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Résumé 

Présentement, la désorption ionisation laser assistée par la matrice (MALDI) est la méthode 

d’ionisation préférentielle pour étudier les lipides par l’imagerie par spectrométrie de masse (IMS). 

Bien qu’il existe les matrices spécifiques aux lipides, tel que la 1,5-DAN pour les phospholipides 

et la 2,5-DHB pour les triacylglycérols, il est toujours nécessaire d’augmenter la sensibilité de cette 

technique pour les échantillons atypiques ou certaines classes de lipides.  

Dans la première étude, nous avons amélioré la sensitivité pour les phospholipides sur les 

tubes de Malpighi de mouches prélevés par microdissection dans un tampon physiologique à base 

de sodium et potassium. Un protocole de lavage à deux étapes a était trouvé favorable : un premier 

rinçage dans le glycérol suivi d’un second rinçage dans l’acétate d’ammonium. Ce protocole 

permet de réduire au maximum la présence de sels sans délocalisation notoire des phospholipides. 

La détection et l’imagerie des phospholipides en ionisation négative et positive ont suggéré une 

distribution uniforme sur toute la longueur des tubes. Ces résultats ont été comparés à ceux obtenus 

sur des sections tissulaires minces de mouche entière acquis avec les deux polarités. Néanmoins, 

la structure tridimensionnelle complexe des tubes rénaux suggère que la microdissection est 

l’approche la plus favorable pour en étudier leur lipidome. 

Dans la deuxième étude, nous avons déterminé que l’addition de  formate d’ammonium 

(AF) peut améliorer la détection des gangliosides par IMS dans le cerveau. Curieusement, il est 

nécessaire de rincer l’échantillon dans une solution d’AF avant l’addition de ce même sel suivit 

d’une conservation de l’échantillon dans un congélateur pendant 24 heures après la déposition de 

la matrice afin d’obtenir la meilleure augmentation de sensibilité. En moyenne, cette approche a 

permis d’augmenter l’intensité d’un facteur dix avec trois fois plus d’espèces de gangliosides 

détectées. De plus, malgré l’étape de lavage, nous n’avons pas observé la délocalisation des 
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gangliosides puisqu’il est toujours possible d’obtenir les résultats d’IMS de qualité avec une 

résolution spatiale de 20 µm. 

Finalement, nous avons établi que le nitrate d’argent permet l’analyse des oléfines par IMS, 

en particulier du cholestérol. En optimisant le protocole de déposition par nébulisation, il est 

possible de générer une couche mince et homogène de nitrate d’argent ce qui rend la possibilité 

d’effectuer l’IMS à haute résolution spatiale, jusqu’à 10 µm, sans perte de qualité comparativement 

aux autres approches publiées. 

L’ensemble de ce travail démontre l’effet du sel sur la sélectivité et la sensibilité pour cibler 

les familles de lipides désirées, ce qui nécessite les études ultérieures sur le rôle de ces sels lors du 

processus de la désorption-ionisation. 

 

Mots clés : MALDI, imagerie par spectrométrie de masse, lipidomique, sel, optimisation, 

ganglioside, phospholipide, cholestérol, tube de Malpighi
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Abstract 

Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) is 

currently the ionization method of choice for elucidating the spatial distribution of lipids on thin 

tissue sections. Despite the discovery of lipid friendly matrices such as 1,5-DAN for phospholipids 

and 2,5-DHB for triacylglycerols, there is a continued need to improve sensitivity.  

In the first study, we improved the overall sensitivity for phospholipids of entire fly 

Malpighian tubules microdissected in PBS with a two-step wash in glycerol followed by 

ammonium acetate that removed the bulk of the salt with minimal species delocalization and tubule 

displacement. We were able to detect phospholipids in both positive and negative ion modes and 

revealed an even distribution of most phospholipids along the length of this organ. We compared 

the method to the results from whole body fly sections acquired in dual-polarity mode at the same 

spatial resolution and found it to be more suitable for studying the tubules because of the complex 

three-dimensional structure of this organ within the fly.  

In the second study, we observed a marked improvement in ganglioside signals on mouse 

brain tissue sections with ammonium salt addition. Specifically, when the sample was first desalted 

in a low concentration ammonium formate solution, spray-coated with the same salt, coated with 

matrix and finally left in the freezer overnight before data acquisition, we observed an average 

overall improvement in ganglioside signal intensity by ten-fold and the number of species detected 

by three-fold. This method also did not affect the spatial distribution of the gangliosides, as high 

spatial resolution IMS results acquired at 20 µm showed no species delocalization. 

Finally, we sought to determine if salts could be employed directly as matrices. In this work, 

we tested silver-based metal salts and discovered that spray depositing silver nitrate alone is a 

viable method for the IMS detection of olefins, particularly cholesterol. With the optimized dry 
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spray parameter, the overall deposition is homogeneous and composed of microscopic salt crystals 

that allow for high spatial resolution IMS down to 10 µm while maintaining acceptable overall 

signal quality comparable to that of previously published protocols. 

Overall, this thesis demonstrates we can manipulate the local salt distribution to influence 

the sensitivity and selectivity to target specific lipid subfamilies, opening the door for future 

research to understanding the role salts play during the laser desorption/ionization process. 

 

Keywords: MALDI, Imaging Mass Spectrometry, Lipidomics, Salt, Optimization, Ganglioside, 

Phospholipid, Cholesterol, Malpighian Tubules, Brain 
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1.1. What is Mass Spectrometry? 

A little over a century ago, Sir Joseph J. Thomson, with the help of his assistant Francis W. 

Aston, developed a “positive ray method” that could “determine the masses of all the particles” of 

a cathode ray1. In this set-up, charged ions were sent traveling across a metal tube in the presence 

of parallel electric and magnetic fields towards a photographic plate at the end of the tube. The ions 

followed parabolic trajectories and marked distinctive bands on specific regions of the 

photographic plate respective of their mass-to-charge ratio in this environment1. This rudimentary 

instrument, widely recognized as the first mass spectrometer, provided the evidence for isotopes 

of neon and gave rise to the field of mass spectrometry (MS)1. 

Since this seminal publication in 1913, new ionization methods pushed MS into scientific 

relevance. The introduction of electron impact (EI) in 1918 by Dempster and chemical ionization 

(CI) in 1966 by Munson and Field provided powerful and complementary methods to analyze and 

identify small organic compounds2-6. The combination of inductively coupled plasma (ICP) to MS 

in 1980 by Houk et al. extended MS into the analysis of elemental and trace metals7, 8. Soon, the 

arrival of “soft” ionization techniques, electrospray ionization (ESI) in 1984 from Yamashita and 

Fennand and matrix-assisted laser/desorption ionization (MALDI) in 1988 from Karas and 

Hillenkamp, opened MS to the world of biomedical research9-11. Continuous innovations in mass 

analyzers further advanced the technical capabilities of MS. These include the double-focusing 

sector instruments such as the Nier-Johnson12, 13, the small and versatile quadrupole14 that is most 

often configured as a triple quadrupole (QqQ)15, 16, the high mass resolving power Fourier-

transform ion cyclotron resonance (FT-ICR) ion traps17 and the orbitrap18, and of course, the ultra 

high mass analyzer time-of-flight (TOF)19, 20. Consequently, MS has now become an inseparable 

part of our society, continually keeping us safe at airports21, accurately identifying bacterial 
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infections22, 23, regularly testing athletes for illegal doping24, meticulously revealing clues of our 

past civilizations25, systematically elucidating complex mechanisms behind countless diseases26, 

cautiously leading the fight against the current opioid crisis27, 28, and even continuously uncovering 

answers about other planets in our solar system29. 

1.1.1. The Anatomy of a Mass Spectrometer 

From the very first to the latest, all mass spectrometers contain these four essential main 

components: an ionization source, a mass analyzer, a detector and a data recording system (Figure 

1-1). Samples are introduced either continuously or in pulses into the source where they undergo 

ionization as gas phase molecules. These charged analytes enter the mass analyzer and are 

separated based on their mass-to-charge ratio (m/z). Once separated, the ions are released towards 

the detector, which translates the charge induced or the current produced by the ion hitting its 

surface into a mass spectrum that is displayed through instrument specific software on a computer. 

These main components are usually physically distinct. However, some mass analyzers can also 

act as the detector, such as FT-ICRs, in which case the ions are not sacrificed during detection17. 

Figure 1-1: The Four Main Components of a Standard Mass Spectrometer. Mass 

spectrometers are composed of four main components: an ionization source, a mass analyzer, a 

detector and a data recording system. 

Typically, the analysis of complex samples is preceded by a separation technique before mass 

spectral analysis. Currently, the two most popular approaches are gas chromatography (GC) and 

liquid chromatography (LC). In GC, vaporized compounds are separated along a long column 

based on their interaction with the stationary phase, while in LC, compounds in a liquid mixture 
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are separated on a much shorter column based on their interaction with both the stationary and 

mobile phase. High-performance liquid chromatography (HPLC) and ultra-performance liquid 

chromatography (UPLC) are the most popular LC techniques owing to their efficiency in 

separating samples and the large selection of analytical columns that cover nearly all separation 

needs. When small quantities are analyzed, nano-LC30 and capillary electrophoresis (CE)31, which 

separates ions based on their electrophoretic mobility under an applied electric field, are called 

upon. In cases where sample preseparation is insufficient or impossible, ion mobility spectrometry 

can provide the extra degree of separation post ionization. First described by McDaniel32, ion 

mobility separates ions based on their drift velocity in the presence of an electric field rather than 

their m/z33. The vast possibilities have resulted in highly elaborate and arduous separation 

techniques that often take much longer than the MS analysis itself. MALDI, in its simplest form, 

can analyze complex samples with minimal separation. 

1.1.2. Matrix-Assisted Laser Desorption/Ionization (MALDI) 

1.1.2.1. History of MALDI 

Like other pulsed ionization techniques, laser desorption/ionization (LDI) is particularly 

useful for analyzing solid samples. Instead of applying a beam of neutral atoms in fast atom 

bombardment (FAB)34 or  charged ions in secondary ion mass spectrometry (SIMS)35, LDI 

employs high energy photons to irradiate and desorb a precise area of a solid sample to produce 

ions36. However, because of the strong laser energetics, LDI often leads to immediate 

fragmentation, particularly of labile bonds in large molecules such as proteins, limiting the 

applicability of this technique to low mass biomolecules37, 38 and structural analysis39, 40. This 

changed in 1987 when Tanaka et al. published their work in which lysozyme suspended in metal-

filled glycerol was detected intact after desorption and ionization with a pulsed N2 laser41. This 
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initial report was quickly followed by the work of Karas and Hillenkamp that achieved the same 

results by firing an Nd:YaG laser at a dried mixture of the same enzyme co-crystallized with 

nicotinic acid10. While Tanaka received the Nobel Prize for this “soft ionization technique,” it was 

Karas and Hillenkamp’s approach that the scientific community embraced and came to define as 

matrix-assisted laser desorption/ionization (MALDI). With the development of multiple matrices 

and reliable instrumentation, MALDI has moved beyond protein analysis into studying 

phospholipids42, 43, amino acids44, 45, polysaccharides46, 47, oligonucleotides48, 49, polymers50, 51 and 

viruses52, 53. This method has even become a routine analysis for identifying bacterial infections22. 

1.1.2.2. The Basics of MALDI 

In general, MALDI requires the co-crystallization of the analyte and the matrix compound, 

which is achieved by adding the matrix to the analyte-containing sample in an excess of ~5000:1. 

The matrix is most often an organic molecule with strong absorbance at the laser wavelength, 

typically in the ultraviolet (UV) range. In many commercially available systems, such as the one 

used for all experimentation in this thesis, it is the frequency-tripled Neodymium-doped Yttrium 

Aluminum Garnet (Nd:YaG) laser at 355 nm which is used54. Multiple matrices have been 

discovered for specific classes of analytes. For example, α-Cyano-4-hydroxycinnamic (CHCA) is 

most often employed for peptide analysis55, 2,5-dihydroxybenzoic acid (2,5-DHB) is common for 

proteins56, phospholipids57 and small metabolites58, and sinapinic acid (SA) is the matrix of choice 

for protein analysis59. Nonetheless, novel matrices and matrix mixtures, such as the 1,5 

diaminonaphthalene (1,5-DAN) discovered in this lab for phospholipids60, the rationally-designed 

4-Chloro-α-cyanocinnamic acid (CICCA) for improved peptide sensitivity61, and a CHCA and 2,5-

DHB solution mixture for protein analysis62 are continually being pursued to broaden the scope of 

MALDI in biological research. As such, matrix selection is a critical aspect of this technique. 

There are various approaches to preparing the MALDI sample. The original method is the 
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dried-droplet approach10, wherein the analyte and matrix solution are mixed before a microlitre 

volume of this mixture is deposited onto the target plate. Other approaches, such as the thin-layer63 

and the sandwich method64, require the sequential addition of the matrix solution and the analyte 

solution onto the target plate. Numerous adaptations and variations of these approaches have been 

described in the literature63-67 with the aim to improve the matrix-analyte co-crystallization and 

sample homogeneity. 

Despite continuous efforts, the MALDI mechanism is not fully known. Multiple theories and 

pathways have been studied and explored regarding both ionization and desorption68-71. Generally, 

the entire process is described in these following steps, as shown in Figure 1-2. First, the laser 

ablates the analyte-matrix mixture. This mixture contains both neutral analytes as well as 

Figure 1-2: General MALDI Mechanism. 1) Laser ablates the analyte-matrix mixture containing 

neutral and precharged analytes. 2) The matrix absorbs and releases the bulk of the energy heat, 

leading to the  sublimation of matrix molecules and the desorption of analytes and other impurities. 

3) Desorbed molecules undergo proton exchange, most notably between matrix and analyte, to 

create ionized species. Some pre-charged analytes survive the desorption event and dissociate from 

their counterion to form charged analytes. 
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precharged analytes formed during sample preparation. The matrix molecules absorb most of this 

energy and release the bulk of it to the surrounding in the form of heat. This thermal expansion 

leads to the desorption of the matrix and analyte from the surface, creating a hot plume of gaseous 

molecules containing a mix of charged and neutral matrix molecules. The reactive matrix species 

undergo protonation or deprotonation events with analyte molecules, leading to their ionization. At 

the same time, some of the desorbed precharged analytes retain their charge after dissociating from 

their counterions, producing the “lucky survivors.” Experimental results have found evidence 

supporting both mechanisms, for example, that of Jaskolla and Karas 2011 which investigated the 

preferred mechanism as a consequence of laser fluency, the acidity of the analyte and the pH of the 

sample preparation solution 72. Finally, depending on the extraction voltage, either cations or anions 

are propelled into the mass analyzer, typically a time-of-flight (TOF). 

1.1.3. Time-of-Flight (TOF) Mass Analyzer 

The concept of a linear time-of-flight (TOF) system was first described by Stephens in 1946 

as “a pulsed mass spectrometer with mass dispersion” at the annual meeting of the American 

Physical Society at the Massachusetts Institute of Technology in the United States73. Soon after, 

Cameron and Eggers (1948) managed to build such a system, dubbed the “Velocitron,” to study 

mercury gas74. However, this was not a true TOF because the ions were not introduced with equal 

momentum. It was not until 1953 that Stephens himself introduced the TOF with an accelerator, 

albeit with a low mass resolution of twenty20. Since then, advancements in electronic circuitries, 

innovations that counter the effects of energy spread75-77 have steadily improved the mass resolving 

power of TOF analyzers to rival that of orbitraps78.  

A TOF analyzer measures the amount of time ions take to travel across a high vacuum, field-

free drift tube of a fixed length (L) post acceleration in an electric field (Vs/L). This measurement, 
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known as the time of flight (t), can be used to determine the m/z given the mathematical relationship 

described in Equation 1-1: 

𝑚
𝑧⁄ = (

2𝑒𝑉𝑠
𝐿2

) 𝑡2 

Equation 1-1: Relationship between m/z and Time (t) in a TOF Mass Analyzer. With the length 

of the flight tube (L), the elementary charge (e), and the electric field fixed, the time an ion spends 

in the TOF before reaching the detector reveals its m/z. 

This equation dictates that ions of the same charge with higher mass will have a longer time-of-

flight than those with a lower mass. Indeed, since ions experience the same initial acceleration 

voltage, they possess the same kinetic energy during their flight and therefore travel at a velocity 

that is inversely proportional to their mass. 

The most simplistic kind of TOF analyzer is the linear TOF system, shown in Figure 1-3, 

composed of an accelerator, a metal flight tube, and a detector. Linear TOF systems offer certain 

advantages over other types of mass analyzers. For one, linear TOF systems have no theoretical 

mass range limit. Commercial systems are mostly limited by ion stability in the source and the 

choice of detector19, 79, 80. A meter-long flight tube under constant vacuum is characteristic of linear 

Figure 1-3: Linear TOF MS System Schema. A linear TOF MS is composed of an accelerator 

embedded in the ion source, ion guides that lead the ion to the linear flight tube, and an ion detector 

at the other end of the flight tube. 
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TOF systems. A long flight path improves the mass resolution by elongating the flight time between 

ions of similar m/z. A high vacuum environment reduces peak broadening due to loss of kinetic 

energy or fragment ion formation upon collision with ambient gas molecules. However, there are 

practical limits to the flight tube length and the vacuum strength. Other approaches are needed to 

improve the mass resolution of TOF MS. 

1.1.3.1. Improvements to TOF: Delayed Extraction (DE) and the Reflectron (rTOF) 

Two problems that plagued early TOF systems was the initial spatial distribution and energy 

spread of ions. These two problems are inherent in the MALDI process since not all analytes are 

positioned flat against the target plate and are further subject to different laser energy levels 

depending on the laser ablation pattern. Both issues lead to a greater distribution in initial velocity 

and therefore flight time, resulting in broader peaks and lower mass resolution. Thankfully, the 

Figure 1-4: Delayed Extraction Schema. (A) With constant field extraction, ions of the same m/z 

but differing initial kinetic energy will arrive at the detector at slightly different times. (B) Delayed 

extraction corrects for the initial spatial distribution of ions of the same m/z by applying the 

acceleration voltage a few nanoseconds after the laser pulse. This results in the time focusing of 

the ions on the plane of the detector and improve mass resolution. 
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development of delayed extraction81 and the reflectron TOF77 have helped mitigate these issues.  

Delayed extraction (DE) compensates for the initial spatial distribution among ions of the 

same m/z caused by the difference in their initial velocity82. As shown in Figure 1-4, instead of 

applying the acceleration voltage immediately upon laser pulse, the electric field is switched on 

some nanoseconds later so that ions with higher initial kinetic are further away from the extraction 

plate and receive less energy, while those with lower kinetic energy receive more. The closer level 

of kinetic energy helps to center these ions in time, decrease peak width, leading to an increase in 

mass resolution. DE can be applied for both low mass83 and high mass molecules84. 

The reflectron corrects for the difference in initial kinetic energy of ions (ε) of the same m/z 

through lengthening their flight time according to their kinetic energy. As seen in Figure 1-5, 

through a series of electrostatic mirrors, the reflectron deflects the ion beam and forces ions with a 

higher kinetic energy (and higher velocity) to penetrate more deeply into the electric field, 

Figure 1-5: General Schema of reflectron TOF MS. The reflectron is composed of a series of 

electrostatic grids whose voltage (Vr) is higher than the source voltage (Vs). Specifically, the end 

plate voltage is higher than the source voltage so that the ions will be ejected out of the reflectron 

in the opposite direction. This configuration provides ions with a greater initial kinetic energy (ε) 

a longer flight path, resulting in ions of the same m/z arriving simultaneously at the detector.  
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effectively allowing those with a lower kinetic energy to “catch up” when reaching the detector77. 

This results in a decrease in peak width and consequently, an improvement in mass resolution, as 

shown in Figure 1-5. TOF analyzers with multiple reflectrons offer multiple instances of rectifying 

the initial kinetic energy spread. The most common is the W formation that contains two 

electrostatic grids at the end of each junction to guide the ions85, 86. However, more complex 

geometries and flight paths have been developed to reach higher mass resolutions, such as the 

multi-reflecting TOF by Verechikov et al. that claimed 500k mass resolution at m/z 50087 and the 

commercially available spiral TOF mass spectrometer that claimed 80k mass resolution at m/z 

256488. These approaches are invariably compromised by the loss in sensitivity, since not all ions—

particularly those of high mass—are stable enough to survive the reflectron event.  

1.1.3.2. TOF/TOF Tandem Mass Spectrometry (MS/MS) 

Tandem mass spectrometry couples two mass analyzers within a single mass spectrometer to 

provide structural information on the target analyte ions. This is achieved by isolating the precursor 

ion in the first mass analyzer, inducing its fragmentation, and detecting the product ions using the 

second mass analyzer. Because ionized molecules tend to dissociate in characteristic ways based 

on the fragmentation technique and their chemical composition, the product ions provide 

information on the structure of the precursor ion. Scientists have taken advantage of this 

phenomenon to create MS/MS databases to better identify proteins89, 90, metabolites91 and other 

compounds92, 93.  

