.g. upon stimulation or a changing environment, has 

been observed for cells.139  

To obtain information from single cells, multiple approaches have been developed over the last years 

involving mass spectrometry. If spatial information is not necessary, single-cells can be collected from 

a culture medium and sampled as individual entities using microfluidic devices.140,141 Cells can for 

example be separated in micrometer-sized droplets of water in oil or a combination of other 

immiscible fluids.141 Therefore, a highly diluted cell suspension is inserted into a flow of an immiscible 

fluid, creating microdroplets that encapsulate single cells. From a statistical point of view, each 

microdroplet should include one or no cell due to the low concentration of cells in the suspension. The 

microdroplets can then be transported to an analyzer, for example an ESI source coupled to a mass 

spectrometer. Besides that, a large variety of trapping142,143 or encapsulation144 methods for single cells 

have been demonstrated, based on microfluidics. 

However, spatial information is usually not neglectable due to the influence neighboring cells have on 

each other, especially in multicellular organisms. If cells are of sufficient size, samples can be taken 

manually using mechanical probes like nanopipettes.145–147 By extracting the cell interior, analysis can 

be directly performed with an ESI MS approach. However, this manual extraction is labor intensive and 

only gives limited spatial information. 

For smaller cells, laser radiation can serve as a viable probe. Even for cells smaller than the laser focus, 

different multimodal approaches guided or aided by optical or fluorescence microscopy have been 

developed. In an approach called microMS,148 an optical microscopy image of the cells spatially 

separated on a glass slide is acquired prior to matrix application and the MALDI MS measurement. 

Software-based cell-detection identifies individual cells on the surface and handles their location to 

the MALDI MS system. The laser is then triggered to sample from the preselected position and mass 

spectra of single cells are recorded. Based on the microscopy image, which recorded the physical 

boundaries of the cells, an image can be created by extrapolating the MS information from one sample 

spot over the whole cell body. By only targeting actual cells, this approach saves a lot of time compared 

to a classical MSI approach, which would also measure the empty space in-between cells. Inter-cellular 

heterogeneity within a sample can be detected and correlated to optical or fluorescence microscopy 

measurements of the sample to yield advanced biological insights.149 However, a potential intra-

cellular heterogeneity would be missed and cells have to be reasonably separated for reliable 

identification. 

Approaching the problem the other way, the SpaceM150 method measures a fixed sample area of cells 

grown on glass slides in a native environment, avoiding biochemical distortion due to cell sorting and 

cell separation. By an automated overlay of pre- and post-MALDI MSI microscopy images, the mass 

spectrometric information can be extrapolated within the detected cell boundaries, even if the lateral 

resolution achievable by the MALDI MSI instrument would not be sufficient otherwise. The system 

makes use of the ablation marks the laser produces on the cells to precisely and reliably co-align MALDI 

MSI and microscopy data. 
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An even more versatile approach on single-cell MALDI MSI would be to achieve a laser ablation spot 

size significantly smaller than the cell itself. With modern MALDI MSI instrumentation, this can be 

achieved for some types of cells. For example, human fibroblast cells have been investigated utilizing 

commercially available instruments with a pixel size of down to 5 µm, which is significantly smaller 

than the cell size of >100 µm.151 The detected cellular heterogeneity in MALDI MSI was in line with 

fluorescence microscopy, but was acquired independently. 

However, cells come in a large variety of sizes, even inside one organism.152 While MALDI MSI of 

zebrafish embryos, around 600 µm in diameter, can also be called single-cell imaging,153 most cells of 

biological interest are much smaller than that. In humans, for example, adipocytes (fat cells) or 

fibroblasts (skin cells) can be 100 µm or larger in diameter,151,154,155 whereas pancreatic beta cells 

(insulin production) or enterocytes (intestinal cells) are usually around 10 µm or 15 µm in 

diameter,156,157 respectively, and red blood cells have a diameter of around 8 µm with a thickness of 

around 2 µm.158 Thereby, using commercially available MALDI MSI instrumentation, only a hand-full of 

pixels could be obtained per cell in most cases, which is neither sufficient to outline the cell’s 

morphology, nor to distinguish its inter- or intra-cellular heterogeneity from random signal 

fluctuations. The investigation of small cells though requires an even smaller laser spot size to 

sufficiently resolve the cellular structures and outlines.  

 

Instrumentation 

In recent years, single-cell MALDI MSI has gained in popularity.34 However, application of the technique 

to not only the largest of cells is usually combined with specialized instrumental developments of the 

ion source. While the working principle of MALDI MSI remains largely the same, different technical 

approaches have been developed over the years. Most ion sources are equipped with lasers utilizing 

UV light, which can be well focused due to its short wavelength and is widely absorbed by organic 

matrices. The minimal focal diameter is restricted by the Abbe limit, which is, besides the physical and 

technical characteristics of the focusing lens, dependent on the laser wavelength.159,160 The shorter the 

wavelength, the smaller is the possible laser focus. Alternatively, some approaches utilize IR-lasers, 

which come with the benefit that the intrinsic water of a biological sample can perform as the matrix 

due to its IR-absorbing characteristics.161,162 Thereby, it is not necessary to apply a matrix onto the 

sample. However, achievable lateral resolution and ion yield are greatly reduced compared to UV-

MALDI approaches.37,163 

In general, the laser is guided through filters or attenuators to precisely control the output laser energy 

reaching the sample surface, since this has direct influence on the ablation spot diameter and 

ionization efficiency.125 Beam-steering mirrors are used to guide the laser beam to an objective lens, 

which is used to focus the laser beam to its final diameter. The sample is either placed on a conductive 

glass slide, e.g. indium tin oxide (ITO) glass, or placed in front of a conducting metal plate on a regular 

glass slide to apply a high voltage of 3 – 5 kV to the sample, which is accelerating the ions away from 

the sample surface to the MS inlet. MALDI ion sources can be realized in multiple, vendor-specific 

geometries, that come with individual advantages and disadvantages. 

