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Kurzzusammenfassung

Das Aufkommen sogenannter weicher Ionisationstechniken wie der matrix-
unterstiitzten Laser Desorption und Ionisierung und der Elektrosprayionisierung
ermoglicht die Untersuchung nichtfliichtiger und fragiler Molekiile bei geringfiigiger
Fragmentierung. Seither ist die Massenspektrometrie (MS) zu einer unverzichtbaren
analytischen Methodik in der biochemischen und medizinischen Forschung avanciert
und hat neue Forschungsbereiche wie die Proteomik erschlossen. Eine zentrale, noch
Frage in der Biochemie, ist die Identifizierung und Untersuchung aller Arten von
Proteinen in einer einzelnen Zelle. Da mit den aktuellen Technologien im
wesentlichen Zellcluster untersucht werden, bleibt die Frage, wie eine Verdnderung
auf der molekularen Ebene in einer einzelnen Zelle zu einer Krankheit wie Krebs
fihren kann, unbeantwortet. Ein tiefgreifendes Verstandnis der Ursache einer
Erkrankung kann jedoch lediglich erreicht werden, wenn alle Proteinfunktionen und
die Entwicklung von Fehlfunktionen in einer einzelnen Zelle verstanden sind. Bei
mehr als einer Milliarde Proteinspezies ist dies eine anspruchsvolle Aufgabe mit
hohen Anforderungen an die wissenschaftlichen Apparaturen. Obwohl MALDI und
ESI aufgrund ihrer Robustheit und Wartungsfreundlichkeit die am haufigsten
eingesetzten analytische Methoden sind, stellt die Probenvorbereitung, die fiir diese
Methoden notwendig ist, ein wesentliches Problem dar. Auch arbeiten diese
Methoden nicht unter in vivo-Bedingungen und erfiillen somit nicht die
Voraussetzungen, Proteine in ihrer natiirlichen Umgebung in einer einzelnen Zelle zu
untersuchen.

In diesem Projekt wurden Peptide und Proteine im Wasser und ohne weitere
Additive massenspektrometrisch untersucht. Die Analyse von Biomolekiilen aus
ihrem nativen Milieu vereinfacht erheblich die Probenvorbereitung und erméglicht
am ehesten den Analyten in vivo abzubilden - ein grundlegender Schritt fiir die
Proteomik einer einzelnen Zelle. Zu Beginn wurde ein neues Protokoll fiir biologische
Proben, die in dlinnen wassrigen Schichten eingebettet sind, vorgestellt.
Anschliessend wurden Infrarot Pulse (resonante IR-(MA)LDI) verwendet, die mit
Wasser resonant wechselwirken, um die Desorption und Ionisation hervorzurufen.
Im zweiten Abschnitt werden nicht-resonate Femtosekunden Infrarot Pulse (nicht-
resonante IR-LDI) verwendet, um primar eine Wechselwirkung mit dem Substrat
auszunutzen und dadurch eine oberflachenunterstiitzte Desorption und Ionisation
des Analyten zu erreichen. In beiden Abschnitten wurden Biomolekiile in einem
Flugzeitmassenspektrometer untersucht.

Die resonante IR-(MA)LDI ist besonders praktisch, weil bei dieser Technik Wasser
als Matrix verwendet wird, um Biomolekiile aus dem Probengemisch zu extrahieren.
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Da Wasser in allen lebenden Organismen vorkommt, sind aufwendige
Probenvorbereitungen und andere Voruntersuchungen minimal. Es wurde ein
Pikosekunden-Infrarotlaser (PIRL) verwendet, der auf eine Wellenldnge von 3 pm
abgestimmt ist, wo Wasser einen hohen Absorptionskoeffizienten hat. Unsere
Ergebnisse zeigen, dass infrarot basierte Massenspektrometrie erfolgreich
Massenspektren von Peptiden und Proteinen erzeugt. Wir haben mehrere
Probenvorbereitungen entwickelt, die die etablierten
Probenvorbereitungsprotokolle  unter kryogenen Bedingungen erheblich
vereinfachen. Ein entscheidendes Merkmal unseres Probenvorbereitungsprotokolls
ist die Reproduzierbarkeit und die Einfachheit der Durchfiihrung, die nur wenige
Minuten dauert. Mit diesen Errungenschaften ist die (Infrarot) Laser basierte
Massenspektrometrie einer breiteren Gemeinschaft zuganglich. Neben
reproduzierbaren Probenvorbereitung wurden unterschiedliche Ablationstechniken
getestet und eine hohe Empfindlichkeit erreicht. Wir haben festgestellt, dass das
Oversampling, d. h. die Rasterung des Probenbereichs in Abstanden, die kleiner sind
als der Laserdurchmesser, die Qualitit der Ergebnisse erheblich verbessert,
insbesondere wenn die Schrittweite auf wenige Mikrometer begrenzt ist. Schlief3lich
erreichen wir eine Empfindlichkeit von 200 fmol pro Laserschuss, die fiir eine
biologische oder biochemische Fragestellung ausreichend ist. In darauf folgenden
Experimenten wurde Glycerol als Additive zur Steigerung der Empfindlichkeit
verwendt was zu 1 fmol pro Laserschuss fiihrte.

Im zweiten Abschnitt wurde nicht-resonante IR-LDI, die primar mit den Substraten
wechselwirken, erforscht. Hierbei wurden Peptide in Wasser und ohne weitere
Zusatze auf verschiedenen Substraten erfolgreich nachgewiesen. Eine zentrale
Erkenntnis ist, dass keine Oberflichenmodifikation des Substrates erforderlich ist,
um qualitativ hochwertige Analytsignale zu erhalten. Eine systematische Studie mit
temperaturabhdngigen Messungen zeigt, dass ein niedriges Analyt-Wasser-
Verhaltnis einen Vorteil fiir Analytsignale mit hoher Intensitdt darstellt. Weiterhin
wurde eine aufdergewohnlich hohe Empfindlichkeit von 25amol und eine
Massengrenze von 2.5 kDa erreicht. Schliefdlich beobachteten wir eine Vielzahl an
Fragmenten, die jedoch eine geringere Signalintensitat als der Molekiilionenpeak
aufwies. Die Methode kann daher auch fir die Aufklarung von Strukturen genutzt
werden. Die Ergebnisse zeigen, dass die Analyse wassriger Proben ohne aufwandige
Probenvorbereitung oder Oberflichenmodifikation bei verschiedenen Substraten
und mit unterschiedlichen (Laser) Wellenldngen funktioniert.
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Abstract

The advent of soft ionization techniques such as MALDI and ESI has facilitated the
study of non-volatile and fragile molecules with high masses in the absence of
fragmentation. Since then, mass spectrometry (MS) has become a vital tool in
biochemical and medical research, and these methods have paved the way for new
research fields such as proteomics. A central yet unanswered scientific question is
identifying and investigating every type of protein and its location within a single cell.
Recent technologies have targeted clusters of cells to analyze and investigate diseases
such as cancer. However, an in-depth understanding of cancer can only be reached
when all protein functions and the evolution of malfunctions in a single cell are
investigated and understood. With more than a billion different protein species, this
is a challenging task and the requirements for scientific instrumentation are
demanding.

Although MALDI and ESI are the most frequently employed analytical methods due
to their robustness and maintainability, they also pose severe challenges, especially
during sample preparation. The present work investigates new soft ionization
techniques, which operate close to in vivo conditions while requiring minimal sample
preparation - a foundational step in single-cell proteomics. First, a novel water-based
sample preparation protocols is developed. Subsequently, two laser systems are
employed to desorb and ionize the biomolecules in a resonant or non-resonant
regime, which defines how laser pulses interact with water. The first method is coined
resonant infrared laser-based matrix-assisted laser desorption and ionization
(resonant IR-MALDI), and the second non-resonant femtosecond laser desorption
and ionization (non-resonant fs IR-LDI).

Resonant IR-MALDI is especially useful as this technique targets water as an
intermediate energy carrier to extract biomolecules from their native environment.
Rigorous samples preparation and other pre-experimental steps are obsolete as
water can be found in all living organisms. The present results show that such an
approach can successfully produce mass spectra of peptides and proteins embedded
in frozen aqueous solutions. Several sample preparation techniques were developed,
which greatly simplify the established preparation protocols for specimens
investigated under cryogenic conditions. Most importantly, an sample preparation
protocol is reproducible and can be conducted within a few minutes. With these
achievements, the IR laser-based MS is more streamlined and accessible to a broader
scientific community. In addition to highly reproducible sample preparation, superior
sensitivity have been achieved using various ablation techniques. We have discovered
that oversampling, rastering the specimen area with distances smaller than the laser
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diameter, greatly enhances the quality of the results, particularly when the step size
is limited to a few micrometers. Ultimately, we can obtain a sensitivity of 200 fmol per
laser shot, which is suitable for most biological and biochemical specimens, but with
greatly reduced effort in sample preparation and access to in vivo conditions. In
follow-up experiments glycerol was used as an additive to push the limit of detection
leading ultimately to a sensitivity of 1 fmol per laser shot.

In the second project, non-resonant fs IR-LDI is used in the second project to detect
peptides around 1 kDa by irradiating specimens deposited on different substrates. An
important finding is that no surface modification is necessary to obtain high-quality
analyte signals. A systematic study with temperature-dependent measurements
reveals that a low water-analyte ratio is beneficial for the signal onset. Furthermore,
an exceptional sensitivity of 25 amol and a mass limit of 2.5 kDa have been achieved.
Finally, a vibrant fragmentation pattern for the investigated analytes have been
observed, but those fragments show only a fraction of the intensity of the intact
species. In this work, the developed method have shown that water targets can be
detected without rigorous sample preparation or surface modification and that 2D
imaging is possible for different specimens.
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1 Introduction

Human physiology and pathology arise from coordinated interactions of various
single cells. Within these cells, macromolecules such as RNA, DNA, and proteins are
the protagonists in metabolic pathways [1]. For a better understanding of such
interactions, advanced analytical instruments have been developed, but the low
sensitivity and lack of throughput of the analytical methods hampered single-cell
analysis [2]. In recent years, in the research area of genomics, a method known as
next-generation sequencing [3] has facilitated the analysis of genes in a cell, but
single-cell protein analysis, which is a niche of the research field of proteomics,
remains limited due to the dynamics and the sheer amount of unique species
compared to the static nature of the genes. At the current stage, researchers rely on
methods that investigate cell clusters [4], effectively averaging the changes associated
with a pathological pattern, and changes on the single-cell and molecular level remain
elusive. The investigation of molecular species is a greater promise to obtain a holistic
understanding of physiological changes.

Today, most proteomics laboratories are equipped with a mass spectrometer, which
has the main function of determining the molecular weight of a given molecule, also
known as an analyte. The molecule’s weight is measured but, unlike in a balance, the
mass-to-charge ratio is measured instead. A mass spectrometer consists of three main
components: The ionization source, the mass analyzer, and the detector (Figure
1.1A). The latter two are operated in low-pressure conditions to assure high ion
transmission and high voltage application, respectively, while the ionization source
can be operated under ambient conditions and in a vacuum. Mass spectrometers only
successfully detect charged species, and the task of the ionization source is to
transform neutral species into charged particles. These charged particles are
subjected to electric or magnetic fields, and each particle has unique interactions
allow separation to be performed. Finally, the detector measures the arriving
particles. J. J. Thomson introduced the initial design and concept of a mass
spectrometer at the end of the nineteenth century [5], but it did not become a
commonly used method until 50 years later.

A simple mass analyzer, also used in the present work, is time-of-flight, in which the
flight time measurement determines the ions’ mass-to-charge ratio [6]. The TOF-MS




ion source comprises two plates attached to a high voltage device and an ionization
source (Figure 1.1B). One of the plates has a hole connected to the drift-free region,
which has no potential. Finally, the detector records the arriving particles. The
experiment begins by forming ions using a suitable ionization source, and once
produced, the ions experience a repulsive field from the target plate and move
towards the drift-free region. The separation principle of the TOF-MS correlates with
lighter ions possessing higher kinetic energies and arriving at the detector earlier
than heavier ions. The time spent in the source and the drift-free region before hitting
the detector is measured. If all experimental parameters are known, a specific ion can
be identified.

A) Mass Spectrometer

.

1Gas Phase lons lon Sorting lon Detection Mass Spectrum

+
a
[ ]
[]

Introduction % Low Pressure

Focus of the present work.

B) Substrate
Plate

I
1o

+V Extraction
Electrode

Laser Drift Free Region Detector

=

Figure 1.1 A general mass spectrometer setup. A) Components of a mass spectrometer.
lon sources transform neutral species into ions. This transformation can occur in low-
pressure or under ambient conditions. A mass analyzer sorts the ions according to their
mass-to-charge ratio in the following step. A detector system provides an electrical signal
after the particles’ impact. The red square shows the focus of the present work. B) A
simple TOF-MS, in which the yellow arrow indicates the ionization location.

The late adoption of the mass spectrometer in the research environment is linked
to the lack of ionization sources for the larger biomolecules, which are highly relevant
in biochemical processes. An important milestone was the advent of the laser in the
1960s [7], which has facilitated the ionization of larger biomolecules and laid the




1 Introduction

foundation for the modern MS field [8]. The major difference between white light and
laser light is that the latter is monochromatic, directional, and coherent.
“Monochromatic” refers to the fact that a single central wavelength is emitted, while
“directional” describes the low divergence angle of laser light compared to
conventional light sources; lastly, “coherent” means that all light waves are in phase
with each other. These features allow scientists to manipulate the laser light to their
specific needs and, for instance, focus the laser beam to smaller spot sizes compared
to a white light source. With this property, spot sizes of between 1 - 3 pm, smaller than
the size of a typical eukaryotic cell of 10 - 100 um, can be routinely achieved [9].

Lasers can be operated in two different modes. A continuous-wave laser (CW)
operates with stable output power, while pulsed lasers’ output is characterized by a
pulse train occurring at a repetition frequency. However, almost all mass
spectrometric experiments are performed with a pulsed laser. As the name suggests,
pulsed lasers emit pulses of light with a specific repetition rate and high energies are
delivered within a particular time window. The time window is usually described as
pulse duration and is an important parameter in laser-matter interaction. In general,
the shorter the pulse duration, the higher the peak power and, therefore, the
associated ionization rate. Hence, femto-, pico-, and nanosecond pulses show
descending peak powers. Pulsed lasers were developed in the 1960s, and in
conjunction with a mass spectrometer [10], particularly the TOF-MS, they provided a
versatile ionization source to obtain structural information for glycopeptides and
polysaccharides. However, non-volatile proteins and heavier biomolecules were still
not accessible with direct laser irradiation leading to fragmentation.

Proteomics popularity grew when “soft” - ionization techniques such as MALDI [11],
[12], and ESI [13], which have facilitated the investigation of large non-volatile
biomolecules, were introduced in the 1980°. The term “soft” is associated with the
analytes detection as an intact species without fragmentation of the peptide
backbone.

UV-MALDI utilizes an artificial organic matrix, which is mixed with the analyte prior
to the experiment. The principal purpose of the matrix is to absorb the incident laser
light and hence the energy. Subsequently, the excited volume expands, and the ejected
particles form a plume above the irradiated surface. However, the matrix’s properties
of light absorption and matrix crystallization impact the analyte signal. Subsequently,
in a little understood pathway [14], non-volatile and labile biomolecules are desorbed
and ionized intact by protonation. In general, UV-MALDI is performed in acid
conditions. Peptide and protein mixtures are simple to investigate with UV-MALDI,
and scientists have progressed to more complex systems such as tissue sections [15],
[16]. Applying a geometrical lattice of laser shots to the specimen in a documented
location is termed IMS, and MALDI plays a central role [17]. Recently, a group




concerned with UV-MALDI IMS published a tissue image with a resolution of close to
1 um smaller than the dimensions of a single cell [18]. However, despite the
triumphant advances in academia and industry, the method still encounters several
obstacles. For instance, critical matrix size depends greatly upon a sample
preparation protocol, which ultimately impacts the ablation area, reducing spatial
resolution [19]. New spray devices have been developed to minimize matrix crystal
size, but these efforts do not fully remedy the problem [20]. From a quantitative point
of view, sample losses associated with sample preparation have also been reported
[21]. On a qualitative level, the matrix effect can lead to analyte ion suppression and
drastically alter the statement of an MS spectrum [19]. Consequently, an suitable
choice of the matrix before the experiment [22] or even the application of multiple
matrices increases the analytical performance [23]. However, introducing an
additional sample preparation step can also reduce the overall MS performance.
Hence, a reduction of sample preparation steps before the analysis is desirable.

Shortly after the introduction of UV-MALDI, scientists began to investigate other
suitable matrices. Water became the focus, as it is found all living organisms and is
the most abundant component. In principle, this feature allows the investigation of
the specimen in in vivo conditions without any sample preparation steps as in UV-
MALDI. Working with matrices sensitive to IR irradiation changes the acronym to IR-
MALDI. However, if water is exclusively used as a matrix, the acronym is IR-(MA)LDI,
while IR-MALDI employs other IR-sensitive matrices. IR-MALDI can work in principle
under non-denaturing and acid-free conditions providing access to proteins, which
otherwise precipitate [24] and are not accessible with UV-MALDI. To perform MALDI
experiments with water, other laser systems must be used. As water has a high
absorption coefficient at 2.94 uym (Figure 1.2) laser systems were initially tuned to
this wavelength, and the ablation was performed in a resonant regime. Water has a
high absorption coefficient at 170 nm and below, but working with such a wavelength
or even shorter is not practical as air is absorbed in this region, and the guidance of
the laser beam should ideally take place in vacuum.
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Figure 1.2 Optical absorption coefficient of water and other tissue chromophores [25].
Reprinted with permission from Mechanisms of Pulsed Laser Ablation of Biological
Tissues, copyright 2003, American Chemical Society.

Although water seems to be the ideal candidate to carry biomolecules, its high vapor
pressure prevents it from remaining liquid in low-pressure conditions, as is the case
in a mass spectrometer. One solution is to work with the water under ambient
conditions or AP IR-MALDI, which is popular and is reflected in the high number of
publications concerned with this topic [26]-[30]. In the published works, the
irradiation of the specimen and the expanding plume is directly coupled to a mass
spectrometer, but this setup leads to low ion yields, where the ion yield is defined as
the number of ionized particles divided by the amount of total ejected particles. To
overcome this limitation, additional post-ionization methods have been
implemented. Most popular is resonant IR-MALDESI, where the laser-induced plume
is cross-sectioned with an ESI and subsequently improves ion yield by several factors
[31]-[34].

Increasing the ion yield further requires working under low-pressure conditions. As
already mentioned, water is not suitable as a liquid matrix unless the specimen is
actively cooled and remains frozen. In fact, this approach was the first cryogenic MS
[35] publication after the initial UV-MALDI experiment.

Despite the exciting features of IR-(MA)LDESI referred above, several issues have
impeded the wider use of low-pressure resonant IR-(MA)LDI. Due to the lack of IR-
(MA)LDI studies, a general sample preparation protocol is lacking, and, as stated
previously, sample preparation in UV-MALDI is crucial. Furthermore, resonant IR-
(MA)LDI produces low ion yields because of the low photon energy delivered by the
IR wavelength. Most intriguing is that the existing studies spent little time optimizing
various laser parameters, sample preparation conditions, and sampling strategies




[35], [36]. In Dwayne R. ]. Miller’s working group, a laser system was designed to
produce 2.94 pym wavelength pulses with a duration of 400 picoseconds and has the
acronym PIRL. This pulse duration stands in great contrast to previous IR-(MA)LDI
studies, where pulse duration was on a nanosecond timescale. A study concerned with
the PIRL mechanism [37] suggested that energy is efficiently coupled to the O-H
vibration mode of water. Subsequently, due to the strong hydrogen-bond network of
water molecules, the deposited energy is rapidly redistributed and converted into
heat. Such aregime is coined as DIVE. DIVE has been postulated to produce a high ion
yield providing a promising tool for mass spectrometry [38]. Such a feature is
intriguing as it can open the door for high sensitivity mass spectrometry with few
sample preparation steps and, therefore, making single-cell investigation in principle
possible.

Parallel to the developments of resonant IR-(MA)LDI, a non-resonant approach was
also investigated in ambient and low-pressure conditions. Lasers operating in a non-
resonant regime target the sample carrier, also known as the substrate. If water is a
sample carrier, then non-resonant conditions are achieved when wavelengths
between 200 and 1000 nm are employed. The exploitation of the substrate for
desorption and ionization is not limited to water-rich samples. Ultimately, no matrix
is needed to trigger a desorption and ionization process. This method is usually
referred as SALDI [39], and hence non-resonant IR-LDI is more appropriate. SALDI’s
avoidance of matrix is a welcomed simplification, but the sample carrier must be
chemically or mechanically modified [40]-[49]. Similar to the correct choice of the
MALDI matrix, this is a time-consuming step. However, the need for substrate
modification is not fully clarified because most SALDI studies lack laser parameter
variation. Most SALDI measurements are performed in a commercial instrument
designed for UV-MALDI experiments and use the provided laser with nanosecond
pulses and wavelength in a UV region. However, femtosecond lasers as an ionization
source have been moving into focus recently because of their high ionization rates
connected to the high peak powers. Femtosecond MS is mostly used for elemental or
small molecule analysis, which also works on a single cell level [50]. Complex samples
such as tissue sections [51] are challenging to measure, and some reports showed
severe fragmentation and provided ambiguous results [52]. However, a promising
study conducted by Berry et al. [53] showed that intact proteins of up to 6 kDa were
extracted from the aqueous thin film in low-pressure conditions. Unfortunately,
further studies concerning the topic were not followed up. Therefore, a better
understanding of fs interaction is desirable, especially if single cell analysis should
become a routine procedure. Additionally, the small number of fs studies combined
with cryogenic MS it is important to investigate laser-substrate interactions.
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Figure 1.3 This three-dimensional plot summarizes the laser and ion source parameters
used from selected publications [29], [31], [35], [36], [53]-[56] combined with cryogenic
MS. The axis wavelength and pulse duration represent the emitted laser beam, while
pressure at the ion source axis indicates the pressure at the position of the ionization
process. The red square highlights the laser parameters used in the present work. The
dashed line divides the region where the emitted laser wavelength is mainly interacting
with water as a sample carrier either in resonant or non-resonant regimes. The vertical

dotted lines connected to top data points to increase readability.

This work exploits the domain of ultra-short pulses in conjunction with cryogenic
MS under low-pressure conditions in resonant and non-resonant regimes (Figure
1.3). As mentioned before, multiple studies have already investigated the direct
extraction of biomolecules using IR lasers with various pulse durations, but most of
these were performed under ambient conditions. Forming molecules of interest
under the latter condition leads to lower sensitivity due to the ongoing collisions with
the air molecules. A possible solution would be to investigate water-rich targets in
low-pressure conditions to minimize molecular collisions. This is especially
important when investigating complex specimens in which high sensitivity for low




abundance molecules is important. However, only a few publications report work
with IR lasers and cryogenic samples in the resonant and non-resonant regimes.
Besides the establishment of new sample preparation protocols, the present work
aims to provide a better understanding of the desorption and ionization process of
water-based samples.

1.2 Thesis Outline

Chapter 2 gives a brief historical perspective on analytical instruments, followed by
a short introduction to the existing laser-based MS methods. The chapter ends with
an overview of the current understanding of the mechanism driving the desorption
and ionization processes.

In chapter 3, methods and techniques used in the laboratory context are elaborated
and explained. In addition, a home-built software pipeline is introduced for the
analysis of the obtained data.

In chapter 4 a description of the novel picosecond infrared laser (PIRL) source used
to desorb and ionize specimens embedded in ice is given. The mechanism produced
with PIRL is called desorption by impulsive excitation (DIVE). PIRL was tuned to 3 um
wavelength, where the O-H stretching vibration can be efficiently excited. The energy
absorbed is quickly redistributed from the initial vibrational modes dissipating on the
picosecond scale and converted rapidly into heat. Such aregime was investigated, and
a study postulated an increase in ionization yield [57]. The PIRL was coupled to a
linear time-of-flight mass spectrometer equipped with a cryogenic stage. An in-house
developed sample preparation protocol assured different sample thicknesses ranging
from 2 um to 30 pm. Those samples containing peptides and proteins were
investigated under front-side and back-side illumination. Finally, further studies were
performed to elucidate the PIRL-DIVE mechanism.

In chapter 5, a fs-laser was coupled to the linear time-of-flight mass spectrometer.
Several target plates containing peptides were investigated under cryogenic and non-
cryogenic conditions. Angiotensin I and bradykinin were chosen as model systems to
reveal a rich fragmentation pattern produced by fs-laser irradiation. Finally, in a
systematic study, the impact of the temperature was examined, which provides
additional insights into the desorption and ionization mechanism of fs [R-LDI.

In chapter 6 the work of chapter 4 and 5 is discussed in greater detail, and chapter
7 provides an outlook.




2 Laser-based Mass Spectrometry

® Preamble

In this chapter, the reader is familiarized with the foundational background for the
work at hand. The first part discusses the development of soft ionization methods to
liberate non-volatile and labile biological components without fragmentation. MALDI
is the gold standard for detecting and analyzing biological macromolecules. Based on
its popularity, many studies investigated the desorption and ionization mechanism
and nurtured an understanding of a general laser-matter interaction involving
biomolecules. Knowing the basic principles of MALDI will help the reader understand
the laser desorption interaction processes with pure water samples or even without
any matrix. Furthermore, MS-related historical developments will be presented.

2.1 Instrumentation in the Present Work

The setup illustrated in Figure 2.1 was built in-house and maintained throughout
the present work. Two different laser sources were employed in this work, which are
described in detail in the method chapter, but the upcoming subsection describes a
general laser-matter interaction with a focus on ion creation followed by the working
principles of a TOF-MS and how the detection of biological species is realized.

Laser (Ionization Time-of-Flight Data Acquisition

Source) Mass Spectrometer and Analysis

Figure 2.1 The stages of the analyte in a time-of-flight mass spectrometer.




2.2 Laser-based lon Sources

The following paragraph explores the current understanding of the laser-based
desorption and ionization of analyte molecules in UV-MALDI and LDI processes.

2.2.1 General lon Sources

MS is a separation technique that relies on charged particle detection. An ion source
is an element in the mass spectrometer that creates ions. lonization can be achieved
through multiple methods, but the main distinction is whether this process is
performed under ambient or low-pressure conditions. ESI is the first choice under
ambient conditions and is broadly used as the interface between liquid
chromatography and a mass spectrometer. ESI's working principle is not discussed
here, since the work presented deals solely with ionization under low-pressure,
vacuum conditions. For the interested reader, the following works provide an
excellent overview of instrumentation [58], the fundamental mechanism [59], and
applications [60], [61].

Depending on the investigated class of molecules, a diversity of ionization methods
under low-pressure conditions exists [62]. Electron impact ionization (EI) uses high-
energy electrons to produce an electron deficit in the molecule of interest, hence a
positive ionic species which can be detected [63]. This method is useful for monitoring
small masses, but higher masses show severe fragmentation, hindering direct
interpretation. Chemical ionization (CI) relies on gas-phase collision between the
analyte and a charged carrier. A reaction causes a charge transfer from the carrier gas
onto the analyte. Such an ionization principle imparts much less internal energy,
hence higher masses can be detected without fragmentation.

With the advent of the laser in 1960, a new ionization source was available in
conjunction with MS. LDI was capable of generating molecular ions of non-volatile
compounds [8]. No matrix or extensive sample preparation is needed for this
technique, and the main interactions can be reduced to the substrate, incident light,
and the analyte. However, multiple parameters have to be considered for a successful
experiment. The ablated amount of material depends on the wavelengths, pulse
duration, pulse energy, the specimen, and substrate optical properties. Although
successful studies were conducted and simple sample preparation is attractive, the
mass limit for detecting intact biological species did not surpass 3 kDa [64].

Along with ESI, MALDI was simultaneously introduced and allowed the
investigation of non-volatile compounds of masses up to 300 kDa [11], [65]. However,
MALDI is nowadays an indispensable tool in scientific laboratories [66], [67], but it
also has some shortcomings, including the fact that a sample is investigated under
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non-native conditions and the requirement for each specimen to frequently test the
sample preparation protocol, which makes the real-time analysis not feasible.

2.2.2 Matrix-assisted Laser Desorption and lonization (MALDI)

Most studies deal with MALDI-related desorption and ionization mechanism [68]-
[74] (Figure 2.2), and only a few are dedicated to laser desorption and ionization
under cryogenic conditions [72]. The trend is explained by the large and far
progressed community, which enjoys the benefits of the simple MALDI workflow and
high throughput. However, the insights gained from MALDI experiments also provide
a better understanding of the laser-induced desorption and ionization processes in
laser desorption and ionization. Therefore, some aspects of the MALDI process will be
governed before other laser-based techniques.

MALDI

Analyte
lon
« Matrix

Laser .

Figure 2.2 Basic principle of MALDI. The analyte is embedded into a small organic
chromophore termed as a matrix. The matrix has two functions. It shields the incoming
laser light from the analyte by absorbing the energy. Afterward, a proton exchange from
the matrix to the analyte ionizes the latter.

MALDI involves the incorporation of the specimen into a matrix. The latter is a small
organic molecule consisting of an organic m-system tailored to absorb the incident
laser light. Two major tasks are associated with the matrix: The facilitation of ablation
and ionization by donating a proton to the analyte. However, since the major fraction
of the pulse energy is absorbed by the matrix, the analyte fragmentation is almost
absent. Besides pulse energies [68], other parameters, such as pulse duration [75],
repetition rate [76], and intensity profile (Gaussian or flat-top profile) [77], have a
considerable effect on mass spectra quality and remain under investigation. Although
UV-MALDI is a highly advanced, widely employed technique, improvements are still
ongoing [76].
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In general, studies distinguish between desorption and ionization processes.
Desorption caused by laser irradiation can produce material removal, but not
necessarily ionization. Ablation removes material induced by rapid overheating of the
excited volume [78]. When the laser-induced temperature rise reaches a certain
threshold, a desorption process occurs, characterized by the complete phase
transition of the superficial layer from solid to a mixed phase.