In most common situations, MS/MS is achieved inside a collision cell, during which a small 

amount of helium is introduced to induce fragmentation94, 95. In the MALDI-TOF/TOF system used 

for all work presented in this thesis, however, no such cell exists. Rather, the TOF/TOF system 

relies on excess laser energy uptake from the precursor ion to generate metastable decomposition  

and induce post-source fragmentation, a timed ion selector that only allows these ions to pass 
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through for secondary acceleration and a secondary reflectron TOF for final separation. This set-

up is known as the “LIFT” technique because of the “lift” in potential by 19 kV upon entering the 

LIFT device96 shown in Figure 1-6. This approach takes advantage of the phenomenon that 

fragment ions produced post-source retain the same velocity as their parent ion, since the total 

kinetic energy is shared among these fragment ions in proportion to their mass. TOF/TOF MS is 

powerful for peptide sequencing and other large molecules (m/z ≤ 4000) but is less effective for 

small molecules, which are inherently more stable. This approach is also non-ideal for complex 

mixtures with compounds of similar m/z, since a large precursor ion mass window of approximately 

4 Da is necessary to achieve substantial MS/MS results.  

Sequential or multistage mass spectrometry, dubbed MSn, is an extension of tandem mass 

spectrometry whereby the isolation-fragmentation cycle is performed “n” number of times before 

being sent to the detector. This technique is needed to obtain in-depth structural information on a 

specific region of a molecule, for example, the determination of double-bond positions of 

triacylglycerol (TAG)97. MSn is not possible with TOFs but can be realized on set-ups that can eject 

Figure 1-6: LIFT-TOF/TOF Schema. In LIFT-TOF/TOF, an initial strong laser pulse leads to 

metastable formation post-source. The timed ion selector allows ions of a certain velocity in the 

first TOF to enter the LIFT cell, where the metastable fragment ions from the selected precursor 

ion undergo secondary acceleration before entering the second TOF for mass separation. 
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product ions for further fragmentation, such as sector instruments 98, quadrupole ion traps99 and 

quadrupole FT-ICRs 100. 

1.2. From MS to Imaging MS 

Imaging MS (IMS) is a powerful technique for investigating the surface molecular profile 

of any sample, for example, a thin tissue section. As shown in Figure 1-7, to achieve this, the area 

Figure 1-7: General Overview of Imaging Mass Spectrometry. A) To begin, the selected 

measurement region is divided into a grid. B) A mass spectrum is acquired at each point, or pixel, 

along the grid as shown in Panel A. C) Once all mass spectra have been acquired, an average 

spectrum representing the entire analysis can be visualized in specialized software. D) Selecting 

an m/z signal of interest will generate the corresponding ion heat map of interest, giving insight 

into the spatial distribution of that signal. The sample here is a horizontal mouse brain cerebellum 

acquired in negative ion mode at 30 µm spatial resolution and 100 laser shots per pixel and 1,5-

DAN as the matrix. The scale bar represents 1 mm. 
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to be analyzed, the measurement region, is divided into a grid of a fixed dimension. The instrument 

scans across the grid, sampling at each point, commonly referred to as pixels. The distance between 

each pixel defines the spatial resolution, though this is only true of pulsed ionization techniques. 

Once completed, the IMS dataset contains the relative abundance of the m/z signals at each pixel 

position. The spatial distribution of any m/z signal can be mapped out on a Cartesian coordinate 

plane where each pixel is represented by a coordinate and at each coordinate the intensity is 

represented by the appropriate colour schema. In short, IMS simply repeats the same analysis 

across a given area at a precise and regular spatial interval to provide ion heat maps of the species 

present on a surface. Currently, three major IMS approaches exist: secondary ion mass 

spectrometry (SIMS), MALDI and desorption electrospray ionization (DESI). SIMS achieves 

ionization through the bombardment of the sample surface with an ion beam101, while DESI sprays 

the sample with a stream of electrically charged solvent that both desorbs and ionizes the sample102. 

1.2.1. Imaging MS: From Proteomics to Lipidomics 

The first IMS results were obtained as early as 1962 by Castaing and Slodzian on isotopic 

distribution of elements35. However, IMS as a biomolecular imaging tool was not fully realized 

until the advent of MALDI, for reasons specified in previous sections. While the first MALDI IMS 

results could very well be that of salts on pine tree roots obtained with a laser microprobe mass 

analyzer (LAMMA) presented in 1994 at the 42nd Annual Meeting of the American Society of 

Mass Spectrometry from Spengler103, 104, it was the IMS results of proteins and peptides from an 

aggregate of human buccal mucosa from Caprioli et al. published in 1997 that spurred the era of 

MALDI IMS in biology105.  

MALDI IMS applications in proteomic studies has since exploded. The technique has been 

applied to studying nearly all mammalian organs26, 106-109. Optimized sample preparation protocols 
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for manipulating fresh frozen110 as well as formalin-fixed paraffin embedded (FFPE) tissues111 also 

emerged. On top of this, the ability to accomplish whole-body IMS on rat112, 113, obtain high 

resolution IMS data with an FT system114, conduct bottom-up proteomics with tryptic digest111, 115, 

trace drugs and their metabolites116, 117 and correlate the ion signals to distinct histological 

features109, 118 further fueled the widespread adoption of this technique. 

At the same time IMS made headways into proteomics, it also began to contribute to the nascent 

field of lipidomics. Much of this was driven by a growing awareness towards the importance of 

lipids in disease states and the power of MS119 and IMS120 in tracking and visualizing this 

dysregulation. The earliest reports of lipid IMS were conducted by SIMS116, 121 in the early 2000s, 

though these were mostly lipid fragments rather than intact molecules. While MALDI MS of lipids 

was already demonstrated in the 1995122, 123, more effort at that time was focused on resolving 

isobars through ion mobility42, 124 and understanding ion suppression effects125 than IMS. It was 

not until the arrival of fine matrix deposition approaches126 and other sample optimization 

techniques60, 127 that pushed MALD-TOF IMS into the center of lipidomic studies. It is important 

to note that around the same time, DESI arrived on the scene102. This ambient ionization technique 

offers the ability to detect lipids and other small metabolites with minimal sample preparation and 

has been the driving technology behind real-time cancer diagnosis and grading128. However, 

because of limitations in mass range and spatial resolution inherent in the technique129, DESI is 

still not as popular as MALDI today. 

1.2.2. MALDI Imaging Mass Spectrometry of Lipids 

Lipids are small hydrophobic or amphiphilic molecules important in living organisms. Beyond 

maintaining the structural integrity of most cells130, they act as specialized signalling molecules131 

whose dysregulation often lead to inflammation131 and are implicated in diseases ranging from 
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metabolic disorders132, 133 to neurological diseases134, 135 and even cancer136, 137. Indeed, as of March 

25, 2020, Lipid Maps, the most comprehensive MS lipid database, contained 43,645 unique lipid 

structures, nearly 50% of which were manually curated and confirmed (see in Table 1-1).  

Table 1-1: Total Lipid Species in Lipid Maps by Category as of March 25, 2020. Nearly 45,000 

species are included in this database, over 21,000 of which are curated. Curated species have been 

confirmed by the literature, while computationally generated ones are theoretically possible. 

Lipid Category Curated Computationally Generated All 

Fatty acyls 7582 1792 9374 

Glycerolipids 229 7379 7608 

Glycerophospholipids 1606 8312 9918 

Sphingolipids 1262 3176 4438 

Sterol lipids 2828 0 2828 

Prenol lipids 1353 0 1353 

Sacccharolipids 22 1294 1316 

Polyketides 6810 0 6810 

TOTAL 21692 21953 43645 

Classified  into eight categories based on their function and structure92, the largest of these 

curated groups are the fatty acyls and polyketides with more than 6000 species each, followed by 

sterol lipids with nearly 3000 species,. While many of these classes have been investigated 

previously by MALDI IMS, this introduction will focus on four particular (sub)classes relevant to 

the thesis: (a) sterols, a class of sterol lipids, (b) fatty acids, a class of fatty acyls, (c) 

glycerophospholipids, also known as phospholipids, and (d) gangliosides, a subclass of 

sphingolipids. 

1.2.2.1. MALDI IMS of Free Fatty Acids and Sterols 

Fatty acids (FAs) are carboxylic acids with a hydrocarbon chain. Saturated FAs contain no 

double bonds, while those with at least one on the aliphatic tail are unsaturated. Within unsaturated 

FAs, those with only one double bond are monosaturated and those with more are polyunsaturated. 
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De novo FA synthesis occurs in the liver from excess carbohydrates138. The resulting FAs are stored 

for future use as triacylglycerols (TAGs) or incorporated into other lipids, such as phospholipids 

and sphingolipids. Interestingly, FAs can be cleaved from TAGs and released as free fatty acids 

(FFAs) into the bloodstream to act as signalling molecules in regular physiological processes139.  

FAs are named based on the carbon chain length, the number of double bonds and each double-

bond stereochemistry. For example, the fatty shown in Figure 1-8 can also be referred to as 

FA(20:4(5Z,8Z,11Z,14Z)) because it has 20 carbons and four cis unsaturations at the 5th, 8th, 11th 

and 14th carbon position. Due to the difficulty of ascertaining the stereochemistry and the exact 

position of the double-bond through standard MS and MSMS, in most cases, only the chain length 

and total number of double bonds are reported, so FA(20:4). When existing as FFAs, most are 

referenced by their conventional names rather than the prescribed nomenclature, for example, 

arachidonic acid (AA) rather than FA(20:4) or the IUPAC nomenclature (5Z,8Z,11Z,14Z)-

5,8,11,14-Eicosatetraenoic acid. 

Figure 1-8: An Example Fatty Acid. Fatty acids are defined by the length of their aliphatic tail, 

the number of double bonds and the stereochemistry. This FA is known as 

FA(20:4(5Z,8Z,11Z,14Z)) when bound to another structure and commonly referred to as 

arachidonic acid (AA) when free floating. The carbon number for this fatty acid is shown. 

MALDI MS of FFAs were first conducted with meso-tetrakis(pentafluorophenyl)porphyrin 

(MTPP)140, a high molecular weight matrix with little background signal in the low mass range. 

However, this method only worked for saturated FAs. Later, two highly basic matrices, 1,8-

Bis(dimethylamino)naphthalene (DMAN)141 and 9-aminoacridine (9-AA)142, were demonstrated 
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to work for detecting FFAs in negative ion mode, the later of which has been employed in an IMS 

context143. More recently, 1,6-Diphenyl-1,3,5-hexatriene (DPH), a fluorescent probe, has been 

discovered to be suitable for detecting FFAs and phospholipids with little matrix noise144. Another 

avenue for IMS of FFAs avoids organic matrices altogether in favor of metals, particularly silver. 

This includes specialized silver nanoparticles spray-coated on tissue sections145 and sputter 

deposition of a nano-layer of silver aggregates146. Because of silver’s preferential chelation to 

double bonds, this method also works spectacularly well for cholesterol, a sterol146. Sterols 

represent a family of polycyclic compounds whose general structure is shown in Figure 1-9. A 

component of all eukaryotic cell membranes, cholesterol regulates the cell membrane fluidity130 

and assist in lipid raft domain function and assembly147. It is an important component of the myelin 

sheath, the reason for which 25% of all cholesterol in the human body is found in the 

brain148.Cholesterol is the simplest of all sterols. It can be transformed into a cholesterol ester with 

the addition of a fatty acid, a reaction catalyzed by lecithin:cholesterol acyltransferase (LCAT)149, 

and be transported in the blood as needed while bound to lipoproteins149. It is also a precursor for 

steroid hormones150 and certain bile acids151. Thus, cholesterol homeostasis is crucial and its 

dysregulation has been linked cardiovascular diseases such as atherosclerosis152 and stroke153, and 

Figure 1-9: Structure of Cholesterol. Cholesterol is one of the main types of sterol, the 

polycyclic structure in red. Ubiquitous in animals, it is obtained from diet or synthesized de novo. 
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various types of cancer154.  

The earliest IMS of cholesterol was obtained by SIMS on freeze-fractured membranes of 

liposomes155. In both SIMS and MALDI, however, cholesterol is most readily detected as a 

dehydrated species119, 156, 157, making it impossible to differentiate between a true cholesterol and a 

sterol fragment ion issued from a cholesterol ester. Silver adducts in both LDI and SIMS overcame 

this challenge as cholesterol is detected intact in its argentinated ion form146, 158. With MALDI, 

however, should the sample be low in TAGs, it is also possible to detect cholesterol as a sodiated 

species after doping the samples with excess sodium159. 

1.2.2.2. IMS of Phospholipids  

Phospholipids (PLs) are amphiphilic molecules composed of a hydrophobic diglyceride fatty 

acid tail and one of six possible polar head groups that determine their subclass. 

Phosphatidylcholines (PCs) represent the major constituents of the cell’s lipid bilayer130, 160 and is 

therefore highly abundant in biological systems. The other subclasses, namely 

phosphoethanolamines (PEs), phosphatidylserines (PSs), phosphotidic acids (PAs), and 

phosphoinositides (PIs) can also be found on the cellular membrane and provide more specialized 

signalling functions161-163. Their structures are shown in Figure 1-10. 

PLs were first detected by MALDI in 1995 by Harvey123 with 2,5-DHB. In this work, Harvey 

investigated the ionization of all PL classes in both positive and negative ion mode. While this 

work demonstrated the ability to detect all PLs in positive ion mode, later work by Petković et al. 

revealed that in complex mixtures such as a cell extract, PCs dominate the positive spectra125. This 

is of concern for IMS because the PLs cannot be readily separated prior to analysis except with ion 

mobility, which limits the acquisition speed and worsens the detection limit. Thankfully, the 

discovery of 9-AA for negative ion mode detection allowed for the detection of the remaining 

species, such as PIs, PAs and PSs, without ion suppression from PCs142. However, this meant that 
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two samples are needed to obtain the full PL profile, which pose technical and sometimes practical 

challenges for IMS experiments. 

 

This problem was solved with the advent of dual-polarity matrices such as 1,5-DAN60 

developed in our laboratory and more recently in a different group, luminol164. Beyond the obvious 

benefit of only needing one matrix, it is also possible to conduct dual-polarity experiments on a 

single tissue section to obtain the global phospholipid profile. This can be achieved by artificially 

setting an offset in both the x and y dimension that is equivalent to half of the spatial resolution to 

avoid resampling the same tissue surface60, 165. In certain cases, it is also possible to conduct dual-

Figure 1-10: The Six Phospholipid Classes and Their Headgroups. Phospholipids share the 

same general structure shown and can have six different head groups: hydrogen (PA), ethanolamine 

(PE), choline (PC), serine (PS), glycerol (PG) and inositol (PI). 
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polarity IMS results without an offset by minimizing the number of laser shots per imaging 

coordinate and therefore conserving enough samples for subsequent analyses166. This approach can 

attain a resolution as high as 10 µm, though this method has yet to be demonstrated by other 

researchers166.  

PL confirmation by MS/MS are possible thanks to their characteristic fragmentation from their 

headgroup. Nearly all headgroups provide unique m/z values upon fragmentation either in positive 

or negative ion mode167. The remaining mass after removal of the headgroup, as well as the parent 

ion mass, provide information on the DG. MS3 can provide further details on the DG to discern the 

fatty acid tails while specific derivatization approaches can help identify the double-bond 

position168, 169. However, in situations where no information about the fatty acid can be derived, a 

summed value representing the overall fatty acid length and double bond count is provided. For 

example, PC (34:2) is preferred over PC (18:1/16:1), since the former denotes a DG of a total of 

34 carbons and two double bonds, rather than two FA, one of C18:1 and the other C16:1. 

1.2.2.3. IMS of Phospholipids on Drosophila 

MALDI IMS of PLs have been successfully conducted on a wide variety of samples beyond 

mammalian tissue. These include black rice seeds170, cotton seeds171, mosquitoes172 and 

Drosophila173. Also referred to as the common fruit fly, Drosophila has, for more than a century, 

revolutionized our understanding of biological development and the inheritance of genetic 

disorders174. Their high genetic resemblance with mammalian systems175, relative ease in inducing 

and controlling genetic mutations176, and their short reproductive cycle177 have continued to attract 

researchers to conduct important genetic and drug screening tests on them before advancing to 

more complex and expensive models178. MALDI IMS is a potential approach that can help provide 

information on the drug localization and other metabolic changes in the fly organs. 

Unfortunately, published MALDI IMS studies on Drosophila are limited173, 179, 180. The first 
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example was that of Urban et al. in 2011 which investigated the phospholipid distribution of a 

dissected fly organ, namely the egg chamber, by MALDI IMS173. This was followed by two other 

studies that revealed organ-specific distribution of phospholipids, fatty acids and other metabolites 

in the organism179, 180. These publications also investigated the embedding media and organic 

washes to help with the cryosectioning of such a fragile organism179, 180. While no revolutionary 

phospholipid species were revealed during their work, these feasibility studies remind researchers 

of the possibility to conduct IMS studies of fruit flies. 

1.2.2.4. IMS of Gangliosides 

Gangliosides are glycosphingolipids marked by one or more sialic acid residues attached to the 

galactose moiety of the sugar backbone181. Highly expressed in neural cells of the grey matter, 

these signalling molecules are most abundant on the outer leaflet of the cellular membrane of the 

lipid raft domain182. All gangliosides are synthesized from lactosylceramide (LacCer) in a step-

wise manner through a series of enzymes into four different series183, as shown in Figure 1-11. 

Gangliosides are named based on the number and position of sialic acid residues, the length of 

the sugar backbone, and, if known, the length of the fatty acid chains on the ceramide. GA, GM, 

GD, GT, GQ and GP represent zero to five sialic acid residues, respectively. This is followed by a 

number 1, 2 or 3, which signifies the length of the sugar backbone, where the smallest number 

represents the longest backbone. Positional isomers of sialic acid residues are indicated by a lower- 

case letter following the number, which generally fall within the series. The fatty acid chain 

nomenclature follows those of the FAs. As such, the ganglioside GD1a (d18:1/18:0) is a 

ganglioside of series a containing two sialic acid residues, a full sugar backbone, and a ceramide 

with a sphingosine and a fatty acid chain of 18. While it is generally accepted that ceramides are 

composed of a sphingosine and a fatty acid, in cases where no MS/MS data is present, the fatty 

acid information is condensed, for example, (d36:1) instead of (d18:1/18:0). 
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Unsurprisingly, IMS of gangliosides are mostly focused on the brain184, with studies revolving 

around neurodegenerative diseases such as Alzheimer’s134 and Parkinson’s185 and traumatic events 

such as stroke186, 187. Most are focused on the a- and b-series gangliosides, the most abundant in 

this organ. Novel matrices188-191, derivatizations192, 193, high pressure systems194, 195 and ion 

Figure 1-11: Ganglioside Synthesis Pathway. Gangliosides are synthesized from and degraded 

into LacCer with the help of specific enzymes for each addition or removal of a sugar moiety. The 

a and b series gangliosides are the most abundant in the brain and most widely studied in IMS. 
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mobility196-198 have also been proposed to lower the detection limit and increase the stability of 

these molecules during analysis, some of which have been applied for IMS applications. 

MS/MS determination of gangliosides is most certainly characterized by the sialic acid residue, 

which readily fragments in the MALDI experiment to provide a strong signal at m/z 290.1194. This 

is followed by the sequential losses of the sugar backbone, leaving only the ceramide. In cases 

where multiple sialic acids are present, MS/MS data will reveal the sequential loss of these residues 

before fragmentation from the sugar backbone. Examples can be seen in Supplemental 

Information of Chapter 3. 

1.2.3. Advantages and Drawbacks of MALDI IMS  

IMS is a label-free technique capable of detecting hundreds of biomolecules in one single 

analysis. By comparison, immunohistochemistry (IHC) usually target one molecule of interest, 

while molecular fluorescent probes can at most provide results for three molecules of interest from 

the same tissue section199, 200. Although more recent techniques such as co-detection by indexing 

(CODEX), a fluorescent multiplex immunohistochemistry, and imaging mass cytometry (IMC) 

have overcome this limitation, the former achieves high multiplexing through multiple staining 

cycles that provide images of three molecules each time, while the latter is limited to around the 

forty available rare metal elements201, 202. As such, the high abundance of analytes detected and the 

untargeted nature of MALDI IMS continue to make it an ideal tool for biomarker discovery203, 204. 

IMS is also uniquely positioned as the sole method that can provide localization of individual lipid 

species, such as PLs, GGs and TAGs. In the case of gangliosides, for example, the IHC antibody 

recognizes the oligosaccharide moiety, and thus cannot differentiate between the long chain and 

short chain version of the same ganglioside205. MALDI IMS also enabled the localization of drug 

candidates and their metabolites117, a feat nearly impossible with standard radiography. With 10 
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kHz laser technology and auto laser focus, MALDI IMS data acquisition has reduced significantly, 

capable of acquiring a coronal rat brain section at 50 µm spatial resolution in approximately 45 

mins206. Continued advances in ion mobility coupled to IMS207, 208 also promises to revolutionize 

the capabilities of this technique. 

Of course, IMS has its shortcomings. High signal intensity in IMS is not directly correlated 

with its absolute abundance. Rather, species with greater ionization efficiencies will be more 

abundant and suppress other species present in the same local environment. This ion suppression 

effect also greatly diminishes the dynamic range, particularly for MALDI-TOF IMS where no 

analyte separation occurs209. The matrix-analyte crystals also play a critical role in influencing the 

ionization event, sometimes leading to variability in signal intensity of the same species across one 

sample210. Because of these limitations, in most situations, IMS can only be appreciated as a semi-

quantitative approach. IMS also falls short of the spatial resolution attainable by fluorescence and 

IHC. IMS operates mostly at the micron level. While submicron MALDI IMS has been 

demonstrated211, the spatial resolution is limited by the laser focus size and the dramatic loss in 

sensitivity due to the small irradiation surface. SIMS imaging can readily produce images at the 

nanometer scale212, but is highly limited in mass range. Nonetheless, advanced sample preparation 

techniques have overcome some issues in preferential ionization, while technological 

advancements continue to push the limits of spatial resolution and improve overall dynamic 

range213. 

1.2.4. MALDI IMS Sample Preparation 

1.2.4.1. Thin Tissue Sections 

A standard MALDI IMS experiment conducted on thin tissue sections can be divided into 

four parts: sample processing and sectioning, matrix deposition, data acquisition and data analysis, 
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as shown in Figure 1-12: 

First, the sample is sectioned into micrometer thicknesses. This is conducted in a cryotome 

for fresh frozen samples, or a microtome for FFPE samples. The thickness depends greatly on the 

sample, though for mammalian tissues, it is generally between 10-20 µm for fresh frozen 

samples214 and ~5 µm for FFPE samples111. The sections are then typically mounted on indium-tin 

oxide (ITO) conductive glass slides and left to desiccate at room temperature. After desiccation, a 

series of washes or sample preparation protocols may be required before matrix deposition. For 

example, FFPE samples need to be deparaffinated, rehydrated, antigen retrieved and enzymatically 

digested111, while a series of organic washes are necessary for high quality protein studies214. Some 

washes have been proposed to improve the detection of certain phospholipids in negative ion mode 

and gangliosides215, though minimal sample preparation is suggested to minimize lipid 

delocalization. Once the protocols are completed, a homogeneous layer of matrix is deposited onto 

Figure 1-12: MALDI IMS Workflow. 1) Tissue samples are sectioned and left to desiccate. This 

step can be followed by a series of washing protocols to enhance analyte signal. 2) Matrix is 

homogeneously deposited onto the section. Several matrix deposition approaches are available. 3) 

Samples are introduced into the instrument for data acquisition. 4) Data is visualized and analyzed 

on a computer using specialized software. 
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the sample, either through a wet or dry deposition approach.  