In angled geometry (Figure 4a), the objective lens is placed at some angle < 90° to the sample surface, 

which is placed directly in front of the MS inlet.164 Commercially available microscope objectives can 

be used. This approach is comparably easy to realize mechanically, but ionization efficiency and lateral 

resolution are reduced due to the angle. In MALDI MSI, the ions are preferably desorbed and ejected 

from the surface towards the laser beam.165 Thereby in this approach, ions are initially guided away 

from the mass spectrometer inlet, resulting in the loss of ions. Also, the laser spot is geometrically 

enlarged due to hitting the sample at an angle. 
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Figure 4: Schematic overview of possible geometries for laser-based ion sources. 

Transmission geometry (Figure 4b) realizes laser irradiation from the sample backside, which means 

that the laser has to be focused through the sample itself onto the matrix layer.123,166 The ions then 

have no other possibility than to desorb into the direction of the MS inlet. However, ionization 

efficiency here is linked to the local transparency of the sample. For example, a cell’s nucleus, which is 

less transparent than the cytoplasm, partly blocks the laser radiation and thereby reduces ionization 

efficiency and measured ion intensity.123 This results in measurement artifacts and can mislead data 

interpretation. However, this approach is technically easy to realize and can also benefit from well-

established microscopic objectives.  

A third approach utilizes a coaxial geometry (Figure 4c), where the laser radiation and the mass 

spectrometer inlet are both having a 90° angle to the sample surface, which comes with some spatial 

constraints.38,167,168 To realize this approach, a highly specialized objective lens with a central bore has 

to be realized, to be pulled over a prolonged ion-transfer tube. The ions are then transferred through 

the center of the objective lens. While this approach overcomes the shortcomings or problems of the 

previously presented methods and combines high ion-transfer efficiency without the problems caused 

by varying sample transparency, it comes with technical complexity and needs specifically tailored 

objective lenses. The coaxial approach is used in this work (Figure 5). 

 

Figure 5: Photo of the home-built ion source developed and used for this doctoral thesis. The ion source is mounted to the 
front and on the top of a Q Exactive mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 
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Motivation and aim of this work 
The goal of this work was to improve the performance of MSI methods and instrumentation to a point, 

where it can be applied to single-cell investigation. Using MSI, cells could be identified, localized and 

characterized while overcoming the limitations of classical histology. Precisely, MSI enables to unravel 

cellular characteristics and heterogeneity down to the molecular level with minimal or no prior 

knowledge about the sample. Due to the small size of cells as the building blocks of life as we know it, 

the lateral resolution of MSI techniques had to be improved fundamentally compared to commercially 

available state-of-the-art technology. To pinpoint mass spectrometry features to single molecules, 

mass spectrometers employing Orbitrap technology were chosen for these projects due to their high 

mass resolving power of up to 240,000.7 

First, the achievable lateral resolution of MS imaging sources had to be improved. Therefore, a home-

built ion source in coaxial geometry with a highly specialized centrally bored objective lens was 

constructed and optimized by fine-tuning laser setting and instrument geometry. On a red-dye coating, 

which was used as a simple model system, an ablation spot size of < 1 µm was achieved while 

simultaneously achieving signal intensities comparable to commercially available instruments at 5 µm 

spot size. To translate the high lateral resolution achieved on a red-dye model system to real biological 

samples, sample preparation had to be optimized to yield a highly homogeneous coverage with the 

ionization-assisting matrix. Due to the low focal depth of the new objective lens, surface homogeneity, 

especially regarding height variations, is becoming a limiting factor. Matrix application for MALDI MSI, 

however, is prone to such imperfections and optimization is challenging. 

In the first project, DIUTHAME membranes were applied to tissue sections to characterize their 

applicability in high-lateral-resolution MSI and compare them to classical MALDI matrices. DIUTHAME 

membranes had so-far only been demonstrated as a proof-of-concept by the manufacturer. The near-

perfect surface homogeneity of DIUTHAME membranes is a promising feature for MSI applications, 

since it promises to improve image quality regarding homogeneity and contrast compared to MSI 

employing matrix application. Further, it is easier to use and could therefore accelerate the adoption 

of high-lateral-resolution MSI as an established tool in the life sciences. However, DIUTHAME has never 

been used before for high-lateral-resolution MSI. It was found that individual cells in tissue could be 

resolved using DIUTHAME MSI with greater contrast and higher signal homogeneity compared to 

MALDI MSI, but the signal intensities using MALDI MSI were superior. 

In a second project, the lipidome of microglia cells was investigated using MALDI MSI at subcellular 

lateral resolution. Microglia were chosen due to their high clinical significance and their variety of 

phenotypes, which could be resolved using MALDI MSI. The lipidome of microglia has been 

investigated before, but spatial distribution of lipids was never investigated in high detail. Sample 

preparation, including matrix application and cell pretreatment, were optimized for a high ion yield 

and a high lateral resolution. With an optimized sample preparation protocol and home-built 

instrumentation, it was possible to visualize the lipid distribution of microglia cells at 1.5 µm lateral 

resolution without oversampling. The heterogeneous distribution of individual lipids gave vital insights 

into microglia phenotyping, and statistical analysis of the lipid signatures of microglia cells enabled cell-

line and cell-status differentiation based on MS data. 