The ionization process, on the one hand, is based on a highly complex cascade of
events, and multiple stages exist where ion creation can occur. Some studies show
that ions can already be pre-formed in the matrix [79]. However, the transformation
of neutral species into ions after laser impact is considered the driving event for ion
formation. Finally, gas-phase reactions are also considered essential when neutral
species collide and form ions [69].

Ablation/desorption can be achieved with various wavelengths and pulse
durations, although the most crucial factor is the matrix's ability to absorb incident
laser light and correlates with overall sample removal. Longer laser pulses (> 1ns)
lead to phase explosion of the overheated material and are usually accompanied by
aggregates and cluster formation. The latter process is described as a thermal
confinement regime. For shorter pulses (< 1ns), a stress confinement regime is
postulated, which results in a lower fluence threshold for desorption onset [80].
Several quantitative models were developed to describe the aforementioned
phenomena. If desorption is the dominant process, the surface model [81], [82] can
be applied for a better understanding, whereas the ablation process is better
described by volume models [83], [84]. For the former such condition would be
fulfilled if layer-by-layer evaporation occurs, while the latter describes the ejection of
clusters and aggregates and a subsequent ion formation.

In the traditional MALDI sample preparation (dry-droplet), data acquisition can be
achieved by shooting multiple times on the same spot with the laser. However, the
first shot is analytically less informative, and consecutive shots on the same spot
provide more information [85]. A possible explanation might be the sample change
initiated by the first laser shot. Due to the material ejection, the analyte-to-matrix
ratio is changed, which is also accompanied by sample thinning through additional
shots on the same spot exposing the underlying target to play a more significant role
in signal onset.

Ionization is the process where a neutral species acquires a net charge, either by
proton attachment, detachment, a loss or gain of an electron or, in general, of any
charged adduct. Due to the complexity of the process in MALDI, several models have
been suggested, which can be split in two phases. The primary ionization [86]
considers the initial charge separation on a nanosecond timescale. Secondary
ionization [87] occurs during plume expansion on a nanosecond/microsecond
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timescale. However, the reaction rate in the plume decreases with the propagated
time, and effectively, only reactions at the beginning of the expansion are relevant.
The most abundant plume-associated interaction is the ion-matrix, as the matrix is
usually the most abundant species in the sample, while analyte reaction with matrix
ions is considered a less frequent event [88], because of the low number of the former.

In the photophysics and chemical dynamics model (CPCD) [89], [90], the matrix's
electronically excited states are fundamental to primary ionization. The model treats
the matrix as a solid-state material prior to ablation, where charges are mobile and
approximated as excitons. This assumption is driven by the fact that the photo energy
provided by a single UV photon is not enough to overcome the ionization potential of
the matrix. Therefore exciton hopping and pooling are crucial in reducing the
ionization potential of the matrix. Charge transfer to the analyte is assumed to
dominate during the plume expansion; therefore, the model is sometimes called gas-
phase proton-transfer. The mechanism works well to predict the fluence threshold to
liberate the matrix and the analyte, ion collection yield, plume temperature, and
plume expansion velocities.

Another extensively discussed model is cluster ionization, also known as the “lucky
survivor” [69], [91]. The premise here is that all ions are pre-formed and liberated
after ablation. Most ions statistically recombine with the counterions during ablation,
resulting in neural species and therefore are not accessible for detection. Those ions
which evade the geminate recombination are detected. Some experiments indicate
that the CPCD mechanism is favored at higher laser fluence, while the lucky survivor
approach becomes increasingly dominant when high mass species are
investigated [69].

Finally, thermal models are not new and were already applied to MALDI, but recent
studies habe emphasized the influence of thermal processes on ion formation [92],
[93]; especially relevant is the polar fluid model (PFM) [94]. PFM approximates a
dense but not fluid plume shortly after the impact of the laser. This state facilitates
ion-pair separation under similar conditions, which are known in aqueous solutions.
Since charge separation is a very energetic process and involves the autoprotolysis of
the matrix, the ion yield was predicted to be low (10-7), however, this was not the
observation in regular UV-MALDI experiments, which resulted in ion yields between
10-* and 10-> [76], [95], [96]. To account for this discrepancy in PFM, the rate of
autoprotolysis must increase. The assumption is that the barrier for autoprotolysis is
lower when a polar solvent is screening the charge.

The three models for desorption and ionization introduced above are the most
accepted in the MALDI community. Nevertheless, other models exist, but they are
usually less accurate in experiment prediction [72].
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2.2.3 IR-MALDI with Water and other Organic Solvents

A scenario where MS could be performed in situ with minor sample pretreatment
under protein-friendly non-denaturing conditions is preferable from a practical and
scientific point of view. As water is found in all living organisms, it is the ideal
candidate. Shortly after the introduction of UV-MALDI, an infrared laser-based
approach with a pure water sample was proposed and termed IR-MALDI [65].
Throughout this work, the term IR-(MA)LDI refers to the irradiation of water-based
samples, while IR-MALDI refers to the irradiation of organic substances such as
glycerol or 2, 5-Dihydroxybenzoic acid. The infrared laser wavelength is tuned to the
local maximum absorption coefficient (2.94 pm) of water in the infrared window
between 1 pm and 10 um (Figure 1.2). Water excitation leads to temperature rise
followed by evaporation, which drives the desorption [97]. The desorption process is
considered soft because biological components are not excited by the wavelength
[84]. However, due to the lack of systematic studies on the IR-MALDI with water,
some differences and similarities between UV-MALDI and IR-MALDI are highlighted,
as the principles of the desorption mechanism from the former also apply to the latter.

The traditional UV-MALDI matrices absorb infrared radiation, as most of them
possess a hydroxyl group that is strongly coupled to the radiation at 2.94 pm.
However, the absorption coefficient for the MALDI matrix in infrared is lower than in
the ultraviolet region. Hence, the penetration depth is higher for the former, resulting
in a 100 times higher material consumption and ultimately leading to sensitivity loss.
Increased sample consumption in combination with sample inhomogeneity also
amplifies the shot-to-shot fluctuations. Acquisition of high-quality data becomes
challenging under such conditions since the mass resolution suffers. Tackling the
aforementioned issues with thin-film preparation was so far only reported once [98].
Considering all the drawbacks appearing in IR-MALDI, the same must also apply in
IR-(MA)LDI and explain why IR-LDI with ice has been of little interest in the mass
spectrometric community.

Systematic studies dealing with the ionization process in IR-LDI are absent in the
literature. However, studies on IR-(MA)LDI reported mass spectra similar to UV-
MALDI [99]-[102]. In general, IR-(MA)LDI is less sensitive than UV-MALDI, which
leads to lower ion yield [101]. Consequently, polar fluid models (PMF) may be applied
to IR-(MA)LDI to describe the ionization process, predicting a low ion yields.

224 Desorption by Impulsive Excitation (DIVE)

A picosecond infrared laser system (PIRL) was used to produce charged particles,
and for a better understanding of the generated mass spectra, the fundamental
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interaction between the laser pulse, the specimen, and the substrate are highlighted
in this subsection.

If the excitation of vibrational modes of water is conducted under stress
confinement conditions, pulse durations are limited to be sub-nanosecond. Under
stress confinement regime, shock or sound waves are not transcending out of the
excited volume. This regime assures that all incoming energy is contributing to the
ablation process. The laser energy is deposited through the O-H stretch and
redistributed through the strongly coupled hydrogen network, resulting in complete
thermalization within a few picoseconds. Franjic et al. [57] introduced laser
parameters for such conditions and termed it desorption by impulsive vibrational
excitation (DIVE). Laser pulses on a picosecond timescale and tuned to 2.94 pm (local
absorption maximum of water, Figure 1.2) trigger the abovementioned conditions.
The laser for such an operation is called a picosecond infrared laser (PIRL).

A threshold energy must be reached in order to drive the ablation. Numerical
hydrodynamic modelling [103] for pure water showed that 0.7 J:cm2 pulse energy
excites a ~2 um thick layer to a supercritical state with T> 647.1 Kand p > 22.1 MPa.
Such small pulse energy minimizes the effect of nonlinear optical excitation of higher-
lying molecular states and results in a gentle desorption and ionization.

DIVE conditions can be applied in ambient and vacuum environments. A study
working with S. cerevisiae cells observed enzymatic activity after the DIVE-driven
ablation [104]. DIVE can also be used for tissue sampling, and subsequent MALDI
analysis revealed a preserved enzyme activity [105], [106]. Extraction of intact
species is associated with shorter pulse durations was reported in a study that
compared picosecond to microsecond pulses [107]. Finally, in a healing study, a DIVE-
driven incision produced substantially less scar formation on a mouse's skin when
compared to a traditional scalpel or gain-switched microsecond Er:YAG laser [108].
Under ambient conditions, PIRL was used to irradiate the specimen while the
expanding plume was post-ionized with an ESI source [54]. Such configuration is
known as laser (assisted) ablation electrospray ionization (LA-ESI) [109]. However,
the authors of this study improved the limit-of-detection (LOD) limit fivefold
compared to the regular nanosecond laser source.

Finally, a molecular dynamics simulation showed that the separation of charged
proteins and counter ions (e.g., lysozyme with sodium) is conceivable with DIVE-
ablation [110]. The study also suggested that small ablated volumes are favorable in
order to observe a high ion collection yield. Small volumes can either be achieved by
reducing the focal spot size or using thin-films.
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2.2.5 Laser Desorption and lonization without a Matrix

A second approach avoids the use of any matrix, and instead, the substrate surface
serves as an additional interaction partner to promote analyte desorption and
ionization. In the process of laser desorption and ionization (LDI) without any matrix,
the number of interaction partners is decreased, nevertheless, a robust
understanding is still missing [39] (Figure 2.3).

LDI

Analyte

Laser lon

— 2 0000

Figure 2.3 Basic principle of LDI. The analyte is deposited on a substrate without any
matrix. Two scenarios for desorption and ionization are possible and can be roughly
sorted into laser-substrate or laser-analyte-driven events. However, both scenarios

usually occur simultaneously.

The most popular technique is surface-assisted laser desorption and ionization
(SALDI) which modifies and manipulates substrate surfaces to promote molecular ion
signals after laser irradiation. The most prominent surface modification is achieved
through nanoparticle attachment. However, understanding the underlying SALDI
process remains incomplete [39], [111]. The debate about the thermal and non-
thermal mechanism is still ongoing, but the former is considered to be the dominant
mechanism in SALDI for desorption [111], [97], [39]. The latter is highly dependent
on the optical properties as well as the thermal conductivity of the irradiated medium
[112].

A particular version of SALDI is desorption ionization on silicon (DIOS) [113]. This
technique is built around silicon as a substrate and explores the impact of modified
silicon surface on the mass spectra. Different pore sizes, depth, surface porosity, and
roughness impact the DIOS efficacy [114]. Most studies employ a nitrogen laser with
a wavelength of 337 nm and 3 ns pulse duration [112], [115]-[118]. The ultimate
mass limit is inferior to MALDI and is limited to proteins below 25 kDa [39]. However,
studies also showed that fs pulses (200 fs) and 800 nm wavelength produce mass
spectra of Ceo fullerene [119], [120], without any silicon pre-treatment.
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The ionization process in SALDI remains up to now largely unclear. Various
pathways are considered, such as the emission of electrons from the surface, the
presence of preformed ions, proton transfer between surface and analyte,
photoionization reactions, and finally, surface melting and destruction can lead to ion
formation [39]. SALDI is described as a non-thermal process for desorption and
ionization [51], [50].

2.2.6 Desorption and lonization with Ultra-short Pulses

The fundamental interactions between the ultra-short laser pulses, the specimen,
and the substrate are highlighted in this paragraph. The ability of fs lasers to deposit
large energies within a small time-domain makes it possible to perform selective
target modification, and at the same time, provides the possibility to investigate
materials under extreme conditions of strong electronic excitation [121]. Resonance
enhanced multiphoton ionization (REMPI), and resonance ionization mass
spectrometry (RIMS) and their non-resonant equivalents are laser-based ionization
sources utilized in a mass spectrometer for the first time [122], [123] in the late "70s
and "80s. The laser pulse width was initially on a nanosecond timescale, but with the
advent of fs lasers in 1990 [124], the latter superseded the former and became
increasingly popular. Femtosecond table-top lasers are capable of generating peak
powers between 1012 - 1015 W-cm2, and consequently, molecular species and
especially biomolecules can be easily ionized. On the one hand, high ionization
efficacies lead to high sensitivity, which is desired in the mass spectrometric context,
but on the other hand, ionization and dissociation are processes that compete for
reaction pathways. An undesired pathway is where dissociation energy is below the
ionization limit, leading to low-intensity or no parent ion and ultimately leads to an
ambiguous analysis, where the fragment ions dominate the mass spectrum. In the
following common reaction, pathways are briefly discussed.

Two distinct mechanisms explain how fs pulses lead to fragmentation [125]. First, a
molecular species can absorb several photons resonantly or non-resonantly and
reach the transition state but fail to ionize. If the state's lifetime is shorter than the
pulse length, the molecular species dissociates to form neutral moieties. In the case of
higher laser intensity, the neutral fragment can absorb additional photons to ionize
or further fragment. This process is called ladder switching and can theoretically
repeat multiple times until the molecular species is atomized. Conversely, when
multiple photons are absorbed and the transition state's lifetime is longer than the
pulse length then enough photons can be absorbed to reached the ionization level. In
addition to the transition state's lifetime, a high photon density is essential as this
enhances the probability of the absorption of an additional photon during the lifetime
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of the excited state. This process is referred to as ionization, followed by dissociation
or ladder climbing.

Usually, REMPI or the non-resonant equivalent is described as (1 + 1) process. The
first photon exited the molecular species to the transition state or an intermediate
electronic state while capturing the second photon results in ionization. If two or
three photons are needed to elevate the molecular species to the transition state, the
process will be described as (2 + 1) or (3 + 1) REMPI, respectively. In the latter case,
high photon fluxes are needed to ensure high photon absorption, resulting in higher
fragmentation than the (1 + 1) REMPI [126].

Several studies successfully coupled fs laser to the mass spectrometer under
ambient conditions [56], [127]-[131]. Here, a fs laser is used to vaporize the
specimen, and expanding plume is post-ionized by the aid of electrospray. Despite the
fact that fs pulses are likely to introduce fragmentation to biological components,
Brady et al. [56] were able to show that species with masses up to 45 kDa are arriving
intact at the detector. Such a technique is especially attractive since sample
preparation is simple and analysis can be performed in real-time, making this
analytical method especially attractive in the clinical environment.

2.3 Time-of-flight Mass Spectrometry

TOF-MS is one of many mass analysers used throw-out the scientific landscape. The
main task of a mass analyzer is separating the charged particles according to their
mass-to-charge ratio. Several mass analyzers exist, and they can be used alone or
combined to take advantage of their individual strengths.

The first concept of a TOF-MS was introduced 50 years ago by Wiley and McLaren
[6], although Joseph ]. Thomson discovered the first working principle during his
study of Kannalstrahlen 50 years earlier [5], [132]. A simple TOF-MS is illustrated in
the Figure 1.1, and the fundamental working principles are described in chapter 1.
As sad, TOF-MS primarily measures the ion's flight time, but scientists are less
interested in that value and want to know the mass-to-charge ratio.

The amount of energy experienced by the ion in the extraction region dependents
on its charge and the applied voltage.

E =qE = eyzU E. 1.1

As ions are accelerated in the extraction region, their energy is converted into
kinetic energy.
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1
Ek = eozU = Emvz E. 1.2
Therefore, the velocity of an ion with the mass m and a charge z is given by:

2eyzU
m

E.1.3

The travel distance between the extraction plate and detector is expressed by:

s m
t= — E. 1.4
2eaUN 2

And equation 1.4 can be rewritten to give the mass-to-charge ratio.

2
m _ 2t7eU E. 15
z s2

However, although simple in design and easy to maintain, initially, TOF-MS were
only used for exotic studies of ion properties. Several factors hampered the wider use
of TOF-MS, but the main reason was the lack of ionization sources creating ions within
a short time interval. This requirement is crucial for TOF-MS as the flight time is
determined between the ion creation and the impact on the detector. A larger time
period for ion creation causes a long arrival time window at the detector and reduces
the mass resolution, limiting the analytical performance, ultimately leading to a
decreased method applicability. Therefore, ion creation would happen for all
molecules instantly in an ideal case. The renaissance of the TOF-MS was invoked when
pulsed ionization source where introduce such as 252CF plasma desorption [133],
secondary ion mass spectrometry [134], and most importantly MALDI [11]. Those
methods provided high mass resolution not seen before, but demands were rising and
researchers were searching for improvements. The delayed extraction or time lag
focusing design was the next iteration of the instrument, which improved the mass
resolution significantly. Before that TOF-MS operated in a continuous extraction
mode, and it is important to understand the workflow. In a continuous mode
extraction, the ionization region has a permanent potential field. Once a laser is
impinging on a sample, that creates an expanding plume containing neutrals and ions.
Those species inherently contain different kinetic energies and the time point of ion
creations varies. While both features decrease mass resolution, they are not
addressed in continuous extraction mode. The delay extraction workflow is conveys
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the aforementioned problems in the following manner: Before sample ionization the
extraction region has no potential. Once exited, the plume can expand in a field-free
region. At the end of the ionization period ions are randomly distributed in the plume.
Now the extraction electrode is pulsed creating a potential field. Those ions, which
are close to the extraction electrode, receive less kinetic energy from the potential
field than those closer to the substrate plate. As a consequence, both ion groups arrive
at the same time at the detector (Figure 1.1). Unfortunately, the mass spectrometer
used in the present work was not equipped with such feature. As seen later the
strategy was to counter the low mass resolution under the continuous extraction
mode with less ejected material.

The biggest advantage of the TOF-MS is the short duty cycle, which describes the
time interval needed for a single measurement and the fact that masses from a few Da
to several hundred kDa are simultaneously measurable in a single run. For high
throughput analysis, especially in the clinical context, such a device would short the
waiting time, which is important when the waiting window for the analysis is limited,
such as during a surgery. Unfortunately, from all mass analyzers, the TOF-MS mass
resolution is the lowest, but recent developments showed that coupling a TOF-MS to
ion mobility provides a better mass resolution, accuracy, and ion transmission, while
the benefits of the high duty cycle are still present [135].

Finally, MS is an indispensable tool used throughout all scientific disciplines.
Advances are made on the instrumental [136], sample preparation [137], and the
computational site [138]. The ability of MS to identify, and increasingly in recent
years, accurately quantify proteins and other biomolecules out of a complex specimen
will impact biology and medicine broadly [139].
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3 Materials and Methods for
Cryogenic-based Mass
Spectrometry

Several people contributed to the success of this chapter. The idea to use two
coverslips and a thin Prolene film for ice layers came from Sascha W. Epp. Jan
Leimkohl conducted the design of the cupper sample carrier. In close collaboration
with Hendrik Schikora, the temperature profile and a series of brightfield images of a
thin film were conducted. Djordje Gitaric and Josef Gonshior conceived the design and
assembly of the time-of-flight mass spectrometer. The communication between several
devices was established through the LabView software framework supplied by Friedjof
Tellkamp. Glaynel Alejo wrote the scripts for data analysis in PYTHON. In addition, she
also worked on the ion count analysis problem for Gaussian-shaped signals [140]. This
script was used as a basis for the ion count analysis for signals with a non-Gaussian
shape.

® Preamble

This paragraph provides the reader with all instruments and methods used in
chapter 4 and 5. In the first part, all materials are listed. Then the two laser systems
are described in detail and how they were coupled into the mass spectrometer. Next,
the features of the home-built mass spectrometer are presented. In this project, the
mass spectrometer was equipped with a cryogenic stage, and the analysis of volatile
solvents such as water was possible under low-pressure conditions. Then the reader
is introduced to the possibility of changing the temperature at the sample stage, which
provided an additional dimension to investigate frozen samples. Next, the in-house
developed protocol for thin films with the capability of producing various thicknesses
is described in great detail. Finally, basic data processing workflows conducted in
PYTHON are highlighted.
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3.1 Materials

The following table summarizes the chemicals, which were used throughout this
work.

Table 3-1 below shows the used chemical and their hazard and prepare statements.

Substance Pictograms H-sentences P-sentences

o 226,314 280, 305+351+338,
Acetic acid @ 310
210- 225-332-302-
Acetonitrile @@ 305+351+338- 312-319

403+235
Angiotensin | - - -
Bradykinin - - -
Deuteriumoxide - - -
I 302+352- 302-315-319
Dithiothreitol @ 30543514338
Endothelin | - - -
225 210
Ethanol @
260-280- 226-314
Formic acid 301+330+331-
305+351+338-
308+310
@ 319-335 305+351+338
Fullerene C60
% 261-280- 301-317-334-
Lysozyme 301+310- 413
342+311
@ 282-336+315- 281
Nitrogen 403
225-304-315-336 - 202-210-273-
@ @ 361d-373-412 301+310-
Toluene C 303+361+353-331

314- 332-412 261-273-280-303
+361+353-304+
340+310-305+
351+338

&
&

Trifluoroacetic acid

Water, Cromosolv gradient grade for
HPLC
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3 Material and Methods for Cryogenic Mass Spectrometry

3.2 Methods

3.2.1 Laser Systems

Two different laser systems were used throughout this work and are introduced in
the upcoming subsections.

3.2.1.1 Picosecond Mid-infrared Laser

An infrared laser system (PIRL III ND, Light Matter Interaction Inc., Toronto,
Canada) generated gaseous molecules ions under resonant water excitation. The
latter refers to the laser's output wavelength, which was tuned to a spectral range
where water exhibits a high absorption coefficient. The laser system's fundamental is
at 2920 nm with a spectral bandwidth of 30 nm and pulse widths of 400 ps. The
relative standard deviation of the pulse energy was below 5 %. For the RG, the laser
beam was focused with an incident angle of 35° onto the sample plane with f=75 mm
lens (LA0270-E, ThorLabs, Newton, USA). For the TG setup, the f =75 mm (110-
5509E, Eksma Optics UAB, Vilnius, Lithuania) lens was placed behind the sample
stage (Figure 3.1A).

A) B)
Aqueous Thin Film

Detector

A |

X, y -stage
Back

ﬂ‘ﬂ Time-of-Flight ceesp '

back-side illumination l'l—————

Mass Analyser
100 um N
front-side illumination #

Figure 3.1 Schematic drawing of the custom built linear time-of-flight mass spectrometer.
Throughout the work, the term reflection geometry (RG) refers to the specimen being
irradiated from the front, and transmission geometry (TG) implies irradiation from the
back. A) The blue rays indicate the picosecond infrared laser beam path, while the orange-
ray represents the fs laser beam path. B) A brightfield image of a thin ice film in the mass
spectrometer during an experiment. The left and the right crater were produced by the
back and front illumination, respectively. As crater sizes with the fs laser were not visible
in the present setup, hence the sample carrier was studied under a microscope with a
higher resolution (Subsection 5.2.1).
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The infrared laser beam was guided into the center of the extraction region with the
aid of a HeNe laser (Green HeNe, ThorLabs, Newton, USA). Optimal focusing for the
laser beam on the target for RG and TG was established by manually varying the
distance between the lens and the substrate. The lens distance was fixed once plasma
on the substrate was observed. Fine-tuning of the ablation spot was achieved in
preliminary experiments with cryogenic samples shortly before initial experiments.
The setup was stable for several weeks before additional realignment was necessary.
Figure 3.1B shows an ablation spot on a thin ice film for the back and front
illumination. The focusing area in back illumination was smaller, as the beam cross-
section was more circular than for front illumination. The difference comes mainly
from the incident angle of the incoming laser beam. Laser power was monitored with
a commercial power meter (S314C and PM100D ThorLabs, Newton, USA) at each
experiment's beginning.

3.2.1.2 Femtosecond Near-infrared Laser

Non-resonant infrared laser desorption ionization studies were conducted with a
commercial Pharos laser system (Light Conversion UAB, Vilnius, Lithuania) in RG only
(Figure 3.1A). The laser emits at 1026 nm wavelength with a spectral bandwidth of
5nm and a temporal full-width-at-half-maximum of 190 fs. Laser power was
monitored with a commercial power meter (S120VC and LabMax-TOP, Coherent,
Santa Clara, USA) at the experiment's beginning and end. The relative standard
deviation of pulse to pulse energies was, on average, below 0.5 %. The fundamental
(1026 nm) and the second harmonic (513 nm) of the laser are used in the
experiments. The latter was generated with a half-wave plate (WPH225H, Dayoptics,
Fujian, China) and a non-linear crystal (BBO-654H, Eksma Optics, Vilnius, Lithuania).
Both wavelengths were coupled into the mass spectrometer at an incidence angle of
35° towards the normal of the sample surface. Focusing was achieved with a single
lens (LA1509, f = 100 mm, ThorLabs, Newton, USA) for both wavelengths. The
dispersion introduced through optical elements to the second harmonic laser beam
was not compensated. Neutral density filters were applied to attenuate the laser
power. The final pulse energies are mentioned in the figures presented in this study.
The crater sizes produced on the substrates with one and two laser shots vary with
laser energies and are discussed in more depth in subsection 5.2.1.

3.2.2 Microscopy

In this work, silicon wafers were investigated with a bright field microscope
(Axioscope 7, Zeiss Jena, Germany), and images were evaluated using the proprietary
software provided by the instrument developer (ZenCore, Version 3.1).
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3 Material and Methods for Cryogenic Mass Spectrometry

In addition to bright field images, the silicon wafers were investigated using an
atomic force microscope (Dimension Icon, Bruker Daltonics, Bremen, Germany),
sitting on an isolated vibration table and covered in an acoustic enclosure. The
selected atomic force microscope (AFM) probe tip throughout all measurements was
MESP (Bruker Daltonics, Bremen, Germany). The high lateral picture images were
edited using the NanoScope Analysis (Version 1.9) software provided by the
instruments developer.

3.23 Sample Preparation

Analytes were used without further purification and dissolved either in ultrapure
water or a glycerol-water mixture to the desired concentrations and stored at 4 °C
before usage. Silicon wafers two side polished n-type doped with phosphor (0.1-
1.0 Ohm - cm1) and a thickness 300 + 25 pm were obtained from MicroChemicals
GmbH (Ulm, Germany). Two additional coverslips were purchased and used for the
studies with the fs near-infrared laser: Indium tin oxide coated coverslips (70-100 Q,
thickness 160 pm, Lot# 1221213) were purchased from SPI Supplies (West Chester,
USA), borosilicate glass was bought from VWR (Hannover, Germany) and
chalcogenide glass was procured from Vitron (Jena-Maua, Germany).

Thin-film specimens containing only water or water-glycerol mixture were
prepared in the same manner. First, different concentrations of peptides and proteins
were mixed in an appropriate solvent. Then 0.20 - 2 ul of the peptide solution was
deposited on a coverslip mounted into a copper sample stage. Further, a second
coverslip was placed on top, causing the sample droplet to spread between the
coverslips. This scaffold was then placed 1 cm above a liquid nitrogen surface. After
30 seconds, the upper coverslip was tempered up to 35 °C with a custom-made
heating block (Figure 3.2). The following step is time-critical since the heating block
and the coverslip have to be simultaneously removed. The pipetting of 200 nl sample
solution led to an average sample thickness of 2 um, while 750 nl led to an average
sample thickness of 12 um.

25



Under Ambient Conditions Above Liquid Nitrogen

18 mm

Figure 3.2 Sample preparation protocol to create thin and ultra-thin ice films with a
sample thickness of 2 and 12 um, respectively. A heating block was tempered up to 35 °C
and positioned on top of the coverslip for several seconds.

In general, the silicon substrate could be reused, while ITO and CG could be used
only once. First, the contaminated substrate was sonicated in acetone for 15 minutes,
followed by another sonification step in pure water. The steps were repeated one
more time before the solvent was purged with a gaseous nitrogen stream to prevent
streak formation. If contamination persisted, optical cleaning tissue (MC-5, ThorLabs,
USA) was used to remove residual contamination mechanically, and the sonication
steps were repeated.

To achieve sample thickness above 12 um, a different strategy was followed (Figure
3.3). The limitation with the two coverslips approach is that once the pipetted volume
is too large, the applied liquid was squeezed out of the coverslip scaffold, technically
reducing the thickness. By exchanging the top coverslip with a Prolene foil (PR,
Chemplex Industries, Inc, Florida, USA) the leakage of the sample liquid was
prevented. After pipetting 2 pl between the coverslip and the PR, the scaffold was
plunged into liquid nitrogen. Then 20 seconds later, the PR was removed. This
protocol led to an average sample thickness of 30 pm.
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Under Ambient Conditions

25uL 2

Above Liquid Nitrogen

18 mm

Figure 3.3 Sample preparation protocol to create semi-thick films with an average sample
thickness of 30 um.

Figure 3.4 illustrates the loading process. In panel A), the valves for gaseous
nitrogen and the inlet for the sample stage were opened. In such a configuration,
nitrogen is flooding the arm and displacing the ambient air. Then the loading arm was
placed above the liquid nitrogen, and the sample stage was pulled out of the storage
cage, which was in liquid nitrogen. After the sample stage was loaded, the inlet valve
was closed first, followed by the valve for gaseous nitrogen. Finally, the valve
connected to the scroll pump was opened, and the loading arm depressurized. The
loading procedure takes less than 3 minutes while low-pressure conditions prevent
additional condensation (10-! mbar). The nitrogen used in the experiments had a
purity of 5.0.
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Figure 3.4 Sample transfer system to minimize ambient air condensation. A) The loading
arm is flooded with nitrogen 5.0 before the loading protocol for the sample stage begins.
B) After loading the sample stage, the valves connected to the nitrogen line and the
sample inlet are closed. Then, the scroll pump valve was opened, and the depressurization
began. Finally, the loading arm was attached to the mass spectrometer, and the sample
carrier was mounted.

