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Abstract
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Ambient mass spectrometry (MS) has proved to be an important addition to the bioanalytical
toolbox. These methods perform analyte sampling and ionization under atmospheric pressure,
and require very little sample preparation other than the sampling process in front of
the machine. Nanospray desorption electrospray ionization (nano-DESI) is an ambient MS
technique developed in 2010 that utilizes localized liquid extraction for surface sampling. The
aim of this thesis was to explore the possibilities of this technique, and identify areas in which
nano-DESI MS could further contribute to the community of MS-based surface analysis.
One such area was found to be mass spectrometry imaging (MSI) of small-molecule
neurotransmitters. By the use of deuterated standards of acetylcholine, γ-aminobutyric acid and
glutamate, the respective endogenous compounds were successfully imaged in coronal sections
of rat brain. The use of internal standards was shown to be essential to compensatee for matrix
effects in different regions of the brain. In a second imaging study, nano-DESI MSI was used to
compare the chemical profiles of diabetic rat kidney tissue and control. Analysis was performed
on kidney two weeks after diabetic onset, before any pathohistological changes relating to
diabetic nephropathy can be seen in a microscope. In our study, it was shown that a large number
of chemical species related to energy metabolism were detected with altered signal intensity in
diabetic kidney tissue.
To push the limits of nano-DESI analysis, its use for single-cell analysis was evaluated.
By placing buccal epithelial cells in contact with the nano-DESI probe, it was possible to
identify 46 endogenous compounds and detect differences between cells from three human
donors. In addition, it was shown that molecules from single cells on a surface could be detected
by scanning the surface with the nano-DESI probe, which opens up for development of an
automated analysis with higher throughput.
The last study in this thesis was concerned with method development rather than application,
as it presented a setup for pneumatically assisted nano-DESI. Evaluation showed that the setup
provided improved sensitivity in the analysis of small metabolites, and provided the possibility
of using pure water as nano-DESI solvent.
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"You know the greatest danger facing us is ourselves, and irrational
fear of the unknown. There is no such thing as the unknown. Only
things temporarily hidden, temporarily not understood."
James T. Kirk (1966) Star Trek, “The corbomite maneuver”
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Introduction

Chemistry as a scientific field is an enormous playground for people with a
fascination for atoms and molecules. One specialization within this field is
analytical chemistry, which aims at answering questions such as “what molecules?” and “how many?”. One important tool for analytical chemists to
answer these questions is mass spectrometry (MS), a technique that can be
used to provide structural information about a molecule in order to identify
it, as well as providing information about the quantity.
One specific field in which MS plays an important role is that of chemical
analysis of biological samples. In biology, a current trend is so called “omics”-approaches such as genomics, transcriptomics, proteomics, lipidomics
and metabolomics. These techniques aim at preforming qualitative, and preferably also quantitative, detection of all respective biochemical compounds
in a sample. By providing these chemical snapshots of a dynamic system,
the hope is to provide insight into biological function of a given system.
Currently, the genome is the only object that comes close to be fully characterized thanks to the possibility of amplifying nucleic acids with the polymerase chain reaction. For the proteome, lipidome and metabolome, no such
amplification method exists. However, some strengths of MS is that it can be
used to detect up to thousands of chemical species simultaneously, even at
extremely low abundances. Therefore, MS has been popular in proteomic [1]
as well as lipidomic,[2] and metabolomic studies.[3] And as constant developments in instrumentation keep pushing the limits of detection down, a
larger portion of the chemical composition becomes available for investigation.
In addition to qualitative and quantitative analysis, sometimes the question “where?” needs to be answered. Also for this issue, MS can be a helpful
tool through the use of mass spectrometry imaging (MSI) techniques. The
question “where?” is very much at the center of this thesis, which revolves
around a surface analysis technique called nanospray desorption electrospray
ionization mass spectrometry imaging (nano-DESI MSI). Previous studies
have shown that nano-DESI MSI can be used for spatially resolved analysis
and imaging of metabolites and lipids in biological tissues, something that
has been further evaluated in this work.
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Mass Spectrometry

An ion is defined as an atomic or molecular particle having a net electric
charge. [4] As such, its motion can be manipulated in an electromagnetic
field; an ion can for example be accelerated, deflected or trapped. The motion of charged particles in an electromagnetic field is dependent on both the
mass and charge of the particle. These basic concepts lay the foundation for
mass spectrometry, an analytical technique in which ions in gas phase are
separated based on their mass-to-charge ratio (m/z).
Three components are essential in a mass spectrometer: an ion source
which transfers analytes into gas phase ions, a mass analyzer which separates ions based on their m/z, and a detector which detects the ions (Figure
1). [5] The detected signal of each m/z is then used to generate a mass spectrum, in which the signal intensity is plotted against the m/z.

Figure 1 - Schematic diagram of mass spectrometer with ionization source used
under atmospheric pressure.

Electrospray ionization
It can be noted that the ion source may or may not be in vacuum depending
on the technique. However, the setup used in Papers I-IV was based on
electrospray ionization (ESI), which is performed under atmospheric pressure. ESI provides an efficient way of generating gas phase ions from analytes in a liquid phase. [6] This property makes ESI a suitable interface between liquid chromatography (LC) and mass spectrometry. The useful LCESI interface in combination with the capacity to generate gas phase ions
even from large biomolecules such as proteins [7], lead ESI to quickly become incredibly popular.
ESI is a soft ionization technique, which generally produces adduct ions
without any fragmentation. In Papers I-IV, typical adduct ions were proto14

nated molecules ([M+H]+) or molecules cationized on alkali metals
([M+Na]+ and [M+K]+). In negative ion mode, deprotonated molecules ([MH]-) or chloride adducts ([M+Cl]-) are examples of common ions. Large
biomolecules that contain several protonation sites, such as proteins, typically form multiply charged species during the ESI process.
The key to ESI is the application of a high voltage, of about 3-4 kV, between the sample capillary and the mass spectrometry inlet. Due to the electric field, a charge will accumulate at the tip of the capillary and electrostatic
forces will start to fight the surface tension of the solvent. The result is the
formation of a Taylor cone from which a spray of charged droplets is emitted
(Figure 2).[8] As solvent evaporates from the generated droplets and they
start to shrink, the charge density of the droplets will increase. At a certain
point in this desolvation process, the surface tension is overcome by electric
repulsion and coulomb fission will generate even smaller droplets. However,
when the charged droplets become small enough, analyte molecules in the
droplets start to form single gas phase ions through one of several possible
mechanisms. [9] Two of the most common theories will be described below.
The dominant ionization mechanism for large biomolecules, such as proteins, is thought to be the charge residue model. [9, 10] This model suggests
that the final small droplet contains one single analyte molecule and a number of charges (e.g. protons in positive mode). Complete desolvation leaves
the analyte in gas phase and forces the molecule to pick up the residual
charges that were in the droplet. As a random number of charges might be
present the final droplet, this model would explain why proteins are multiply
charged with a distribution over many charge states.
The other suggested ionization mechanism, which is thought to be the
dominant mechanism for small molecular weight species, is the ion evaporation model. The hypothesis in this model is that when the droplets reach a
radius of ~10 nm, the surface charge will generate an electric field so strong
that Coulomb repulsion causes ionized analytes to eject from the surface. In
contrast to the charge residue model, many charged analyte molecules can be
generated from the same final droplet.
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Figure 2- Schematic illustration of the electrospray ionization process (positive
mode).

Ionization efficiency
Ionization efficiency in ESI, which is a measure of how well analytes in
solution are transferred to gas phase ions, is to a large extent dependent on
the desolvation process. In both the ion evaporation model and the charge
residue model, generation of gas phase ions is dependent on the formation of
small solvent droplets with a size of ≤10 nm [9]. If the solvent droplets never
reach this size, analytes remaining in the droplet will never be transferred to
gas phase ions that can be detected by the mass spectrometer. Incomplete
desolvation therefore increases the limit of detection for the analytes of interest. Parameters that will affect the formation of small sized droplets include flow rate of the solvent, the applied voltage, capillary temperature,
conductivity and liquid surface tension of the solvent.[11] To provide a good
ionization efficiency in Papers I-IV, the applied voltage was manually optimized for the specific setup used in each project and the flow rate was kept
at sub-µl/min flow rates (normally 300-500 nL/min). Conductivity was ensured by the use of protic solvents (typically 9:1 methanol:water) with or
without addition of formic acid. However, the high surface tension of water
has prohibited the use of pure water in nano-DESI analysis, and the highest
previously reported water content was the use of a solution with 1:1 methanol:water.[12]
Pneumatically assisted ESI
To overcome the surface tension of highly aqueous solvents in the ESI process, and/or allow for an increase of the flow rate, it is possible to add a co16

axial sheath gas to the outside of the capillary (Figure 3). [13] The gas, typically nitrogen, aids in the nebulization process and does to a certain extent
decouple aerosol formation from the charging event.[14] Pneumatic nebulizers have been extensively used in many ESI applications, and the development of a pneumatically assisted nano-DESI source is described in Paper
IV.

Figure 3 - Pneumatic nebulization using nitrogen gas.

Quadrupole-Orbitrap mass analyzer
The instrument used in Papers I-IV was a Q-Exactive™ Plus (ThermoScientific), a hybrid mass spectrometer consisting of a quadrupole and an Orbitrap mass analyzer. The quadrupole provides a high mass selection speed,
whereas the Orbitrap provides high mass resolving power and mass accuracy.

Quadrupole
In a quadrupole mass analyzer, an oscillating electric field is generated between four electrode rods (Figure 4). One pair of two opposite electrodes
have an applied potential of +(U+Vcos(ωt)), while the other pair has an applied potential of -(U+Vcos(ωt)). The value of U represents a constant DC
voltage and the Vcos(ωt) component represents an oscillating AC voltage.
The oscillating field will make incoming ions move in spiral as they travel
between the rods, and differences in the m/z ratio of the ions will lead to
different ion trajectories. Some of the trajectories will be stable, so that the
ion can travel through the analyzer and reach the detector, whereas other
ions will spiral out of control and not be detected. By changing the parameters U and Vcos(ωt) it is possible to select m/z of interest, and a quadrupole
can be used to either scan entire mass ranges in a stepwise fashion or statically let specific ions through.
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Figure 4 - Schematic illustration of a quadrupole mass analyzer.

Orbitrap
The Orbitrap mass analyzer is a relatively new invention which became
commercially available in 2005.[15] In essence, it is composed of a barrel
shaped outer electrode and a spindle shaped inner electrode (Figure 5). [16]
When an ion package enters the analyzer, the ions are trapped and start to
orbit around the inner electrode. In addition, the ions also start to oscillate
along the axis of the inner electrode.

Figure 5 - Schematic illustration of an Orbitrap mass analyzer.

If the ion package contain species with different m/z, these will be separated
from each other along the axis as the frequency (ω) of their harmonic ion
oscillation will differ.[16] The relationship between ω and m/z is described
in Equation 1, where k stands for field curvature.

⁄
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(1)

The Orbitrap mass analyzer is capable of very high resolving power, and is
only surpassed by the more expensive Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometers. Resolving power is in essence the ability to separate two ions with similar m/z. It is defined by Equation 2, where
M is the mass of the peak and ΔM is the width of the peak at a defined peak
height.
Resolving power = M/ΔM

(2)

The Q-Exactive™ Plus mass spectrometer used in Papers I-IV has a maximum resolving power of 280 000 at m/z 200, where ΔM is defined at the Full
Width of the peak at Half its Maximum height (Figure 6). At M=200 amu,
ΔM thus has a value of 7.0x10-4 amu. Manual inspection of mass spectra
from Paper III shows that two compounds with a difference of about 2x10-3
amu will be fully resolved at m/z 200, with a spectral aquisition time of
about 1.2 seconds. However, the resolving power of the Orbitrap is dependent on the m/z-value, as it is inversely proportional to the square root of m/z.
[5] Thus, the resolving power is roughly 140 000 at m/z 800 when the resolving power is set to 280 000 at m/z 200.
For comparison, it can be noted that the best FT-ICR instruments are capable of resolving powers up to 2 000 000 at m/z 400.[17] However, this
resolving power requires detection times of about 12 seconds, and if a spectral acquisition rate of 1Hz is preferred the resolving power will be around
300 000 at m/z 400.

Figure 6 - Image showing ΔM at the Full Width of the peak at Half its Maximum
height (FWHM).

In addition to resolution, mass accuracy is another important characteristic of
a mass analyzer. It is a measure of how far the experimentally determined
mass (me) deviates from the true mass (mt) of an ion, as defined by Equation
3.
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Orbitrap mass analyzers have a mass accuracy of ≤5 ppm with external calibration, but can reach as low as sub-ppm when using internal calibration.
[18] As with resolution, this is only surpassed by FT-ICR mass analyzers,
which provide the best mass accuracy among existing instruments with values of ≤ 0.1 ppm. [19] High mass accuracy is important as it restricts the
number of hits when performing database searches, and might also enable
determination of the elemental composition of the measured compound.

Detection
The Orbitrap mass analyzer utilizes image current detection, which takes
place in the outer electrodes.[16] When ions are introduced into the trap,
their charge will influence the metal of the electrode and lead to an induced
charge on the surface. As ions with discrete m/z values oscillate with a certain frequency in the trap, the induced signal voltage will be a sum generated
from the frequencies of all ions with individual m/z values.[20] This detected
signal which is measured as a function of time is called a time domain transient, and in order to convert it to a mass spectrum the time domain signal is
processed with Fourier transform mathematical operations. In short, the Fourier transform extracts all present frequencies from a combined signal (like a
trained musician can extract individual notes, with specific frequencies, from
a played chord), which in turn can be converted to m/z values (Equation 1).
In essence, the high mass accuracy and resolution obtained by the Orbitrap
and FT-ICR MS instruments can be achieved because frequencies can be
very accurately measured. The longer the transient is measured, the more
accurately the frequencies can be extracted. This is the reason that ultra-high
resolution in FT-ICR instruments requires transients of over 10 seconds to be
acquired. [21] However, as speed of analysis is important in many applications, and measurements above a second might be much too long, there is a
trade-off between resolution and speed.

Tandem mass spectrometry in a Q-Exactive™ Plus
Despite the advantages of high resolving power and high mass accuracy,
molecular identification of a specific m/z becomes complicated when a sample contains isomers. Isomers have the same exact mass and therefore they
cannot be separated in a mass spectrometer. However, more information
about the specific m/z can be obtained by tandem mass spectrometry
(MS/MS), a technique in which a precursor ion is fragmented and the masses
20

of the fragment ions are measured. Different molecular structures give rise to
specific fragmentation patterns, and comparison to databases or standards
might enable identification of isomeric compounds.
In a Q-Exactive™ Plus, the precursor ion is isolated by the quadrupole
and transferred to a collision cell where the molecule is fragmented. In Papers I-IV, fragmentation was performed with higher-energy collisional dissociation. [22] In short, the precursor ion is transferred to a collision cell
which contains a neutral gas such as nitrogen. When the precursor ion(s)
enter the cell it will collide with the gas, and if kinetic energy in the analyte
is transformed to internal energy, dissociation of covalent bonds might occur.[23] The fragments formed upon dissociation are subsequently transferred to the Orbitrap mass analyzer, and their m/z-values are measured with
high resolving power.
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Mass spectrometry imaging

Although mass spectrometric analysis often is performed on analytes in solution, there are also methods to sample and ionize analytes directly from a
surface. If mass spectra are collected at defined coordinates over a surface, it
is possible to map the spatial distribution of detected analytes and generate
ion images of specific ions (Figure 7). This technique is called mass spectrometry imaging (MSI), and can be used to study surface localization of
organic as well as inorganic analytes. Different techniques for surface sampling have different strengths and weaknesses regarding what kind of samples that can be analyzed, what kind of chemical species that can be detected
and at what lateral resolution they can be detected at.

Figure 7 - Schematic illustration of a mass spectrometry imaging experiment.

Techniques for surface sampling and ionization in mass
spectrometry
The first MSI experiments were performed in the 1960’s using a surface
sampling and ionization technique called secondary ion mass spectrometry
(SIMS).[24, 25] In SIMS, the surface is bombarded with a primary ion beam
which causes neutral species and secondary ions to sputter from the surface.
The ions can subsequently be transferred to a mass analyzer for detection
(Figure 8).[25] As the secondary ions absorb a large amount of energy in the
sputtering process, a large degree of fragmentation will occur, and SIMS has
22

therefore traditionally been used for elemental analysis of inorganic materials such as such as polymers, metals and glass.[26, 27] However, the development of cluster primary ion beams has led to SIMS methods that are capable of softer ionization, which has popularized the method for analysis of
biological samples.[28, 29] The lateral resolution of SIMS is the highest to
date, and generation of images with sub-micrometer pixel sizes are routine.[30]
Another method for surface sampling and ionization is matrix-assisted laser desorption ionization (MALDI), where a laser is used to ablate material
from a surface. [31] A matrix capable of absorbing the energy of the incoming laser beam, typically a small organic molecule, is added to the sample
surface to aid the ionization process (Figure 8). The matrix needs to be tailored to the specific application, as it is important that the analyte of interest
and the matrix co-crystallize well.[32] In addition, it is important to choose a
matrix which does not generate background peaks with the same mass as the
analyte(s) of interest, which typically might happen at m/z <500. Like ESI,
MALDI is a soft ionization technique which typically generates adduct ions
or deprotonated ions without fragmentation, with the difference that ions
generated in MALDI are almost exclusively singly charged, even
proteins.[33] Proteins, peptides and lipids [34] have been the main compound classes analyzed with MALDI, although targeted studies have also
looked at small metabolites using special matrices.[35, 36] Imaging with
MALDI can be routinely performed at a spatial resolution of >20 µm, but
can reach up to low µm-scale lateral resolution with optimized instrumentation. [37, 38]

Figure 8 - Schematic overview of the sampling and ionization process in secondary
ion mass spectrometry (SIMS) and matrix assisted laser desorption ionization
(MALDI).