In the wet approach, the matrix is dissolved in a volatile solvent solution and typically applied 

with an automatic pneumatic sprayer127 or a hand-held airbrush216, though variations such as a 

humidifier217 have also been tested. The spray system employed in this thesis is shown in Figure 

1-13. With this system, an external syringe pump introduces the matrix solution and the TM-Spayer 

conducts multiple passes at a relatively high pressure and temperature to achieve a homogeneous 

deposition of fine crystalline matrix. The dry approach removes the solvent completely and is 

achieved through sublimation126 or dry-coating218. While dry-coating can be thought of as dusting 

a cake, sublimation is more complex and requires a set-up similar to what is shown in Figure 1-13. 

To start, a thin layer of solid matrix is placed in the outer chamber while the sample slide is taped 

to the bottom of the inner lid so that, once sealed, the sample faces the matrix. The hot oil bath and 

the vacuum creates a low-pressure, high-temperature environment that induces the matrix to 

sublimate. Because the inner lid is chilled with an ice slurry, the gaseous matrix deposits onto the 

sample slide upon reaching the inner lid, forming a homogeneous deposition of fine matrix crystals.  

Figure 1-13: Sublimation and Spray Matrix Deposition Set-Up. The sublimation system 

requires a sublimation apparatus, a cold trap and a vacuum pump to achieve dry matrix deposition 

in a low-pressure environment, whereas the pneumatic spray system uses a robotic sprayer and a 

syringe pump to coat the sample homogeneously with layers of matrix. 



   

 

28 

The wet approach is suitable for all matrices and aids in the co-crystallization of analytes, a 

critical aspect of protein analysis, while the dry approach is mostly used for lipid studies, which 

have been shown to migrate naturally to the matrix surface to allow for easy detection219. The dry 

approach is also more amenable to high spatial resolution IMS analyses given the much smaller 

matrix crystals formed during sublimation as compared to spray deposition, though recent 

publications with robust automatic spray systems have demonstrated low-micron IMS results166, 

220. Because matrices have varying sensitivities for different classes of lipids, the choice of matrix 

and deposition method can greatly influence the final result127, 221.   

Finally, the sample is introduced into the mass analyzer, where the region of interest can be 

selected for IMS data acquisition. The data is visualized in specialized software that displays the 

selected m/z values of interest as ion heat maps. Data analysis such as normalization, smoothing, 

peak picking, peak realignment and segmentation can be accomplished through proprietary 

software from vendors, such as SCiLS222. However, with the ability to export all IMS data into the 

standard open source imzML format223 adopted since 2012, it is possible to accomplish the same 

data visualization and analyses with open source approaches. These include specialized packages 

in R, particularly Cardinal224, created for IMS data analysis. The versatility with R has made it a 

popular choice for IMS data analysis. Indeed, most data analyses presented were accomplished 

with the Cardinal package in the R environment. Other free options include Matlab-based 

MSiReader225 and msIQuant226.  

1.2.4.2. Microdissected Organs 

Microdissection is a common approach to extract organs from small organisms for further 

analysis. Unlike laser capture microdissection (LCM), which employs a laser to excise specific 

cells of interest from an intact tissue section after staining227, microdissection separates an organ 

in its entirety with sharp tools such as fine tweezers. IMS analysis of microdissected organs follow 
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the same workflow as thin tissue sections. In most cases, the microdissected organs are embedded 

into polymer before undergoing cryosectioning. Microdissection is particularly useful when it is 

difficult to study the organ with the other anatomical structures present. For example, OuYang et 

al. revealed the distribution of neuropeptides across microdissected supraesophageal ganglia 

(brain) and the paired commissural ganglia from rock crabs, Cancer irroratus, and blue crasbs, 

Callinectes sapidus228. It would have been difficult to section the hard shells without causing 

damage to the thin neural structures. Organs that have complex 3D structures would also be a 

challenge to interpret with one single cross section, while a 3D reconstruction of the sections solely 

to visualize this organ would also be tedious and unnecessary. 

Despite these advantages, there have been limited IMS studies on microdissected organs173, 228, 

229. One explanation could be that the most popular IMS samples—tumours and other mammalian 

organs—do not require microdissection. Another possibility is that microdissection is commonly 

accomplished in buffered saline solutions. While the bulk of this salt would be removed by the 

successive washes for protein IMS analysis, extensive washing will lead to lipid delocalization and 

signal loss.  

1.2.5. Effect of Salts on MALDI IMS of Lipids 

Salts are omnipresent in biological samples. The two highly abundant salt cations, sodium 

and potassium, adduct with analytes to form sodiated and potassiated species that are readily 

detected alongside the protonated species125, 230. This phenomenon is especially problematic for 

IMS lipidomic studies in positive ion mode where all three adducts can be observed221. Indeed, 

alkali salt adducts complicate an already crowded spectrum and lead to multiple isobaric species 

that are very difficult to separate by mass spectrometry. Further, the total signal of a species is 

divided among these adducts, leading to lower intensities that may fall below detection limits 
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within the noise level as well as complicating quantitative efforts231. Finally, while salts play an 

important role in homeostasis, the different adducts can skew the true spatial distribution of the 

species of interest.  

This problem can be resolved through two approaches. The first and most obvious would be 

a desalting wash to maximize salt removal. This was first demonstrated by Wang et al. for PCs 

with an ammonium acetate wash232. This protocol has been adopted for a recent IMS study233. 

Interestingly, the same protocol could also enhance phospholipids in negative ion mode215, though 

there is no literature on the effects of salts on lipids detected in the negative ion mode. Despite their 

simplicity, washes are generally avoided for lipid IMS because of the high risk of lipid 

delocalization and tissue distortion during the washing procedure. The second approach does the 

complete opposite. It dopes the sample with even more salt to enhance the formation of a single 

salt adduct. Both potassium salts234 and sodium salts159 have been doped into matrix solutions to 

successfully simplify the spectrum either by enhancing the particular salt adduct formation or 

suppressing the formation of other salt adducts235, though lithium salts230, 236 were the first to be 

exploited. In a surprising twist, the addition of an ammonium-based salt, ammonium formate, can 

also minimize sodium salt adduct formation191.  

Doping samples with salt has added benefits. Salts alter species stability. For example, 

lithiated species produce more fragmentation than sodiated or protonated species for 

phospholipids, which is highly exploited for MS/MS analysis236. Cesium, on the other hand, 

stabilizes large molecules with more labile bonds, such as, gangliosides194, 237. Salts can also affect 

the ionization efficiencies of each species. A 2008 study doped 9-AA with sodium acetate for the 

detection of neutral lipids, notably TAGs238. A previous doctoral student in our research group later 

adapted this protocol for IMS applications159, 239. Metallic salts such as silver salts have also been 

exploited in MALDI MS240-242 and explored for its IMS potential145. However, metal nanoparticles 
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remain more popular than metal salts for IMS applications145, 243. 

It is also important to consider the counterions when selecting the salt, as they will affect the 

efficacy and mechanism of salt adduct formation. Griffiths and Bunch surveyed an array of 

common salt additives and reported that acetate and chloride alkali salts effectively suppressed the 

formation of other salt adducts without demonstrating any improvements in signal intensity, while 

nitrate alkali salts favored the formation of adducts with the doped cation235. Indeed, of the lithium 

salts available, Cerruti et al. found lithium trifluoroacetate to be the most effective for MALDI 

IMS of phospholipids in combination with DHB230, while the most recent sodium-assisted MALDI 

approach by Dufresne et al. specifically determined sodium phosphate or sodium carbonate to be 

the more effective sodium salt159. The counterion can also influence the matrix homogeneity235, 

though it appears to be less critical when matrices are applied by sublimation or excessively dry 

sprays. With so many different factors, salts have an undeniable influence on the MALDI 

desorption/ionization event and should be carefully taken into strong consideration when preparing 

samples for IMS and interpreting IMS results. 

1.3. Research Objectives 

The goal of this thesis is to investigate the effects of salt in three different IMS contexts. The 

work aims to answer the following questions: 

1. What is an effective desalting wash that can be applied to microdissected organs for 

IMS lipidomic studies? 

2. How can ammonium-based salts enhance the detection of gangliosides on thin tissue 

sections for MALDI IMS? 

3. Can silver-based metal salts be used directly as a MALDI matrix for IMS of olefins 

without the addition of organic matrices? 
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Chapter 2 responds to the first question by testing a series of desalting protocols on 

microdissected Drosophila Malpighian tubules (MT). Composed of four strands of single cells, 

this organ tests the limit of desalting washes on an extremely fragile sample. This is especially true 

for lipidomic studies, where any form of washing can lead to phospholipid delocalization. As such, 

the goal is to determine a suitable washing protocol that balances between salt removal and 

phospholipid signal loss due to delocalization or cell rupture. This chapter also examines the 

possibility of studying the PL distribution of this organ through classical sectioning with high 

spatial resolution dual-polarity IMS. The aim is to identify PL signals unique to the MTs with 

regards to other organs so that this structure can be directly distinguished based on ion signals. 

Chapter 3 responds to the second question through examining mouse brain sections. While 

highly abundant in the brain, only the major gangliosides have been readily visualized by MALDI-

TOF IMS. The goal is to elaborate a sample preparation protocol that applies ammonium-based 

salts to enhance the overall ganglioside signals on these sections compared to standard MALDI 

IMS approaches. Specifically, the effects of ammonium-based washes and ammonium-based salt 

addition were examined separately and in conjunction to determine the protocol that provided the 

best overall improvement. High spatial resolution IMS were conducted to determine the extent of 

delocalization caused by the optimal sample preparation protocol. 

Chapter 4 answers the last question that seeks to understand the possibility of applying metal 

salts directly as matrix. This study sought to determine an appropriate silver salt for the IMS of 

olefins and presents a methodical approach to developing a highly reproducible spray protocol. 

Specifically, this research examines the degree to which the amount of salt deposition, the silver 

solution solvent system and the various spray parameters affect the olefin signal intensity and the 

IMS signal homogeneity. As such, instead of mouse brain sections, this study employs mouse brain 

homogenates to minimize signal variability from one section to the next. This optimized approach 
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was compared to the sputtered silver deposition approach previously developed in our 

laboarotry146. High spatial resolution IMS experiments were also conducted to better assess the 

highest possible spatial resolution attainable. 
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2.1. Abstract 

Matrix assisted laser/desorption ionization imaging mass spectrometry (MALDI IMS) is an 

analytical technique for understanding the spatial distribution of biomolecules across a sample 

surface. Originally employed for mammalian tissues, this technology has been adapted to study 

specimens as diverse as microbes, cell cultures, food such as strawberries and invertebrates 

including the vinegar fly Drosophila melanogaster. As an ideal model organism, Drosophila has 

brought greater understanding about conserved biological processes, organism development and 

diseased states and even informed management practices of agriculturally and environmentally 

important species. Drosophila displays anatomically separated renal (Malpighian) tubules that are 

the physiological equivalent to the vertebrate nephron. Insect’s Malpighian tubules are also 

responsible for pesticide detoxification. In this article, we first describe an effective workflow and 

sample preparation method to study the phospholipid distribution of the Malpighian tubules that 

initially involves the manual microdissection of the tubules in saline buffer followed by a series of 

washes to remove excess salt and enhance the phospholipid signals prior to matrix deposition and 

IMS at 25 µm spatial resolution. We also established a complementary methodology for lipid IMS 

analysis of whole-body fly sections using a dual-polarity data acquisition approach at the same 

spatial resolution after matrix deposition by sublimation. Both procedures yield rich signal profiles 

from the major phospholipid classes. The reproducibility and high-quality results offered by these 

methodologies enable cohort studies of Drosophila through MALDI IMS. 
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2.2. Introduction 

The Drosophila melanogaster (also called vinegar or fruit fly) is a popular model system for 

investigating the fundamental processes that occur during development and other cellular 

functions. Despite its tiny size, it shares conserved basic biological, physiological and neurological 

properties with mammals177, 178. The relative ease of inducing mutant variants and large genetic 

collections empowered applications in studying genetic basis of disorders, ranging from 

neurological diseases, such as amyotrophic lateral sclerosis (ALS), Parkinson’s and epilepsy244, 245 

to other applications, such as diabetes, metabolism246 and even drug screening178. With 75% 

homology at the gene and pathway level, the list continues to grow174, 175, 247.  

Matrix-assisted laser desorption/ionization imaging mass spectrometry (MALDI IMS) is a 

powerful technique that can provide information on the spatial distribution of lipids, proteins and 

metabolites found within a sample tissue108-110, 115, 214, 248-250. While highly employed for studying 

mammalian tissues, MALDI IMS has gained traction for investigating invertebrates such as 

mollusks, snails, crabs 251-253 and insects ranging from bees and beetles to cockroaches and 

mosquitoes172, 254-256.  

The first IMS publication of Drosophila by Niehoff et al. in 2014 characterized organ-specific 

distributions of phospholipids and triacylglycerols on cross sections of the entire fly179, followed 

by a broader study by the Spengler’s group in 2017 that included fatty acids and other 

metabolites180. While these publications provided a strong basis for future IMS studies, neither 

focused on the Drosophila renal system, particularly the Malpighian tubules. Functionally 

equivalent to the human nephron, the tubules branch out from the junction between the mid and 

hindgut and are the fly’s detoxification and filtering system consisting of two tubule pairs. Each 

tubule is made of arrays of single cells facing each other257. The seemingly simple organ has been 
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found to display great functional complexity, making it a viable model for various renal diseases257. 

Examples include nephrolithiasis, or kidney stones, and polycystic kidney disease (PKD), an 

uncurable degenerative genetic malady that leads to kidney failure in 50% of the patients176, 257. To 

our knowledge, this is the first report of MALDI IMS analyses dedicated to the Drosophila 

Malpighian tubules. 

In this work, the development of two complementary IMS approaches for studying the 

Drosophila tubule lipidomics is presented. The first protocol employed whole tubule pairs 

microdissected in buffered solution prior to matrix deposition and IMS analysis. This method 

analyzes analyses of the entire organ at once and allows for comparison of lipid expressions in 

physiologically distinct regions along the tubule length. The second protocol featured classical 

whole-body sagittal cryosectioning of the fly as conducted previously, with a novel targeted effort 

to detect and characterize the tubules. We detail here the sample preparation protocol for each 

approach and compare as well as discuss the results obtained with the two methods. 

2.3. Experimental 

2.3.1. Materials & Reagents 

Matrices and salts, specifically, 1,5-diaminonapthalene (DAN), 2,5-dihydroxybenzoic acid 

(DHB), ammonium formate (AF), ammonium acetate (AA), ammonium bicarbonate (AB), were 

obtained from Sigma-Aldrich Canada (Oakville, ON). Phosphate-buffered saline (PBS) and 1X 

PBS with 0.1% Tween (PBT) were made in house using standard protocols. The embedding media, 

Richard-Allan Scientific Neg-50 Frozen Section Medium (OCT), gelatin and carboxymethyl 

cellulose (CMC), the Jazzmix Drosophila food as well as all remaining solvents were purchased 

from Thermo Fisher Scientific (Ottawa, ON). The Jazzmix is a prepared mixture of brown sugar, 

corn meal, yeast, agar, benzoic acid, methyl paraben and propionic acid.  
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2.3.2. Malpighian Tubule Microdissection Protocol 

OregonR wild-type flies were grown on cornmeal agar (Jazzmix) at room temperature 

(~23°C). Zero to two days old flies were collected and passed into fresh vials every two days until 

7-9 days old. The flies were anesthetized with CO2 and the Malpighian tubule pairs with a section 

of the connecting hindgut were micro-dissected in 1X PBS. Upon microdissection, the tubules were 

dipped in a 10 µL drop of PBS and slowly distended on poly-lysine coated indium-tin-oxide (ITO) 

coated slides (Delta Technologies, Loveland, CO) using ultrafine forceps (Dumont nb. 5). For 

minimal sample disturbance, excess buffer was removed first with a thin pipette tip and then a 

capillary (see Supplemental Table 2-1 for poly-lysine coating protocol). The sample was then 

subject to two more washes: 40% glycerol (v/v) followed by cold 150 mM ammonium acetate. In 

both cases, a 20 µL drop of the solution was deposited onto the sample for 15 seconds and removed 

with a micropipette equipped with a small tip. The sample was then dried in a desiccator for ~1 hr. 

Other microdissection buffers (1X PBT, 50 mM AF, 50 mM AA and 50 mM AB) and sample 

washing solutions (150 mM AB and 150 mM AF) were also tested for comparison. A general 

workflow of the microdissection protocol is summarized in Figure 2-1. 

2.3.3. Fly Embedding and Cryosectioning Protocol 

Flies grown in the same condition as those above were used for these experiments. After 

anesthesia with CO2, flies were flash frozen on dry ice and stored at -80°C until embedding. For 

embedding, frozen flies were submerged in optimal cutting temperature (OCT) polymer in an 

embedding mold. Upon proper sample orientation, the block was placed in a closed container with 

dry ice for a complete freeze-over. The embedding process usually took less than two minutes. 

Afterwards, the sample was placed at -80°C overnight before cryosectioning at a thickness of 12 

µm at -20°C using a Leica CM3050 cryostat (Leica Microsystems GmbH, Wetzlar, Germany). The 
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sections were then thaw-mounted onto ITO-coated slides and desiccated for ~1 hr before matrix 

deposition. Other embedding media found in the IMS literature, namely gelatin and carboxymethyl 

cellulose (CMC), were also tested for their ease of cyrosectioning, quality of section morphology 

and quality of MS signals 113, 172, 179, 180, 251, 258. 

2.3.4. MALDI IMS Sample Preparation 

For microdissected Malpighian tubules, approximately 200 µg/cm2 of either DHB or DAN 

matrix was deposited onto the samples by sublimation for data acquisition in positive or negative 

mode, respectively, according to previously published protocols60. In our case, the temperature and 

pressure were kept constant at 180°C and 0.5 mbar throughout the experiments. The same protocol 

was used to deposit approximately 150 µg/cm2 of DAN matrix onto fly sections for positive and 

negative ion data acquisition. Matrix thickness was calculated by measuring the weight of the slides 

Figure 2-1: Malpighian Tubule MALDI IMS Workflow. Workflow for analyzing the lipid 

content of fly Malpighian tubules by IMS consists of: 1) A manual microdissection step in PBS to 

extract the tubules along with a small portion of the hindgut from the animal; 2) The tubule is then 

carefully placed in a drop of PBS onto a poly-L lysine ITO-coated glass slide and untangled. Excess 

PBS is removed with a micropipette and capillary, and the tubule washed with two 20 µL drops of 

40% glycerol followed by two 20 µL drops of 150 mM ammonium acetate (AA). 3) Upon drying, 

matrix is deposited onto the slide by sublimation, optically scanned and immediately analyzed by 

MALDI-TOF IMS.  
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before and after matrix deposition and by dividing the difference by the area subjected to 

sublimation. Hematoxylin and eosin (H&E) staining was performed on the microdissected tubules 

post mass spectrometry after matrix removal in 95% ethanol solution (the detailed protocol is given 

in Supplemental Table 2-2) 

2.3.5. MALDI-TOF Mass Spectrometry 

Profiling and IMS of all samples were performed using a MALDI-TOF/TOF ultrafleXtreme 

mass spectrometer in reflectron geometry (Bruker Daltonics, Billerica, MA). This particular model 

is equipped with a 1 kHz SmartBeam II Nd:Yag/355 nm laser that has a focus of ~15 μm in 

diameter for the “minimum” focus setting. To acquire the MS and IMS data, flexControl 3.4 and 

flexImaging 4.1 were used, respectively (Bruker Daltonics, Billerica, MA). For the MS data, on-

tissue measurements were obtained from the microdissected tubules whereas off-tissue 

measurements were acquired to 1~2 mm adjacent to the length of the tubules. Visualization and 

localization of the samples were confirmed with flexImaging 4.1 that allows for the matching of 

the scanned image of the samples to the actual target position in the instrument. The same function 

was applied for IMS data to select the region of interest. Unless otherwise stated, the following 

instrumental parameters were used throughout the entire study. First, the acceleration voltage was 

set to +25 or −20 kV for data acquisition in the positive or negative ion polarity respectively, while 

all other instrumental parameters (delayed extraction parameters, source voltages, detector gain, 

laser energy, etc.) were optimized for maximum S/N over the m/z 500 – 1000 range. Second, the 

number of shots for every MS spectrum and per IMS array position was kept at 150 for both ion 

polarities. Third, IMS measurements of the microdissected tubules were acquired at a lateral spatial 

resolution of 25 µm, while IMS measurements were performed at the same spatial resolution but 

acquired across the entire fly cross section using a dual polarity strategy as described in Thomas et 
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al.60 In short, IMS measurements in both ion polarities are acquired for the same section with an 

offset between the positive and negative array grids; in this case, a 12-µm offset was applied. 

Lastly, external calibration was carried out using a known lipid signals from liver homogenate to 

obtain five points of calibration over the considered mass range. This resulted in a mass accuracy 

of 40 ppm or better for all on-tissue measurements. 

Finally, putative assignments for observed phospholipid signals were determined by 

comparing mass measurements with the LIPID MAPS prediction tool 

(http://www.lipidmaps.org/tools/index.html), previous literature and by MALD MS/MS using the 

LIF-TOF/TOF instrument mode167, 179, 180.  