3.24 Time-of-flight Mass Spectrometer

Design and assembly of the linear time-of-flight mass spectrometer (TOF-MS) was
carried out in-house. Sample loading into the mass spectrometer was achieved with a
patented lock mechanism and cannot be shown in detail. The ion region was based on
the ion optics used in commercial Bruker instruments. All mass spectra were
recorded in a linear TOF-MS, continuous extraction, and positive ion mode. The length
of the linear flight tube varied between 1.06 and 1.14 m. A commercial power supply
provided voltages (Ultravolt, USA) for the backing plate, extraction plate, and Einzel
lens, 16 kV, 14.5 kV, and 8.5 kV, respectively.

All mass spectra presented here were acquired with a flange-mounted dual-stage
microchannel plate (MCP) detector assembly (F9890-31 with F1552-011G,
Hamamatsu City, Hamamatsu, Japan), which has an effective diameter of 27 mm,
12 pm channel diameter, and a gain of 10°. The voltages (EHS 80 40, ISEG, Germany)
for the front plate, back plate, and anode were -2 V, 1450 V, and 1700 V, respectively.
Some experiments were conducted with a phosphor MCP (PHOS-F2225P431,
Hamamatsu City, Japan). The MCP used in this experiment has an effective diameter
of 40 mm, 12 pm channel diameter, and a gain of 10°. The voltages for the front plate,
back plate, and anode were -1650 V, 0 V, and 50 V, respectively. For both MCPs, a
20 dB preamplifier TA1800B with 1.8 GHz bandwidth (fastcomtech, Munich,
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Germany) was used to extract the signal. Mass spectra were recorded at 1 GS/s with
an 8-bit digitizer (Acqiris DC211, Agilent, USA).

Both the sample carrier and sample stage were custom-made. The sample carrier
was mounted onto a nanometer precision piezo translation stage (SLC Series,
SmarAct, Oldenburg, Germany) with a PEEK insulator's aid. Liquid nitrogen was used
to cool the sample stage. For this purpose, the cooling block and the sample stage were

connected through ultra-flexible copper braids. The possibility of interrupting liquid
nitrogen supply provided temperature-dependent measurements.
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Figure 3.5 Temperature and pressure time series in the mass spectrometer. A) For the
first 30 minutes before t = 0 min., the sample stage was cooled, and the temperature
dropped. After t = 0 the temperature gradually rose. B) The green and red traces show
the pressure profile with a coverslip and sample and an empty sample carrier,

respectively. In the beginning, the pressure increased due to a small leak in the liquid
nitrogen pipeline.

While the attachment of a Pt1000 sensor to the sample stage made it possible to
record a temperature profile in time, experiments typically requiring high voltage
were not simultaneously feasible. However, since the evolution of the measured

temperature was highly reproducible, we used the elapsed time to estimate the
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temperature for a given time point. Figure 3.5 panel A shows the temperature
gradient of the sample stage after the liquid nitrogen supply was stopped. A gradual
temperature rise was observed as expected. The sample stage's lowest temperature
can reach- 140 °C, while the cooling block is at - 190 °C (data not shown).

In addition to temperature profile measurements, we also recorded the pressure
profile in the mass spectrometer. For this, a regular thin film preparation protocol
was applied, and the sample was introduced into the mass spectrometer. After the
liquid nitrogen supply had been cut, the pressure measurement revealed an elevated
pressure level after 70 minutes (Figure 3.5, red trace). Identical measurement with
the coverslip but without the thin ice film showed no peak at this point (Figure 3.5,
green trace). We suspected the ice sublimation was the prime reason for pressure
change and therefore conducted an additional experiment to support our reasoning.

First, a residual gas analyzer was mounted on the time-of-flight mass spectrometer.
Figure 3.6, panel G reflects a general pressure profile with a coverslip observed after
cutting the liquid nitrogen supply. The colored squares indicate the different time
points at which electronic ionization (EI) mass spectra were recorded. The color of
the square matches the color of the corresponding EI mass spectrum (Figure 3.6,
panels A-F). After the liquid nitrogen cooling was turned off, the first EI mass
spectrum (Figure 3.6, panel A) shows nitrogen as the most abundant species in the
time-of-flight mass spectrometer. Nitrogen persisted as the most abundant species in
the residual gas throughout the experiment. Shortly before pressure increased, a
water signal was visible for the first time (Figure 3.6, panel B). During the elevated
pressure in the mass spectrometer, the water signal intensity surged in EI mass
spectra (Figure 3.6, panels C-D). Towards the end, when pressure stabilized, the
water signal decreased (Figure 3.6, panel E) and vanished almost after two hours
(Figure 3.6, panel F).
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Figure 3.6 Residual gas analyzer mass spectra at different points after turning off the liquid
nitrogen supply. The experiment started with a sample stage at - 140 °C . A-F) Electronic ionization
mass spectra with a mass range from 0 to 100 m/z. The asterisks marks the radical water ion
position in the mass spectrum. G) Pressure profile in the mass spectrometer during the
experiment. The color bars in the graph indicate when a mass spectrum was recorded and match
the colors in A-F). At the beginning of the experiment, the first mass spectrum lacked a water ion
signal. When the pressure increased, the water ion signal also surged in the mass spectrum. During
elevated pressure inside the mass spectrometer, the water ion signal was also high. The water
signal intensity is significantly reduced when the pressure inside the mass spectrometer was
stabilized. The unit for the y-axis of the El mass spectra is 10-1° Ampere, and for the pressure profile

graph, 10°® mbar.

Finally, the impact of temperature rise on the microscopic scale of the thin-film was
investigated in a cryogenic suitcase where the sample stage was accessible with a
bright field camera. The sample carrier in the mass spectrometer and the carrier
inside the cryogenic case have an identical design, making comparison easier as both
sample carriers experienced the same temperature rise. Figure 3.7 shows
screenshots of a video of an ultra-thin ice film under low-pressure conditions. The
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experiment started at - 108°C and 32 °C higher than the original experiment in the
mass spectrometer. Thus, we expected the ice sublimation earlier but still around -
72 °C (Figure 3.7).

t=20 min,‘
Temp. =-

t =5 min.
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Temp. =- 100 °C
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Temp.=-97°G

Figure 3.7 Thin ice thin film at different temperatures. For thin-film preparation, 200 nl of
a 100 uM bradykinin solution were consumed. The vacuum conditions were similar to
those in the mass spectrometer and reached 5-107 mbar. Panel A) — C) show 12
screenshots of a video film recorded during the ongoing temperature increase. The
temperature during the record pivoted between — 108 °C and — 72 °C. In panel D) the
sublimation onset is recorded 58 minutes after the experiment started. Most of the thin
film sublimated within 1 minute.

Figure 3.7 panel A) subplot I show the ice film with well pronounced white light
interferences at the beginning of the experiment. The latter was stable in subplot I
and III and started to vanish in subplot IV. The thin ice film without white light
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interferences was recorded in Figure 3.7 panel B) subplots I-III, yet subplot IV
revealed interferences again. Figure 3.7 panel C) subplot I still showed interferences,
which finally disappeared in subplots II-IV. Figure 3.7 panel D) caches the
sublimation of the ultra-thin film in the subplots I-II, which lasted less than a minute.
The sublimation procedure took less than a minute. Subplots III and IV show the
sample stage without any ice.

Since sublimation was observed at the same temperature inside the mass
spectrometer as well as in the cryogenic case, we are confident that water is the prime
reason for the pressure surge during the experiment. However, changes in sample
thickness, which were reflected by changing white light interferences, were observed
before ice sublimation. The fluctuation in thickness was expected to be in the range of
hundreds of nanometers.

3.2.5 Data Acquisition and Processing

Cameca Instruments Inc. (Madison, USA) provided the recording software, which
generated the raw data in the binary code. These were subsequently processed by
MATLAB (Version R2019a) or PYTHON-scripts (Version 3.7). MATLAB was
exclusively used for two-dimensional images, while PYTHON was used to visualize
the data and quantify the ions producing a signal.

Since the raw data comprised the flight times of the ions, a translation into the m/z
range was desired. This task was tackled by implementing the equations elaborated
by Wiley et al. [141]. The reference concludes that the overall flight time is described
by equation E 3.1.

1/2 1/2

D (ZeTZlU) E 3.1

trlight time = ts ttp = 2s (ZBAU)

Whereby ts represents the ion time spent in the extraction region, while ¢p is the
time spent in the drift-free region. Both terms include the mass m, charge e, and the
voltage difference AU over the distance. Arrival time fluctuations were observed
because the same kind of ions can be created in unequal positions s.

For plotting, the script was initially searching for the proton signal. The latter was
the first signal in the time trace with an arrival time between 400 - 600 ns and
dependent on the laser system used for the ablation. Once found, the flight time was
accordingly converted to the mass-to-charge, leading to a mass accuracy in the range
of 15000 ppm for peptides around 1 kDa. In this work, we rely on the terminology and
treatment of data provided by Brenton et al. [142]. Therefore the accurate mass is the
experimentally determined mass of an ion measured to an appropriate degree of
accuracy and precision. Ultimately, high mass accuracy reduces the elemental formula
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of potential candidates [143]. However, the results were not satisfying, and another
strategy was introduced. A more accurate mass calibration relies on the known flight
times of two or more known exact masses [144], [145]. For this purpose, a set of
signals was chosen, fulfilling the following criteria. First, they regularly appear in the
MS, and secondly, the signal-to-noise ratio is above 3:1. Third and foremost, the
species creating the signal was distinctly identified. For the obtained mass spectra, it
was the proton and analyte signal. This led to a series of experiments with different
analytes to assure our reasoning. Table 3-2 summarizes a typical data set for mass
calibration. The data points were fed into the OriginPro (Version 2018G) software to
determine the constants a and b for t = am1/2 + b. This strategy improved the mass
accuracy tenfold from the previous approach and ultimately led to 1500 ppm.

Table 3-2 Frequently observed signals in the mass spectrometer used in the experiments.
The data points were fed into the OriginPro software, and an exponential fit was applied.
With this fit, the time trace of the mass spectrum was converted to the mass-to-charge.

Species Flight Time [ps] Theoretical Mass [Da]
H* 0.680 1.008
Hy* 0.968 2.016
cr 2.379 12.011
o* 2.747 15.999
H,O* 2.934 18.015
Hs;O* 3.012 19.023
Na* 3.312 22.989
K* 4.318 39.098
Bradykinin + H* 19.87 1061.23
Angiotensin + H* 21.98 1296.48

The workflow mentioned above was performed for mass spectra generated in the
reflection geometry and is valid for experiments with picosecond mid-IR laser as well
as fs near-IR laser. In paragraph 4, mass spectra in TG, which were only generated
with the picosecond mid-IR laser, experienced the same calibration procedure as in
RG. However, for TG, the mean arrival time of bradykinin is 120 nanoseconds later
than in reflection geometry. The previous numbers were drawn from the bradykinin
peak. This corresponds to a flight time deviation of 0.5 %. A study concerned with UV-
MALDI in transmission and reflection geometry did not report such differences in
continuous extraction mode [146]. Individual travel paths for each ablation geometry
on the optical table can be neglected since the difference in light travel distances was
less than a meter. However, as this phenomenon did not negatively affect the
conducted measurements.
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A common technique is averaging multiple mass spectra to improve the signal-to-
noise ratio. However, mass accuracy can worsen if single-shot mass spectra from
different sample areas were averaged. The reasons are, in general, a change in the
flight path length. A reason for a change in the flight time for the same species can be
a tilt of the sample plate, changing the extraction region size. In addition, consecutive
laser shots on the same spot change the sample's surface. Especially the second point
is for a picosecond mid-IR laser is a concern since the total ablated volume for frozen
water sample is immense compared to UV-MALDI. Finally, the sample thickness
inhomogeneity is also a source for flight time deviation since it also changes the length
of the extraction region. To minimize the aforementioned constraints, sampling was
conducted on a small area (5 x 3 mm). With the interlaced shot protocol, it was
assured that first, a small area was irradiated, which reduced the impact of extraction
plate tilt, and second, since spots were irradiated only once, sample changes initiated
by the laser and leading to a changed length of the extraction region was minimized.
This approach was called a single-shot-per-spot (SSpS) mode. However, if the sample
were sufficiently thin oversampling mode provided results of similar quality.

3.2.5.1 Statistics for lon Collection Yield

Sensitivity is an important parameter in MS since it tells the user an analytical
system response to an analyte under well-defined conditions. Sensitivity is
characterized as the slope of a curve when an analyte amount is plotted against signal
intensity [58]. High sensitivity is usually associated with an ionization source with a
high ionization efficacy. lonization efficacy is the ratio between the ionized and
neutral particles in the excited volume. However, other factors such as the ion
transmission of the mass analyzer, as well as the ion extraction optics from the ion
source and the detectors (microchannel plate, MCP) response to the incoming ions,
reduce the overall number of initially produced ions.

To calculate the initial ionization efficacy, the aforementioned factors have to be
known or approximated. For instance, a MCP's response efficacy for ions around
1 kDa was experimentally determined to be close to 100 % [147]. This assumption
was also implemented in our upcoming consideration. Further, the time-of-flight
mass analyzer has a high ion transmission of close to 100 %, and for simplification
purposes, we round up [147]. Conclusively, the ion extraction region is the part of the
mass spectrometer which impacts the amount of transported ions. A general term
called ion collection yield may be chosen when all components are considered. The
latter is the ratio between the ionized particles arriving at the detector divided by the
number of particles interacting with the laser beam.

In our case, laser focal spot size and the sample thickness are determined accurately
to calculate the total ablated volume. Additional knowledge about the sample
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concentration gives the total number of particles in the excited volume. Finally, under
ideal conditions, same particles produced the same signal intensity when colliding
with the MCP. Some commercial instruments have a build-in feature, determining the
number of ions producing a signal [76]. However, since we used a home-build
instrument, another strategy was applied.

Another approach is to look at the count statistics in the TOF instrument. The count
statistic in TOF is dominated by Gaussian noise for the background and by Poisson
noise for the analyte signal [148]. Both statistics overlap in a regular mass spectrum,
but once the peaks are cleaned from the Gaussian noise, the Poisson statistic can be
used to estimate the number of ions, which produce a signal.

The approach here follows the hypothesis that a low number of ions is causing high
voltage fluctuation and vice versa. These fluctuations can be expressed in sample
standard deviations, ultimately revealing the current intensity triggered by a single
ion.

Last 5 us of shot 74

baseline

Voltage [mV]
A

-6
-8
—10755 36 37 38 39 40
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Figure 3.8 Gaussian noise determination for the time-of-flight mass spectrometer. The
last 5 ps of each single-shot mass spectrum was taken into the calculation process. The
yellow baseline represents the average voltage obtained from all data sets. The dotted
red lines indicate the first sample standard deviation of the mean. The blue trace is the

raw data, and serves referential reasons only.

We first determined the Gaussian noise by looking at the position where ions were
not expected to arrive (Figure 3.8). In our case, the recorded time was 40 ps for a
single mass spectrum, and in the last 5 ps, the arrival of ions was never observed. This
time-domain was utilized to determine the sample standard deviation (SSD,
s_fystem noise)- System noise consists of several factors, including electrical and thermal

effects, misalignment of equivalent bins as well as charging and discharging effects
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3 Material and Methods for Cryogenic Mass Spectrometry

causing non-zero baseline [149]. For simplification reasons, we accounted only for
electrical effects in our calculation.

Next, we choose up to 40 single-shot mass spectra with an analyte signal and
comparable arrival time but not necessarily the same intensity. Jittering of the
bradykinin signal in time produces a higher variation, therefore, we investigated
analytes arrival times within a 2 ns in the case of the femtosecond laser and for the
picosecond infrared laser, we chose a 10 ns window (Figure 3.9A). The PYTHON
package SciPy.find_peaks (Version 1.7.1) was used to find the analyte peak, which
represents the arrival time (Figure 3.9B).

Once the mass spectra with the analyte signal were identified, further processing
was applied. In the case of the picosecond infrared laser, the intensity for the analyte
signal fluctuated significantly, reducing the analytical performance of our method.
Therefore, an additional step was introduced to detect and remove the outliers. For
most datasets, a threshold voltage of 20 mV for the analyte signal was sufficient.
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Figure 3.9 Data cleaning process to sort the arrival time into bins. A) A histogram
summarizes different bradykinin arrival times in 10 ns bins. B) The PYTHON module
find_peaks identifies the bradykinin peak and readouts the arrival time. A hit was

considered when the analyte voltage was at least 30 mV.

The upcoming workflow applies to the mass spectra generated with the fs as well as
the picosecond laser. First, a baseline correction for each mass spectrum was
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performed by subtracting or adding a constant, and a data set mean mass spectrum
was calculated. As the digitizer recorded each nanosecond as a data point, binning
was performed to reduce the noise. The size of a bin was 8 ns, hence 8 data points
were averaged. As a next step, an integral for a single and the mean mass spectrum
was calculated using SciPy (Version 1.7.1). The integral of the mean mass spectrum
served to weigh the single-shot bradykinin signals. This approach considered
different signal intensities and their impact on the upcoming x?2 statistics, ultimately
allowing the investigation of low and high-intensity signals in one data set (Figure
3.10).
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Figure 3.10 Data processing of bradykinin signal. A) A data set of several unprocessed
mass spectra. Dots of the same color indicate the same mass spectrum. Dots of different
colors were arranged in vertical stacks, indicating a bin unit. B) Baseline correction was
performed. C) Additional filtering was applied to filter outliers. D) Each mass spectrums
integral was divided by the mean mass spectrum integral. The ratio was then used to
weigh the bradykinin signal for greater comparability.

As we deal with categorical data, PYTHON module Imfit (Version 1.0.2) was used to
determine the reduced x2. Additionally, reduced x? served as a correction estimate a
posteriori to obtain the SSD (sgmdykmin signal noise)-

E 3.2

Sh = s + 52
bradykinin signal noise — °bradykininions system noise

Now the system SSD was subtracted from the bradykinin signal noise SSD, leaving
bradykinin ions SSD (sgmdykmm ions)- Finally, integral weights were removed, and
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3 Material and Methods for Cryogenic Mass Spectrometry

further processing was performed for each laser system individually. The final steps
for ion collection yield determination for the picosecond and fs-laser systems are
found in subsections 4.5 and 5.7, respectively.

The programming scripts can be found in the GitHub repository under the following
address [150].

3.3 Summary

This chapter established a protocol for thin films essential to perform the
experiments utilized in the following paragraphs. Until now, no simple yet effective
method for thin water film production has been reported in the literature. However,
depending on the pipetted volume and sample preparation protocol, film thickness
between 2 pm and 30 pm are now achievable.

The mass spectrometer is equipped with a cryogenic stage, which allows
experiments at cryogenic temperatures and measurements at different temperatures.
However, as the temperature cannot be measured simultaneously during the initial
experiments, a systematic study to plot a temperature profile depending on the
elapsed time was performed. This study served as a reference for the following
chapter.

Finally, in a bright field setup, the thin film behaviour was captured during the
temperature rise. The vacuum chamber was equipped with the same sample carrier,
found in the time-of-flight mass spectrometer. A constant movement of interferences
during temperature rise was observed, indicating that the thin film thickness was
highly dynamic before ice sublimation. Residual gas analyzer experiments verified
that sample stage temperature above - 100 °C triggers ice sublimating.
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4 DIVE Mass Spectrometry with
Cryogenic Thin Films

Preliminary results of frozen bulk water droplets were elaborated in close
collaboration with Frederik Busse. The extraction region was adopted from a Bruker
time-of-flight mass spectrometer and was implemented by Djordje Gitaric. The sample
carrier loading mechanism was conceived by the scientific supporting unit Friedjof
Tellkamp, Hendrik Schikora, Jan Leimkohl, and Martin Kollewe.

e Preamble

In this paragraph, the reader will be introduced to the concept of DIVE, which can
be implemented in the mass spectrometric environment. DIVE was already explained
in paragraph 2 and can be put into a broader context of infrared laser (water) matrix-
assisted desorption and ionization (IR-(MA)LDI). In the beginning, the direct analysis
of biological samples from frozen aqueous solutions was investigated. Afterward,
different sample preparation techniques and their impact on spectral quality will be
discussed. Then the limit of detection and mass limits for pure water IR-(MA)LDI is
determined. Through different strategies, the improvement of IR-(MA)LDI sensitivity
is addressed, including the use of glycerol as an additive. Then, temperature-
dependent measurements give some insights into the solvent role and substrate
contribution to the analyte signal onset. In the final part, the ion collection yield was
calculated.

4.1 Introduction

The gold standard to investigate considerable large biological molecules in a
vacuum is the MALDI [11]. Utilizing small ultraviolet light absorptive synthetic
molecules as a mediator between the incident laser light and the analyte allows for
detecting labile molecules with a negligible amount of fragmentation. The possibility
of focusing the laser beam on a small area opened the door for MALDI to perform IMS,
which is applied to explore different living organisms and their tissues on a molecular
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level and in an unpreceded amount of detail [18]. However, the mediator is commonly
referred to as the (MALDI) matrix and is unfortunately not a universal agent, and
dozens of different matrices exist that are tailored to a specific class of a biological
component. Choosing the suitable matrix requires frequent testing, and usually, the
application of two matrices on the same specimen reveals a higher number of
biomolecules in contrast to a single matrix [151]. Although MALDI is a highly
advanced technique, the question remains how close it is to the true native condition.
The sample preparation protocol in MALDI involves multiple steps, but every
additional step in sample preparation potentially changes the specimen's original
composition, making data evaluation ambiguous. Therefore, a reduction of sample
preparation steps is an essential factor. A possible solution is to use water as it can be
found in all living organisms, and in combination with a laser system, which is tuned
to excite the vibrational modes of water, the usage of an artificial matrix can be
avoided. Since water possesses a high absorption coefficient of around 3 pm and most
biomolecules are not excited by that spectral width, making the wavelength ideal for
a gentle desorption and ionization process.

Water as a matrix was successfully employed under ambient conditions for a
complex specimen like tissue sections and cells [152]. However, high sensitivity was
achieved with the aid of other ionization sources like ESI [153], [54]. Only a few
studies exist under low-pressure conditions, where ion transmission is considered to
be higher. A unique approach is the implementation of a low-pressure (2 mbar) pre-
chamber by the Dreisewerd group showing IR-(MA)LDI mass spectra of peptides and
proteins with a comparable UV-MALDI quality [36], [102]. Studies performed at even
low-pressure conditions reported problems obtaining peptides and proteins directly
from ice. Berkenkamp et al. [35] showed exciting results with the frozen droplets
under mid-IR irradiation, and they were able to identify masses up to 17 kDa.
Unfortunately, the authors used trifluoroacetic acid (TFA), a typical proton donor in
MS, adding a sample preparation step and moving away from native conditions. Also,
for the detection of higher masses, TFA was not sufficient, and Tris-HCl was used.
Other studies focused on using additives in the water to obtain a more robust and
reproducible result [100], [154]. Other strategies targeted sodium, as water it can be
found in all living organisms [155]-[158], but often suffered from high deviations of
signal intensity. Despite the encouraging results, IR-(MA)LDI has been hampered by
some factors, most importantly the lack of focus on sample preparation and sampling,
which stays in great contrast to the well-established sample preparation protocols for
UV-MALDL.

However, all these studies reported a lack of sensitivity compared to UV-MALDI.
Some even stated that water as a matrix is unsuitable for MS. In general, these reports
put little effort into investigating different sampling methods and provided minimal
details about sample preparation.
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4 DIVE Mass Spectrometry with Cryogenic Thin Films

4.2 Pure Water as Matrix for Infrared Laser Desorption and
lonization

Since water is the most abundant chemical in all living organisms, it conveys the
opportunity to investigate specimens without rigorous pre-treatment and under
native conditions. In the upcoming subchapter, the feasibility of the water as IR-
(MA)LDI matrix is explored.

421 Bulk Frozen Water Droplets

In our first attempt, we tried to reproduce the results already published by
Berkenkamp et al. [35]. Here, the specimen was first applied to the coverslip and dried
under ambient conditions. Then the sample carrier was plunged into liquid nitrogen,
transferred into the mass spectrometer, and analyzed. However, the sample
preparation protocol suggested in the publication did not give satisfactory results.

In search to obtain high-quality mass spectra, we developed a novel sample
preparation protocol. After pipetting 1 pl of the analyte onto the substrate, the
specimen was slowly dipped into liquid nitrogen and subjected to mass spectrometric
analysis. To our surprise, we can obtain mass spectra from the very rim of a droplet
but only after several shots on the same spot. These findings stand in great contrast
to the literature [35], where water as a matrix has shown unsatisfactory results.
However, superior mass spectra were recorded when oversampling with less than
20 um step size was applied. Any deviation from such sampling mode caused a
dramatic decrease in analyte signal quality. However, when the laser spot was moved
from the edge of the droplet towards the center, the signal abruptly vanished. A
typical specimen is shown in Figure 4.1, panel A, while the dark area was produced
by the incoming laser beam. Once the laser beam intersects with the edge of the
droplet mass spectra as in Figure 4.1, panel B were obtained. A signal with a low shot-
to-shot fluctuation can be generated up to 200 times from the same spot. We like to
stress the fact by saying that proton agents known to improve signal quality, like
trifluoroacetic, were not used in this work. However, the signal has a signal-to-noise
ratio of 60:1 and a mass resolution of 50 (full width half maximum, FWHM). Two
reasons for the low mass resolution might be mentioned here. First, IR-MALDI is
known to have a lower mass resolution than UV-MALDI. The low mean initial ion
velocity can explain the low mass resolution for peptides around 1 kDa [159]. Second,
the major factor for the drop in mass resolution is the static extraction field used in
our setup, compared to delayed extraction [160]. Aside from the low mass resolution,
the intact analyte, a doubly charged species, angiotensin dimer along with an
angiotensin II signal, reflecting a cleavage between the 8 and 9 residues [161], were
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observed. Angiotensin II might be a fragment from the desorption and ionization
process, but contamination in a commercial vial was also possible, as we did not
purify the chemicals before usage. As the dimer, as well as angiotensin Il signal, were
considerably lower in intensity than the intact species, we did not investigate the
source. An interesting feature of the mass spectrum is the intensity of doubly charged
angiotensin. In a traditional MALDI experiment, the doubly protonated species is
barely visible or absent [91], [107], [161]. A more pronounced doubly charged species
can be found in mass spectra generated with ESI [162], [163], or by atmospheric
pressure UV-MALDI [164].
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Figure 4.1 Angiotensin mass spectrum from bulk frozen water. A) A brightfield image of
the original sample inside the mass spectrometer. The incident laser beam has removed
some ice from the surface (dark area). B) 100 uM angiotensin solution was used for the
presented mass spectrum, and data acquisition was performed in oversampling mode. C)
Zoom into the small mass region, most likely consisting mainly of a single signal produced
by water and sodium ions. The stage was moved 20 um to the left for data acquisition,
and the laser was operated at 1 Hz. The temperature during the recording was - 140 °C,
and the pulse energy at the sample stage was 56 . In total, 122 single shots were
averaged for the mass spectrum.

Panel C in Figure 4.1 is focused on the small mass region of the angiotensin mass
spectrum. This window reveals a strong signal covering the mass range between 18
and 35 m/z. Unfortunately, the mass resolution is not sufficient to distinguish
separate elements. Still, considering the limited options of elements that can possess
such mass, it is most likely to be water and sodium ions. However, sodium and water
ions prevented higher pulse energies because those species oversaturated the
detector and decreased analytical performance. The mass spectrometer was not

44



4 DIVE Mass Spectrometry with Cryogenic Thin Films

equipped with a deflection plate, and therefore, the ion suppression for abundant
species was impossible.

The results so far discussed here were elaborated in our laboratory and published
in a previous work [165]. The next step is to investigate different sample preparation
techniques, which have not been examined yet.

4.2.2 Semi-thick Aqueous Films

Our previous observation showed that the droplets rim gave a good signal, while the
center lacked any signal. As the specimen is thinner at the rim in comparison with the
center of the droplet, we were motivated to change the sample preparation protocol,
which yields moderate sample thickness throughout a larger area.

A) B) )

0.200

-
o

0.175 : |

0.150

u

o

-

N

v
o
©

s 2 - 50.6]
>0.100 z 2 >
2 £ g 2
0.075 c ° S04
5 2 2 =had
v
0.050 s -
o
0.025 z 02 /\u
| L'L—/\i\—./-\_.—
0.000 0.0
0 500 1000 1500 2000 2500 3000 0 20 40 60 80 100 120
mass-to-charge [m/z] mass-to-charge [m/z]

Figure 4.2 Angiotensin mass spectrum obtained from a semi-thick sample (30 um). Semi-
thick films were prepared using a Prolene polymer film. A) The presented mass spectrum
was obtained from a 100 uM angiotensin solution in an oversampling mode. B) Zoom into
the small mass region, showing water clusters up to 110 m/z. C) A bright-field image of
the original sample. The incident laser beam has removed some ice from the surface (dark
area). For data acquisition, oversampling with 20 um step size at 1 Hz was applied. The
temperature during the recording was - 140 °C, and the pulse energy at the sample stage
was 60 W. In total, 108 single shots were averaged for the represented mass spectrum.

The detailed workflow of the preparation of a semi-thick specimen is described in
subsection 3.2.3 Briefly, 2 pl of the analyte's solution is pipetted on the substrate. On
top, a commercially available Prolene polymer film encloses the drop with the
substrate. Without any additional pressure, the target was dropped into liquid
nitrogen. A feature of this method is that the polymer film can be removed above the
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liquid nitrogen surface as well as in liquid nitrogen if contact between the specimen
and ambient air is not desired. The resulting film thickness is on average 30 pm.

Figure 4.2, panel A, features the angiotensin's mass spectrum obtained from semi-
thick frozen water film, which shows high similarity with the mass spectrum obtained
from frozen bulk water (Figure 4.1, panel B). In addition, the singly and doubly
charged species can be identified with pulse energies comparable to those used in IR-
(MA)LDI experiments with artificial matrices [139].

Figure 4.2, panel B shows the low mass region of angiotensin’s mass spectrum.
Several distinct peaks can be identified, associated with protonated water clusters
starting with Hs0* (19,0 m/z) and reaching masses up to 160 m/z. These findings
differ from the previous report [35], which recorded water clusters only with sodium
as an adduct. Between water monomer and dimer, an additional broad signal covers
the range between 21 and 30 m/z. This peak can be expected to consist of several
species, but due to the lack of mass resolving power, those signals are overlapping.

