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Abstract

Mavroudakis, L. 2023. Analytical developments and applications of ambient mass
spectrometry imaging. Visualizing challenging analytes and understanding chemical
mechanisms of ischemic stroke. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2307. 85 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1897-4.

Bioanalytical methods that provide spatial information on molecular distributions are important
for deep understanding of chemical mechanisms in health and disease. For instance, the localized
action of drugs and metabolites can provide valuable information on metabolism in specific
cellular regions, which would not be possible with bulk analysis. Mass spectrometry imaging
(MSI) is a powerful tool for realizing molecular distributions directly from the surface of
biological samples e.g., tissue sections. Analytical and technological developments over the past
years have constituted MSI as a valuable asset in the bioanalysis toolbox.

Several MSI techniques exist for transferring the analytes from the tissue surface to the mass
spectrometer. In this thesis, pneumatically assisted (PA) nanospray desorption electrospray
ionization (nano-DESI) was used for ambient MSI of thin tissue sections. In PA nano-DESI
MSI, molecules from the surface of the tissue section are desorbed into a liquid stream of solvent
that is formed between two thin fused silica capillaries and electrosprayed directly into the
mass spectrometer. The extraction solvent allows for addition of internal standards for matrix
effects compensation and relative quantitation, and dopants for improved ionization efficiency
of analytes as well as host-guest chemistry.

In this work, PA nano-DESI MSI was evaluated for its ability to provide insights into chemical
mechanisms in health and disease. The effect of preconditioning agents on the membrane lipid
breakdown after stroke as well as the effect of ischemia on acylcarnitine metabolism, which is
involved in oxidation of fatty acids, was studied. These results provided valuable information
into the chemical mechanisms that are induced during ischemia. Additionally, analytical insights
are provided on the extraction abilities of various solvents used in PA nano-DESI. Further,
analytical methodologies have been developed for analyzing challenging analytes, particularly
light alkali metal ions (Na” and K*), which cannot be directly detected by modern high resolution
mass spectrometers, and prostaglandins, which exhibit many isomers that are not distinguishable
through mass spectrometry alone. Finally, PA nano-DESI MSI was combined in one analytical
platform with surface sampling capillary electrophoresis mass spectrometry (SS-CE-MS) to
increase the coverage of information obtained from a single tissue section, i.e. elucidating
isomeric species through electrophoretic separation.

Opverall, this thesis adds unique insights into understanding ischemic stroke and presents novel
analytical methodologies for analyzing prostaglandins, and Na" and K" ions. All developed
methods are fully compatible with liquid extraction based MSI techniques which expands the
range of applications.
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Introduction

Bioanalytical chemistry is the scientific discipline that combines biology and
analytical chemistry to explore the role of biomolecules in our everyday life.
The term “biomolecules” is typically used for carbohydrates, proteins, lipids
and nucleic acids but it can also include all molecules that are necessary for
survival, e.g. metabolites. From immunoassays and electrochemistry to chro-
matography and mass spectrometry, bioanalytical chemistry is an essential
discipline for understanding the chemical mechanisms of health and disease.
Understanding biological mechanisms of action is of paramount importance
for the development of treatments and improving the quality of life. For ex-
ample, bioanalytical chemistry was involved in the development of self-tests
for COVID-19 that anyone could undertake on their own as well as in the
development of vaccines for the same disease.

Typical questions asked during bioanalysis are “which biomolecule?”” and
“how much?” Technological developments in the field of mass spectrometry,
one of most sensitive analytical techniques, have shaped the answers that we
can confidently provide to such questions. Analytical scientists are always
striving to develop the most sensitive, the most specific and the fastest analyt-
ical technique possible. In many cases, a third question is asked; “where is the
biomolecule?” Answering such question is important for understanding how
drugs are metabolized in the body or how cancerous tissue affects its surround-
ings.

Mass spectrometry imaging (MSI) can provide spatially defined infor-
mation on the abundance of detected biomolecules directly from tissue sec-
tions. Compared to traditional immunohistochemistry workflows, no labelling
is required and thousands of molecules can be detected simultaneously. Over
the past 30 years MSI has been maturing and it has proven to be an important
technique for visualizing molecular distributions and deciphering biological
mechanisms. Emerging technologies with enhanced sensitivity and specificity
are always needed in MSI for pushing the boundaries of the field. In the work
presented in this thesis, I have developed analytical methods for detecting
challenging analytes such as Na" and K which by means of modern high res-
olution mass spectrometers cannot be detected as well as prostaglandin iso-
mers that due to their nature cannot be easily distinguished. Additionally, I
have used MSI to further understand chemical mechanisms induced during
ischemic stroke, one of the leading causes of death worldwide. Finally, the
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combination of two mass spectrometry-based techniques was achieved for in-
creased molecular coverage; MSI and surface sampling capillary electropho-
resis mass spectrometry. This merging allowed annotation of analytes and the
distinction of isomeric species with increased confidence. All methods devel-
oped in this thesis have been applied to actual biological samples to demon-
strate their relevance and I anticipate more applications to emerge from such
developments in the future.
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Mass spectrometry

Basic principles

The basis of mass spectrometry (MS) is the manipulation of ions using electric
or magnetic fields under vacuum conditions. Ions are measured based on their
mass-to-charge ratio (m/z) and the detected signals are depicted in a mass
spectrum where the intensity is plotted against the m/z of each ion. Mass spec-
trometers use a combination of direct current (DC) voltages and radio fre-
quency (RF) voltages on various ion optics to move the ions from one part of
the instrument to another or to trap them.[1] The amplitude and the frequency
of RF voltage as well as the DC voltage are adjusted to maintain a stable ion
trajectory. DC voltages are mainly applied to ion optics to direct ions towards
a specific part of the instrument while RF voltages keep the ions suspended in
the gas phase.[2-5]

The term mass accuracy in MS refers to how close the experimentally de-
termined m/z is to the theoretical. Unless otherwise stated, in high resolution
MS, the monoisotopic mass of a compound is mainly used. For example the
compound with formula CyH3;Os has a monoisotopic mass of
352.2249740 Da. Since it is ions that are detected in MS, the compound with
formula C20H3,0s, that forms an adduct with Ag" ions, will have monoisotopic
mass of 459.1295186 Da. Note that the resting mass of an electron
(5.486 x 107* Da) is also accounted for in the monoisotopic mass of an ion.

An important parameter in mass spectrometric measurements is the mass
resolution or mass resolving power (these two terms are used interchangea-
bly). There are two ways of defining the mass resolution and both are accepta-
ble as long as the method of calculation is specified.[6] The first definition
uses m/Am, where m is the mass of singly-charged ions depicted as a single
peak in the mass spectrum and 4m is the full width at half maximum (FWHM)
of the peak height. The second definition uses m1/(mi-m2), where m1 and m2
are the masses of singly-charged ions present in the mass spectrum at equal
height and at 10% overlap of the peak height. Instruments with high mass
resolution can distinguish ions with small differences in their m/z which pro-
vides higher confidence in the identification of molecular formulas. For ex-
ample, two molecules that differ by one double bond e.g. CyH30Os and
C20H3205 and cationized with Ag' require high enough mass resolution to sep-
arate the peaks for [Ca0H300s5 + 'Ag]" and [C20H3205 + '“’Ag]” which are
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separated by 0.01599 Da. For the separation of these two peaks (at 10% over-
lapping peak height) at least 28700 (m1/(mi1-m2) at m/z 459.11353) mass res-
olution is needed.

Mass analyzers
Quadrupole

A quadrupole is a mass analyzer commonly used in mass spectrometers and
consists of four parallel rods. Depending on the number of rods there can be
hexapoles (6 rods), octapoles (8 rods) or decapoles (10 rods). The rods are
arranged symmetrically around a center axis and those that are opposite of
each other are electrically connected, thus, they experience the same voltage
at each time point.[7,8] To maintain the ion beam trajectory, RF voltages that
are phase shifted are applied on different pairs of rods so that when a pair of
rods experiences maximum positive voltage, the other experiences maximum
negative voltage (Figure 1A). A quadrupole that has only RF voltages acts as
a transportation guide between different parts of the instrument.[5] If DC volt-
ages are applied on top of RF, then the quadrupole can isolate specific ions.
This occurs because a set of ions is stable within specific values of RF and DC
voltages[5] (Figure 1B). By alternating those voltages, the isolated package
of ions can be manipulated.

Figure 1. Schematic of the operation principle of quadrupoles in MS. A) Quadru-
pole mass analyzer and voltage applied on the rods. B) Stability diagram for a quad-
rupole where U denotes the DC voltage parameter and Vo the RF voltage amplitude.
A, B, C, D, and E represent ions that have different stabilities. Only C and D ions
have stable trajectories. Reprinted from J. Chem. Educ. 1998, 75, 8, 1049 with per-
mission from ACS.
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Linear ion trap

The linear ion trap (LIT) is a 2D ion trapping device that is constructed by
four rods forming a quadrupole (Figure 2). The RF and DC voltages applied
on the rods can store, eject, isolate and fragment ions within the trap.[9] The
main advantages of these devices are fast scanning speeds (hereby defined as
Daltons per sec; Da/sec, where 1 Da = 1/12 of the mass of a carbon-12 atom),
high storage capacity for ions and possibility for tandem MS (MS") experi-
ments.[5] Fast scanning speeds are advantageous since many measurements
can be collected over time and thus the signal-to-noise (S/N) ratio is improved.
This improvement is achieved in cases of constant signal and random noise
and the improvement is proportional to the square root of the number of meas-
urements or measurement time.[10,11] Further, the high storage capacity of
linear ion traps is beneficial for the stable trajectory of the stored ions. When
too many ions are present in a confined area, space-charge effects occur which
interfere with the stable trajectory of the ions, thus, reducing the quality of the
measured data.[9] The space-charge effects can be observed in the broader
shape of the m/z peaks and the deteriorated mass accuracy. Finally, MS" ex-
periments are valuable for structural elucidation. The basic principle is as fol-
lows: a set of ions can be isolated and stored in the LIT, fragmented due to
resonance excitation and collisions with helium gas and subsequently another
set of ions from the fragments can be selected for storage and further fragmen-
tation.

Figure 2. Schematic of a linear ion trap
(LIT). Reprinted from J. Am. Soc. Mass
Spectrom. 2002, 13, 6, 659-669 with
permission from ACS.

Mass analyzers based on LIT designs operate at unit mass resolution i.e. they
can separate ions with m/z difference of 1 unit.[9] Decreasing the scan rate can
achieve better mass resolution. Table 1 summarizes various scan modes of the
LIT in the Orbitrap IQ-X instrument along with their corresponding scan rates
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and peak widths. As it can be deducted, there is a trade-off between scan rate
and peak width.

Table 1. Scan modes of the linear ion trap in the Orbitrap IQ-X mass spectrometer
(From Orbitrap Tribrid Series, Hardware Manual, 80000-97537 Revision A, Decem-
ber 2022, Thermo Fisher Scientific)

Scan mode Scan rate (Da/sec) Peak width (FWHM)
Turbo 125000 <3

Rapid 66666 <06

Normal 33333 <05

Enhanced 10000 <0.35

Zoom 2222 <03

Orbitrap

The orbitrap is a high-performance mass analyzer that traps ions in electro-
static fields. From its technological developments in the late 1990s to the com-
mercialization in 2005, it has been instrumental to the development of mass
spectrometers that offer high mass resolution without the high cost of purchase
and maintenance associated with a Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometer.

Orbitraps are composed of a spindle-shaped central electrode that is housed
within two outer electrodes as shown in Figure 3. The construction of the
device requires precision machining to maintain the control of the ion mo-
tion.[12] The inner and outer electrodes are electrically isolated from each
other and serve two purposes: establishing the ion trapping field and image
current detection. Thus, the orbitrap mass analyzer is both an analyzer and a
detector. Externally generated ions are trapped in a curved linear trap called
C-trap that operates as RF-only multipole. Subsequently, the ion package is
ejected off-axis into the orbitrap where strong electric fields focus the ions and
set them into a circular orbit around the central electrode. As the ions coher-
ently oscillate around the central electrode, they form a thin rotating ring
which induces a current on the outer electrodes that enables the image current
detection. This signal is in the time-domain and to generate the mass spectrum
Fourier transformation is applied.
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Figure 3. Cross section of the orbitrap
mass analyzer and the C-trap device for
injection of ions. Reprinted from An-
nual Review of Analytical Chemistry
2015 8:1, 61-80 with permission from
Annual Reviews, Inc.

The orbitrap technology has refined the field of high resolution mass spec-
trometers by offering compact instruments at reasonable cost. However, it still
has not exceeded the mass resolving power obtained by FT-ICR instruments.
Recently, applications with mass resolving power ranging from 1.6 million to
7.9 million have been reported for FT-ICR MSI experiments.[13—15] How-
ever, such extremely high resolving power comes at the cost of long transient
times, typically many seconds. The highest commercially available resolving
power for orbitrap-based instruments is 1 million at m/z 200 (e.g. Orbitrap
Tribrid IQ-X). Notice that all resolving powers mentioned above are for a spe-
cific m/z. This is due to the dependence of oscillation frequency and ultimately
the resolving power on the m/z of the ion. This has an important implication;
the resolving power is not constant throughout the m/z range. In orbitraps the
resolving power is inversely proportional to the (m/z)"? while in FT-ICR in-
struments it is inversely proportional to the m/z.[5] Thus, the loss of resolving
power in higher m/z values is slower in orbitraps. Overall, constant develop-
ments in the orbitrap technology and instrument architecture push the bound-
aries of high resolution mass spectrometry.
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Tandem mass spectrometry

The term tandem mass spectrometry, often abbreviated as MS/MS or MS",
refers to the coupling of mass analysis stages that involve the fragmenta-
tion/dissociation of a molecular ion. Typically, a precursor ion is isolated by
a mass analyzer and after activation or spontaneous dissociation, the product
ions can be analyzed.[5] The detected product ions can provide information
on the structure of the precursor ion, which is necessary for the identification
of analytes.