The results of this work highlight how MSI at high lateral resolution can be utilized facing bioanalytical 

problems and give new insights over established methods. The scientific tools developed in this work 

might help to achieve a better understanding of single-cell processes like phenotyping or cell-to-cell 

interaction due to the high lateral resolution available now.  
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Matrix-Free High-Resolution Atmospheric-Pressure SALDI Mass Spectrometry Imaging 

of Biological Samples Using Nanostructured DIUTHAME Membranes 

The importance and trouble of sample preparation for MSI applications 
One of the major bottlenecks for increasing the lateral resolution achievable with MALDI MSI is sample 

preparation, since inhomogeneities like matrix-crystal clusters, holes or variations in the thickness of 

the matrix layer negatively impact the practically achievable resolution and analyte signal 

intensity.38,77,84,169 More precisely, the matrix application on a sample has to fulfill higher requirements 

in regard of homogeneity and ionization efficiency with increasing lateral resolution. Optimizing the 

sample-preparation workflow is a tedious and time-consuming challenge, that has to be faced again 

for every new matrix. Even between different sample types, some tweaking of the parameters might 

be necessary, while matrix can either be applied by spray-coating or sublimation.170,171 Spray-coating 

captivates with an efficient formation of matrix-analyte cocrystals due to solvent use, while 

sublimation techniques are limited to diffusion for analyte migration into the matrix resulting in an 

over-all lower analyte ion signal.38 However, solvent use can also have a delocalization effect on the 

analytes, which should be minimized for high-lateral-resolution MSI.169 

Inhomogeneities in the matrix layer like the formation of clustered matrix crystals can obstruct the 

sample underneath and prevent effective analyte ionization. Especially for single-cell applications, 

where the samples can be of similar size as the inhomogeneities, a negative impact on the image 

authenticity can be expected. Further, variations in matrix thickness should be avoided in order to 

obtain a homogeneous and undistorted desorption and ionization of analytes from the sample. Matrix 

thickness directly influences the signal intensity of the analytes of interest, since analyte incorporation 

into the matrix is decreasing with distance from the sample surface. If the matrix layer becomes too 

thick, the laser cannot penetrate to analyte-rich regimes thus reducing analyte signal. If the matrix 

layer is too thin or even incomplete, not enough material would be incorporated into the matrix, which 

also results in a lowered analyte signal. On the other hand, a varying thickness has negative impact on 

the diameter of the laser focus on the surface. The smaller the laser focus an objective lens produces, 

the smaller its focal depth usually becomes. This becomes obvious when comparing the two objective 

lenses used in the projects of this thesis, which are capable of producing 5 µm or 1.5 µm focal diameter 

with a focal depth of ≈ 40 µm or < 6 µm, respectively.38,172 Thereby, single-cell applications at high 

lateral resolution have increasingly high requirements for matrix-layer homogeneity throughout the 

sample and an optimization of the preparation protocol is inevitable. 

Hence, the perfect sample preparation would captivate with high ionization efficiency, prevent analyte 

delocalization and be a universal and easy-to-use process. One of the benefits of SALDI MSI is that, 

unlike for MALD MSI, it is possible to premanufacture ionization-assisting materials with a near-perfect 

surface homogeneity, which can then be then placed over or under the sample.96,98,102 One of those 

premanufactured SALDI materials is DIUTHAME (Desorption Ionization Using Through-Hole Alumina 

Membrane, Figure 6173), which is a promising 

candidate to provide an improved sample 

preparation compared to a classical MALDI-

matrix application. The DIUTHAME membrane 

consists of a 5 µm thin alumina membrane, which 

is nanostructured with 200 nm wide capillary-like 

through-holes and was first described in 2018.103 

A sample, for example a standard in solution, can 

be applied on the DIUTHAME membrane and 

ionized through laser radiation.103,174,175 First 

imaging applications on tissue were presented 

Figure 6: Optical image of the DIUTHAME membrane attached 
to mouse brain tissue after an MSI measurement. 
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shortly after for mouse brain tissue102 or plants176 at comparably low lateral resolutions between 50 µm 

and 300 µm. The reproducibility of mass accuracy and signal intensity was found to be higher for 

DIUTHAME compared to 2,5-dihydroxybenzoic acid (DHB), a wide-spread MALDI matrix, using 

authentic standards or mouse brain tissue sections.177 This effect is directly linked to the near-perfect 

surface homogeneity of the DIUTHAME membrane and will be highly beneficial for high-lateral-

resolution MSI. Despite the promising characteristics, no attempt on achieving high-lateral-resolution 

MSI data using DIUTHAME membranes has been published before. 

Similarly, the development of other SALDI MSI techniques has not been focusing on achieving high 

lateral resolution yet. For example, another premanufactured SALDI material on which tissue sections 

can simply be placed, nanopost arrays (NAPA), has only been shown to achieve pixel sizes of around 

100 µm.97,178 The smallest pixel size shown for SALDI MSI in general is 5 µm for silver-sputtered mouse 

brain tissue,179 whereas bioanalytical applications are usually performed at larger pixel sizes.109,180,181 

However, 5 µm pixel size could only be achieved by performing oversampling with 20 µm wide ablation 

spots, resulting in wash-out effects and measurement artifacts reducing the MS image quality.179 No 

ablation spot sizes smaller than 20 µm were reported in literature for SALDI MSI yet. 