However, the sample preparation protocol impacts the mass resolution. For the
semi-thick film, the mass resolution was at R = 92 (FWHM), while for bulk frozen
droplets, the number is almost twice as low (R = 52, FWHM). This advance may be
attributed to a more even thin film morphology [166] than the bulk frozen droplet.
The droplet's rim has a slope, and the constant moving of the laser spot towards the
center of the droplet effectively reduces the distance in the extraction region and,
hence, changes the analyte's flight time, which ultimately leads to reduced mass
resolution when several single-shot mass spectra were averaged. Such a scenario can
be accounted for by adjusting the arrival time of the same species through different
runs with a software, but such a feature was not built in our data analysis pipeline.
Conversely, in terms of the signal-to-noise ratio of the analyte signal, the bulk frozen
droplets performed better (11:1 vs. 60:1). A possible explanation for this finding is
that in the case of frozen bulk water, up to 200 high-quality mass spectra could be
recorded from a single spot once a suitable position was found. The data acquisition
for semi-thick samples was different. The laser and the stage were operated at 1 Hz,
while the latter was moved each time 20 pm in different directions Figure 4.2 panel
C). Although variation in sample thickness can cause signal fluctuation, it did not affect
the mass resolution as the extraction of bradykinin from frozen bulk water droplets.

The most important finding here is that, in contrast to data collection in single-shot-
per-spot mode, oversampling delivered the most robust and reproducible results. As
only a fraction of the focal spot was used to desorb the frozen aqueous film, the
volume of laser analyte interaction must be smaller than the beam waist diameter.
However, if the ablation volume is cylindrical with a 150 pm for the diameter and
30 um for the height, the single-shot sensitivity is at 200 fmol, but probably due to the
aforementioned reasons, even less. This result surpasses the sensitivity values
previously published for IR-(MA)LDI by several orders of magnitude [35].
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4 DIVE Mass Spectrometry with Cryogenic Thin Films

After presenting the setup's capability to produce mass spectra with resonant
infrared laser light in RG, and the possibility of creating analyte signals in TG was
investigated. Several studies concerning MALDI successfully analyzed peptides in
such configuration [167], [168], [169]. Furthermore, as already mentioned in the
introduction, back illumination allows high numerical aperture lenses, hence
facilitating a smaller laser spot. This feature is desirable as a tighter focus also
provides a more detailed picture in mass spectrometric imaging [170].
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Figure 4.3 Bradykinin mass spectrum from semi-thick sample produced with a Prolene
polymer film. A) Bradykinin solution was prepared and irradiated from the back for the
present mass spectrum. B) Mass spectrum produced by irradiation from the front near
the back ablation. The generated mass spectrum was obtained in oversampling mode.
The y-axes in A and B are cut for a better visibility C) Zoom into the small mass region,
showing water clusters up to 56 m/z. D) Zoom into the small mass region, showing water
clusters up to 56 m/z. E) A brightfield image of the original sample. Data acquisition was
mainly on the rim of the semi-thick layer. The temperature during the recording was
—140 °C, and bradykinin concentration was 200 uM, while 1 pl was pipetted during sample
preparation. The pulse energy at the sample stage was 55 pJ. In total, around 300 single
shots were averaged for the given mass spectra.

Unfortunately, all attempts to produce mass spectra quality comparable with those
in reflection geometry by varying voltages, the magnitude of irradiance (up to 180 pJ
per laser pulse), and realignment of the ablation laser ended in unsatisfactory results.
One particular highlight is depicted in Figure 4.3, panel A). Here bradykinin signal
could be obtained in TG in an acceptable quality; however, only from the rim of the
semi-thick film (Figure 4.3, panel E). The doubly charged bradykinin is also visible in
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the mass spectrum in addition to the quasimolecular ion species. The mass spectrum
is accompanied by an elevated baseline reaching its peak around 300 m/z. Attempts
to reduce this undefined signal by varying the extraction voltage led to the following
observation. Increasing the extraction electrode voltage above the sample stage
voltage suppressed the bradykinin signal immediately while the non-zero signal
persisted. Under this condition, only those ions reach the detector formed after the
extraction electrode, suggesting that the source of these ions was initially neutrals
between the sample stage and the extraction electrode. An explanation concerning
the signal broadness is that neutral ice aggregates and/or clusters [171], [172] are
ejected after the laser pulse and conveyed along the ion path with the kinetic energies
they experienced after the laser impact. As these energies are widely distributed, so
are the arrival times at the detector. These events are also known for UV-MALDI and
lead to decreased analytical performance [173]. Several strategies can be perused to
avoid or at least minimize the formation of clusters and aggregates. Reducing the
sample thickness is one option, and the results will be discussed later.

The bradykinin mass spectrum in RG obtained from the same region is presented in
Figure 4.3, panel B. An elevated baseline with a peak of around 300 m/z is also
discernable. The signal intensity is comparable to that obtained from the center of the
semi-thick film in the previous experiment (Figure 4.2, panel A).

Panel C) and D) divulge the mass spectrum region with small masses. Although
different in shape, water monomer (19 m/z), dimer (37 m/z), and trimer (56 m/z)
signals can be identified for both geometries. Presumably, the data acquisition
algorithm for the mass spectra and the low mass resolution contributed to the signal
form. Until now, this is the first successful record of a peptide in RG and TG under
cryogenic conditions.

423 Thin Ice Films

Motivated by the fact that bradykinin mass spectra can be obtained at the rim of the
semi-thick sample, suggesting that a thinner ice layer might be beneficial for obtaining
a good analyte signal in TG, even thinner ice films were employed. An explanation for
this observation might be that irradiation from the back first heat up the lower layers
of water, while superficial layers are still ice. Pressure increase breaks up the top
layer, but clusters and aggregates are primarily released instead of gaseous ions. Such
a scenario affects the analytical performance because the aggregates are ejected in
random directions, which carry the analyte molecules otherwise accessible for the
analyses if in a gaseous phase. The aforementioned phenomenon is of greater concern
for thicker ice films. Therefore thinner ice film can provide a solution for the described
phenomenon.
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The applied volume and the wetted surface were accounted for the thickness
calculation, which led to an average of 12 pm. In the first attempt to produce,
acceptable mass spectra from 100 uM solutions failed in RG as well as in TG. Only a
tenfold increase led to meaningful mass spectra. Figure 4.4, panel A presents a mass
spectrum of bradykinin obtained in the TG with a signal-to-noise ratio of 6:1 and a
mass resolution of R = 100. Figure 4.4, panel C shows a brightfield image of the
ablation area. The mass spectrum gained multiple signals in the low mass range with
higher pulse energies, expanding the window for high abundant peaks up to 300 m/z
(Figure 4.4, panel B). Most notably, the difference between those signals is 28 m/z,
which corresponds to the most frequent silicon isotope (u = 28.085). Due to the low
mass resolving power, the silicon clusters appeared as one broad signal, but multiple
silicon isotopes are actually overlapping. Other high-intensity peaks represent water
clusters.

In contrast to Figure 4.3 panel A (semi-thick films), doubly protonated bradykinin
is absent in the transmission geometry. A reason for this might be the overall low
intensity of the analyte. Another difference is the formation of adducts. The masses
with the highest adduct peaks are 1102 m/z and 1148 m/z. With a mass difference of
41 m/z, the former peak represents the attachment of potassium to bradykinin. The
exact mass for potassium is 39.1 m/z and reasonably supports the assumption.
Furthermore, potassium is a well-known adduct in UV-MALDI [167] and IR-MALDI
[174]. This element's source is most likely bradykinin, which in our case was not
purified before usage. The source for the mass 1148 m/z, which has a mass difference
of 87 m/z to the quasimolecular bradykinin ion, could not be ascribed to any known
adduct.

Figure 4.4, panel D features the bradykinin mass spectrum in RG for thin-water-
film, while panel F shows the ablation area. The signal can be obtained throughout the
thin film, but generally, with low intensity, reflecting the result already observed
during the irradiation of the rim of the semi-thick samples (Figure 4.2, panel C).
Remarkably, both oversampling as well as SSpS mode provided similar results. This
finding indicates that oversampling mode is superior, but only when the interaction
volume is sufficiently large. Figure 4.4, panel E zooms into the smaller masses region
of panel D. Contrary to Figure 4.4, panel B, the mass window produced in RG lacks
any abundant cluster formation. The proton is the most intense signal for RG, but it is
the silicon monomer for the mass spectrum obtained in TG.
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Figure 4.4 Bradykinin mass spectrum obtained from thin-film (12 um). The focused laser
beam diameter was approximately 150 um. The recording temperature was — 140 °C, and
bradykinin concentration was 1 mM, while 750 nl were pipetted. The pulse energies at
the sample stage were 104 and 89 pJ for front and back illumination, respectively. In total,
30 single shots were averaged for the presented mass spectra. A) Bradykinin mass
spectrum produced by back illumination. B) Zoom into the small mass region, showing
water and silicon clusters. C) A brightfield image of the original sample inside the mass
spectrometer. The arrow indicates laser impact location. D) Mass spectrum produced by
irradiation from the front using oversampling mode. E) Zoom into the small mass region.
F) A brightfield image of the original sample. The arrow indicates laser impact location.

The preparation of thin ice films allowed to conduct single shot MS of known volume
(height = 12 pm, diameter = 100 pm, and Cgradykinin = 1 mM) and estimate the limit of
detection. Ultimately, a sensitivity of roughly 2 nanomoles per shot was achieved. This
value is acceptable for IR-MALDI but is several orders of magnitude below UV-MALD],
consuming 500 attomoles per shot [175].

Overall this finding suggests that obtaining a signal from thin films for RG and TG is
possible. However, the signal quality decreases dramatically for the RG compared to
the signal obtained from bulk frozen water and semi-thick films. Also noticeable is the
interaction between laser light and the substrate during the irradiation in TG,
resulting in high-intensity silicon clusters almost nonexistent in RG. In addition to the
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described phenomena, we also wanted to investigate the impact of even thinner
aqueous films in the upcoming subsection.

424 Ultra-thin Ice Films

The previous chapter used 750 nl of a 1 mM sample solution to produce 12 um thick
ice films. In this chapter, we used less volume leading to a protocol with an overall
200 nl for an ultra-thin film of about 2 um height. Throughout this chapter, ultra-thin
film and thin film refer to sample thicknesses of 2 and 12 um, respectively. In addition
to previous data, the impact of temperature rise was scrutinized.

The first studies were conducted with 1 mM bradykinin concentration, but analyte
signal could not be obtained. A tenfold increase in concentration provided
unsatisfactory results, and different sample areas led to the high standard deviation
for the analyte signal in RG as well as TG. Increasing the pulse energy and changing
the extraction fields did not produce the desired. We rejected the idea of increasing
the analyte concentration further because such a high concentration is impractical
and undesired as analytical methods are developed to trace low concentrations of a
specimen. Therefore the signal onset during temperature rise was investigated. As
temperature measurements were only possible without high voltage, a temperature
profile was recorded before the initial experiments. Hence, the elapsed time was used
to estimate the sample stage temperature. To provide an unbiased picture between
the runs in RG and TG, we assured that each mass spectrum was recorded within a
short time window. Further, all spectra were generated from an area size of 0.25 mm?.
Small sample area reduces sample and substrate-related inhomogeneity, providing a
more objective picture. Finally, the laser pulse energies were increased to obtain
bradykinin signal intensities from thin ice films similar to those from bulk frozen
water droplets and semi-thick films.

Figure 4.5 panel A shows a series of bradykinin mass spectra in RG for different
temperatures. The first two mass spectra were recorded at -140 °C, and -107 °C (blue
and orange trace), lacking an analyte signal, but substrate ions and the non-zero
baseline were present. The absence of the analyte seems to contradict the finding in
subsection 4.2.3, because a signal was obtained under cryogenic conditions. However,
this apparent conflict might be resolved by looking at the amount of ejected particles.
First, we estimate the amount of material in the excited volume. Assuming that the
crater diameter produced by the laser pulse was the same (100 pm) for both samples
and all material was ejected, the calculated moles are
Nbradykinin, 12um = 6.3:10°13 and Npradykinin, 2um = 3.7-10-13. Hence, on average more
particles were ejected in a 12 pm rather than in a 2 um thin film.
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The warm-up phase continued, and the following mass spectrum (Figure 4.5, panel
A, green trace) showed a bradykinin signal for the first time. The mass spectrum was
recorded when the temperature at the sample stage was - 104 °C (64 minutes in the
warm-up). An important piece of information here is that ice sublimation started 60
minutes after the liquid nitrogen supply was cut and continued for the next 30
minutes (Figure 4.5, panel B). The finding suggests that the water-analyte ratio was
preferably reduced for a signal onset, at least for very thin films. Additionally, a
bradykinin dimer, trimer, and even tetramer appeared with a sizable intensity.

The following mass spectrum (Figure 4.5, panel A, red trace) features a bradykinin
signal, while multimer formation was absent. At this point, the sample stage
temperature was at — 86 °C (104 minutes), and a substantial pressure drop indicated
that a considerable part of the ice was already sublimated (Figure 4.5, panel B). This
finding suggests that the residual water / ice is sufficient to promote a signal onset
with IR-(MA)LDI and is in line with an earlier report [35]. However, the same group
also discovered that signal could only be maintained when the sample stage was
actively cooled, which is not the case in our experiment. Another study further
deposited only protein powder on the silicon substrate. Subsequently, protein signals
were obtained without ice/water [117]. Unfortunately, the report did not mention
how long the signal persisted while the sample was in the mass spectrometer. As
protein and peptides are always covered by a residual water layer, which was also
intact when analyte was in the low-pressure conditions, a possible explanation might
be a hydration shell, which supports analyte desorption and ionization. However, our
findings suggest that hydration shell /residual water is active and supports desorption
up to an hour after the sublimation onset. Once the ice sublimation is completed, the
analyte signal also started to vanish. One exception is a mass spectrum showing the
bradykinin signal at T = - 4 °C, which is likely an artefact because only very few areas
provided such observation.

Remarkably, the low baseline between masses 100 and 500 m/z was presented in
all mass spectra before ice sublimation (Figure 4.5, panel A). As described above, we
suspected that neutral species that experienced post source ionization were mainly
responsible for the pronounced chemical background. After this experiment, we are
confident that water/ice clusters contributed to the non-zero baseline.
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Figure 4.5 Mass spectra of 10 mM bradykinin (in pure water) obtained in reflection
geometry on ultra-thin films (2 um). Data collection was performed in SSpS. A) Bradykinin
mass spectra at different time points. The lowest trace (blue) is the first recorded mass
spectrum after turning off liquid nitrogen supply t = 0. The temperature in the legend is
provided in Celsius. The asterisks indicates the bradykinin signal. B) Recorded pressure in
the mass spectrometer during the experiment.

The following mass spectrum (Figure 4.5 panel A, purple trace) shows substrate
signals, but water aggregates and the analyte signals were missing. This observation
further solidifies the hypothesis that some hydration shell or residual water must
exist to obtain a successful signal [34], as, at this time point, most of the bulk water
was presumably sublimated.

All mass spectra recorded afterward shared the same features, and the bradykinin
signal was mostly absent while substrate signals persisted. In addition to previously
published reports, we were able to detect bradykinin embedded in pure water and
without any additives like organic solvent or trifluoroacetic acid [1], [35]. This
dispense is the next step toward investigating peptides, proteins, and other biological
components under nearly native conditions.
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Reflection Geometry, Oversampling mode
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Figure 4.6 Mass spectra of 10 mM bradykinin (pure water) obtained in reflection
geometry on ultra-thin films (2 um). Data collection was performed in an oversampling
mode in 20 um steps. Beam waist diameter was approximately 150 um. The lowest trace
(blue) is the first recorded mass spectrum after turning off liquid nitrogen supply t = 0.
The temperature in the legend is provided in Celsius. The asterisks indicates the
bradykinin signal.

In Figure 4.6, bradykinin mass spectra were obtained in RG using the oversampling
mode at different temperatures. The results were similar for the oversampling and
SSpS mode, with a single exception. Most notably is the appearance of the bradykinin
signal in the second mass spectrum (Figure 4.6, orange trace), which was recorded
28 minutes (- 114 °C) after the liquid nitrogen supply was stopped, whereas at this
time point analyte signal was missing for SSpS mode (Figure 4.5, orange trace). This
observation suggests that oversampling, in contrast to SSpS mode, can desorb and
ionize the analyte with a higher water-analyte ratio. We speculate that the local
temperature increase produced by consecutive laser shots might be a driving factor
for signal onset at lower temperature. Besides, signal quality obtained in
oversampling and SSpS mode are similar during the ongoing ice sublimation (Figure
4.6 and Figure 4.5 green trace) and the upcoming mass spectra.
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Figure 4.7 Mass spectra of 10 mM bradykinin (in pure water) obtained in transmission
geometry on ultra-thin films (2 um). Data collection was performed in a single-shot-per-
spot (SSpS) mode, while the pulse energy was constant at 95 pJ. Beam waist diameter was
approximately 100 um. A) Bradykinin mass spectra at different time points. The lowest
trace (blue) is the first recorded mass spectrum after turning off liquid nitrogen supply
t = 0. The temperature in the legend is provided in Celsius. B) Zoom into the mass range
500-2500 m/z. The asterisks indicates the bradykinin signal.

Figure 4.7 panel A represents a series of bradykinin mass spectra obtained in TG at
different temperatures. A clear distinction between the irradiation geometries is that
the analyte signal can be generated throughout the experiment for the back (Figure
4.7) but not the front irradiation (Figure 4.6 and Figure 4.5). Possible laser substrate
interaction might be involved because the analyte signal is visible even several hours
after the ice sublimation. For such a long time in low-pressure conditions, bulk water
should not be present. In addition, photon energies of near-infrared pulses are too
low to cause direct ionization of the analyte, which further favors laser-substrate
interaction facilitating desorption and ionization. However, irradiation in TG
produced inferior signal intensities compared to those obtained in RG.

Conclusively, for some UV-MALDI experiments, thin samples produce higher mass
resolution [166]. A possible explanation is that the spatial spread along the z-axis of
the same species within a thin film is smaller than in a thicker film. However, the same
trend was not observed in our experiments. Semi-thick samples (subsection 4.2.2)
produced the highest mass resolution (R = 92), followed by ultra-thin samples (R =
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53). Finally, the sensitivity for the ultra-thin film for TG and RG is roughly 600
femtomoles per shot. An ablation crater diameter of 100 pm, 10 mM bradykinin
concentration, and sample thickness of 2 um are considered for the calculation.

4.3 Additives for Infrared Laser Desorption and lonization

In search of improving signal quality and the sensitivity of the IR-(MA)LDI
experiments, we decided to conduct additional runs with sucrose and glycerol. To our
best knowledge, the former has not yet found its application as an IR-MALDI matrix,
while the latter is a prevalent agent under non-cryogenic conditions and showed the
great potential of providing mass spectra of proteins and peptides [101], [176], [177],
[178]. By convention, this work uses the abbreviation IR-(MA)LDI in the context of
pure water samples, whereas the IR-MALDI abbreviation is used for specimens
containing glycerol.

43.1 Sucrose and Glycerol

Sucrose is a disaccharide and possesses multiple OH groups, which absorb 3 pm
light efficiently, like glycerol. In addition, both reduce water's surface tension,
favoring a more homogenous thin ice film. Initial runs were conducted with 10 Brix
sucrose and glycerol, corresponding to 10 % (w : w) (Figure 4.8). A noticeable
improvement in signal intensity was achieved in both cases compared to the signal of
angiotensin I embedded in pure water obtained with oversampling mode (Figure
4.2). In Figure 4.8, panel A, the angiotensin signal is accompanied by a series of
adducts, which are marked with an asterisk and exemplify [Angl+glycerol+H]*,
[Angl+2 glycerol+H]*, [Angl+3 glycerol+H]*, [Angl+4 glycerol+H]*, respectively.
Reducing the glycerol concentration also minimized the adduct formation and
improved analytical performance to a certain degree. In addition, the water cluster
accompanied the mass spectrum and reached masses up to 400 m/z (orange trace).

However, we irradiated the specimen under different temperatures and various
pulse energies, but the sucrose-based specimen signal was always broader compared
to the glycerol-based sample. Another identification mark for the sucrose-based
specimen is the left-skewed signal, which minimized mass resolution (Figure 4.8
panel B). The findings indicate that matrix selection significantly impacts arrival time
distribution and is supported by a previously published work [179]. However, a study
confronted the mass resolution problem by implementing a grid between the
specimen and incident laser beam [180]. In such a configuration, the mass resolving
power of IR-MALDI can be as good as that in UV-MALDI. However, this modification
was not implemented due to steric constraints.
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Figure 4.8 Angiotensin mass spectra with sucrose and glycerol as an additive in IR-
(MA)LDI. Data were obtained in reflection geometry with laser pulse energies of 72 and
74 W) for sucrose and glycerol-based samples, respectively. A volume of 2 ul was used
during sample preparation, which corresponds to a sample thickness of 30 um. The
angiotensin concentration was 3 mM. A) Angiotensin mass spectrum with the
quasimolecular ion species and a dimer. B) Comparison of the signal shape obtained from
sucrose (blue trace) and glycerol (orange trace).

The mean arrival time for the angiotensin [ in sucrose and glycerol was 24.00 ps and
23.95 ps, respectively (length of the mass spectrometer was 1.14 m). The source for
the 50 nanosecond difference was most likely a small modification in the extraction
region between the experiments. For our experiments, sucrose and glycerol have a
similar impact on flight time. Nevertheless, for UV-MALD], it is known that matrices
influence the flight time of an analyte [181].

An attempt to improve the mass resolution for angiotensin I embedded in sucrose
by reducing the content led to signal depletion for the analyte. However, the spread
of signal arrival time was somewhat the same. Also, the ultra-thin film for sucrose did
not produce satisfying results, unlike glycerol. For these reasons, further studies were
conducted on the latter.

4.3.2 Semi-Thick Films with Water and Glycerol

Water-glycerol is a eutectic system meaning that a mixture of different components
melts or solidifies at the same temperature. For water with ~ 5 % glycerol, the
solidification temperature is at -6 °C [182]. A previous publication reported
difficulties in obtaining peptide signals from water-glycerol solutions. However, they
employed a glycerol-to-water ratio of 60 % and investigated the specimen at - 140 °C
[178]. In subsection 4.2.2, we introduced semi-thick films with pure water and
obtained a bradykinin signal with a signal-to-noise ratio of 11:1. This paragraph

57



investigates semi-thick films with bradykinin and a glycerol weight ratio of 2.5 and
5 %. All data presented here were recorded in RG as TG failed to produce meaningful
results. Data collection in a SSpS was also possible, but the oversampling mode
provided more robust and reproducible results.

A) 5 % Glycerol B) 2.5 % Glycerol
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Figure 4.9 Temperature-dependent series of mass spectra of 100 uM bradykinin in
different water-to-glycerol ratios. The temperature in the legend is provided in Celsius.
After the liquid nitrogen supply was cut, the warm-up phase started. More details about
the temperature profile can be found in subsection 4.2.4. For sample preparation, 2 pl
were pipetted, which corresponds to 30 um thin film thickness. Irradiation was performed
in reflection geometry, and data were acquired in an oversampling mode, while the pulse
energies were held constant at 98 pJ. A) Bradykinin embedded in 5% glycerol. B)
Bradykinin embedded in 2.5 % glycerol. The asterisks indicates the bradykinin signal.

Figure 4.9, panel A shows a series of bradykinin mass spectra recorded between
- 140 °Cand - 50 °Cin 5 % glycerol. Under cryogenic conditions (blue trace), the singly
and doubly charged bradykinin signal is immediately visible when the oversampling
mode is used for data acquisition. Besides the intact peptide species, the mass
spectrum features low-intensity peaks at higher mass than bradykinin. These signals
are glycerol adduct and follow the order [Bradykinin + Glycerol + H]*, [Bradykinin +
2Glycerol + HJ*, and [Bradykinin + 3Glycerol + H]*. However, glycerol cluster
formation up to 1000 m/z is also present in the mass spectrum. The mass spectra
(orange and green trace, Figure 4.9, panel A) were similar to the mass spectrum
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obtained under cryogenic conditions (blue trace). The red trace was recorded during
ice sublimation, which was also captured with a pressure rise inside the mass
spectrometer. Shortly after the pressure stabilization, the glycerol clusters were still
visible, indicating that bulk ice was completely sublimated. The glycerol clusters
disappear only after 190 minutes in the warm-up phase (brown and pink trace). In
addition, the last two traces show a severe broadening of the singly and doubly
charged quasimolecular bradykinin ion species. Furthermore, bradykinin dimer and
trimer formations were visible. A study dealing with IR-MALDI found that proteins
embedded in glycerol tend to form multimers [183]. The result shown here suggests
that the water-to-glycerol impacts the signal intensity and the mass resolution. If a
sufficientamount of ice has sublimated, then the analyte tends to form multimers with
the glycerol.

Figure 4.9, panel B shows a series of mass spectra of bradykinin embedded in 2.5 %
glycerol. Under cryogenic conditions (blue trace), the singly and doubly charged
species were generated. However, the signal intensity was lower for bradykinin in
2.5 % versus 5 % glycerol (Figure 4.9, panel A and B, blue trace). Glycerol adduct
formation as well as glycerol multimers were visible for 5 % and less pronounced for
2.5 % glycerol specimen. The upcoming measurements (Figure 4.9, panel B, orange
and green trace) show a similar bradykinin mass spectrum obtained under cryogenic
conditions. Once again, ice sublimation was monitored between 60 and 90 minutes in
the warm-up phase - 91 °Cand - 71 °C, respectively. Besides a high baseline, the mass
spectrum obtained shortly after ice sublimation shares similar features with those
obtained before ice sublimation (Figure 4.9, panel B, red trace). Onwards in the
temperature-dependent series, a signal with the highest mass resolution and
intensity can be generated, which is in line with the result for the analyte embedded
in 5 %. Measurements at higher temperatures revealed that the bradykinin signal was
accompanied by multimers formation in 2.5 % and 5 % glycerol. An important finding
here is that with higher glycerol concentrations, the signal got broader. Additional
experiments with 7.5 % glycerol confirmed this trend (Appendix, Figure A 1).
Accounting for this drawback leads to the decision not to investigate higher glycerol
concentration.

Finally, the bradykinin mass spectra were similar in semi-thick films containing
pure water (subsection 4.2.2), 2.5 %, and 5 % glycerol. Also, the intensity ratio
between the singly and doubly charged bradykinin species was for all samples
comparable, although the signal intensity for bradykinin in 5 % glycerol was the
highest. The main difference between samples containing glycerol and just pure water
is that the former facilitates clusters up to 1000 m/z, which interferes with the analyte
signal. In a more complex mixture with multiple peptides, the benefit of gained signal
intensity would be outweighed because glycerol clusters interfere with relevant
molecules of interest.

59



Lastly, further dilution to 10 uM resulted in insufficient shot-to-shot repeatability.
This was also the limit of detection for bradykinin in pure water semi-thick samples.

43.3 Ultra-thin Films with Water and Glycerol

In subsection 4.2.4, a temperature-dependent measurement was introduced with
2 pm thick films, but this time the experiment was repeated with glycerol as an
additive and 10 mM bradykinin. The preliminary result was encouraging, so further
measurements were conducted with 100 uM analyte solutions. In addition, the
experiment included specimens with 2.5 %, 5 %, and 7.5 % glycerol weight ratios,
while the sample irradiation was performed in RG and TG.

In Figure 4.10, a series of temperature-dependent bradykinin mass spectra is
presented. The figure is split into three panels, showing bradykinins mass spectra
with 7.5, 5, and 2.5 % glycerol concentrations. As the obtained mass spectra from
different glycerol samples were similar, the upcoming section will focus on the
differences only.

The first mass spectra (blue trace) of the panels (A-C) were recorded at - 140 °C. The
consecutive two mass spectra (orange and green trace) for all glycerol concentrations
lacked any occurrence of the bradykinin signal and were accompanied by a non-zero
baseline. The background for the latter phenomenon is discussed in subsection 4.2.2.

The fourth mass spectrum (Figure 4.10, red trace) was recorded within the first 80
minutes (between -71 °C and -81°C) and shows no bradykinin signal for
7.5 % glycerol but for 5 % and 2.5 %.

The fifth spectrum (Figure 4.10, purple trace) was recorded (between - 56 °C and
- 59 °C) 100 minutes after the liquid nitrogen supply was cut and represented for all
glycerol concentrations a well-pronounced bradykinin signal. However, the signal
quality was mixed, and the bradykinin signal in 5 % glycerol showed significant
broadening.

The sixth mass spectrum (Figure 4.10, brown trace) gives rise to a high-quality
bradykinin signal embedded in 7.5 % and 2.5 % glycerol. The signal-to-noise ratio
(S : N) and the mass resolution (R) for the analyte signal is 80 and 150 in 7.5 % and
5 % glycerol, respectively. However, the bradykinin signal in 5 % glycerol was
discernable, but the intensity was low.

In the following mass spectrum (Figure 4.10, pink trace) the bradykinin signal in
2.5 % glycerol disappeared for the rest of the experiment, while it was still visible in
7.5% and 5 % glycerol. In the progress of the experiment, the bradykinin signal
vanished in 5 % glycerol and later also for the highest glycerol concentration. The
bradykinin signal was still produced 247 minutes (-4 °C) after the start of the
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experiment. This observation led to the conclusion that glycerol also diminished over

time.