Mass spectrometry imaging using SIMS and MALDI is performed in a rastering fashion much like the illustration in Figure 7. Stepwise sampling is
performed either by moving the sample under the laser beam in MALDI, or
23

by directing the ion beam to new areas in SIMS. Therefore, MALDI and
SIMS typically generate ion images with square pixels.
Although instrumentation exists for atmospheric pressure MALDI, [39]
the sample is typically placed in vacuum during sampling and ionization in
both SIMS and conventional MALDI. In certain applications this may be a
problem, such as single-cell analysis where it might be of interest to keep the
cells in a native state for as long as possible.

Ambient surface sampling
To ease sample preparation and avoid transfer of sample into vacuum, a
wide range of ambient mass spectrometry techniques have been developed.
[40] The definition of ambient mass spectrometry varies somewhat depending on who you ask, but the following requirements are often mentioned: (1)
it has an ion source that is not enclosed and therefore can hold samples of
various shapes and sizes, (2) it can be interfaced to different mass spectrometers with atmospheric pressure interfaces, (3) it provides soft ionization, and (4) it requires no or little sample preparation.[41] As for the last
statement, I wish to quote Javanshad and Venter: [40]
“While it is often said that ambient ionization methods do not require
sample preparation, our view is that it is more accurate to say these
methods frequently require no sample preparation, other than the
sample processing that takes place during the analysis [emphasis added].”

Thus, in ambient ionization, a sample surface with any size or geometry
(such as a flower petal, a tomato or a finger [42]) can be probed without
further treatment right in front of the mass spectrometer, but analytes still
have to be transferred in real-time from the surface using methods such as
liquid extraction, laser ablation or thermal desorption. [40]
The most commonly used ambient MS technique today is desorption electrospray ionization (DESI), which uses liquid extraction for sampling. [42].
In DESI, a stream of charged droplets is sprayed onto a sample surface and
the liquid desorbes analytes prior to “splashing” off the surface towards the
mass spectrometry inlet. The analytes subsequently undergo an electrospray
ionization process from these secondary droplets (Figure 9).[43]
Unlike SIMS and MALDI, mass spectrometry imaging using DESI is not
performed in a rastering fashion. Instead, the sample is moved with continuous speed in the x-direction while mass spectra are continuously collected.
When a line scan in the x-direction is finished, the sample is moved one step
in the y-direction and a new line scan is initiated. The lateral resolution in
the x-direction is thus dependent on the scanning speed of the instrument and
the speed with which the sample is moved, whereas the resolution in the ydirection is set by the chosen step size.
24

Figure 9 - Schematic overview of the desorption electrospray ionization process

Nano-DESI
Nano-DESI was developed in 2010 by Patrick Roach, in the lab of Julia
Laskin, and was originally a modification of a commercial DESI setup.[44]
In this technique, a liquid bridge is generated between a primary capillary,
which continuously delivers solvent, and a self-aspirating secondary capillary, which transports the solvent to the MS inlet (Figure 10). [44] When the
liquid bridge is placed in contact with a surface, analytes can be extracted
and transferred through the secondary capillary. When a high voltage is then
applied between the solvent and the inlet of the mass spectrometer, ionization of the analytes occurs at the tip of the secondary capillary.

Figure 10 - Schematic representation of the nano-DESI setup in positive mode. Note
that the figure is not to scale; the capillaries are in reality 90 or150 µm wide.
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Self-aspiration through the secondary capillary is aided by placing it in close
proximity to the MS inlet, as the vacuum in the MS helps to pull liquid
through the capillary. However, a short distance between the capillary tip
and the inlet can result in a poor desolvation process which hampers the
ionization efficiency. This issue was addressed in Paper IV.
As in DESI MSI, imaging with nano-DESI is performed by placing the
sample on a motorized xyz-stage that can move the sample in three dimensions under the probe.[45] The sample is placed in contact with the liquid
bridge of the nano-DESI probe, and sampling is performed through line
scans in the x-direction. The sample is then moved in a stepwise fashion in
the y-direction, commonly with a step size of 150-200 µm, and a new line
scan is performed.[46] This is repeated for a desired number of lines, until
the whole area of interest has been analyzed. This process has been automated through the use of a software in which the movements of the xyz-stage
are programmed.[46] As a constant distance, in the range of ±2 µm, between
the probe and the sample surface is of outmost importance for the quality of
the data the software also accounts for tilted sample surfaces. This is
achieved by first defining the coordinates (x, y, z) of three points on the surface, which in turn are used to define the plane tilt.[46] By programming the
xyz-stage to move along this plane in the z-direction, the sample will be held
at a constant height in relation to the nano-DESI probe.

Tissue imaging with nano-DESI MSI
Although nano-DESI has also been used to analyze samples such as organic
aerosols,[47, 48] petroleum [12] and bacterial colonies [49, 50], one major
application has been MSI of biological tissues.[45, 46, 51-55] A tissue imaging experiment can generally be divided into three steps: preparation of tissue, nano-DESI MSI analysis and data analysis (Figure 11).

Tissue preparation
As previously mentioned, ambient MS methods are often said to require no
or little sample preparation. For nano-DESI MSI of biological tissues, three
sample preparation steps are typically needed: 1) euthanization of laboratory
animal, 2) dissection of organ and 3) cryosectioning. Euthanization and dissection procedures may influence quality of MSI data, as the levels of certain
metabolites may be rapidly altered post-mortem. The brain used in Paper I
was quickly collected from a decapitated rat, and the kidneys in Papers II
and IV were surgically removed from anesthetized rats. The procedures were
performed by a trained lab technician and the organs were instantly snapfrozen in liquid nitrogen to preserve the chemical composition. To obtain
thin tissue sections from the organ, cryosectioning with a thickness of 12 µm
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was performed followed by thaw-mounting onto a glass slide. For nanoDESI, regular glass slides can be used as no conductive surface is needed to
prevent charge buildup, unlike in MALDI.[56]

Figure 11 – Typical workflow of nano-DESI MSI analysis.

Setting up nano-DESI MSI
One of the important considerations for nano-DESI MSI analysis is the
choice of solvent. Certain questions need to be answered: Is it a targeted
analysis so that the solvent can be tailored to extract and ionize that particular compound? Is it untargeted, so that as many analytes as possible should
be extracted and ionized? Should any internal standards or reagents be added
to the solvent? In Papers I-IV, we had the big advantage of having spare
tissue samples that could be used to evaluate if the solvent was suitable for
the specific analysis, by determining if the analyte(s) of interest could be
detected from the sample at desired signal intensities.
To optimize a setup for nano-DESI analysis, it is necessary to find the optimal position for the secondary capillary in front of the MS inlet to obtain
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the best possible pull of nano-DESI solvent through the capillary, as well as
the best possible ionization. In a second step, the positioning of the primary
and secondary capillary towards each other needs to be optimized in order to
generate a contained liquid bridge, which only touches the surface without
leaking over the tissue. This can be obtained by adjusting the position of the
secondary capillary in front of the inlet and/or changing the angle and distance between the capillaries. It can be noted that many of these optimization
steps were found to be easier to perform with a pneumatically assisted secondary capillary (Paper IV).
Another factor that will affect the collected data in nano-DESI MSI is the
selection of lateral resolution. Two questions are important here: how small
are the regions we would like to analyze in the tissue, and how fast does the
analysis have to be? If oversampling is to be avoided, a step size of 200 µm
in the y-direction has typically been used for capillaries with an outer diameter of 150 µm. However, a finer lateral resolution can be obtained in the xdirection and is determined in part by the speed with which the stage is
moved. In part, it is also determined by the settings of the mass spectrometer. As the Orbitrap is an FT instrument, the longer the measured transient is,
the higher the mass resolving power. As an example, in Paper I, a typical
pixel was 24 µm in the x-direction when using a scan speed of 40 µm/s and a
mass resolving power of 140 000. If a mass resolving power of 280 000
would have been chosen instead, the pixel would have been wider than 24
µm. Another important parameter in the MS settings is the polarity of the
analysis. It can be noted that the studies in Papers I-IV have utilized positive ionization mode, and it is important to know that this will favor analysis
of certain compounds but hinder the analysis of others.

Data analysis
Imaging data can be processed in a few different ways. Naturally, one of the
data analysis steps is generation of ion images. In short, an ion image visualizes the signal intensity of a certain m/z-value over a surface, where the
source of one pixel is a single mass spectrum. If a large mass range is
scanned and hundreds of compounds are detected, a single MSI experiment
can therefore generate hundreds of ion images, one for each m/z-value. In
Papers I-IV, the program MSI QuickView [46] was used to extract intensity
data of a certain m/z from each mass spectrum, and then generating a pixel
with a color ranging from dark (setting the lowest detected intensity in the
image at 0%) to bright (setting the highest intensity at 100%). If an internal
standard was used in the MSI experiment, its intensity could was used to
normalize the intensity of the analyte in each mass spectrum.
Sometimes the goal of the analysis is to evaluate the mass spectrometry
data in different anatomical regions of the tissue, and two in-house scripts
were developed specifically to meet these needs in Paper I-II. The first
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script, called Massive, utilized the open software Decon2LS [57] to extract
peak information from the acquired spectra. It then generated a data matrix
with information on the location of each pixel and the peaks detected within
it. A region of interest (ROI) was manually defined by drawing it in blue on
an ion image (Figure 11). The second script, called ROIextractor, used the
ROI image and the data matrix from Massive as input, and then extracted
pixels with a location corresponding to the blue area. In the targeted analysis
of Paper I, the script was used to perform spectrum-to-spectrum based
quantification of the targeted analytes by use of their corresponding internal
standards. The output of the analysis was an average concentration and
standard deviation for each analyte within the ROI. In the untargeted analysis of Paper II, ROIextractor was used to extract all pixels in an ROI, while
further data processing was performed using custom made in-house scripts.
In short, all data in an ROI pixel was normalized to the total ion current
(TIC), and an average intensity and standard deviation of each m/z in the
ROI was calculated. Welch’s t-test was then used to compare the normalized
intensities of each m/z between diabetic and control kidney.

Matrix effects
One major issue in MSI analysis is the presence of matrix effects, which
might affect the reliability of generated ion images. It can be noted that I am
no longer talking about a MALDI matrix, but instead the chemical background in which an analyte of interest is present. A “matrix” in this section is
thus defined as all compounds in a mixture which are not the analyte of interest,[4] and if the matrix affects the detection of the analyte this is termed a
matrix effect. For example, if the analyte is detected with a lower signal in
the presence of the matrix, this is called ion suppression, whereas an increase
in analyte signal in the presence of the matrix is called ion enhancement.
It can be noted that in nano-DESI, as well as DESI, MALDI and SIMS, a
complex mixture of compounds will be sampled and ionized simultaneously,
which means that there is always a potential risk of matrix effects. If the
matrix is similar all over the sample surface, this might not be a problem for
ion image generation. However, difficulties will arise if different regions of
the surface have highly different chemical compositions. If this is the case, it
might appear as if a compound which in reality is present in equal amounts
all over the surface, has specific localizations.[55, 58]
One example of matrix effects is unequal distributions of alkali cations
over a surface, which is of a huge importance in ionization techniques that
generate adduct ions such as MALDI, DESI and nano-DESI. At set concentrations of sodium and potassium, the relative signal intensities of the
[M+Na]+ and [M+K]+ adducts are fairly constant. However, if the concentration of the alkali ions change, so will the relative signal intensities of the
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adduct ions.[55] This was an important aspect in Paper II, where we wanted
to compare data between diabetic and control kidney tissue. One role of the
kidney is to balance electrolyte levels, and therefore it was not known if the
sodium and potassium abundances could vary between samples. In order to
see if any m/z-values changed between diabetes and control, we therefore
counted a molecule to be significantly altered only if it showed a significant
change in both the [M+Na]+ peak and [M+K]+ peak. The adduct formation
was also used to our advantage in Paper III, where the formation of [M+K]+
peaks was used as a diagnostic tool to verify the extraction of material from
single cells. The reason for the increase of [M+K]+ upon cell contact is that
the intracellular concentration of potassium is higher than the extracellular
concentration, while the opposite is true for sodium.[59]
Other molecules than alkali cations can give rise to matrix effects. It can
be noted that matrix effects in ESI are thought to originate from a competition for charge between matrix molecules and analytes, which relates to the
mechanisms of gas phase ion generation.[60] In the ion evaporation model
of ESI, it is assumed that the charges reside at the droplet surface, while the
inside of the droplet will contain neutral molecules and salt dissolved in solvent.[61] It has been suggested that the molecules are in a constant equilibrium between the charged state at the droplet surface and the neutral state
inside the droplet, where only molecules at the surface can be transferred to
gas phase.[61] This would explain why amphiphilic compounds such as
membrane lipids are readily detected in electrospray ionization, since they
are expected to have a high surface concentration. This was of high importance in Paper I, where differences in membrane lipid composition between grey and white matter in rat brain gave rise to substantial matrix effects that needed to be taken into consideration.

Compensation for matrix effects in nano-DESI MSI
One main advantage of nano-DESI MSI is the ease with which internal
standards can be added to the nano-DESI solvent.[51, 52, 55] If matrix effects are absent, the signal intensity of the standard should remain constant
over a surface, as standard is continuously supplied with a constant concentration. If, however, the signal intensity of the standard is not constant, it can
be concluded that matrix effects are present. Internal standards that are
closely related to the analyte of interest, preferably a deuterated form of the
compound, should theoretically be affected by the matrix effect in the same
way as the endogenous analyte. Normalization of the analyte signal intensity
to the standard signal intensity will therefore compensate for matrix effects
in the analyte ion image.
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Quantification in MSI
Another major challenge in MSI, which at some point needs to be resolved if
MSI is to keep thriving as a scientific field, is that of quantification.[62] If
only localization is the burning issue, MSI is a relatively mature technique
that can be used to provide reliable qualitative data if the issue of matrix
effects is carefully considered and evaluated. But many scientific questions
also require a quantitative answer – what is the surface concentration or
amount? This can be very important in fields such as pharmacokinetics,
where it is crucial to know if a drug reaches its site of action in its therapeutic dose. [63, 64]
Quantification is in essence the art of converting an instrument signal into
the concentration of an analyte in a sample, usually through the use of calibration curves.[5] However, even using conventional LC-MS or LC-MS/MS
methods, where the analyte of interest is baseline separated from other compounds in the sample, MS-based quantification is not entirely straightforward.[65] Many factors in addition to analyte concentration will influence
the detected signal intensity in ESI-MS, such as matrix effects and drift in
the instrument due to build-up of contaminant species in both the MS inlet
and in the ion optics inside the machine. Problems connected to instrumental
drift and matrix effects are typically tackled through the use of internal
standards, often structural analogues or deuterated forms of the analyte.[65]
Biological quantitative MSI faces additional problems. One of them is the
lack of separation, which means that each detected m/z value might be consisting of several compounds with the same mass. Of course, this needs to be
evaluated for both imaging and quantification purposes to ensure that the
correct analyte is analyzed. But perhaps the biggest problem of all is the,
oftentimes, rater uncontrolled sampling process. In MALDI, signal intensity
may vary depending on height differences in the sample, the topography of
the target plate and variations in analyte extraction and co-crystallization
with the matrix over the sample surface. [66, 67] In nano-DESI and DESI,
variation in signal intensity arises from variations in ionization efficiency
between setups and variations in the extraction process, which for example is
dependent on the distance between the surface and the probe in nano-DESI.
In addition, tissue imaging is further complicated by the presence of distinct
anatomical regions in the samples. These regions possess characteristic
chemical compositions and cell densities, so it is reasonable to believe that
analyte extraction efficiency into either the MALDI matrix or the nano-DESI
solvent differ between anatomical structures. In Paper I, this was evaluated
through localized extraction of the targeted analytes in the two most different
tissue types in brain, namely white and grey matter, which resulted in similar
extraction profiles for the analytes of interest.
An additional problem in quantitative MSI is the lack of reference surfaces for quality control, and the generation of calibration curves could be a
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whole scientific subject in its own right. Calibration is often performed by
mimicking standard addition methods, such as spotting of standard solutions
on the sample,[68] or addition of standards to tissue homogenate which subsequently is frozen, sectioned and sampled.[69] In MALDI, it has also been
shown that quantification can be performed by spotting calibration solutions
and an internal standard on the target and then placing the tissue section on
top.[70] However, all of these approaches remove the site-specific matrix
effects that can occur in specific regions. For example, internal standards
spotted on grey matter may not ionize in the same way as an internal standard spotted on white matter in the brain. And if a homogenate is used, all of
the substructures will be mixed together, and will not represent any of the
substructures. To date, however, these calibration methods are the best available options.
Quantitative analysis is the holy grail of MSI, and it is definitely something that the MSI community should continue to strive for. However, at
present most MSI methods struggle with repeatabilities ~20% which in combination with the above-mentioned difficulties gives rise to low accuracies.
[71] A user needs to be aware of these limitations and know that quantitative
MSI typically provides an estimate of a quantity rather than a precise answer.