 

Comparison between DIUTHAME membrane and classical MALDI MS 
As a first step to implement the DIUTHAME membrane into a high-lateral-resolution MSI workflow, its 

physical properties were investigated. Using optical microscopy, the surface of the DIUTHAME 

membrane was found to be more homogeneous than typical MALDI matrices. Sample preparation was 

reduced to placing the membrane on a frozen tissue section and slowly warming it up, which stands in 

contrast to the multi-stepped workflow of applying a MALDI matrix. However, tissue sections have to 

be at least 50 µm thick for an efficient adhesion of the DIUTHAME membrane to the thawing sample 

section. To evaluate the performance of the DIUTHAME membrane and its potential as a substitute or 

supplement to well established organic matrices, a comparison of methods was performed. In 

particular, DIUTHAME MS was compared to MALDI MS to investigate benefits and drawbacks of the 

DIUTHAME membrane. Further, a comparison with LDI MS on the unaltered sample was performed to 

prove the ionization-assisting effects of the DIUTHAME membranes. 

First, all three methods were applied to mouse brain tissue sections, which are a widely used and well 

understood model system for method development. Due to the large mechanistical differences 

between the methods, a normalization method for better comparison had to be developed. In 

particular, keeping the laser energy constant between measurements, like it is usually done when 

comparing among several MALDI methods,182 was not suitable here and resulted in differently sized 

ablation spots for MALDI and DIUTHAME, respectively. The laser energy input necessary to achieve 

efficient desorption and ionization is directly linked to the absorption characteristics of the sample or 

its ionization-assisting material and can even differ between MALDI matrices. A large ablation spot 

from a too high laser intensity naturally leads to increased signal intensity, since more material is 

desorbed and ionized, impeding a fair comparison. However, keeping the ablation spot diameter 

constant has proven to be a valuable method to compare MALDI, DIUTHAME and LDI signal intensities, 

especially with respect to potential imaging applications. It was found that the laser energy required 

to produce small ablation spots of ≈5 µm and information-rich mass spectra for DIUTHAME MS 

(≈1300 J/m2) was similar to MALDI MS with DHB matrix (≈2500 J/m2), but far-off the vastly higher laser 

energy settings required to get any ablation spots or signal in LDI experiments (≈500,000 J/m2).  

When comparing mass spectra in the phospholipid mass range between m/z 600 – 1000 from mouse 

brain tissue between MALDI MS and DIUTHAME MS, both methods showed similar signals. 

Measurements performed with LDI, however, did only result in low-intensity and noisy mass spectra. 
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This confirms the previous reports of the ionization-assisting properties of DIUTHAME.102,103 

Background or off-tissue signals, that are commonly present from ionized matrix clusters in MALDI MS, 

especially in the lower mass range, have not been observed for DIUTHAME. However, signal intensities 

were about one order of magnitude lower for DIUTHAME than for MALDI, resulting in a low number 

of individual analytes being detected, about 10% compared to MALDI. Molecular annotations23 based 

on accurate mass further revealed that the analytes found by DIUTHAME MS are mostly a subset of 

those found by MALDI MS. This might be a direct consequence of the lower signal intensities, leading 

to low abundant signals falling under the limit of detection. These findings were confirmed by others 

after the publication of this project.183 

 

Performance and limits of DIUTHAME MSI applications 
To utilize the potential DIUTHAME has shown as an ionization-assisting substrate, it was applied to 

mouse brain tissue sections, which were then investigated by MSI. Comparative measurements with 

MALDI and LDI were performed on consecutive tissue sections. First, samples were measured on a 

commercially available AP-SMALDI5 AF ion source by TransMIT GmbH, which is specified to achieve 

pixel sizes down to 5 µm. After that, a home-built ion source was utilized, that has been shown to be 

capable of MALDI MSI measurements at 1.4 µm lateral resolution.38 Due to the lower ion yield when 

using DIUTHAME, the lowest usable lateral resolution was 5 µm on both instrumentations. To achieve 

smaller ablation spots, the laser energy would have to be lowered, which resulted in a total loss of ion 

signal on DIUTHAME-covered samples. On matrix-coated samples, however, smaller ablation spots 

were feasible with sufficient ion signal. Nevertheless, the ablation spot size achieved here was at least 

4x smaller than in previously published work on SALDI MSI.179 When comparing the MSI results from 

DIUTHAME and MALDI at 5 µm pixel size, tissue borders, e.g. between white matter and granular layer 

of the cerebellum, were visualized sharper and with higher contrast using DIUTHAME. Especially the 

Purkinje cells, which are separated single cells interlaced between the grey matter and the granular 

layer of the cerebellum, were better resolved.184 Despite that DIUTHAME is unable to generate 

distinctive ions from these cells due to the low ionization efficiency, their morphology could be sharply 

visualized by the absence of signals from their surrounding tissue. In MALDI MSI, however, distinct 

signals for Purkinje cells could be detected, but the single cells were not visualized as clearly as with 