4.3.3.1 Reflection geometry
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Figure 4.10 A series of temperature-dependent mass spectra of 100 uM bradykinin in
different water-to-glycerol ratios. The temperature in the legend is provided in Celsius.
After the liquid nitrogen supply was cut, the temperature gradually increased similarly to
in subsection 4.2.4. For sample preparation, 200 nl were pipetted, which corresponds to
2.5 um average film thickness. Irradiation was performed in RG, and the pulse energy was
held constant at 94 pJ. Bradykinin embedded in 7.5 % A), 5 % B), and 2.5 % glycerol. The
asterisks indicates the bradykinin signal.
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Small amounts of glycerol in ultra-thin films dramatically increase the sensitivity of
IR-MALDI in contrast to pure water samples. Counter to the results in subsection
4.2.4, analyte concentrations can be reduced one hundredfold. The low sensitivity of
IR-MALDI with glycerol as an additive is also described in other studies. Hillenkamp
and co-workers studied water and glycerol-based samples with a 2.94 pm laser and
concluded that water as an IR matrix is less promising [35]. Their work continued
with glycerol as a matrix giving an overall good analytical performance akin to UV-
MALDI [160], [184].

20 % Glycerol

—— 94 pJ, avg. of 49 shots, T=-11
94 uJ, avg. of 50 shots, T=-21
—— 94 uJ, avg. of 46 shots, T=-41
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Figure 4.11 A series of temperature-dependent mass spectra of 100 uM bradykinin in
20 % glycerol. The temperature in the legend is provided in Celsius. After the first
measurement, the liquid nitrogen supply was cut, and the temperature gradually
increased. More details can be found in subsection 4.2.4. For sample preparation, 200 nl
were pipetted, which corresponds to 2.5 um film thickness. Irradiation was performed in
RG, and the pulse energy was held constant at 95 . The asterisks indicates the bradykinin
signal.

The sensitivity for bradykinin reached 10 femtomoles and was several orders of
magnitude higher than in pure water. The calculation included a laser impact crater
diameter of 150 um, a 2.5 pm sample thickness, and 100 uM analyte concentration.
The number is in line with the previous glycerol studies for a single shot in RG [176].
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4 DIVE Mass Spectrometry with Cryogenic Thin Films

The best signal-to-noise ratio and mass resolution values for bradykinin signal in
ultra-thin pure water samples were S: N = 15 and R = 55, respectively (Figure 4.6),
while these numbers were at least for at least threefold higher glycerol-based
samples. The upcoming experiment will clarify whether the increased glycerol
content will further increase the sensitivity and improve mass resolution.

The assumption that higher glycerol concentration might further increase the
signal-to-noise ratio and mass resolution was refuted in the following Figure 4.11.
The bradykinin signal is absent under cryogenic conditions (Figure 4.11, blue trace),
but a low-intensity signal was discernable before ice sublimation (Figure 4.11,
orange and green trace), which was not the case for lower glycerol concentrations.
The bradykinin signal intensified after the ice sublimation (Figure 4.11, red trace)
but included a severe broadening and reducing mass resolution. A previous study
concerned with protein samples containing 50 % glycerol has also reported a loss of
mass resolution for analytes [160].

4.3.3.2 Transmission Geometry

The data acquisition for TG was performed in parallel to the datasets in the RG.
Special care was put to conduct the front and back illumination spatially close.
Therefore a direct comparison between the two geometries with the same water-to-
glycerol ratio is possible to a certain degree. In addition, the pulse energies used in
the following measurements are similar to those used in Figure 4.10 and Figure
4.11. However, before comparing RG and TG, the results for the latter are presented
first. Figure 4.12 contains three panels representing a series of temperature-
dependent mass spectra with different glycerol-to-water ratios. The data acquisition
was performed in SSpS mode.

For all glycerol concentrations in Figure 4.12, the bradykinin signal (blue, orange,
and green trace) is absent along with the non-zero baseline, a reoccurring RG
component. The first mass spectrum is represented with the red trace after ice
sublimation (Figure 4.12, panel A - C). This trace shows a small signal for 5%
glycerol-to-water ratio in the temperature-dependent series for the first time, while
the analyte signal was missing for lower glycerol ratios at this time point. This
observation suggests that lower water content is beneficial for analyte signal onset.
An alternative explanation is that signal intensity increases with temperature rise,
which is beneficial for desorption and ionization. However, the latter is less likely
since gradual bradykinin signal improvement is missing, and instead, a leap in signal
intensity was observed supporting the former scenario. In addition, this phenomenon
was also recognized in RG, provoking the conclusion that for both irradiation
directions, a lower water-to-glycerol ratio is advantageous.
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Figure 4.12 A series of temperature-dependent mass spectra of 100 uM bradykinin in
different water-to-glycerol ratios. The temperature in the legend is provided in Celsius.
After the liquid nitrogen supply was cut, the temperature gradually increased. More
details can be found in subsection 4.2.4. For sample preparation, 200 nl were pipetted,
which corresponds to 2.5 um average film thickness. Irradiation was performed in TG, and
the pulse energies were held constant at 98 pJ. Bradykinin embedded in 7.5 % A), 5 % B),
and 2.5 % glycerol. The asterisks indicates the bradykinin signal.

In addition, a successful signal generation was possible for 5 % and 7.5 % glycerol
concentrations up to an hour after the liquid nitrogen supply was cut (Figure 4.12
panels A and B, purple and brown trace). However, mass spectra recorded at a later
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4 DIVE Mass Spectrometry with Cryogenic Thin Films

stage lacked any signal for all glycerol concentrations (Figure 4.12, panels A - C). The
sample with 2.5 % glycerol did not yield any signal throughout the experiment.
Nevertheless, glycerol as an additive supports bradykinin signal onset because mass
spectra can be obtained with a hundredfold less analyte concentration compared to
the pure water study in a TG (Figure 4.7).

Although bradykinin mass spectra can be generated in TG, the intensity was inferior
to the bradykinin signal intensity obtained in RG for the same glycerol concentration.
The following comparison underlines the RG advantage over TG. The highest analyte
intensities in TG were obtained in 5 % glycerol, but those were fourfold less intense
than those obtained in RG. The comparison of mass resolution is difficult since the
signal intensities for back illumination are several orders of magnitude lower than
those generated in front illumination. However, the sensitivity was good and reached
~ 10 fmol per shot for both geometries. For the calculation, a spot diameter of 100
um, sample thickness of 2.5 pm, and bradykinin concentration of 100 pM were used.

To investigate the impact of a higher glycerol-to-water ratio on the bradykinin
signal in TG, an experiment with 20 % glycerol was conducted. The same experiment
was performed on the identical sample in RG and is presented and discussed in the
previous subsection. Figure 4.13 shows a series of temperature-dependent mass
spectra in 20 % glycerol. The lowest trace (blue) was recorded at an estimated
temperature of about - 140 °C. The first four traces (blue, orange, green, and red)
were recorded before ice sublimation and lacked a bradykinin signal, which is in line
with previous data (Figure 4.12). A bradykinin signal was observed in the fifth trace
(Figure 4.13, purple) after ice sublimation. However, a severe broadening has also
accompanied the analyte signal, as already seen in RG (Figure 4.11). Despite low
mass resolution, consequent measurements give a stable bradykinin signal, and
successful data collection was possible for several hours after ice sublimation.

65



20 % Glycerol

94 ), avg. of 54 shots, T=-6
* —— 94 ), avg. of 66 shots, T=-11
94 uJ, avg. of 42 shots, T=-21
—— 94 pJ, avg. of 50 shots, T=-41

—— 94 puJ, avg. of 60 shots, T=-54

—— 94 pJ, avg. of 58 shots, T=-71
M —— 94 ), avg. of 56 shots, T=-90

—— 94 ), avg. of 48 shots, T=-111

—— 94 yJ, avg. of 60 shots, T=-145
A A
A .
AA &

1000 2000 3000 4000
mass-to-charge [m/z]

Intensity [a.u.]

Figure 4.13 A series of temperature-dependent mass spectra of 100 uM bradykinin in
20 % glycerol. The temperature in the legend is provided in Celsius. After the first
measurement, the liquid nitrogen supply was cut, and the temperature gradually
increased. More details can be found in subsection 4.2.4. For sample preparation, 200 nl
were pipetted, which corresponds to an average thickness of 2 um. Irradiation was
performed in TG, and the pulse energies were held constant at 95 . The asterisks
indicates the bradykinin signal.

Bradykinin signal intensity obtained in TG can be improved when higher glycerol
concentrations are used. However, this improvement bolstered signal broadening
and effectively reduced the mass resolution. For instance, mass resolution for the
singly charged bradykinin in 5 % glycerol was around R = 50, consequently twofold
higher than in 20 % glycerol.

Finally, the signal from bradykinin in 20 % glycerol in RG and TG showed subtle but
distinct differences (Figure 4.11 and Figure 4.13). The first is that, the bradykinin
signal in RG was measured shortly before ice sublimation, while the signal onset was
only observed afterward in the transmission setup. In general, the shape of the
bradykinin signal is different, and the mass resolution in RG and TG is higher for the
former. Despite the signal broadening, which decreased analytical performance, the
signal intensity for bradykinin in 20 % glycerol in both geometries was good and
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4 DIVE Mass Spectrometry with Cryogenic Thin Films

consequently higher than in samples with lower glycerol proportion. However, while
adding more glycerol only slightly improves the signal intensity in reflection
geometry, it dramatically affects the intensity in TG.

4.4 Analytical Performance of DIVE Mass Spectrometry

4.41 Limit of Detection — Water

Semi-thick films with a peptide concentration of around 100 pM can be routinely
measured and give rise to a signal-to-noise ratio of 11:1. Consequently, the
investigation of a tenfold-diluted specimen was performed. However, the shot-to-shot
repeatability was low, along with unsatisfactory signal intensities. The
aforementioned measurements were performed under cryogenic conditions,
however, neither the increasing sample stage temperature nor higher laser pulse
energies could improve the outcome.

Since ultra-thin films required high analyte concentration for signal onset, while
semi-thick- and thin-film delivered signal intensities with two and one orders of
magnitude less analyte, respectively, we wanted to improve the status quo. Next, a
1 mM bradykinin solution was investigated in the same manner as in subsection 4.2.4.
The sample preparation procedure, as well as laser pulse energy, were initially the
same. However, a tenfold dilution reduced the signal intensity to such an extent that
repeated runs led to high standard deviation, which prevented qualitative and
quantitative statements in RG, while the analyte signal in TG was absent (Figure 4.14).

Our attention was drawn to the sample preparation protocol to improve the results
presented in Figure 4.14. Despite the careful handling, we noticed that a signal was
not obtainable in the worst-case scenario, and for better cases, thin-films possessed
"sweet spots"” an area where high-quality signals could be generated, while the rest of
the sample remained analyte-free. Lacking a high-resolution camera or microscope,
further investigation and make conclusions of the thin film morphology and the
impact on the signal onset was not possible. Therefore, different parameters during
sample preparation were changed to increase the reproducibility. First, we noted that
during sample loading, the contact with the sample and ambient air must be avoided
otherwise a condensate was formed on top of the coverslip, and the subsequent
analysis usually failed. The sample deposition procedure was conducted 0.5 cm above
the liquid nitrogen surface to minimize contact between the sample and ambient air.
The benefit of this convergence is the constant evaporation of liquid nitrogen, which
displaces ambient air and prevents deposition. An approximation to a liquid nitrogen
surface with the sample stage is impractical in the current setup since removing the
upper coverslip becomes difficult. However, although the aforementioned measures

67



increased reproducibility, the overall signal intensity for 10 pM solution was not
satisfying.
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Figure 4.14 Limit of detection: 1 mM bradykinin mass spectra in TG and RG. The average
sample thickness is estimated to be about 2 um, while pulse energies were between 87
and 92 . A) No signal for bradykinin before the ice sublimation in TG. B) Signal is also not
visible after the ice sublimation in TG. C) A weak signal for bradykinin in RG before ice

sublimation. D) Improved signal after ice sublimation in RG.

4.4.2 Limit of Detection — Glycerol

The limit of detection measurements was performed for ultra-thin films in the same
manner as in subsection 4.3.3 but with tenfold less analyte. For comparison reasons,
the pulse energies are similar to those used in subsection 4.3.3 and pivoted around
95 puJ. However, all glycerol concentrations performed poorly with the 10 pM
bradykinin. Table 4-1 summarizes the results for bradykinin signal onset in different
glycerol concentrations.

No signal could be obtained from the specimen in 5 % and 10 % glycerol in TG as
well as in RG. A feeble bradykinin signal could be generated from the highest glycerol
concentration. Assuming an ablation crater of 100 pum and 150 pm for the back and
front illumination, respectively, the sensitivity of IR-(MA)LDI with glycerol is around
~ 1 femtomole. This value is the lowest sensitivity so far achieved in this work for IR-
MALDI and only two-fold behind UV-MALDI [175]. However, a study with a 2.94 um
wavelength and 6 ns pulse duration laser source reported similar sensitivity but
increased pule durations [179]. The group worked on a traditional MALDI instrument
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and therefore used stainless steel as a substrate in contrast to a silicon converslip
used in this work.

Table 4-1 Summary of the limit of detection experiment. X indicates a failed attempt to
produce a signal, while o indicates a successful run. All evaluations were drawn from mass
spectra recorded after ice sublimation. The average sample thickness is estimated to be
about 2 um, while pulse energies were between 92-98 .

Glycerol-water ratio Reflection Geometry Transmission Geometry
[%] X = no bradykinin signal x = no bradykinin signal
o = bradykinin signal o = bradykinin signal
5 X X
10 X X
20 o o

In an additional experiment to improve the sensitivity, we established a setup that
provides two consecutive pulses on the same spot in RG. The idea behind such a setup
is that the first incoming pulse would increase the local temperature, and the
consecutive laser pulse would drive the ablation and ionization. Depending on which
type of lasers are used, such setup has different names in literature, such as post-
ionization [185], when UV lasers are involved, or post-desolvation [173] when
infrared lasers are implemented for the second pulse. It is suggested that the
separation of desorption and ionization process increases the overall ionization
probability leading to higher signal intensities [152] and, therefore, better sensitivity.
Those methods were only applied in MALDI, and studies for frozen aqueous solutions
have not been reported yet.

In our setup, the output laser beam was split with a separator plate and the
specimen was irradiated from the back. The pre-heating pulse, as well as the ablation
pulse, came from the same laser source. The long path of the second pulse produced
delays of 2, 6, and 10 ns (Appendix, Figure A 2). The first laser beam contained
roughly 25 % energy, while the remaining energy was carried with the second pulse.
The energy provided by the first laser beam should ideally cause a phase transition
from ice to water, without an ablation onset. This would result in a blue shift of
specimen towards higher absorption of the 2.92 um irradiation. The first beam was
attenuated with borosilicate plates, and mass spectra were recorded in-between to
assure the previous statement. In addition, the laser power for the first pulse was
calibrated by preliminary studies on thin ice film containing bradykinin. The second
pulse was delayed by 2, 6, and 10 ns. A translational stage was used for ideal
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overlapping of the consecutive laser beams, but this was tedious work requiring
frequent realignment of the two laser beams and frequent control measures.

Despite careful handling and alignment of the two consecutive pulses, the signal
intensity produced by the single laser shot and the double laser shot setup fluctuated
to such an extent that the results were inconclusive. Multiple considerations on the
experimental process as well as on the theory can be made. A report using picosecond
infrared laser under ambient conditions stated that after applying 100 ps pulses, the
thermodynamic evolution of water is primarily supercritical water for 2 ns, but
during plume expansion, the phase diagram is dominated by liquid/vapour
phase [57]. However, this study was done under ambient conditions, which might
influence the time-dependent event in one way or another. Also, the report stated that
within the exciting volume, a pressure of ~ 1 GPa is build-up. The water’s phase
diagram shows that the pressure and temperature increase to ~ 50 °C are required to
perform the phase transition of ice to liquid water. Whether and how long this liquid
state is ‘intact’ as non-expanding volume is not apparent. The temperature increase
in a given local position after laser-matter interaction is certain, but whether the
pressure of 1 GPa is reached is not clear. Less pressure would cause direct
sublimation, and as a result, the liquid state would be skipped. Such conditions are
less beneficial since the interaction between the second pulse, and the liquid phase is
highly favorable to increasing signal intensity.

To do a successful double-pulse experiment, first it is essential to understand the
lifetime of the liquid phase state, which dictates the arrival time of the second pulse
and is therefore crucial.

443 Mass Limit — Water

According to the literature, IR-(MA)LDI producing masses exceeding 10 kDa has
been reported twice [35], [165]. IR-(MA)LDI is capable of producing masses above
150 kDa but only under moderate pressure conditions [102]. However, we wanted to
investigate the upper mass limit of the IR-(MA)LDI in RG and TG for DIVE MS. Also,
the previously introduced sample preparation techniques are compared (semi-thick,
thin-, and ultra-thin films). Initially, the experiments started with 10 mM lysozyme,
and the laser pulse energies were between 90 and 100 pJ.

While the techniques producing thin- and ultra-thin films did not yield a signal for
10 mM solutions, the semi-thick film reveals double and single-charge lysozyme
species (Figure 4.15, panel B). These charge states are also observed in UV-MALDI
[11]. However, this result was only possible in front illumination and the
oversampling mode, whereas the back illumination failed to produce any lysozyme
signal. As in previous results for bradykinin, the mass spectrum was dominated by
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additional masses in the small region (Figure 4.15, panel A). The latter saturated the
detector to such an extent that the baseline for the lysozyme mass spectrum tilted.

Interestingly, the highest peak is placed around 28 m/z, representing the silicon
monomer. Higher pulse energies could not be used since the letter caused severe
detector oversaturation and depleted sensitivity. While ion deflection in MALDI is a
common technique, high voltage deflection plates in the used mass spectrometer
were missing.
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Figure 4.15 Mass spectrum of lysozyme produced in RG from semi-thick films. Pulse
energies were 95 pJ, and the oversampling steps were set to 20 um/Hz. The analyte
concentration was 10 mM, and the mass spectrum was recorded at - 140 °C.

Although the signal quality is low, the aforementioned results facilitate the
capability to bring high masses in the gas phase by irradiating pure water samples
with an infrared laser. In addition, no proton donor agent was used in contrast to
other studies [35], [186]. The laser wavelength can be fine-tuned to the OH-stretch in
ice to achieve higher desorption and possibly ionization rates. The absorption
maximum for ice water is red-shifted and around 3100 nm, while the PIRL output is
at 2920 nm. According to a previously published work [99], the absorption coefficient
in ice for the latter wavelength is 20 % less.

4.4.4 Mass Limit — Glycerol

In subsection 4.4.3, lysozyme is the highest mass that can be determined (14.3 kDa).
Semi-thick films combined with oversampling mode for data collection yielded the
best results. However, 10 mM lysozyme concentration also represented the limit of
detection. With the addition of glycerol, we wanted to surpass the current limit of
detection. However, despite using different glycerol and analyte concentrations as
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well as laser energies, analyte signal could only be irregularly obtained from semi-
thick films for lysozyme under cryogenic conditions. Unfortunately, temperature-
dependent studies were not conducted, which facilitates signal onset in ultra-thin
films, as presented in the next paragraph.

Next, we wanted to investigate whether lysozyme signal can be obtained from ultra-
thin films. A series of temperature-dependent measurements was administered, but
only those mass spectra are shown, which were recorded after ice sublimation, as
only then the lysozyme signal appeared. Figure 4.16 features the lysozyme mass
spectra in TG and RG. The y-axis is clipped at 0.2 to stretch the mass spectrometric
traces and improve readability. For the generation of this data set, only 1 mM sample
solution was used. This value corresponds to the single-shot sensitivity of ~ 500
nanomoles if the ablation crater is 100 um in diameter and the sample thickness is
2.5 pm.

Remarkably, such high masses are observed in TG for IR-MALDI for the first time.
However, while the highest signal intensity for RG is observed for the 10 % glycerol
concentration in TG, the most potent signal comes from 20 % glycerol. The same trend
was already observed for bradykinin in RG (Figure 4.11) and TG (Figure 4.13). For
higher glycerol concentration, the signal in TG was more intense than in RG.
Unfortunately, additional dilution to 100 pM lysozyme did not yield a signal.
Nevertheless, we showed that high masses can be extracted in nanomole quantities
from frozen specimens with this experiment.
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Figure 4.16 Mass spectra of 1 mM lysozyme embedded in three different glycerol
concentrations and recorded in A) TG and B) RG. For the experiments, the protocol for
ultra-thin films with 300 nl sample solution was used. The temperature at the sample
stage was - 90 °C, while the oversampling mode was used for data acquisition in reflection
and the SSpS mode for transmission geometry.
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4.4.5 Multimer Formation for Mass Calibration

In UV-MALDI, commercially available peptide mix or gold clusters [187] are used to
calibrate the mass spectrometer before analysis. In principle, IR-MALDI can use the
former mixture, but the chemicals are cost-intensive. Therefore, we wanted to
investigate whether a more accessible mass calibrant can be employed in IR-MALDI.
An easy and economical way to prepare a mass calibrant is the usage of multiple
peptides along with a high glycerol concentration. The result was the formation of
dimers and trimers up to 3.5 kDa with well-defined peaks (Figure 4.17). In principle,
various peptides and proteins can be used to cover different mass ranges.
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Figure 4.17 High concentration of bradykinin (20 mM) and angiotensin | (10 mM) in 20 %
glycerol generate dimers and trimers, providing an affordable mass calibrant over a wide
range for IR-(MA)LDI. A volume of 1 ul was used during sample preparation, which
corresponds to a sample thickness of 13 um. SSpS mode was used for data acquisition
while pulse energies were between 62 and 64 pJ. The small letter t indicates the time
interval between the two measurements.

4.5 lon Collection Yield

The PYTHON script for ion collection yield and the consequent assumptions were
introduced and discussed in subsection 3.2.5. We applied the program on a dataset
obtained from a sample with a thickness of 2.5 um and a bradykinin concentration of
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5mM to determine the ion collection yield. The specimen was embedded and
analyzed in pure water. In addition, the laser diameter was 150 pm, and the data was
acquired in SSpS mode. The amount of ejected analyte can be estimated to be around
15 picomoles or = 1012 particles with the aforementioned numbers. The number of
ions arriving at the detector must be known to calculate the ion collection yield.
Figure 4.18 shows a scatter plot of different bins, which consist of 8 ns of data
points obtained from single-shot mass spectra. We used a linear fit function provided
by the PYTHON library Imfit. The resulted slope shows how much ions produce a
specific voltage. Equipped with this parameter, it is possible to translate the number
of ions in each bin. The calculated sum of all bins gives 645 ions. Dividing the latter
number by the amount of ejected particles gives an ion collection yield of 8-10-11. This
number is very low in comparison to the UV-MALDI results, which are around 10-5
[76]. Infrared laser desorption is known for low ionization efficacy [152], which is

also reflected in the calculation.
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Figure 4.18 Signal (voltage) intensity depending on the number of ions. A) A graph shows
residuals from the linear fit function. B) A scatter plot of bins that were extracted from
single-shot mass spectra. According to the linear fit function slope, a single ion produces
1.08 mV. The function parameters are y = 1.12:x — 18.7. Overall, 20 single-shot mass

spectra were used for the calculation.

4.6 Substrate Contribution to Desorption and lonization

From UV-MALDI experiments, it is known that substrates have a significant impact
on desorption and ionization [188]. This study wanted to investigate whether and
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how much the substrate impacts desorption and ionization. For this purpose, a
solvent was used, which dissolves biological molecules, but is not resonantly excited
by the PIRL laser system. Therefore a 1 mM bradykinin solution in deuterated water
was prepared. The solution was kept for a single day at - 4 °C before usage. Hydrogen
water has a large absorption coefficient at 2.94 pm caused by the stretching mode of
OH. Exchanging the hydrogen atom by heavier deuterium reduces the frequency of
the stretching mode as in a harmonic oscillator [189]. Consequently, the absorption
coefficient of heavy water is red-shifted, resulting in peak absorption at 4 pum.
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Figure 4.19 A series of temperature-dependent bradykinin mass spectra in RG. The lowest
mass spectrum was recorded at - 140 °C. After the first measurement, the liquid nitrogen
supply was cut, and the temperature gradually rose. More details can be found in
subsection 4.2.4. Bradykinin was prepared in deuterated water resulting in a 1 mM
solution. For sample preparation, 200 nl were pipetted, which corresponds to an average
thickness of 2 um. The pulse energies were held constant at 95 pJ. A) The whole mass
range of bradykinin mass spectra. B) Zoom-in of the bradykinin mass spectra to show the
overlapping signal of light and heavy water clusters.

The assumption here is that irradiation with 3 pum would not produce a DIVE-driven
ablation hence the bradykinin signal observed with pure hydrogen water should be
absent in this experiment. Conversely, a bradykinin signal should be visible if laser-
induced substrate heating drives desorption and ionization. However, using a thin
film is essential as substrate laser interaction rather impacts the desorption and
ionization more when the investigated analyte is spatially close to the substrate.

Next, bradykinin in heavy water was prepared as a thin aqueous film (2 pum). in
Figure 4.19, panel A shows that the bradykinin signal in front illumination could not
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be obtained in RG at different temperatures. Before ice sublimation, the low mass
region was accompanied by water clusters. Figure 4.19 panel B represents water
clusters consisting of hydrogen and deuterated water signals, whereas the former has
a higher intensity, and the latter appears as the right shoulder of the signal. Although
MS is not considered quantitative, the signal for deuterated water should be more
intense than the light water as 99.9 % D20 was used. However, the reason for this
observation remains inconclusive. The bradykinin signal was still absent after the
heavy water sublimated. Also, after several hours, DIVE cannot produce a signal from
a non-resonant matrix. Another aspect that contrasts with the results in subsection
4.2.4 are that a non-zero baseline in a “belly” shape form is not present here. Instead,
the mass spectrum was dominated by distinct water clusters in the low mass region.
The results suggest that laser-induced substrate heating plays an inferior role in the
DIVE-driven desorption/ablation process in RG.

In TG, as for RG, the bradykinin signal is absent before ice sublimation (Figure
4.20). Also, water clusters consisting of hydrogenated and deuterated water
molecules are observed in the low mass region. However, after ice sublimation, the
bradykinin signal was observed (red trace). While the subsequent measurement
(purple trace) lacked a signal, the upcoming mass spectrum showed a bradykinin
signal (brown trace). Although mass spectra were recorded in closely neighboured
areas, a high shot-to-shot fluctuation could not be avoided. As this phenomenon
continued throughout different analytical runs, and several attempts to improve the
situation failed, the noisy data was still used for the presentation.

The interpretation of the results presented for RG and TG is not trivial. The total
absence of a bradykinin signal for different temperatures in reflection geometry
suggests that substrate involvement in the DIVE process is inferior, while a small
bradykinin signal in TG indicates a supportive role of the substrate in the desorption
and ionization process. Additional experiments in the future using different
substrates should elucidate the substrate role in IR-(MA)LDI.
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Transmission Geometry
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Figure 4.20 A series of temperature-dependent mass spectra of bradykinin in TG.
Bradykinin was prepared in deuterated water. The lowest mass spectrum was recorded
at -140 °C. After the first measurement, the liquid nitrogen supply was cut, and the
temperature gradually rose. More details can be found in subsection 4.2.4. For sample
preparation, 200 nl were pipetted, which corresponds to an average thickness of 2 um.
The pulse energies were held constant at 98 .

4.7 Summary

It was shown that DIVE MS can successfully produce mass spectra of peptides and
proteins embedded in frozen aqueous solutions as well as in solutions with glycerol
as an additive. In analogy to the conventional MALDI dried droplet protocol, we
prepared pure water samples similarly. However, signal generation was only possible
from the very rim of the frozen droplet. To overcome this limitation, we developed a
novel and fast sample preparation protocol for semi-thick frozen films. An average
sample thickness of 30 um facilitated to collect data throughout the whole sample
area. It was shown that oversampling leads to superior results, and is especially
effective when the step size is limited to several micrometers. In the present
experiment, this value was between 10 and 20 um. It is important to mention here

77



that previous reports concerned with [R-(MA)LDI did not use such sampling
techniques. Most probably due to hardware limitations. In fact, some reports labeled
water as an inadequate matrix for MS purposes, whereas our result shows that
sampling is an important parameter in data acquisition, and protein and peptides can
be extracted from pure water and without proton donor agents.

Further, 100 pM analyte in pure water was the lowest concentration, which
provided a good signal-to-noise ratio (11 : 1). The achieved sensitivity was
200 femtomoles per laser shot, but probably even less since the oversampling
technique only consumed a fraction of the total laser focus area. This sensitivity limit
is in line with previous reports concerned with IR-(MA)LDI, but this number is at least
a hundredfold higher than classical UV-MALDI. In the mass spectrometer, the
possibility existed to irradiate the specimen from the back. However, encouraging
results for back irradiation in semi-thick samples were only at the rim of the film.
Since this area is considered thinner than the center of the film, and the
measurements with thinner samples were conducted.

We further explored the signal onset in an aqueous thin film with an average
thickness between 2 pm and 12 pm. First, experiments started with the latter
thickness. For both irradiation geometries, no signal could be obtained for solutions
with 100 uM bradykinin; successful detection was only possible with a concentration
equal to or higher than 1 mM. Nevertheless, even with 1 mM analyte concentration,
the signal-to-noise ratio was low (5 >), and the sensitivity was 50 picomoles. Overall,
ice films with an average thickness of 12 um performed poorly.

Thin ice film with an average thickness of 2 pm lacked any signal for 1 mM analyte
solutions. Another tenfold analyte increase was necessary to generate the bradykinin
signal for such thickness. However, the data acquisition was dominated by sweet
spots, and only those provided high-quality analyte signals.

Bradykinin signal onset in 2 pm thin film with a concentration of 10 mM was
investigated in a series of temperature-dependent measurements. Our results show
that temperature increase only indirectly impacted the signal onset. Once the ice
sublimation temperature was reached, the signal can be frequently obtained in RG
and TG. We hypothesize that hydration shell water is sufficient to cause ablation and
desorption of the analyte. This statement is supported by the fact that the analyte
signal can still be generated hours after ice sublimation.