Shotgun quantification using nano-DESI MSI
In the field of lipidomics, ESI-based quantification of lipids in complex mixtures has been an important tool over the last couple of decades.[72] Often
referred to as “shotgun quantification”, the typical workflow is to homogenize a biological sample, add internal standards, perform several lipid extractions of the sample and finally analyze the extracts using direct infusion ESIMS.[73] Extraction procedures are chosen to separate lipid classes that are
best analyzed in either positive or negative mode. Quantification is performed based on the relationship between the signal intensity of the endogenous compound (Iend) and the internal standard (Istd), as described by Equation 4.[74]
Iend/Istd = (aend/astd) ∗ (cend/cstd)

(4)

If the concentration of standard (cstd) and the response factors of both standard (astd) and endogenous compound (aend) is known, it is thus possible to
calculate the concentration of endogenous compound (cend). It can be noted
that if the internal standard has the same response factor as the endogenous
compound, the equation can be simplified (Equation 5).
cend = cstd ˣ (Iend/Istd)
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(5)

Typically, stable isotopically labeled versions of the analyte are considered
to be the best internal standards, as they more often than not exhibit the same
physicochemical properties as the analyte. [65] The standard and the analyte
will therefore have the same response factors, and quantification can be performed with Equation 5. However, many lipidomic analyses aim at quantifying hundreds of analytes in a single study,[75] and it is not feasible to add a
stable isotopically labeled standard for each analyte. Much effort has therefore been put into developing quantitative lipidomic approaches with a restricted number of internal standards.[72]
One important group of lipids, that was of special interest in Paper III, is
polar lipids such as phosphatidylcholine (PC). A number of factors have
been shown to affect the response of polar lipids in ESI analysis, including;
lipid concentration, solvent composition, the structure of the polar headgroup, acyl chain length and acyl chain unsaturation.[76] The polar head
group, which defines a lipid class, has such a large impact on the signal response that a minimal requirement for the internal standard is that it belongs
to the same lipid class as the analyte of interest.[76] Commonly used internal
standards either have odd-carbon number acyl chains or unnaturally short
acyl side chains, to differ in structure from endogenous lipids. As mentioned,
also the acyl chain length of the lipid affects signal intensity, but this dependence has been shown to be linear at low lipid concentrations.[77] Therefore, experimentally determined carbon factors can be used to compensate
for differences in chain length between an analyte and an internal standard
within a lipid class.[72] It has also been reported that at low lipid concentrations, approximately below 10 µM total polar lipid, there is a linear correlation between ion intensity and lipid concentration.[72] All in all, if all factors
are carefully evaluated, it is possible to perform shotgun quantification of
hundreds of compounds using one internal standard per lipid class.[76]
It was early recognized that nano-DESI MSI provides the possibility to
perform shotgun-like quantification directly from tissue, and the technique
has been used to quantify phospholipids as well as nicotine (using a deuterated nicotine standard) in brain tissue sections.[51, 52] In this thesis, shotgun
quantification was used to determine the relative abundances of three neurotransmitters in different regions of rat brain tissue, through the use of deuterated internal standards (Paper I).
Nano-DESI MSI quantification using Equation 5 will give the concentration of extracted analyte in the solvent, but will not provide direct evaluation
of the absolute amount of analyte in the tissue. However, absolute quantification can be performed by careful determination of the extraction efficiency
of the analyte from the tissue.[51] As a complete extraction of lipids could
be seen from single cells in Paper III, an estimation of absolute PC amounts
in single cheek cells could be performed.
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Challenging samples for MSI and MS analysis

Generally, it can be said that the more heterogeneous a sample is, the higher
the risk of a variable matrix effect over the surface in an MSI experiment.
One such example is brain tissue. As an illustration, it can be noted that in
vertebrates, the brain can be anatomically divided into hindbrain, midbrain
and forebrain, all of which contain unique substructures.[78] In addition to
the general risk of matrix effects in brain sections, further complicating factors cause small-molecule neurotransmitters to be particularly difficult to
analyze, which will be discussed in greater detail below.
Another major challenge in the field of mass spectrometry is that of single
cell analysis. Naturally, this is due to the restricted sample volume of a cell,
which is typically around a few pL for normal-sized mammalian cells.[79] It
can be estimated that in a cell of this size, high abundant proteins can be
found at low attomole levels, common membrane lipids at high attomole
levels and common metabolites at the mid-femtomole range.[80, 81] As MS
is capable of detecting proteins and small molecules even down to zeptomole
levels or below,[82, 83] it has therefore become an interesting technique for
untargeted single-cell analysis. However, single-cell MS is still a difficult
field, as analyte extraction, ionization and MS analysis all need to work optimally in order to detect a reasonable number of analytes.

Brain tissue
The two main classes of cells in the brain and the nervous system are neurons and glial cells. Neurons convey information from the surrounding world
to the organism, and process this information in order to generate a response.
They also convey information from our inner world, as they register information from the inner environment in order to maintain homeostasis. The
neuron consists of a neuronal cell body, from which dendrites and one axon
are projected (Figure 12). Dendrites receive information from other neurons
while axons pass on the information through electrical impulses. While neurons are responsible for transfer of information, glial cells are non-neuronal
cells with a wide range of functions in the nervous system.[84] One type of
glial cells is the oligodendrocytes which create insulating myelin sheaths
around the axons. The myelin sheath is a fatty substance, which facilitates
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the transmission of electrical impulses from the neuronal cell body to the
axon terminal.[85]
The brain consists of two distinct tissue types; white matter which mainly
consists of myelinated axons, and grey matter which mainly consists of neuronal cell bodies.[86] These two tissue types have highly characteristic lipid
compositions as grey matter has a higher molar percentage of phosphatidylethanolamine and PC, while myelin and white matter has a higher molar
percentage of cholesterol and cerebroside.[87] In MS analysis, membrane
lipids and phospholipids in particular are known to cause ion suppression,
[88] and different degrees of ion suppression will therefore occur in white
and grey matter when performing MSI on a brain tissue section as was seen
in Paper I.

Figure 12 - Schematic illustration of a neuron. Image taken from:
https://openclipart.org/detail/245373/neuron

MSI of neurotransmitters
The transfer of information between neurons occurs via release of neurotransmitters from the axon terminal upon arrival of the electrical impulse.
The neurotransmitters then diffuse a short distance over the synaptic cleft,
and bind to receptors on a dendrite of an adjacent neuronal cell body. Depending on the type of neurotransmitter, the neuron is either stimulated (excitatory neurotransmitters) or prevented (inhibitory neurotransmitters) from
sending an electrical impulse through the axon. The most common excitatory
neurotransmitter in the central nervous system is glutamate (Glu), while the
most common inhibitory neurotransmitter is γ-aminobutyric acid (GABA).
In several disease states, the systems of these neurotransmitters have been
found to be dysregulated, and the levels of Glu and GABA have for example
been found to be decreased in brains of patients with major depressive disorder.[89, 90] Another neurotransmitter that has been shown to be involved in
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several disease states is acetylcholine (ACh), which has been implicated in
the pathology in e.g. Alzheimer’s disease [91] and Parkinson’s disease.[92]
There are a number of examples in which MSI has been used to study
neurological diseases in a variety of mouse models, such as Parkinson’s disease, Alzheimer’s disease, and migraine. [93-98] However, the majority of
these studies have analyzed lipids, peptides and proteins.[99] It can be noted
that despite the importance of neurotransmitters for the function of the nervous system, not many MSI studies have targeted small molecule neurotransmitters such as ACh, Glu and GABA.[100] The reason for this is that small
molecule neurotransmitter analysis faces several technical challenges: 1)
many small molecule neurotransmitters, where ACh is a notorious example,[101] are subjected to fast post-mortem degradation, 2) many small molecule neurotransmitters are present at very low in vivo concentrations and 3)
matrix signals in conventional MALDI analysis often mask the signal of
small molecule neurotransmitters.[100] This problem is more pronounced
when the MALDI ion source is used with a time-of-flight mass analyzer,
which currently has a lower mass resolving power than FT based instruments
such as the Orbitrap. Methods to overcome the challenge of post-mortem
degradation include very careful sample preparation [102, 103] whereas the
challenge with overlapping MALDI matrix peaks has been tackled by using
MALDI with high resolution mass analyzers, tailored MALDI matrices, and
on-tissue derivatization.[68, 104-107]
In one study, the ambient MS technique laser ablation electrospray ionization was used to determine the spatial distribution of both lipids and small
metabolites, such as the neurotransmitter GABA, in rat brain.[108] The
technique utilizes a mid-infrared laser for sampling of the water-containing
surfaces, and removes the need for any sample preparation such as matrix
application. However, as the technique is sensitive to changes in water content due to the ablation process, specific measures such as a sample cooling
were needed to keep the native water content constant in the tissue throughout the experiment. Sampling with nano-DESI is not dependent on water
content and we therefore imagined that small-neurotransmitter imaging with
nano-DESI would provide the benefits of ambient mass spectrometry without the need for a specific sample setup (Paper I).

Single cells
Single cell analysis has brought insight to a range of research fields over the
last decades, from cancer [109-111] and stem cell biology[112, 113] to the
study of drug resistance.[114, 115] The importance of studying single cells
comes from the fact that even the most homogenous of cell populations harbor a wide plethora of unique phenotypes.[116] It is thus necessary to study
individual cells to accurately understand the biology of a given multicellular
36

system. Classical single-cell analysis methods are patch-clamp for the study
of cell electrophysiology,[117] the use of fluorescent tags to study intracellular interactions by fluorescence imaging[118] and polymerase chain reaction
for single cell genomics and transcriptomics.[119, 120] High-throughput
methods such as fluorescence activated cell sorting and other flow cytometry
based techniques are also available for single cell analysis.[121] In these
methods, antibodies are often used as reporter molecules to detect the presence of analytes of interest.[121] Antibodies are also utilized in mass cytometry, a technique in which the presence of antigens on single cells is
measured with MS using heavy-metal isotopes as reporters.[122] All of
these methods have been invaluable for the field of single-cell analysis, but
none of them provide an untargeted analysis of metabolites. Over the last
two decades, there has therefore been a growing interest in MS based singlecell analysis, which enables untargeted analysis of proteins, lipids and metabolites.[123]
Traditionally, MALDI and SIMS are the two main ionization techniques
that have been used for untargeted single-cell MS analysis.[123] The unsurpassed lateral resolution of SIMS makes it ideal for cellular imaging, and it
can even be used to generate 3D images of single cells.[80] However, SIMS
is generally not suitable for the analysis of large biomolecules due to extensive fragmentation in the ionization process. For analysis of peptides and
intact biomolecules, MALDI has thus been the typical method of choice,
often using chemical fingerprinting (i.e. sampling of the whole cell without
spatial resolution) rather than imaging.[123] However, substantial sample
preparation of cells and sampling in vacuum makes MALDI and SIMS analyses of living cells impossible. As the metabolome might be altered under
these conditions, there has been a recent boom in the development of ambient MS techniques for single-cell analysis as these techniques theoretically
could be used to sample live cells in their native state.[124]
Sampling in ambient single-cell MS can be performed in several ways.
One is through capillary microsampling, in which a sharp glass capillary is
used to suck the contents out of a cell. The tip is then moved in front of the
mass spectrometer for subsequent ESI, sometimes after adding ESI solvent
to improve ionization.[125-127] In one capillary microsampling study, 22
metabolites and 54 lipid species from single human hepatocytes were identified through the use of ion mobility separation prior to MS detection.[127]
This is to my knowledge the highest number of identified compounds reported in a cell as small as ~25µm [79]. Sampling in ambient single-cell MS can
also be performed through liquid extraction techniques such as DESI,[128]
and the single-probe.[129] The single-probe has a setup that is similar to
nano-DESI, but in this technique the primary and secondary capillary are
placed inside a dual-bore quartz needle which is used to pierce the cell and
extract analytes from the cytoplasm. Much like in nano-DESI, reagents can
be added to the extraction solvent, and addition of dicationic ion-pairing
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agents was shown to improve detection of negatively charged species from
single cells through the formation of positively charged adducts.[130] The
aim of Paper II was to push the limits of nano-DESI and evaluate if this
technique too can be used for single-cell analysis.
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Studying histopathology with MSI

Histology can be defined as the study of microscopic structures within cells
and tissues, and its influence on the field of anatomical pathology cannot be
overstated.[131] Many diseases alter the morphology of tissues and organs in
characteristic ways, and thus biopsies of affected organs can be used for
histopathological diagnosis of diseases like cirrhosis,[132] infectious diseases [133], kidney diseases,[134] and, of course, cancer.[135] In addition to
the commonly used Hematoxylin and Eosin (H&E) stain, which stain nucleic
acids and cytoplasmic proteins respectively, visualization of some other
chemical compound classes can be performed with stains such as Oil Red O
for neutral lipids and Periodic Acid Schiff for carbohydrates.
With the advent of immunohistochemistry it also became possible to follow pathological changes with higher specificity on the molecular level, as
antibodies can be used to stain for antigens involved in disease progression.[136] An immunohistochemistry analysis involves extensive sample
pre-treatment of the tissue section, followed by binding of antibody to the
antigen (often a protein) with subsequent detection of antigen-bound antibody over the surface.[137] The information obtained from such an experiment is thus protein localization and possibly quantitative data on protein
abundance.[138] However, much like MSI, quantitative immunohistochemistry typically provides estimates rather than precise answers. [139] Although immunohistochemistry has proven to be an invaluable tool for histopathologists, the technique is targeted in its nature as specific antibodies are
needed for specific antigens. In addition, antibodies typically bind larger
chemical structures such as proteins or polysaccharides, and small molecules
are generally only recognized as antigens when bound to specific carrier
proteins.[140] Tissue analysis with MSI can therefore complement immunohistochemistry, as in addition to protein analysis it can be used for untargeted analysis as well as analysis of small molecules.[141]
To date, MSI has been used to perform untargeted metabolite and lipid
analysis in a wide range of cancer tissue biopsies, such as lung cancer,[142]
breast cancer,[143, 144], brain tumors,[145] bladder carcinoma,[146] and
renal cell carcinoma,[147] to name a few. Thus, as altered lipid metabolism
in cancer has become a more recognized phenomenon, MSI has become an
increasingly important technique.[148] The use of MSI has not been restricted to cancer, however; it has also been used to study the mechanisms behind
preterm birth, [54] rheumatism,[149] metabolic disorders,[150] and kidney
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disease.[151] However, among the MSI studies of kidney disease so far, I
have only found two looking at diabetes.[152, 153] This is despite the fact
that diabetes is now the number one cause of end-stage renal disease in the
western world.[154]

Diabetic nephropathy
The kidneys have several important functions, such as removing waste products from the blood and adjusting the water- and electrolyte levels in the
extracellular fluid.[155] This is performed in the functional units of the kidney, which are the nephrons (figure 13). Blood is filtered in the glomeruli,
and the filtrate is then concentrated and processed into urine in the tubule. It
has long been recognized that in diabetic patients, it is common for kidney
function to slowly decline over time. This condition is called diabetic
nephropathy (DN), and affects about 30% of diabetic patients. [156]

Figure 13 - Schematic illustration of kidney anatomy. A cross section of a kidney is
shown, together with a detailed illustration of the parts of a nephron. The figure is
reproduced from http://unckidneycenter.org/kidneyhealthlibrary/glomerular-disease

with permission.
DN has traditionally been said to progress in 5 distinctive steps with the first
symptom being hyperfiltration, where an excessive amount of glomerular
filtrate is formed [157] followed by a second stage of “silent nephropathy”.
[156] In this second stage, few symptoms are exhibited, but biopsies often
reveal morphological changes in the kidney tissue, mainly in the glomeruli.[158] Patients may stay in this phase the rest of their lives, but if they do
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not, stage three to four indicate progressively higher levels of perisistent
albuminuria. The presence of albumin in the urine shows that the kidneys are
no longer able to filter the blood in a proper way, and that the filtration system in the glomeruli has now started to leak and reabsorption in the tubule
cannot keep up. In stage four, the patient also exhibits an increased blood
pressure and a lowered glomerular filtration rate.[156, 158] The fifth and
final step is end-stage renal disease, which is a fatal condition where dialysis
is required and renal transplantation is the best therapeutic option.[159]
In addition, a nonalbuminuric phenotype with progressive loss of kidney
function has become more recognized over the last years, meaning that albuminuria cannot be used as a predictor for end-stage renal disease in all
patients.[156] This illustrates that the pathogenesis in DN is highly complex
and not completely understood despite decades of intense research, and accordingly, a large number of molecular mechanisms have been suggested to
be involved.[160, 161] Many studies have looked at how protein levels are
altered in the urine of patients with DN, which has given some important
clues to the pathogenesis,[162] but fewer metabolomic studies have been
performed.[163] In addition, very few studies have performed metabolomic
studies directly in diabetic kidney tissue. The aim of Paper II was therefore
to perform an untargeted metabolomic analysis of diabetic rat kidney at an
early time point after diabetic onset to evaluate early molecular changes in
response to hypoinsulinemia and hyperglycemia. Nano-DESI MSI was chosen as the method for analysis, as it was also of interest to obtain information
about the localization of endogenous compounds within the kidney.
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Results and discussion

Nano-DESI MSI of small molecule neurotransmitters
In Paper I, the aim was to evaluate if nano-DESI could be added to the
toolbox for small-molecule neurotransmitter MSI. For a first proof-ofprinciple, the neurotransmitters ACh, GABA and Glu were chosen for analysis (Figure 14). When the experiment was planned, we knew that the risk of
variable matrix effects over the tissue was extremely high, as described
above. We also knew that different substances might react entirely different
to regional matrices, and therefore decided to use three deuterated internal
standards, ACh-D9, GABA-D2 and Glu-D3 to correctly image each neurotransmitter (Figure 14). The internal standards were all added to the nanoDESI solvent and were delivered at a constant concentration throughout the
experiments. Three replicate imaging experiments were performed on brain
tissue sections from one female Sprague-Dawley rat.
The first question to answer was if the neurotransmitters could be detected
at all from rat brain tissue using nano-DESI. The results showed that m/z
values corresponding to all targeted neurotransmitters were indeed readily
detected, and the identities of the compounds were further confirmed with
MS/MS. In addition, it was shown that the peaks of the deuterated standards
did not overlap with endogenous compounds.