MS/MS can be performed in time or in space. Tandem MS in space requires
physically distinct mass analyzers for the fragmentation and analysis of prod-
uct ions. Tandem MS in time requires an appropriate sequence of events that
take place within the same mass analyzer. For example, a configuration of
three quadrupoles in a row, termed as triple quadrupole or QqQ is a type of
tandem MS in space. The Q denotes a quadrupole that acts as a mass analyzer
while the q is an RF-only quadrupole. In the RF-only quadrupole, fragmenta-
tion takes place due to collisions with a gas e.g. nitrogen or argon. A typical
MS/MS experiment utilizing a triple quadrupole instrument starts by isolating
a defined m/z in the first Q followed by fragmentation in the second q and
scanning of the product ions in the third Q. Tandem MS in time takes place
typically in trapping devices such as linear ion traps which can store, eject,
isolate and fragment ions.[5,9] Fragmentation takes place due to resonant ex-
citation and collisions with helium gas present in the trap. This type of ion
activation is termed collision-induced dissociation (CID) or collisional-acti-
vated dissociation (CAD). In a typical CID experiment, a precursor of interest
is isolated and stored in the ion trap. An excitation frequency characteristic for
the precursor m/z is applied which excites ions and results in fragmentation.
The product ions are then scanned out from the ion trap by ramping the RF
amplitude. Alternatively, a product ion can be isolated and further fragmented
and the process can be repeated for n cycles (MS").

In this thesis, two ion activation modes were used for structural elucidation
and studying fragmentation pathways; higher-energy collisional dissociation
(HCD) and CID. HCD is a type of CID technique and is associated with in-
struments by Thermo Fisher Scientific that use an orbitrap mass analyzer. Pre-
cursor ions are transferred in the HCD cell (also termed as ion routine multi-
pole) where they are accelerated due to voltage offset and collide with nitrogen
gas. The product ions can be transferred back into the C-trap and eventually
analyzed and detected by the orbitrap mass analyzer. The HCD cells are not
capable of more than one cycle of fragmentation. This limits the fragmentation
to MS? level in contrast with ion traps where up to MS'® can be achieved.
However, hybrid instruments that contain an HCD cell and an ion trap are
capable of MS" experiments utilizing the HCD cell. In that case, the ion trap
is used for storing and ejecting product ions while fragmentation takes place
in the HCD cell.
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The main differences between HCD and CID fragmentation lie in the extent
of fragmentation and in the range of product ions that can be detected.[16]
Typically HCD fragmentation results in more product ions compared to CID
since energy is applied in all ions present in the HCD cell, thus, greater amount
of information can be obtained from the MS/MS spectra. During CID, only
the precursor ion is excited and fragmented. Further, the “one-third” rule in
ion traps limits the detection of low m/z product ions[16], thus, potentially
important product ions are not detected. In contrast, HCD cells do not have
such limitation. This is demonstrated in Figure 4 where the MS? spectra of
the precursor m/z 468.18 (PGD,-dy + '"’Ag") were obtained with HCD and
CID. The HCD spectrum contains more product ions and further low m/z ions
such as 106.9046, corresponding to '“’Ag" are detected while in the CID the
low mass cut-off was m/z 124 (~1/3 of the precursor m/z 468.18). Older gen-
erations of hybrid orbitrap instruments allowed for HCD product ions to be
detected only in the orbitrap, which is slower compared to detection in an ion
trap, thus, increasing the duty cycle of the instrument. Newer generation of
hybrid instruments allow for detection in the ion trap after HCD fragmentation
up to MS" level.

Figure 4. Comparison of HCD (top) and CID (bottom) MS? fragmentation of the
product ion m/z 468.18 (PGD2-do + 17 Ag™).

Hybrid instruments

In the work done in this thesis, hybrid mass spectrometers from Thermo Fisher
Scientific were used. These instruments combine two or more types of mass
analyzers e.g. the orbitrap, linear ion trap or quadrupole. In Paper I an Or-
bitrap LTQ XL was used to acquire the data, in Paper I, III & V a QExactive
was used while in Paper IV a Tribrid Orbitrap 1Q-X was used. All these in-
struments have various multipoles and ion optics for transporting ions through
the instrument. Note that to maintain the stable ion trajectory pumps are con-
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stantly maintaining high vacuum (as low as 107'° mbar inside the mass ana-
lyzer) throughout the instrument chambers. The Orbitrap LTQ XL is a hybrid
instrument with a linear ion trap and an orbitrap as mass analyzers. The linear
ion trap can store, isolate, fragment ions with the assistance of collision gas
and send them either to the orbitrap for detection or to a secondary electron
multiplier (SEM) detector. The QExactive has a quadrupole mass analyzer
before the orbitrap and is capable of filtering the ions based on selected m/z
values. Here, detection of ions takes place in the orbitrap. Finally, the tribrid
1Q-X instrument combines all above technologies; it has a quadrupole for fil-
tering selected m/z ions, a linear ion trap for storing, isolating and fragmenting
ions which can be send either to the orbitrap for detection of to a dual-dynode
detector. These architectures provide great flexibility to the experiments that
can be conducted.
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Sampling sources and ionization

Over the past 30 years of technological advancements in the field of MSI,
several ionization sources have been used for elemental and/or molecular im-
aging.[17] For instance, laser ablation inductively coupled plasma
(LA-ICP)[18] coupled with MS is a well-established technique for imaging of
metals. However, elemental information can be also obtained without the use
of mass spectrometers though laser induced breakdown spectroscopy
(LIBS)[19] and X-ray fluorescence (XRF) spectroscopy.[20] Molecular tech-
niques include matrix-assisted laser desorption/ionization (MALDI)[21], de-
sorption electrospray ionization (DESI)[22] and nanospray desorption elec-
trospray ionization (nano-DESI).[23] Several other laser-based techniques
have been developed that have been recently reviewed.[24] Finally, second-
ary-ion mass spectrometry (SIMS) is a technique that can provide both ele-
mental and molecular information.[25] Given the plethora of available tech-
niques, combination of them provides larger coverage of both molecular and
elemental information, a field known as multimodal imaging.[26,27] Given
their extended use, the techniques of MALDI, DESI, nano-DESI and SIMS
will be further introduced.

Secondary ion mass spectrometry (SIMS)

In SIMS, a high energy primary ion beam (e.g. Ar', Bis", Cs", O, Cg) is di-
rected towards the sample and the interaction results in the ejection of second-
ary ions from the surface that are analyzed by the mass spectrometer. SIMS
can provide both elemental and molecular information but due to the high en-
ergy deposition of the primary ion beam, mainly fragments of molecular ions
are detected.[28,29] However, developments in the ion beams used have es-
tablished SIMS as a valuable tool for detecting intact molecular species.[30]
Additionally, it can be operated under dynamic mode where the energy of pri-
mary ion beam is altered resulting in deeper surface penetration.[31] Another
variant of SIMS, nanoSIMS, provides the best achievable spatial resolution in
MSI (50-100 nm).[32] Originally, SIMS was used with time of flight (TOF)
mass spectrometers but further developments have incorporated high resolu-
tion mass analyzers.[33,34] Noteworthy, the 3D OrbiSIMS instrument[34]
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combines the high spatial resolution of SIMS with high scan rates of TOF
mass analyzers and high mass resolution of orbitrap mass analyzers.

Matrix-assisted laser desorption/ionization (MALDI)

MALDI-MSI was introduced in the 1990s[35,36] and is the most employed
MSI technique today. For analysis, a sample on a conductive surface that has
been previously sprayed with a MALDI matrix is irradiated with a laser beam
(in the UV or IR region) and material is desorbed. The ionization process dur-
ing MALDI has been proposed to proceed through the photochemical ioniza-
tion model or the cluster ionization mechanism but it is still not well-under-
stood.[37] During the photochemical ionization model, the MALDI matrix
molecules absorb the energy from the laser and molecular ions of analytes are
formed through charge transfer.[38] In the cluster ionization mechanism, pro-
tonated analyte polymers are already present in the MALDI matrix environ-
ment and are desorbed due to the laser irradiation[39]. Subsequently, gas-
phase ions are produced by desolvation of neutral MALDI matrix molecules.
Protonated (singly or multiply charged), deprotonated as well as adducts with
metal ions can be produced during the MALDI process. Finally, the ions are
transferred into the mass spectrometer for analysis. The choice of MALDI
matrix is important as it has to possess certain properties for successful anal-
ysis.[40] Desorption and ionization of molecules is done under vacuum but
atmospheric pressure MALDI has been also developed.[41] Noteworthy, is
the development of MALDI-2 which uses a second laser to ionize the ablated
material after irradiation with the first laser.[42,43] This has shown to improve
the ionization efficiency of certain molecular classes and results in enhanced
signals. Initially, TOF mass spectrometers were coupled to a MALDI source
but over the past years of development several mass spectrometers have been
used.[44]

Electrospray ionization (ESI)

A solution flowing through a capillary tube on which several kV (2-5) have
been applied creates separation of charge at the surface of the liquid. The po-
larity of the applied voltage determines the polarity of ions which will be
formed. For example applying positive voltage on the sample capillary pro-
duced positively charged ions. As the liquid exits the tip of the capillary a
“Taylor-cone” is formed and once the electrostatic forces between the ions
exceed the surface tension of the liquid (Rayleigh limit), droplets containing
ions can detach from the liquid[45,46] (Figure 5). As the droplets are trans-
ferred towards the inlet of the MS the solvent evaporates, leading to the release
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of ions from the droplets either through the ion evaporation or the charge res-
idue model.[45,46] Briefly, the ion evaporation model, originally developed
by Iribarne and Thompson[47,48], describes the release of ions from charged
liquid droplets. As the droplets are being desolvated and shrinking (reaching
a size of approximately 20 nm) and the charge density increases, solvated ions
can be ejected from the droplet’s surface.[46] In the charge residue
model[49,50], highly charged droplets are constantly shrinking due to solvent
evaporation until smaller charged droplets are formed due to electrostatic re-
pulsions. Eventually, droplets that contain only one analyte ion are created.
The general consensus is that the charge residue model favors molecular ions
with weight larger than 1000 Da while smaller ions can be emitted from
charged droplets through the ion evaporation model.[46] Recently, it was pro-
posed that ions of disordered polymers such as unfolded proteins, can be
formed through the chain ejection model.[51] In this model, the unfolded pro-
tein migrates towards the droplet exterior since the hydrophobic residues are
now exposed and the interactions with the hydrophilic droplet interior are not
favorable. Finally, the protein is ejected stepwise from the droplet in a mech-
anism similar to the ion evaporation model.

The introduction of ESI revolutionized the field of MS as it was realized
that analytes can now be transferred from the solution phase to the gas phase
for mass spectrometric analysis. The early works by Sir Geoffrey Taylor in
1964[52] and Dole et al.[50] laid the foundation for the development of ESI.
In 2002, John B. Fenn (ESI) and Koichi Tanaka (MALDI) shared the Nobel
Prize in Chemistry for their pioneering work in the development of soft ioni-
zation methods coupled with MS for the analysis of large biomolecules.
[53,54]

ESI can operate with or without the assistance of nebulization gas.[55] At
flow rates below 5 uL min™, little to no gas assistance is required to create a
stable electrospray. When the flow rate is up to few tens of nL min" and no
pumping of solution takes place, the technique is termed nanospray.[56,57]
During nanospray (or nanoelectrospray), the initial smaller size of droplets
that are generated (nanometers compared to micrometers in ESI) favors their
desolvation compared to conventional ESI, thus, improving the signal quality.
At higher flow rates effective desolvation of the droplets is assisted by a neb-
ulizing or sheath gas. At even higher flow rates (> 0.1 mL min™), used mostly
when coupling with liquid chromatography, a heated nebulizing gas can assist
the desolvation. Effective solvent desolvation in ESI is not only beneficial for
the production of gas-phase ions but also for the mass spectrometer as it can
reduce the noise generated in the spectra. Incomplete desolvation typically fa-
vors the formation of gas-phase ions from analytes that reside mainly on the
surface of the droplets, such as hydrophobic molecules e.g. amphiphilic ana-
lytes.[45,58] Since the droplet surface does not have infinite space for all an-
alytes to reside, some analytes e.g. small metabolites such as amino acids re-
side in the inner part of the droplet where favorable hydrophilic interactions
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take place. Thus, in the presence of analytes with various affinities for the
surface of the droplets, discrimination effects in terms of ionization preference
occur. These effects are collectively known as matrix effects.

Figure 5. Schematic illustration of the ESI process. The solution of analytes is
pumped through the spray needle which is held under high voltage. The charged
droplets formed in the Taylor cone are evaporating as they move towards the inlet
of the mass spectrometer. Reprinted from “Cech, N.B. and Enke, C.G. (2001),
Practical implications of some recent studies in electrospray ionization funda-
mentals. Mass Spectrom. Rev., 20: 362-387” with permission from John Wiley
and Sons.