Whether substrate effect support desorption and ionization was investigated in the
upcoming experiment, here, the temperature-dependent runs with deuterated water
were prepared. As deuterated water absorbs at different wavelengths and DIVE
conditions are not fulfilled, only laser-induced substrate heating would promote a
signal onset. No signal could be obtained under cryogenic conditions for RG as well as
TG. In addition, the hydration shell hypothesis can be further solidified, as the
bradykinin signal was not present during and shortly after ice sublimation. This
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observation suggests that specimen-like tissue sections can be investigated in a
vacuum containing only a fraction of their original water content. However, a weak
bradykinin signal was obtained in TG but not in RG after ice sublimation. Such
observation suggests that substrate effects have some impact on signal onset in TG.

In search to improve DIVE sensitivity, additives as a small fraction of the total
specimen solution volume was employed. Semi-thick, thin, and ultra-thin water-
glycerol films were investigated. Overall, an improvement in analytical performance
can be achieved, but this observation was limited after ice sublimation. After ice
sublimation, irradiation of ultra-thin films with glycerol and 100 uM bradykinin
provided a good signal for both geometries. This is a hundredfold sensitivity
improvement in contrast to pure water samples containing bradykinin and ultimately
leads to a sensitivity of about 1 femtomole per shot. This is a superior sensitivity for
[R-MALDI, but still some orders of magnitude lower than values for UV-MALDI.

The highest measurable mass in this paragraph was lysozyme. In pure water,
lysozyme could only be detected in RG, and the lowest concentration was 10 mM.
Adding glycerol facilitated signal generation in RG and improved the signal-to-noise
ratio. However, this observation is limited to the time after ice sublimation.
Additionally, lysozyme can also be detected after ice sublimation in TG when mixed
with glycerol. Optimal analytical values were achieved using 5 % or 7.5 % glycerol.
An increased glycerol content (20 %) led to a lower signal-to-noise ratio and loss of
mass resolution. Applying high glycerol and a high analyte concentration has another
advantage, and this is the possibility of having a low cost and easily implementable
mass calibrant. Two different peptides (bradykinin and angiotensin) were tested, but
proteins can also be, in principle, used for the calibration.

Finally, we investigated the collection ion yield for the DIVE MS. The calculated value
was 10-11, which is several orders of magnitude lower than the common ionization
yields for UV-MALDI, but still in line with known or suggested ionization yield for IR-
MALDI.

Fragmentation was not visible throughout all experiments for bradykinin,
angiotensin, and lysozyme. This observation aligns with previous reports
investigating IR-(MA)LDI under cryogenic conditions. However, previous reports
used proton donor agents to promote signal onset. Such additives were unnecessary
for the present experiments and, therefore it can be concluded that DIVE MS can
extract biological components out of their native environment.
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5 Non-resonant Femtosecond Pulses
for Matrix-free Detection of
Peptides and other Organic
Molecules

The scientific supporting unit provided the LabView framework for device
communication and conceived the sample loading mechanism. Djordje Gitaric and
Josef Gonshior conducted the design and assembly of the time-of-flight mass
spectrometer. Frederik Busse wrote MATLAB software for creating two-dimensional
images. Glaynel M.L. Alejo wrote the PYTHON script for the shot-to-shot repeatability
experiment.

® Preamble

This chapter investigates desorption and ionization under fs irradiation. Fs pulses
possess high peak powers, which lead to higher excited states of molecules often
accompanied by fragmentation. The theory for different fragmentation pathways is
covered in chapter 2. In the beginning, the direct analysis of biological samples from
frozen aqueous solutions on various target plates is investigated under cryogenic
conditions. In a systematic study, the impact of temperature rise of the sample stage
on the bradykinin signal onset under fs irradiation was examined. In addition, two
different wavelengths were employed to explore possible changes in fragmentation
pattern and signal intensity. The overall analytical performance of fs MS is determined
by the limit of detection, mass limit, and shot-to-shot repeatability, which ultimately
can be linked to the sample preparation protocol. Finally, the ion collection yield is
determined.
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5.1 Introduction

Despite MALDI's popularity, molecular weight compounds below 700 Da are
challenging to access because of the matrix interference in the low mass region. As
already mentioned in chapter 2, SALDI, as well as DIOS, are two novel techniques
allowing to investigate molecules without the need for any organic matrix to catalyze
the desorption and ionization process as is the case in MALDI. While most
publications dealing with SALDI or DIOS detection implement the use of a nitrogen
laser (337 nm) [190], other laser ionization sources are rare [53], [120].

DIOS surfaces are fabricated by galvanostatic etching procedures leading to
nanopores on the surface where the analyte accumulates. Creating an uneven
substrate surface is essential for a successful experiment, as a flat and smooth surface
was reported to be disadvantageous for signal production [114]. However, porous
silicon substrates are sensitive to contamination, and the storage time is limited to
one year after production [191]. A method development that minimizes the
aforementioned bottlenecks is therefore desirable.

Although the desorption and ionization mechanism for SALDI and DIOS is still
debated, the biomedical area has already taken advantage of SALDI mass
spectrometric imaging. As in MALDI IMS [192], SALDI and DIOS MS imaging used
matrix-like elements, including titanium oxide [193] as well as silver nanoparticles
[51] and graphene oxide [194]. This contradicts the initial idea of a matrix-free
technique, however, multiple lipid species could be obtained from a single
measurement which is challenging in MALDI IMS [39]. A true matrix-free approach
for SALDI was recently established. Here the specimen was placed on top of a silicon
target. In a desiccator, the tissue-substrate interaction was promoted in such a way
that after tissue removal, biomolecules were attached at the silicon surface. The
subsequent measurement allowed detection and imaging of the residual molecules
[51]. The published work show that molecules in close proximity to the target plate
can be detected without a matrix. Another study successfully avoided using a matrix
by cutting the tissue sections to 3 - 5 pm thick layers. Again successful signal in the
SALDI or DIOS technique is achieved when the molecules of interest are in close
proximity to the target.

The described reports point towards matrix-free tissue imaging. However, this
method would also greatly benefit if substrate modification can be avoided. The
desired substrate functionalization can be time-consuming, costly, and often
commercially not available [195]. Moreover, finding the optimal modification
requires testing for each molecule of interest. Hence, this work introduces a novel
technique to desorb and ionize biomolecules without any surface modification or
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artificial matrix. We also used specimens embedded in water to show the feasibility
of the method for interacting with water-rich targets.

5.2 Substrate Effect and Signal Onset in Femtosecond Laser
Mass Spectrometry

Before the routine use of cryogenic MS-based techniques, a fast and straightforward
sample preparation method must be established. Several studies worked under
cryogenic conditions, but a protocol for sample preparation was not in scope [53],
[102]. In chapter 3 the sampling protocol for thin-film was already introduced and
adopted for this experiment. The sample volumes were between 150 to 250 nl, and
the spreading area is estimated to be about 0.64 cm2. According to the latter numbers,
the mean thickness is approximately 2 to 4 um.

First, the thin film sample protocol was investigated under cryogenic conditions on
silicon, chalcogenide glass, and indium tin oxide. In principle, thin-film preparation
works with all substrates, but the most reproducible results were achieved with
silicon, followed by indium tin oxide and chalcogenide glass. The latter turned out to
be fragile and tended quickly to break during sample preparation, while for indium
tin oxide, half of the thin film was glued to the upper coverslip resulting in an
inhomogeneous thin film layer on the target substrate. However, the molecular ion
bradykinin signal was acquired on all substrates (Figure 5.1) without any proton
donor agents like trifluoroacetic acid, used in the previous report [53]. Different
behavior of data acquisition in comparison to hitherto reported results was
observed [53]. Obtaining a signal of satisfactory quality under cryogenic conditions
was challenging. However, the signal could not be acquired throughout the whole
sample, and only some "sweet spots" provided a successful analyte signal. Increasing
the pulse energies did not provide a sufficient gain for the analyte signal, and instead,
the substrate and small mass molecules oversaturated the detector resulting in an
overall reduced analytical performance. As our mass spectrometer was not equipped
with deflection plates or gating rods, reducing the intensity of low mass ions was
impossible. If a “sweet spot”-position was found, collecting mass spectra with the
analyte was performed in SSpS mode. Additional shots on the same spot did not cause
any analyte signal, suggesting complete sample desorption after the first shot. A
reason for this observation might be due to the very thin nature of the thin film used
here. Finally, laser pulse energies used in the present work are fivefold lower than the
aforementioned report [53].

Next, the bradykinin signal quality was compared on the three different substrates
used. A good signal could be obtained on silicon and indium tin oxide (ITO), while
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signals on chalcogenide glass suffer an amplified broadening making neighboring
peaks challenging to distinguish. The electrical properties of the substrate might
influence the potential field in the extraction region. An additional drawback of
chalcogenide glass, which is also shared with silicon, is the mass spectra' elevated
noise. Since other experimental parameters were constant, the source is supposable
to the substrate, but further investigations were not made. The three substrates also
differ in threshold energies for bradykinin's signal onset. Differences in the pulse
energy might be connected to sample carrier reflectivity for 1026 nm. The lowest
values were measured for ITO (0.06), followed by chalcogenide glass (0.41) and
silicon (0.5) (Appendix, Figure A 3). The increase in reflectivity might favor ablation
conditions hence reducing laser pulse energy.

|
—— silicon 5,7 yJ or 0,9 J-cm~2, avg. of 80 shots

—— chalcogenide glass 3,6 yJ or 0,6 J-cm~2, avg. of 90 shots
—— indium tin oxide 7,6 yJ or 1,2 ]-cm~2, avg. of 90 shots
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Figure 5.1 Cryogenic fs mass spectra of 100 uM bradykinin on three substrates.
Chalcogenide glass (green), silicon (orange), and indium tin oxide (blue). Between 80 and
90, single-shot spectra were averaged to produce the traces.

Borosilicate as a substrate was also investigated. Unlike the aforementioned
substrates, no bradykinin signal could be obtained. High fluences (>6 ]J-cm-2) only
generated high intense substrate signals, while fluences around 1 J-cm2 generated
low-intensity substrate signals (Appendix, Figure A 3 and Figure A 4). The
reflectivity for borosilicate was measured for 1026 nm and had a value of 0.06. The
latter is comparable with ITO, but on ITO bradykinin signal could be obtained. Besides
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unsatisfactory results during mass spectrometric analysis, sample preparation with
borosilicate turned out to be the most difficult. Following the protocol for ultra-thin
films, the film mostly remained on the upper coverslip. Only sporadically, the thin film
stayed on the target plate and could be used for further analysis. However, due to the
latter property of the borosilicate, further analysis and investigation were not
performed.

5.2.1 Ablation Crater Produced with Femtosecond Pulses

The ablation crater produced by fs pulses could not be investigated in the mass
spectrometer. The crater sizes were too small to be resolved with the brightfield
imaging setup. Instead, a microscope was used to investigate the crater sizes
produced with fs pulses in situ. Figure 5.2 shows five pairs of craters produced with
different pulse energies between 5 and 25 pJ. The pair consists of a crater produced
with a single and a double shot on the same spot. For better visibility of the laser
impact zone, the image was recorded in a brightfield mode. With increased pulse
energy, the crater size gains size for single as well as for double shots on the same
spot. However, the size did not increase linearly with the pulse energy.

. 5 . l I .
. I o
10 5

Pulse Energy per Shot [ uJ ]

20 15

Figure 5.2 Brightfield images of craters on a silicon wafer produced with fs pulses. The
irradiation wavelength was 1026 nm. The crater on the top row of the image were
produced by a single shot on the same spot, while in the bottom row the craters were
produced by a double shot. The craters were produced when the sample stage was at 0
°C. The white bar indicates 100 um.
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Fs cryogenic MS experiments were frequently conducted with pulse energies
between 3 and 8 pJ. A single shot with 5 pJ is barely visible and produced a crater size
about 6.5 pm in diameter. A jump in crater size diameter was achieved with 10 pJ
resulting in 24 pm. However, laser pulses of about 10 pJ were rarely used for data
acquisition. The linear trend for the decreased crater diameter with less pulse energy
is interrupted once pulse energies from 10 pJ to 5 pJ are used, which might be
explained by the ablation threshold of silicon. As the laser beam profile was Gaussian-
shaped, only the beam center deposited enough energy to drive surface changes on
silicon [196]. Hence, 20 pm has a more extensive sampling area, effectively changing
the laser impact diameter.

Next, we wanted to investigate how the silicon's surface changes towards the impact
of the laser beam. Figure 5.3 shows AFM images of the laser impact zones with laser
pulse energies between 10 and 25 pJ. The brightfield camera in the AFM did not
provide enough contrast to detect the impact zones of the 5 pJ single and double shots.

s e .

10 Pulse Energy [uJ]

Figure 5.3 Atomic force microscopy images of craters on silicon wafer produced with fs
pulses and an irradiation wavelength of 1026 nm. The gradient bar displays sample
heights between 0 and 100 nm. The white stains in the image around the impact zone are
artifacts, most probably residual bradykinin salt. The black bar indicates 8 um distance.

AFM confirms that with increased laser pulse energies, the crater diameter also
surges. The lowest pulse energy and single shot on the silicon reveal some dark spots
in the crater's center. Those spots are the darkest hence the deepest areal in the image
compared to the average height of the silicon surface, which is around 50 nm. Besides
the dark spots, the circular impact zone shows little change in morphology. Around a
clearly visible impact zone, a corona is formed. Here bright dots are missing. The
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assumption was made that the white dots were the dried bradykinin salt, as the
wafers were not washed or cleaned after the experiment and directly investigated
with the AFM. A study investigating single fs pulses on a silicon wafer under ambient
conditions but with a similar wavelength presents slightly different results. The
authors did not observe any dark spots within the center of the ablation crater [197].
However, the impact zone's central region is considered the melt region, and the
corona is the re-solidification zone [198], [199].

Two consecutive shots on the same spot with the 10 pJ pulses produce dark spots in
the center and melting of the silicon—the melting structure is built of multiple
streaks. The corona structure is more defined in this image, and the white dots
representing bradykinin salt are also missing. Overall the ablation depth after two
consecutive laser pulses is some tens of nanometers, and the peaks of some streaks
were elevated to a height close to 80 nm. The morphology changes were more severe
with higher pulse energies, but the trend continues in the same manner. Nevertheless,
10 pJ and higher pulse energies were not applied in the mass spectrometric analysis.

Finally, the AFM images show that fs pulses under experimental conditions (10 pJ
pulse energy or less) change the silicon surface. Whether this change is beneficial or
not is not fully cleared in the study. Further experiments have to be done to fully
understand the structural changes and their impact on bradykinin signal onset.

5.2.2 Femtosecond Pulse Interaction with Substrates at Different
Temperature and the Impact on Film Thickness

Data obtained femtosecond laser MS on pure silicon under cryogenic and non-
cryogenic conditions produces high-intensity signals in the region between 0 - 120
m/z accompanied by lower intensity signals in the area 100 - 1000 m/z. Since fs
pulses are known for high peak powers resulting in photodissociation and
fragmentation of biological components, it was interesting whether those signals can
be associated with bradykinin as a source. For simplicity, further experiments were
conducted with silicon as a substrate only, and the mass range between 0 - 120 m/z
was investigated. In addition, measurements with the substrate were run under
cryogenic, non-cryogenic, and under the normal condition where bradykinin thin film
is applied on the silicon coverslip (Figure 5.4).
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Figure 5.4 Substrate signal under different conditions produced by fs pulses. A) Mass
Spectra of cryogenic (blue) and non-cryogenic (green) silicon substrate and, for
comparison, a mass spectrum of 100 uM bradykinin on silicon (orange). Cryogenic
conditions were established as follows: First, the sample carrier inside the mass
spectrometer was cooled for 30 minutes, and after the sample stage with the silicon
substrate was mounted. B) A zoom-in into the small mass region to provide a better
overview. Clusters at similar positions are dominating the mass window for all conditions.

All three traces show prominent peaks between 0 and 100 m/z, supporting the
likelihood of substrate as an ion source for masses in a low mass window. Table S1
in the appendix annotating the signals. First, silicon under cryogenic and non-
cryogenic conditions reveals two cluster groups (Figure 5.4, panel A, blue and orange
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trace). The first starts with 28 m/z, produced by a silicon atom, and continues with
multimer formation with masses up to 160 m/z. The second group starts at 40 m/z,
which should be produced by potassium. From this signal, a multimer formation
separated by the mass of 28 m/z continues up to 180 m/z. However, the mass
spectrum generated under non-cryogenic conditions possesses the highest mass
resolution (Figure 5.4, panel B, orange trace). Peak cluster position at the
aforementioned masses for the bradykinin mass spectrum were descearnable but less
pronounced (Figure 5.4, panel B, green trace). This observation further solidifies that
fs pulses do not solely interact with the analyte's solution, even when the ice-thin film
is present. Also, the fact that silicon clusters are ejected into the mass spectrometer
suggests that at least the upmost layer is removed upon laser irradiation. Ex situ
measurements reveal that a crater is not formed under experimental conditions but
surface melting characterized by forming circular nanometer-sized cavities with a
depth of less than 10 nm. Fluences above 1 ]J-cm-2 are known to change solid surfaces
through plasma formation and multiphoton ionization [200], [201], and in the present
experiment applied fluences were at the edge of the threshold value. The analyte
signal onset threshold was determined to be 3.2 puJ or 0.9 J-cm2 on silicon (see
discussion), suggesting the significant contributor for sample removal is rapid heating
followed by bubble nucleation. Only at higher fluences, where the solid surface
changes into a gaseous plasma via multiphoton ionization, the silicon unveils crater
formation consists of a melted core with visible ripples [202] surrounded by a
modification zone caused by oxidation/amorphization [197].

The aforementioned observation suggests that ablation or desorption of the analyte
is caused by laser-induced heat and following melting rather than substrate-
supported spallation. This heat is sufficient to desorb the analyte, but only when the
water layer is sufficiently thin. For ice layers between several hundred nanometers
up to a micrometer, thermal processes induced by irradiation are not promoting
desorption. However, since substrate ions are visible in the mass spectrum,
desorption or ablation is still taking place, and it is possibly supporting desorption to
a certain degree.

5.3 Femtosecond Laser Mass Spectrometry at Different
Temperatures

Next, the impact of temperature on the mass spectral quality was investigated. The
liquid nitrogen supply was cut, and the temperature started to rise (chapter 3). For
all measurements, laser pulse energy and mass spectrometer voltages were constant.
Due to high intensity substrate peaks, working at lower laser fluence range was
required. Attempts to reduce the low mass signal intensities with less laser pulse
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energy failed because the analyte signal intensity was also diminished. Finally, each
mass spectrum was recorded in a single shot per spot mode in a 21 x 21 array,
resulting in overall 441 shots being averaged for the final mass spectrum.

Figure 5.5 documents the impact of temperature on the bradykinin signal over
time. We decided to scan over the same area for all the traces for a better comparison
and exclude sample-related biases. The pattern for this is illustrated in Figure A 6
(Appendix). The blue trace (Figure 5.5A, panel 1, t = 0 min.) lacked a bradykinin
signal. This is because no attempt was made to find a “sweet spot” to obtain a signal
at the beginning of the measurement. Different runs showed similar results for the
analyte signal conducted between -140 °C and -100 °C or up to 50 minutes after liquid
nitrogen supply was interrupted. The corresponding 2D image is in Figure 5.5B
panel 1. The second recording (t = 56 min.) already presented the desired analyte
signal, and Figure 5.5B panel 2 provides the corresponding 2D image. Similar results
can be achieved in repeated runs in a temperature window between -100 °C and -
70 °C or between 50 and 80 minutes. Figure 5.5A panel 2 (t = 56 min.) revealed an
intense signal locality at the right edge of the image, while the former lacked a signal
throughout the scanned area. The accumulation of signal in the right edge of the image
was expected since the frame was chosen to be one part on a silicon substrate without
a sample, while the other part of the frame was on the thin film. A closer look at the
area with the analyte signal offered higher and lower intensity areas. This image
accurately represents the phenomenon observed during sample irradiation, where
“sweet spots” were the primary source for data acquisition and significantly impacted
spectral quality. One reason for such behavior can be related to sample thickness. For
instance, darker regions produce a more pronounced signal (Appendix, Figure A 7)
and are considered thinner than bright regions. The third trace or image (Figure 5.5A
and 5B, panel 3) was recorded when the pressure peaked, indicating ice sublimation
was almost completed. The mass spectrum was similar during the second and third
run, although signal intensity for bradykinin decreased for the latter.

After sublimation, the signal intensity is moderately higher, and the bradykinin
signal is only appearing on the right edge of the image. The mass spectra of Figure
5.5B, panel 3, 4, and 5 were recorded in a temperature window between -70 °C and
10 °C or between 80 and 340 minutes after liquid nitrogen supply was interrupted.
Within this temperature window, no significant changes in mass spectral quality were
observed. When the signal ultimately faded was not investigated, but the
measurement a day later resulted in a lack of signal. However, if the same experiment
was repeated with tenfold or hundredfold higher bradykinin concentrations, a signal
could be obtained a day after
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Figure 5.5 Mass spectra of bradykinin under cryogenic conditions at different
temperatures. Overall, 175 nl of a 100 uM analyte solution were pipetted. A) Mass spectra
produced by 1026 nm irradiation with an average pulse energy of 6.5 . In total, 441
shots were averaged for a single mass spectrum. The asterisk in the figure marks the
bradykinin position for all traces. B) Corresponding 2D images of bradykinin signal created
on an area of 5x3 mm (x and y). The color intensity of each pixel correlates with
bradykinin signal intesity, which is described by the color bar to the right of an image.The
blue box indicates Imm.

According to the presented data, three main measurement windows can be
distinguished. The criteria for the differentiation were the signal-to-noise ratio of the

91



bradykinin signal. In contrast to the hitherto report [53] mass spectra were
challenging to obtain directly from ice under cryogenic conditions.

The discrepancy of the observation might be due to the difference in laser pulse
energies and sample thickness. The possibility of obtaining a bradykinin signal
directly from ice cannot be excluded if laser pulse energies could be increased
sufficiently, but the current setup in the mass spectrometer prevented such a regime.

However, when the temperature rose, mass spectra were sporadically generated
from various spots on the ice film. The significant impact on signal intensity was the
sublimation of the ice. High-quality spectra can be recorded several hours after ice
sublimation, but a measurement a day later failed to produce any signal. The
explanation for the latter observation is the lack of a hydration shell, which should
cover the peptide for some hours in a vacuum. Therefore, a signal was visible shortly
after ice sublimation, but it faded the longer the specimen was in a vacuum. A
hypothesis was made that the solvation shell must play an essential role in signal
generation and water or ice is not crucial in generating a solid signal with fs pulses.

The presented outcome was surprising, but before making any conclusions about
the reasons for signal onset, the measurement above with a different wavelength was
repeated. The second harmonic of the laser system irradiated the specimen while
keeping all other parameters constant. As already used for recording the mass spectra
with the fundamental, a 21 x 21 array served here to acquire the data set, but for the
second harmonic, the array was moved 40 pm in the x-direction. Such adjustment
minimized biases induced by sample inhomogeneity. Since parallel measurements of
the two wavelengths were not feasible, each data set was recorded with several
minutes delay.

A similar mass spectral quality was achieved with the fundamental and the second
harmonic of the laser when the laser pulse energy was twice as high for the latter
(Figure 5.6). The reason for the pulse energy difference was presumably the focused
area. This discrepancy was introduced through the optical elements in the mass
spectrum used for both rays. The same behavior for signal detection (before and after
ice sublimation) was observed for the second harmonic as for the fundamental. Lower
bradykinin concentration did not give rise to a signal when the specimen was kept in
a vacuum overnight. Only after the increase of the analyte concentration up to 10 mM
could a signal be observed.
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Figure 5.6 Mass spectra of bradykinin under cryogenic conditions at different
temperatures. Overall, 175 nl of a 100 uM analyte solution were pipetted. A) Mass spectra
produced by 513 nm irradiation with an average pulse energy of 16.8 . In total, 441
shots were averaged to a single mass spectrum. The asterisk in the figure marks the
bradykinin position for all traces. B) Corresponding 2D images of bradykinin signal created
on an area of 5x3 mm (x and y). The color intensity of each pixel correlates with
bradykinin signal intensity, which is described by the color bar to the right of an image.

The blue box indicates 1 mm.

Interestingly, mass spectral quality does not change with different photon energies
as long as photon densities are the same. Due to lack of mass resolution, further
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conclusions cannot be made whether a radical cation species or a quasi-molecular
bradykinin ion arrive at the detector or even both. A radical species would suggest
that laser - analyte interaction is the dominant mechanism for analyte ionization and
follows the ladder climbing or switching ionization pathway [125]. Plasma formation
and multiphoton ionization are common sources for such pathways and can produce
excited state species that tend to fragment. These observations will be discussed later.

However, a protonated molecular ion would suggest that upon ionization of the
analyte, the prime interaction with the laser light is the (hydration shell) water before
a proton is dissociated and passed to the analyte. The hypothesis of a protonated
analyte is supported by the fact that the bradykinin species also arrived at the
detector with sodium attachment. The latter is indicated by the right shoulder of the
signal with a delta mass of 23 m/z. The source for alkali cations is most likely
bradykinin, which was not purified before experiments.

Another possibility to ionize the analyte is plasma creation on the surface of the
target. Surface melting has been suggested as a potential pathway for ionization of
analyte molecules in SALDI's environment [39], [203]. For this, laser-substrate
interaction was investigated by looking at the low range of the mass spectrum of the
pure substrate under cryogenic conditions and room temperature as well as when
silicon is covered with a micrometer thin ice film containing bradykinin.

54 Fragmentation

High laser peak intensities eventually lead to plasma formation known to produce
fragmentation patterns in biological specimens [133]. Recent studies employ fs pulses
as an activation method which is called infrared multiphoton dissociation (IRMPD),
to elucidate the sequence of unknown peptides and proteins [204], [205], [206],
[207]. Detection of a molecular ion and the associated fragments from a "neutral”
specimen has not been reported yet. Fragment ions identification was accomplished
by comparison of theoretical and measured mass. Masses difference less than 2 Da
were considered as a match. Besides substrate signals, 30 (on silicon) and 26 (on
indium tin oxide) structurally significant ions were identified as originating from the
protonated molecular ion. Only 7 ions produced on chalcogenide glass could be
annotated as fragments of bradykinin. Two factors may lead to that lower number.
First, a severe signal broadening leads to the overlapping of neighboring peaks.
Second, mass spectra produced on chalcogenide glass tend to generate higher
substrate noise which, might cover low-intensity fragmentation ions. The detailed list
of all fragmentation ions can be found in Table S2 (Appendix), while Figure 5.7, panel
A shows a mass spectrum with annotated peaks.
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Figure 5.7 Fs MS produced a vibrant pattern of bradykinin fragment. A) Mass spectrum of
100 uM bradykinin on silicon. B) Dotted lines indicate Proline cleavage for the creation of
cn and z, ions.

Overall, we observed a vibrant fragmentation pattern throughout the main chain
where C- and N-terminal ions are equally distributed. In addition, our data suggest
that cleavage of the existing side-chain groups occurred [133], [208]. An interesting
observation was made with the amino acid Proline. The position in bradykinin is the
second, third, and seventh place. Fragment ions of the series ¢, and z, were missing
at these positions. Since these fragments evolve through the cleavage between
secondary nitrogen and alpha-carbon, the amino acid's structure must be considered
(Figure 5.7, panel B). Proline possesses a five-member ring, which is included in the
peptide backbone. The absence of fragment peaks suggests the unlikeliness of the
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double-cleavage event. For the same reasoning, z3, z7, and zg C-terminal fragments
were not detected.

In addition to single cleavage fragmentation, the data shows satellite ions [209],
[210]. The experiment produced the following ions v2, w3, d6, and w7. These
fragments result from a peptide backbone cleavage followed by the loss of the lateral
side chain. Those fragments were usually observed in high-energy (10 keV) collision-
induced dissociation (CID) spectra [209]. For our data, 1 - 2 eV/photon energies were
sufficient to deliver a similar picture.

5.5 Analytical Performance of Femtosecond Laser Mass

Spectrometry

5.5.1 Shot-to-shot Repeatability

To make a statement about the repeatability [142] of the method introduced in this
study, 51 datasets on different substrates and days were collected and analyzed. Each
dataset contains between 200 and 400 single-shot spectra acquired at a sample
stage between -95 °C and -70°C. A successful mass spectrum was considered when
the bradykinin signal had a signal-to-noise ratio above 3 : 1. First, shot-to-shot
repeatability was calculated by taking the number of spectra with bradykinin signal
and divided by the total number of shots used in the same dataset. Next, these results
were summarized in a histogram (Figure 5.8).

The distribution of datasets with various shot-to-shot repeatabilities is skewed to
the left. Half of the data is between 70 and 90 % shot-to-shot repeatabilities, with a
median of 70 %. Notably, silicon has the highest shot-to-shot repeatability, while ITO
and chalcogenide glass experience a broader distribution of shot-to-shot
repeatabilities. Mass spectra generated on the silicon coverslip showed the best shot-
to-shot repeatability during femtosecond IR-LDI.
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Figure 5.8 A histogram of shot-to-shot repeatabilities for bradykinin signal on three
substrates. 51 datasets were acquired by irradiating a 100 uM bradykinin thin film with
1026 nm femtosecond laser pulses. For each dataset, shot-to-shot repeatability was
calculated and plotted into the histogram. These colors represent the following
substrates: Silicon (orange), ITO (blue), and chalcogenide glass (green).

5.5.2 Limit of Detection

A dilution series with 100 uM, 10 uM, and 1 pM bradykinin solutions was
performed. For sample concentration below 10 puM, peptide signal was obtained with
a signal-to-noise ratio of 20 : 1, but the lowest concentration provided unsatisfactory
results. Assuming a concentration of 10 uM and an ablation crater diameter of 20 pm
the total amount for signal generation adds up to a sensitivity of 25 attomoles.
However, MALDI imaging using a SpSS mode reports a sensitivity of about 500
attomoles [175]. Higher sensitivity in MSI is usually achieved when tailored sample
pretreatment removes salt and other components [15]. In contrast to MALDI imaging,
in a typical UV-MALDI experiment, peptides are usually detected several magnitudes
lower, and the signal is visible for 25 pM solution [211].