2.3.6. IMS Data Analysis 

IMS data were exported into the vendor neutral imzML format and visualized in the R 

environment (v3.4.1) using the Cardinal package (v2.1) 224. All images presented were normalized 

linearly and contrast enhanced using the option “suppression,” an option in Cardinal to reduce the 

effects of hotspots. The same package was also used to run an unsupervised ion distribution 

segmentation analysis. For this analysis, data was preprocessed to remove all signals below a S/N 

of 3 found in less than 0.0001% of all spectra. Afterwards, spatial shrunken centroids clustering 

was employed to obtain the segmentation of the data 259. The parameters for the smoothing radius 

(r), the number of cluster (k), and the shrinking parameter (s) were determined based on the 

histology and kept constant throughout the sample set. The package RegCombIMS was used to 

combine the positive and negative IMS datasets from the same section before statistical analysis260.  

2.4. Results & Discussion 

The following sections detail the optimization process along each step of IMS sample 

preparation for microdissected fly Malpighian tubules and whole-body cryosections. For each step, 

http://www.lipidmaps.org/tools/index.html
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no strict statistical analyses were conducted; however, the results described below are all based on 

triplicate analyses. Representative qualitative results are presented. 

2.4.1. Buffer Selection for Malpighian Tubule Microdissection  

First, the ease of tubule microdissection using different buffer systems were compared. 

Microdissection in ammonium-based buffers, even at lower isotonic salt concentrations (50 mM), 

were found to cause tubule hardening and tubule breakage. Overall, the tubules were much more 

difficult to manipulate than those microdissected in tissue-friendly phosphate-based buffers (PBS 

or PBT), making it difficult to obtain high quality reproducible results suitable for cohort studies. 

On the other hand, excess salts have been known to degrade signals in MALDI experiments261. 

Moreover, some signal delocalization was observed for samples in both PBS and PBT, marked by 

the presence of phospholipid signals off-tissue. However, to preserve crucial sample integrity, PBS, 

the phosphate-based buffer causing less signal delocalization, was chosen for microdissection. 

Spectral results of this section are summarized in Supplemental Figure 2-1 for positive ion mode 

and Supplemental Figure 2-2 for negative ion mode for both on-tissue and off-tissue measurements.  

2.4.2. Sample Washing Wash Optimization for Microdissected Malpighian 

Tubules 

Washing procedures were also investigated to minimize ion suppression and ion 

delocalization effects from the 1X PBS microdissection buffer. Initial tests with deionized water to 

remove excess salt as suggested in the literature caused the tubules to coil, extrude their contents, 

harden and fragment258. Therefore, three MALDI-friendly ammonium-based solutions at 

physiological salt concentration (150 mM) were tested. Of these, AF-washed tubules displayed the 

least amount of remaining MS lipid signals. In addition, a greater number of delocalized signals 

were detected from AF-washed tubules. After AA- and AB- washes, MS signal quality and 
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intensity were comparable in positive ion mode, with a slightly higher number of signals detected 

in the former. In negative ion mode, signals from AB-washed tubules were found superior to AA-

washed tubules in overall intensity, but overall spectral patterns remained similar. From here, the 

sample quality was examined. AB-washed tubules turned white after washing and occasionally 

detached from the slide. In contrast, AA-washed tubules did not turn white and adhered to the slides 

more consistently. Furthermore, AA has been previously reported in the literature to enhance 

phospholipid signals in negative mode 215. AA was therefore chosen as the washing buffer. Spectral 

results of these washing procedures from a representative sample are shown in Supplemental 

Figure 2-3 for the positive ion mode and Supplemental Figure 2-4 for the negative ion mode.  

Despite promising results from the ammonium-based washes, a solution was needed to help 

stabilize the tubules on the slides during the washing step and poly-L lysine ITO-coated slides were 

chosen. While there are options for different fixatives in the IMS insect literature, these were 

optimized for cryosectioned, rather than microdissected, samples179, 180. Indeed, attempts to fix the 

samples with these solutions (i.e., ethanol, chloroform) led to significant signal loss in negative ion 

mode and minimal improvements in positive ion mode (data not shown). As such, a different 

approach was necessary and a 30% glycerol solution in artificial seawater wash described in the 

IMS literature to stabilize neurons was adapted for the tubules253, 262. It was chosen because of their 

similar fragile nature. Upon comparing washes with 30%, 40% and 50% glycerol solutions (v/v in 

water), 40% glycerol was found to be optimal (see Supplemental Figure 2-5). It removed the most 

amount of salt whilst limiting species delocalization and was also relatively easy to wash away by 

rinsing the tubules with 150 mM AA drops. 
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2.4.3. Matrix Selection for Microdissected Malpighian Tubules 

Several matrix candidates for the detection of phospholipids included DAN or DHB for 

positive ion mode, and DAN or 9AA for negative ion mode 60. For matrix deposited by sublimation, 

the signal quality from DAN in positive mode upon the introduction of phosphate-based buffer 

washes remained poor, with fewer signals detected when compared to DHB (see panel 3 and 4 in 

Supplemental Figure 2-1). The DAN matrix, however, was sufficient for negative ion mode (see 

Supplemental Figure 2-2). 9-AA was not fully tested because it is known to be less suited for 

phospholipids than DAN when sublimated60.  

Based on these findings, the following optimized protocol was adapted for IMS of 

microdissected tubules: tubule microdissection in 1X PBS buffer, sample placement on poly-lysine 

ITO-coated slide, wash in two drops of 20 µL 40% glycerol, drop wash with 150 mM AA, and 

deposition of DHB (positive ion mode) or DAN (negative ion mode) by sublimation. The MS and 

IMS results from these samples are described in the next section. 

2.4.4. On-tissue characterization of Microdissected Malpighian Tubules 

The microdissected Malpighian tubule is rich in signals, as seen in Figure 2-2. In positive 

ion mode, the tubule signals are dominated by three sets of peaks between m/z 700 – 850. Based 

on the exact mass, MS/MS data and previous publications, most of these belong to the 

phosphatidylcholine (PC) family 179, 180. The same can be said of the hindgut. In the negative ion 

mode, signals are mostly dominated by phosphatidylethanolamines (PEs) and 

phosphatidylinositols (PIs), followed by much weaker signals for phosphatic acids (PAs) and 

phosphatidylglycerol (PGs). There are some spectral differences between the tubules and the 

hindgut, most notably in the presence of lower mass species between m/z 600 – 700 in the hindgut 

region. A table with tentative lipid assignments of the major species observed based on their 
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MS/MS profile can be found in Supplemental Table 2-3. 

With hints of differential species distribution, it is of interest to assess if there is any 

phospholipid signal colocalizing to the tubule or hindgut region. This can be achieved through 

spatially-aware segmentation analysis that clusters signals based on their spatial distribution and 

relative intensity. In positive ion mode, the first round of spatially-aware segmentation analysis 

revealed only two meaningful segments: the background signal and the microdissected tubule 

sample (results not shown). An increased number of segments of the entire IMS data led to greater 

divisions in the background due to the presence of random residual salt patterns. To better segment 

the positive mode data, the background segment was removed, and the remaining “sample” was 

further clustered. As shown in Figure 2-3, the tubule clustered into three segments, one for the 

hindgut, one for the tubules, and a third demonstrating “edge effects” around the entire sample.  

Figure 2-2: Positive and Negative ion Polarity MALDI-TOF MS Lipid Profiles. Acquired from 

Microdissected Malpighian Tubules and the Hindgut. DHB matrix was used to acquire the data in 

the positive ion mode, while DAN was used for the negative ion mode. The overall MS profiles 

between the tubules and the hindgut remained highly similar. In the positive mode, there is no 

obvious distinction, whereas in negative mode, the hindgut had more species below m/z 700 

compared to the tubule.  
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Figure 2-3 MALDI IMS Results of Microdissected Malpighian Tubules. Positive ionization 

(top panel) and negative ionization (bottom panel) mode lipid IMS results from representative 

microdissected tubules. Spatially-aware centroid shrunken untargeted segmentation results and 

corresponding H&E stainings are shown in the first column, the breakdown of each segment are 

shown in the second column and three representative IMS results of each segment are shown the 

last column. Putative assignments based on exact mass and MS/MS for each species are given. 

Unless otherwise noted, all positive ion species are [M+H]+ and negative ion species [M-H]- 
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Based on the top markers from the segmentation results, the hindgut and tubule clearly 

shared more similarities than differences, since the results for Segment 3 mostly consisted of 

signals not localized to the hindgut. A deeper investigation into the signals from Segment 3 in fact, 

showed that they were generally localized throughout the entire background, suggesting that 

despite the extreme care taken to minimize delocalization, some species appeared to have 

nonetheless migrated. This may not come as a surprise because hydrophobic species such as 

triacylglycerols are soluble in the glycerol solution and would probably tend to migrate during the 

glycerol washes, as suggested by the relatively clean off-tissue spectra with 150 mM AA wash 

alone shown in the top right panel of Supplemental Figure 2-3 and the top panel of Supplemental 

Figure 2-4. The subsequent introduction of water-based solvents could then lead to the potential 

delocalization of the more hydrophilic phospholipids.  

A similar observation was made in negative ion mode, whereby the signals from the 

Malpighian tubules were dominated by higher molecular weight species (m/z 700 – 900), while the 

hindgut was dominated by lower molecular species (m/z 600 – 700). In the Malpighian tubule, PEs 

and PIs were the major species detected and identified, whereas PAs were found to be more 

localized to the hindgut. For the negative ion mode data, the tubule and the hindgut segmented 

cleanly without the need to remove the background segment. Further signal segmentation of the 

negative ion data did not yield additional information. The negative ion mode results are also 

presented in Figure 2-3. A noteworthy observation from both positive and negative ion mode data 

is that all the tubules clustered into one segment, despite there being two distinct sets of tubules, 

one in the anterior and another in the posterior position. The results therefore suggest that the 

different tubules appeared to have similar or identical phospholipid expressions.  
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2.4.5. Choice of Embedding Medium and Matrix for Fly Sections 

Fly embedding proved to be straightforward. It was possible to manipulate and place the flies 

in the desired orientation in all cases. This was true even when using 5% CMC, the most viscous 

of the tested embedding media. The difference was noticeable, however, during cryosectioning. 

While 20-µm thick sections as described in the literature were easily attainable with all media, 

consecutive 12-µm sections were only feasible after embedding in OCT. At this thickness, the 

CMC and gelatin did not hold the flies tightly enough during cryosectioning, leading to poor section 

recovery. Therefore, to demonstrate results from thinner sections, OCT was used.  

An issue with OCT noted in the literature is the presence of contaminating MS peaks coming 

from this medium 258. While this may be the case for native peptide analyses or for protein analyses 

without sample washing steps, the overall MS signals from the OCT-embedded fly sections had 

just as much, if not greater, overall intensity, quantity and mass resolution, as those embedded in 

the other tested embedding media (see Supplemental Figure 2-6). To ensure high quality sections, 

the orientation and quality of the embedding was important. In short, the media had to be free of 

air bubbles, the OCT block had to be precisely rectangular, and the cut should be made from the 

abdomen towards the head. For reproducibility and the generation of serial sections, removing the 

wings as per Khalil et al. was found helpful180. 

The matrices were selected using the same rationale as for the microdissected tubules. In 

other words, DAN and DHB were the most suitable candidates for sublimation for positive mode, 

whereas DAN would be favored for negative mode. Spectral results from the entire fly section 

suggested DHB was suitable for positive mode (see Supplemental Figure 2-6). However, because 

the DAN matrix allows for dual-polarity IMS experiments on the same section, it was ultimately 

chosen and overall provided richer IMS data60. 
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2.4.6. On-tissue Characterization of the Fly Sections 

Dual polarity lipid IMS results acquired from a Drosophila fly whole-body tissue section are 

presented in Figure 2-4. Similar to the microdissected tubules, the positive and negative ion mode 

sum spectra displayed a great abundance of phospholipid signals in the m/z 700 – 900 range. In the 

positive ion mode, the majority of identifiable signals came from PCs, the main component of the 

cellular membrane. In negative ion mode, the most intense signals observed consisted of a 

distribution of PEs and PIs. Like microdissected tubules, PAs and PGs were also observed.  Unlike 

the microdissected Malpighian tubules, analyses of whole-body sections displayed overall more 

signals across the phospholipid mass range, most likely due to differential phospholipid expression 

of the various organs that are simultaneously present in one tissue section. For each ion polarity, 

the ion density maps of the three most intense ions hinted at such unique distributions (Figure 2-4).  

Segmentation analysis of the combined dataset corroborated colocalization of ion species to 

major fly anatomical regions. Summarized in Figure 2-5, ion species were localized to the head 

and thorax (green), the brain, lower thorax and upper abdomen (orange), the muscular region at the 

top of thorax (purple), the lower abdomen (grey), the extremities around the fly (red) and the legs 

and wings (blue). While nine segments could be generated, only these six were correlated to the 

anatomy. The other three were mostly consisting of noise and matrix signals or did not have 

patterns that matched the segment representation. This indicates that matrix and other patterned 

background signals impacted the segmentation analysis with noise that led to unnecessary clusters. 

The same segmentation analysis after having discarded wings and legs confirmed the presence of 

six major segments, indicating that the original segmentation analysis, despite the background 

noise, was valid (see Supplemental Figure 2-7). It is interesting to note that the top ion markers in 

the microdissected tubules were colocalized in different segments, explaining why there were no 
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m/z signals found to be unique to the fly tubules despite many attempts and approaches. This is not 

surprising, given that previous research on invertebrates, including Drosophila, have either not 

identified signals specific to the Malpighian tubules or found lower mass metabolites rather than 

higher mass lipid signatures as a defining feature of this organ180, 254, 263. It is also important to note 

Figure 2-4: Dual Ion Polarity MALDI IMS acquired from a Whole-body Drosophila Section. 

The IMS data was acquired at 25 µm spatial resolution with a 12 µm offset in the x and y direction 

allowing dual polarity imaging. The optical image of the section is shown in the top right insert. 

The mean IMS spectra for both polarities reveal a high abundance of signals from m/z 500-900 

corresponding to the phospholipid range. For each polarity, ion density maps of the three highest 

intensity species are also displayed with the corresponding peaks identified in the spectra. Scale 

bar indicates 1 mm. Unless otherwise noted, all positive ion species are [M+H]+ and negative ion 

species [M-H]-. 
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here that previous publications suggest the presence of phosphatidylserines (PSs)179, 180. Our 

instrument does not have enough mass resolution to differentiate most PSs from PCs in positive 

ion mode. Further, the exact mass given by the instrument and form of the peaks suggest PCs to be 

the dominant species. In negative ion mode where these species were observed previously with 

DAN, no PSs were detected either60.  

Figure 2-5: Dual Ion Polarity MALDI IMS acquired from a Whole-body Drosophila Section. 

The IMS data was acquired at 25 µm spatial resolution with a 12 µm offset in the x and y direction 

allowing dual polarity imaging. The optical image of the section is shown in the top left insert. 

Segmentation results (along with the parameters used) were generated after combining the positive 
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and negative polarity IMS data. Of the nine segments generated (three are different patterns of 

noise), six showed represent IMS signals co-localized to different regions of the fly. Individual 

segments and the corresponding top four ion markers are also shown. Putative assignments based 

on exact mass and MS/MS for each species are given. Unless otherwise noted, all positive ion 

species are [M+H]+ and negative ion species [M-H]-. 

2.4.7. Advantages and Limitations of Each Approach  

Both microdissected tubules and fly sections provided quality lipidomic data. However, each 

presents their own advantages and challenges. Microdissected tubules provide information on the 

entire organ in one IMS experiment, whereas 50 to 80 perfect serial sections would be needed to 

obtain the same information in three dimensions, provided that the tubules can be identified within 

each section. While this could be potentially achieved via reporter gene expression264, this 

limitation renders the cyrosectioning approach cumbersome. With effective tubule visualization 

within the sections, its lipidomic content could be contextualized and understood in relation to the 

rest of the organism. In this case, cryosectioning could be favored over microdissection because of 

its minimal sample preparation and manipulation, greatly reducing signal delocalization or loss. In 

terms of spatial resolution, cryosectioning also has an upper hand. The application of matrices that 

require less ionization energy such as DAN has allowed for dual-polarity experiments at 25 µm 

with minor overlaps in the ablation area (see Supplemental Figure 2-9) in the positive and negative 

ion polarity array grids. Moreover, no noticeable signal intensity loss was found when compared 

to results from serial sections acquired in a single polarity at the same spatial resolution. Based on 

the work of Kaya et al., dual polarity IMS acquired at a 10 µm spatial resolution may be possible 

without an offset166. On the other hand, microdissected tubules were limited to 25 µm spatial 

resolution because the multiple washing steps involved have led to a certain degree of species 



   

 

53 

delocalization. Overall, we found that due to uneven removal of glycerol, excessive washing, 

sample warping during wash and other potential preparation artefacts, ~1/3 of the microdissected 

tubules were lost or unsuitable for IMS analyses. Although fly samples are typically abundant, a 

non-negligible number of samples are currently wasted, implying the need for a proportionally 

higher number of samples for cohort studies. Regardless, the microdissection method eliminates 

the difficulty to identify the Malpighian tubules in the cryosections and enables higher analysis 

throughput.  

2.5. Conclusions 

In this work, we have demonstrated two different approaches for obtaining lipidomic 

information about the Drosophila fly renal system through IMS. The first allows for detection and 

IMS of numerous phospholipids at spatial resolutions as low as 25 µm and consists of extracting 

the Malpighian tubule from the fly through microdissection in PBS, followed by washes in 40% 

glycerol and 150 mM of ammonium acetate, and MALDI matrix deposition by sublimation (DHB 

or DAN for positive or negative ion mode IMS analyses, respectively). The second approach is 

whole-body cyrosectioning of flies embedded in OCT at a thickness of 12 µm followed by DAN 

matrix deposition by sublimation. This protocol allows for dual ion polarity detection and IMS of 

phospholipids at 25 µm spatial resolution (and possibly higher), as well as the simultaneous 

analysis of all the major organ compartments of the fly. However, this approach makes it nearly 

impossible to unambiguously identify the tubules among all the other organs present in the 

abdomen at present. Hence, we recommend the microdissection approach to study the Drosophila 

renal system and potentially other organs of interest. Finally, while the work presented herein is 

focused on phospholipids, the same sample preparation protocols can be adapted for IMS analyses 

of other biomolecules such as proteins, peptides and other metabolites. This may be more 
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accessible for whole-body cryosections rather than the microdissected tubules due to some signal 

delocalization and species loss during the washing steps. The development of these methods will 

provide even richer information about the molecular composition of the Malpighian tubules from 

flies of different genotypes or subjected to different treatments. 
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2.7. Supplemental Information 

 

Supplemental Table 2-1: Poly-Lysine Application Protocol. 

Step Solution Time 

1 Spread 1mL of 0.01% (w/v) poly-lysine on ITO slide 5 mins 

2 Immerse in de-ionized water 30 seconds 

3 Air dry As needed 

 

 

Supplemental Table 2-2: H&E Protocol. Detailed protocol for H&E staining as optimized for 

the microdissected tubule samples. 

Step Solution Time 

1 95% ethanol 30 seconds 

2 70% ethanol 30 seconds 

3 De-ionized water 30 seconds 

4 Gill 3 Hematoxylin 15 seconds 

5 De-ionized water 10 seconds 

6 0.007% Sodium Bicarbonate in H2O 5 dips 

7 70% ethanol 30 seconds 

8 95% ethanol 30 seconds 

9 Eosin 5 dips 

10 95% ethanol 30 seconds 

11 100% ethanol 30 seconds 

12 Air Dry 30 minutes 

13 Mount slide with Cytoseal NA 
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Supplemental Table 2-3: Putative Assignments of the Top 65 Phospholipid Signals by MS/MS. The table provides mass error in 

PPM, the proposed identification, and diagnostic fragments of the 30 identified m/z species from negative ionization and 35 from positive 

ionization mode. Previous literature confirming the identification is cited (right). 