Figure 14 - Chemical structures of the endogenous small-molecule neurotransmitters acetylcholine, γ-aminobutyric acid, glutamate and their respective deuterated
standards used in Paper I.
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Correction of matrix effects
The second question was if the detection of the neurotransmitters would be
affected by the various matrices in the tissue. This was evaluated through
inspection of the ion images generated of the deuterated standards. As a reminder, if there would be no matrix effects, the signal intensity would be
equal all over the image as they were delivered at a constant concentration.
However, it is clear from Figure 15a-c that for all neurotransmitters, and
especially for GABA and Glu, the signal intensity drops dramatically over
the brain as compared to the glass outside the tissue. This shows that there is
ion suppression at play in this analysis. In addition, for all neurotransmitters
it is clear that the ion suppression is stronger in grey matter as compared to
white matter, where the signal intensity is regionally increased (white matter
is highlighted in yellow in Figure 15k).
Figures 14d-f show what the ion images of the neurotransmitters look like
without any normalization to internal standard. Out of these, it is especially
interesting to note the appearance of Glu which before normalization seems
to be localized to the white matter (Figure 15f). This would be a highly curious result as white matter only consists of axons, and it would be expected
that a neurotransmitter would be found in grey matter where synapses are
localized. However, after normalization to the deuterated standard a whole
other picture emerges (Figures 15g-i). Identical ion images to those in Figures 15g-i were obtained for all detected cation species, when normalizing to
the internal standard ionized on the same cation. The normalized ion images
now show all neurotransmitters are detected with higher signal intensity in
grey matter than in white matter, as expected. This illustrates the great importance of matrix effect evaluation before drawing any conclusion about the
biology from an ion image. In this case it was clear that localization of Glu
to white matter seemed odd, but in other cases where there is no knowledge
about the biological role of the analyte one might just accept non-normalized
ion images without questioning their validity.
The most striking feature after normalization is the clear localization of
GABA to the medial septum-diagonal band complex (highlighted in orange
in Figure 15k). This is in accordance with previous observations which have
also shown that GABA is found with higher abundance in this region.[68,
108] The same region also shows a lower abundance of Glu.
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Figure 15 -Ion images of ACh, GABA and Glu in a rat brain tissue section. (a)
Non-normalized ion image of [ACh-D9]+, (b) non-normalized ion image of
[GABA-D2 + H]+, (c) non-normalized ion image of [Glu-D3 + Na]+, (d) nonnormalized ion image of endogenous [ACh]+, (e) non-normalized ion image of
endogenous [GABA + H]+, (f) non-normalized ion image of endogenous [Glu +
Na]+, (g) normalized ion image of [ACh]+, (h) normalized ion image of [GABA +
H]+, (i) normalized ion image of [Glu + Na]+, (j) optical image of the analyzed
brain tissue section, (k) optical image of analyzed brain tissue section with white
matter regions highlighted in yellow and the medial septum-diagonal band complex highlighted in orange. Scale bar: 5 mm. The signal intensity of the ion images
scale from dark to bright. Reprinted from Paper I with permission from The Royal
Society of Chemistry.

Shotgun quantification and post-analysis dissection
One major benefit of MSI is the possibility of performing in silico dissection
of the tissue post analysis. The brain sections used in Paper I contained
more than a handful of anatomical substructures, (Figure 16a) and by selecting these as specific regions of interest (ROI:s) it is possible to extract the
pixels (i.e. mass spectra) and look at regional differences in the data.
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Figure 16 - Quantification of neurotransmitters in selected regions of interest (ROI).
Data points were pooled from the defined ROIs in 3 replicate nano-DESI MSI experiments. (a) Defined ROI:s. The optical image shows one of the brains from the
three replicate nano-DESI MSI experiments. COR = Cortex (the number of acquired
mass spectra (n) used for quantification within this region was 10 261), CG = Cingulate cortex (n = 4280), WM = White matter (n = 4488), CPu = Caudate Putamen
(striatum) (n = 14 749), LS = Lateral septal nucleus (n = 4227), NA = Nucleus
accumbens (n = 5675), MSDB = Medial septum-diagonal band complex (n = 4159)
and Whole = entire brain tissue section (n = 76 649) (b) graph showing ACh concentrations in nM per pixel in eight ROIs (c) graph showing GABA concentrations
in μM per pixel in eight ROIs (d) graph showing Glu concentrations in μM per pixel
in eight ROIs. Error bars represent ±1 standard deviation. Reprinted from Paper I
with permission from The Royal Society of Chemistry.

To determine the relative abundances of the three neurotransmitters in different regions, quantitative data was extracted from eight defined ROIs (Figure 16). The result in Figure 16 is given in µM/pixel, or nM/pixel for ACh,
representing the concentration in the nano-DESI solvent at the time of ionization. However, comparisons of analyte abundance between different regions can only be performed if the extraction efficiency is similar across the
tissue. To evaluate this, we performed localized extraction experiments in
grey and white matter (shown in Figure S3 in supplemental information of
Paper I). These showed an overall similar behavior in the two tissue types,
indicating that the differences seen in Figure 16 should not be due to varying
extraction. In addition, we showed that quantification data of GABA, which
was detected as [M+H]+, [M+Na]+ as well as [M+K]+, gave the same results

45

independent of cation species as long as quantification was performed
against the same cation species of the internal standard.
According to the results, GABA was about twice as abundant in the medial septum-diagonal band complex as compared to cortex while glutamate
showed the opposite relationship. We tried to find literature values to compare our results with, but were only able to find literature data for cortex vs
caudate putamen (striatum). The lack of literature values for other anatomical structures might reflect that these are difficult to isolate by dissection,
and highlights the possible use for MSI to provide data on chemical localization. In any case, literature values showed a relative abundance of about 1:1
for Glu in cortex vs striatum,[164] which is the same as the result in Paper I.
For GABA, literature values of the cortex
-to-striatum ratio are found between 1:2 [165] and 1:1 [164], which corroborates our result of 1:1. ACh was present at relatively equal abundances over
the surface, which is in disagreement with data obtained from brains fixated
with microwave irradiation.[101] These studies show that the levels of ACh
in striatum should be about four times higher than in cortex.[101] This illustrates one of the analytical challenges in small-molecule neurotransmitter
imaging, namely post-mortem degradation of the analytes of interest. Microwave irradiation instantly causes denaturation of the enzyme acetylcholine esterase which is responsible for the diminished ACh-levels postmortem, but this method of euthanization requires highly specialized personnel and obtaining ethical approval is more difficult than for conventional
methods. I have not found any regulations regarding this in Sweden, but I
imagine it might not be possible to perform such experiments in this country.
However, this proof-of-principle study shows that nano-DESI MSI can be
used to detect ACh even at diminished concentrations, and could therefore
be used to image ACh in specifically prepared samples in the future.

Nano-DESI MSI of diabetic and control kidney tissue
While Paper I represented a targeted analysis, Paper II represents an untargeted nano-DESI MSI analysis. The aim was to compare diabetic kidney
tissue to control kidney tissue, to see if any differences could be detected in
their chemical composition. Diabetes was induced in male Sprague-Dawley
rats by injection of the drug streptozotocin (STZ) which is highly toxic to the
insulin producing β-cells of the pancreas.[166] The model thus simulates
type I diabetes in the rat as hyperglycemia is as a result of insulin deficiency,
and it has been extensively used to study DN.[167] The rats were euthanized
two weeks after STZ treatment, when histopathologists are yet unable to tic
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Detected compounds in control kidney
To set the baseline for the data obtained from diabetic tissue, we first evaluated data from the control tissue sections. Overall, roughly 250 unique chemical formulas (that is, not counting several cationic species of the same molecule) corresponding to endogenous metabolites were found in the kidney.
Several of these were detected with specific localization to anatomical substructures within the tissue (Figure 17a). Specifically, about half of the detected chemical species were found with localization to the outer stripe of
the outer medulla (OS, Figure 17b), the cortex (Figure 17c) or both (Figure
17d). Roughly 50 compounds were found with an even distribution over the
whole tissue and most of the remaining compounds were localized to the
inner strip of the outer medulla (IS, Figure 17e). Only a few compounds
were found specifically in the inner medulla (IM, Figure 17f)

Figure 17 - Analysis of kidney using nano-DESI, showing TIC normalized ion
images . a) Optical image of kidney section. OS= outer strip of outer medulla,
IS= inner strip of outer medulla and IM= inner medulla. b) Ion image of m/z
170.0923, identified as [Methylhistidine+H]+. c) Ion image of m/z 218.1386,
identified as [propionylcarnitine+H]+. d) Ion image of m/z 741.5307, tenatively
assigned as [Sphingomyelin 34:1+K]+. e) Ion image of m/z 140.0681, identified
as a combination of [Betaine+Na]+ and [Valine+Na]+. f) Ion image of m/z
205.0681, tenatively assigned as [Sorbitol+Na]+. Scale bar = 1 mm. The relative
signal intensity of the ion images scale from dark to bright.
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Matrix effects in kidney
The attentive reader will note that the ion images in Figure 16 are made with
normalization to the TIC, although I spent most of the last section telling you
about the importance of compensating for matrix effects using standards.
Well, here is the problem with untargeted MSI analysis: when you do not
know what you are looking for, you do not know which standards to add for
normalization. However, a few things can be said about nano-DESI analysis
of kidney tissue. Notably, marked differences were seen in the spectra collected over the cortex/OS (Figure 18a) and spectra collected over the IS/IM
(Figure 18b). First of all, the signal intensity of betaine increases dramatically and completely dominates the spectrum in the IS/IM, as can be seen when
comparing Figure 18a and 18b. Secondly, a clear shift in cationization is
observed towards favored formation of [M+Na]+ in this region. These
changes correspond well to the biological function of the loop of Henle,
which is located in the medulla. In this region, the concentration of urine (i.e.
osmolarity) is regulated so that the kidney can either excrete or conserve
water in order to keep a constant body fluid osmolarity. To achieve this
function, an osmotic gradient is present in the extracellular fluids of the kidney, going from 300 mosmol/L in the cortex up to 1200 mosmol/L in the
inner medulla.[155] The high osmolarity is in part due to reabsorption of
sodium and chloride, leading to very high sodium concentrations. The cells
in this region are thus subjected to incredibly high osmotic stress, and to
protect the cells from shriveling, they contain high concentrations of osmoprotective compounds such as betaine and sorbitol (Figures 17e-f).[168]
This lead us to the conclusion that the major differences in matrix effects
are found between the cortex/OS and IS/IM. We commonly noted that a
molecule cationized on sodium exhibited a high relative abundance in the
IS/IM (Figure 18c), whereas the same molecule cationized on potassium
(Figure 18d) showed a low relative abundance in the IS/IM. During analysis,
a small amount of lysophosphatidylcholine 19:0 was present in the solvent in
order to monitor the stability of the ESI signal. Although it was not meant to
be added as an internal standard, it could be used to generate the normalized
ion images of other PC species. This is illustrated by Figures 18e and 18f,
which show that if an appropriate standard is added to the nano-DESI solvent, the matrix effects caused by differences in cation abundances can be
effectively compensated for. This is in accordance with previous studies.[55]
In addition, the figures show that normalization has a smaller impact on the
appearance of the cortex/OS.
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Figure 18 - Analysis of control kidney tissue with nano-DESI. a) Typical mass spectrum collected over the cortex and outer stripe of outer medulla, b) Typical mass
spectrum collected over the inner stripe of outer medulla and inner medulla, c) TIC
normalized ion image of PC 36:4 cationized on sodium, d) TIC normalized ion image of PC 36:4 cationized on potassium, e) Ion image of PC 36:4 cationized on
sodium, normalized to internal standard lysophospatidylcholine 19:0 cationized on
sodium, f) Ion image of PC 36:4 cationized on potassium, normalized to internal
standard lysophospatidylcholine 19:0 cationized on potassium.
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Differences between diabetic and control kidney
In this study, three kidney sections from each of three control rats and three
diabetic rats were analyzed with nano-DESI MSI. Some of the diabetic kidney tissue sections showed signs of hypertrophy, and had been damaged in
the IM during sectioning (Figure 19). This in combination with the clear
matrix effects displayed in the IS/IM, caused us to focus the data analysis on
the cortex/OS. To achieve this, kidney tissue sections were H&E-stained
post analysis and the cortex/OS was chosen as the ROI (Figure 19). As many
of the functional changes seen in diabetic nephropathy are connected to the
function of the glomeruli, which are located in the cortex, the omission of
the IS/IM was seen as acceptable. Mass spectra from the ROI were extracted
and used to compare the signal intensities of detected m/z-values in control
and diabetes.

Figure 19 – Optical image of control and diabetic kidney, showing a typical damage
seen in diabetic samples after sectioning. After analysis, the sections were H&Estained and the cortex//outer strip of the outer medulla was chosen as the region of
interest, shown in dark grey. Scale bar = 2mm.

In total, 24 compounds identified with MS/MS were found to be detected
with significantly increased signal intensity in diabetic kidney tissue, while
14 compounds identified with MS/MS were found to be detected with significantly decreased signal intensity (Table 1). Among the compounds detected
with increased intensity was a molecular formula corresponding to glucose,
which was seen as a proof of the validity of this approach. Many of the altered chemical species were fatty acids, acylglycerols and long-chain acylcarnitines, which points to a dysregulated fatty acid oxidation. An increase
of several short-chain acylcarnitines, which are products of branched chain
amino acid catabolism, was also detected. In addition, a decrease of several
amino acids species and their metabolites was seen, suggesting a dysregulated amino acid metabolism.
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Table 1 - Molecules detected with significantly altered signal intensity in rat kidney
sections from STZ-treated rats (2 weeks post treatment) compared to control using
nano-DESI MSI analysis. FA = fatty acid, MG = monoacylglycerol, DG = diacylglycerol.
Increased signal in diabetes
Chemical
Compound
formula
C4H6O3
E.g. 2-ketobutyric acid
C6H8O4
E.g. 3-Hexenedioic acid
C6H10O5
E.g. 3-hydroxymethylglutaric acid
C6H12O6
E.g. Glucose
C9H17NO4
C2-carnitine
C10H19NO4
C3-carnitine
C11H21NO4
C4-carnitine
C12H23NO4

C5-carnitine

C11H21NO5
C18H30O2
C18H32O2
C18H34O2
C19H34O2
C10H14N5O7P

C4-OH-carnitine
FA 18:3
FA 18:2
FA 18:1
Methyl linoleate
AMP

C21H36O4
C21H38O4
C21H40O4
C23H45NO4

MG 18:3
MG 18:2
MG 18:1
Palmiotylcarnitine
(C16:0)
Linoleylcarnitine
(C18:2)
Stearoylcarnitine
(C18:0)
DG 32:0
DG 34:2
DG 34:1
DG 36:4

C25H45NO4
C25H49NO4
C35H68O5
C37H68O5
C37H70O5
C39H68O5

Decreased signal in diabetes
Chemical
Compound
formula
C3H7NO3
Serine
C2H7NO2S
Hypotaurine
C3H7N3O2

Guanidinoacetic acid

C5H9NO3
C7H7NO2
C7H13NO2

E.g. Hydroxyproline
E.g. Anthranilic acid
Proline betaine
4-Guanidinobutanoic
acid
E.g. Dehdroxycarnitine
Glutamate
Histidine
Methylhistidine
Tyrosine
Tryptophan
Phosphatidylcholine
30:0

C5H11N3O2
C7H15NO2
C5H9NO4
C6H9N3O2
C7H11N3O2
C9H11NO3
C11H12N2O2
C38H76NO8P

We became very intrigued with the number of increased lipid species, and
that almost all compounds contained an unsaturated fatty acyl side chain
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with 18 carbons. Due to the similar side-chain composition between the
compounds, a concern was raised that the free fatty acid (FFA)- and monoacylglycerol (MG) species could have been a result of in-source fragmentation of increased diacylglycerol (DG) species. To verify that the FFA and
MG species were truly increased, a standard of DG 13:0/13:0 was bought
and infused at the same settings used in Paper II. The results showed that
virtually no in-source fragmentation of [DG 26:0+Na]+ or [DG 26:0+K]+
occurred. Curiously, a neutral loss of water from [DG 26:0+H]+ was clearly
observed, but loss of the side chain 13:0 to form MG 13:0 was not detected.
We therefore draw the conclusion that MG 18:1, MG 18:2, MG 18:3 and the
respective FFAs truly are present with a higher abundance in diabetic kidney
tissue. Several studies have previously shown that the renal lipid content
increases in response to diabetes,[169] but we became painfully aware that
there is a lack of studies looking at the acyl group compositions of this lipid
content. Paper II is therefore among the first studies to provide comprehensive data showing a preferential accumulation of unsaturated FFA, MG and
DG species.
Interestingly, we found that an increasing number of studies suggest that
mitochondrial dysfunction may be one of the driving forces behind DN.[170]
As both fatty acid oxidation and amino acid metabolism is tightly linked to
the mitochondria, [171, 172] the results reported in Paper II support this
theory, as the changes were observed prior to any histopathological changes.
However, the results cannot detail if the lipid accumulation and amino acid
depletion is a cause or effect of mitochondrial dysfunction, and we specifically would like to see more studies relating to the mechanisms of possible
toxic effects of lipid accumulation in order to paint a clearer picture.