Ionization with electrospray is considered a “soft” technique i.e. analytes do
not undergo extensive fragmentation during ionization as opposed to “hard”
ionization techniques such as electron ionization where fast moving electrons
collide with the analytes. In ESI, adduct formation with H", Na", K, NH4" or
other alkali metal ions is the primary source of gas-phase ions in the positive
mode while deprotonation (loss of H"), adduct formation with CI" or RCOO
(R = H or CHj3) are the primary ions formed in the negative mode. Solvent
additives or contaminants contribute to the formation of such adducts. Typi-
cally, most of the analytes are observed as singly charged ions but some ana-
lytes might carry two or several charges. For instance, proteins can accumulate
several charges through adduct formation with H', NH," or alkali metal ions.
The observation of multiply charged species with ESI was crucial for the de-
velopment of methods that analyze proteins using mass analyzers that have
limited high mass range.
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Desorption electrospray ionization (DESI)

DESI was introduced in 2004, where it was demonstrated that a stream of
charged droplets produced by ESI can desorb molecules directly from sur-
faces.[59] The impact of the charged solvent droplets causes the sputtering of
molecular ions directly from the sample surface which are subsequently trans-
ferred into a mass spectrometer for analysis. The technique operates under
ambient conditions which opened new avenues for analysis under atmospheric
pressure. In contrast with MALDI, spraying of a laser-absorbing chemical ma-
trix and conductive surface are not required. The solvent used for desorption
is typically aqueous mixtures of organic solvents. The first application of
DESI-MSI appeared in 2007[60] and since then many more applications have
been described in biomedical research.[61-63] Since DESI is an ambient ion-
ization technique, any mass spectrometer can be coupled.

Nanospray desorption electrospray ionization
(nano-DESI)

Nano-DESI was reported for the first time in 2010 as a method of liquid-ex-
traction surface sampling technique[64] and the first imaging application ap-
peared two years later.[65] In nano-DESI, two thin fused silica capillaries (e.g.
50 um L.D., 150 um O.D.) are used for delivering a solvent onto the sample
surface and subsequent electrospray. The solvent is propelled by a syringe
pump through the first capillary. The second capillary is positioned at an angle
relative to the first so that a liquid bridge is formed between them (Figure 6).
The tip of the second capillary is positioned close to the inlet of a mass spec-
trometer where the vacuum inside the instrument assists with the transport of
the liquid. High voltage (3-3.5 kV) is applied on the metal needle of the sy-
ringe delivering the solvent to facilitate electrospray at the second capillary
that is close to the inlet of the mass spectrometer. When the liquid bridge
comes into contact with the surface of the sample, molecules are dissolved in
the solvent (usually mixture of water/methanol), ionized through ESI and
transported in the mass spectrometer for analysis. Similar with DESI, there is
no requirement for application of laser-absorbing matrix on top of the surface
and use of conductive sample holders. The setup of a nano-DESI probe has
been described thoroughly before[66] and the technique has been extensively
used over the past years.[22,67,68]
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Figure 6. Schematic illustration of
nano-DESI sampling from a surface
where the white arrows indicate the flow
of the solvent. The inlet of the mass spec-
trometer is shown on the far right. The
individual elements are not in scale.

Pneumatically assisted (PA) nano-DESI

In 2017, Duncan et al. demonstrated that substituting the secondary capillary
in nano-DESI with a nebulizer, improved the ionization of small metabolites
and further showed less dependence on the probe-to-surface distance.[69] The
improved ionization of small metabolites was attributed to better desolvation
of the formed droplets due to the nebulization in combination with larger dis-
tance between the spray tip and the inlet of the mass spectrometer, which al-
lows higher droplet desolvation. Further, the pulling action of the nebulizing
gas due to the Venturi effect[70] creates a more stable flow through the sec-
ondary capillary which reduces the droplet instability due to distance varia-
tions. The technique was termed pneumatically assisted nano-DESI
(PA nano-DESI) and since then its use for several applications has been eval-
uated.[71-73] We recently published a book chapter[74] where the construc-
tion and use of a PA nano-DESI probe is described in detail. Therefore, the
probe will be described briefly in the next paragraph.

The PA nano-DESI probe uses a primary fused silica capillary connected
to a syringe and syringe pump for solvent delivery. The choice of solvent de-
pends on the experimental question and will be discussed further in the section
“Selection of solvent system”. Practically, the voltage difference between the
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primary capillary and the instrument’s inlet is applied directly on the metal
needle of the syringe. The nebulizer that includes the secondary capillary is
positioned at an angle of ~85° with respect to the primary capillary. The ca-
pillaries are aligned such that the primary is slightly below the secondary. The
tip of the nebulizer is positioned in front of the inlet of the mass spectrometer
at an angle of ~45°. These relative positions of the capillaries are similar to
the nano-DESI described in the previous section. The solvent is pushed
through the primary capillary and due to the flow of the nitrogen gas through
the nebulizer, the liquid is aspirated towards the mass spectrometer. Then the
gas flow is adjusted until a stable liquid bridge is obtained. The relative posi-
tion of the primary and the secondary capillary is adjusted using micromanip-
ulators to enable a stable liquid bridge. Further, the relative position and dis-
tance of the nebulizer compared to the mass spectrometer’s inlet is optimized
by using either the signal of standards spiked in the solvent or background
ions. Overall, the process of optimization involves several parameters: the an-
gle between the primary and secondary capillaries, the angle of the nebulizer’s
tip relative to the mass spectrometer’s inlet, the position of the nebulizer’s tip
with respect to the inlet, the solvent flow rate, the electrospray voltage and the
nebulizing gas flow rate. Once a stable and intense signal is established
through electrospray in the mass spectrometer, the PA nano-DESI probe is
maintained in that position throughout the experiment.

Although the PA nano-DESI probe does not operate in the high flow rate
regime, the nebulizer is more effective at desolvating the formed droplets, as
was discussed by Duncan et al.[69] It should be noted that despite the pres-
ence of “nanospray” in the name of PA nano-DESI and nano-DESI tech-
niques, they not actually operating within the nanospray regime flow rates (a
few nL min™ to tens of nL min™).

Solvent versatility in nano-DESI and PA nano-DESI

Dopants and chemical derivatization

The versatility of the solvent in liquid extraction based MSI techniques such
as nano-DESI and PA nano-DESI is reflected in the choice of the solvent and
the addition of standards for matrix effects compensation and relative quanti-
tation (discussed in detail in “Sampling solvent in PA nano-DESI”). Further,
dopants can be added in the solvent for improved ionization and/or chemical
derivatization. Weigand et al. added ammonium fluoride in the nano-DESI
solvent and demonstrated improved signals for lipids in the negative ion
mode[75] but the same dopant was not effective at improving the ionization
of triglycerides in the positive ion mode.[76] Chemical derivatization of ana-
lytes with low ionization efficiency can improve their detection through the

29



formation of a product with a permanent charge or increased surface activ-
ity.[21,77-81] Further, incorporation of MS-friendly detergent in the
nano-DESI solvent has enabled the native MS analysis of intact membrane
proteins which previously were not accessible.[82—87]

Silver ions have been used for the increased sensitivity of olefins, prosta-
glandins and for isomeric differentiation of phospholipids and canna-
binoids.[73,88-93] Primarily it has been hypothesized that silver ions interact
with double bonds[89,94] and it was shown that no interaction occurs between
saturated fatty acids and silver ions.[91] However, Lillja et al. demonstrated
that saturated phospholipids can form adducts with silver ions[88] thus ex-
tending the capabilities of silver adduct formation. The isotopic signature of
silver ions ('"’Ag:'®Ag = 51.839:48.161) provides additional information for
identification of molecules that form adducts with silver. A disadvantage of
the isotopic signature of silver ions is that the signal for the formed adduct is
split into two mass channels. To maximize the obtained signal, monoisotopic
silver[73,88] has been used.
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Mass spectrometry imaging

Basic principles

MSI is a powerful technique for visualization of molecular distributions di-
rectly from biological surfaces without labeling of the target mole-
cules.[62,95-98] Understanding chemical mechanisms of disease is of utmost
importance for the development of treatments. Due to the molecular heteroge-
neity of tissue, spatial information is valuable for deciphering mechanisms of
action. For instance, elucidating the processes that lead to the distribution and
availability of drugs within a tissue is essential for pharmaceutical research
and developments.[62]

In MSI the essential experimental components include a sample on a sur-
face, a sampling source, an ionization source and a mass spectrometer. The
sampling and ionization can be taking place simultaneously (e.g. MALDI,
SIMS, DESI) or they can be decoupled (e.g. nano-DESI, PA nano-DESI). In-
dividual and known (x,y) locations of the tissue section surface are sam-
pled/ionized in a pre-defined pattern until the entire surface has been sampled.
Sampling can be done either in vacuum or under ambient conditions. During
each sampling event, molecules from the tissue section are desorbed, ionized,
and analyzed by the mass spectrometer. Each sampling location, termed as
pixel, contains a mass spectrum that has a plethora of ions. The detected abun-
dance of an ion of interest can be extracted from each mass spectrum and vis-
ualized in a 2D heatmap, referred to as ion image. This process is aided by the
use of software where the user can select specific m/z ions for visualiza-
tion.[99-101] Finally, MSI can also provide visualization in the 3D space
when multiple 2D ion images are reconstructed.[ 102—104]

Data normalization

Normalization of data in MSI is important for eliminating variances during
the analysis that are not related to biological changes. For example, during
MALDI-MSI, inhomogeneous deposition of the laser-absorbing matrix causes
signal fluctuation.[105] Additionally, due to the lack of a separation step in
MSI, ionization suppression typically occurs during ionization. This is due to
the different chemical environment of the tissue and is referred to as matrix
effects. For efficient data normalization, internal standards with structures as
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similar as possible to the analyte are the optimal choice.[105] Internal stand-
ards such as stable isotope labelled versions of the analyte are incorporated
during the analysis to account for matrix effects (discussed in detail in section
“Selection of internal standards for matrix effects compensation™).

Normalization methods commonly used in MSI include normalization to
the total ion current (TIC), internal standard (IS), matrix-related peak or en-
dogenous species and tissue extinction coefficient (TEC). Normalization to
the TIC is the most popular method in MSI due to its simplicity and ease of
implementation. The method assumes that the ionization fluctuations caused
by the tissue chemical environment will be reflected in the TIC and thus di-
viding the signal of an analyte with the TIC will compensate for this. Alterna-
tives to the TIC are the median intensity of all peaks or using the median noise
level.[106] Fonville et al. developed a variant of TIC normalization where bi-
ologically relevant peaks are utilized.[107] Lanekoff ef al. demonstrated that
TIC normalization does not account for matrix effects related to different salt
composition of the samples.[108] Overall, careful consideration of the under-
lying matrix effects and the employed normalization routine is necessary for
MSI experiments.

Normalization to the IS remains the most robust method for signal correc-
tion since the analyte and IS experience the same matrix effects during ioni-
zation. The internal standard can be applied directly on the tissue surface to-
gether with the laser-absorbing matrix (if any).[105] Alternatively, for lig-
uid-based extraction techniques such as nano-DESI, the IS can be directly
added in the solvent. This approach enables pixel-wise normalization i.e. the
internal standard is present in the same spectrum as the target analyte. Signal
normalization can be achieved by the use of peaks originating from the
sprayed laser-absorbing matrix (for MALDI-MSI) or carefully chosen endog-
enous species that are highly abundant and homogeneous over the tissue.[105]
Finally, the calculation of tissue extinction coefficients has been demonstrated
for normalization.[109,110] In this method, a standard is sprayed homogene-
ously over the tissue section and the relative ionization suppression is calcu-
lated for various morphological regions compared to an area where there is no
suppression (i.e. empty glass slide). Overall, robust data normalization is a
necessary step for reporting unbiased results as well as transitioning to quan-
titative investigations.

Quantitation

Quantitation in MSI is important for deeper understanding of biological sys-
tems. However, it requires careful consideration of several factors, such as
matrix effects due to tissue heterogeneity, normalization of data and extraction
efficiency of the analytes from the tissue. The latter is necessary for absolute
quantitation. Most often, relative quantitation strategies are applicable in MSI
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where different tissue regions are directly compared after appropriate data nor-
malization. The biggest challenge in quantitative MSI is mimicking the bio-
logical environment of the sample in order to create the same ionization con-
ditions for the standards. An interesting approach that mimics the native tissue
environment is the creation of mimetic tissue models or tissue surrogates with
spiked standards.[111,112] Tissue is homogenized together with standards,
frozen, sectioned and analyzed. Finally, the investigated tissue can be ana-
lyzed and the signals obtained from the mimetic tissue and the native tissue
can be compared. Essentially, this approach is similar to a matrix-matched
calibration in traditional liquid chromatography (LC) experiments where the
standards are present in the same matrix as the actual sample to experience the
same matrix effects during analysis.[113]

Several strategies have been developed for obtaining quantitative results
from MSI experiments. For example, standards can be spotted adjacent to the
tissue section, directly on top of or under a tissue section, or premixed with a
complex matrix and then spotted on the tissue.[114,115] Thus, the standards
and the endogenous analytes are desorbed and ionized at the same time. The
spotting on top of the tissue method is reported to outperform the rest[116]
but this approach requires a large enough morphological region on the tissue
section for spotting of various standards. Further it is not clear whether the
standard is mixed adequately with the sample matrix during the spotting. This
approach, however, does not account for the extraction efficiency of the en-
dogenous analyte. Regardless, quantitation in MSI can be significantly im-
proved when isotopically labelled standards are used.[117] Another challenge
for quantitation in MSI is the validation of the results. Typically, the results
from MSI are compared with analysis using a gold-standard technique such as
liquid chromatography mass spectrometry (LC-MS). However, it is not possi-
ble to analyze exactly the same tissue area with LC-MS and with MSI and
thus most approaches use whole tissue sections. Nonetheless, studies have
shown good agreement between quantitative MSI and LC-MS re-
sults.[105,117]

In nano-DESI and (PA) nano-DESI MSI, standards can be directly added
in the solvent and ionize simultaneously with the target analytes, thus, expe-
riencing the same matrix effects. When appropriate standards are used (ideally
stable isotope labelled versions of the analytes) the signal normalization and
quantitation is feasible.[118] Quantitation is achieved by using the one-point
calibration technique[119,120] where the concentration of the standard spiked
in the solvent generates intensity similar to the analyte. The concentration of
the endogenous analyte is determined using the following equation:

lena
Ceng = a X Ien X Cstq (1)
std
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where « is the response factor between the endogenous analyte and the stand-
ard (i.e. a measurement of how similar the ionize), /..s and Iy are the signal
intensities for the endogenous analyte and standard, respectively, and Cyy is
the concentration of the standard spiked in the solvent. When stable isotope
labelled versions of the analyte are used, the response factor is assumed to be
1. This method enables pixel-wise quantitation but the extraction efficiency of
the endogenous analytes is not accounted for and thus absolute quantitation is
not possible. It has been recently shown that multiple labelled compounds can
be used simultaneously to create a calibration curve and quantify pixel-by-
pixel.[121] In conclusion, accurate quantitation in MSI is challenging and re-
quires detailed understanding of the underlying factors affecting the analyte
signal.

