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Abstract

The identification and determination of lipids as biomarkers is one of the
most important tasks in the field of clinical and life science research. The
challenge here is the enormous analyte diversity, which is given for example
by the range of the molecular size and polarity present in complex sample

matrices resulting from the high number of different biomolecules.

A very efficient and successful method for this task is the mass
spectrometry. Depending on the ionisation source used, however, only
molecules of a certain polarity range are accessible for mass spectrometers.
Electrospray ionisation is able to ionise medium to polar and ionic compounds,
whereas plasma-based techniques such as atmospheric pressure chemical
ionisation are selective for medium to less polar compounds. As a result,
simultaneous ionisation and detection of polar and less polar compounds from
complex samples is not possible within a single measurement, making a time-
consuming exchange of the ionisation source and subsequent recalibration of

the mass spectrometer necessary.

To solve this problem, the present work deals with the combination of two
ionisation techniques. The focus is on the development and characterisation
of a combination consisting of the nano-electrospray ionisation and a modern
plasma source, the flexible microtube plasma. A highly complex liver sample
containing a large number of different polar and less polar biomolecules is
selected as real life sample and reference for improvement and evaluation
purposes. Investigations and improvements on this combination enables a
selective activation of a dominanting ionisation technique solely by the plasma
high voltage amplitude. A very fast alternating activation of a dominating ion
source finally allows a quasi-simultaneous ionisation, leading to a
simultaneous detection of polar and less polar compounds in ion trap mass

spectrometers.
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1 About this work

1.1 Motivation

The complexity of living organisms is very high and thousands of different
biomolecules exist in every single cell of a human body. One of the largest
groups among biomolecules are lipids. Categorised in different classes, they
have multifarious functions in biochemical processes [1]. For this reason, lipids
often are used in life sciences as biomarkers for a variety of diseases [2].
However, the identification and determination of biomarkers is challenging,
due to the complexity of biological samples like blood, urine, saliva or tissue.
Diverse separation and analysis techniques as well as sample preparation
procedures are required to identify the entire spectrum of compounds or to

determine a specific biomarker among thousands of molecules.

One of the most commonly used techniques in analytical chemistry is the
mass spectrometry (MS) [3]. Since the past decade there is a growing trend
to replace time-consuming separation and sample preparation treatments by
the resolving power of modern mass spectrometers [4]. High-resolution mass
spectrometric (HRMS) analysers as an Orbitrap™ are able to separate very

similar compounds by the resolving power. An additional benefit of this
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devices is the advantage of high mass accuracy. Resolving power and mass
accuracy are closely linked and allow the determination of exact molecular
masses with only minor deviations. Thus, a variety of different compounds
can be accurately identified rapidly, making high-resolution mass
spectrometry a powerful tool for the identification and determination of

biomarkers in complex biological samples.

The first important step in mass spectrometric analysis is the ionisation of
target analytes. Here, ionisation efficiency and selectivity are key parameters
that indicate the application areas of a particular technique. For this reason,

several ionisation sources are available for different analytical tasks.

The development of the electrospray ionisation (ESI) by Fenn et al. in 1984
represents a milestone in MS history and becomes the most common technique
in mass spectrometric analysis [5-8]. The electrospray is able to ionise small
and very large molecules up to several thousand mass units and is sensitive
for medium to polar compounds [9,10]. In other words, the ionisation efficiency

of the electrospray mechanism decreases with decreasing polarity of an analyte
[4,11].

Another commonly used ionisation source is the atmospheric pressure
chemical ionisation (APCI) [3]. Introduced by Horning et al. in 1975, the
APCI is based on a plasma discharge that produces reactant ions which are
able to ionise incoming neutral gas phase molecules [12]. As a consequence of
the ionisation mechanism APCI and associated plasma based ionisation
techniques are sensitive for medium and less polar compounds. This means
that the ionisation efficiency of plasma-based techniques decreases with an
increasing polarity of the analytes [11]. Due to the molecular preferences of
ionisation techniques the determination of polar as well as non- and less polar
analytes in a complex biological sample cannot be completed successfully in a
single MS run. Performing two measurements with different ionisation sources
is time-consuming and expensive. The technical switch of ion sources makes
a readjustment and a recalibration of the MS setup necessary. Furthermore,

acquired data of different ionisation sources are mostly difficult to compare.
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In order to apply the full potential of high-resolution mass spectrometers
within a single MS run, an ionisation source is required that is capable of
ionising both polar and less polar compounds simultaneously. A possible

solution could be the combination of two techniques.