Single-cell analysis using nano-DESI MS
As the interest in mass spectrometry based single-analysis has increased over
the years, we wondered if nano-DESI MS would be sensitive enough to detect such small sample volumes. The aim of Paper III was to investigate this
question. The single cells of choice were buccal epithelial cells that were
sampled with cotton swabs and spread on glass slides.

Adapting nano-DESI for single cell analysis
The typical nano-DESI probe consists of fused silica capillaries with an I.D.
of 50 µm and an O.D. of 150 µm, where the liquid bridge generally has the
same size as the O.D. of the capillary. As the cheek cells had a typical size of
60-90 µm, we wished to downsize the probe in order to minimize sample
dilution. Initially, I tried to pull the capillaries to an O.D. of ~30 µm. But as
it was difficult to get repeatable sizes of the tips, and they became extremely
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prone to damage when they were so thin with the glass exposed, we soon
realized that this was not a viable approach. Instead, fused silica capillaries
with an I.D. of 20 µm and an O.D. of 90 µm were used.
In previous nano-DESI MSI studies, the solvent has generally consisted of
9:1 methanol:water without any additives such as formic acid, and ionization
has been accomplished by adduct formation with sodium and potassium that
has been extracted from analyzed samples. However, for single-cell analysis,
0.3% formic acid was added to the nano-DESI solvent to improve ionization.
With the abovementioned modifications, it was possible to detect a number of endogenous metabolites and lipids from single cells. To ensure that
only single cells were sampled, optical images were taken of the glass slide
to find areas with a suitable single-cell density (Figure 20a).
Contact between a single-cell and the nano-DESI probe was characterized
by a temporary shift in cationization of background peaks, from [M+Na]+ to
[M+K]+, due to the high intracellular concentration of potassium (Figures
20b-c).[59] During this shift, a number of endogenous compounds could be
detected (Figures 20d-e). Identification was performed using MS/MS and
resulted in a list of 14 detected amino acids, six other small metabolite species, and 26 membrane lipids within several lipid classes. Among them were
10 plasmalogen species, which to the best of our knowledge have not been
previously reported using ambient-, SIMS- or MALDI-based single-cell MS
analysis. It should also be mentioned that a much larger number of compounds were detected during single cell extraction, but have not yet been
identified with MS/MS, leaving room for improvement for nano-DESI in
single-cell analysis. However, this number of identified species is among the
highest obtained in any ambient single cell method without any form of separation.[124]
The aim of a single-cell analysis is often to compare cells based on their
chemical composition. To test if single-cell nano-DESI could be used to
compare cells, cheek cells from three human donors were sampled and analyzed. It was noted already during analysis that there were obvious differences in cells between people, as would be expected due to individual differences in diet and bacterial flora of the oral cavity. These differences could
be visualized using non-metric multidimensional scaling, which showed that
the cells from the same donor had highest similarity.
As it was noted that analyte extraction followed a recognizable pattern in
all cells (as seen in figure 20d-e), with a quick increase in signal followed by
a few seconds of continuous depletion, we performed a lipid quantification
using PC 46:0 as internal standard. Calculations were performed according
to Equation 6.
,

∑

(6)
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Figure 20 - Static mode nano-DESI MS of endogenous molecules in a single cell.
Contact between the single cell and the nano-DESI probe was achieved at 0.12
min. (a) Optical image of an area with six single cells. One typical cell has been
enlarged for clarity. (b) Extracted ion chronogram of an unidentified background
peak (BG) cationized on sodium, m/z 353.2658. (c) Extracted ion chronogram of
an unidentified background peak cationized on potassium, m/z 369.2398. (d)
Extracted ion chronogram of protonated creatine at m/z 132.0767. (e) Extracted
ionchronogram of protonated PC 36:2 at m/z 786.5995. Adapted from Paper III
with permission from The Royal Society of Chemistry.

In short, the concentration of the specific lipid in the nano-DESI solvent was
calculated by (Iend/Istd) x cstd. The amount of lipid could then be calculated
from the concentration as the scan time (t) and flow rate of the solvent (F)
were known. As PC 46:0 had longer fatty acyl chains than all endogenous
PC species that were detected, compensation for differences in ionization
efficiency were taken into account by using the carbon factor for PC 46:0
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(CFstd) and the endogenous PC (CFend). The amounts were then summed over
the cell extraction (nend, tot).
The result showed that PC 34:1 and PC 36:2 were the most common lipids, in agreement with previously reported data on fatty acid composition in
cheek cell phospholipids.[173] In addition, the total amount of PC in single
cheek cells was estimated to be 7 amol µm-3, assuming a spherical shape and
a diameter of 70 µm. This is comparable to the amounts found in other kinds
of cells, for example 10 amol µm-3 for Chinese hamster ovary cells.[174,
175] Although a suitable reference material would be necessary to fully
evaluate the capabilities of single-cell quantification with nano-DESI, this
proof-of-principle study displays that the technique has the sensitivity needed to characterize membrane lipid composition.
One desirable quality of a single-cell analysis method is high-throughput.
Nano-DESI single-cell analysis as described above requires that a technician
manually finds single cells and places them in contact with the probe, which
is a method that might enable analysis of up to 100 cells per day if a method
for systematic placement of single cells over a surface was developed. However, automated high-throughput single-cell analysis will need to be developed for single-cell MS to be able to compete with targeted methods such as
fluorescence activated cell sorting. We therefore spread cells over a surface
and performed a nano-DESI MSI experiment, in which we scanned the surface to see if any cells could be detected. Resulting ion images showed that a
number of endogenous compounds were detected with specific localization
to the cells. The result opens up for the possibility of developing an automated nano-DESI based single-cell MS analysis with higher throughput.

Pneumatically assisted nano-DESI MS
The benefit of using ambient mass spectrometry for single-cell analysis is
the possibility of keeping cells alive until the moment of analysis. To
achieve this, the cells need to be kept in their native state for as long as possible and one way is to sample them using a physiological buffer. However,
these types of buffers are water based, and as described previously it is difficult to overcome the high surface tension of purely aqueous solutions in
nano-DESI MS. In order to increase the solvent versatility, a pneumatically
assisted nano-DESI setup was developed as described in Paper IV (Figure
21).

Effect on metabolite analysis
When the properties of nano-DESI MS analysis using the pneumatically
assisted device were evaluated, it was soon realized that it had a big impact
on the detection of metabolites from biological samples. Specifically, it was
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shown that the signal-to-noise of small molecular species was improved up
to a thousand times as compared to conventional nano-DESI. However, for
larger species such as lipids with m/z 700-900, the signal-to-noise dramatically decreased when the nebulizing gas was added. This was somewhat
surprising, as we assumed that a more complete desolvation would benefit
the detection of all species. One likely explanation for the decrease in signal
intensity of heavier species is the longer distance between the probe and MS
inlet that is used with the pneumatically assisted device.[176]

Figure 21 - Schematic representing the experimental setup for pneumatically assisted nano-DESI device. Part (a) representation of the nano-DESI nebulizer device
drawn to scale, and (b) schematic of the secondary capillary detailing solvent and
gas flows. Reprinted from Paper IV with permission from The Royal Society of
Chemistry.

Decreased height dependence on signal intensity
Another important difference between conventional nano-DESI and pneumatically assisted nano-DESI was a decreased dependence in the height between the sample and the probe on the signal intensity of the analyte. Experiences from conventional nano-DESI MSI show that if the height is altered
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by 5-10 µm during a run, this will have a big impact on the signal intensity
of extracted analytes, and therefore the appearance of their ion images.
However, the same effect was not noted when using the pneumatically assisted device. The reason for the decreased height dependence is not clear as
it is impossible to tell if the effect originates from altered fluid dynamics in
the extraction process or an altered ionization process. In any case, this phenomenon should be evaluated in further detail due to the potential benefits
that can be gained from it.

Increasing solvent versatility
As mentioned, the initial aim of developing the pneumatically assisted nanoDESI source was to facilitate the use of aqueous solutions as the nano-DESI
solvent. Comparison of mass spectra acquired from a biological sample using either 9:1 methanol:water or pure water as solvent showed that the spectra were highly similar in the low mass region between m/z 100-300. However, about 300 peaks were detected exclusively or detected with higher
signal intensity using pure water as solvent. Not surprisingly, detection of
membrane lipids was not achievable with water. However, this opens up for
new possibilities in metabolite analysis as ion suppression effects should be
minimized in the absence of surface active lipids.
An imaging experiment was performed to compare the MSI characteristics of conventional nano-DESI and pneumatically assisted nano-DESI using
9:1 methanol:water, as well as pneumatically assisted nano-DESI using pure
water (Figure 22). Although the images overall showed similar tissue locations, some differences between the methods could be noted. The sharpest
contrast was found in images generated with pneumatically assisted nanoDESI using 9:1 methanol:water, due to the increased sensitivity obtained for
low weight molecular species using this device. For the compound with m/z
235.1650, it can also be noted that detection in the cortex was achieved with
pneumatically assisted but not conventional nano-DESI MSI (Figures 22de). Paper IV also presented the first ever ion images generated with pure
water in a liquid extraction MSI technique. Although imaging using pure
water was a bit more challenging than 9:1 methanol:water due to the higher
surface tension of the liquid bridge, the features in the tissue could still be
successfully imaged (Figure 22c and f). It was also possible to find m/zvalues with specific localization in the tissue, that could not be detected using 9:1 methanol:water (Figure 22g-i)
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Figure 22 - Ion images attained from rat kidney tissue sections. Ion images for m/z
146.1175 (a, b, and c), m/z 235.1650 (d, e, and f), and m/z 129.0397 (g, h, and i).
Images a, d and g were obtained with conventional nano-DESI, while b, e and h
were generated using pneumatically assisted nano-DESI. Water was used as an
extraction solvent in conjunction with the nebulizer set up for c, f, and i. The color
scale is relative for each individual image, where a brighter color depicts higher
intensity. Reprinted from Paper IV with permission from The Royal Society of
Chemistry.
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Conclusions and future directions

The field of MSI is continuously developing, and a repertoire of methods is
now available for imaging of a wide range of analytes in a wide range of
samples. It has overcome a number of challenges, but a few issues still need
to be resolved. During my time as PhD student, I have seen that one of the
major challenges within this field is that of variable matrix effects over biological samples, and that it is something that the community as a whole
needs to address with combined efforts. In this thesis, two new studies add to
the existing body of work which shows that nano-DESI MSI is a powerful
technique in this respect, as internal standards added to the continuously
supplied solvent can be used to compensate for differences in chemical composition (Paper I) as well as cation abundance (Paper II).
A question relating to matrix effects is the challenge of quantification.
Today, MSI can be used to estimate absolute quantities or to perform relative
quantification of analytes over a surface, similar to immunohistochemistrybased techniques. Therefore, the challenge is to push MSI towards becoming
a routine method for accurate absolute quantification. This would open up
new possibilities for MSI in research areas such as pharmacology and biomarker discovery. One barrier in the development of quantitative MSI is
currently the lack of good reference surfaces. How do you evaluate the technical variability of a method when you cannot analyze the same sample multiple times? How do you test variability when you don’t know exactly how
the analyte abundance changes over the surface? When you do not have
complete control over sample topography? The development of standardized
reference surfaces with homogenous abundances would greatly improve the
possibilities of optimizing and controlling factors that impact signal variability in quantitative MSI. One of the main factors impacting signal variability
in nano-DESI today is height differences between the probe and sample.
Therefore, the finding that pneumatically assisted nano-DESI is less sensitive to these differences opens up for the possibility of developing a more
reliable quantitative nano-DESI MSI method (Paper IV). This is definitely
something that should be studied in greater detail. In addition, a few recent
studies by Nguyen et al. show that nano-DESI can be coupled to shear force
microscopy to more precisely monitor the distance between the probe and
the sample, something that has the possibility to benefit quantitative nanoDESI MSI.[177, 178]
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Despite these challenges, nano-DESI MSI could be successfully used to
detect differences in chemical composition between kidney sections from
control and diabetic rats, in one of the few MSI studies performed on diabetic kidney tissue (Paper II). The study was performed at such an early time
point (two weeks after induction of diabetes) that no histopathological
changes correlating to DN could yet be seen in the tissue. The detected
changes relate to the energy metabolism of the kdidney, supporting one of
the current theories that mitochondrial dysfunction may be one of the driving
forces in the pathogenesis of DN. Imaging data shows that not one specific
region of the kidney is affected first, but differentially detected compounds
are found with localization to a number of anatomical substructures. In future work, appropriate internal standards should be used to verify the localizations of affected compounds and quantify the changes.
In this thesis, two new applications of nano-DESI MS for challenging
samples have been presented, namely analysis of small-molecule neurotransmitters in brain tissue (Paper I) and single-cell analysis (Paper III). In
the neurotransmitter study, three internal standards were simultaneously
added to the nano-DESI solvent for multiplexed analysis, and it would be
interesting to see how far this multiplexing can be taken and how the system
is affected by an increased number of standards. All in all, we believe that
nano-DESI MSI is well suited for the study of small-molecule neurotransmitters, and that it could be applied to the analysis of pathological changes in
localization and abundance of neurological disease models. We additionally
show that nano-DESI MS can be used to detect a large number of metabolites and lipids from single cells. As buccal epithelial cells are rather large
(on average ~70 µm) compared to other cells in the human body (typically
~10-20 µm), future experiments need to be performed to evaluate if nanoDESI can be used for analysis of smaller cells. A first approach should be to
analyze cells using the pneumatically assisted nano-DESI device, as its increased sensitivity for metabolites might counterbalance the decrease in
sample volume. Future studies should further be aimed at improving
throughput, to enable the study of large cell populations.
In summary, this work demonstrates that nano-DESI MS is a versatile
tool for imaging as well as analysis of limited sample amounts. Although it
is still used by relatively few groups, due to the lack of a commercial setup,
continuous efforts keep bringing the technique forward and it will be interesting to see what the future brings.