Spatial resolution

In MSI the spatial resolution is typically defined by the size of the sampling
area. For example, in laser-based techniques, the diameter of the laser spot and
the movement of the sample stage dictate the spatial resolution.[24,122] In
liquid-based extraction techniques, the size of the sampling droplet or plume
(in case of DESI) is of importance. For techniques where continuous extrac-
tion/desorption of molecules is done (e.g. nano-DESI and DESI), the scan rate
of the mass spectrometer, the movement speed of the sample holder and the
stepping size between adjacent lines are needed to estimate the pixel size.
However, the spatial resolution, which is different than the pixel size, is de-
termined by the diameter of the liquid bridge between the two capillaries in
the case of nano-DESI[123] and the scan rate of the mass spectrometer. The
size of the liquid bridge is determined by the diameter of the fused silica ca-
pillaries, the solvent flow rate, and their relative position.

Advancements in laser technology drive the laser-based techniques towards
higher spatial resolution and now they can routinely achieve < 10 um.[96] In
liquid-based extraction techniques, smaller droplet size or plumes are re-
quired, which can be experimentally challenging to achieve, with the best re-
ported being ~10 um.[124] To estimate the spatial resolution, both soft-
ware/data and experimental methods have been developed.[99,122,125] In
nano-DESI MSI, the pixel size is typically reported as the scan rate of the mass
spectrometer divided by the sample motion speed for the x-axis and the step-
ping size for the y-axis. For example, in an analysis where the sample is moved
under the nano-DESI probe at 40 um s™', the mass spectrometer acquires data
at 2 Hz and the stepping size is 150 um, the final pixel size is 20 um x 150 um.
Estimation of the spatial resolution is typically done by determining the dis-
tance that the signal has increased from 20% to 80% relative intensity in areas
where there are chemical gradients or distinct morphological fea-
tures.[99,123,126,127]
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Impressive spatial resolution in MSI creates highly detailed ion images and
can reveal important morphological features.[96] However, this come at the
cost of analysis time and most importantly decreased sensitivity of the MS
detection. Unsurprisingly, sampling less material yields less ions that enter the
mass spectrometer, thus, low abundance features can go undetected. This is
additionally exaggerated by the fact that the ionization efficiency rate is not
100%. Further, confident identification of the analytes is not possible without
tandem mass spectrometry, which requires adequate signal intensity to pro-
vide good quality data. Bulk analysis of tissue extracts for confirmation of
annotations is possible but it can be argued that the correlation between spatial
position and analyte identity is lost. Constant improvements in the ionization
efficiency of molecules (e.g. MALDI-2[42]) aim to alleviate this problem.
Both computational and hardware methods have also demonstrated increased
throughput of analysis with minimal loss of spatial resolution.[128]

Sample preparation

In MSI experiments, thin tissue sections can be analyzed to obtain the spatial
distribution of analytes. These thin tissue sections are obtained from organs
that have been previously snap-frozen to prevent molecular degradation.
Snap-freeze is an important step and takes place immediately after the organ
removal to halt enzymatic activity and is usually done with liquid nitrogen or
dry-ice chilled isopentane. The latter is preferred over liquid nitrogen due to
its better cooling rate[ 129] and also liquid nitrogen boils which created an un-
predictable freezing pattern, which can distort the tissue morphology.[130]

Typical thickness of tissue sections lies between 10-20 um but sections at
3-5 um have been analyzed.[129] Tissue sections as thin as 2 um showed bet-
ter quality data compared to thicker ones and this was attributed to better
charge dissipation during the MALDI process and more efficient lipid removal
during washing.[131] However, the increased fragility of such thin tissue sec-
tions needs to be considered. Thus, typical tissue thickness used throughout
the experiments in this thesis was 10-12 um. The sectioning of tissue in this
work was done using a cryotome that controls the temperature of the chamber
and the blade. These temperatures are tissue dependent and require optimiza-
tion prior to sectioning. For example, for brain sectioning temperatures
of -20 °C in the chamber and the blade were found to deliver good quality
tissue sections. Then the tissue is mounted on the holder of the cryotome using
a small amount of water. In traditional histological experiments, the tissue is
embedded in optimal cutting temperature (OCT) medium.[129] However, the
contamination of the tissue section by OCT is detrimental to the quality of
data obtained as severe signal suppression by the contaminants occurs in the
mass spectra.[132,133] If the organ requires embedding in a medium, water,
gelatine or carboxymethylcellulose (CMC) can be used.[129]
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Thaw-mounting of the tissue section is the most common method for trans-
ferring the tissue section onto the surface. The choice of surface depends on
the MSI technique used as some require the surface to be conductive. One
example of conductive surface are indium-tin oxide (ITO) coated glass slides
that are used in MALDI MSI. For nano-DESI imaging there is no requirement
for surface conductivity, thus, regular glass microscope slides are typically
used. After the tissue section has been thaw-mounted on the glass slide, it can
be stored in -80 °C until analysis. It should be mentioned that long-term stor-
age of tissue sections on glass slides should be avoided.[129] It has been re-
ported that long-term storage up to one year showed no significant molecular
degradation but more than that peptides and proteins were affected. For anal-
ysis, the tissue section is typically subjected to vacuum desiccation or rapid
thawing to avoid condensation. Overall, sectioning, storage and handling of
tissue sections is detrimental to the quality of the data obtained.
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Surface sampling capillary electrophoresis

Fundamentals of capillary electrophoresis

Capillary electrophoresis (CE) is a separation technique where charged ana-
lytes are separated based on their movement in an electric field through a thin
fused silica capillary. In CE the electrophoretic mobility of the analytes is the
basis for their separation.[134] This property is characteristic of each ion in a
medium and is determined by the charge and size of the ion. The electropho-
retic mobility is proportional to the ion’s charge and inversely proportional to
the viscosity of the medium and the ion’s radius. Thus, highly charged small
ions have higher mobility than large, minimally charged ions. Compared to
traditional separation methods such as liquid or gas chromatography, in CE
there is no need for a stationary phase with which the analytes interact.

In a typical CE experiment, a sample in liquid form is loaded in the sepa-
ration capillary usually by applying pressure (hydrodynamic injection) or by
applying voltage (electrokinetic injection). The ends of the capillary are
dipped into an inlet and outlet reservoirs containing an appropriate back-
ground electrolyte (Figure 7). The inlet and outlet reservoirs are connected to
a high voltage power supply that provides the electric field for the separation
of analytes in the capillary. A detector is usually placed towards the end of the
separation capillary for detecting the signal from the separated analytes.

A fundamental aspect of CE for the movement of charged species through
the capillary is the electroosmotic flow (EOF). Typically, silica capillaries un-
der aqueous conditions possess exposed silanol groups (SiOH) that can be in
the anionic form (SiO"). Counterions in the electrolyte solution, typically cat-
ions, accumulate near the negatively charged capillary wall and form a thin
wall. When the electric field is applied across the capillary, the movement of
the solvated cations from the positive inlet towards the negative outlet (Figure
7) causes the bulk liquid to move as well. The movement of the EOF causes
the migration of all species within the capillary towards the same direction.
Cations migrate the fastest towards the negatively charged outlet (cathode)
and they are arriving to the outlet faster than the bulk EOF. Anions are at-
tracted by the positively charged inlet (anode) but due to the movement of the
EOF towards the cathode they are still following the same direction. However,
they are considerably slower than the bulk EOF. Finally, neutral species fol-
low the same direction as the EOF but they are not separated from each other.
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Figure 7. Schematic illustration of basic CE components. HV: high voltage

Capillary electrophoresis mass spectrometry

Among the most common detection methods in CE are those based in spec-
troscopy and electrochemistry.[135] These detection methods are sensitive
and offer the possibility for on-line detection. Mass spectrometry can be cou-
pled to CE for increased confidence in the identification of analytes.[136]
Very low sample volumes (nanoliters) can be analyzed with CE and in com-
bination with the increased identification confidence through MS, CE-MS is
a valuable tool for the analysis of biological samples. However, coupling CE
to MS requires the presence of a sheath liquid which leads to dilution of the
analyte bands and reduces the sensitivity. The sheath liquid is necessary for
minimizing the formation of hydrogen and oxygen gas bubbles due to elec-
trolysis which negatively affects the analysis.[137] Sheathless interfaces for
CE-MS are an active field of research to circumvent the analyte dilution.[138]

Analysis of biological samples using CE-MS requires the sample to be in a
liquid form. Therefore, intact tissue sections that contain valuable spatial in-
formation of analyte localization are not directly compatible. Using laser cap-
ture microdissection followed by LC-MS analysis has been reported before
for regional analysis.[139] Further, direct surface sampling using solvent and
LC-MS analysis provides spatially defined information from tissues.[140,141]
However, spatially defined analysis using CE offers the advantage of higher
separation efficiency compared to LC.[136] For that, Duncan et al. developed
the surface sampling (SS) CE-MS which enabled the sampling directly from
thin tissue sections.[142] Further developments and optimization of
SS-CE-MS by Golubova et al. demonstrated that SS-CE-MS is a versatile tool
that can be used for the analysis of lipids, proteins and polar metabolites.[143]
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A major advantage of CE-MS is the capability for separating isomers and iso-
bars even with enantioselectivity.[143—146] In direct infusion MS-based ap-
proaches such as MSI, pre-separation of analytes is omitted and thus isomers
and isobars are not resolved by m/z alone.

39



40



Ischemic stroke

Ischemic stroke is one of the primary causes of death and disability world-
wide. It accounts for 87% of the stroke incidents and atherosclerosis is the
main cause of it.[ 147] According to the American Heart Association, one per-
son suffers from a stroke every 40 seconds.[147] The fatty deposits obstruct
the blood supply to the brain causing a lack of nutrients and oxygen.[148] This
has adverse effects for the brain cells and ultimately leads to inflammation,
oxidative stress, ionic imbalance and apoptosis. During ischemia the lack of
oxygen needed for oxidative phosphorylation leads to the rapid consumption
of adenosine triphosphate (ATP) and release of glutamate by the neu-
rons.[149] The release of glutamate has detrimental effects for the neurons
causing the activation of N-methyl-D-aspartate (NMDA) receptors.[150,151]
These receptors allow calcium ions (Ca®") to enter the cells exaggerating the
ionic imbalance. Further, membrane depolarization occurs and the normal
function of Na/K ATPase is severely disrupted.

Potassium and sodium ions levels are, under physiological conditions,
tightly regulated through the Na/K ATPase.[152] Specifically, inside the cells,
the levels of potassium are higher than sodium under normal conditions.[153]
During ischemia, potassium exits the cells while sodium enters at the same
time causing ionic imbalance.[154,155] Additionally, Ca**, which are typi-
cally maintained at low levels intracellularly, are entering the cells causing
activation of calcium-dependent proteases, lipases and DNases.[151,156] For
example, calcium-dependent phospholipase A, (PLA;) and phospholipase C
(PLC) are activated and degrade membrane phospholipids. Ultimately, acti-
vation of such enzymes results in cellular apoptosis. The ionic imbalance due
to high intracellular levels of Ca®", Na* and adenosine diphosphate (ADP) has
deleterious effects for the mitochondria through the production of reactive ox-
ygen species, thus, affecting the energy production.[157]

Treatment of acute ischemic stroke requires effective recanalization and
reperfusion to salvage the brain tissue. The timeline is very important and the
most established treatments are intravenous thrombolysis using recombinant
tissue plasminogen activator (effective window of 4.5 hours) and endovascu-
lar thrombectomy (effective window of 6 hours).[158] Both methods aim to
dissolve the formed clot so blood flow can be restored. An alternative treat-
ment that “remains one of the holy grails of acute ischemic stroke ther-
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apy”’[159] is neuroprotection. This therapy aims at minimizing neuronal dam-
age that occurs during reperfusion and could be achieved with or without the
administration of pharmacological agents. However, the abovementioned
treatment therapies are administered after the occurrence of stroke and require
early recognition of the symptoms. On the other hand, ischemic precondition-
ing aims at “preparing” the brain for a subsequent ischemic stroke by trigger-
ing defense mechanisms that typically occur during an actual ischemic
stroke.[160] In all cases, deep understanding of the underlying chemical
mechanisms in ischemic stroke is of vital importance for the development of
treatments.