DIUTHAME. Especially in denser regions, the individual cell’s signals spatially overlapped to be 

visualized as a continuous layer, which was not observed using DIUTHAME. This is directly linked to the 

solvent-free methodology of the DIUTHAME applications, which stands in contrast to spray-coating 

samples with a MALDI matrix, where the used solvent can lead to small washout effects. Also, the pixel-

to-pixel reproducibility of DIUTHAME was found to be higher than when using MALDI MSI, which leads 

to less signal variations in homogeneous parts of the tissue and subsequently a more regular 

representation in the MS image. The high reproducibility described for DIUTHAME compared to DHB 

matrix was later confirmed by another research group after publication of this project.177 DIUTHAME 

was successfully applied to tissue sections from mouse brain, mouse kidney, rape seed and Spodoptera 

littoralis caterpillar at different lateral resolutions, always resulting in high-quality MSI images while 

being in line with previous studies of these samples.185  

In conclusion, the DIUTHAME membrane was found to be a viable ionization-assisting material for 

high-lateral-resolution MSI down to 5 µm pixel size and even at the single-cell level. It captivates with 

a higher pixel-to-pixel reproducibility and a higher contrast compared to MALDI MSI measurements 

while simultaneously being easier and faster to use. However, the lower ion yield of DIUTHAME 

compared to MALDI hampers its wide-spread use and needs improvement in the future to utilize its 

full potential, especially for even higher lateral resolution in MSI applications < 5 µm. 
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Lipid Signatures and Inter-Cellular Heterogeneity of Naïve and Lipopolysaccharide-

Stimulated Human Microglia-like Cells 

The role of lipids in biological systems 
Lipids are a highly abundant class of molecules in every living system. In general, lipids are defined as 

biomolecules, that are soluble in apolar solvents, which sets them into contrast to generally water-

soluble biomolecules such as proteins, saccharides or nucleic acids.186 Lipids are further divided into 

subclasses based on their molecular structure. Among those, glycero- and glycerophospholipids are 

the most prominent, since they are a main component of the cellular membrane. Therefore, they are 

the main focus of this work. In general, glycerolipids consist of up to 3 fatty acids attached to a glycerol 

backbone. In glycerophospholipids, one reaction site of the glycerol is linked to a polar headgroup via 

a phosphate group. Typical lipid classes in mammals include phosphatidylcholines (PC, Figure 7a), 

phosphatidylethanolamines (PE, Figure 7b), phosphatidic acids (PA), phosphatidylinositols (PI, Figure 

7c), phosphatidylserines (PS), triglycerides (TG, Figure 7d) or diglycerides (DG). Commonly, individual 

lipids are noted by their headgroup abbreviation followed by the number of carbons and double bonds 

in their fatty acids.187,188 If the fatty acid composition is not known in detail, both fatty acids can be 

summarized. For example, PC 38:1 would stand for a phosphatidylcholine (PC) lipid, which has 38 

carbon atoms and 1 double bond in its fatty acid chains with unknown distribution. 

 

Figure 7: Examples of lipids typically to be expected in microglia cells. Each structure represents one isomer of a) PC 38:1, 
b) PE 32:0, c) PI 38:4, d) TG 52:2. 

Lipids, however, are also known to have multiple bioactive functions and can therefore serve as a valid 

discriminator of cell status, phenotype or health and disease, making them a major target in 

bioanalytical research.189–191 For example, it has been found using MSI tools, that breast cancer tissue 

can be identified on a molecular basis due to its increased expression of PI 38:3 compared to the 

surrounding tissue. The stroma around the cancerous tissue, however, was found to increasingly 

express PI 38:4.192 This study highlights, how miniscule changes in the lipid composition, here one 

double bond, can make the difference between healthy and cancerous tissue and how lipids can serve 
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as a discriminator of cell states. It is thereby of high interest to better understand the function of lipid 

biomarkers. Another example for the importance of lipid signaling is the apoptosis mechanism of cells, 

in which PS lipids play an important role. In healthy cells, PS species are present only on the inside of 

the cellular membrane bilayer and this status is maintained by specialized enzymes. During cell death, 

however, PS is actively flipped to the outside of the cell, serving as a signal that the cell is ready to 

undergo apoptosis and is thereby attacked by macrophages, a part of the immune system.193,194  

 

Microglia cells as a target for sub-cellular lipidomics 
Microglia are often referred to as the immune cells of the central nervous system.195,196 They are non-

neuronal cells residing in the brain and spinal cord and are for example involved in brain maintenance, 

homeostasis or immune response, but also play a major role in neurodegenerative diseases like 

Alzheimer’s disease, Parkinson’s disease or multiple sclerosis.197–204  

New literature reports suggest that microglia can 

change their form and function as a response to 

a changing micro-environment,205–208 but 

morphological cell changes are not sole 

descriptors for a changing cell function.209 For 

example, microglia preferably catabolize glucose 

to fuel cell maintenance and growth, but can 

switch to fatty acyl digestion when in a nutrition-

deprived environment.210 Cell-internal storages 

in the form of lipid droplets, consisting of mostly 

neutral lipids,211 can be depleted to satisfy energy 

needs, whereas an increased abundance of them 

seems to be a survival benefit.212 At the same 

time, however, lipid droplet formation can also 

be a sign of cell-aging and dysfunction,213 making 

them an ambiguous descriptor of the cell status 

using histology alone.  