60

Populärvetenskaplig sammanfattning

Analytisk kemi handlar i mångt och mycket om att få fram svar om ett prov
där någon frågar ”vilka kemiska substanser innehåller det här provet, och i
vilka halter?”. Beroende på vilka kemiska substanser och vilken typ av prov
som är av intresse så behöver specifika analytiska metoder användas. Den
här avhandlingens fokus har varit att använda och utveckla en relativt ny
metod för att analysera prov som placerats på ytor.
Metoden, som heter nanospray desorption elektrospray jonisering med
masspektrometri (nano-DESI MS), bygger på att två mycket tunna kapillärer
placeras i en vinkel med varsin öppning mot varandra, mellan vilka det kontinuerligt pumpas en vätska. Då vätskan rör sig från den ena kapillären till
den andra så bildas en mycket liten vätskebrygga mellan de två kapillärerna.
Om denna vätskebrygga placeras i kontakt med ett prov som lagts på en yta,
så kommer kemiska substanser från provet att tas upp i vätskan och föras
vidare genom kapillären till en masspektrometer. Genom masspektrometrisk
analys får man veta molekylvikterna för de kemiska ämnen som finns i provet, vilket ger en bra grund för att säkerställa de kemiska ämnenas identitet.
Man kan även med hjälp av internstandarder få en god uppfattning av de
enskilda ämnenas mängd.
I avbildande masspektrometri är målet att utföra masspektrometrisk analys punkt för punkt över en yta, för att kunna skapa en spatialt upplöst bild
över var olika kemiska föreningar befinner sig. Avbildande masspektrometri
kan därmed jämföras med ett mikroskop, som istället för att ge en optisk bild
ger en kemiskt molekylär bild. Nano-DESI kan användas för avbildande
masspektrometri genom att vätskebryggan får scanna av en yta linje för linje
medan data kontinuerligt samlas in. Den här avhandligen beskriver hur nanoDESI bland annat använts för att avbilda var signalsubstanser befinner sig i
tunna snitt av råtthjärna (Artikel I). Lågmolekylära signalsubstanser har
traditionellt sett krävt mycket specifika metoder för att kunna analyseras
med avbildande masspektrometri, men med nano-DESI kunde avbildningar
av acetylkolin, glutamat och GABA göras på ett nytt och relativt enkelt sätt.
Avbildande masspektrometri med nano-DESI har även använts för att detektera molekylära skillnader mellan njursnitt från friska råttor och råttor med
diabetes (Artikel II). Den studien visade att det går att detektera tydliga
skillnader i energimetabolism mellan friska och sjuka djur även innan tydliga njurskador orsakade av diabetes kan ses i mikroskop.
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Utöver att använda nano-DESI för avbildande masspektrometri har denna
avhandling även beskrivit hur tekniken kan användas för analys av enskilda
celler som placerats på en yta (Artikel III). Masspektrometrisk analys av
enskilda celler är ett forskningsområde som är på uppgång, och är något som
man hoppas ska kunna besvara hur celler som till synes är likadana kan
skilja sig på en molekylär nivå. Detta kan i längden hjälpa till att besvara
frågor som t.ex. hur stamceller diffrentierar sig, eller hur vissa cancerceller
utvecklar resistens mot läkemedelsbehandlingar. Många typer av
masspektrometrisk analys där enskilda celler placeras på ytor för analys kräver att cellerna placeras i ett vakuum, vilket inte är optimalt eftersom man
gärna vill analysera dem medan de fortfarande lever. Därför har det skett en
utveckling där forskare försöker utveckla metoder för masspektrometrisk
analys som utförs direkt framför maskinen utan att föra in cellerna i vakuum.
Nano-DESI är en sådan typ av metod kopplad till masspektrometri, och vi
har visat att ett antal viktiga molekyler, såsom aminosyror och membranlipider, kan detekteras i enskilda celler med denna teknik.
Utöver de applikationer av metoden som beskrivits ovan, så visar denna
avhandling också en utveckling av metoden för att bättre kunna detektera
små molekyler från biologiska prov (Artikel IV). När man använder sig av
nano-DESI kommer prov från ytan, som tidigare nämnts, plockas upp av en
vätskebrygga och sedan föras upp till masspektrometern för analys. Ett viktigt steg för att molekyler som plockats upp överhuvudtaget ska kunna analyseras av masspektrometern är dock att de behöver föras över från vattenlösning till joner i gasfas. Detta sker genom en process som kallas elektrospray jonisering, som går ut på att vätskan får bilda en aerosol i ett elektriskt
fält, där joner sedan kan lossna från de droppar som bildas. I Artikel IV
hjälptes aerosolbildningen på traven genom att använda sig av en ström av
kvävgas, vilket gör att mindre aerosoldroppar bildas och joner lättare kan
föras över i gasfas. Vi visade att det blev mycket lättare att detektera små
molekyler genom att koppla ihop nano-DESI med denna metod, vilket på
sikt kan förbättra analysen av metaboliter i svåranalyserade prov. Ett exempel kan vara analys av enskilda celler där provmängden är väldigt liten. Med
hjälp av kvävgasen gick det även att använda rent vatten för analys med
nano-DESI istället för den lösning av 90% metanol som normalt brukar används. Rent vatten har väldigt hög ytspänning och har därför inte kunnat
användas för analys med nano-DESI tidigare, trots att det skulle vara fördelaktigt vid vissa typer av analyser.
Även om nano-DESI idag används av relativt få forskargrupper, då tekniken inte finns tillgänglig kommersiellt, så vill vi hävda att den är högst
användbar inom ett stort antal vetenskapliga frågeställningar. Denna avhandling visar på att metoden kan appliceras för att studera ett antal olika typer av
vävnader och prov, och att det finns potential att hitta ännu fler applikationer
tack vare den nya utvecklingen som använder sig av kvävgas vid joniseringen.
62

Acknowledgements

In my licentiate thesis, I wrote that I would save the really long acknowledgement section for next time. Here we are, and I have many to thank for
the fact that this thesis came into existence.
Ingela, your drive and passion for research is among the strongest I have
seen and I really respect that side of you. We have had a journey together
and I hope we both have learnt from each other, at least I know that I have.
In addition to research-related things such as expressing scientific results
with more oumpfh, you’ve also taught me some important life lessons, such
that äggost is way more delicious than it sounds, and that you should NEVER swear out loud at American airports. Thanks for everything!
Jonas B and Konstantin, without you this journey would not even have
begun. Thank you for giving me the opportunity! You were both a great
support during my first 1½ years at the department, and the trip within the
field of proteomics was a great experience for me. Thank you Jonas for all
the meetings in which you have encouraged me with your optimism. Thank
you Konstantain for all the help you’ve given me in the lab, and for all the
fun conversations about music, travels and life.
My collaborators over the years: Malin A, Fredrik, Lars, and Jan. Without
you, several of these projects would not have been possible. Thank you!
Lina L, it has been so much fun working together with you. The main reason that I've really loved working on the kidney project is that I've had you
to bounce ideas with, and your dry sense of humor has really brightened up
my days. Go catch 'em all! Kyle, I don't really think I understood what research could be until you started in the group. Your curiosity is really inspiring, and I've learnt a lot from you. I'm truly happy that you ended up in Uppsala for these past years. Erik L, our programming hero! Without your help
with R, the neurotransmitter and diabetes data analysis would have been a
nightmare. Thank you, and good luck with your current path! Jonas F, although we’ve only worked together for a few months, I already feel that
you’ve made a huge contribution to the group. Thank you for bringing such
a curious and helpful attitude. Julia K, there was never a dull moment with
you around, your energy is contagious and you were the first to start teach63

ing me that sometimes you just need to try things out without thinking it
through for too long. Even though we didn't share the academic path for
much more than a year, you have shaped me a lot. I just want to
say...MANAMANAH!!
I also wish to thank all the other past and present students of the Lanekoff
group: Carlos, Johan, Shamiran, Ru, and Kallirroi! All of you have contributed immensely to the scientific atmosphere and it would not have been
half as much fun without any of you.
I want to extend a warm thank you to all the people at the chemistry department and the proteomics facility who have shaped my time as a PhD student.
Per, our eternal well of curious questions at the research seminars! You are a
true teacher, as you can ask all the tough questions without really making
anyone feel questioned. Thanks for all discussions about mass spectrometry
as well as all the jogging trips. Speaking of jogging, Eva, thanks to you too
for all the times in the track. You have been such a support for me all these
years, thank you for your constant encouragement. Lina J, I kid you not, you
are perhaps the one main reason that I finished my PhD after all. You may
say you just did your job, but in that case, I just want to say that you are
amazing at what you do. Marit, you are a rock! I'll be forever grateful for
the times you happened to show up in some of my darkest moments, and
would just stay with me there for a while without any judgment. Thank you
for that, and thanks for all the help with the teaching! Katarina H, thanks
for everything from sharing a kanelgömma at friday fika, to watching movies while eating sushi. Looking forward to finally watch Inside out at some
point. Simone, I’ve never met anyone quite like you, thank you for that
warm and generous presence. And thank you for those knitted socks, I've
used them for every choir rehearsal weekend and someone always comments
on how cosy they look :) Alexander, it's hard to spend a while in the same
room as you without getting happy. Thanks for that amazing energy. Sara,
you are the best study director of research education that anyone could ask
for, and I know I'm not the only one who thinks so. Thank you for being so
warm, pragmatic and kind! Kumari, you are just one of the sweetest people
I know, it always put a smile on my face to talk to you! Anna, your company is also so very warm and caring. Thank you for all of your support, och
lycka till med svenskan! Alberto, it has been so much fun to have you
around. Good luck with everything back in Spain. Jean, you make life at the
department more entertaining with your outgoing attitude and sense of humor. Thank you for all the discussions about everything under the sun. Jeff,
I never knew how exciting DOM analysis could be before you came here
and started up your projects. Thank you for opening up new scientific worlds
and bringing some of that British sense of humor! Warunika, you sweet
person, thanks for all the discussions about life. Erik J, I’ve really loved our
64

nerdy Star-Trek discussions! Live long and prosper. Anne, I really enjoyed
having you around, and you saved us all by starting up that Q-Exactive ;)
Erik F, thank you for all the help in the teaching labs. Fredrika, thanks for
all the times you were so incredibly patient when I knocked on your door
several times a day. Margareta, Katarina E, Victor, Maria L and Bo,
thanks for the occasional chat in the fika-room.
Some people only spent a short time at the department, but still made a big
impact. Pernilla, you’re such a caring and wonderful person, I’ll carry that
trip out to Ulva Kvarn in my heart forever. You were really the right person
at the right time, thank you for all the support! Jennifer, every day with you
around was a better day. Thanks being so funny and so warm.
Another immensely important group of people has been all the past and present PhD students. I love you guys!! Malin, my dear, dear fellow crazy cat
lady. I counted, and you are the person I've shared office with the longest.
Almost three years. Thank you for always being there for me. Second longest: Neil and Mårten with our H´N´M office! Neil, I've enjoyed both your
silly and your serious side. We've really been side by side in our studies, and
I'm so glad I got to share this whole time with you. Mårten, seeing your
journey really made me realize that we shape our own lives. Thanks for all
discussions about life, it was so much fun having another fan of the humanities around. Last but not least of my office mates, my dear Eszter. You're
one of the people in this acknowledgment section that I've known for the
shortest amount of time. And somehow, I still feel like I've always known
you. Thank you for being so open, funny and supportive. Sravani, my wonderful friend. From digging up potatoes to spending endless weekends at the
department writing our theses, you're always great company. And no one
will ever beat your potato curry! Anne-Li, I swear, if you wouldn't have
become an awesome scientist, you could have become the best psychologist
ever. I can't even count the times you've given me some deep insight into
science, life or love. Claudia, our event planning master, I adore you. To
hang out with you always puts a smile on my face. And thanks for teaching
me about the zucchini flowers ;) Ping, you are the most stylish scientist I've
met. And you just never stopped surprising me with your creative talents, it
was so cool to be around. Julia L, your energy never seized to amaze me,
whether it went into avoiding sugar or discussing stuff in the fika-room.
Thank you for bringing that into our lives. Mikael F, our Singstar master!
Thanks for your witty sense of humor and for always bringing a sense of
optimism. Marcus, thanks for always making fika-room discussions more
interesting. They're somehow never as over the top and hilarious when
you're not around. Lena, thanks for your support in a dark moment, it really
meant a lot! Torgny, your encouragement and discussions about exercise
made an impact. I still have a gym card! And at least I sort of use it ;) Ame65

lie, it was fun discussing choirs and medicine with you! Philipp, I’m glad
that physical chemistry joined our corridor so that we got another fun PhD
student to hang out with.
And then there are the PhD students at other departments! Mikael N, there
are so many things I could thank you for over the last eleven years. So thank
you for old study times, IUPAK times and PhD student times. Yay to us for
making it this far! Randi and Sandra, thank you for feeding me when I was
in distress, for joining me on a raft and for trusting me with your two little
furballs <3 Petter, thank you for being so kind, so nerdy and so open. Erika,
I'm really happy I got to know you a bit better, you're such a cool person!
Dirk and Gustav, thanks for being fun company at the biochemistry labs.
Annelie, thanks for the surprise-company in San Antonio and for making me
feel less lonely with the whole “but I want to sleep”-thing! Nils and Andreas, you may be at departments far, far away, but I still want to say thanks
for all the fun times we had during my studies!
I have so many friends who really have been more supportive than words
can tell over the past years. Ivana, I love you and I would not be the same
person without you. Thank you from the bottom of my heart. Tua, your
home has been a safe haven for me so many times. Thank you for being so
open and for being such a wonderful part of my life. Fosia, my sassiest
friend! Your tell-it-like-it-is attitude is amazing, and I’m always happy to be
around you. Erica, a cup of tea and discussions about life together with you
is always something extra <3 Ingrid, you make my life more surprising and
more entertaining. I have a ton of things to thank you for, but I’m not sure if
anything beats making laundry for a friend in need. Viktoria, my favorite
lunch-date! Thanks for being so caring and for always understanding me
when I’m in need of understanding. Maria S, ystäväni. It’s been so cool to
see your journey, and I hope I get to keep following it even though you are a
country away. Andrea, I’m looking so much forward to new trekking adventures! Thanks for being there, even when the rain is pouring down! Karro
and Martin, thank you for every julbord, and all the great company
throughout the years. Looking forward to more sauna-evenings ;) Johanna
S, I have not spent so many hours on skype with anyone else in my life.
Thank you for being there! Mathias, thanks for the occasional board-game
night! Johan G, thank you for keeping to improve my musical knowledge!
Martha, thank you for all the Dr Who, the hugs, the talks about life and all
the music. Kristen, you’re really one of the most important people in my
life, thank you for everything you do for our discussion group, for all the
support you’ve given me and for being so open and kind. Maria R, I see so
much of myself in you. I really enjoy our discussions, thank you for sharing
your curiosity and your inner world! Melaine, you are such a warm person
and your smile is perhaps the most contagious I know. Thank you for your
66

laughter and your care! Johanna L, the boring thing about being in natural
sciences is that you never hear much about the humanities, so I just love to
hear you speak about basically anything. Thank you for bringing that into
my life! Bishop, you're truly on the other side of the world, and still you're
one of the people I speak the most with. Thanks for always cheering me up.
Milo, although we don’t see each other very often, it always puts a light in
my heart to talk to you. Thank you for your soulful presence. Tim, Kim and
Ernesto, thanks for all the good times with the K-crew! Anneli, Mats, Jessica, Damon, Sara, Lotta, Wille, Hanna and Johannes, thanks for still
being part of my life after so many years!
Zoolings! Jutta and Anna, sometimes I still miss living with you! Thanks to
both of you for being the awesomest sillypants around. And thanks to Johanna M, Johanna L, Sanna, Petter, Natasha and Linda for all the fun
times!
My life would not be the same without Norrlands nations kammarkör.
Thanks to each and every one of you for filling my life with music, hugs and
laughter. And thanks for the awesome work when we won Guldgaffeln!
Thank you to all the Berglunds with families for being so warm and welcoming!
Simon. I love you. In your company, whether it's on the phone, over messenger or in real life, I always feel like myself. No matter what is happening
in the world around me, good or bad, the thought of talking about it with you
warms my heart. Thank you for being a wonderful listener and for being the
sweetest partner I could ever dream of.
Last but not least, thanks to my family! Mamma och Pappa, your support
over the years has been invaluable, and I hope you know how much I appreciate all that you have done for me. Jag älskar er.

67

References

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

13.
14.
15.
16.

68

Aebersold, R. and M. Mann, Mass spectrometry-based proteomics. Nature,
2003. 422(6928): p. 198-207.
Loizides-Mangold, U., On the future of mass-spectrometry-based lipidomics.
FEBS Journal, 2013. 280(12): p. 2817-2829.
Dettmer, K., P.A. Aronov, and B.D. Hammock, Mass spectrometry-based
metabolomics. Mass Spectrometry Reviews, 2007. 26(1): p. 51-78.
McNaught, A.D. and A. Wilkinson, eds. IUPAC Compendium of Chemical
Terminology. 2nd ed. 1997, Blackwell Scientific Publications: Oxford
Edmond de Hoffmann, V.S., Mass spectrometry: Principles and
applications. 3 ed. 2007, Chichester: John Wiley & Sons.
Whitehouse, C.M., et al., Electrospray interface for liquid chromatographs
and mass spectrometers. Analytical Chemistry, 1985. 57(3): p. 675-679.
Fenn, J., et al., Electrospray ionization for mass spectrometry of large
biomolecules. Science, 1989. 246(4926): p. 64-71.
Wilm, M., Principles of Electrospray Ionization. Molecular & Cellular
Proteomics : MCP, 2011. 10(7): p. M111.009407.
Kebarle, P. and U.H. Verkerk, Electrospray: From ions in solution to ions in
the gas phase, what we know now. Mass Spectrometry Reviews, 2009. 28(6):
p. 898-917.
Banerjee, S. and S. Mazumdar, Electrospray Ionization Mass Spectrometry:
A Technique to Access the Information beyond the Molecular Weight of the
Analyte. International Journal of Analytical Chemistry, 2012. 2012: p. 40.
Cech, N.B. and C.G. Enke, Practical implications of some recent studies in
electrospray ionization fundamentals. Mass Spectrometry Reviews, 2001.
20(6): p. 362-387.
Eckert, P.A., et al., Chemical Characterization of Crude Petroleum Using
Nanospray Desorption Electrospray Ionization Coupled with HighResolution Mass Spectrometry. Analytical Chemistry, 2012. 84(3): p. 15171525.
Bruins, A.P., T.R. Covey, and J.D. Henion, Ion spray interface for combined
liquid chromatography/atmospheric pressure ionization mass spectrometry.
Analytical Chemistry, 1987. 59(22): p. 2642-2646.
Bruins, A.P., Mechanistic aspects of electrospray ionization. Journal of
Chromatography A, 1998. 794(1–2): p. 345-357.
Hu, Q., et al., The Orbitrap: a new mass spectrometer. Journal of Mass
Spectrometry, 2005. 40(4): p. 430-443.
Makarov, A., Electrostatic Axially Harmonic Orbital Trapping: A HighPerformance Technique of Mass Analysis. Analytical Chemistry, 2000.
72(6): p. 1156-1162.

17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.
35.