To study ischemic stroke, the most common experimental model is the mid-
dle cerebral artery occlusion (MCAQ).[161] This model causes disruption of
the blood flow to the brain by inclusion of a monofilament into the artery and
it can be used for permanent or transient ischemia. In this model, one hemi-
sphere of the brain is damaged while the other remains largely unaffected, thus
providing a damaged and a control region within the same tissue section.[162]
After the filament is removed, the blood flow is restored (reperfusion) and the
time range of reperfusion is typically between 1 hour and 2 hours. Restoration
of the blood flow is necessary for salvaging ischemic tissue, however, it results
in ischemia/reperfusion injury where, paradoxically, the damage is further ex-
aggerated.[163] This experimental stroke model resembles the human stroke
in terms of localization but it has been heavily criticized for its translational
aspects. The reason for the criticism lies in an inherent problem with this
model; in human stroke vessel occlusion is rarely complete. Nonetheless,
MCAQO has provided substantial amount of knowledge regarding the patho-
physiology of ischemic stroke and has been valuable source of material for
research and method development in this thesis.
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Scope

The aim of this thesis was to add to the portfolio of analytical methods in MSI
and thus increase its versatility and range of applications. Further, it was im-
portant to demonstrate that MSI is not an isolated field but rather a great tool
in understanding chemical mechanisms in health and disease. The work pre-
sented here is divided into two parts: applications and method developments.
First, applications of MSI in the analysis of biological samples were important
for gaining insights into mechanisms of action in ischemic stroke. This work
utilized the power of MSI to provide spatially defined information and high-
lighted its relevance in the field of bioanalysis. Second, development of ana-
lytical methods that are compatible with MSI of challenging analytes are pre-
sented. Each method has been extensively evaluated and most importantly ap-
plied in a biological sample to showcase its importance and relevance. Finally,
some unpublished results are presented and discussed in the context of solvent
selection in PA nano-DESI MSI. The solvent tunability of this MSI technique
is one of the biggest advantages and in-depth knowledge of the underlying
mechanisms of extraction/desorption/ionization are of utmost importance for
reaching the full potential of the analysis.

43



44



Discussion of findings

Sampling solvent in PA nano-DESI

Selection of solvent system

The choice of solvent for sampling using PA nano-DESI typically follows the
basic rules of extraction in chemistry. The molecular classes to be investigated
influence the choice of solvent. However, there are two more factors to con-
sider when selecting a solvent. First, the selected solvent should be compatible
with ESI-MS so that a stable spray can be obtained.[164] Second, the surface
tension and affinity of a solvent for a surface influences the stability of the
formed liquid bridge. Solvents with low surface tension tend to form unstable
liquid bridges when in contact with a hydrophilic glass surface e.g. acetone.
Non-polar organic solvents such as chloroform, hexane, toluene or dichloro-
methane are typically avoided as they are not considered “ESI-friendly”.[164]
However, it has been shown that when mixed with polar organic solvents such
as methanol and acetonitrile, the detection of non-polar triglyceride species
with nano-DESI is improved.[76]

The most commonly used solvent system in nano-DESI applications is
methanol:water 9:1 (v/v)[66] and this was the solvent used in Paper I, III &
V. This solvent system is able to extract both metabolites and lipids at the
same time. The use of solely water as solvent has been described using the
PA nano-DESI probe which enabled the imaging of highly polar analytes.[69]
Pure methanol was used as the PA nano-DESI solvent in Paper II since the
affinities for Na" and K" for methanol:water mixtures were not available in
the literature. When analyzing tissue sections that contain large amounts of
NaCl and/or KC1 due to the normal cell environment, the extraction of these
salts can cause problems. One such case is when silver ions are added in the
nano-DESI solvent to improve the ionization of specific molecular clas-
ses.[73,88,91,165,166] The presence of CI” leads to the formation of AgCI(s)
which consumes the available Ag" and thus diminishes the adduct formation
with analytes. Further, AgCI(s) builds up on the spray capillary tip and even-
tually leads to clogging. Thus, acetonitrile is typically preferred over methanol
and water due to lower solubility of NaCl and KCL[91] In Paper IV acetoni-
trile:methanol 9:1 (v/v) was used as the solvent system to minimize extraction
of NaCl and KCI. As it can be concluded, the choice of solvent in nano-DESI
is a multivariable problem where a systematic investigation of the different
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solvent systems and their extraction capabilities is lacking. Recently, Lin et al.
investigated the extraction efficiencies of various solvents for lipid analysis
(fatty acids, phospholipids, ceramides and cardiolipins) and concluded that
optimization of the solvent system in terms of intermolecular interactions and
extraction time affected the obtained lipid profiles.[167]

Figure 8. Average intensities (n = 20) of various ions from line scan over a mouse
brain tissue section using PA nano-DESI MS with different mixtures of metha-
nol/acetonitrile. All solvents contained 10 ppm '“’Ag”. Error bars represent the
standard deviation of the average intensity. AA: arachidonic acid, PC: phospha-
tidylcholine

In an effort to systematically evaluate the different solvents and their extrac-
tion capabilities with PA nano-DESI MSI, different mixtures of methanol/ac-
etonitrile were tested. These solvents were selected as they are commonly used
with ESI-MS. The data were obtained in consecutive lines over a mouse brain
tissue section and 20 scans were averaged, representing similar chemical en-
vironment. Small polar organic molecules such as creatine, which is abundant
in brain tissue, was detected with higher intensity when the methanol portion
was increased (Figure 8A-C). This observation is attributed to a higher ex-
traction efficiency of methanol and/or more efficient desolvation during ESI.
Increasing the methanol content does indeed result in higher signals for the
protonated adduct of creatine, as shown in Figure 9. Overall, higher extraction
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efficiency of methanol compared to acetonitrile and better desolvation during
ESI contributed to the increased signals for polar analytes such as creatine.
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Figure 9. Effect of methanol proportion in ESI-MS.
Shown is the signal for [Creatine + H]" obtained from
solutions that have various proportions of methanol/ac-
etonitrile, 10 ppm 'Ag®, 0.2% formic acid and
500-times diluted rat brain extract. All samples were an-
alyzed under identical ESI-MS conditions.

In the case of alkali metal ion adducts (Na" and K), the results were not as
straightforward. The protonated adduct of PC 34:1 (Figure 8D) was detected
with the highest intensity when 90% methanol was used indicating a combi-
nation of increased extraction efficiency of the solvent, increased proton donor
abilities due to the presence of the protic solvent methanol, and increased
desolvation of the solvent. The sodiated adduct of PC 34:1 (Figure 8E) did
not show a clear trend which could be explained by the constant presence of
Na' impurities in the solvents. The potasiated adduct (Figure 8F) provides
evidence for increased extraction of K™ with increased content of methanol.
Similar trends were observed in the case of creatine (Figure 8B-C). The bal-
ance between protonated, sodiated and potasiated adducts is dependent on the
chemical environment and solvent impurities and it is not always easy to con-
trol.[168,169] Increased signals for phospholipids such as PC 34:1 with higher
methanol content should induce more matrix effects, which could explain the
fact that the signal for [Creatine + H]" is almost reaching a plateau in Figure
8A. The latter could also be attributed to saturation of the extraction solvent
with creatine. Nonetheless, the desolvation and the extraction effect are over-
powering the ion suppression due to matrix effects from phospholipids.

The data shown in Figure 8 demonstrate that there is a trade-off between
higher detected intensity for small molecules (e.g. creatine) and availability of
silver ions. It became clear that when the percentage of methanol was more
than 30% (70% acetonitrile) the extraction of NaCl and KCl was diminishing
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the amount of silver ions either detected as free or as adducts with biomole-
cules (Figure 8G-I). It was hypothesized that with 20% methanol — 80% ace-
tonitrile we would still retain enough silver ions to form adducts with mole-
cules while at the same time extracting small molecules. However, the
PA nano-DESI MSI experiment of a mouse brain tissue section with that sol-
vent was unsuccessful. After 3 hours of data acquisition the capillaries were
clogged by AgCI(s) and the electrospray was highly unstable. Further, since
the 30% methanol — 70% acetonitrile solvent was able to extract small mole-
cules and still retain free silver ions or form adducts of molecule with silver
(Figure 8), the substitution of methanol by other alcohols was considered. The
hypothesis involved lowering the extracted amount of NaCl and KCl due to
less polar alcohol but still extracting organic molecules.[170] However, both
ethanol and isopropanol were not able to extract small metabolites such as
amino acids while signals for highly abundant species such as creatine were
4-fold lower compared to methanol. Additionally, the stability of the liquid
bridge was negatively affected by substituting methanol with ethanol or iso-
propanol. Thus, the presence of methanol was deemed necessary. The solvent
with 90% acetonitrile — 10% methanol was still considered the best option
when using silver ions.

Selection of internal standards for matrix effects compensation

The ionization of molecules during ESI is dependent of the chemical environ-
ment. Due to the nature of the ESI process, molecules with high affinity for
the surface of the droplets will outcompete molecules with lower affinity
which leads to matrix effects. While the latter usually results in ionization
suppression, enhancement of ionization has also been observed.[171,172]
Since the droplets during ESI can undergo uneven fission, mass and charge
separation becomes important, leaving molecules in the interior of the droplets
uncharged.[58,173,174] This is a well-known phenomenon in ESI-MS and if
not accounted for, biased results are reported.[45] One way to alleviate the
matrix effects is by improving the desolvation process of electrospray. This
was originally demonstrated with nanospray where the initially smaller drop-
lets can produce ions in the gas phase directly without relying on the fission
of the droplet.[175] If matrix effects cannot be avoided, then identification and
compensation is important. This can be achieved by including internal stand-
ards during the analysis that ionize simultaneously with the analyte ions and
thus experience the same matrix effects. Internal standards have been used
extensively in ESI-MS for quantitative investigations.[176,177] Direct-infu-
sion approaches require the use of internal standards for correction of matrix
effects. However, when a chromatographic separation or sample clean-up (e.g.
solid phase extraction, SPE) is employed, then the matrix is separated by the
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analytes. Since MSI experiments operate without any chromatographic sepa-
ration or sample clean up prior to analysis, it is important to identify and com-
pensate for the ionization suppression or enhancement of analytes.

Identification of matrix effects is typically carried out by comparing the
response of an analyte with and without the matrix being present. In MSI ap-
proaches, identification of matrix effects is aided by the use of standards that
are either spiked in the solvent for liquid-based extraction MSI techniques or
sprayed over the tissue section for desorption-based techniques.[178] The
analysis of complex tissue samples usually results in two types of matrix ef-
fects: salt-related and chemical composition-related.[178] Salt-related matrix
effects are caused by the natural presence of NaCl and KClI in the cells of the
tissue and the preference of molecules to form adducts with Na" and K",
Chemical composition-related matrix effects are due to the chemical environ-
ment of the tissue. This typically results in ionization suppression of analytes
because of the presence of molecules from the tissue that have high surface
activity e.g. phospholipids. It has been demonstrated that failing to account
for the matrix effects caused by the abundance of Na" and K" in the tissue
results in mixed conclusions regarding the abundance of molecules (Paper
I).[108] Further, Bergman et al. showed that the ionization of small molecules
such as acetylcholine, gamma-aminobutyric acid (GABA) and glutamic acid
is dependent on the tissue morphology.[179] In both cases, the matrix effects
were compensated by the inclusion of an IS in the nano-DESI solvent which
ionizes similarly as the analyte ions. As mentioned earlier, nanospray is not as
sensitive to matrix effects compared to regular ESI due to the smaller initial
droplets and thus, more efficient desolvation. This is also the case for the
pneumatically assisted nano-DESI as the nebulizing gas improves the desolv-
ation efficiency of the droplets and thus leading to reduced ionization suppres-
sion of metabolites.[69] Ion images of internal standards acetylcholine-dy and
glutamine-'""N, spiked in the PA nano-DESI solvent did not show altered
abundance in different regions of a mouse brain (Figure 10), thus, the
PA nano-DESI is less affected by matrix effects compared to conventional
nano-DESI.

To compensate for matrix effects during MSI analysis, the response of the
analyte is divided by the response of the IS to obtain the normalized intensity.
Importantly, the same adduct should be used for the analyte and the
IS.[74,108] The choice of the standard is important for the correction of matrix
effects. The optimal choice is a stable isotope-labelled version of the investi-
gated analyte[105,115] since the physicochemical and ionization properties of
such pair are very similar. However, a stable isotope-labelled version of the
analyte is not always available or it becomes unpractical to include an IS for
each analyte. In that regard, structurally similar compounds are an alternative.
For example, Lanekoff ez al. used two PC standards to account for matrix ef-
fects and quantify 22 endogenous PCs.[180] This approach enables calcula-
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tion of the relative ionization of each phospholipid due to the acyl chain dif-
ferences and was necessary for comparing quantities between different phos-
pholipids. For relative comparisons, one standard can be used within the same
molecular class. For example, in Paper III we showed that the ionization sup-
pression between the Cl18-acylcarnitine-d; and carnitine-d; standards is not
different between two important regions of the brain; the healthy and is-
chemic. In Paper I the detected concentrations of lysophosphatidylcholine
(LPC) 18:1 was the same whether using the IS LPC 17:1 or LPC 13:0. To
determine whether two compounds are differentially ionizing throughout a
tissue section, their ratio is usually depicted. With this approach it was shown
for example that the pairs PC 25:0 - PC 43:6, PGE>-dy — PGF2,-dy and car-
nitine-d; — C18-acylcarnitine-ds; have similar ionization suppression through-
out the tissue.[71,91,108]

Optical image Acetylcholine-dg [M]" Glutamine-'5N, [M + HJ*

Figure 10. PA nano-DESI MSI of small molecules is not affected by the chemi-
cal environment. The optical image of the analyzed mouse brain tissue section
shows the white matter region in black selection. Ionization of small molecules
is different in this region compared to the rest (grey matter) (Bergman et al.
2016). PA nano-DESI MSI shows that acetylcholine-dy and glutamine-'>N»
standards spiked in the solvent are not ionizing differentially throughout the tis-
sue section. The signal outside the tissue area is higher due to ionization suppres-
sion from the tissue. Scale bar in the optical images shows 1 mm. The colormap
scales goes from to 0 to 100% relative intensity and the contrast has been adjusted
for clarity.