While single proteins can be identified and 

localized by staining with specifically designed antibody dyes and subsequent fluorescence 

microscopy, this is not easily performed for lipids. Lipids come in a large variety, but individual species 

are very similar to each other and can differ by as little as one double bond in the alkyl chain while 

fulfilling completely different functions.191 Lipid droplets, again for example, are usually identified by 

staining based on their enrichment with apolar neutral lipids.211,214 However, it is neither possible with 

this technique to differentiate between lipid class, e.g. triglycerides or cholesterol esters, nor to 

identify lipid species. Mass spectrometry imaging tools, especially MALDI MSI, can assist here to give 

a better insight into the cell’s function since it is possible to differentiate individual lipid molecules.191 

Analyses of the lipidome of microglia have already been conducted using mass spectrometry,215–217 but 

due to technical limitations or experimental design no study was able to perform spatially resolved 

lipidomics on microglia cells yet. The small size of microglia presents a major challenge to commonly 

used MALDI MSI instrumentation. Especially the fine projections, which are typical for microglia 

morphology and are usually < 5 µm in diameter (Figure 8), could not be authentically represented with 

commercially available instruments. However, MALDI MSI investigations of fibroblast cells, which are 

significantly larger (≈100 µm) than microglia, already found cellular heterogeneity, identified cellular 

subpopulations and characterized the function of some lipids.151  

Figure 8: Microscopic image of naïve microglia cells grown on 
a glass slide after fixation and before MALDI MSI 
measurement. Scale bar: 100 µm. 
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Lipidomic signatures of microglia cell lines 
To characterize the lipidome of microglia cells by MALDI MSI, a high lateral resolution would be 

necessary to retrieve sub-cellular information. All experiments on microglia therefore had to be 

performed on a home-built ion source, which was equipped with a specialized objective lens. The laser 

beam was focused onto the sample in orthogonal reflective geometry, while the ions had to be 

transferred via a prolonged inlet capillary through the central bore of the objective lens. The geometry, 

in particular the laser beam path and the distance between the laser focus and the tip of the inlet 

capillary, was carefully optimized for highest ion yield while retaining homogeneously round and 

reproducible ablation spots. An oversampling-free lateral resolution of 1.5 µm was achieved using this 

setup, which is in accordance with other state-of-the-art MALDI MSI setups.38,123,169,218 However, most 

approaches on high-lateral-resolution single-cell MALDI MSI rely on post-ionization techniques to 

achieve the sensitivity needed for small ablation spots.123,169,218 In this work, it was possible to optimize 

the geometry of the ion source and the laser-setup in a way, that enables high lateral resolution 

without the need for additional post-ionization, reducing complexity. 

Microglia cells of four individual cell lines were investigated in positive- and negative-ion mode, 

respectively. Each cell line was investigated in naïve state and upon stimulation with 

lipopolysaccharide (LPS), which is commonly used to induce an inflammatory response of cells. Sample 

preparation was optimized, which included washing steps, matrix application protocol and cell 

pretreatment. It was found that a fixation of cells using paraformaldehyde (PFA) for 1 minute and 

storage at +4°C in phosphate-buffered saline (PBS) resulted in a better preservation of the original 

cell’s morphology, whereas skipping fixation and storage at -80°C after flash-freezing improved the 

analyte ion signal. Hence, fixed cells were used for high-lateral-resolution MALDI MSI experiments, 

whereas flash-frozen cells were devoted for lipidomic research and statistical evaluation between cell 

populations. 

Using MALDI MSI data, it was possible to differentiate cell lines based only on their lipidomic profile by 

statistical analysis. Further, the same approach allowed to identify differences in lipid expression 

between naïve and LPS-stimulated cells. Here, especially triglyceride species were found to be 

increased in signal intensities and variety upon LPS-stimulation. These findings were confirmed by the 

MS images of these compounds, where more triglyceride-containing lipid droplets were found in LPS-

stimulated compared to naïve samples, which is in line with previous studies.219,220 One of the benefits 

using high-lateral-resolution MALDI MSI compared to other single-cell MALDI approaches is, that each 

pixel can be seen as a technical replicate measurement of a cell or its cell population. The higher the 

lateral resolution, the more technical replicates can be performed per cell and therefore the 

significance of findings is increased. With this setup, hundreds of individual measurements can be 

performed from a single microglia cell. 

 

High lateral resolution MALDI MSI of microglia cells 
To further characterize the capability of the method, the data quality of experiments utilizing high-

lateral-resolution MALDI MSI compared to a more moderate lateral resolution had to be evaluated. 

Therefore, MALDI MSI measurements at 5 µm, 2 µm and 1.5 µm were compared regarding signal 

intensity, number of detected lipid analytes and pixel coverage, which is the ratio between signal-

containing and blank pixels on a cell. It was found that an increase in lateral resolution from 5 µm to 

1.5 µm decreases the sensitivity of the method by a factor of 3x to 5x, which was expected due to the 

11x smaller ablation spot area. Despite the significantly smaller amount of sample material, the quality 

of the MS images remained high, judged by the high pixel coverage of 75% - 96% and by comparison 
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with microscopy images. With this method, it was possible to visualize the distribution of single lipids 

species and their spatial interaction throughout microglia cells in yet unachieved detail. 

As mentioned earlier, microglia are known to differentiate into multiple phenotypes. With the sub-

cellular lateral resolution, it was possible to characterize the molecular makeup of individual cells. It 

was found, that despite the similar environment, some cells form lipid droplets while others do not. 

Upon LPS-stimulation, their numbers increase but their distribution remains heterogeneous. It can be 

shown that lipid droplets accumulate favorably in the bulkier part of the cells, while the fine projections 

usually are free of lipid droplets. This intra-cellular heterogeneity is in line with other studies based on 

staining techniques,211,214 but their distinct molecular makeup was investigated for the first time using 

this setup. Individual triglyceride species were identified as main components of lipid droplets and 

compared between cell lines. 