Experimental 

m/z 

Calculated 

m/z 

Error 

PPM 
Proposed Species Adduct Diagnostic Fragment(s) 

Previous 

Literature 

569.29 569.27 -35 LPI(16:1) [M-H]- 241 Pi et al.167 

595.30 595.28 -34 LPI(18:2) [M-H]- 241 Pi et al.167 

619.30 619.28 -32 LPI(20:4) [M-H]- 241 Khalil et al.180 

671.54 0.00 0 PA (34:2) [M-H]- 153 Khalil et al.180 

673.50 673.48 -30 PA (34:1) [M-H]- 153 NA 

688.50 688.49 -15 PE(32:1) [M-H]- 140 Khalil et al.180 

701.50 701.51 14 PA(36:1) [M-H]- 153 Khalil et al.180 

714.50 714.50 0 PE(34:2) [M-H]- 140 Khalil et al.180 

716.50 716.52 28 PE(34:1) [M-H]- 140 Khalil et al.180 

718.55 718.53 -28 PE(34:0) [M-H]- 140 Khalil et al.180 

721.52 721.50 -28 PG(32:0) [M-H] - 171 Khalil et al.180 

730.59 730.57 -27 PE(36:0) [M-H]- 140 NA 

738.50 738.50 0 PE(36:4) [M-H]- 140 Khalil et al.180 

740.50 740.52 27 PE(36:3) [M-H]- 140 NA 

742.51 742.53 27 PE(36:2) [M-H]- 140 Khalil et al.180 

744.60 744.59 -13 PE(36:1) [M-H]- 140 NA 

807.55 807.53 -25 PI(32:2) [M-H]- 241 Khalil et al.180 

809.51 809.51 2 PI(32:0) [M-H]- 241 Khalil et al.180 

831.53 831.50 -36 PI(34:3) [M-H]- 241 Khalil et al.180 

833.50 833.51 12 PI(34:2) [M-H]- 241 Khalil et al.180 

835.55 835.53 -24 PI(34:1) [M-H]- 241 Khalil et al.180 
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837.54 837.55 12 PI(34:0) [M-H]- 241 Khalil et al.180 

853.50 853.48 -23 PI(36:6) [M-H]- 241 Khalil et al.180 

855.53 855.50 -35 PI(36:5) [M-H]- 241 Khalil et al.180 

857.53 857.51 -23 PI(36:4) [M-H]- 241 Khalil et al.180 

859.55 859.53 -27 PI(36:3) [M-H]- 241 Khalil et al.180 

861.57 861.54 -35 PI(36:2) [M-H]- 241 Khalil et al.180 

863.58 863.56 -23 PI(36:1) [M-H]- 241 Khalil et al.180 

865.56 865.57 14 PI(36:0) [M-H]- 241 Khalil et al.180 

891.59 891.59 6 PI(38:1) [M-H]- 241 Khalil et al.180 

494.34 494.32 -20 LPC(16:1) [M+H]+ 184.1 NA 

496.34 496.33 -20 LPC(16:0) [M+H]+ 184.1 Patterson et al.265 

520.34 520.33 18 LPC(18:2) [M+H]+ 184.1 Khalil et al.180 

522.34 522.35 6 LPC(18:1) [M+H]+ 184.1 Khalil et al.180 

674.49 674.47 -30 PC(28:2) [M+H]+ 184.1 NA 

704.53 704.52 -14 PC(30:1) [M+H]+ 184.1 Khalil et al.180 

706.51 706.53 28 PC(30:1) [M+H]+ 184.1 Khalil et al.180 

728.56 728.55 -14 PE(O-36:3)/PE(P-36:2) [M+H]+ 184.1 Khalil et al.180 

730.52 730.53 14 PC(32:2) [M+H]+ 184.1 Khalil et al.180 

732.54 732.55 14 PC(32:1) [M+H]+ 184.1 Khalil et al.180 

752.50 752.52 21 PC(32:2) [M+Na]+ 184.1 Khalil et al.180 

754.52 754.53 13 PC(34:1) [M+Na]+ 184.1 Khalil et al.180 

756.54 756.55 9 PC(34:3) [M+H]+ 184.1 Khalil et al.180 

758.56 758.56 -5 PC(34:2) [M+H]+ 184.1 Khalil et al.180 

760.59 760.58 -8 PC(34:1) [M+H]+ 184.1 Khalil et al.180 

762.62 762.60 -26 PC(34:0) [M+H]+ 184.1 NA 

766.59 766.57 -26 PC(O-36:4)/PC(P-36:3) [M+H]+ 184.1 Khalil et al.180 

774.62 774.60 -26 PE(38:1) [M+H]+ 184.1 Khalil et al.180 

776.60 776.61 13 PC(34:4) [M+Na]+ 184.1 Khalil et al.180 
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778.53 778.53 -5 PC(34:3) [M+Na]+ 184.1 Khalil et al.180 

780.57 780.55 -22 PC(34:2) [M+Na]+ 184.1 Khalil et al.180 

782.59 782.56 -33 PC(36:4) [M+H]+ 184.1 Khalil et al.180 

784.60 784.58 -25 PC(36:3) [M+H]+ 184.1 Khalil et al.180 

786.63 786.60 -37 PC(36:2) [M+H]+ 184.1 Khalil et al.180 

788.64 788.61 -38 PC(36:1) [M+H]+ 184.1 Khalil et al.180 

792.50 792.49 -13 PC(34:4) [M+K]+ 184.1 Khalil et al.180 

794.53 794.50 -38 PC(34:3) [M+K]+ 184.1 NA 

796.53 796.52 -13 PC(34:2) [M+K]+ 737.5, 184.1, 162.9, 575.5 Khalil et al.180 

814.62 814.63 12 PC(38:2) [M+H]+ 184.1, 86.1 Khalil et al.180 

818.64 818.66 24 PC(38:0) [M+H]+ 184.1 NA 

820.55 820.52 -37 PC(38:1) [M+H]+ 184.1 Khalil et al.180 

822.55 822.54 -12 PC(36:3) [M+K]+ 184.1, 763.5 NA 

824.53 824.55 24 PC(36:2) [M+K]+ 184.1, 763.5 Khalil et al.180 

826.59 826.57 -24 PC(36:1) [M+K]+ 184.1, 763.5 Khalil et al.180 

980.82 980.80 -20 PC(48:0) [M+Na]+ 184.1 NA 
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Supplemental Figure 2-1: Positive Ionization MALDI-TOF MS Lipid Profiles Acquired from 

Microdissected Malpighian Tubules in Different Buffers. Comparative results from the 

profiling analysis show that, only the 50 mM AF microdissection buffer environment coupled with 

the DAN matrix yielded acceptable phospholipid signals. All other conditions provided poor 

signals. Of interest was the strong presence of signals off-tissue after microdissection in PBS and 

DHB matrix application. Despite 50 mM AF being a good candidate from a MS signal quality 

standpoint, the difficulty in manipulating the tubules often resulting in degradation and 

fragmentation was found unpractical, even when AF concentration was increased to 150 mM to 

match physiological salt concentrations (results not shown). 
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Supplemental Figure 2-2: Negative Ionization MALDI-TOF MS Lipid Profiles Acquired 

from Microdissected Malpighian Tubules in Different Buffers. Comparative results from the 

profiling analysis showed similar on-tissue results for the three tested microdissection buffers. Off-

tissue MS analyses, however, showed that the PBT buffer led to greater signal diffusion, with the 

least amount observed for PBS. Despite 50 mM AF being a good candidate from a MS signal 

quality standpoint, the difficulty in manipulating the tubules often resulting in degradation and 

fragmentation was found unpractical, even when AF concentration was increased to 150 mM to 

match physiological salt concentrations (results not shown). 
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Supplemental Figure 2-3: Positive Ionization MALDI-TOF MS Lipid Profiles Acquired from 

Microdissected Malpighian Tubules in PBS and Washed in Different Ammonium-Based 

Salts. First row: drips of 150 mM ammonium acetate (AA). Second row: drips of 150 mM 

ammonium bicarbonate (AB). Third row: drips of 150 mM ammonium bicarbonate (AB), followed 

by drips of 25 mM ammonium formate (AF). Last row: drips of 150 mM ammonium formate. DHB 

matrix was used for all samples. Comparing the profiles after the various washes, it is clear that 

AB and AA buffers produce superior results to AF. Note, all of these approaches were harsh to the 

samples, causing the tubules to distort and change colour. The addition of 40% glycerol to the 

sample before sample wash (see Figure 2) helped to minimize this occurrence. 
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Supplemental Figure 2-4: Negative Ionization MALDI-TOF MS Lipid Profiles Acquired 

from Microdissected Malpighian Tubules in PBS and Washed in Different Ammonium-

Based Salts. First row: 150 mM ammonium acetate (AA) wash; second row: 150 mM ammonium 

formate (AF); third row: 150 mM ammonium bicarbonate (AB). The DAN matrix was used for the 

three experiments. 150 mM AB on-tissue washes provided the greatest overall number of species 

and intensity, with 150 mM AA showing a similar spectrum at a lower overall intensity, and 150 

mM AF instead losing most of the signals. Because very little off-tissue signals were observed with 

the PBS microdissection buffer compared to Supplemental Figure 2, no off-tissue results are 

shown. 
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Supplemental Figure 2-5: Positive and Negative Ionization MALDI-TOF MS Lipid Profiles 

from Microdissected Tubules in PBS and Washed Using Different % Glycerol Solutions. 

After the glycerol wash, all samples were further washed with 150 mM ammonium acetate (AA). 

Matrix (DHB or DAN) was then deposited by sublimation. Results in the positive ion mode showed 

comparable results for both 30% and 40% glycerol, albeit overall greater intensity with the 40% 

glycerol wash. At 50% glycerol, more washes were needed for complete removal of excess 

glycerol, leading to a reduction in overall number of detected MS signals and signal quality. The 

same trends were observed in the negative ion mode. 

 

  



   

 

64 

 

Supplemental Figure 2-6: Mean Positive Ionization MALDI-TOF IMS Spectra of Lipids 

Acquired from Fly Tissue Sections Obtained after Embedding and Sectioning in Different 

Media. The left column are the results from the DAN matrix, the right column those from the DHB 

matrix. The embedding media tested are shown by row: OCT, 5% gelatin in water (w/v) and 5% 

carboxymethylcellulose (CMC) in water (w/v). MS signal intensity is normalized across 

experiments. DAN results showed the greatest overall signal intensity in the phospholipid range 

from flies embedded in OCT. DHB results showed, a richer peak profile, particularly from flies 

embedded in 5% CMC. However, only OCT provided quality, reproducible sections at 10-12 µm 

thickness. Nonetheless, DAN was preferred over DHB because of the lower laser energy 

requirements allowing IMS at much higher spatial resolution (<15 µm without oversampling), as 

well as dual polarity IMS on the same section, as shown in Figure 2-5. 

  



   

 

65 

 

Supplemental Figure 2-7: Segmentation Analysis of the Dual Polarity IMS Results after Legs 

and Wings Removal. Positive and negative ionization data was acquired using a MALDI-TOF 

system on the same fly section at 25 µm spatial resolution with a 12 µm offset in the x and y array 

grid. The segmentation analysis was performed on the combined dataset as described in Patterson 

et al. 2018. The optical image is shown in the top left, followed by the segments, with the 

segmentation parameters listed. The segments and top four ion markers are shown below. Putative 

assignments based on exact mass and MS/MS are indicated by name. Those with incomplete 
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assignments are marked by *. Unless otherwise noted, all positive ion species are [M+H]+ and 

negative ion species [M-H]-. Of the seven segments, only the six shown represent IMS signals 

colocalized to different regions of the fly. The last segment was related to noise. Segmentation tests 

with r=6 was insufficient for separating the different regions while still creating a noise segment. 

Scale bar indicates 1 mm.  
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Supplemental Figure 2-8: MALDI MS/MS Fragmentation Pattern of PA, PE, PI, LPC, PC 

and SM Species. Representative MS/MS results and diagnostic ion fragments of five phospholipid 

families detected in the microdissected tubules and fly whole-body sections are shown in the six 

panels: PA(34:1), PE(36:4) and PI(36:2) in the first column and LPC(16:0), PC(34:2) and 

SM(d42:1) in the second column. Proposed fragmentation pathways are shown via their respective 

molecular drawings. MS/MS of PA, PE and PI were acquired in negative mode, while LPC, PC 

and SM were acquired in positive mode. In all cases, the exact location of the double bonds on the 

fatty acid chains could not be confirmed by MSMS and in the case of PC(34:2), the length of the 

fatty chains as well. The exact location and length shown in the drawings represent one of the many 

possibilities.  
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Supplemental Figure 2-9: Ablation Pattern Post Dual Polarity IMS at 25 µm. Optical images 

of a fly cross section after post dual polarity IMS at 25 µm indicating that while there is some 

overlap in the laser spots, the tissue is not completely ablated. This suggests that the 12 µm offset 

between the positive and negative ion mode grid arrays did not lead to major oversampling. The 

pattern is even more visible in the zoom of the head region. The images were taken through a Leica 

optical microscope at x5 for the whole-body section and x20 for the closeup of the head. 
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3.1. Abstract 

Enhanced ganglioside species detection was achieved for matrix assisted laser desorption 

ionization time-of-flight imaging mass spectrometry (MALDI-TOF IMS) in negative reflectron 

mode using a novel sample preparation protocol that involves washing the tissue in ammonium salt 

solutions followed by spray depositing ammonium salts and waiting 24 hours after sublimation of 

1,5-diaminonaphthalene (DAN) before data acquisition. Application of this novel method to 

normal adult mouse brains led to more than 10-fold increase in total ion intensity in the ganglioside 

mass range and an increase in the number of detected sialylated species from 3 to 15, with no 

apparent delocalization observed at 20 µm spatial resolution, making it a powerful technique with 

the potential to provide greater information about gangliosides in numerous biological contexts. 
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3.2. Introduction 

Gangliosides are a family of glycosphingolipids (GSLs) characterized by the presence of one 

or more sialic acid residues attached to the galactose moiety of the oligosaccharide chain linked to 

a ceramide tail181. They are subcategorized based on the number of sialic residues, where 

monosialogangliosides (GMs) have one, disialogangliosides (GDs) have two, trisialogangliosides 

(GTs) have three, tetrasialogangliosides (GQs) have four, and pentasialogangliosides (GPs) have 

five sialic acid residues, respectively181 (their general structures are shown in Supplemental 

Figure 3-1). Found in the plasma membrane of all vertebrate cells, they constitute a large portion 

of lipid rafts182 and are determined to be highly abundant in the brain266, particularly GM1, GD1 

and GT1b184. With important roles in cell recognition and signaling267, it is no surprise that their 

dysregulation and overaccumulation have been implicated in numerous lysosomal storage 

disorders including Tay Sachs268, Hunter’s205, 269, and Gaucher’s270, neurodegenerative diseases 

including Alzheimer’s134, 271, 272, Parkinson’s185, and the Guillain-Barré syndrome273, and cancer 

including neuroblastoma274, melanoma275, and even breast cancer stem cells276.  

Matrix-assisted laser/desorption ionization (MALDI) imaging mass spectrometry (IMS) is a 

powerful technique for visualizing the spatial distribution of biomolecules on tissue surfaces, and 

has been the method of choice for on-tissue imaging of gangliosides since 2008 when Chen et al. 

visualized them in a Tay-Sachs/Sandhoff disease mouse model using 2,5-dihydroxybenzoic acid 

as matrix277. Since, there has been growing interest in the IMS community to improve the detection 

of gangliosides through buffered washes215, novel matrices and matrix solutions186, 189-191, 278, on-

tissue derivatization279, gold nanoparticle labeling280, and the coupling of different ionization 

techniques197. Recently, our laboratory has successfully applied 1,5-diaminonapthalene (DAN) for 

5 m high spatial resolution imaging of GM2 and GM3 deposits found in a Hunter’s disease mouse 
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model205. However, the same cannot be said of healthy tissue sections, where ganglioside species 

are not overexpressed and aggregated, and pose a challenge for comparative studies for less 

abundant gangliosides (such as GD2) that are strongly correlated to many of the diseases mentioned 

above. While Colsh et al. has developed a spot deposition method of 2,6-dihydroxyacetophenone 

(DHA) mixed with ammonium sulfate, HBFA that allowed for the detection of four classes of 

gangliosides (GM, GD, GQ, GT) in a wild-type mouse brain and imaging up to 80 µm of spatial 

resolution 191, 281, this method is limited in resolution by wet-matrix application. 

To this end, we have used healthy mouse brains to develop a MALDI sample preparation 

protocol with dry matrix application that significantly increases the overall ion intensity of 

gangliosides and other sialylated species while still allowing for high spatial resolution imaging 

down to 20 m lateral resolution. This protocol combines a series of optimized parameters that 

synergistically contribute to more than 10-fold increase in signal intensity and 5-fold increase in 

the number of ganglioside species detected. 

3.3. Experimental 

3.3.1. Chemicals and Reagents 

Unless otherwise noted, all solvent and material were purchased from Thermo Fisher 

Scientific (Ottawa, ON). 1,5-diaminoapthalene (DAN), 9-aminoacridine (9AA), 2,5-

dihydroxybenzoic acid (DHB), 5-Chloro-2-mercaptobenzothiazole (CMBT), norharmane (nH) and 

ammonium formate (AF) were purchased from Sigma-Aldrich Canada (Oakville, ON). For mass 

calibration, a total ganglioside extract (brain, porcine-ammonium salt) was purchased from Avanti 

Polar Lipids, Inc. (Alabaster, AL). 

3.3.2. Tissue Sampling and Sectioning 

The mouse brains used in this experiment were obtained from twelve-week old mice (n = 5) 
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euthanized through CO2 asphyxiation, as approved by the local Ethical Committee of the Université 

de Montréal. The brains were harvested and flash frozen by contact with dry ice immediately after 

sacrifice to minimize molecular deterioration and maintain tissue morphology. 14 μm thick 

horizontal mouse brain sections were obtained at a latitude where the hippocampus was clearly 

visible (3 to 6 mm inferior to Bregma) using a Leica CM3050 cryostat (Leica Microsystems GmbH, 

Wetzlar, Germany) and thaw-mounted on 25 x 75 mm indium-tin-oxide (ITO) microscope slides 

(Delta Technologies, Loveland, CO). The tissues were then dried in a desiccator for ≤ 1hr prior to 

further processing. For the 65 µm spatial resolution IMS experiments, serial sections were collected 

and stained with hematoxylin and eosin (H&E) using a standard protocol (see Supplemental Table 

3-1), while for the 20 µm spatial resolution IMS experiments the same section was stained after 

matrix removal by immersion for 30 seconds in successive ethanol solutions (90% and 70%). 

3.3.3. Optimizing the Ammonium Formate (AF) Washing Protocol 

Based on the protocol established by Angel et al. for overall enhancement of lipid signals in 

the negative ion mode215, ganglioside signals were compared across five wash times (0, 30, 45, 60 

and, 90s) with AF at five different concentrations (0, 25, 50, 75 and 100 mM). For solutions with 

AF, the pH ranged from 6.3 to 6 (lowest to highest concentration). The signal intensities after the 

washing protocol were also compared with and without the optimal wait time prior to data 

acquisition (see below). 

3.3.4. Investigating ammonium formate (AF) deposition by the TM-Sprayer 

Inspired by the AF wash, additional AF deposition using a first-generation TM-Sprayer 

instrument (HTX Technologies, Chapel Hill, NC) was also investigated. An optimal deposition 

layer was found using a solution of 400 mM AF (4:6 H2O:ACN). The AF spray deposition cycle 

takes 15 minutes. The specific instrument parameters can be found in the Supplemental Table 3-2. 
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The layer density was evaluated by weighing an ITO glass slide three times with the tissue section 

before and after salt deposition under the same instrumental parameters. The weight difference 

divided by the area of the glass slide provided the density. The effects of wait time and AF wash 

in concert to AF deposition was also studied. 

3.3.5. Matrix Deposition by Sublimation 

Within 15 minutes after tissue sample processing with AF, DAN was deposited onto the 

sample using a sublimation apparatus (Chemglass Life Science, Vineland, NJ) as previously 

described60. No significant weight difference between the end of AF spray deposition and the 

beginning of the sublimation process was observed indicating no noticeable AF evaporation within 

this 15 minute timeframe. The optimized matrix thickness that provided reproducible ganglioside 

signals with maximum signal-to-noise ratio (S/N) was approximately 250 g/cm2, equivalent to 6 

minutes of deposition at 180C and 0.5 mbar. The matrix density upon sublimation was evaluated 

by the same approach as the salt layer. Lastly, matrix sublimations should be performed under a 

fume hood due to the possible carcinogenic effects of the DAN matrix. 

3.3.6. Determining the Optimal Wait Time Before Data Acquisition 

Protocols in the literature for MALDI IMS of ganglioside species suggest including a 24h 

wait time after matrix deposition for enhanced ganglioside signal detection, though no explanation 

has been given278, 282. For verification, the ganglioside signal intensity was compared when 

acquired immediately after matrix deposition (0h), after matrix deposition and 24h wait time at -

20C (24h), and after matrix deposition and 48h wait time at -20C (48h).  

3.3.7. MALDI-TOF Mass Spectrometry 

Profiling and IMS of the tissue sections were performed on a MALDI TOF/TOF 

ultrafleXtreme mass spectrometer equipped with a SmartBeam II Nd:Yag/355 nm laser operating 
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at 1 kHz, providing a laser focus down to 20 µm in diameter for the “minimum” focus setting 

(Bruker Daltonics, Billerica, MA). MS and IMS data acquisition were performed in negative ion 

mode using the reflectron geometry with flexControl 3.4 and flexImaging 4.0, respectively (Bruker 

Daltonics, Billerica, MA). Acceleration voltage was set to −20 kV and all other instrumental 

parameters (delayed extraction parameters, source voltages, detector gain, laser energy, etc.) were 

optimized for maximum S/N of the detected ganglioside signals. Unless stated otherwise, the same 

parameters were used throughout the entire study. For protocol optimization, profiling MS data 

was acquired in 1000-3000 m/z range from three group replicates of five accumulations of 100 

shots in random areas of the hippocampal region where a greater number of ganglioside species 

have been detected281, 283. For IMS data acquisition, 300 shots were summed per array position in 

the same mass range. Regular IMS measurements were acquired at a lateral resolution of 65 μm, 

while higher spatial IMS data were acquired with at a lateral resolution of 20 μm. IMS data were 

visualized using flexImaging 4.0 without any signal normalization. External calibration was carried 

out in cubic enhanced mode using a total ganglioside extract to obtain five points of calibration 

over the considered mass range. A mass accuracy better than 30 ppm was obtained for MS and 

IMS measurements on tissue. Ganglioside identification was performed by comparing accurate 

mass measurements with the LIPID MAPS prediction tool 

(http://www.lipidmaps.org/tools/index.html) and in some cases confirmed by MS/MS using the 

LIFT-TOF/TOF instrument mode.  

3.3.8. Data Analysis 

Total ion currents (TIC) were calculated using an in-house code based on the MALDIquant 

package (x1.15) in the R environment (x3.2.5). Only peaks with a minimum S/N of 3 after 

smoothing and baseline reduction were incorporated into the TIC. To determine the optimized 

http://www.lipidmaps.org/tools/index.html
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experimental parameters, the mean TIC was calculated using five technical replicates of three 

mouse brains subjected to the same experimental condition and compared across the different 

sample preparation approaches. Fold change was also calculated based on the control condition for 

each parameter. The error bars in the figures represent one standard deviation, and statistical 

significance was calculated using the Student’s t-test. 

3.4. Results & Discussion 

3.4.1. Choice of Matrix and its Method of Deposition 

Sublimation was chosen as the matrix application approach because this dry deposition 

method minimizes delocalization and allows for high resolution IMS down to 10 µm and below 60, 

205. Previous literature has shown sublimated DAN to be the matrix of choice for the detection of 

gangliosides205, 278, 282. Comparison of the sublimation results of three possible matrix candidates 

for negative mode IMS (9AA, DHB, DAN) tested on mouse brain sections corroborated with this 

finding. Two other possible matrices (CMBT and nH) were also tested through profiling189, 284. 