The use of carefully chosen standards is imperative for unbiased results during
MSI. However, it is unpractical to include a standard for each analyte and
further it requires knowing beforehand which analytes are of interest (targeted
analysis). Besides the practical part of the problem, the effect of ionization
efficiency should be considered. If too many standards are included then the
risk of suppressing the ionization is big. These standards will also compete for
surface position on the droplet surface during ESI. The answer to the question
“how much is too much?” is not easy to obtain. In Paper II we pushed the
limits by including up to 31 individual compounds as standards, the highest
amount known up to date for nano-DESI MSI experiments. To assess whether
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ionization suppression occurred due to the presence of the standards a system-
atic investigation is required. A comparison of signal intensities of endoge-
nous molecules from tissue (ideally a mimetic tissue model to eliminate bio-
logical variation) with and without standards present could provide useful ev-
idence. The ionization process during ESI is complicated by the fact that the
presence of standards may alter the conductivity of the solvent and therefore
affect the obtained signal intensity. Nonetheless, this is a topic of particular
interest for future research.

In cases where non-targeted analysis is required, the inclusion of internal
standards becomes a challenge. In this line of research, Kruve et al. has stud-
ied extensively the possibility of predicting ionization efficiencies and apply-
ing appropriate scale factors for non-targeted analysis.[181-184] In the dis-
cussion for quantitation in MSI the equation (1) used was introduced:

Cena = a X Ileid X Csta (1)
std

Therefore, knowledge of the response factor a between the endogenous com-
pound and the standard used is a valuable piece of information for correcting
their differential responses. At this point, it is worth mentioning that interpre-
tation of data from non-targeted analysis is not straightforward, particularly in
MSI where the benefit of a separation method is not present. Identification of
analytes in MSI is a bottleneck that requires accurate mass, high resolving
power, high quality MS/MS data and eventually the analysis of a pure standard
for final confirmation. Usually, MSI data are complemented by an orthogonal
method such as LC-MS, ion mobility (IM) or CE-MS (Paper V) for the anal-
ysis of tissue extracts or for surface sampling that allows higher confidence in
the annotations.

Applications of (PA) nano-DESI MSI in ischemic
stroke

Studying and understanding the mechanisms of ischemic stroke is vital for the
development of treatments. While Paper I and Paper 111 are considered ap-
plications of MSI in ischemic stroke, several analytical observations are dis-
cussed. These were important for establishing a robust methodology. In Paper
I, the administration of a neuroprotective agent, cytosine-guanine (CpG) oli-
godeoxynucleotides, was evaluated for protecting the ischemic brain. In Pa-
per III the effect of ischemic stroke on the levels of acylcarnitines involved
in mitochondrial fatty acid oxidation was investigated.
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Alterations of phospholipids in preconditioned ischemic mice

Cell membrane disruption is characteristic of ischemic stroke[159] and thus,
this study was focused on phospholipids, specifically, phosphatidylcholines
(PCs) and lysophosphatidylcholines (LPCs). Several studies have shown that
enzymatic degradation of PCs to LPCs occurs during ischemic stroke[185—
187], therefore, LPCs are expected to accumulate in the ischemic area.

To accurately represent the accumulation of LPCs it was necessary to ac-
count for salt-related matrix effects in the ischemic area due to the imbalance
of Na/K induced by the ischemic stroke. Accurate representation of ion images
is essential for the reporting of chemical alterations. It was found that when
TIC normalization, a common MSI data normalization method was used, the
observations of endogenous LPC 18:1 were inconsistent. Since Na' is in-
creased and K" is decreased in the ischemic region, LPC 18:1 appeared to
accumulate at higher levels when detected as Na“ adduct compared to K™ ad-
duct. This finding demonstrates that TIC normalization is not appropriate in
cases of salt-related matrix effects. Further, several studies have shown that
normalization to an IS is preferred over scaling factors for ion intensi-
ties.[116,117,188—193] However, isotopically labelled internal standards
might not always be available for certain analytes. In such cases, the TEC
normalization has shown to be effective for determining the extend of matrix
effects on the target analyte.[109,110] Nonetheless, identification and com-
pensation of matrix effects in MSI is necessary.

When the data were normalized to the corresponding adduct of the IS LPC
17:1, the change of endogenous LPC 18:1 was consistent among both alkali
metal ion adducts. This was due to the similar adduct formation and ionization
efficiency of the IS LPC 17:1 and the endogenous LPC 18:1 due to having the
same cation binding site.[168] Thus, data normalization using the IS allowed
for unbiased reporting of results. Further, it was demonstrated that LPC 13:0
and LPC 17:1 could be used interchangeably for normalizing data from en-
dogenous LPCs. Due to the small differences in their structure, the ionization
efficiency and hence the ionization suppression of these two ISs is similar but
as the size of acyl chain increases, the suppression becomes less pronounced
(Figure 11). The ionization suppression was calculated according to the fol-
lowing equation:

|1tissue - Iglass |

% Suppresion = x 100 (2)

Iglass
where lissue and Igiess are the mass spectrometric intensities of an m/z ion on
tissue and glass, respectively. Overall, two important analytical observations
were made: first, the use of appropriate internal standards is imperative for
unbiased analysis and second, the use of structurally similar compounds for
signal normalization is an effective method.[183]

52



Figure 11. Ionization suppression for potassiated ad-
ducts of LPC 13:0, LPC 17:1, PC 25:0 and PC 43:6.
Average ionization suppression and standard deviation
were calculated from 4 consecutive line scans of an
imaging dataset, according to the equation 2.

Using nano-DESI, ischemic mice brains were imaged with and without the
administration of the preconditioning agent. Besides the visually reduced
damaged ischemic area in preconditioned mice, various alterations in PCs and
LPCs were observed. Mice that were not preconditioned with CpG demon-
strated lower levels of PCs and higher levels of LPCs in the ischemic area
compared to the healthy one. In preconditioned mice, no difference was ob-
served regarding the PCs content between the healthy and ischemic areas,
however, LPCs showed accumulation. The magnitude of LPCs accumulation
in preconditioned mice was lower than non-preconditioned mice, indicating
that the administration of CpG effectively protects the cell membranes by re-
ducing the degradation of phospholipids. An important biological observation
from this study is that CpG preconditioning does not seem to alter the chemi-
cal mechanisms induced during ischemic stroke, since CpG preconditioned
mice still showed accumulation of LPCs. It is rather the extent of damage that
is altered, which was confirmed both visually as well as molecularly.
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Alterations of acylcarnitines in ischemic mice

Mitochondria are the energy factories of cells, producing ATP through oxida-
tive phosphorylation. During ischemic stroke, the oxidative stress that is in-
duced due to ionic imbalance and high levels of accumulated ADP are toxic
for these organelles.[149] Therefore, energy production and mitochondrial
dysfunction are associated in ischemic stroke. While f-oxidation is not as ef-
ficient and favorable in brain as oxidative phosphorylation and glycolysis, up
to 20 % of the produced energy can occur through oxidation of fatty ac-
ids.[194] Oxidation of fatty acids requires their conversion to acylcarnitines
through the carnitine shuttle system for transportation inside the mitochondria.
Several reports have highlighted the importance of assessing the cell’s energy
status by measuring levels of acylcarnitines.[195—197] Therefore, the focus of
this study was on the alterations of acylcarnitines after ischemic stroke.

Unbiased analysis in MSI requires careful consideration and compensation
of matrix effects. The healthy and ischemic hemispheres are typically com-
pared to each other for reporting chemical alterations (quantitative and quali-
tative), but the possible differences in the chemical environment[108,110] be-
tween those two regions had not been evaluated before. In this study, the sup-
pression of two carnitine standards, carnitine-d; and C18-acylcarnitine-ds; was
compared between the healthy and ischemic region and was not found to be
different. However, it was not possible to pinpoint whether this effect is due
to the PA nano-DESI being less prone to matrix effects compared to conven-
tional nano-DESI[69] (Figure 12) or due to the chemical environment being
similar. Noteworthy, the suppression magnitude of carnitine-d; and C18-acyl-
carnitine-d; was slightly different, with the latter being suppressed ~12%
more. This finding was unexpected since the structure-related effect on ioni-
zation efficiency is a well-known phenomenon.[184,198-201] Typically,
more hydrophobic compounds exhibit higher ionization efficiency and there-
fore less ionization suppression which would be the case for Cl8-acyl-
carnitine-d; compared to carnitine-ds, or PC 43:6 compared to PC 25:0 (Fig-
ure 11). However, we observed higher suppression for the more ionizable
compound, C18-acylcarnitine-ds in our data. Scan-to-scan variation in this da-
taset was 17-24% which indicates that the ionization suppression difference is
within the margin of error and thus not significant. Further, appropriate data
normalization allowed the comparison of datasets that were acquired under
slightly different conditions (solvent flow rate and concentration of stand-
ards). This observation highlights the robustness of the relative quantification
in PA nano-DESI MSI using internal standards. Overall, structural analogs as
internal standards were shown to be a robust option for the analysis of analytes
within the same molecular class.
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Figure 12. Comparison of ion suppression in
PA nano-DESI (PC 25:0 standard) and
nano-DESI (PC 22:0 standard). The average
ionization suppression and standard deviation
was calculated for 5 consecutive lines from
imaging datasets using the potassiated adduct
according to the equation 2.

Fragmentation studies of compounds of interest are important for structural
elucidation and identification. Further, characteristic product ions can increase
the selectivity and sensitivity of the analysis. In this study, we investigated the
HCD fragmentation of carnitine-d; and C18-acylcarnitine-ds, two molecules
of the same class but with different acyl chain length. Noteworthy, those two
molecules showed different fragmentation efficiencies which have important
implications for analyses where selected reaction monitoring or multiple re-
action monitoring is employed. Thus, even molecules of the same class should
be optimized individually for MS/MS analysis to not compromise sensitivity
while the fragmentation mode (e.g. CID or HCD) should also be consid-
ered.[202-204]

Imaging of the ischemic mouse brain using PA nano-DESI revealed that
several long-chain (C14, C16, C18) acylcarnitines accumulated significantly
in the ischemic region. The detection of individual acylcarnitines enabled the
estimation of the activities for the main enzymes involved in the carnitine
shuttle system, carnitine palmitoyltransferase 1 (CPT1) and carnitine palmito-
yltransferase 2 (CPT2). The results showed that both CPT1 and CPT2 appear
to have increased activities. However, the accumulation of long-chain acyl-
carnitines is most likely attributed to the much higher increased activity of
CPT1, which is the rate limiting enzyme in the carnitine shuttle system. Fur-
ther evidence of increased CPT1 activity include the lack of its natural inhib-
itor, malonyl-CoA and lack of accumulated free fatty acids in the ischemic
region which are the substrates for CPT1. Even though it was not possible to
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pinpoint the exact point that the carnitine shuttle system was disrupted, our
data provide clear evidence for the obstruction of mitochondrial f-oxidation.
While our MSI analysis of acylcarnitines in ischemic stroke provides evidence
for disturbed metabolic pathways, complimentary data are required for obtain-
ing a comprehensive view of the underlying mechanisms. Future work of as-
sessing individual enzymatic activities of the enzymes involved in the car-
nitine shuttle system would provide further evidence in the assessment of the
status of B-oxidation. Finally, this work demonstrated the high degree of lo-
calization of long-chain acylcarnitines in the ischemic area which would not
be possible to decipher with traditional bulk analysis.

Development of analytical methods

Determination of Na* and K using host-guest chemistry

Sodium and potassium ions are important alkali metal ions contributing to the
ionic balance of cells. Further, their intracellular and extracellular concentra-
tions are tightly regulated by the Na/K ATPase. Ionic imbalances caused by
diseases can severely affect the homeostasis of the cells, as is in the case of
ischemic stroke. Therefore, analytical methods that determine alkali metal
ions in biological systems are relevant. While there are numerous methods for
elemental determination both with and without spatial information[205-208],
the simultaneous determination of elemental and molecular distributions has
not been explored extensively.[209] Simultaneous determination of alkali
metal ions and molecules is advantageous since it increases the throughput of
the analytical method by requiring fewer samples and less analysis time. Mod-
ern high resolution mass spectrometers (> 100000 resolving power at m/z be-
low 400) are not capable of scanning at m/z below 50, therefore, direct meas-
urement of light alkali metal ions such as Na" (m/z 22.98922) and K" (m/z
38.96316) is impossible. In Paper II we showed that indirect determination is
possible using host-guest chemistry with crown ethers.