The idea of a combined ionisation source is not new and a few publications
are dealing with this topic. In 1998 Siegel et al. started to combine a
conventional ESI source with an APCI. Antagonistic effects were recognised
and mainly based on different temperature preferences of the ionisation
sources [13]. The best conditions for ESI (depending on the specific source and
solvents) are below 100 °C, higher temperatures lead to disrupting
evaporation processes. In contrast to this, for the APCI mechanism a
completely evaporated sample is necessary that requires high temperatures.
Siegel et al. created a dual source, but the combined ESI-APCI operation
showed only strongly reduced signal intensities. Altering between ESI and
APCI prevents signal reduction, but multiple scan cycles are necessary for

average spectra that is also time consuming due to the temperature gradient
[13].

Further developments to combine electrospray and plasma ionisation
techniques have been realised in several publications, but they lack in
documentation, show recurrent weaknesses and comparisons to conventional
sources are omitted. In these publications it is noticeable that signals acquired
in APCI mode or in the combined mode (ESI+APCI) are an order of

magnitude lower than those of the electrospray mode [14,15].

The antagonistic effects described above are still observed in combinations
today and have an influence on the spectra. In the study "Hybrid Ionization
Source Combining Nanoelectrospray and Dielectric Barrier Discharge
Ionization for the Simultaneous Detection of Polar and Nonpolar Compounds
in Single Cells", published in 2022, Liu et al. combine a nano-electrospray
source with a dielectric barrier discharge ionisation (DBDI) to analyse single
cells. In this excellent work the diagram of Figure 1 can be found that
represents different ion chromatograms of polar and less polar compounds

[16]. Here, the antagonistic effects of both electrospray- and plasma ionisation
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Figure 1: Part of a figure from the publication by Liu et al. shows that simultaneous ionisation of
polar and less polar compounds is difficult to achieve. In areas of high polar analyte intensity the
signals of less polar analytes are low and vice versa. This figure is reprinted with permission from
Anal. Chem. 94, (2022), 2873-2881. Copyright 2022 American Chemical Society.

can be observed as well. With an increasing voltage of the dielectric barrier
discharge ionisation (DBDI), the electrospray-generated signals of the polar
amino acids decrease in intensity, while the plasma-ionised compounds
increase. Either high electrospray signals of polar compounds or high DBDI
generated signals of less polar compounds can be achieved, but a simultaneous

ionisation is not truly given.

In order to understand these antagonistic effects and to solve this problem,
a new type of discharge for plasma ionisation has been developed. Initialised
by the work on novel miniaturised plasma techniques of J. Franzke et al. the
Flexible Microtube Plasma (FpTP) was developed, characterised and
introduced as ion source by S. Brandt in 2018. This type of plasma source
shows an enhanced ionisation efficiency compared to conventional plasma
sources and demonstrates its advantages and excellent appropriability in
different analytical tasks [17-20]. In the dissertation by S. Brandt the FuTP
was operated in combination with a nano-electrospray ionisation source for

the first time, which represents the starting point for the present work [21].
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1.2 Scope of this work

This work focuses on the development and characterisation of a dual
ionisation source for the simultaneous mass spectrometric detection of polar
and less polar compounds of complex biological samples. At the beginning of
this work an overview of theoretical background knowledge of different
sources, ionisation mechanisms as well as important analytical and statistical

parameters is given.

The main work starts with a stepwise investigation and a detailed
evaluation of the flexible microtube plasma as consecutive ionisation source
for the less polar lipid cholesterol in electrospray mass spectrometry. For this
comprehensive validation a challenging, complex real-life sample in form of a

liver extract has been analysed in detail.