While the signals obtained were comparable to that of DAN, the high cost of these made it 

unpractical for sublimation, which in our sublimation system requires a minimum of 300 mg109. 

Representative spectra for the sublimation and profiling results can be found in Supplemental 

Figure 3-2. Taking all information into consideration, DAN was selected as the matrix for the entire 

study.  

3.4.2. On-Tissue Optimization & Characterization 

An important aspect of method development is to increase both the sensitivity and specificity 

for the class of molecules under investigation, raising the signal for low-abundant species above 

the noise threshold. Typically, only three or four of the most abundant ganglioside species from 

the mouse brain are detectable by MALDI-TOF MS in the control protocol—that is, no washing, 
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no AF deposition, no wait-time before data acquisition (Figure 3-1). Subjecting the sample to 24h 

in the -20C, the optimal wait condition based on time course tests,  approximately triples the 

overall sensitivity with no observable increase in the number of species detected (Figure 3-1 and 

Figure 3-2a). In other words, the same number of ganglioside species detected have improved S/N. 

It is unclear what causes this change, though extraction of these species into the matrix over time 

Figure 3-1: Typical Negative Mode MALDI MS Spectra (Scaled to the Same Intensity) from 

Brain Tissue Sections Subjected to the Control, Optimal Ammonium Formate (AF) Wash, 

Optimal AF Spray Deposition, and Optimal AF Wash Followed by Optimal AF Spray 

Deposition. Left column indicates no wait-time (0h), while the right column indicates optimal 

wait-time condition (24h) prior to MS data acquisition. In all cases, waiting 24 h improved the 

overall signal intensity, and in some cases, the number of signals detected. The number of 

sialylated species based on MS/MS determination (marked with *) increased from 3 to 15 when 

the optimal sample preparation method (bottom right spectra) was applied. Those with full MS/MS 

on-tissue confirmation have been labelled according to their conventional names.  
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may explain this observation, a phenomenon also observed for lipids by matrix-enhanced SIMS 

after DHB matrix deposition by sublimation285. This hypothesis is supported by literature60 

reporting that a thicker matrix layer is required for optimal ganglioside signals compared to 

phospholipid signals. The slight improvement when leaving the sample for 48 hours compared to 

24 hours was not statistically significant (Figure 3-2a), indicating little to no degradation of 

ganglioside species over time, in line with the results for phospholipid signals when left in the -

80C environment265. Despite the small fold increase, wait time has shown to contribute to dramatic 

improvements in signal quality and intensity when combined with the other optimized parameters.  

Optimal concentration for AF wash was found at 75 mM (optimization curves for all 

concentrations tested can be found in Supplemental Figure 3-3), and provided less than a 2-fold 

improvement in signal intensity (Figure 3-2b), with four and sometimes five ganglioside species 

detected. This result is in stark contrast to the 5-fold improvement reported by Angel et al.215 for 

lipid signals using DHB as the matrix. However, with the addition of the 24-hour wait time, the 

overall signal improvement was found to be nearly 4-fold, with no change in the number of 

ganglioside species detected. While washing at the optimal concentration for 30 or 45 seconds 

followed by a 24-hour wait time provided similar signal improvement, longer wash times run a 

greater risk of delocalization and tissue tear (though tissue tearing was only observed when washing 

was accomplished with MilliQ water alone). Hence, the 30 second wash time was preferred and 

chosen as the optimal wash condition. 

Deposition of an optimal thickness of AF at 30 µg/cm2 yielded approximately 3-fold overall 

signal increase (Figure 3-2c) and no change in the number of species detected. The fold change 

hovers around 3-fold with increasing AF deposition; however, because this salt is hydroscopic, 

increased deposition >30 µg/cm2 promotes incomplete drying between passes and may lead to 



   

 

79 

water retention on the tissue and the formation of large millimeter crystals in lieu of micrometer 

crystals, preventing successful IMS experiments. In fact, one critical aspect of spray deposition is 

ensuring the complete drying of the tissue section between each pass. Visually, the optimal amount 

of AF deposition renders the entire tissue section slightly more opaque and white upon matrix 

Figure 3-2: Effects of Wait Time, AF Wash and AF Spray on Ganglioside Signal. (a) Wait-

time comparison post matrix sublimation. Example spectra are shown in the first row of Figure 1. 

(b) Wash time optimization using 75 mM ammonium formate (AF), without wait time (AF+0h) 

and with wait time (AF+24h). (c) On-tissue AF deposition optimization, without wait time 

(TM+0h) and with wait time (TM+24h). (d) Fold change in TIC for the control method, and the 

three most prominent sample preparation methods (AF+Wdip+TM+24h, W+TM+24h and 

AF+TM+24h) that demonstrated an average 17-fold increase in signal intensity and up to 15 

sialylated species detected (number in or above each bar). Error bars represent the standard 

deviation of triplicate measurements. ns = not significant, * = p value ≤ 0.05, ** = p value ≤ 0.01, 

*** = p value ≤ 0.001, **** = p ≤ 0.0001 
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sublimation than the control sample, whereas microscopic AF crystals are observed around the 

tissue (Supplemental Figure 3-4). This suggests that AF is homogeneously deposited on the tissue 

surface and is (partially) absorbed by the tissue, preventing large crystal formation. As with the AF 

wash, leaving the sample in the freezer for 24 hours improves signal intensity to a total of 6-fold 

in comparison to no AF deposition and immediate data acquisition, further corroborating the 

importance of wait time for detecting this class of species.  

With hints that a combinatory approach increases signal intensity, the three optimized 

parameters (wait time, AF wash condition, AF deposition) were applied to tissue sections to 

determine the protocol that would lead to the greatest overall improvement. Unsurprisingly, the 

three most prominent ones all require an initial washing step, the optimal AF deposition (TM), 

DAN deposition by sublimation, and the optimal wait time (24h), as shown in Supplemental Figure 

3-5). For the initial washing step, the optimal washing conditions (AF) alone, the optimal washing 

condition followed by 5 dips in MilliQ water (AF+Wdip) or washing for 30 seconds in MilliQ 

water (W) provided statistically similar TICs that were all more than 10-fold greater than for the 

control protocol (Figure 3-2d). Yet, the number of detectable sialylated species varied. As can be 

seen in Supplemental Figure 3-5, the “AF+Wdip+TM+24h” approach resulted in fewer than 7 

ganglioside species detected, whereas both the “W+TM+24h” and the “AF+TM+24h” approach 

allowed for more than double that amount, with 15 species detected using the “AF+TM+24h” 

approach. However, the “W+TM+24h” approach tore mounted tissue sections about 2/3 of the 

time, making it unsuitable for imaging experiments. In conclusion, the optimal washing condition 

coupled to optimal AF deposition and the optimal wait time (AF+TM+24h) produced the highest 

increase in detection and most reproducible signal for gangliosides. For the rest of the study, this 

protocol will simply be referred to as the “optimal method”.  
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3.4.3. On-Tissue Signal Identification 

Of the ganglioside species detected and identified, GM1 (d36:1) and GM1 (d38:1) are the 

two most intense species. GM1 has been reported to be the most abundant ganglioside species in 

the brain, as confirmed by the spectrum obtained from the total ganglioside extract standard (see 

Supplemental Figure 3-6)278, 286. The MS/MS spectra of GM1 (d36:1) shown in Figure 3-3 display 

the expected fragment ion patternss. Although many fragmentation pathways are possible, 

MALDI-TOF MS/MS favors the loss of the labile sialic acid residue, followed by the sequential 

loss of the sugar moieties. In fact, the initial loss of the sialic acid fragment C1 is observed at m/z 

Figure 3-3: MALDI-TOF MS/MS spectra of GM1 (d36:1) directly acquired from the total 

ganglioside extract (top) and a mouse brain section (bottom) displaying all five diagnostic fragment 

ions: Sia→Hex→NAc→Hex→Hex. Sia = sialic acid, Hex = hexose (glucose or galactose), NAc 

=N-Acetylgalactosamine. See text for more details. 
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290.1, leading to the first stable fragment 1253.8 ([M1-H]-), followed by hexose loss yielding 

fragment 1091.7 (Y3), NAc loss producing fragment 888.6 (Y2), subsequent hexose loss producing 

fragment 727.6 (Y1), and finally another hexose loss leading to 564.5 (Y0). The naming convention 

is based on Domon and Costello287. It is important to note that no structural information on the 

fatty acid side chain or the sphingosine chain was obtained during the MS/MS experiments. 

Furthermore, because of the wide window needed in LIFT-TOF/TOF to ensure high signal 

intensity, some contaminate signals from tissue also entered the LIFT and their fragments between 

m/z 600-800 were also detected. The allocation of the two extra –CH2 found for GM1 (d38:1) was 

made through the results of the exact mass search in the Lipid Maps database and its fragmentation 

behavior (Supplemental Figure 3-7). Other species referred to by name in this paper have also been 

characterized with the same fragmentation behavior, and are also shown in Supplemental Figure 

3-7. 

3.4.4. IMS of a Horizontal Mouse Brain Section 

Serial sections of horizontal mouse brain analyzed by IMS at 65 µm of spatial resolution 

indicated significant signal improvement with the optimal method (Figure 3-4). Ion images of 

unidentified sialylated species can be found in Supplemental Figure 3-8. GM1 (d36:1) displayed 

the greatest intensity increase, followed by GM1 (d38:1), corroborating with the profiling data. 

While both species are highly abundant in the hippocampal and cortex region, there are visible 

differences in their localization and relative intensities. This observation has been well-

characterized in the literature 278, 281. The identified gangliosides are all highly abundant in the 

hippocampus and the cerebral cortex, with some in the midbrain and the cerebellum. The optimal 

method favors desorption of gangliosides as [M-H]- species, as evidenced by the shift from the  
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detection of GD1 (d36:1) as a [M+Na-2H]- with the control method to [M-H]- with the optimal 

method applied. This evidence suggests that the AF washing step serves to remove excess salt from 

the sample. This also supports the efficacy of a pure water wash, though an unbuffered wash could 

lead to changes in histology and have been observed to lead to undesirable tissue tear. 

Figure 3-4: MALDI-TOF IMS of serial horizontal mouse brain tissue sections subjected to the 

control (sublimation only, no wait time) and optimal (optimal AF wash followed by optimal AF 

deposition, matrix sublimation and a 24 hour wait time before data acquisition) preparation method, 

respectively. The results were acquired in one IMS experiment at a lateral resolution of 65 m. 

Supplemental Figure 3-8 shows other sialylated species that were also detected. GM1 species 

displayed the largest signal intensity variations with respect to the optimal method. Only modest 

improvements where observed for GM3. For GD1, only the [M+Na+2H]- species is detected in the 

control method, whereas the optimal method allowed for the detection of the [M-H]- ion species, 

most likely favored by salt removal after the initial washing step in AF. Except for GD1 (d38:1) 

that had partial confirmation via the presence of two sialic acids in its MS/MS spectrum, the 
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identity of all ganglioside species presented have been confirmed by MS/MS. The scale bar 

represents 2 mm. ND: not detected. 

One limiting factor for the optimal method is potential signal delocalization, which may 

occur during the AF washing and spray deposition steps because of the wet interface involved. 

Regardless, no delocalization was visually observed at 65 µm when overlaying IMS results and 

histology. This was further confirmed by higher spatial resolution IMS data acquired with 20 µm 

lateral steps in the hippocampal region after control and optimal method processing. This spatial 

resolution was chosen because it was the smallest pixel size for which ganglioside signals could 

still be reliably detected from the control sample. The hippocampal region was chosen because of 

the greater abundance and clear correlation of many ganglioside species to histological 

structures283. Results are presented in Figure 3-5. Firstly, the H&E section staining overlaid with 

the GD1 (d36:1) ion distribution showed no presence of the GD1 species in the pyramidal layer of 

the hippocampus in both methods. Second, the overlay of the two GM1 species demonstrated the 

same spatial distribution for both methods, though the intensity for GM1 (d36:1) increased more 

significantly when compared to GM1 (d38:1), rendering the composite image greener. Since the 

section for the optimal method is deeper into the tissue, the fiber tracts are thinner and less visible, 

not because of delocalized GM1 species.  

Although the high resolution IMS data were acquired at 20 µm of spatial resolution, after 

applying the optimal method, laser fluency (taking into account the Global and Method instrument 

attenuation settings) could be lowered by at least 8% while maintaining constant signal output 

without reducing the overall quality of the spectra (Supplemental Figure 3-9). Because the ablation 

area decreases with decreasing laser energy, in this case, IMS can be achieved at 15 µm spatial 

resolution without oversampling, as confirmed by measuring the laser spot size at the lower laser 
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energy. In practice, when applying the optimal method and a lower laser fluency, 5 µm spatial 

resolution IMS in the oversampling mode should be attainable for samples with (localized) 

ganglioside overexpression205. 

Figure 3-5: MALDI-TOF IMS of mouse horizontal brain tissue sections (near serial sections 

from the same brain) in the hippocampus region acquired at 20 µm of lateral resolution 

comparing the (a) & (c) control (sublimation only, no wait time) to the (b) & (d) optimal (optimal 

AF wash followed by optimal AF deposition, matrix sublimation and a 24 hour wait time before 

data acquisition) preparation protocol. (a) & (b) rows: H&E section staining after data acquisition 

and matrix removal (Left panel). A = fiber tract, B = pyramidal layer of Ammon’s horn in the 

hippocampus, C = granule cell layer of the dentate gyrus. Ion distribution of GD1 (d36:1) (middle 
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panel). Overlay of GM1 (d36:1) and GM1 (d38:1) ion distributions (right panel). Scale bar 

represents 500 µm. (c) & (d) rows: zoomed areas from (a) & (b) showing no apparent GM 

delocalization after section processing with the optimal protocol. Scale bar represents 200 µm. 

3.5. Conclusions 

This study outlines a sample preparation method that allows for down to 20 µm spatial 

resolution MALDI-TOF IMS data acquisition of gangliosides from thin tissue sections through 

increasing their overall signal intensity by more than 10-fold compared to approaches found in 

current literature. This method calls for a 30 second section wash in a 75 mM AF solution, a 

deposition of 30 g/cm2 of AF onto the sample, a deposition of 250 g/cm2 of DAN matrix by 

sublimation, and 24h of wait time in -20C environment prior to IMS. This increased sensitivity 

allowed MALDI-TOF IMS data to be collected on ganglioside species that were previously not 

detectable. Further, this approach did not lead to any noticeable delocalization, and has the potential 

for even higher resolution imaging for tissue samples presenting higher expressions of 

gangliosides. Previous studies have demonstrated that the instability of gangliosides when 

measured by reflectron MALDI-TOF MS is due to the metastable loss of the sialic acid residues 

during time of flight, a problem that can be minimized with higher pressure systems through 

collisional cooling194. This is the case for MALDI ion traps, QTOF and FT/ICR mass 

spectrometers, with which we expect a greater number of detectable species. As such, this protocol 

opens the possibility for the study of numerous biological systems and diseases where gangliosides 

are known or thought to be implicated.   
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3.7. Supplemental Information 

 

Supplemental Figure 3-1: Schematic Representation of the Ganglioside Lipid Family. 
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Supplemental Table 3-1: H&E Staining Protocol for Mouse Brain Section. H&E staining 

protocol adopted for mouse brain sections post-IMS data acquisition and serial sections.  

Step Solution (Immersion) Time Note 

1 95% ethanol 30 seconds Matrix is removed during this 

washing step. 

2 70% ethanol 30 seconds  

3 De-ionized water 30 seconds  

4 Gill 3 Hematoxylin 25 seconds Progressive stain; filter each 

time before use 

5A De-ionized water 10 seconds  

5B 0.007% Sodium Bicarbonate 

in H2O 

5 dips Bluing solution 

6 70% ethanol 30 seconds  

7 95% ethanol 30 seconds  

8 Eosin 5 dips  

9 95% ethanol 30 seconds  

10 100% ethanol 30 seconds  
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Supplemental Figure 3-2: Typical Negative Reflectron Mode MALDI-TOF MS Spectra of 

the Brain Hippocampal Region with different matrices applied either by sublimation or manual 

spotting. In sublimation, DAN provided the greatest overall signal intensity. Norharmane (nH) 

showed comparable results to sublimated DAN, but was found too costly for sublimation. 
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Supplemental Table 3-2: TM Sprayer AF Deposition Parameters. The gas pressure was set at 

150 kPa. Deposition cycle takes 15 mins.  

Parameter Condition 

Software version 1.0.0.8 

Flow Rate 133 µL/min (8 ml/hr) 

Spray Nozzle Velocity 3485 mm/min 

Spray Nozzle Temperature 55.0°C 

Number of passes 30 passes 

Time per path 12 seconds 

Drying time between passes 6 seconds 

Spray Area x = 0, 90 mm & y = 0, 55 mm 

Track spacing 7.0 mm 

Offset spacing 0 mm (odd passes), 3.5 mm (even passes) 

90° rotation each alternating pass Not used 
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Supplemental Figure 3-3: Optimization Curves for AF washing Conditions (n=3, with 5 

accumulations of 100 shots per sample). Signal improvement hovered around two-fold for most 

washes, except for 50 mM, which showed similar results to the 75 mM washing parameter. 
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Supplemental Figure 3-4: Brightfield Images of 14 µm Mouse Brain Sections at 20X 

Magnification Before and After 30 µg/cm2 Ammonium Formate (AF) Deposition. Left panel, 

control section. Right panel, large crystal structures are visible off tissue after AF wash and spray 

deposition, while much smaller crystals can be seen around the border of the tissue section. No 

crystal structures were clearly observed on the section itself, suggesting that the AF deposited on 

the tissue sections to be more amorphous. 
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Supplemental Figure 3-5: Typical Negative Mode MALDI-TOF MS Spectra from Brain 

Tissue Sections Subjected to Four Different Sample Preparation Approaches: (a) the control 

protocol, (b) the AF+Wdip+TM+24h protocol, (c) the W+TM+24h protocol, and (d) the optimal 

method (AF+TM+24h). The number of sialylated species based on MS/MS determination (marked 

with *) increased from 3 to 15 when the optimal sample preparation method was applied. Those 

with full MS/MS on-tissue confirmation have been labelled according to their conventional names. 
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Supplemental Figure 3-6: Typical MALDI-TOF MS Profiling Data Obtained from the Total 

Ganglioside Extract using DAN as the Matrix (above) and On-Tissue Using the Optimal 

Method (below). Sialylated species indicated by their m/z value have been confirmed by exact 

mass and partial MS/MS (minimally the presence of a sialic residue fragment), while those referred 

by their nomenclature have been confirmed by complete MS/MS. 
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Supplemental Figure 3-7: On-Tissue MALDI-TOF MS/MS Spectra of Fully Identified 

Ganglioside Species Displaying a Typical Fragmentation Pathway. Sia = sialic acid, Hex = 

hexose (glucose or galactose), NAc =N-Acetylgalactosamine. Low intensity fragment signals have 

a minimum S/N of 3. 
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Supplemental Figure 3-8: MALDI-TOF IMS of Purported Unidentified Sialylated Species 

from Serial Horizontal Mouse Brain Tissue Sections subjected to the control and optimal 

preparation method, respectively. The results were acquired in one IMS experiment and at a lateral 

resolution of 65 m. ND: not detected. 
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Supplemental Figure 3-9: MALDI-TOF MS Spectra Acquired on a Mouse Brain Tissue 

Section in the Hippocampal Area after the Optimal Section Processing Method was Applied. 

The quality of the GM1 signal was not comprised at a reduced laser energy (8% drop in laser power 

with respect to that needed for the control method taking into account the Global and Method 

instrument attenuation settings), which still allowed continuous ion production for successive laser 

shots on the same section coordinate.  
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4.1. Abstract 

Olefins such as cholesterol and unsaturated fatty acids play important biological roles. Silver 

assisted laser desorption ionization (AgLDI) takes advantage of the strong affinity of silver to 

conjugate with double bonds to selectively ionize these molecules for imaging mass spectrometry 

experiments (IMS). For IMS studies, two main approaches for silver deposition have been 

described in the literature: fine coating by silver sputtering and spray deposition of silver 

nanoparticles. While these approaches allow for extremely high resolution IMS experiments to be 

conducted, they are not readily available to all laboratories. Herein we present a silver nitrate spray 

deposition approach as alternative to silver sputtering and nanoparticle deposition. The silver 

nitrate spray has the same level of specificity and sensitivity for olefins, particularly cholesterol, 

and has shown to be capable of IMS experiments down to 10 µm spatial resolution. Minimal sample 

preparation and the affordability of silver nitrate make this a convenient and accessible technique 

worth considering. 
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4.2. Introduction 

Matrix assisted laser desorption ionization (MALDI) imaging mass spectrometry (IMS) is a 

powerful analytical technique that can provide insight into the distribution of biomolecules within 

thin tissue sections109, 204, 288. Originally introduced for proteomic studies, this technology is now 

widely adopted for lipidomic studies thanks to the discovery of novel matrices and sample 

preparation approaches60, 144, 215, 289. Beyond traditional organic matrices, metal matrices have also 

been studied to determine their ability to aid with the desorption ionization of specific biomolecules 

for MS and IMS studies41, 237, 239, 290-294. Tanaka et al. firstly described the use of cobalt for analysis 

of protein up to 100 kDa41. Since then, other metals and metal salts have also been employed. This 

includes the use of cesium chloride for detecting gangliosides237, titanium dioxide sol-gel for 

proteins such as cyclodextrin and insulin290, palladium colloids for drug compounds291, pretreated 

nickel oxide and lithium oxides for monosaccharides292, 293 and platinum for insecticides in plant 

leaves294. Our group deposited sodium salt followed by a nanolayer of gold (CBS-AuLDI) to 

selectively enhance the detection of triacylglycerols (TAGs)239. An extensive summary of the 

multiple metal assisted LDI MS approaches developed in the past decades is provided by Shi et 

al.295. 