Hendrickson, C.L., et al., 21 Tesla Fourier Transform Ion Cyclotron
Resonance Mass Spectrometer: A National Resource for Ultrahigh
Resolution Mass Analysis. Journal of the American Society for Mass
Spectrometry, 2015. 26(9): p. 1626-1632.
Olsen, J.V., et al., Parts per Million Mass Accuracy on an Orbitrap Mass
Spectrometer via Lock Mass Injection into a C-trap. Molecular & Cellular
Proteomics, 2005. 4(12): p. 2010-2021.
Smith, D.F., et al., 21 Tesla FT-ICR Mass Spectrometer for UltrahighResolution Analysis of Complex Organic Mixtures. Analytical Chemistry,
2018.
Scigelova, M., et al., Fourier Transform Mass Spectrometry. Molecular &
Cellular Proteomics : MCP, 2011. 10(7): p. M111.009431.
Shaw, J.B., et al., 21 Tesla Fourier Transform Ion Cyclotron Resonance
Mass Spectrometer Greatly Expands Mass Spectrometry Toolbox. Journal of
The American Society for Mass Spectrometry, 2016. 27(12): p. 1929-1936.
Olsen, J.V., et al., Higher-energy C-trap dissociation for peptide
modification analysis. Nat Meth, 2007. 4(9): p. 709-712.
Sleno, L. and D.A. Volmer, Ion activation methods for tandem mass
spectrometry. J Mass Spectrom, 2004. 39(10): p. 1091-112.
Slodzian, R.C.a.G., Microanalyse par émission ionique secondaire. J.
Microscopie, 1962. 1: p. 395–410.
Honig, R.E., Sputtering of Surfaces by Positive Ion Beams of Low Energy.
Journal of Applied Physics, 1958. 29(3): p. 549-555.
Brown, A. and J.C. Vickerman, Static SIMS for applied surface analysis.
Surface and Interface Analysis, 1984. 6(1): p. 1-14.
Boxer, S.G., M.L. Kraft, and P.K. Weber, Advances in Imaging Secondary
Ion Mass Spectrometry for Biological Samples. Annual Review of
Biophysics, 2009. 38(1): p. 53-74.
Winograd, N. and B.J. Garrison, Biological Cluster Mass Spectrometry.
Annual review of physical chemistry, 2010. 61: p. 305-322.
Jones, E.A., N.P. Lockyer, and J.C. Vickerman, Mass spectral analysis and
imaging of tissue by ToF-SIMS—The role of buckminsterfullerene, C60+,
primary ions. International Journal of Mass Spectrometry, 2007. 260(2–3): p.
146-157.
Lamberti, W.A., Imaging Secondary Mass Spectrometry, in Handbook of
Microscopy for Nanotechnology, Z.L.W. Nan Yao, Editor. 2005, Springer
US.
Karas, M., D. Bachmann, and F. Hillenkamp, Influence of the wavelength in
high-irradiance ultraviolet laser desorption mass spectrometry of organic
molecules. Analytical Chemistry, 1985. 57(14): p. 2935-2939.
Seeley, E.H. and R.M. Caprioli. MALDI Imaging Mass Spectrometry. 2014.
Dordrecht: Springer Netherlands.
Karas, M., M. Glückmann, and J. Schäfer, Ionization in matrix-assisted laser
desorption/ionization: singly charged molecular ions are the lucky survivors.
Journal of Mass Spectrometry, 2000. 35(1): p. 1-12.
Fuchs, B., R. Süß, and J. Schiller, An update of MALDI-TOF mass
spectrometry in lipid research. Progress in Lipid Research, 2010. 49(4): p.
450-475.
Liu, H., et al., N-Phenyl-2-naphthylamine as a Novel MALDI Matrix for
Analysis and in Situ Imaging of Small Molecules. Analytical Chemistry,
2018. 90(1): p. 729-736.

69

36.

37.

38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.
49.
50.
51.

70

Shroff, R., A. Muck, and A. Svatoš, Analysis of low molecular weight acids
by negative mode matrix‐assisted laser desorption/ionization time‐of‐flight
mass spectrometry. Rapid Communications in Mass Spectrometry, 2007.
21(20): p. 3295-3300.
Zavalin, A., et al., Tissue protein imaging at 1 μm laser spot diameter for
high spatial resolution and high imaging speed using transmission geometry
MALDI TOF MS. Analytical and Bioanalytical Chemistry, 2015. 407(8): p.
2337-2342.
Kompauer, M., S. Heiles, and B. Spengler, Atmospheric pressure MALDI
mass spectrometry imaging of tissues and cells at 1.4-μm lateral resolution.
Nature Methods, 2016. 14: p. 90.
Laiko, V.V., M.A. Baldwin, and A.L. Burlingame, Atmospheric Pressure
Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry. Analytical
Chemistry, 2000. 72(4): p. 652-657.
Javanshad, R. and A.R. Venter, Ambient ionization mass spectrometry: realtime, proximal sample processing and ionization. Analytical Methods, 2017.
9(34): p. 4896-4907.
Harris, G.A., A.S. Galhena, and F.M. Fernández, Ambient
Sampling/Ionization Mass Spectrometry: Applications and Current Trends.
Analytical Chemistry, 2011. 83(12): p. 4508-4538.
Takáts, Z., et al., Mass spectrometry sampling under ambient conditions with
desorption electrospray ionization. Science, 2004. 306(5695): p. 471-473.
Costa, A.B. and R. Graham Cooks, Simulated splashes: Elucidating the
mechanism of desorption electrospray ionization mass spectrometry.
Chemical Physics Letters, 2008. 464(1–3): p. 1-8.
Roach, P.J., J. Laskin, and A. Laskin, Nanospray desorption electrospray
ionization: an ambient method for liquid-extraction surface sampling in mass
spectrometry. Analyst, 2010. 135(9): p. 2233-2236.
Laskin, J., et al., Tissue Imaging Using Nanospray Desorption Electrospray
Ionization Mass Spectrometry. Analytical Chemistry, 2011. 84(1): p. 141148.
Lanekoff, I., et al., Automated Platform for High-Resolution Tissue Imaging
Using Nanospray Desorption Electrospray Ionization Mass Spectrometry.
Analytical Chemistry, 2012. 84(19): p. 8351-8356.
O'Brien, R.E., et al., Probing molecular associations of field‐collected and
laboratory‐generated SOA with nano‐DESI high‐resolution mass
spectrometry. Journal of Geophysical Research: Atmospheres, 2013. 118(2):
p. 1042-1051.
Nguyen, T.B., et al., Effect of humidity on the composition of isoprene
photooxidation secondary organic aerosol. Atmos. Chem. Phys., 2011.
11(14): p. 6931-6944.
Watrous, J., et al., Metabolic Profiling Directly from the Petri Dish Using
Nanospray Desorption Electrospray Ionization Imaging Mass Spectrometry.
Analytical Chemistry, 2013. 85(21): p. 10385-10391.
Lanekoff, I., et al., Spatially resolved analysis of glycolipids and metabolites
in living Synechococcus sp. PCC 7002 using nanospray desorption
electrospray ionization. Analyst, 2013. 138(7): p. 1971-1978.
Lanekoff, I., et al., Imaging Nicotine in Rat Brain Tissue by Use of
Nanospray Desorption Electrospray Ionization Mass Spectrometry.
Analytical Chemistry, 2012. 85(2): p. 882-889.

52.

53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.

67.
68.

Lanekoff, I., M. Thomas, and J. Laskin, Shotgun Approach for Quantitative
Imaging of Phospholipids Using Nanospray Desorption Electrospray
Ionization Mass Spectrometry. Analytical Chemistry, 2014. 86(3): p. 18721880.
Lanekoff, I., et al., Three-dimensional imaging of lipids and metabolites in
tissues by nanospray desorption electrospray ionization mass spectrometry.
Analytical and Bioanalytical Chemistry, 2015. 407(8): p. 2063-2071.
Lanekoff, I., et al., Trp53 deficient mice predisposed to preterm birth display
region-specific lipid alterations at the embryo implantation site. Scientific
Reports, 2016. 6: p. 33023.
Lanekoff, I., et al., Matrix effects in biological mass spectrometry imaging:
identification and compensation. Analyst, 2014. 139(14): p. 3528-3532.
Chaurand, P., et al., Integrating Histology and Imaging Mass Spectrometry.
Analytical Chemistry, 2004. 76(4): p. 1145-1155.
Jaitly, N., et al., Decon2LS: An open-source software package for automated
processing and visualization of high resolution mass spectrometry data.
BMC Bioinformatics, 2009. 10: p. 87-87.
Taylor, A., A. Dexter, and J. Bunch, Exploring ion suppression in mass
spectrometry imaging of a heterogeneous tissue. Analytical Chemistry, 2018.
Lodish H, B.A., Zipursky SL, et al., Intracellular Ion Environment and
Membrane Electric Potential, in Molecular Cell Biology. 2000, W. H.
Freeman: New York.
Taylor, P.J., Matrix effects: the Achilles heel of quantitative highperformance
liquid
chromatography–electrospray–tandem
mass
spectrometry. Clinical Biochemistry, 2005. 38(4): p. 328-334.
Enke, C.G., A Predictive Model for Matrix and Analyte Effects in
Electrospray Ionization of Singly-Charged Ionic Analytes. Analytical
Chemistry, 1997. 69(23): p. 4885-4893.
Ellis, S., A. Bruinen, and R.A. Heeren, A critical evaluation of the current
state-of-the-art in quantitative imaging mass spectrometry. Analytical and
Bioanalytical Chemistry, 2014. 406(5): p. 1275-1289.
Hamm, G., et al., Quantitative mass spectrometry imaging of propranolol
and olanzapine using tissue extinction calculation as normalization factor.
Journal of Proteomics, 2012. 75(16): p. 4952-4961.
Swales, J.G., et al., Spatial Quantitation of Drugs in tissues using Liquid
Extraction Surface Analysis Mass Spectrometry Imaging. Scientific Reports,
2016. 6: p. 37648.
Stokvis, E., H. Rosing, and J.H. Beijnen, Stable isotopically labeled internal
standards in quantitative bioanalysis using liquid chromatography/mass
spectrometry: necessity or not? Rapid Communications in Mass
Spectrometry, 2005. 19(3): p. 401-407.
Malys, B.J., M.L. Piotrowski, and K.G. Owens, Diagnosing and Correcting
Mass Accuracy and Signal Intensity Error Due to Initial Ion Position
Variations in a MALDI TOFMS. Journal of the American Society for Mass
Spectrometry, 2018. 29(2): p. 422-434.
Duncan, M.W., H. Roder, and S.W. Hunsucker, Quantitative matrix-assisted
laser desorption/ionization mass spectrometry. Briefings in Functional
Genomics and Proteomics, 2008. 7(5): p. 355-370.
Shariatgorji, M., et al., Direct Targeted Quantitative Molecular Imaging of
Neurotransmitters in Brain Tissue Sections. Neuron, 2014. 84(4): p. 697-707.

71

69.
70.
71.
72.

73.
74.
75.

76.
77.

78.
79.
80.
81.
82.
83.
84.
85.
86.

72

Hansen, H.T. and C. Janfelt, Aspects of Quantitation in Mass Spectrometry
Imaging Investigated on Cryo-Sections of Spiked Tissue Homogenates.
Analytical Chemistry, 2016. 88(23): p. 11513-11520.
Pirman, D.A., et al., Quantitative MALDI Tandem Mass Spectrometric
Imaging of Cocaine from Brain Tissue with a Deuterated Internal Standard.
Analytical Chemistry, 2013. 85(2): p. 1081-1089.
Lanekoff, I. and J. Laskin, Quantitative Mass Spectrometry Imaging of
Molecules in Biological Systems, in Advances in chromatography, E.
Grushka and N. Grinberg, Editors. 2017, CRC Press: Boca Raton.
Han, X. and R.W. Gross, Shotgun lipidomics: Electrospray ionization mass
spectrometric analysis and quantitation of cellular lipidomes directly from
crude extracts of biological samples. Mass Spectrometry Reviews, 2005.
24(3): p. 367-412.
Han, X. and R.W. Gross, Global analyses of cellular lipidomes directly from
crude extracts of biological samples by ESI mass spectrometry: a bridge to
lipidomics. Journal of Lipid Research, 2003. 44(6): p. 1071-1079.
Yang, K. and X. Han, Accurate Quantification of Lipid Species by
Electrospray Ionization Mass Spectrometry — Meets a Key Challenge in
Lipidomics. Metabolites, 2011. 1(1): p. 21-40.
Almeida, R., et al., Comprehensive Lipidome Analysis by Shotgun Lipidomics
on a Hybrid Quadrupole-Orbitrap-Linear Ion Trap Mass Spectrometer.
Journal of the American Society for Mass Spectrometry, 2015. 26(1): p. 133148.
Holčapek, M., G. Liebisch, and K. Ekroos, Lipidomic Analysis. Analytical
Chemistry, 2018. 90(7): p. 4249-4257.
Koivusalo, M., et al., Quantitative determination of phospholipid
compositions by ESI-MS: effects of acyl chain length, unsaturation, and lipid
concentration on instrument response. Journal of Lipid Research, 2001.
42(4): p. 663-672.
Powers, A.S., Brain Evolution and Comparative Neuroanatomy, in eLS.
2001, John Wiley & Sons, Ltd.
Lodish H, B.A., Zipursky SL, et al., The molecules of life, in Molecular Cell
Biology. 2000, W. H. Freeman: New York.
Passarelli, M.K. and A.G. Ewing, Single-cell imaging mass spectrometry.
Current Opinion in Chemical Biology, 2013. 17(5): p. 854-859.
Heinemann, M. and R. Zenobi, Single cell metabolomics. Current Opinion in
Biotechnology, 2011. 22(1): p. 26-31.
Belov, M.E., et al., Zeptomole-Sensitivity Electrospray Ionization−Fourier
Transform Ion Cyclotron Resonance Mass Spectrometry of Proteins.
Analytical Chemistry, 2000. 72(10): p. 2271-2279.
Li, A., et al., Triboelectric nanogenerators for sensitive nano-coulomb
molecular mass spectrometry. Nature Nanotechnology, 2017. 12: p. 481.
Jäkel, S. and L. Dimou, Glial Cells and Their Function in the Adult Brain: A
Journey through the History of Their Ablation. Frontiers in Cellular
Neuroscience, 2017. 11: p. 24.
Morell, P. and R.H. Quarles, Characteristic Composition of Myelin, in Basic
Neurochemistry: Molecular, Cellular and Medical Aspects, G.J. Siegel, et al.,
Editors. 1999, Lippincott-Raven: Philadelphia.
Nieuwenhuys, R., Structure and Organization of Centres, in The Central
Nervous System of Vertebrates: Volume 1 / Volume 2 / Volume 3. 1998,
Springer Berlin Heidelberg: Berlin, Heidelberg. p. 25-112.

87.
88.
89.
90.

91.
92.
93.

94.
95.

96.
97.
98.

99.
100.
101.
102.
103.

O'Brien, J.S. and E.L. Sampson, Lipid composition of the normal human
brain: gray matter, white matter, and myelin. Journal of Lipid Research,
1965. 6(4): p. 537-544.
Ahmad, S., et al., HybridSPE: A novel technique to reduce phospholipidbased matrix effect in LC–ESI-MS Bioanalysis. Journal of Pharmacy &
Bioallied Sciences, 2012. 4(4): p. 267-275.
Luykx, J.J., et al., Region and state specific glutamate downregulation in
major depressive disorder: A meta-analysis of 1H-MRS findings.
Neuroscience & Biobehavioral Reviews, 2012. 36(1): p. 198-205.
Pehrson, A.L. and C. Sanchez, Altered gamma-aminobutyric acid
neurotransmission in major depressive disorder: a critical review of the
supporting evidence and the influence of serotonergic antidepressants. Drug
Des Devel Ther, 2015. 9: p. 603-24.
Kumar, A., et al., Current and novel therapeutic molecules and targets in
Alzheimer's disease. Journal of the Formosan Medical Association, 2016.
115(1): p. 3-10.
Brichta, L., P. Greengard, and M. Flajolet, Advances in the pharmacological
treatment of Parkinson's disease: targeting neurotransmitter systems. Trends
Neurosci, 2013. 36(9): p. 543-54.
Carreira, R., et al., Large-Scale Mass Spectrometry Imaging Investigation of
Consequences of Cortical Spreading Depression in a Transgenic Mouse
Model of Migraine. Journal of the American Society for Mass Spectrometry,
2015. 26(6): p. 853-861.
Stoeckli, M., et al., Molecular imaging of amyloid β peptides in mouse brain
sections using mass spectrometry. Analytical Biochemistry, 2002. 311(1): p.
33-39.
Solé-Domènech, S., et al., Localization of cholesterol, amyloid and glia in
Alzheimer’s disease transgenic mouse brain tissue using time-of-flight
secondary ion mass spectrometry (ToF-SIMS) and immunofluorescence
imaging. Acta Neuropathologica, 2013. 125(1): p. 145-157.
Hanrieder, J., et al., l-DOPA-induced Dyskinesia is Associated with Regional
Increase of Striatal Dynorphin Peptides as Elucidated by Imaging Mass
Spectrometry. Molecular & Cellular Proteomics, 2011. 10(10).
Sköld, K., et al., Decreased Striatal Levels of PEP-19 Following MPTP
Lesion in the Mouse. Journal of Proteome Research, 2006. 5(2): p. 262-269.
Esteve, C., et al., Mass spectrometry imaging shows major derangements in
neurogranin and in purine metabolism in the triple-knockout 3×Tg Alzheimer
mouse model. Biochimica et Biophysica Acta (BBA) - Proteins and
Proteomics, 2017. 1865(7): p. 747-754.
Hanrieder, J., et al., Imaging Mass Spectrometry in Neuroscience. ACS
Chemical Neuroscience, 2013. 4(5): p. 666-679.
Gemperline, E., B. Chen, and L. Li, Challenges and recent advances in mass
spectrometric imaging of neurotransmitters. Bioanalysis, 2014. 6(4): p. 525540.
Bertrand, N., P. Beley, and A. Beley, Brain fixation for acetylcholine
measurements. Journal of Neuroscience Methods, 1994. 53(1): p. 81-85.
Mulder, I.A., et al., Funnel-freezing versus heat-stabilization for the
visualization of metabolites by mass spectrometry imaging in a mouse stroke
model. PROTEOMICS, 2016. 16(11-12): p. 1652-1659.
Sugiura, Y., et al., Visualization of acetylcholine distribution in central
nervous system tissue sections by tandem imaging mass spectrometry.
Analytical and Bioanalytical Chemistry, 2012. 403(7): p. 1851-1861.