5.5.3 Mass Limit
Previous studies reported the mass limit for DIOS application to be around 3 kDa

[212] and for cryogenic femtosecond laser MS up to 6 kDa [53]. We investigated the
mass limit at different temperatures and two different wavelengths. All experiments
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were initially performed on silicon as a target plate. Bradykinin with the mass
1061 Da and Angiotensin I (1291 Da) can be routinely detected with the femtosecond
laser's second harmonic and fundamental. The next investigated mass was endothelin
[ (2492 Da). The latter showed similar detection behavior as presented in subsection
5.3. Briefly, while the signal can only be obtained under cryogenic conditions once
“sweet spots” are found at elevated temperatures, the signal is more pronounced.
After ice sublimation the signal can be detected throughout the thin film area with a
high shot-to-shot repeatability. However, signal-to-noise ratio for endothelin [ was
not satisfying in comparison to bradykinin or angiotensin I. One reason might be the
lower ionization efficacy of the endothelin I compared to bradykinin or angiotensin I.
To figure this out a set of comparable mass molecules should be investigated. A
second reason is the possible mass resolution loss towards higher masses. Both
reasons were not in the scope of this study and were not further investigated.

The endothelin I signal onset was investigated on different target plates. Indium tin
oxide, as well as chalcogenide glass, gave rise to a small endothelin I signal. Also, here,
we show that successful detection of biomolecules with femtosecond pulses is not
limited to silicon and can imply another sample carrier.

Finally, whether endothelin I was still detectable when additional analyte like
bradykinin was mixed into the same solution was investigated in the upcoming
experiment. Figure 5.9 shows the mass spectra with bradykinin plus endothelin I
obtained with 513 nm and 1026 nm irradiation. The spectra are similar, and for both
wavelengths, the endothelin signal is visible. This experiment shows the possible
mass range that can be obtained with fs pulses and that different species can be
desorbed and ionized simultaneously.

Obtaining masses above 2.5 kDa was impossible to even when using trifluoroacetic
acid, glycerol, or higher analyte concentrations.
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Figure 5.9 Mass spectra of bradykinin (1061 Da) and endothelin (2491 Da). The
concentration of peptides was 100 uM. The orange trace shows the mass spectrum
generated with 1026 nm irradiation, while the blue trace was obtained with 513 nm
irradiation. The temperature at the sample stage was - 100 °C.

5.5.4 Mass Calibration

A typical MALDI workflow consistently implements the use of a mass calibration
agent. The latter consists of multiple species, of which masses are known. Since fs IR-
LDI is a novel technique, mass calibration agents are not commercially available or
widely known. A group using a nitrogen laser and irradiating caesium iodide
generated clusters up to 20000 m/z [213]. In the initial runs, it was dissolved in water
and investigated. However, the results were not satisfying. Changing the solvent to
methanol, ethanol, and acidifying the solution was equally unsuccessful. Finally, mass
calibration was performed using some known substrate ions and the bradykinin
signal (see subsection 3.2.5).
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5.6 C60 Fullerene — A Hydrophobic Molecule in a Non-polar
Solvent

Fullerene has been used as an MALDI matrix because of its extended m-system,
which absorbs the light of a typical MALDI laser (337 nm, photon energy 3.67 eV)
[188]. Under high laser fluence, C60 tends to sequentially lose C2 fragments and form
clusters, making it an ideal quantification candidate. Since C60 lacks any protons, the
number of pathways for ionization is favorably reduced. The ionization energy was
experimentally found to be 7.6 eV [214], and the electronegativity is about
2.6 - 2.8 eV [215], [216]. Due to the high degrees of freedom, C60 can store large
amounts of energy through the rapid conversion of electronic excitation to vibrational
excitation, by that a delayed ionization process occurs [217].

To make use of the sample preparation technique introduced in subsection 3.2.3
C60 fullerene was diluted in toluene to the desired concentrations. Since the toluene
has a high vapor pressure, pipetting volumes less than 500 nl was challenging.
Therefore prior to sample preparation, the specimen and the pipette tip were cooled
in liquid nitrogen for 10 -20 seconds. Initial studies with 100 pM C60 gave
unsatisfactory results, and the fundamental and the second harmonic did not produce
any analyte signal. With higher concentrations (1 mM), high signal-to-noise mass
spectra for C60 were achieved. Data acquisition was performed in parallel for the two
wavelengths on the same specimen and the same areal. Laser shots for the
wavelength were 50 pm apart to minimize sample-related biases. In the following
section, the mass spectra obtained with 1026 nm are discussed, and in the follow-up
section, the results obtained with 513 nm are the topic.

Figure 5.10 shows a series of temperature-dependent mass spectrums of C60
fullerene generated with 1026 nm. Besides substrate signal, initial irradiation of the
thin film gave no signal associated with C60. The same observation was made in the
previous subsection 4.2.4 for aqueous thin-films and bradykinin. Shortly before
toluene started to sublimate, a mass spectrum revealed the intact C60 species
(720 m/z). The latter was also accompanied by broad and higher mass signals, which
sustained up to 3000 m/z. Remarkably, those signals share a common mass interval
of roughly 360 m/z, which corresponds to the doubly charged species of C60. A
fragment of the C60 with a mass 360 m/z is less likely since it would involve multiple
bond cleavage. A different study with a nitrogen laser with a pulse width of 3 ns did
not observe such cluster formation [188].
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Figure 5.10 Temperature-dependent mass spectra of fullerene C60 obtained with
1026 nm irradiation. The analyte concentration was 1 mM, and the pulse energies were
between 13 — 15 pJ. A) A full range mass spectrum. B) A zoom-in of the original mass
spectrum in the range between 700 — 2700 m/z. The asterisks indicates the singly charged
C60 species, while the dots are associated with C60 multimers.

The next mass spectrum was recorded after toluene sublimation and showed a
similar signal pattern qualitatively as before. The upcoming measurements give a
comparable picture, although the clusters are only present up to 2000 m/z. Signals
from the specimen can be obtained almost five hours after the toluene sublimation.
Once again, this experiment showed that high analyte-solvent ratio is not beneficial
for non-resonant fs studies. A thin film below 2 pm may deliver instant results after
the sample mount, but such a flat film was not in the scope of our method.

If C60 is exposed to high irradiation energies, which are common for fs pulses, a
series of C2 losses are observed in the mass spectrum in various studies [119], [120]
and that observation is verified in the presented experiment. Although lacking a
sufficient mass resolution, a C2 loss in the mass spectrum is implied in the left
shoulder of the intact C60 fullerene.

Figure 5.11 shows a series of temperature-dependent mass spectra of C60 fullerene
obtained with 513 nm irradiation. The first mass spectrum generated with 513 nm
did not give any signal and is in line with the results created by 1026 nm irradiation.
The upcoming mass spectrum, before toluene sublimation, gives rise to an excellent
signal with a superior signal-to-noise ratio (3000 : 1). In contrast to the 1026 nm the
higher mass is not accompanied by sequential cluster formation. Instead, the mass
spectrum features a weak and broad signal for the dimer (1440 m/z). A very similar
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mass spectrum was achieved when a laser with 337 nm and 3 ns pulse width was
applied [188]. After toluene sublimation, C60 signal persisted with a comparable
signal intensity to the previous mass spectrum, though the signal intensity decreased
for the last measurement (purple trace).

In contrast to mass spectra generated with 1026 nm C2 loss can be easily observed
in mass spectra obtained with 513 nm. A C60 missing six carbon atoms is the lowest
fragment observed under fs irradiation. In a study, the authors used a 400 nm and
200 fs laser with intensities ten times lower than in the present work and observed a
doubly charged C60. However, neither the fundamental nor the second harmonic
produced a double-charged C60 species. The effect of the substrate can be excluded
since the work here, and the publication used silicon as a target [120].
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Figure 5.11 Temperature-dependent mass spectra of fullerene C60 obtained with 513 nm
irradiation. The analyte concentration was 1 mM, and the pulse energies were between
13 — 15 pJ. The first mass spectrum was recorded at -140 °C. A) An overview of mass
spectrum. B) A zoom-in into the mass region 600-950 m/z. The window reveals the C2 loss
from the intact species. A fragment of C60 with a total 6 carbon atom loss is the lowest
mass observed in this cleavage series. The asterisks indicate a C60 fullerene dimer.

Irradiation with 1026 nm and 513 nm produced a signal with a right-skewed shape.
As mentioned in the introduction, the tails raised from delayed ionization of the
exciting C60 molecule after multiphoton absorption have been attributed to
thermionic emission [218]. Since toluene has no acid protons and C60 fullerene only
consists of carbon atoms, the pathways for ionization are limited. In the shape of fs
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irradiation, a multiphoton ionization (MI) seems to be the most reasonable ionization
pathway leading to a positively charged C60 radical. In addition to MI, photothermal
ionization and energy pooling models are dominant mechanisms for ionization [188].

This study showed that 513 nm produced a superior mass spectrum of C60 over the
1026 nm under similar conditions. A possible explanation is the C60 fullerene
absorption coefficient, which is several times higher for 513 nm than for 1026 nm
[219]. A study dealing with nanosecond pulses and C60 fullerene showed a mass
spectra similar to those acquired with 513 nm and fs pulses. This observation can
conclude that a successful C60 detection is less dependent on the pulse duration
during an fs IR-LDI experiment. However, further studies should be conducted to get
a clearer picture.

5.7 lon Collection Yield

The program for ion collection yield and the consequent assumptions were
introduced and discussed in subsection 3.2.5. To determine ion collection yield,
dataset obtained from a bradykinin solution in pure water was used. The key
parameters to calculate the ejected amount of particles are listed in Table 5-1. For
simplification purposes, the laser-sample interaction volume was approximated to be
cylindrical.

Table 5-1 Key parameter for the calculation of the ion collection yield.

Bradykinin Concentration 10 uM
Laser Beam Diameter 10 um

Thin Film Thickness 2 um
Laser-Sample Interaction Volume 0.6 picoliter
Ejected Particles with a Single Laser Shot 4107

Figure 5.12 shows a scatter plot of different bins obtained from single-shot mass
spectra. A single bin accumulated 8 ns of data. A linear fit function provided by the
PYTHON module Imfit (Version 1.0.2) was used. The resulted slope shows how much
ions produce a specific voltage. Equipped with the parameter of the function, it is
possible to translate the number of ions in each bin. The sum of all bins gave 1960
ions. Dividing the latter number by the amount of ejected particles gives the ion
collection yield of 5:10->. For these results, signal intensity higher than 40 mV was
involved in the calculation. From the same dataset, bradykinin signals with an
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intensity lower than 40 mV were also investigated, and the sum of all bins was 970
(Appendix, Figure A 8). Although different numbers were calculated, both
approaches resulted in similar ions per area unit. In addition, the aforementioned ion
collection yield is in line with previous reports for UV-MALDI [76].
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Figure 5.12 Signal voltage intensity independence of the number of ions. A) A graph shows
residuals from the linear fit function. B) A scatter plot of bins obtained from single-shot
mass spectra. According to the slope of the linear fit function, a single ion is producing
1.08 mV. The function parameters are y = 3.09-x — 6.39. Overall, 109 single-shot mass
spectra were used for the calculation.

5.8 Summary

This paragraph explored the behavior of biological components embedded in thin
ice films after fs laser irradiation in a mass spectrometric environment. This is the
first systematic study where temperature dependency, substrate effects, various
wavelengths, and different solvents were investigated. Throughout the whole study,
thin films with an average of 2 um thickness were prepared. Among indium tin oxide,
chalcogenide glass, silicon, and borosilicate glass, the latter did not give any signal
independent of pulse energies. Even substrate ions, which were visible for other
target plates, were absent. Borosilicate possesses the highest transmittance for
1026 nm and has the lowest conductivity and heat capacity. Most probably, these
factors prevent analyte signal onset. The remaining three target plates showed a
bradykinin signal after laser irradiation with 513 nm and 1026 nm in comparable
quality. Nevertheless, only some areas provided a good signal, and data acquisition
was limited to these localities. Bradykinin signal broadening was observed when the
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specimen was placed on a chalcogenide glass. Indium tin oxide and silicon are the best
candidates for fs MS experiments, but the decision was made to pursuit further
experiments with silicon only. The reason was the sample preparation step as the thin
film between two indium tin oxide coverslips tended to steak to both resulting in an
inhomogeneous film on the target plate. This behaviour was rarely observed for
silicon.

Temperature-dependent experiments were performed only with silicon as the
target plate. Three different temperature zone could be distinguished. Under
cryogenic conditions or -140 °C a few sweet spots provided a signal of inadequate
quality. These areas expanded between -140 °C and -70 °C making data acquisition
easier. After ice sublimation bradykinin signal could be obtained throughout the film,
these observations are made for 513 nm as well as for 1026 nm. As signal quality
improved for the latter case, a conclusion was made that the substrate surface has to
play a major role in the desorption and ionization of the analyte. For several hours
after ice sublimation, the bradykinin signal was stable. Only a day later, the signal was
absent. A reasonable explanation can be that a hydration shell that evaporates after
several hours in low-pressure conditions also plays a role in signal onset. Unspecific
fragments accompanied the intact species of bradykinin, and up till now, the first-ever
observed result under such conditions. Fragmentation in biomolecules is caused by
high electron densities (plasma formation) or multiphoton ionization. Because the
employed fluences were close to
1 J-cm2 plasma formation is less likely, and multiphoton ionization may shape the
bradykinins fragmentation pattern. However, the low intensity of the fragments
suggests that either multiphoton ionization primarily excites the intact species
without further bond cleavage or photodissociation only appears at the center of the
laser impact, where laser peak powers are the highest. AFM target plate images
revealed the impact zone is accompanied by surface melting for high pulse energies,
but the surface is almost unchanged for pulse energies used in the experiment.
Nevertheless, substrate ions can always be found in the mass spectra. Such
observation may support the argument that substrate ions support the desorption
mechanism in fs-laser MS.

In a series of experiments, fs MS produces meaningful data, but the pathways for
desorption and ionization are somewhat complex. As peptides usually have a low
absorption coefficient between 513 nm and 1026 nm the impact of the laser
wavelength is difficult to measure. Therefore, an additional experiment with fullerene
C60 mixed with toluene was conducted. As toluene possess no acids protons as well
as C60, protonation as primarily ion source can be excluded or at least occurs less
frequently. Further C60 light absorption is higher for 513 nm than for 1026 nm. In a
comparison experiment, 513 nm produced a higher intensity signal in contrast to
1026 nm. This experiment shows that the laser also interacts with the analyte.
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However, a low-intensity signal for C60 appears after 1026 nm irradiation, suggesting
that laser-analyte interaction occurred.

Cryogenic fs laser MS can detect mass up to 2.5 kDa, which is an excellent alternative
to measure small mass molecules. For MALDI, this mass range usually is problematic
since matrix ion peak is interfering with the analyte. The sensitivity is at 25 attomoles
which is superb compared to MALDI, SALDI or DIOS. Such a method can be well
implemented in a mass spectrometric imaging setup. Here, high sensitivity is
important since MS is a disruptive method, and target volume can only be investigated
once. In addition to the sensitivity, the shot-to-shot repeatability of the thin film was
explored. Silicon provided the highest values, with several datasets reaching over
90 %. Such numbers are also important for mass spectrometric imaging as robust
signal generation from different areas allows better judgment about the sample
overall.
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6 Discussion

e Sample Preparation

As mentioned in the introduction, ultra-fast laser pulses were previously employed
to extract biological components embedded in thin ice films. The constraints
regarding laser parameter variation, especially the use of sub-nanosecond pulse
durations, were not addressed. Moreover, a detailed sample preparation protocol was
hitherto not rigorously investigated. The presented work was motivated by the fact
that current state-of-the-art MS methodologies, such as MALDI, are limited in the
direct analysis of biomolecules due to the mandatory preprocessing steps of the
specimen. Water can serve as a matrix as it is a natural solvent of biomolecules and
constitutes the major part of a cell and other organelles. A mass spectrometric
approach targeting water would facilitate a direct analysis of biomolecules close to in
vivo conditions.

In order to perform cryogenic MS experiments with a daily routine, a robust sample
preparation protocol is foundational. Hence, in the present work, several sample
preparation protocols were developed for cryogenic MS experiments and can be
separated into two approaches. The first approach deliver an average sample
thickness between 20 um and 30 pm, depending on the volume applied. The design
concept of the thin films was inspired by thin tissue sections obtained with
microtoming. For this, a commercial Prolene foil was used as a top cover, while the
aqueous sample was either on silicon, ITO, or a CG coverslip. Once the scaffold was
ready and dropped in liquid nitrogen, the Prolene foil was removed with a tweezer. A
great advantage of this technique is that it is highly reproducible while the demand
for technical skills is very low and is easy to master. However, because the Prolene foil
is very thin and therefore highly flexible, the thin ice film has an uneven surface. To
counteract this, an additional coverslip pressed on top of the Prolene foil can be used.
An assumption can be made that more even ice film would be formed with additional
pressure, but unfortunately, this was not the case, and locally close areas still
fluctuated in analytical performance. This problem can be further approached by
exchanging the Prolene foil with a stiffer foil, but this experiment was not conducted.
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A second approach produces a thin ice film with less thickness fluctuation, which
was achieved with two coverslips of the same kind. A verification experiment
conducted with the sample preparation protocol shows minor signal fluctuation while
alarge area with 4 x 4 cm is rastered (Appendix, Figure A 9). The general observation
was that the ice film tends to stick to a hydrophilic coverslip, and in principle, Teflon,
known for its high hydrophobicity, could be employed, but this was not investigated.
However, this method is limited to an average thickness of 2 pm - 12 pm. In this work,
sample preparation using a vitrobot could have been performed [220] to create an ice
film down to several hundred nanometers with thickness fluctuation less than tens of
nanometer. Vitrobot is a sample preparation device for cryo-electron microscopy and
prepares thin ice films on TEM grids with meshes. However, as vitrobot parameters
are optimized for TEM grids, the other targets as used in the present experiment
(silicon, ITO, CG) would require additional calibration. An additional bottleneck
occurs as TEM grids are offered only 3 mm in diameter, and a new sample carrier
design for the time-of-flight mass spectrometer would have been necessary.
Nevertheless, whether ice films with nanometer thickness and marginal thickness
fluctuations are ideal for cryogenic MS must be verified in future experiments.

e DIVE MS with Cryogenic Thin Ice Films

The DIVE process is a special regime of water excitation and can be considered in a
broader sense as a form of resonant IR-(MA)LDI. Despite encouraging aspects in
terms of minimal sample preparation, ‘soft’ desorption, and ionization process
allowing labile species to be investigated, the method also suffers from low ion yield,
the lack of sample preparation protocols, and of systematic studies (especially with
IR lasers) aimed at a better understanding of the underlying desorption and
ionization mechanism. Presently, these issues are restrictive and hamper the use of
resonant IR-(MA)LDI in a broad analytical sense and therefore were investigated in
the present work.

Ultra-fast laser pulses have been primarly employed to extract bradykinin and
angiotensin out of ice films. The first and most relevant report concerned with
resonant IR-(MA)LDI is by Berkenkamp et al. [35]. The authors used a laser with a
150 ns pulse duration and a central wavelength of about 3000 nm. A similar
wavelength was used in the present experiment, but the pulse duration was 400
picoseconds, hence 375 times shorter. Berkenkamp et al. detected peptides from bulk
frozen droplets but not directly and only by adding proton donor agents such as TFA.
In short, the published work reported superior results when the droplet containing
the analyte was pipetted on the target and dried under ambient conditions.
Consequently, freezing and mounting the target in the mass spectrometer provided a
signal for peptides and proteins. In addition, to produce mass spectra of higher
masses with a quality comparable with UV-MALDI, the specimen was premixed with
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6 Discussion

Tris-HCL Finally, the author stated that low sensitivity seems to limit the general
applicability of water as a matrix in IR-MALDI and direct extraction from bulk frozen
droplets gave unsatisfactory results. Conversely, the observations mentioned above
were not reproducible in the setup used in this work, although a similar sample
preparation protocol was followed. For instance, the direct extraction of biomolecules
from frozen droplets is routinely possible without any proton donor agent, though
only from the droplet’s rim. A shorter pulse duration might produce a discrepancy
between the results here and the published work [35]. This statement is speculative
since a laser system with a longer pulse duration was unavailable for verification, but
a study using a laser with 5 ns pulse duration and 3000 nm wavelength obtained
protein mass spectra from samples embedded in methanol or isopropanol under
cryogenic conditions [154]. The pulse duration of 5 ns is 30 x shorter than the laser
pulses used by Berkenkamp et al.. In light of the presented results, a conclusion from
this work might suggest that shorter pulse durations are beneficial for extracting
biomolecules from IR-sensitive matrices.

However, besides pulse duration, sampling conditions during the ablation also
impact the outcome. Only the droplet rim gave a high-intensity signal, whereas no
analyte could be successfully detected in the droplet’s center. A possible explanation
for the latter observation might be that the propagation angle of ejected material
created during the ablation was unfavorable and failed to reach the orifice and further
the detector.

For thin ice films oversampling and SpSS mode yielded different results. For
instance, the analyte signals generated with SpSS mode were exposed to high
fluctuation in intensity accompanied by low shot-to-shot repeatability. A dramatic
change in the observed laser-sample interaction was obtained using the oversampling
mode, which produced a stable signal with great shot-to-shot repeatability (Figure
6.1). Oversampling was achieved by adjusting the laser repetition rate to 1 Hz and
moving the irradiation area with the same frequency by a fraction of the laser beam’s
waist. This sampling method has not previously been investigated or commented on
in available literature under low-pressure conditions but under ambient conditions.
Most probably due to hardware limitations since most IR-MALDI studies were
conducted at the beginning of the 2000s, and sample stages were initially less
sensitive.

Intriguing results were obtained from the rim of the frozen droplet, and a sample
preparation protocol was pursued where an ice film was created with a comparable
height to the droplet rim. Consequently, the semi-thick sample preparation protocol
has been developed, producing ice films with a thickness of about 20 pm - 30 pm. As
for droplet rim and oversampling showed the most robust results, but the whole
sample area also provided an analyte signal out of a 200 pM bradykinin solution. The
sensitivity is calculated to be about 200 fmol when a cylindrical crater is assumed as
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ablation volume, but this value is probably even less as oversampling mode only
desorbs a fraction of the laser beam waist. Sample preparation impacts signal
generation and thinner ice films were investigated further.

Bulk Frozen Droplet Semi Thick Films, 30 um
v L X v N
xxxx». : b 4 :
10 pum steps . G 10 um steps \

X X

Thin Films, 12 um Ultra-thin Films, 2 - 4 um

v % v

HO+ (oS
2peptide RG peptide RG

TG TG

V x w % * after ice sublimation

Figure 6.1 Various thin ice films were prepared and investigated under reflection
geometry (RG) or transmission geometry (TG). The yellow cone indicates a laser beam
while the green checkmark represents a successful and the red cross a failed extraction of
bradykinin or angiotensin. All images represent a cross-section of a silicon coverslip and
an aqueous sample in the mass spectrometer (MS).

Several considerations motivated the application of thinner ice films. First,
irradiating a small volume, which is ultimately represented as a thin film, produces a
plume with a lower density of ions than a larger volume. Particle interactions in the
expanding plume are a known phenomenon that can reduce the overall analytical
performance by recombining ion-ion [89], [221]. Hence, thinner ice films would be an
intriguing solution to this phenomenon. Of course, a tighter laser focus can be
employed, but high photon densities accompany such adjustment, enhancing the
probability of non-linear processes leading to vibrant fragmentation patterns [205],
[207], [222].
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6 Discussion

A more practical aspect of using thin ice films is the irradiation geometry. The
results discussed in the paragraph before were produced in RG, but bulk frozen
droplets and semi-thick films did not provide a signal in TG (Figure 6.1). The
assumption was that penetration depth must play an important role, which is of the
order of micrometers at 3000 nm in water [223], given a 1/e absorption length of
3 um. While the superficial layer of the specimen is directly exposed to the laser beam
in the RG and excited molecules can freely expand into the vacuum, this is not the case
for irradiation in TG, where top layers impede the molecular expansion. Thus, a
sufficiently thin ice film should reduce the previously described effect. Furthermore,
the advantage of TG is that optical elements with higher numerical apertures can be
employed, resulting in a tighter focus, which is useful when higher spatial resolution
is desired, especially in the case of IMS [224]. Last, thin films might be useful as a low-
cost calibrant outside the scope of the present work. Before IMS experiments, thin ice
films, which mimic a tissue section, can be used to test various parameters prior to
the investigation of a unique specimen.

Therefore, a study was conducted for the first time where thin ice films (between 2
and 12 pm) were irradiated in TG and RG (Figure 6.1). First, the thickness of ice film
with a 12 pm (thin film) is discussed. A bradykinin or angiotensin signal was difficult
to obtain from 100 uM solutions, which the reduced amount of ejected particles can
explain such observation. Hence, only an increase to 1 mM analyte solution granted
the desired results for both geometries under cryogenic conditions. Unfortunately,
the mass spectra were overshadowed by increased substrate noise in TG, which
limited the use of higher laser pulse energies. Gating or deflection plates are common
techniques to hinder small mass ions from reaching the detector, but hardware
limitations restrict such an approach. Conclusively, thin films provided mixed results,
and the overall sensitivity was reduced to 50 pmol per shot.

In this context, it is less surprising that using even thinner films in the range of 2 -
4 um (ultra-thin film) revealed additional challenges in TG and RG (Figure 6.1). To
grasp a better understanding of the underlying desorption and ionization mechanism,
a temperature-dependent study was performed. Despite multiple approaches to
produce an analyte signal from 1 mM solution, analyte ion generation was only
possible from 10 mM bradykinin solution during cryogenic conditions, but with
unsatisfying shot-to-shot repeatability, which substantially improved once ice
sublimation began. High water content in the residual gas of the mass spectrometer
can be observed before and towards the end of the ice sublimation, which correlates
with the signal intensity of bradykinin during the same period. Because of this
observation, a speculative hypothesis can be made that water in form of a hydration
shell is sufficient for desorption and ionization. The hypothesis was supported by
bradykinin signal intensity drop after ice sublimation in RG and to some extent in TG.
The ideal analyte-water ratio could not be determined, but the most intense signal for
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both geometries was obtained during ice sublimation. Overall ultra-thin films show a
low sensitivity in TG and RG, and further studies, for instance, with different targets,
are needed to make a statement about the overall performance.

A low intensity bradykinin signal can be observed several hours after ice
sublimation in TG, which led to the assumption that through decreasing ice film
thickness, substrate-related effects might promote the signal onset. To investigate
such interactions, protonated water was exchanged with deuterated water, which
lacks a high absorption coefficient at the incident wavelength [189], reducing the
matrix’s role in the desorption and ionization process. A 10 mM bradyKinin solution
and a 3 um thin ice film were prepared and irradiated in a temperature-dependent
study. In TG, the bradykinin signal embedded in D20 can be generated after ice
sublimation, but the signal is less intense than in the H,0 sample. This experiment
suggests that substrate effects are to some extent involved in analyte desorption and
ionization in TG. However, in RG, no bradykinin signal could be obtained before,
during, and after ice sublimation, suggesting an absence of a substrate effect.

To increase analytical performance for ultra-thin films, glycerol as an additive was
investigated. Although this adds a step to the sample preparation protocol, it is also
considered a good IR-MALDI matrix that is compatible with most biological
substances [172], [176]. The specimens was prepared in accordance with the ultra-
thin film sample preparation protocol. However, only a small fraction (2.5 % - 20 %,
(w : w)) of glycerol was used, which considerably improved the outcome. Specimen
with an analyte concentration of 100 uM can be routinely analyzed, increasing the
sensitivity hundredfold (10 fmol per shot) in comparison to the analyte in pure water
(1 pmol per shot) for both irradiation geometries. In a limit of detection study, even
from 10 pM bradykinin solution, improving the sensitivity further but still in the same
range as reported by other authors (Table 6-1). Such relation of the sensitivity might
not be sufficiently informative as other have worked with pure glycerol samples and
different sample stage temperatures, but this analogy is the best comparison as
studies with a similar setup are not available or limited to a single work [35]. Also,
sensitivity depends on pulse duration, different sample preparation protocols,
sampling conditions, and the employed mass spectrometer. Nevertheless, based on
the uncertainties mentioned above sub-nanosecond pulse durations employed in this
work performed reasonably well, but a final statement about the sub-nanosecond
pulse duration impacting the sensitivity, ion yield, or mass resolution is inconclusive.
However, this work's IR-(MA)LDI method stands in great contrast to previous results
where direct extraction of biomolecules from ice was unsuccessful. Whether the
outcome is linked to pulse duration should be investigated in future studies.
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6 Discussion

Table 6-1 Selected publications concerned with IR-MALDI using glycerol as a matrix under
different temperatures. Experiments were conducted in reflection geometry while some
were actively cooled and others were investigated at room temperature (RT). The
asterisks denotes that the sample was a water-glycerol mixture (w : w, 20 : 80).

Temperature at  Pulse Analyte
. Fluence .
the sample duration concentration
[J-em?]
stage [°C] [ns] [uMm]
S. Berkenkamp et al. [160] -123 80 - 1
Y.J. Bae et al. [93] -15 7 6.8 -
C. Menzel et al. [184] RT 6 3.5 30
RT 98 4.2 30
RT 185 4.2 30
J. C. Hyun et al. [180] -30 5 1.1 5
V. L. Talrose et al. [225] RT 70 0.2 1
This Work - 140 0.4 1.1 10*

Table 6-2 gives a qualitative overview of whether a bradykinin signal can be
produced in different solvents by RG or TG conditions. The present results verify that
glycerol can increase the IR-MALDI sensitivity hundredfold without additional
optimization than equivalent sample preparation with pure water (ultra-thin films).
For semi-thick films (30 um) the addition of glycerol can produce an analyte signal
not obtained with pure water samples in TG (Table 6-2). Although this outcome
encouraged testing the limit of detection, further dilution yielded an analyte signal
with high fluctuation, making it complicated to find a concise conclusion. The
temperature-dependent study revealed that an analyte signal could be generated
from semi-thick films before and after ice sublimation in RG and TG, though the signal
intensity was lower for both geometries before ice sublimation. This observation
suggests that an already small addition of glycerol improves the laser solvent
interaction, leading to a successful peptide extraction before ice sublimation. A study
investigating different glycerol-water mixtures with neutron scattering suggested
that glycerol changes the water structure. The hydrogen bond network is extended
with glycerol, which might change the properties of the mixture [226]. The addition
of glycerol is beneficial for signal onset in IR-MALDI, but glycerol weight ratios
exceeding 7.5 % (w : w) resulted in signal broadening, reducing the mass resolution.
A previous study concerned with protein samples containing 50 % glycerol has also
reported a loss of mass resolution [180]. The authors encountered this issue by
placing a grid perpendicular to the expanding plume, which improved the mass
resolution significantly, but the implementation of such a design was not feasible due
to spatial constraints in our mass spectrometer. Nevertheless, the optimal glycerol

113



weight ratio is about 5 % (w : w, 5:95), which slightly worsen the analytes mass
resolution but significantly improved the sensitivity.