Of the various metals investigated, silver is one of the most characterized because of its strong 

affinity for conjugating with double bonds296, 297. This characteristic has kept it as the dopant of 

choice in mass spectrometry analyses of a vast array of molecules including nonpolar hydrocarbon 

polymers298, carotenoids and tocopherols299, peroxide products of various phospholipids and fatty 

acids300, 301, monosaccharides302, flavonoid glycosides303 and even aromatic hydrocarbons304. It can 

be used to quantify olefin contents in samples when the appropriate internal standard is selected297. 

For IMS, silver nitrate was introduced as a dopant of the solvent spray of DESI (desorption 
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electrospray ionization) IMS by Jackson et al. where they investigate Ag+ adduct of 26 biologically 

relevant lipid species305 and more recently in nanoDESI IMS allowing quantification of 

prostaglandins as silver adducts306. Siuzdac’s group demonstrated the use of silver nitrate salt to 

form a rich cation environment on porous silicon nanostructure targets for an enhanced detection 

of cholesterol and glucose in human serum by nanostructure-initiator mass spectrometry 

(NIMS)307. Our group developed a silver-assisted laser desorption ionization (AgLDI) approach 

that deposited silver nanoclusters through bombarding solid elemental silver with a beam of 

charged argon molecules in a vacuum, known as sputtering146. This dry deposition technique 

optimized on a mouse brain showed strong specificity for olefins and allowed for IMS analysis at 

the limit of the laser spot size146. Its overall simplicity in sample preparation-cryosectioning 

followed by silver deposition by sputtering-has seen its application to other type of samples 

including human carotids308, murine fore-stomach309, mouse liver samples310, human colorectal 

cancer liver metastasis samples260 and to a larger extent, fingermarks309, 311-313. However, the 

overall adoption in the IMS community remains relatively sparse, possibly because of the need for 

the specialized sputtering system. Schnapp et al. described a silver foil blotting technique for the 

detection of many classes of olefins314. Most other researchers have cited the silver sputtering 

approach but instead introduced different flavors of silver nanoparticles (AgNPs) sprayed onto 

samples as an IMS approach for detecting olefins and other endogenous species such as beta-

amyloid peptides, phospholipids and triacylglycerols145, 243, 315-317. While nanoparticles are exciting 

and provide the sensitivity and spatial resolution required in IMS, they can be especially difficult 

to prepare for those without the proper training and know-how to reproduce, even when the 

synthesis recipe is followed to the dot.  

In this work, we propose a friendlier AgLDI IMS approach that does not require extra 

instrumentation nor knowledge in nanoparticle synthesis. By returning to silver salts, we were able 
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to spray deposit a homogeneous layer of silver cations onto thin tissue sections and obtain IMS 

results on brain tissue sections comparable to that of sputtering down to 10 µm spatial resolution. 

While it cannot match spatial resolution of previously published approaches, this technique has the 

same level of sensitivity. Plus, its overall simplicity and affordability makes it an attractive 

alternative and easy first step for IMS experiments targeting olefins. To our knowledge, this is the 

only research report that describes in detail an IMS approach for olefin detection using silver salts.  

4.3. Experimental 

4.3.1. Materials & Reagents 

The silver nitrate (AgNO3) and acetate (AgAc) were obtained from Sigma-Aldrich Canada 

(Oakville, ON, Canada). All solvents used were purchased from Thermo Fisher Scientific (Ottawa, 

ON, Canada). While AgNO3 is not highly toxic, it stains relatively easily. Wear gloves when 

handling. Immediate washing with H2O or acetonitrile (ACN) in 1% TFA will help to remove the 

stain, which normally appears the next day after the spill. 

4.3.2. Tissue Sampling and Sectioning 

Fresh frozen mouse brains were obtained from twelve-week-old mice. Immediately after 

euthanization in CO2, the brains were removed from the animals, wrapped in aluminum foil and 

placed on dry ice. They were then stored at -80°C until use. The tissue procuration protocol for this 

study has been approved by the local Ethical Committee of the Université de Montréal.  

Frozen mouse brain homogenate blocks were used to optimize the silver spray method. The 

homogenate blocks were produced as per the protocol outlined by Groseclose and Castellino318. 

Briefly, multiple brains were manually cut into small pieces with surgical blades then added into 

an Eppendorf tube containing metallic beads and broken into finer pieces through mechanical 

shearing for 30 mins. A shortened straw two millimeter in diameter was plunged directly into the 
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homogenate, embedding within approximately 100 µL of homogenate. The straw with the 

homogenate was then immediately frozen on dry ice and kept in the -80°C until needed. For each 

step of sample optimization, three consecutive sections were obtained at 20 µm thickness using a 

Thermo Fisher Scientific MicromTM HM550, thaw-mounted onto indium–tin-oxide (ITO) 

microscope slides (Delta Technologies, Loveland, CO, USA), and desiccated for <1 hr before 

further sample preparation. The consecutive sections represented technical triplicates. 

Experimental replicates were also performed, indicated by the letter “n.” 

For all other experiments, non-homogenized horizontal mouse brain sections cut at 12-µm 

thickness were used. Serial sections were obtained for H&E staining as described in Supplemental 

Table 4-1. 

4.3.3. Silver Salt Manual Spotting 

Two solutions, one of AgNO3 and another of AgAc both at 8.5 mg/mL and dissolved in 3:1 

ACN:H2O and 0.1% TFA, were pipetted individually onto the cerebellum of a mouse brain section. 

Two consecutive 1 µL drop of either solution were overlaid upon drying of the first drop. 

4.3.4. Silver Salt Spray Deposition 

Silver nitrate at 8.5 mg/mL in 100% MeOH and 0.1% TFA was deposited using a first-

generation TM-Sprayer (HTX Technologies, Chapel Hill, NC) with the following protocol: 0.075 

mL/hr flow rate, 500 mm/min track velocity, 4 mm track spacing with a 2 mm offset for even-

numbered passes, 20 psi air pressure and 45°C nozzle temperature. The optimal amount of silver 

salt was evaluated at 24 passes, equivalent to 0.76 mg/cm2 thickness. The thickness was estimated 

using the following equation provided by HTX Technologies: 

𝑊 =
𝑁𝑃 ∗ 𝐹𝑅 ∗ 𝐶

𝑉 ∗ 𝑇𝑆
 

where W = thickness, NP = the number of passes, FR = the flow rate (mL/min), C = concentration 
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of salt sprayed (mg/mL), V = track velocity (mm/mins) and TS = track spacing (mm). The actual 

thickness deposited was obtained from weighing a clear glass slide (25 mm x 25 mm) before and 

after salt deposition and dividing this weight from the area of the glass slide. Triplicate depositions 

were made to obtain an average, which was determined to be 0.78 ± 0.01 mg/cm2. Because of the 

high agreement between the calculated and actual thickness deposited (<5% variation), all 

thicknesses presented in the results section are based on the calculated thickness. 

4.3.5. Silver Sputter Deposition 

Silver deposition by sputtering was accomplished as per the protocol outlined in Dufresne et 

al. with the same instrumental parameters146. Briefly, a layer of approximately 28 nm of silver was 

deposited onto the tissue section using a Cressington 308R sputter coater from Ted Pella Inc. 

(Redding, CA, USA) at an argon partial pressure of 0.02 mbar and a current of 80 mA.  

4.3.6. LDI Mass Spectrometry 

All mass spectrometry data was acquired with a MALDI TOF/TOF ultrafleXtreme MS 

instrument in positive ionization mode reflectron geometry at an acceleration voltage of +25 kV 

(Bruker Daltonics, Billerica, MA, USA). This model is equipped with a 2 kHz SmartBeam II 

Nd:Yag/355 nm laser with an approximate 15 µm diameter in the “minimum” focus setting. 

Instrumental parameters such as delayed extraction, source voltage and laser energy, were initially 

optimized to maximize the signal to noise ratio (S/N) of cholesterol on a set of brain homogenate 

tissue sections on which was deposited two drops of 1 µL silver nitrate solution. The same 

instrument settings were maintained throughout the entire sample optimization procedure. The 

instrumental parameters were re-optimized for the sputtered samples. In all cases, flexControl (v 

3.4) and flexImaging (v 4.1) were used to operate the instrument during data acquisition (Bruker 

Daltonics, Billerica, MA, USA). For sample optimization, an array of 15 by 15 pixels at 100 µm 
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spatial resolution were obtained from the middle of the homogenate at 200 shots per pixel. For 

spray deposition and sputter deposition comparison, 100 µm and 20 µm spatial resolution IMS data 

were obtained at 200 shots per pixel on three brain tissue sections. A mass accuracy of <10 ppm 

was achieved for all spectra thanks to possibility for internal calibration with silver clusters 

observed throughout the spectra. Lipid identification was performed by comparing accurate mass 

measurement with LIPID MAPS (http://www.lipidmaps.org/) and confirmed by MS/MS 

measurements with the ultrafleXtreme TOF-TOF in LIFT mode.  

4.3.7. Data Analysis 

IMS data were visualized in flexImaging (4.1) without normalization (Bruker Daltonics, 

Billerica, MA, USA). To optimize the silver deposition approach, means from triplicate 

measurements of the total cholesterol signals from the mouse brain homogenate tissue sections 

were compared. The total cholesterol signal is the average intensity of the sum of the intensities 

from the two argentitated cholesterol signals at m/z 493.2 [M+Ag107]
+ and m/z 495.2 [M+Ag109]

+ 

on a given brain homogenate. To calculate the total cholesterol signal, raw data were first internally 

recalibrated with known silver cluster peaks using the Batch Processing function of flexAnalysis 

(v 3.4) then exported in the vendor neutral imzML format (Bruker Daltonics, Billerica, MA, USA). 

The imzML data was imported in the R environmental (v 3.4.4). The data was then normalized by 

total ion current (TIC) with the Cardinal package (v 2.1)224. MALDIquant319 (v 1.19.3) was then 

used to calculate the S/N of the cholesterol signals. Pixels with S/N<10 were discarded. Finally, 

the intensities of the two cholesterol signals of the remaining pixels were extracted with the 

Cardinal package (v 2.1)224. After removing the top and bottom 10% in intensity of the remaining 

pixels, these signals were averaged then summed. The final intensity obtained is the total 

cholesterol signal. Multivariate ANOVA was used to determine if any of the tested parameters 
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(thickness, choice of solvent system and percentage of acid) were statistically significant, and if 

so, a Tukey’s statistical test was used to assess the significance between the values.  

4.4. Results & Discussion 

4.4.1. Silver Salt Selection 

When considering silver salts, silver nitrate immediately comes to mind as it is widely used 

in LC-MS320-323 and GC-MS324-326. It is also one of the most affordable out of the silver salts 

commercially available. Given the same budget, it is possible to purchase five to ten times more 

silver nitrate than any other silver salts. The cost alone would have made silver nitrate an easy 

choice, given that the ionization efficiency of cholesterol should remain relatively similar for the 

different silver salts. A quick profiling test by manually spotting the silver salts on mouse brain 

homogenate tissue sections confirmed that the spectral profiles obtained with silver nitrate and 

silver acetate are highly similar for cholesterol, with silver nitrate somewhat superior at detecting 

lower mass species (Supplemental Figure 4-1). However, beyond the concern of cost, the 

solubility of the silver salt is of utmost importance. In order to maximize the attainable spatial 

resolution, a silver salt soluble in organic solvent is necessary because spray solvents with organic 

components dry faster and is presumed to lead to finer crystals while minimizing analyte 

delocalisation (see below). Out of the silver salts considered, silver nitrate is highly soluble in 

acetonitrile (ACN) and soluble in methanol (MeOH), the two most prevalent organic components 

used as spray solvents. Because of these advantages, silver nitrate was selected as the silver salt for 

further studies.  

4.4.2. Silver Nitrate Thickness Optimization 

The amount of silver nitrate deposited on the tissue sample has a direct impact on the intensity 

of the detected cholesterol signal. This was confirmed by comparing the total cholesterol signal at 
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varying thicknesses of AgNO3 deposited from a 8.5 mg/mL solution (3:1 ACN:H2O and 0.1% 

TFA). Thirteen different thicknesses at 0.09, 0.13, 0.17, 0.26, 0.34, 0.43, 0.51, 0.60, 0.68, 0.77, 

0.85, 1.02 and 1.28 mg/cm2 were tested by spray depositing 4, 6, 8, 12, 16, 20, 24, 28, 32, 36, 40, 

48 and 60 passes respectively at a flow rate of 0.05 mL/hr and all other parameters consistent with 

that indicated in Materials and Method. A slow velocity and flow rate were chosen because 

previous tests on our system using 2,5-DHB showed that this combination provided an even coating 

visually similar to sublimated 2,5-DHB (data not shown).  

As shown in Figure 4-1a, the total cholesterol signal increased logarithmically as the 

thickness o f the AgNO3 increased linearly. Specifically, the total cholesterol signal doubled 

between 0.09 and 0.17 mg/cm2, once more between 0.17 and 0.34 mg/cm2. The increase slowed 

and plateaued at 0.77 mg/cm2. Multivariate ANOVA and Tukey’s test revealed that the total 

cholesterol signal at 0.77 mg/cm2 is statistically significantly different from the total cholesterol 

signal at 0.34 mg/cm2. The plateau observed signifies that enough AgNO3 has been deposited onto 

the sample to allow for maximal desorption and ionization for the amount of cholesterol present in 

the sample, and that an increase in the amount of silver salt does not improve the total cholesterol 

signal. Surprisingly, the AgNO3 layer is more than double that of conventional MALDI matrices 

indicated in the literature to be around 0.2 mg/cm2 in thickness60, 219. It is important to note that the 

amount of AgNO3 deposited on the tissue may vary based on the thickness of the tissue section and 

its histology including the amount of cholesterol present in the sample. Because the silver ions act 

as the ionization agent, an excess of AgNO3 is required to maximize cholesterol ionization 

probability. For samples with lower cholesterol content, a thinner coating may be sufficient. A 

representative mass spectrum acquired from a mouse brain homogenate section is shown in Figure 

4-1c, with the major silver clusters, cholesterol and other olefins highlighted. 
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4.4.3. Solvent System Optimization 

In MALDI IMS, the solvent system for matrix deposition is important not only to ensure the 

Figure 4-1: Optimization of Silver Nitrate Spray Deposition on Mouse Brain Homogenate 

sections. A) Mean total cholesterol signal intensity (n=5) as a function of the amount of silver 

nitrate (AgNO3) deposited on tissue determined from 0.09 to 1.28 mg/cm2 over thirteen points. 

The minimal thickness where the total cholesterol signal stabilized was 0.77 mg/cm2. Thicknesses 

whose total cholesterol intensity is significantly less (p < 0.05) are marked by *. B) Mean total 

cholesterol signal intensity comparison across different solvent systems (n=3). No statistical 

significance amongst the compared solvent systems were found. C) A representative MS spectrum 

acquired from a mouse brain homogenate section with the optimal thickness of AgNO3 deposited. 

Major species including silver clusters are identified. CHO = cholesterol, AA = arachidonic acid, 

OA = oleic acid, AgxO = silver oxide 
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solubility of the matrix, but also the co-crystallization of the matrix with the analyte327. 

 Additionally, solvents chosen for IMS should also limit the amount of analyte 

delocalization during matrix deposition in order to maximize the obtainable spatial resolution. In 

AgLDI IMS after silver spray deposition, the detection of cholesterol and other olefins as silver 

cationized ions suggests that solvent extraction of these molecules may play a crucial role in the 

efficacy of this technique. Luckily, silver nitrate is soluble in the three standard solvents 

predominantly used in MALDI: acetonitrile (ACN), methanol (MeOH) and water (H2O). To test 

these different solvent systems, solutions of 8.5 mg/mL silver nitrate in various proportions of 

ACN:H2O or MeOH:H2O and 0.1% TFA (100%, 75%, 50%, 25% and 0% organic) were spray 

deposited on mouse brain homogenate sections and the total cholesterol signal across the 

homogenate was compared. As can be seen in Figure 4-1b, the total cholesterol signals of the 

various solvent systems are within one standard deviation of each other. The highest absolute value 

attributed to the 75% organic and the lowest to 0% organic. While cholesterol is only slightly 

soluble in ACN and MeOH, it is possible that there is a slight solvent extraction effect leading to 

the improved detection. This extraction is minimal at 100% organic because in this case, the spray 

deposition is completely dry: no microdroplets are observed on glass slides throughout the entire 

deposition. 

While there are no clear quantitative differences in the total cholesterol signal, there is a 

qualitative difference in the silver deposition summarized in Figure 4-2. For one, the crystal size 

off-tissue increases with the percentage of water in the solvent system, shown in the top row of 

each cell in Figure 4-2. This may be because the high solubility of AgNO3 in water allows the salt 

to fully resolubilize with each new spray passage and aggregate into larger crystals rather than 

forming even coatings of small crystals. This observation is supported by the much smaller crystal 

dimension below 100 µm at 100% MeOH and 0.1% TFA compared to all other spray systems, the 
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solvent in which AgNO3 is the least soluble. While the crystal size off-tissue does not necessary 

translate to large crystals on-tissue, as demonstrated in the CBS-AuLDI method239, the continuous 

re-solubilization of the highly water soluble AgNO3 in aqueous solutions may lead to large crystal 

aggregates on tissue and result in a less than homogeneous sample. This may be problematic 

particularly for the spray parameter proposed in this thesis because the velocity and flow rate are 

500 mm and 0.075 mL/min rather than at 1000 mm and 0.10 ml/min, the values typically found in 

Figure 4-2: Effects of Solvent System on Crystal Size and Deposition Homogeneity.  In each 

cell: optical image of the silver nitrate salt crystals off-tissue after the optimal spray deposition 

(top) and IMS results of the Ag3 cluster at m/z 323.7 on the brain tissue homogenate (bottom) of 

the exact solvent system tested. The type of solvent is indicated in each row, while the solvent 

composition (in %) is marked in each column. The remaining percentage is water in 0.1 % TFA. It 

is evident that a decrease in organic content leads to an increase in crystal size formation off-tissue 

and a decrease in overall deposition homogeneity. IMS results shown are TIC normalized. Scale 

bar represents 100 µm. 
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the literature. The slower velocity may provide the environment for large aggregates to form. In 

fact, comparisons of the Ag3 cluster signal at m/z 322.7 from the brain homogenates indicated a 

change inhomogeneity depending on solvent composition (Figure 4-2). For the MeOH series, the 

homogeneity increases with increasing organic component, where at 100% MeOH and 0.1% TFA 

the coating is highly uniform minus the dead pixels present. For the ACN spray series, the trend is 

also true, except at 100% ACN and 0.1% TFA. With this spray, hotspots were detected, suggesting 

that the salt crystals re-solubilized and aggregated during the spray. To allow for the fastest drying 

between passes and minimal salt re-solubilization, 100% MeOH and 0.1% TFA was selected for 

further IMS analysis. 

Upon selecting the most suitable solvent system, the amount of trifluoroacetic acid (TFA) 

was also tested to determine if its addition would enhance cholesterol detection. The mean total 

cholesterol signal is much lower when no TFA is added at all when compared to 0.1%, 1% and 3% 

(see Figure 4-3a). However, there is no statistical difference because of the large error bar for 0% 

TFA. This suggests that the silver deposition is not homogenous with 0% TFA. IMS results confirm 

this hypothesis, as the Ag3+ signal at m/z 322.7 from a representative mouse brain section without 

TFA indicates an overall lower intensity and a few hotspots skewing upwards the overall intensity. 

Even with 0.1% TFA added, the homogeneity and overall detectability greatly improves, and 

slightly decreases with increasing TFA concentration (Figure 4-3b, middle row). Interestingly, the 

amount of TFA appears to slightly modify how the silver salt crystallizes, as the density of the salt 

crystals off-tissue increases with the concentration of TFA (Figure 4-3b, top row). An increase in 

the amount of TFA also renders the tissue opaque, which is more easily comparable with the thinner 

mouse brain section (Figure 4-3b, bottom row). While this does not imply tissue damage, it has led 

to a somewhat lower overall value in cholesterol signal. Based on these observations, 0.1% TFA 

was included in the final solvent system. Lastly, various flow rate and velocity combinations were 
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also tested to determine if the previously selected flow rate and velocity were optimal for minimal 

crystal size. Optical results demonstrated that larger crystals formed when the flow rate is increased 

Figure 4-3: Effects of TFA concentration on total cholesterol signal and signal homogeneity. 

A) The mean total cholesterol signal from mouse brain homogenates (n=3) is the highest with 0.1% 

and 1%TFA, followed by 3% and finally no TFA. While there is no statistical difference among 

the concentrations, the large error bar observed at 0% TFA suggests a large variability and non-

homogeneity of the detection. B) Top row: optical image of the silver nitrate salt crystals off-tissue 

using the optimal spray deposition reveals an increase in crystal density with increasing TFA 

concentration. Middle row: Non-normalized IMS results of the Ag3 cluster at m/z 323.7 on the 

brain tissue homogenate confirms the non-homogeneity of the silver deposition on tissue when no 

TFA in added. Bottom row: optical image of a mouse brain section after optimal spray deposition 

shows an increase in opacity. Optical images of the salt crystals were obtained using a conventional 

light microscope at 40x magnification without further digital zooming. Optical images of the brains 

were obtained using a standard bed scanner at 3200 dpi. Scale bars for first two rows represent 100 

µm, while the scale bars for bottom represent 2 mm. 
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to the conventional spray flow rates, while no differences in crystal size due to track velocity was 

observed (Supplemental Figure 4-2). It would have been possible to reduce the flow rate even more. 

However, this would greatly increase the sample preparation time beyond the 45 minutes it 

currently takes to spray coat an entire slide. Therefore, to minimize crystal size and accomplish the 

spray deposition within a reasonable timeframe, the original parameters were kept.  