Also, phospholipids were found to be heterogeneously distributed between cells. Other than 

triglyceride heterogeneity in lipid droplets, phospholipid heterogeneity was affecting the whole cell 

body uniformly. Neighboring or even overlapping cells were found to express different phospholipids, 

potentially in their cellular membrane, despite a similar environment. For example, some cells were 

found to have an up- or downregulated production of certain PI lipid species, that differ by the degree 

of unsaturation in their alkyl chain. While all cells were found to homogeneously express PI 38:4, one 

phenotype increasingly expressed PI 38:5 while the other identified phenotype increasingly expressed 

PI 38:3. 

In conclusion, it can be said that MALDI MSI at high lateral resolution down to 1.5 µm helped to identify 

lipid signatures of human microglia cells, while simultaneously being able to localize and identify 

heterogeneity on a molecular level in yet unachieved detail. These findings contribute to a better 

understanding of microglia phenotyping and the involvement of lipids in this process. 
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Conclusion 
The aim of the work presented in this thesis was to improve mass spectrometry imaging of single cells 

and make it therefore applicable to a wider range of users. To achieve a higher lateral resolution, a 

new home-built ion source was constructed, optimized and evaluated. Ablation spots of < 1 µm were 

observed on red-dye model systems. 

With DIUTHAME membranes, high lateral resolution of up to 5 µm on tissue sections could be 

achieved, which is sufficient to localize single cells inside the tissue. In particular, the Purkinje cell layer 

could be visualized in mouse brain cerebellum tissue sections. The contrast between different tissue 

regions and the homogeneity in the resulting MS images were improved in comparison to classical 

MALDI MSI with an organic matrix. Due to the lack of solvents in the sample preparation process, 

analyte delocalization was efficiently prevented. The applicability of DIUTHAME has been 

demonstrated on multiple tissue sections like mouse brain, mouse kidney, rape seed or a larva. 

However, signal intensity using DIUTHAME was reduced compared to MALDI at constant ablation spot 

size by about one order of magnitude. Thereby, the number of individual analytes detectable was also 

reduced for DIUTHAME. The results were evaluated with respect to the SALDI mechanism, where 

phase transitions of the membrane seem to play an important role in the desorption mechanism, as 

indicated by microscopy on the DIUTHAME membrane after the MSI measurement. Charge carriers, 

however, appear to result rather from the sample itself than from the DIUTHAME material, since they 

do not include ionic adducts of the membrane material but are rather adducts comparable to those 

found using MALDI MSI. The ease of use of the method makes it a reliable tool for high-throughput 

applications, even on the single-cell level, despite tradeoffs in signal intensity. 

However, MALDI MSI appeared more promising for the investigation of single cells at highest lateral 

resolution, due to its higher ionization efficiency. Therefore, an improved matrix application protocol 

was developed to fit the high requirements of single-cell analysis on surface homogeneity and 

ionization efficiency for positive- and negative-ion mode. The pretreatment of the cells, which were 

grown in PBS, a medium incompatible to MALDI MSI due to its high salt content, was separately 

optimized for bulk lipidomics and single-cell MSI to adapt the method to a broader range of scientific 

needs. By analyzing the lipidomic signatures of the cells, multiple cell lines as well as stimulation states 

could be statistically differentiated. Further, high-lateral-resolution oversampling-free MALDI MSI of 

down to 1.5 µm pixel size was achieved on microglia cells. The morphology as visualized by MALDI MSI 

was precisely in line with microscopy results. This enabled to visualize inter- and intra-cellular 

heterogeneity of microglia cells grown under identical conditions while simultaneously pinpointing the 

molecules responsible for the heterogeneity. Triglycerides were found to be heterogeneously 

increased in some microglia cells upon inflammatory stimulation and distinct phospholipid species 

were found to be heterogeneously expressed independent of stimulation. 

In summary, the methods developed and improved here allow to investigate the lipidome of single 

cells using MALDI MSI at a high lateral resolution of up to 1.5 µm, which is suitable for most cell types. 

Sample preparation protocols for high-throughput applications, bulk lipidomics and spatial lipidomics 

have been developed and evaluated. 
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Outlook 
As presented in this work, the instrumental setup and preparation protocol enables high-lateral-

resolution MSI on the single-cell level. Future projects could revisit the DIUTHAME membrane to 

increase the ionization efficiency of the method based on the mechanistical insights given in this work. 

Technical development, both in the manufacturing process of DIUTHAME and in ion-transfer efficiency 

of mass spectrometers might enable the method to achieve even higher lateral resolution in MSI 

experiments than presented here. Also, as the field of SALDI MSI is still in its beginnings, multiple 

alternatives to the DIUTHAME membranes using different materials or nanostructures might be 

accessible in the future, which might make it more competitive to the classical MALDI MSI approach. 

In MALDI MSI, the methodology can be seen as ready for application on bioanalytical projects focusing 

on single-cell analysis in cell culture or in tissue. However, matrix application protocols could be 

improved for more matrices, in addition to the ones presented in this work. 

As an example for further application of high-lateral-resolution MALDI MSI, experiments on dissected 

Drosophila melanogaster brains have been conducted with the goal to achieve insights into the 

lipidomic changes and processes involved in sleep deprivation. Sleep is known to be controlled by the 

circadian rhythm, basically the 24-hour cycle of day and night, which is well understood.221 However, 

the reaction of an organism to sleep deprivation, so-called homeostatic sleep control, is a matter of 

active research.222,223 It has been found in the D. melanogaster model organism applying optogenetics, 

that a small set of neurons in the dorsal fan-shaped body of the brain is responsible for sleep 

control.224,225 While being able to fluorescently label these neurons through genetic modification, a 

detailed molecular investigation on the lipidome has not been performed yet. Identifying molecular 

changes in single neurons is challenging, but the results presented in this work encourage to apply 

MALDI MSI at high lateral resolution on this bioanalytical problem. 