Table 6-2 Results of the performed resonant IR-MALDI experiments in reflection (RG) and
transmission geometry (TG). The table summarizes the experiments with pure water and
glycerol-water mixture sample, which are separated by a slash sign (pure water/glycerol-
water mixture). Green and red dots imply a successful or unsuccessful experiment,
respectively. Additionally, the ‘X’ denotes a not conducted experiment, while the
checkmark indicates whether a temperature-dependent series for a given sample was

conducted.
Irradiation Geometry TG RG
Ice Film Thickness [um] 30 2-4 30 2-4
Signal at — 140 °C o/e o/e ) o/e
Temperature- X/ NN x/V VIV
dependent series
Before ice sub. x/® o/e x/® o/e
During ice sub. x/® o/e x/e® o/e
After ice sub. x/® o/e x/e® o/e

Table 6-3 summarizes the ablation threshold for the bradykinin in pure water and
a water-glycerol mixture in RG. The ablation threshold energy did not depend on the
sample thickness or the matrix but on the sampling conditions, such as oversampling,
which showed the lowest fluences for signal onset. This might be because successive
laser pulses locally increased the temperature and reduced the ablation threshold
energy. This statement include sufficiently thick samples such as bulk frozen droplets
and semi-thick films, as for thinner ice films, the effect was not noticeable. Also, when
SSpS mode was applied to semi-thick films, a slight increase in pulse energy was
necessary to achieve a similar analyte signal intensity compared to oversampling
mode.

In an additional study, the mass limit of the resonant IR-(MA)LDI in pure water and
water-glycerol mixture was determined. Lysozyme is the highest molecular mass that
can be extracted from both solvents in RG using the oversampling mode, while a
successful signal in TG was only possible in a water-glycerol mixture during and after
ice sublimation. Remarkably, in both geometries, fragmentation was absent for
proteins and peptides during the course of this work under resonant IR irradiation.
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6 Discussion

Higher mass protein such as BSA was investigated but provided no outcome. Whether
non-optimal adjustment in the mass spectrometer led to disappointing results or
other parameters cannot be distinguished. Additional measurements are required in
another mass spectrometer to make a comprehensive conclusion.

Table 6-3 Signal threshold fluences for samples with various ice thicknesses, sampling
conditions, and solvents. Superscript | stands for oversampling mode, while |l denotes
single shot per spot mode. The asterisks marks a successful signal detection after ice

sublimation.
. Threshold pulse
Routinely used pulse . Fluence
Solvent Sample . energy for signal
energies [] [J-em?]
onset [W]
Bulk Frozen Droplet 56 50+ 15 1.1
HO Semi Thick Films 60 55+ 12 1.2!
? Semi Thick Films 70 651+ 17 1.3
Thin Films 104 70+ 19 2.2"
Ultra-thin Films 94 92 +13* 2.0"
H.O/
Glycerol Semi Thick Films 98 81+14 2.1"
Ultra-thin Films 98 100 + 21* 21"

Resonant IR-(MA)LDI wider use was mainly hampered by expensive laser sources,
low ionyield, lack of reproducible as well as reliable sample preparation protocol, and
also systematics studies to better understand the desorption and ionization process.
First, the IR laser sources are still more expensive than UV lasers, but the price
difference is shrinking, making such systems more affordable. In the present work,
novel and reproducible sample preparation protocols were developed to facilitate the
application of resonant IR-(MA)LDI and make it more accessible to a broader
community. In a systematic approach, it was shown that not only sample preparation
but also sampling condition as well as the temperature at the sample stage impact the
mass spectrum. The information gained from this work can be further adapted by
other scientists who desire to work in a mass spectrometric environment close to in
vivo conditions. The determined ion yield in this work is still lower in IR-(MA)LDI than
in UV-MALDI, but with different sample preparation protocols, we increased the
current detection limit and showed that direct extraction of biomolecules from ice
without proton donor agents was possible, even for high mass species such as
lysozyme. Further parameters can be investigated and optimized, and more
information is given in the outlook chapter.
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e Femtosecond Laser Mass Spectrometry

Unlike in resonant IR-(MA)LD], in non-resonant fs IR LDI, laser-matrix interaction
is less important, and laser-substrate interaction is primarily responsible for analyte
desorption and ionization. General application of fs lasers has been extensively
employed under ambient conditions in combination with Q-TOF mass spectrometer
with particular emphasis on the investigation of bio- [56], [129], [227] and carbon-
based molecules [228] and as a post-ionization source in ion traps [206] or TOF
instruments [229]. Nonetheless, the implementation of non-resonant fs IR-LDI in a
low-pressure environment is, to the best of our knowledge, limited to the publications
listed in Table 6-4. A remarkable report from this list is the study by Walker et al,,
where lipid extraction from pancreas tissue was conducted, but unfortunately, severe
fragmentation led to ambiguous results. Another seminal publication in the context
of fs IR-LDI investigated thin ice films under cryogenic conditions and inspired the
present work here. Berry et al. [53] used a laser with a central wavelength of 400 nm
and 200 fs pulses to extract biomolecules up to 6 kDa with minor fragmentation from
acidic ice films under cryogenic conditions. The authors also investigated various
substrates and suggested that desorption and ionization are solely driven by laser-
substrate interaction, mostly due to local heat increase. However, this promising
methodology's broader utilization or follow-up publications did not yet appear.
Therefore, it was even more intriguing to investigate the aforementioned results in
our laboratory and use non-resonant fs pulses with the wavelength of 1026 nm
(fundamental) and 513 nm (second harmonic) to extract bradykinin and angiotensin
out of thin ice films. In addition, a temperature-dependent study was conducted to
investigate the ice layer’s impact.

Initially, the specimen was a simple mixture of water and a peptide prepared in a
semi-thick ice film, but all attempts to reproduce the observation reported by
Berry et al. failed. Variation in the TFA content and the increase in laser energy did
not yield the desired outcome. The prime worry was that a sparse laser-substrate
interaction resulted in the absence of ablation. As a consequence, the sample
preparation protocol for ultra-thin films was adopted, leading to a successful signal
detection but only from certain areas. Increasing the laser intensity or adding TFA
improved the outcome marginally on silicon, ITO, and CG. The intensity was limited
to fluences below 6] cm2 as higher energies produced an abundance of small
molecular ions, which oversaturated the detector, reducing the analytical
performance. lon deflection for small molecular species was not possible because of
hardware limitations. It cannot be excluded that an analyte signal could have been
obtained with higher fluences because the fluences employed in the work of
Berry et al. were between 4 and 9 J-cm2and up to 5 times higher.
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6 Discussion

Table 6-4 Selected publications concerned with fs laser MS of organic molecules and
samples under low-pressure conditions.

The temperature Wavel Pulse H Highest
uence
at the sample ength  duration T 2 mass Sample
-cm-
stage [°C] [nm] [fs] [Da]
Berry o
-173 400 200 6.1 5800 Thin ice film
etal. [53]
Samek
RT 775 170 4.89 60 Plant leaf
etal. [230]
Kobayashi
400/
etal. RT 800 120 1.7 720 Cso powder
[119], [231]
Walker Pancreatic
RT 800 100 - 900 )
etal. [52] tissue
. 513/ L
This Work -140-RT 1026 190 0.9 2400 Thinice film

A radical change was observed once a temperature-dependent series was
conducted. During the experiments, a residual gas analyzer measured the
environment in the mass spectrometer, and the gauge pressure output was also
monitored. Figure 6.2 illustrates three distinct states of the thin ice films before,
during, and after ice sublimation. In Figure 6.2 panel A, under this conditions
obtaining an analyte signal was only possible from some regions, and a speculative
assumption is made that those areas are thinner than the average thickness, while in
Figure 6.2, panel B, those regions expand. The water content in this observation must
play an important role as signal onset did not incrementally increase with rising
temperature but abruptly gained in intensity once ice sublimation started. A high
analyte-water ratio seems favorable, but matrix-free analyte desorption and
ionization was also possible. (Figure 6.2, panel C). The figure shows that the spatial
peptide orientation was expected to be maintained after ice sublimation, similar to
freeze-drying experiments with protein and peptides. However, the suggestions
above are speculative, and panel C shows a more complex picture. Analyte signal from
a 100 uM solution can only be obtained multiple hours after ice sublimation. Our
explanation for the latter observation is the hydration shell consisting of several
water atoms. This solvation shell should stay intact under low-pressure conditions
for some hours. This statement is supported by the fact that when the water signal
vanished in the RGA mass spectrum, the signal for the analyte vanished in the TOF-
MS some hours later. A possible explanation for the observed phenomena could be a
conformational change experienced by the analyte when the water ratio dropped
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below a critical threshold. However, higher analyte concentration showed that an
analyte signal could be generated even a day after. With a higher peptide
concentration, a more dense peptide network can be expected once ice was
sublimated. Whether this network was beneficial for signal onset could not be
clarified in this work.

Conclusively, cryogenic fs MS is possible, but the most favorable condition is when
the specimen is sufficiently thin and/or the analyte-water ratio is low. Once the ice is
completely sublimated, the specimen is left without matrix, and the method is more
accurately coined fs SALDI. A comparison with nanosecond and fs SALDI reveals
slightly different desorption and ionization processes, discussed in the upcoming
section.

? ? ? @ water
v X v X v v

v v \
N C I £V S SV
A) B) Q)

Figure 6.2 Ice thin-film status before A), during B), and after C) sublimation. Some areas
provide an analyte signal before ice sublimation and under cryogenic conditions, while
most ice films only show substrate peaks. Laser energy increase does not change the
outcome. During ice sublimation, the analyte signal intensity increases along with the area
where a successful analyte signal can be obtained. After ice sublimation signal can be
generated from the most location of the thin film.

Fs pulses hitting ice layers with biomolecules produce a dizzying array of
phenomena. Generally, the possible mixing of different effects is difficult to entangle,
and further investigations are needed.

The laser light first interacts with the superficial layer of the ice film and induces
rapid heating or ionization of the material. Once the laser light transverse the ice
layer, it subsequently interacts with the substrate. Here similar phenomena can occur
as with the ice layer. Next, the laser light can penetrate the substrate or is reflected to
the extent that depends on wavelength and intensity (e.g. focusing conditions). A
substantial amount of laser energy can be sent back through the sample film a second
time and interacts with the ice layer again. The remaining intensity is either absorbed
in the substrate layer or partly transmitted. The ice film and substrate interface region
is prone to plasma effects above certain intensities. The electric field distribution is

118



6 Discussion

fully inaccessible, and so is the energy of potentially liberated electrons, ions, and
clusters, which would be available to initiate desorption and ionization processes.

As mentioned above, bradykinin signal onset is highly dependent on the sublimation
progress. The substrate was more exposed to the impinging laser light when the
absorptive ice and water was getting thinner. A correlation must be assumed as more
laser light interacted with the substrate and improved the analyte signal intensity.
Further, the substrate irradiation under cryogenic and non-cryogenic conditions with
fs pulses forming high-intensity silicon clusters solidifies laser-substrate interaction
[232]. The observations above outline the predominant role of laser-substrate
interactions in promoting analyte desorption. Another possibility might be that
clusters ejected from the substrate material facilitate bradykinin desorption.
Although substrate signals for most mass spectra accompany the bradykinin signal,
several exceptions can be found without substrate signals (Appendix, Figure A 10).
The latter observation suggests that desorption is not solely relying on the liberation
of substrate ions.

Another factor driving analyte desorption is the laser-induced heat. Surface melting
has been suggested as a potential pathway for ionizing analyte molecules in the SALDI
environment [39], [203]. However, in SALDI or DIOS, nanosecond ultraviolet lasers
are employed. The interaction between the substrate surface and fs pulses differs
from nanosecond pulses [233], [234]. The energy of a shorter laser pulse mainly
couples to the electrons of the excited material [121]. The heat affecting zone
produced after laser pulse impact is proportional to the square root of the pulse
duration [235]. This phenomenon is of minor impact [236], [237] when fs pulses are
employed. The experiment in this work supports that laser-induced heat zones were
barely visible under experimental conditions, while only higher pulse energies caused
typical heat-induced patterns on the silicon coverslip. However, this work did not
clarify whether fs laser pulses solely desorb the analyte by heat and subsequent
temperature rise or in combination with other phenomena.

In addition, for the 1026 nm wavelength, we have found that the analyte signal
originates from a fairly narrow 20 pm wide region with local energy densities above
0.6 J-cm-2 in the center of the beam (Figure 6.3B). The bradykinin signal is observed
after the first laser pulse, but subsequent laser pulses on the same region failed to
produce an additional signal. This is remarkable since the FWHM diameter of the laser
beam is 30 um, and the analyte could interact with the outer region of the laser beam
profile. A certain laser threshold energy seems to be necessary for signal onset, which
was also confirmed by another study [196].

The near-IR irradiation and its second harmonic (green) produce a similar mass-
spectrometric result. However, the boundary conditions are very different concerning
beam size, absorption in the substrate, number of photons in the region of 20 pm
(where the bradykinin signal of the near-IR originates), and energy density. Given that
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second harmonic wavelength has higher pulse energy, their energy density in the
center of the beam is less compared to the fundamental, and so is the number of
photons compared to the spatially narrower yet weaker near-IR pulse (Figure 6.3A).
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Figure 6.3 Laser profile of the second harmonic (513 nm) and fundamental (1026 nm)
during ablation. A) A comparison between 513 nm (green) and 1026 nm (red). B)
Bradykinin signal onset dependence on the distance of adjacent pulses.

The desorption of an analyte is the first step toward detection, but in MS, typically,
only ionic species are observable. As mentioned in the introduction, several pathways
can ionize the molecule of interest, which leads to a different outcome. The molecule
of interest can arrive at the detector as quasimolecular protonated species like in
MALDI, with electron deficit, or even both. Due to limits in the mass resolution of the
used mass spectrometer, resolving molecular species by proton mass was impossible.
To investigate the possibility of the arrival of an electron deficit species, an additional
experiment with C60 fullerene and toluene was conducted. C60 fullerene and the
solvent are neither accepting nor providing protons. However, C60 was detected,
hinting that an electron deficit species cannot be ruled out (Figure 5.10 and Figure
5.11) for bradykinin as a prime molecule of interest. Two possible ionization
pathways may be associated with creating an electron deficit species. Either the
analyte is ionized through multiphoton ionization [37] or electrons liberated by the
laser light, thermal effects or photoeffect and subsequently ionized [238] by electron
impact. Both regimes are plausible and can cause the vibrant fragmentation observed
in the present experiment.

Multiphoton ionization could create the observed fragmentation picture through
ladder climbing or switching [37], but the direct laser-analyte interaction must be
assumed here. Ionization can also occur through other channels, and the ionization
potential of the experimental constituents could give a probability of such events. The
ionization potential for silicon, ITO, and water is 8, 4.5, and 13 eV, respectively [239],
[240], [241], but it is difficult to distinguish for bradykinin. However, the ionization
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6 Discussion

threshold energy for peptides with a mass of 1 kDa is around 8 eV [242]. The sudden
onset of the bradykinin signal as a function of pulse energy does not support the idea
that single-photon ionization is prominent. Unfortunately, the energy window with a
bradykinin signal is too narrow to quantitatively infer the number of photons
involved by sweeping over large intensity changes (Appendix, Figure A 11 and
Figure A 12). Nevertheless, the sudden onset of 1 kDa peptide signal after reaching
an ionization threshold would, on its own, call for multiphoton ionization to be a
candidate to overcome the energy barrier and therefore play an essential role in
signal onset either through direct or indirect interaction with the analyte, water, or
the substrate.

Another path to desorption and ionization is through laser-induced plasma
formation. Fluences above 1 J-cm2 are known to cause plasma formation [200], [201],
but in the present experiment, the employed pulse fluences had a similar value, which
makes a clear distinction laborious. The analyte signal onset threshold was at 5.7 yJ
pulse energy corresponding to 0.9 J-cm2 on silicon during ice sublimation (Appendix,
Figure A 11 and Figure A 12). The presented experimental data cannot answer
whether plasma formation is the driving ablation and ionization pathway, but the
vibrant fragmentation pattern observed in our experiment would call for such a
condition.

The possible ionization pathways discussed above are possibly the main contributor
to signal onset, or multiple phenomena simultaneously contribute to the observed
mass spectra. The details of contributions from multiphoton, photoelectrons, or
plasma formation to the ionization of bradykinin species and its fragments must be
investigated in future studies and probably in tailored experiments.

Finally, non-resonant fs IR and UV pulses extracted endothelin I (2490 Da), which is
sufficient for lipid extraction from tissue sections, but lags behind the report by
Berry et al. showing mass limit up to 5800 Da. A possible explanation might be that
specimen ablation was performed under cryogenic conditions and with much higher
pulse energies. Higher pulse energies produce a larger number of ejected particles
escorted by larger recoil formations [243]. Recoil formation is the product of indirect
laser-matter interaction and carries larger amounts of material than the gaseous
plume, which is considered more relevant for MS detection. The pulse energy might
change the outcome, but due to the lack of high voltage deflection plates, small mass
ions generated during the irradiation oversaturated the detector, reducing the
analytical performance.

Fs pulses tuned to 1026 nm and 513 nm generated mass spectra of bradykinin
species on different substrates under cryogenic conditions, while wavelength
independence has been identified. Yet only film thickness below 3 pm with a
limitation to some regions, promote bradykinin onset. In a temperature-dependent
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study, those regions enlarged prior to ice sublimation. After ice sublimation, a robust
and stable analyte signal can be obtained throughout the thin film. As a vibrant
fragmentation pattern occurs in the mass spectra compared to ns SALDI the
assumption was made that additional ionization pathways can occur.

A conducted shot-to-shot repeatability of the bradykinin signal statistic showed a
90 % success rate for several samples. In addition, this method reveals superb
sensitivity of about 25 amol and a mass limit of 2.5 kDa, making the ionization source
a potential candidate for ultra-sensitive IMS.

The ion collection yield of a singly charged bradykinin species produced with fs
pulses was determined using the beam waist diameter and the height of the thin film.
The ionization probability is around 10-> and is comparable with UV-MALDI [76].
Successful extraction of organic molecules from pure water and toluene effectively
renders the cryogenic non-resonant fs IR-LDI as a general analytical method. Due to
the high ionization efficacy of non-resonant fs IR-LDI and the minimal sample
preparation requirement, the method allows full automation and offers its use clinical
environment, as sample pretreatment is minimum, allowing rapid analysis.
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7 Outlook

® Preamble

The presented work investigated new frontiers in water-based MS to detect
biological materials without any artificial matrix or additives. The goal was to create
a simple yet effective method for ion generation with different IR lasers in aqueous
solutions. This thesis developed two methods in which only water carried the
molecules of interest. However, not all experiments were feasible in the laboratory
due to various reasons. This chapter gives an overview of possible and interesting
follow-up experiments.

e DIVE MS with Cryogenic Thin Ice Films

For the first time, an affordable and detailed sample preparation protocol is
introduced for cryogenic MS, which allows sample preparation within minutes
needed for a routine investigation of various specimens in water. This method is
especially useful for biomolecules prone to acidic conditions tending to precipitate,
such as recombinant proteins [244], can now be investigated under moderate
conditions. Recombinant proteins are commonly used to produce pharmaceutical
products, and therefore an analytical method capable of analyzing these species can
facilitate medical research.

Arecent publication concerned with IR-MALDESI used oversampling under ambient
conditions, and was able to extract biomolecules from thin tissue sections [33]. We
showed in this work that oversampling is superior to a single shot per spot mode for
samples with 30 um thickness. Hence, an investigation of a tissue section with a
similar thickness under low-pressure conditions would be interesting. It is also
important to mention that during ice sublimation, the produced signal from a pure
ice/water sample has the highest intensity, and accurate regulation of the sample
stage temperature would facilitate the investigation of the specimen under optimal
conditions.

Successful signal detection depends not only on laser parameter or sample
preparation but also on the substrate used in the experiment. In this work, a silicon
coverslip doped with phosphor was used. However, due to time constraints,
additional IR transparent coverslips were not investigated, and in the future, silicon
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coverslips with different dopants should be investigated to increase the IR-MALDI
performance possibly.

e Femtosecond Laser Mass Spectrometry

The present work showed that fs pulses produce an array of fragments in a
biomolecule, but whether different substrates can produce different dissociation was
not investigated. In a future study, this question can be answered by the investigation
of multiple substrates. A published work suggests that a low thermal conductivity
might favor desorption processes in UV-MALDI [188], which sparks the idea of
whether this might be a similar case for non-resonant fs IR-LDI.

To our best knowledge, fs laser tuned to water absorption maximum was not
applied yet. If the laser is tuned to 3 pm, the desorption process would be promoted,
as a higher absorption coefficient would lead to more ejected material and, in
combination with the high ionization efficacy, probably also to higher sensitivity. If
such alaser system had been employed, a possible reduction down to several hundred
femtoseconds (>500) in pulse duration might be necessary as high peak powers in
combination with high absorption coefficient might produce a rich fragmentation
pattern.

A publication dealing with SALDI MSI showed that surface molecules of a tissue
section that was pressed and then removed from a substrate can be detected in high
quality [51]. In this work, we showed that shortly before ice sublimation, a high-
quality signal could be obtained, and as a consequence, a sufficiently thin ice layer
seems to be suitable for the extraction of biomolecules. A tissue section not thicker
than 1 pm would be an interesting target for fs laser-based MS.
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9 Appendix

9.1 Figures

98 1, avg. of 70 shots, t=167 min.
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Figure A 1 Temperature-dependent series of mass spectra of 100 uM bradykinin in
different water-glycerol ratios. The lowest mass spectrum was recorded at -140 °C. After
the liquid nitrogen supply was cut, the warm-up phase started. More details about the
temperature profile can be found in subsection 4.2.4. For sample preparation, 750 nl were
pipetted, which corresponds to 30 um thickness. Irradiation was performed in reflection
geometry, and data were acquired in an oversampling mode, while the pulse energies
were held constant at 98 pJ. Bradykinin embedded in 7.5 % glycerol.
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Figure A 2 Mirror arrangement and laser beam paths in a pre-pulse experiment.

A=1026 nm
T
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No Substrate - 100
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Borosilica 6 92
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Chalcogenide glass
Figure A 3 Substrates were irradiated with 1026 nm under an angle of 35° The
transmitted (T) and reflected (R) laser beam was measured with Coherent LabMax power

meter and a C120VC head.
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1026 nm, 35 pJ or 8,1 J-cm~2, avg. of 104 shots, t=159 min.
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Figure A 4 Temperature-dependent series of mass spectra of 100 uM bradykinin on
borosilicate. The lowest mass spectrum was recorded at -140 °C. After the liquid nitrogen
supply was cut, the warm-up phase started. More details about the temperature profile
can be found in subsection 4.2.4. For sample preparation, 200 nl were pipetted, which
corresponds to 2 um thickness. On average higher laser pulse energies were used
compared to other substrates (Silicon, ITO and chalcogenide glass). Only substrate signals
could be detected and no bradykinin signal is visible.
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—— 1026 nm, 5 yj or 1,2 J-cm~2, avg. of 713 shots, t=47 min.
—— 1026 nm, 5 yj or 1,2 J-cm~2, avg. of 278 shots, t=34 min.
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Figure A 5 Temperature-dependent series of mass spectra of 100 uM bradykinin on
borosilicate. The lowest mass spectrum was recorded at -140 °C. After the liquid nitrogen
supply was cut, the warm-up phase started. More details about the temperature profile
can be found in subsection 4.2.4. For sample preparation, 200 nl were pipetted, which
corresponds to 2 um thickness. Only substrate signals could be detected and no
bradykinin signal is visible. Experimental condition were the same compared to Figure A3
except the lower pulse energies here. Substrate peaks have a lower intensity and the
bradykinin signal is absent.
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1026 nm
200 um 30 pm
I 100 um
total steps : 21
I 50 pm
< > -+
total steps : 21
513 nm T P 15 um

Figure A 6 Data acquisition strategy to minimize biases introduced with sample
inhomogeneity. The squares represent a single laser shot on a substrate. The different
colors combine a group of laser shots to acquire a single mass spectrum. Each row of the
same color is distanced 200 um in y-direction. Different mass spectra were acquired by
placing the laser shots 30 um apart in y-direction. Such distance prevents undesired
overlapping of laser shots. The dark blurred squares represent the pattern for data
acquisition with another wavelength. The data acquisition is the same as described above.
In total for a single mass spectrum a 21 x 21 array was scanned resulting in 441 shots.

Figure A 7 A brightfield image in the mass spectrometer. The white circle indicates a
sample region with low intensity bradykinin signal and the red circle indicates an area with

high intensity signal.
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Figure A 8 Signal voltage intensity in dependence of the number of ions. A) A graph shows
residuals from the linear fit function. B) A scatter plot of bins which were obtained from
single shot mass spectra. According to the slope of the linear fit function a single ion is
producing 1.08 mV. The function parameters are y = 2.13-x — 6.39. Overall 19 single shot
mass spectra were used for the calculation. datum 2020-09-21
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Figure A 9 Non-resonant IR-LDI imaging of a thin ice film containing 100 uM Bradykinin.
A) The intensity of the bradykinin signal in plotted. B) A brightfield image of the specimen.
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Figure A 10 Single shot mass spectra of 100 uM bradykinin from the same data set. A)

Bradykinin arriving at the detector almost as a single species. B) Bradykinin signal is
accompanied by substrate ions.
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Figure A 11 Threshold fluence for bradykinin signal onset on a silicon substrate for during

1026 nm irradiation. During the investigation, the temperature at the sample stage was
estimated to — 70 °C. While pulse energies between 2.8 and 3.2 pJ missed to produce an
analyte signal, higher pulse energies between 3.8 and 4.4 W gave a signal with a high

signal-to-noise ratio. Pulse energies above 5 W did not produce a signal. A possible

explanation is the intense substrate signals (not in the image), which oversaturates the

detector and reduces analytical performance. For the experiment 100 uM bradykinin

solution and 170 nanoliters were used.
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A=513 nm, 190 fs, 100 uM bradykinin in pure water, 170 nl on silicon 0.1-1 -cm™~!

22.7 pJ, avg. of 54 shots, t=25 min.
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Figure A 12 Threshold fluence for bradykinin signal onset on a silicon substrate during
513 nm irradiation. During the investigation, the temperature at the sample stage was
estimated to — 70 °C. While pulse energies below 11 p missed to produce an analyte
signal, higher pulse energies between 13.6 and 16.5 pJ gave a signal with a high signal-to-
noise ratio. Pulse energies above 19.4 W did not produce a signal. A possible explanation
is the intense substrate signals (not in the image), which oversaturates the detector and
reduces analytical performance. For the experiment 100 uM bradykinin solution and
170 nanoliters were used.
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9.2 Tables

Table Al lons produced after femtosecond irradiation (1026 nm) under cryogenic and

non-cryogenic condition of a silicon cover slip.

[C:jllczullated Mass Flight Time [ps] Element/Molecules '[I'::/e:]retlcal Mass
0.993 0.996 Proton 1.008
2.043 0.586 Ho- 2.016
2.988 0.161 Tritium 3.024
8.931 0.037 -

11.787 0.346 12C 12.011
12.753 0.048 13C 13.019
14.853 0.027 -

15.777 0.040 O+ 15.999
16.890 0.070 OH+- 17.007
17.835 0.140 H,O+: 18.015
18.990 0.273 HsO+ 19.023
22.812 0.837 Na+ 22.989
26.739 0.486 28Sj+ 28.085
27.810 0.359 2Gj+ 29.093
28.776 0.104 30Sj+ 30.101
38.646 0.992 K+ 39.098
39.717 0.416 Ca+ 40.078
43.791 0.128 SiO+ 44.084
44.841 0.243 SiOH+ 45.092
55.593 0.111 2 8Si+ 56.17
56.874 0.258 28Si+ and 2°Si+ 57.085
57.924 0.280 2 °Si+ 58.186
59.919 0.184 2Si+ and 39Si+ 59.194

145



Table A2 All possible fragmentation ions from bradykinin. In addition frequently occurring
satellite ions are also captured within the table. Fragmentation ions marked with an
asterisks require a double cleavage. The masses presented in this table include a proton
attachment.

Bradykinin Fragment Bradykinin Fragment+

+ Proton [m/z] Name Proton [m/z] Name
130.19 al 533.59 x4
158.2 bl 556.67 b5
159.19 z1 571.68 c5
173.22 cl* 615.74 ab
174.2 yl 637.73 25
202.21 x1 643.75 b6
227.31 a2 652.75 y5
255.32 b2 658.76 c6*
270.34 c2* 680.76 x5
306.37 z2 694.79 z6
321.38 y2 709.81 V6
324.42 a3 712.85 a’
349.39 X2 737.82 X6
352.44 b3 740.86 b7
367.45 c3 755.88 c7
381.48 ad 793.92 z27*
405.5 z3* 806.92 y7
409.49 b4 834.93 X7
418.45 y3 860.03 a8
42451 c4 888.04 b8
446.51 x3 891.04 28*
490.56 z4 903.06 c8
505.57 va 904.04 v8
528.66 a5 932.5 x8
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