4.4.4. On-Tissue Characterization of AgNO3 Sprayed Samples 

As expected, the AgNO3 spray deposition approach provided strong specificity towards the 

detection of olefins, particularly cholesterol. A typical spectrum obtained from the right hemisphere 

of a horizontal mouse brain section shown in Figure 4-4 confirms this unique selectivity. Beyond 

cholesterol (CHO), other olefins have also been detected with lower intensities. These include fatty 

acids such as arachidonic acid (AA), oleic acid (OA) and docohexanoic acid (DHA) and other 

unidentified argentinated species. Tentative assignments for these were determined by exact mass 

and confirmed by MS/MS, which can be found in Supplemental Figure 4-3. The proposed 

fragmentation pathway and assignments match those shown in the literature146, 317. A list of other 

detected olefins and their tentative assignments can be found in Supplemental Table 4-2. While 

these olefins may appear to be in “low abundance” in the spectrum, their S/Ns are above 3. 

However, many of these were not easy to isolate or provided high enough local abundance for 

confident species assignment.  

IMS results at 100 µm spatial resolution of the same horizontal mouse brain section are 

displayed in Figure 4-4. Of the IMS results shown, CHO, a CHO derivative, a fatty acid and an 

unknown argentinated species at m/z 906.5 are highly localized to the white matter of the brain, 

namely the fiber tracts found in the corpus collosum and the cerebellum. AA and DHA, on the 

other hand, have a greater distribution towards the midbrain  
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Figure 4-4: AgLDI MS & IMS at 100 µm spatial resolution from a half mouse brain section 

after AgNO3 spray deposition. IMS results of seven different argentinated olefin species after 

optimal silver salt spray deposition. The distribution of cholesterol (CHO), an unidentified fatty 

acid (FA) and an unidentified signal observed at m/z 906.5 were observed highly associated with 

the white matter, while arachidonic acid (AA) and docosahexaenoic acid (DHA) are more 

associated to the midbrain. An unidentified species at m/z 248.8 was more localized to the grey 

matter and was the mirror opposite to the unknown at m/z 906.5. The IMS result of Ag3 cluster 
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confirmed the homogeneity of the silver salt deposition. An H&E staining of the serial section with 

the different brain regions annotated is shown at the top left: i) frontal cortex, ii) isocortex, iii) 

hippocampal region and iv) cerebellum. The top right displays a representative spectrum from the 

same brain section with the corresponding m/z species marked by corresponding letters to the top 

right. All scale bars represent 1 mm. Species marked by * were not fully characterized by MSMS 

but are tentatively assigned based on their exact mass and identifications by previous publications 

(see Supplemental Table 4-2). 

 

region of the cortex. Finally, an unknown species at m/z 250.8 appears to be more localized 

in the grey matter, as it produces a clear negative ion image compared to CHO. H&E staining of a 

serial section is included in Figure 4-4 to assist in identifying the corresponding histologies. As 

the instrumental capacity for high spatial resolution IMS experiments becomes more and more 

commonplace, it is important to investigate if the AgNO3 spray approach can be employed at higher 

spatial resolutions. We were able to obtain high quality IMS results from a horizontal mouse brain 

section acquired at 50, 20 and 10 µm spatial resolutions from the hippocampal, midbrain and the 

cerebellar regions, respectively. The results for select olefin species as presented in Figure 4-5. In 

the cerebellum, the CHO intensity was noticeably greater in the fiber tracts. An unidentified species 

at m/z 906.5 was predominantly localized to this structure. For the cerebellum, the highest intensity 

was again detected in the fiber tracts, followed by the granular level surrounding it. At both 20 and 

10 µm spatial resolutions, it was possible to separate the two layers based on the difference in CHO 

intensity alone. Interestingly, multiple lower mass species with the opposite spatial distribution 

were also observed, with an example at m/z 250.8 highlighted.  
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4.4.5. Silver Sprayed versus Silver Sputtered IMS 

Spray deposition of silver nitrate and silver deposition by sputtering yield highly similar results, as 

Figure 4-5: High-resolution AgLDI IMS from a horizontal mouse brain section. High 

resolution IMS experiments performed at 50, 20 and 10 µm spatial resolution after spray deposition 

of 0.77 mg/cm2 of AgNO3 (100% MeOH, 0.1% TFA) acquired from different brain regions all 

showed greater abundance for cholesterol (CHO), a cholesterol derivative and and unknown species 

observed at m/z 906.5 to the fiber tracts, while an unknown species observed at m/z 248.8 displayed 

the exact opposite spatial distribution. To the right is an optical image of the mouse brain section 

used with the regions that were analyzed overlayed with the IMS results of CHO (in grayscale). 

Unless otherwise noted, scale bars represent 500 µm. Species marked by * were not fully 

characterized by MS/MS but are tentatively assigned based on their exact mass and identifications 

by previous publications (see Supplemental Table 4-2). 
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confirmed by the mean spectra of the cerebellum obtained by both methods shown in 

Supplemental Figure 4. In both cases, the spectra are littered with silver clusters, specifically 

Ag2+, Ag3+, Ag5+, Ag7+ and Ag9+. With regards to olefins, cholesterol remains the most intense 

species followed by AA, OA and DHA in much lower abundance. There is also an array of signals 

from m/z 300 to 600 representing different olefins that are yet to be fully identified. The major 

difference between deposited and sprayed silver is the presence of oxidized silver clusters (Ag2O
+, 

Ag3O
+, Ag4O

+ and Ag5O
+). This may be attributed to the ambient condition under which the silver 

salt is sprayed as compared to the argon-filled chamber under which silver nanoparticles are 

sputtered onto the sample. It can also be due to regular air rather than pure nitrogen that is used as 

the carrier gas, introducing oxygen during the spray deposition that has led to the formation of 

these oxidized species. While their presence has increased the overall spectral complexity, they 

have not overlapped with the major olefin species detected to be considered problematic. The 

identities of these species were confirmed by the exact mass difference compared to their respective 

silver cluster and the strong agreement in the experimental isotopic pattern of these species with 

the predicted one calculated using IsotopePattern (Bruker Daltonics, Billerica, MA, USA). 

4.4.6. Advantages and Limitations of the AgNO3 Spray Approach 

The AgNO3 spray approach has multiple advantages compared to silver sputtering. First, and 

perhaps more importantly, the spray method does not require additional instrumentation. Because 

nearly all IMS laboratories are equipped with a spray system for matrix deposition, the spray 

approach is much more accessible than the sputter deposition approach. Second, the silver nitrate 

coating is easily removed by the standard H&E washing protocol, leaving the possibility for 

histological staining on the same section post-IMS. The staining must be conducted immediately 

after because silver nitrate will oxidize in the ambient conditions, and even faster in the presence 
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of light (see Supplemental Figure 4-5). Same section staining is not possible after silver sputtering, 

as the nanolayer deposited on the section cannot be easily removed. Lastly, the solvent system and 

various spray parameters can be easily adapted depending on the sample type and thickness. 

However, because it remains a spray approach of salts, the spatial resolution attainable cannot 

currently compete with the sputtered approach, whose deposition of nanoparticles forms aggregates 

in the nanoscale and whose spatial resolution is therefore only limited by the laser spot size. There 

is also much greater chemical noise compared to sputtered silver, making MS/MS analysis of low 

intensity olefins more difficult. The main disadvantage of the AgNO3 spray approach is a practical 

concern. As mentioned earlier, silver nitrate stains very easily. If not cleaned quickly, spills will 

turn into permanent dark spots. This also implies that the spray system must be cleaned thoroughly 

after each deposition to ensure that the loop, the stage and other parts of the system remains clean 

and void of possible silver contamination. Because the sprayer is not itself a closed system, 

changing day-to-day ambient conditions may affect sample reproducibility, which may be drastic 

in regions with large variability in temperature and humidity throughout the year. Taken all the 

advantages and drawbacks into consideration, the AgNO3 spray technique is an attractive 

alternative to silver sputtering for the IMS of olefins.  

4.5. Conclusions 

This study describes a novel AgLDI IMS approach that can be easily adapted in all laboratories 

equipped for IMS experiments. Specifically, this method utilizes a standard pneumatic spray 

deposition instrument to coat the sample with an even layer of AgNO3 at 0.77 mg/cm2 thickness. 

Like the sputtered deposition approach, this technique is sensitive and selective for olefin 

compounds and is also amenable to high resolution IMS, down to 10 µm spatial resolution. While 

it cannot compete with the sputtered technique for the highest spatial resolution attainable146, nor 
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with the polyvinylpyrrolidone capped silver nanoparticle (PVP-AgNPs) spray technique for the 

largest family of biomolecules detected145, the AgNO3 spray approach is much simpler and the 

most affordable. It can be easily adapted for various tissue types and thicknesses and requires 

minimal sample preparation. As such, the AgNO3 spray approach should be considered as a 

standard go-to technique for IMS analyses of olefins. 
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4.7. Supplemental Information 

Supplemental Table 4-1: H&E Protocol Applied.  Detailed protocol for H&E staining for mouse 

brain sections. 

Step Solution Time 

1 95% ethanol 30 seconds 

2 70% ethanol 30 seconds 

3 De-ionized water 30 seconds 

4 Gill 3 Hematoxylin 15 seconds 

5 De-ionized water 10 seconds 

6 0.007% Sodium Bicarbonate in H2O 5 dips 

7 70% ethanol 30 seconds 

8 95% ethanol 30 seconds 

9 Eosin 5 dips 

10 95% ethanol 30 seconds 

11 100% ethanol 30 seconds 

12 Air Dry 30 minutes 

13 Mount slide with Cytoseal NA 
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Supplemental Table 4-2: Proposed Assignment of Major Olefin Species Detected. Summary table of the major m/z species detected 

in mouse brain sections, their proposed assignment, mass error in PPM, and major m/z fragments detected. Species whose identification 

is not known are marked “unknown,” whereas those whose lipid class could be determined but not fully identified are marked by their 

class name. Previous literature or online database confirming the identification is also cited. 

Exp. m/z Calc. m/z 
Error 

(PPM) 
Proposed Assignment Major Fragment(s) 

Molecular 

Formula 
Reference 

250.8 NA NA Unknown 231, 221, 207, 178, 165, 139, 109, 107 NA NA 

292.8 NA NA Unknown 287, 273, 233, 140, 109, 107, 86 NA NA 

294.8 NA NA Unknown 289, 275, 233, 140, 109, 107, 86 NA NA 

322.7 322.714 19 Ag3 107, 109 Ag3 NA 

338.7 338.709 3 Ag3O 107, 109 Ag3O NA 

345.1 NA NA Unknown 317, 301, 109, 107, 86 NA NA 

387.2 387.145 13 Linoleic acid 369, 343 C18H30O2 Dufresne et al.146 

389.2 389.160 0 Oleic acid 371, 344 C18H34O2 Dufresne et al.146 

411.2 411.145 12 Arachidonic acid 411, 393, 365, 297, 274, 257 C20H32O2 Dufresne et al.146 

430.2 430.187 7 Linoleoyl Ethanolamide 411, 401, 373, 275, 242 C20H37NO4 LipidMaps 

435.1 435.145 11 Docosahexaenoic acid 417, 391, 299, 258, 255, 215 C22H22O2 Dufresne et al.146 

439.2 439.176 9 Docosatetraenoic acid 421,395,367,341,222 C22H36O2 Dufresne et al.146 

443.3 0.000 NA Fatty Acid 425, 393, 333, 287, 107 NA NA 

461.2 0.000 NA Fatty Acid 444, 416, 389, 347, 325, 244 NA NA 

493.3 493.259 2 Cholesterol 493, 475, 437, 367, 247 C27H46O Dufresne et al.146 

507.2 NA NA Unknown 433, 323, 261, 219, 163, 125, 86 NA NA 
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509.3 NA NA Unknown 323, 290, 243, 163, 125, 86 NA NA 

538.5 538.524 11 Ag5 107, 109 Ag5 NA 

672.5 0.000 NA Cer (36:1) 654, 626, 624, 564, 457, 285, 287, 163 C27H44O2 LipidMaps 

906.5 0.000 NA Unknown 713, 569, 417, 264, 157, 86 NA LipidMaps 

934.6 0.000 NA Fatty Acid 916, 772, 754, 570, 445, 280, 264 NA NA 
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Supplemental Figure 4-1: Spectral Comparison of Silver Salts Spotted on a Mouse Brain 

Tissue Section. Representative positive reflectron mode mass spectra (200 shots per spectrum) 

from the white matter of a mouse brain obtained after spotting 1 µL of silver nitrate (AgNO3) or 1 

µL of silver acetate (AgAc) on the white matter of the brain. The spectra are highly similar in terms 

of the cholesterol (CHO) signal intensity and overall spectral features. The AgNO3 spectrum 

displayed greater number of species in the lower mass range, suggesting it to be more sensitive and 

slightly more effective than AgAc. 
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Supplemental Figure 4-2: The Effects of Flow Rate and Track Spacing on AgNO3 Crystal 

Size.  Optical comparisons of different combinations of flow rate and velocity demonstrated a clear 

increase in crystal size as the flow rate increases (by column) and a slight decrease in crystal size 

as the velocity increases (by row). The number of passes for each flow rate and track spacing 

(indicated on the top left of each cell) were modified such that the same amount of AgNO3 was 

deposited per scare unit. All remaining parameters were kept constant as follows: 8.5 mg/mL 

solution of AgNO3 in 100% MeOH, 4 mm track spacing, 45°C nozzle temperature and 20 psi spray 

pressure. Images were obtained from a conventional light microscope at 40x enlargement without 

further digital zoom. Scale bars represent 100 µm. 
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Supplemental Figure 4-3: Representative MS/MS Results of Select Olefins and Other Species. 

On-tissue MS/MS of select olefins and their proposed fragmentation pathways with fragment pics 

indicated. The results shown were confirmed with previous literature, particularly, Dufresne et al., 

2013146. MS/MS of two unknowns that were shown in Figure 3 and Figure 4 are highlighted here 
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Supplemental Figure 4-4: Spectral and Image Comparison of AgNO3 Spray vs Silver 

Sputtering of the Mouse Cerebellum. Mean spectra of the cerebellum region from a half brain 

section after AgNO3 spray deposition (top spectrum) and silver sputtering (bottom spectrum) show 

similar species detected. The major difference is the presence of oxidized silver clusters after spray 

deposition and greater relative intensity for arachidonic acid (AA) and oleic acid (OA) after sputter 

deposition. Lower mass species uniquely observed after spray or sputter deposition are labeled. 

The IMS results for cholesterol (CHO) from the cerebellum brain region is shown at the right of 

each spectrum. The sputtering results were obtained from a section at a lower Bregma than that of 

the spray result, leading to the difference seen in CHO distribution. Scale bars indicate 1 mm. 
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Supplemental Figure 4-5: Visual Horizontal Mouse Brain Section Comparison After Silver 

Spray and Sputter Deposition. Silver sprayed samples exposed to ambient light after more than 

24 h turn from transparent to dark brown, indicative of oxidation (top row). UV light (including 

sunlight) expedites this oxidative process. Meanwhile, silver sputtered samples do not have 

obvious visual changes when left under ambient conditions for 24 hs, indicating that in this case 

oxidation takes longer time. 

 



 

 

129 

 

Chapter 5: Conclusion & Future Perspectives 
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5.1. Conclusion 

Salts are undeniably essential to all known biological life. However, their natural presence in 

biological samples can be a nuisance for IMS analysis. This thesis provides three different methods 

to overcome this ‘salty mess’. 

Chapter 2 details a viable sample preparation protocol for overcoming challenges when 

working with salt-laden samples for lipidomic studies. Specifically, the chapter demonstrates that 

washing Malpighian fly tubules microdissected in PBS with 40% glycerol followed by 150 mM 

cold ammonium acetate removes the excess potassium and sodium salts and still allows for the 

detection of major phospholipid signals on-tissue. This study is the first of its kind to conduct 

lipidomic studies on microdissected samples after rigorous desalting washes, as previous studies 

of microdissected organs have been focused on protein IMS 229, 251, 253, 258. The computability 

between traditional microdissection protocol and lipid IMS greatly enhances the possibility to 

obtain both lipid and protein profiles of organs and organisms not suitable for sectioning. This 

chapter also describes a dual-polarity IMS approach for phospholipid (PL) detection on whole 

Drosophila cryosections. While the protocol itself is not novel, this is the first set of experiments 

applying dual polarity IMS on an insect, an area of research with emerging interests in including 

this technique in future studies. It is also the first dual-polarity IMS conducted at 25 µm without 

oversampling, a marked improvement compared to the original dual-polarity IMS experiment at 

50 µm60, paving the way for high resolution dual-polarity IMS studies. 

On the other hand, Chapter 3 posits that doping samples with salt prior to matrix application 

can enhance the ionization of certain lipid species. Indeed, it was discovered that a thin layer of 

ammonium formate (AF) deposited onto mouse brain sections followed by DAN matrix deposition 

by sublimation led to an overall increase in ganglioside signals. Interestingly, desalting the sample 
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in 50 mM AF for 30 s prior to AF salt deposition and a 24-hour rest period in the freezer after AF 

salt and matrix deposition yielded the greatest overall enhancement. Compared to the standard IMS 

protocol noted in the literature, this combinatory protocol yielded an average 10-fold improvement 

in the total ganglioside signal and 3-fold increase in the number of ganglioside species detected. 

This level of sensitivity allowed for the detection of biologically relevant yet less abundant species 

such as GM2s and GM3s in normal mouse brain sections, giving us the ability to compare the 

healthy levels of these gangliosides against the diseased model. While Colsch et al reported similar 

success by spray-coating their sample with 2,6-dihydroxyacetphenon (2,6-DHA) doped with 

ammonium sulfate and heptafluorobutyric acid (HBFA)281, their results appear to be limited in 

spatial resolution (80 µm) and time, as 2,6-DHA is still less stable than DAN in vacuum. Our 

sublimation-based approach can reach at least 20 µm of spatial resolution without detectable 

delocalization.  

Finally, Chapter 4 revealed that in some cases, salts alone are sufficient for conducting 

lipidomic IMS experiments. In this work, silver nitrate was tested for its ability to ionize cholesterol 

and other olefins on mouse brain tissue sections. The solvent system and various instrumental 

parameters were optimized to ensure a homogeneous and dry deposition to minimize species 

delocalization. This approach successfully discerned the spatial distribution of cholesterol and 

other common fatty acids on the mouse brain samples down to 5 µm. While some hot spots were 

still visible on the sample, the overall olefin signal quality was comparable to that obtained with a 

sputtered layer of silver. While one previous study has dismissed silver-based salts due to their 

inferiority in sensitivity compared to silver nanoparticles145, this work has demonstrated that 

AgNO3 can be successfully applied for IMS experiments as a low-cost and efficient alternative. 

The relative ease and high reproducibility not only cater to preliminary studies on cholesterol 

distribution on thin tissue sections but can also be considered for large scale studies where sample 
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preparation consistency is key. The study also highlights the robustness of automatic spray 

instruments and their growing importance in ensuring the reproducibility of sample preparation. 

This work also opens the door for further exploration of other metal salts that could also be directly 

spray deposited to introduce specificity for species less favoured by typical organic MALDI 

matrices. 

Through these three different IMS workflows, this thesis highlights the complex influence of 

salts during the MALDI process. At times considered ion-suppressing contaminants, other times 

ionizing adducts, their interactions with the analytes and the matrix molecules demand careful 

consideration and methodical investigation prior to IMS experiments in order to maximize their 

contribution and minimize their suppression in the formation of analyte ions relevant to the 

biological question we seek to answer.  

5.2. Future Perspectives 

Over the past decade, IMS has become an integral part of biological studies, ranging from 

cancer research47, 328, 329 to the drug discovery process330, 331. Much of this has been made possible 

through the development of sample preparation techniques and novel instrumentation that have 

increased the specificity and sensitivity for biomolecules that were traditionally less amenable to 

the MALDI process. These include the discovery of novel matrices144, 164, the adaptation of 

chemical and enzymatic derivatization approaches47, 169, 193, 332, as well as leaps in IMS 

instrumentation such as faster laser pulse rates220, post-MALDI separation by ion mobility333 and 

secondary laser ionization (MALDI-2)213. The contribution of this thesis lies in the development 

of novel sample preparation approaches to increase and improve the sensitivity and/or specificity 

for specific classes of lipids to answer associated biological questions. As such, the immediate next 

steps would be to validate these techniques with actual biological studies. For Malpighian tubules, 
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a feasible study would be to compare the phospholipid profiles of wild-type tubules against 

transgenic ones. For the enhanced ganglioside method, it would be interesting to apply this 

technique to understand changes in ganglioside distribution as a function of a neurodegenerative 

disease, such as Alzheimer’s. The silver salt spray protocol is ready for large scale studies and can 

be used to compare the relative quantitative difference in cholesterol of disease or transgenic 

models. Clearly, tweaks and slight modifications may be required depending on sample type and 

instrumental status. Nonetheless, the goal is to affirm these techniques as extremely robust and 

reproducible, a crucial aspect of quality MALDI IMS.  

Besides the biological applications, it would be interesting to examine the underlying 

factors at play. Despite clear benefits derived from desalting and/or salt doping, the molecular 

mechanisms were not here fully explored. For example, what factors (concentration, pH, 

temperature, duration, etc.) are driving the differences in the molecular profile and degree of 

delocalization observed on microdissected tubules subjected to varying desalting solutions? To 

what extent are these effects observed across various types of microdissected samples and/or thin-

tissue sections? In the case of salt doping, what is the molecular interaction among the salt, the 

analytes, and the matrix molecules before and during the MALDI process? For metal-based salts, 

how do metal salts participate in the desorption or/and ionization process? How do their 

counterions affect the ionization efficiency of the target analytes? Perhaps, more interestingly, this 

thesis begs the question: what is it about ammonium-based salts that allow them to be beneficial 

both as a desalting solution and as a salt additive? A greater understanding of this interaction will 

not only help elucidate the elusive MALDI process, but also guide future IMS experiments towards 

a more rational approach when designing and optimizing sample preparation protocols. 
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