Furthermore, interesting observations and new findings are obtained by
coupling the flexible microtube plasma with paper spray ionisation, which
represents the second main part of the present work. The results, experiences
and findings of this experiments lead to a confluence with the initial nESI-
FpTP setup and to a further development that will be evaluated in the final

main part of this work.

The combination and implementation of different insights lead to a
technically and operationally revised version of the initially introduced
combined nano-electrospray and flexible microtube plasma source. The
resulting type of dual ionisation source allows a quasi-simultaneous ionisation
of polar and less polar analytes within a single ion injection process of the
mass spectrometric scan cycle of ion trap devices. Finally, the technique
developed here is assessed and compared with conventional and commercially

available ionisation techniques.






2 Fundamentals

2.1 Lipids

Lipids are essential biomolecules, forming one of the largest classes of
natural compounds and fulfilling various vital functions in the body. They
represent an important source of energy and also play a key role in the
structure formation of cell membranes, signal transmission and the regulation

of metabolic processes. The hydrophobic character makes them fat-soluble [1].

Lipid classification. There are different ways to classify lipid molecules.
One possibility is the differentiation on the basis of their chemical structures.
Here, lipids are basically divided into three classes which consist of various
subgroups. These classes are fatty acid derivatives, isoprenoids and
polyketides [1]. The polyketides are not described in detail here, as they are
not of importance for this work. Fatty acid derivatives are subdivided and
consist, among others, of neutral glycerolipids such as di- and triacylglycides
(DG, TG) as well as of phospholipids such as phosphatidylcholines (PC) or
phosphatidylethanolamines (PE). Within the class of isoprenoids, cholesterol
is a relevant and well known representative. Cholesterol esters are directly
related to cholesterol and fatty acids and can be counted to the fatty acid
derivatives as well as to the isoprenoids due to their combined chemical

structure [1].
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Figure 2 exemplarly shows the chemical structures of relevant lipids for
this work, including a phosphatidylcholine, a di- and triacylgylceride as well
as cholesterol and a cholesteryl ester. This figure suggests a further
classification that can be derived by comparing the chemical structures. The
molecular polarity of the phosphatidylcholine is, due to the charged
headgroup, increased compared to the other lipids of Figure 2. The
classification by the molecular polarity of compounds is of central importance
in mass spectrometric analysis, especially in the choice of a suitable ionisation

technique.
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Figure 2: Exemplary compounds of the lipid classes that are relevant in this work. While
phospholipids such as phosphatidylacetylcholines are considered as polar, triacylglycerides or
cholesterol are considered as less polar lipids.
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Molecular polarity. This fundamental property of a molecule is related
to the dipole moment. An uneven distribution of electrons within a chemical
bond caused by electronegativity differences creates a polarisation inside a
molecule and leads to an electric dipole. The vector magnitude of two point
charges +q, which are separated by the distance d, can be calculated by the
product of both and represents the dipole moment [22]:

Egq. 1 ﬁ=q-c§

In the case of several dipoles the total dipole moment of a molecule [, results
from the vector sum of all dipole moments [23]:

n

n
=1 1

l 1=

Polar molecules have a permanent dipole. Due to the directional
dependence, nearly symmetrical or completely symmetrical molecules have
only a low to no dipole moment and are less or non-polar. The exact
calculation of the dipole moment, especially for larger and more complicated
molecules, can be very complex in practice. Therefore, quantum mechanical
calculations by Hartree-Fock approximation or the density functional theory
(DFT) are recommended for more accurate values [24]. In general, functional
groups as well as the geometry or symmetry are decisive for the polarity of a

molecule [22].

Lipids are basically hydrophobic, but can have non- or less polar as well as
polar properties due to their diverse structures. Triglycerides, cholesteryl
esters and cholesterol are less polar and are called neutral lipids in literature.
In contrast, phospholipids such as phosphatidylchlolines or phospha-
tidylethanolamines are described as polar lipids [25].