Crown ethers are macroheterocyclic compounds that have found extensive
use as phase transfer catalysts for bringing ionic species in environments that
they typically would not be found e.g. hydrophobic phases.[210] Their com-
plexation properties with alkali metal ions is related to their struc-
ture.[211,212] We chose to develop a method based on crown ethers since
they are inexpensive, easy to obtain, their different structures allow for fine-
tuning of the complexation for the individual alkali metal ions and they also
have high ionization efficiencies. Complexation of individual alkali metal ions
with crown ethers is not a linear process, unless the binding affinities for each
alkali metal ion are of similar magnitude (Figure 13). It should be noted that
a high value of binding affinity yields larger number of formed complexes but
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the saturation of the complexation is realized at lower concentrations. How-
ever, it was observed that by using the intensity ratio of the two crown ether
complexes, a linear response can be obtained throughout the alkali metal ions
concentration ratio range (Figure 13). Additionally, using the intensity ratio
had several further advantages: the response is unaffected by the total concen-
tration of the guests (i.e. Na" and K"), unaffected by the host (i.e. crown ether)
concentration and unaffected by the matrix effects during ESI. Since the in-
tensity ratio of [crown ether + Na]"/[crown ether + K]" is used throughout the

Figure 13. Calculated equilibrium concentrations of a hypothetical crown ether (CE)
and Na* or K* at various proportions of Na and K ions. The total concentration of
alkali metal ions remains constant (1 mM) while their relative proportions change.
Data were obtained by solving simultaneous equilibrium equations (Supporting in-
formation of Paper II) where the crown ether concentration is fixed at 0.1 uM. A-C)
A crown ether with log(Kbna) = 4 and log(Kbk) = 2. D-F) A crown ether with
log(Kbna) = 3 and log(Kbk) = 3. G-I) A crown ether with log(Kbna) =2 and log(Kbk)
=4,

method, it would be reasonable to assume that any molecule that forms sodi-
ated and potassiated adducts e.g. a phospholipid IS could be used instead of
crown ethers. However, our selected host molecule should preferably form
complexes with Na“ and K" ions, so the presence of protonated adducts is not
desired as changes in the pH of the sample would influence the complexation
process. This was also taken into account during the crown ether selection
process, resulting in the final candidate, dibenzo-18-crown-6 as the most suit-
able, among those studied.
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The developed method was applied to PA nano-DESI MSI of ischemic
mouse brain where Na" and K" alterations are expected in the ischemic region.
Due to high ionization efficiency, the selected crown ether was spiked at low
concentration (0.1 pM) directly in the sampling solvent. The amount of Na"
and K present in biological systems is typically in the order of mM, which
means that the complexation process does not use all available alkali metal
ions. However, this is not a limitation since monitoring the intensity ratio of
the two crown ether complexes provides a measurement of the [Na']/[K'] re-
gardless of the total amount of sodium and potassium ions present. By using
a simple offline calibration curve of intensity ratio versus [Na']/[K'], the in-
tensity ratio of crown ether complexes obtained from the tissue section during
MSI can be directly converted to [Na']/[K']. To obtain individual abundances
of alkali metal ions, another offline calibration curve using a mimetic tissue
model spiked with Na" was used to obtain the concentration of Na'. At the
same time, the molecular information obtained during a PA nano-DESI MSI
experiment is readily obtained at no analytical cost. Overall, the developed
method allowed for obtaining abundances of alkali metal ions Na and K di-
rectly from tissue sections by simply adding crown ethers in the PA nano-
DESI solvent.

Determination of prostaglandin isomers using tandem MS and
silver cationization

The presence of isomers and isobars in mass spectrometry constitutes a major
bottleneck in the identification of molecular ions. Isobars have the same nom-
inal mass but different exact masses, therefore, high resolution mass spectrom-
eters can separate them by m/z, up to a certain extent. On the other hand, iso-
mers have the same chemical formula, thus, the same exact mass but different
structure. For instance, prostaglandins (PGs) are important lipid mediators that
are involved in physiological processes where the various isomers can have
opposing effects.[213,214] Among the PGs molecular class, various isomers
share the same chemical formula; C,0H3,0s. Thus, separation based on m/z is
not possible. To tackle that, separations based on physicochemical properties
of the compounds are employed. For example, chromatography and capillary
electrophoresis are among the most used methods for separating isomers.[215]
However, such methods are not capable of providing spatial information due
to the vastly different time scales of MSI experiments and separation. For that,
ion mobility has shown that it can be coupled with MSI techniques for sepa-
ration of isomers based on their mobility.[85,216-220] Another interesting
approach for distinguishing isomers is the use of tandem mass spectrome-
try[221] which is compatible with MSI and requires little to no instrument
modification. In Paper IV a methodology based on tandem MS was devel-
oped to distinguish biologically relevant isomers of prostaglandins.
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Analysis of PGs is typically done in the negative ion mode where they are
detected as deprotonated ions.[222-224] Tandem MS of PGs in the negative
ion mode has been extensively studied[225,226] but it has not been demon-
strated so far that the fragmentation provides informative product ions that can
aid in distinguishing the different isomers. Further, it has been previously
shown that incorporation of silver ions (Ag") in the nano-DESI solvent vastly
increases the sensitivity for detecting PGs as silver adducts, compared to
deprotonated ions[91], which is desired due to their inherently low abun-
dances. In this work, the use of Ag" was pivotal for the developed method
since product ions originating from specific isomers were identified. Even
though PGs with the chemical formula C3H3,0s can include many isomers,
we have narrowed down our study to the most stable and biologically im-
portant, PGE>, PGD; and A12-PGD,. Tandem MS of the three isomers cation-
ized with Ag" demonstrated that characteristic product ions can be identified
originating from PGE: (m/z 331.0096) and A12-PGD; (m/z 341.0301) using
MS?. Further, all three isomers have a common product ion (m/z 333.2060)
resulting from the loss of silver hydride, AgH, in MS” level, at different abun-
dances due to their different structures. The observation that the relative abun-
dances of these three product ions were different between the isomers was the
basis for the development of prediction models, as has been demonstrated be-
fore for phospholipids, fatty acids and peptides.[73,88,90,93,227] During the
final selection of the product ions for training the prediction models, LC-MS
analysis of a chemically complex sample (rat brain extract) provided useful
information on the uniqueness of the formed product ions (Figure 14). Given
the inherent limitations of ion traps and quadrupoles for selecting precursors
with a narrow isolation window, isobaric compounds that give rise to product
ions with the same m/z would contaminate the spectra and produce erroneous
results.

The prediction models were trained using data acquired from a unit mass
resolution linear ion trap instead of the high resolution orbitrap. There are sev-
eral advantages in using an ion trap: speed, sensitivity and increased signal-
to-noise ratio.[228] All the above are contributing to detecting product ions
from low abundance PGs in MS® level. Therefore, it was possible to train ro-
bust and accurate prediction models that were directly applicable to
PA nano-DESI MSI data from biological tissue sections. The developed
method was used to identify which PG isomers present in a tissue section from
amouse embryo implantation site and their localization. All three product ions
used for the prediction models were detected and used for predicting the rela-
tive abundance of each isomer. We found distinct localization of all three iso-
mers in the anti-mesometrial pole of the implantation site and the luminal ep-
ithelium but with different abundances for each isomer. A12-PGD>, a degra-
dation product of PGD, was detected with the highest abundance. This was
not unexpected due to the long storage of the tissue section in the freezer.
PGE; was the second most abundant isomer and finally PGD, was the least
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abundant. These results demonstrated for the first time, isomeric imaging of
major PG isomers without any instrumental modification.

Figure 14. LC-MS? with post-column addition of Ag" from a chemically com-
plex sample (rat brain extract) where various extracted ion chromatograms
(XICs) are shown. The MS? transition m/z 459.13 — 441.12 was selected. PGE>
elutes at 2.52 min while PGD:> at 2.79 min. The product ion m/z 333.2 is produced
mainly from PGD2 (top panel). The product ion m/z 423.1 is produced by both
PGE2 and PGD: but also from other isobars (middle panel). The product ion m/z
413.1 is produced mainly by isobars (bottom panel).

Beyond the m/z in MSI: combination with SS-CE-MS for
confident molecular annotations

Another approach to tackle the presence of isomers and isobars in mass spec-
trometry is separation. Previous studies have demonstrated that molecules can
be sampled directly from tissue sections and introduced in an LC-MS system
for separation and subsequent mass spectrometric detection.[229] Apart from
isomer separation, enhanced sensitivity of analytes can be realized due to the
reduced matrix effects. Developments in SS-CE-MS[142,143], previously
shown by our research group, have established this technique as a great com-
plementary tool for separating molecules that are sampled directly from tissue
sections. While CE-MS systems are commercially available (e.g. Agilent®
7100 CE which can be coupled with any Agilent® LC-MS system),
SS-CE-MS is still undergoing developments to increase its robustness and
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user-friendliness. In Paper V we have combined the best of two worlds: vis-
ualization of molecular distributions through PA nano-DESI MSI and separa-
tion of isomers with CE-MS.

The aim of this work was to develop a workflow that uses a single tissue
section and the same platform for both techniques. This was important for
higher throughput and most importantly, direct correlation of the information
obtained from MSI and SS-CE-MS. Key to this development was the design
and 3D printing of holders that can accommodate different sampling probes.
The schematic in Figure 15 demonstrates the steps taken for analysis with
PA nano-DESI MSI and SS-CE-MS. We use only two probe holders, one for
the PA nano-DESI probe or the SS-CE emitter and one for the SS-CE sam-
pling. After the MSI analysis is completed, the data are visualized through a
custom-made application and specific locations from the tissue section can be
selected for sampling with SS-CE-MS. This workflow allows for direct sam-
pling from the analyzed tissue section with SS-CE-MS without the need for a
new sample. Therefore, potentially interesting locations that are not visible in
the bright field images but visible through molecular distributions, can be eas-
ily found and sampled.

The workflow uses one single tissue section that initially is analyzed by
PA nano-DESI MSI and then sampled with SS-CE-MS. Therefore, the ques-
tion of analyte depletion was relevant. Non-exhaustive sampling with
nano-DESI MSI has been demonstrated before by Duncan et al.[230] Two in-
dividual tissue sections were analyzed with SS-CE-MS; one was previously
imaged with PA nano-DESI MSI while the other was intact. Our analysis
showed that analyte depletion was not significant and thus, analyte material
was present for SS-CE-MS analysis after MSI. This finding was important for
establishing the workflow of the technique. Further, the comparison of the
information obtained from the techniques demonstrated the importance of the
solvent. In PA nano-DESI MSI, both metabolites and lipids can be sampled
while in SS-CE-MS, mainly polar metabolites due to the choice of sampling
solvent. Golubova ef al. has demonstrated that lipids can be sampled with
SS-CE-MS by modifying the sampling solvent.[143] While the data from
PA nano-DESI MSI provided larger metabolite coverage, isomeric separation
was not possible. However, with SS-CE-MS from an imaged tissue section we
confirmed the presence of both valine and betaine at the mass channel m/z
118.0864 at appreciable intensities. The presence of both compounds has hin-
dered previous reports from confident annotation.[231,232] Furthermore, the
mass channel m/z 90.0551 which is typically annotated as alanine[233-235]
was found to contain three peaks. After analysis of standards it was concluded
that these peaks corresponded to B-alanine, a-alanine and an in-source frag-
ment of creatine. The complementary nature of this workflow is important for
in-depth understanding of biological mechanisms in health and disease, and
we have demonstrated that such characterization can be realized through one
analytical platform.
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Figure 15. Schematic of the experimental workflow for combined imaging
and SS-CE-MS analysis. A) A tissue section is analyzed first using
PA nano-DESI MSI. After the analysis is completed, the sample is moved to
an appropriate position for SS-CE-MS. B) Ion image of glutamic acid ([M —
H*+ Na'+ K']) normalized to glutamic acid-ds; (same adduct). Extracted elec-
tropherograms for various m/z channels of protonated ions putatively identi-
fied as glycine, adenine, aspartic acid, serine, valine/betaine, acetylcholine,
carnitine, creatine and glutamic acid. The electropherograms were smoothed
using a boxcar algorithm with 7 points. *For better presentation the intensity
of creatine and glutamic acid was reduced by a factor of 50.



Conclusions and future perspectives

The scope of this thesis had dual nature: to showcase that MSI is a valuable
tool for understanding chemical mechanisms in stroke and to develop novel
analytical methodologies for challenging analytes. The former was achieved
in Paper I and III. In Paper I, we showed that preconditioning with CpG
oligodeoxynucleotides alleviated the ischemic damage as shown by the mem-
brane lipid degradation. This finding is important for deeper understanding of
the mechanisms behind ischemic preconditioning and for the development of
neuroprotective agents. In Paper II1, we used MSI to reveal disruptions in the
carnitine shuttle system, a system that is important for the transportation of
activated fatty acids into the mitochondria for B-oxidation to produce energy.
Such findings aid in understanding how the brain utilizes energy during an
ischemic stroke event. In both studies, it was evident that MSI alone cannot
provide all necessary evidence, and thus, combination with other modalities
e.g., immunoassays, enzymatic studies, is necessary for deep understanding
of disease.