73

104.
105.
106.

107.
108.

109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

74

Shariatgorji, M., et al., Deuterated Matrix-Assisted Laser Desorption
Ionization Matrix Uncovers Masked Mass Spectrometry Imaging Signals of
Small Molecules. Analytical Chemistry, 2012. 84(16): p. 7152-7157.
Esteve, C., et al., Mass spectrometry imaging of amino neurotransmitters: a
comparison of derivatization methods and application in mouse brain tissue.
Metabolomics, 2016. 12: p. 30.
Shrivas, K., et al., Method for Simultaneous Imaging of Endogenous Low
Molecular Weight Metabolites in Mouse Brain Using TiO2 Nanoparticles in
Nanoparticle-Assisted
Laser
Desorption/Ionization-Imaging
Mass
Spectrometry. Analytical Chemistry, 2011. 83(19): p. 7283-7289.
Ye, H., et al., Visualizing Neurotransmitters and Metabolites in the Central
Nervous System by High Resolution and High Accuracy Mass Spectrometric
Imaging. ACS Chemical Neuroscience, 2013. 4(7): p. 1049-1056.
Nemes, P., A.S. Woods, and A. Vertes, Simultaneous Imaging of Small
Metabolites and Lipids in Rat Brain Tissues at Atmospheric Pressure by
Laser Ablation Electrospray Ionization Mass Spectrometry. Analytical
Chemistry, 2010. 82(3): p. 982-988.
Wills, Q.F. and A.J. Mead, Application of single-cell genomics in cancer:
promise and challenges. Human Molecular Genetics, 2015. 24(R1): p. R74R84.
Saadatpour, A., et al., Single-Cell Analysis in Cancer Genomics. Trends in
Genetics. 31(10): p. 576-586.
Lawson, D.A., et al., Single-cell analysis reveals a stem-cell program in
human metastatic breast cancer cells. Nature, 2015. 526(7571): p. 131-135.
Graf, T. and M. Stadtfeld, Heterogeneity of Embryonic and Adult Stem Cells.
Cell Stem Cell, 2008. 3(5): p. 480-483.
Cahan, P. and G.Q. Daley, Origins and implications of pluripotent stem cell
variability and heterogeneity. Nat Rev Mol Cell Biol, 2013. 14(6): p. 357368.
Iino, R., et al., Design of a large-scale femtoliter droplet array for single-cell
analysis of drug-tolerant and drug-resistant bacteria. Front. Microbiol, 2013.
4(300): p. 10.3389.
Wakamoto, Y., et al., Dynamic Persistence of Antibiotic-Stressed
Mycobacteria. Science, 2013. 339(6115): p. 91-95.
Dueck, H., J. Eberwine, and J. Kim, Variation is function: Are single cell
differences functionally important? BioEssays, 2016. 38(2): p. 172-180.
Verkhratsky, A. and V. Parpura, History of Electrophysiology and the Patch
Clamp, in Patch-Clamp Methods and Protocols, M. Martina and S. Taverna,
Editors. 2014, Springer New York: New York, NY. p. 1-19.
Kentner, D. and V. Sourjik, Use of Fluorescence Microscopy to Study
Intracellular Signaling in Bacteria. Annual Review of Microbiology, 2010.
64(1): p. 373-390.
Kanter, I. and T. Kalisky, Single Cell Transcriptomics: Methods and
Applications. Frontiers in Oncology, 2015. 5.
Macaulay, I.C. and T. Voet, Single Cell Genomics: Advances and Future
Perspectives. PLoS Genet, 2014. 10(1): p. e1004126.
Wyatt Shields Iv, C., C.D. Reyes, and G.P. Lopez, Microfluidic cell sorting:
a review of the advances in the separation of cells from debulking to rare cell
isolation. Lab on a Chip, 2015. 15(5): p. 1230-1249.
Spitzer, M.H. and G.P. Nolan, Mass Cytometry: Single Cells, Many Features.
Cell, 2016. 165(4): p. 780-791.

123.
124.
125.
126.

127.

128.
129.
130.

131.
132.
133.
134.
135.
136.
137.

138.

139.
140.

Lanni, E.J., S.S. Rubakhin, and J.V. Sweedler, Mass spectrometry imaging
and profiling of single cells. Journal of Proteomics, 2012. 75(16): p. 50365051.
Yang, Y., et al., Single-cell analysis by ambient mass spectrometry. TrAC
Trends in Analytical Chemistry, 2017. 90(Supplement C): p. 14-26.
Tsuyama, N., et al., Live Single-Cell Molecular Analysis by Video-Mass
Spectrometry. Analytical Sciences, 2008. 24(5): p. 559-561.
Gholipour, Y., R. Erra-Balsells, and H. Nonami, Blossom End Rot Tomato
Fruit Diagnosis for <i>In Situ</i> Cell Analyses with Real Time PicoPressure Probe Ionization Mass Spectrometry. Environmental Control in
Biology, 2017. 55(1): p. 41-51.
Zhang, L. and A. Vertes, Energy Charge, Redox State, and Metabolite
Turnover in Single Human Hepatocytes Revealed by Capillary
Microsampling Mass Spectrometry. Analytical Chemistry, 2015. 87(20): p.
10397-10405.
Pirro, V., et al., Lipid characterization of individual porcine oocytes by dual
mode DESI-MS and data fusion. Analytica Chimica Acta, 2014. 848: p. 5160.
Pan, N., et al., The Single-probe: a Miniaturized Multifunctional Device for
Single Cell Mass Spectrometry Analysis. Analytical Chemistry, 2014.
Pan, N., et al., Using Dicationic Ion-Pairing Compounds To Enhance the
Single Cell Mass Spectrometry Analysis Using the Single-Probe: A
Microscale Sampling and Ionization Device. Analytical Chemistry, 2016.
88(13): p. 6812-6819.
van den Tweel, J.G. and C.R. Taylor, A brief history of pathology: Preface to
a forthcoming series that highlights milestones in the evolution of pathology
as a discipline. Virchows Archiv, 2010. 457(1): p. 3-10.
Ma, C. and E.M. Brunt, Histopathologic Evaluation of Liver Biopsy for
Cirrhosis. Advances in Anatomic Pathology, 2012. 19(4): p. 220-230.
Gupta, E., et al., Histopathology for the diagnosis of infectious diseases.
Indian Journal of Medical Microbiology, 2009. 27(2): p. 100.
Zhu, P., F.-d. Zhou, and M.-h. Zhao, The Renal Histopathology Spectrum of
Elderly Patients with Kidney Diseases: A Study of 430 Patients in a Single
Chinese Center. Medicine, 2014. 93(28): p. e226.
Veta, M., et al., Breast Cancer Histopathology Image Analysis: A Review.
IEEE Transactions on Biomedical Engineering, 2014. 61(5): p. 1400-1411.
Duraiyan, J., et al., Applications of immunohistochemistry. Journal of
Pharmacy & Bioallied Sciences, 2012. 4(Suppl 2): p. S307-S309.
Ramos-Vara, J.A. and M.A. Miller, When Tissue Antigens and Antibodies
Get Along: Revisiting the Technical Aspects of Immunohistochemistry—The
Red, Brown, and Blue Technique. Veterinary Pathology, 2013. 51(1): p. 4287.
Jensen, K., et al., A novel quantitative immunohistochemistry method for
precise protein measurements directly in formalin-fixed, paraffin-embedded
specimens: analytical performance measuring HER2. Modern Pathology,
2016. 30: p. 180.
Taylor, C.R. and R.M. Levenson, Quantification of immunohistochemistry—
issues concerning methods, utility and semiquantitative assessment II.
Histopathology, 2006. 49(4): p. 411-424.
Seppälä, I.J.T. and O. Mäkelä, Hapten A2 - Delves, Peter J, in Encyclopedia
of Immunology (Second Edition). 1998, Elsevier: Oxford. p. 1050-1052.

75

141.
142.
143.
144.
145.
146.
147.

148.
149.
150.

151.
152.
153.
154.
155.
156.
157.
158.

76

Longuespée, R., et al., MALDI mass spectrometry imaging: A cutting‐edge
tool for fundamental and clinical histopathology. PROTEOMICS � Clinical
Applications, 2016. 10(7): p. 701-719.
Li, T., et al., In situ biomarker discovery and label-free molecular
histopathological diagnosis of lung cancer by ambient mass spectrometry
imaging. Scientific Reports, 2015. 5: p. 14089.
Chughtai, K., et al., Mass spectrometry images acylcarnitines,
phosphatidylcholines, and sphingomyelin in MDA-MB-231 breast tumor
models. Journal of Lipid Research, 2013. 54(2): p. 333-344.
Jiang, L., et al., MALDI-Mass Spectrometric Imaging Revealing HypoxiaDriven Lipids and Proteins in a Breast Tumor Model. Analytical Chemistry,
2015. 87(12): p. 5947-5956.
Eberlin, L.S., et al., Classifying Human Brain Tumors by Lipid Imaging with
Mass Spectrometry. Cancer Research, 2012. 72(3): p. 645-654.
Dill, A.L., et al., Multivariate Statistical Identification of Human Bladder
Carcinomas Using Ambient Ionization Imaging Mass Spectrometry.
Chemistry � A European Journal, 2011. 17(10): p. 2897-2902.
Dill, A.L., et al., Multivariate statistical differentiation of renal cell
carcinomas based on lipidomic analysis by ambient ionization imaging mass
spectrometry. Analytical and Bioanalytical Chemistry, 2010. 398(7): p. 29692978.
Beloribi-Djefaflia, S., S. Vasseur, and F. Guillaumond, Lipid metabolic
reprogramming in cancer cells. Oncogenesis, 2016. 5: p. e189.
Rocha, B., et al., MALDI mass spectrometry imaging in rheumatic diseases.
Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics, 2017.
1865(7): p. 784-794.
Jones, E.E., et al., Tissue Localization of Glycosphingolipid Accumulation in
a Gaucher Disease Mouse Brain by LC-ESI-MS/MS and High-Resolution
MALDI Imaging Mass Spectrometry. SLAS DISCOVERY: Advancing Life
Sciences R&D, 2017. 22(10): p. 1218-1228.
Lalowski, M., et al., Imaging mass spectrometry: a new tool for kidney
disease investigations. Nephrology Dialysis Transplantation, 2013. 28(7): p.
1648-1656.
Miyamoto, S., et al., Mass Spectrometry Imaging Reveals Elevated
Glomerular ATP/AMP in Diabetes/obesity and Identifies Sphingomyelin as a
Possible Mediator. EBioMedicine, 2016. 7: p. 121-134.
Grove, K.J., et al., Diabetic nephropathy induces alterations in the
glomerular and tubule lipid profiles. Journal of Lipid Research, 2014. 55(7):
p. 1375-1385.
Caramori, M.L., Should all patients with diabetes have a kidney biopsy?
Nephrology Dialysis Transplantation, 2017. 32(1): p. 3-5.
Sand, O., Ö.V. Sjaastad, and E. Haug, Människans fysiologi. 1 ed. 2004,
Stockholm: Liber.
Pugliese, G., Updating the natural history of diabetic nephropathy. Acta
Diabetologica, 2014. 51(6): p. 905-915.
Helal, I., et al., Glomerular hyperfiltration: definitions, mechanisms and
clinical implications. Nature Reviews Nephrology, 2012. 8: p. 293.
Papadopoulou-Marketou, N., G.P. Chrousos, and C. Kanaka-Gantenbein,
Diabetic nephropathy in type 1 diabetes: a review of early natural history,
pathogenesis, and diagnosis. Diabetes/Metabolism Research and Reviews,
2017. 33(2): p. e2841-n/a.

159.
160.
161.
162.
163.
164.

165.

166.

167.
168.
169.
170.
171.
172.
173.
174.
175.

Ghaderian, S.B., et al., Diabetes and end-stage renal disease; a review
article on new concepts. Journal of Renal Injury Prevention, 2015. 4(2): p.
28-33.
Arora, M.K. and U.K. Singh, Molecular mechanisms in the pathogenesis of
diabetic nephropathy: An update. Vascular Pharmacology, 2013. 58(4): p.
259-271.
Gnudi, L., R.J.M. Coward, and D.A. Long, Diabetic Nephropathy:
Perspective on Novel Molecular Mechanisms. Trends in Endocrinology &
Metabolism, 2016. 27(11): p. 820-830.
Moresco, R.N., et al., Diabetic nephropathy: Traditional to proteomic
markers. Clinica Chimica Acta, 2013. 421: p. 17-30.
Wu, T., et al., Metabolomics window into diabetic complications. Journal of
Diabetes Investigation, 2018. 9(2): p. 244-255.
Kim, T.-H., et al., Quantification of Neurotransmitters in Mouse Brain Tissue
by Using Liquid Chromatography Coupled Electrospray Tandem Mass
Spectrometry. Journal of Analytical Methods in Chemistry, 2014. 2014: p.
11.
Saravana Babu, C., et al., A Simple Densitometric Method for the
Quantification of Inhibitory Neurotransmitter Gamma-Aminobutyric Acid
(GABA) in Rat Brain Tissue. Chromatography Research International, 2011.
2011: p. 5.
Wu, J. and L.-J. Yan, Streptozotocin-induced type 1 diabetes in rodents as a
model for studying mitochondrial mechanisms of diabetic β cell glucotoxicity.
Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy, 2015. 8: p.
181-188.
Kitada, M., Y. Ogura, and D. Koya, Rodent models of diabetic nephropathy:
their utility and limitations. International Journal of Nephrology and
Renovascular Disease, 2016. 9: p. 279-290.
Schmolke, M., A. Bornemann, and W.G. Guder, Site-specific regulation of
organic osmolytes along the rat nephron. American Journal of Physiology Renal Physiology, 1996. 271(3): p. F645-F652.
Murea, M., et al., Lipotoxicity in Diabetic Nephropathy: The Potential Role
of Fatty Acid Oxidation. Clinical Journal of the American Society of
Nephrology, 2010. 5(12): p. 2373-2379.
Forbes, J.M. and D.R. Thorburn, Mitochondrial dysfunction in diabetic
kidney disease. Nature Reviews Nephrology, 2018.
Guda, P., C. Guda, and S. Subramaniam, Reconstruction of Pathways
Associated with Amino Acid Metabolism in Human Mitochondria. Genomics,
Proteomics & Bioinformatics, 2007. 5(3): p. 166-176.
Wajner, M. and Alexandre U. Amaral, Mitochondrial dysfunction in fatty
acid oxidation disorders: insights from human and animal studies.
Bioscience Reports, 2016. 36(1): p. e00281.
Klingler, M., et al., Fatty Acid Status Determination by Cheek Cell Sampling
Combined
with
Methanol-Based
Ultrasound
Extraction
of
Glycerophospholipids. Lipids, 2011. 46(10): p. 981-990.
Han, Y., et al., Cultivation of Recombinant Chinese hamster ovary cells
grown as suspended aggregates in stirred vessels. Journal of Bioscience and
Bioengineering, 2006. 102(5): p. 430-435.
Brügger, B., et al., Quantitative analysis of biological membrane lipids at the
low picomole level by nano-electrospray ionization tandem
mass spectrometry. Proceedings of the National Academy of Sciences, 1997.
94(6): p. 2339-2344.

77

176.
177.
178.

78

Janusson, E., et al., Spatial effects on electrospray ionization response.
International Journal of Mass Spectrometry, 2015. 388: p. 1-8.
Nguyen, S.N., et al., Constant-Distance Mode Nanospray Desorption
Electrospray Ionization Mass Spectrometry Imaging of Biological Samples
with Complex Topography. Analytical Chemistry, 2017. 89(2): p. 1131-1137.
Nguyen, S.N., et al., Towards High-Resolution Tissue Imaging Using
Nanospray Desorption Electrospray Ionization Mass Spectrometry Coupled
to Shear Force Microscopy. Journal of The American Society for Mass
Spectrometry, 2018. 29(2): p. 316-322.

Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1660
Editor: The Dean of the Faculty of Science and Technology
A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-347674

ACTA
UNIVERSITATIS
UPSALIENSIS
UPPSALA
2018