After adapting and optimizing a protocol to the embedding and sectioning of fragile and small 

samples,226 thin tissue sections of dissected D. melanogaster brains were produced. Fluorescence 

microscopy was employed to identify sections through the dorsal fan-shaped body, which were 

subsequently subjected to MALDI MSI (Figure 9). 

 

Figure 9: a): Fluorescence microscopy image of a D. melanogaster brain section, highlighting the fluorescently labelled dorsal 
fan-shaped body in bright green. b): MALDI MS image of the same D. melanogaster brain section as in (a), indicating 
heterogeneity between optic lobe (red, m/z 762.6018, [PC 34:0 + H]+) and central brain region (green, m/z 865.5782, 
[PI 36:1 + H]+). Scale bars: 100 µm. 
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As a compromise between high signal intensity and high lateral resolution, a pixel size of 5 µm was 

chosen for the experiments, which would be sufficient to resolve the structures of interest. It was 

possible to visualize individual brain regions of D. melanogaster brains, for example the optic lobe, by 

distinct lipid expression using MALDI MSI (Figure 9b). 

Lipids found by MALDI MSI in multiple replicates of rested and sleep-deprived D. melanogaster brains 

were compared using a statistical approach. Molecular markers for resting and sleep deprivation were 

identified, and the two conditions individually grouped in a principal component analysis based on 

their lipidomic signatures. To confirm molecular annotations based on exact mass measurements in 

MALDI MSI, validation experiments were performed using HPLC MS2 on a lipid extract of ≈1300 

individually dissected rested or sleep-deprived D. melanogaster brains, respectively.  

Table 1: Lipid species found exclusively in rested or sleep-deprived Drosophila melanogaster brain sections, respectively, by 
MALDI MSI. Annotations are candidates validated by HPLC-MS2 of Drosophila melanogaster brain extracts. Bold annotations 
indicate the candidate with the lowest mass deviation to the MALDI MSI peak. 

Rested Sleep-deprived 

m/z Annotation m/z Annotation 

695.4621 PA 36:5, PA 34:2 618.4110 PE 27:2 

697.4780 PA 36:4, PA 34:1 728.5586 PE O-36:3, PE O-34:0 

719.4615 PA 38:7, PA 36:4 742.5378 PC 33:3, PE 36:3, PC 31:0, PE 34:0 

721.4775 PA 38:6, PA 36:3 744.5536 PC 33:2, PE 36:2 

723.4932 PA 38:5, PA 36:2 788.6140 PC 36:1 

728.5190 PC 32:3, PE 35:3, PC 30:0, PE 33:0   

745.4777 PA 38:5   

751.5261 PA 40:5   

758.4709 PE 36:6   

778.5345 PC 36:6, PC 34:3, PE 37:3   

794.5655 PC 35:2, PE 38:2   

826.4618 PS 38:8   

887.5612 PI 38:5, PI 36:1   

 

In rested brains, multiple highly unsaturated phospholipids were identified, that were not detected in 

sleep-deprived brains (Table 1). Similarly, a high number of PA lipids was only detected in rested 

D. melanogaster brains. It is assumed, that sleep deprivation results in oxidative stress and that highly 

unsaturated lipid species should be degraded first.227 While oxidation products are usually hard to 

detect using MS methods due to their lability, the absence of highly unsaturated lipid species in sleep-

deprived samples still might be a hint that oxidative stress plays a major role in sleep deprivation. 

Further, it is interesting to note that PA lipid species are assumed to play a major role in cell fission or 

fusion, since their small polar headgroup allows for negative membrane curvatures of the cells.228,229 

Cell division might thereby be hindered or restricted upon sleep deprivation. 
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It was found, however, that those molecular 

changes identified between rested and sleep-

deprived D. melanogaster brains were not 

limited to the dorsal fan-shaped body as 

anticipated. Sleep deprivation rather affected 

the lipidome of the whole brain uniformly and 

did not only occur in distinct neurons, which 

could have been resolved by the high lateral 

resolution of the method (Figure 10). The spatial 

lipidomics abilities of MALDI MSI were a key 

factor here to make unanticipated findings on 

the effect of sleep deprivation in D. melanogaster 

brains, which might not have been possible with 

established methods like HPLC MS alone. For 

future projects on this topic, MALDI MSI might be 

used on other biomolecular classes than lipids, 

that might be affected differently by sleep 

deprivation. Further, D. melanogaster could be 

genetically modified to express an alternative 

oxidase found in plants,230 that could prevent 

oxidative stress to some extent and therefore 

reduce the oxidation process of highly 

unsaturated lipid species.  

Figure 10: Composed MALDI MS image of 18 individual MALDI 
MSI measurements of rested or sleep-deprived Drosophila 
melanogaster brain sections. Brain sections in a row are 
replicate measurements of the same brain. Sectioning plains 
might differ between samples. Color coding: red: [PE 36:3 + H]+ 
(m/z 742.5384), green: [PA 36:3 + Na]+ (m/z 721.4779). 
Annotations are confirmed by HPLC MS2 experiments. 
Scale bar: 1 mm. 
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