In Paper II, IV, and V we demonstrate novel analytical methodologies for
challenging analytes. Such analytes include alkali metal ions and isomers. In
Paper II a method based on host-guest chemistry with crown ethers was de-
veloped for the determination of Na” and K* changes in MSI workflows sim-
ultaneously with molecular distributions of metabolites and lipids. Such
method was valuable when using high resolution mass spectrometers that can-
not scan below m/z 50 and thus direct determination of light alkali metal ions
is impossible. In Paper IV a tandem MS method was developed for distin-
guishing prostaglandin isomers using Ag" cationization. The combination of
silver cationization for increased ionization efficiency of prostaglandins and
the detection of characteristic product ions from such adducts was key for de-
veloping a predictive model. In both Paper II and IV, the developed method-
ologies required only the addition of the appropriate dopants (crown ether or
silver ions) in the PA nano-DESI solvent and no additional instrumental mod-
ification. In Paper V two analytical platforms, MSI and SS-CE-MS were
combined in one to obtain both imaging and deep chemical characterization
of metabolites. This was important for elucidating the presence of isomers in
mass channels that with MSI alone cannot be resolved. In all studies, the ana-
lytical methodologies were extensively tested for robustness and relevance
with biological samples, demonstrating their utility.
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The present methods and applications add to the portfolio of MSI work-
flows. In all results presented, the tunability of the solvent in nano-DESI was
key to either compensating for matrix effects or introducing dopants for inter-
actions with analytes. Some unpublished results were presented in an effort to
understand the extraction processes of the various solvents that can be used
with nano-DESI MSI. Further understanding of this property can extend the
current capabilities of the technique.

Matrix effects and signal normalization is a topic of utmost importance in
MSI. Here, normalization is achieved by using isotopically labelled internal
standards or structural analogs to the target analytes. However, in the future,
developments in the field of non-targeted analysis could drive innovations in
MSI as well. At this point, a bottleneck in MSI is that stable isotopes are not
available for all compounds and, also, it is not practical to include a standard
for each analyte, particularly in cases where hundreds of targets are of interest.
Normalization approaches such as TIC are convenient and readily applicable
but in certain cases, e.g. when alkali metal ions changes are contributing to the
matrix effects, misleading results are obtained. Thus, more robust normaliza-
tion methodologies need to be developed. The use of one standard for a pleth-
ora of analytes within the same molecular class is promising and understand-
ing how relative ionization efficiencies can be utilized is needed for robust
normalization.

Quantitation is also a bottleneck in MSI workflows. Noteworthy, this is
related to the lack of appropriate standards for each of the analytes that are to
be quantified as well appropriate tissue models that mimic the actual tissue
environment. Tissue homogenates spiked with appropriate standards can be
used, but the tissue environment is not as heterogeneous as the native tissue.
Nonetheless, this is the best option so far. In all MSI analyses, deep under-
standing of matrix effects is necessary for the development of robust quanti-
tative methods. Further, the extraction efficiency of the analytes is difficult to
determine and thus, absolute quantitation is rarely realized. Understanding the
extraction efficiency of analytes from tissue would open new avenues for
quantitative MSI. Hopefully, further developments will drive the field towards
robust quantitative workflows.

Mass spectrometry imaging is an impactful field within mass spectrometric
workflows. Constant analytical developments in spatial resolution, ionization
efficiency, matrix effects compensation, normalization, quantitation and re-
solving isomeric species are pushing the boundaries of the field and reveal
exciting applications in understanding molecular mechanisms in metabolism.
Further, technological developments in mass spectrometers are extending the
capabilities of MSI workflows. In the future, standardization of MSI and uti-
lization in clinical applications will be one of the highlights of the field.
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Popular scientific summary

Approximately 30 000 people suffer from stroke every year in Sweden. Is-
chemic stroke occurs when the blood flow towards an organ (e.g. brain) is
obstructed. It is the most common form of stroke and one of the leading causes
of death and disability in the world. Therefore it is important to understand
ischemic stroke to develop treatments. Understanding metabolism (the pro-
cess of converting food to energy) and disease is the topic of bioanalytical
chemistry. However, understanding the role of molecules in disease is not easy
because some important molecules are difficult to analyze. Thus, we need to
develop new methods to reach that goal. In my thesis I have developed ana-
lytical methods for molecules that are challenging. Additionally, I have ap-
plied analytical methodologies to understand and reveal mechanisms of is-
chemic stroke in brain. This was achieved by using mass spectrometry imag-
ing which can provide information on the identity, quantity and localization
of molecules in a biological sample.

Probably the most known imaging method is magnetic resonance imaging
which uses a strong magnet to visualize density changes in our body. How-
ever, to visualize the chemical distribution in tissue, imaging needs to be cou-
pled to a mass spectrometer that can provide information about charged mol-
ecules or atoms, i.e. ions, based on their mass-to-charge ratio. With mass spec-
trometry imaging various samples can be analyzed: sections from healthy tis-
sue or biopsies. This allows for direct localization of the molecules of interest
on the tissue section and for relating this information to disease occurrence or
progression. In this thesis I have used a technique called nano-DESI that uses
a liquid flow to “transfer” molecules from a distinct location on the tissue sec-
tion to the mass spectrometer for analysis.

Sometimes we handle stressful situations better if we have been previously
exposed to a similar event. Likewise, our brain can defend itself better against
ischemic stroke if it has been prepared for it, a method known as precondi-
tioning. For example, preconditioning can be achieved by having a small and
harmless incident of stroke so that the brain builds defense mechanisms. It can
also be achieved by the use of chemical agents. In Paper 1, I studied the effect
of a preconditioning agent, CpG oligodeoxynucleotides, given to mice before
having ischemic stroke. The results showed that the damage was reduced in
the brain of mice that were treated with CpG before the stroke. This was re-
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vealed by looking at the degradation of specific components of the cell’s pro-
tection shell, phospholipids. Therefore, treatment with CpG was effective at
reducing the damage caused by stroke.

Our brain requires a lot of energy to complete the complicated tasks of eve-
ryday life. Typically, the energy is taken from glucose, which is found in sugar
but fatty acids can also provide fuel for the brain. Fatty acids are part of fat
which our body breaks down to generate energy. During ischemic stroke the
brain is literally starved from glucose and oxygen which leads to damage of
brain cells. In Paper I11, I studied the effect of ischemic stroke on the metab-
olism of fatty acids for energy usage. Fatty acids themselves cannot enter the
cells so they have to be transported. This is achieved when they are connected
to carnitine, forming acylcarnitines. Once these are in the cell, the carnitine is
released and the fatty acids can be used for energy production. We found that
after ischemic stroke the fatty acids were trapped in the form of acylcarnitines
and could not be released to produce energy. Therefore, the brain was not able
to use fatty acids to survive the ischemic stroke.

In bioanalysis, molecules sometimes “play’ hide and seek and they are very
good at it. Thus, the researchers try to develop new analytical methods to de-
termine these molecules. In Paper 11, I studied the changes of sodium and
potassium in brain after ischemic stroke. Sodium and potassium are important
markers for the well-being of cells. Unfortunately, the mass spectrometer is
“blind” to their presence because of their light mass. However, we were able
to form a new molecule by using cyclic chemical compounds (crown ethers)
that include the sodium and potassium ions. Now the new molecules are heav-
ier and detectable by the mass spectrometer!

In Paper IV, our target molecules were prostaglandins present in the em-
bryo implantation site of pregnant mice. Prostaglandins are important mole-
cules involved in pain and pregnancy but they are difficult to analyze. They
come in many different shapes and forms but with the same mass, called iso-
mers. This makes it difficult for the mass spectrometer to tell them apart.
When they interact with silver ions they form a new molecule. The new mol-
ecules, depending on the isomer form of prostaglandin, will behave differently
when we apply energy to break them down in smaller pieces. Now we are able
to tell them apart!

In Paper V, the problem of the isomers was tackled from a different angle.
Here, instead of forming a new molecule, we used a complimentary technique
that can separate the isomers. This technique, called surface sampling capil-
lary electrophoresis, uses very high voltage to separate ions. Being able to
understand which isomer contributes to the information that we obtain is im-
portant for fully understanding chemical mechanisms of life.
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Popularvetenskaplig sammanfattning

Ungefar 30 000 personer drabbas av stroke i Sverige varje ar. Ischemisk stroke
intraffar da blodtillforseln till ett organ (t.ex. hjarnan) ar blockerad. Ischemisk
stroke dr den vanligaste formen av stroke och dr en av de ledande orsakerna
till déd och invaliditet. For att utveckla behandlingar &r det viktigt att forsta
hur ischemisk stroke fungerar. En gren inom bioanalytisk kemi &r att studera
sjukdomstillstandens metabolism (vilket exempelvis dr processen som ger 0ss
energi fran maten) for att fa nya insikter om sjukdomar. Det ar dock inte alltid
enkelt att studera specifika molekylers roll vid sjukdomstillstaind d& ménga
viktiga molekyler kan vara svara att méta. Darfor behovs det nya analytiska
metoder, sa att man kan méta sa mycket som mgjligt. I min avhandling har jag
utvecklat nya metoder for att kunna mata och forsta metabolism i biologiska
system. Specifikt s har jag anvédnt avbildande masspektrometri for att be-
stimma molekylers identitet, kvantitet och placering i vdvnad.

I dagsldget 4r magnetrontgen den mest vilkédnda metoden for avbildning av
viavnad. Men for att kunna visualisera kemin i vivnad krivs det att avbild-
ningstekniken &r kopplad till en masspektrometer. En masspektrometer ger
information om vilka laddade molekyler eller atomer, s.k. joner, som finns i
provet genom att mita deras forhallande mellan massa och laddning. Med av-
bildande masspektrometri kan man dédrmed visualisera var i vivnaden mole-
kylerna finns. Exempelvis kan frisk vivnad analyseras for att f4 en bild av
kemin i ett friskt prov, vilket sedan kan jimféras med kemin i ett vivnadsom-
rdde som drabbats av ett sjukdomstillstand for att forstd hur metabolismen
dndrats. I denna avhandling har jag anvint en avbildningsteknik som kallas
nano-DESI. Denna teknik anvénder ett 16sningsmedel for att transportera mo-
lekylerna fran en distinkt position pd vivnadens yta till masspektrometern for
analys.

Ibland hanterar vi en stressig hdndelse battre om vi tidigare har blivit utsatta
for en liknande situation. P4 samma sitt sa kan hjdrnan forsvara sig battre mot
en ischemisk stroke om den &r forberedd, en metod som kallas prekondition-
ering. Detta kan uppnds genom exponering for korta och ofarliga ischemiska
hindelser. Det kan ocksd nds genom kemisk behandling, t.ex. med CpG
oligodeoxynukleotider. I Paper I har jag studerat hur CpG behandlade mdss
paverkas av ischemisk stroke. Jag upptéckte en ldgre grad av degradering av
fosfolipider vilket betyder att de CpG behandlade mdssen hade mindre skada
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i hjérnan efter stroke. Behandling med CpG innan stroke kan darfor ses som
ett alternativt sitt att minska skador i hjdrnan fran ischemisk stroke.

Viér hjarna ar ett mycket komplex organ som kraver mycket energi for att
fungera. Hjarnan far vanligtvis energi fran metabolism av glukos som finns i
socker, men fettsyror kan ocksa anviands som energikalla. Fettsyror ar bygg-
stenar av fett som vér kropp anviands som bréansle. Under ischemisk stroke far
hjarnan ingen glukos och syre pa grund av att blodtillférseln &ar blockerad. I
Paper I1I studerade jag hur ischemisk stroke paverkar metabolismen av fett-
syror i hjarnan. For att fettsyror skall kunna ge energi i cellen maste de forst
kopplas till en molekyl som heter karnitin, och bilda acylkarnitin. Nér acyl-
karnitin har transporterats till rétt stélle i cellen sa avlagsnas karnitin och fett-
syran kan da anvénts for energiproduktion. Med avbildande masspektrometri
visade jag att acylkarnitiner inte omvandlades tillbaka till fettsyror i ischemisk
stroke, och kan ddrmed inte anvéndas som brénsle i hjarnan.

I bioanalys ”leker” molekylerna ibland kurragémma och de &r ganska duk-
tiga pa det! Darfor behover forskare utveckla nya analytiska metoder for att
hitta fler olika molekyler. I Paper II var syftet att visualisera fordndringar av
natrium och kalium i hjérnan efter ischemisk stroke. Dessa atomer dr mycket
viktiga hdlsomarkdrer for cellerna. Tyvarr kan inte alla masspektrometrar se”
natrium och kalium joner pa grund av deras laga massa. Men genom att koppla
dem till cykliska molekyler (kronetrar) bildas nya tyngre molekyler som kan
analyseras med masspektrometri!

I Paper IV var malet att médta prostaglandiner i livmodervdvnad hos gra-
vida mdss. Prostaglandiner dr viktiga &mnen som spelar stor roll i smérta och
graviditet men som &r svéra att analysera med masspektrometri. Svérigheten
beror pa att det finns ménga olika former av prostaglandiner som har samma
massa, vilket kallas isomeri. Genom att koppla silver pa prostaglandin isome-
rerna och bryta ned de laddade molekylerna i mindre bitar i masspektrometern
upptickte jag att de faktiskt kunde sérskiljas. Nu var det mojligt att separera
dem!

[ Paper V l6stes problemet med isomerer pa ett annat sitt. Hir anvénde jag
en annan teknik for att separera isomerer istéllet att bilda nya molekylerna som
tidigare. Tekniken kallas kapilldrelektrofores och dér anvinds en hog spén-
ning for att separera joner pd grund av deras olika form och storlek. Forstielse
av vilken isomer bidrar till information som vi fir frdn analysen dr mycket
viktigt for att fa alla pusselbitar pa plats, och fa ihop en hel bild av sjukdomars
kemiska mekanismer.
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