Biomarker. All these biomolecules are linked via various biological
processes, typically have several different functions in the human body and
are therefore used for diagnosis, prognosis or risk assessment. Compounds

used for this purpose are called biomarkers. For example, cholesterol serves
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as a precursor of bioactive molecules such as vitamin D, bile acid, oestradiol
and testosterone [26-28]. Furthermore, it regulates membrane fluidity and is
involved in transmembrane signalling processes and plays a key role in the
transport of hydrophobic molecules in hydrophilic media via lipoproteins
[29,30]. Classified into different lipoproteins like low-density lipoproteins
(LDL) and high-density lipoproteins (HDL), various diseases such as non-
insulin-dependent diabetes mellitus, Smith-Lemli-Opitz syndrome, brain
diseases, prostate cancer as well as cardiovascular diseases correlate with
atypical cholesterol, LDL and HDL levels [31-36]. The determination of

cholesterol in complex samples is not simple, for various reasons.

From the medical point of view different forms of cholesterol exist in the
human metabolism. These forms are free cholesterol and cholesterol esters as
shown in Figure 2. They are linked by the reverse cholesterol transport, in
which excessive free cholesterol is absorbed and enzymatically esterified by
HDL to transport it from the tissues to the liver [37]. Approximately 70 % of
the cholesterol molecules in human plasma are found in the form of cholesterol
esters [38]. Structurally, cholesterol esters differ strongly from the original,
free cholesterol due to the additional long fatty acid chain, but extreme
conditions in analysis processes such as high temperatures, electric fields or
certain reaction conditions in the liquid phase can lead to the conversion of
cholesterol esters to cholesterol creating interferences and incorrect values.
For example, Liitjohann et al. found large deviations of the cholesterol

concentrations in worldwide interlaboratory tests in 2019 [39].

Lipidomics. Mass spectrometry (MS) is an indispensable tool in lipid or
biomarker analysis, which is demanding due to the high complexity of the
samples. Especially the enormous quantity and diversity is a major challenge
for analytics. Here, lipidomics represent a field of bioanalytics. With the
development and commercialisation of high-resolution mass spectrometers a
trend away from chromatographic separation methods towards high-
resolution MS instruments could be observed in the field of lipidomics.
Although these cannot replace chromatographic separation methods

completely, many analyses can be performed more efficiently as selectivity

10
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can be realised directly by the mass analyser rather than by a time-consuming
pre-separation. However, this technique also has its challenges as there are a
large number of lipids with very similar structures. For example, isomers or
isobaric lipids can only be differentiated by using certain MS scanning
techniques. Two isomeric lipids have a different chemical structure, but share
the same mass and thus produce the same MS signals [3,4]. These isomeric
lipids can be differentiated by MS? fragmentation experiments, which is also
possible with less resolving mass spectrometers. Isobaric lipids on the other
hand do not have the same molecular composition, but have very similar exact
masses, often differing only by small decimal places [3,4]. The latter cannot
be identified by less resolving mass spectrometers, thus high resolution MS

instruments are necessary.

In addition, isotopic effects are present. Due to the naturally occurring
isotope distribution of several elements isotope patterns can often be observed,
especially in mass spectra of larger biomolecules. This becomes noticeable by
additional signals. The probability that one or more carbon atoms represent
a BC isotope increases with the number of carbon atoms in the molecule.
Therefore, depending on the elemental composition of a molecule with the
mass-to-charge ratio M, additional signals occur at m/z M+1, +2 and +3 (or
more) for the carbon isotopy that has a C abundance of 1.11 % [3,40]. The
number and intensity of these signals depends on the abundance of carbon
atoms in the molecule. As the number of carbon atoms in the molecule
increases, the isotope signals become more intense compared to the stable
isotope M and the number of signals increases [3]. Other elements with isotope
distribution such as hydrogen, oxygen, nitrogen, phosphorus and sulfur can

intensify this effect, but are less abundant.

In this work the lipid identification is realised using various techniques.
High-resolution spectra with a high mass accuracy allow data matching with
the database LIPID MAPS® and reduces the number of suitable lipids by the
deviation to exact theoretical masses [41,42]. By this, a range of isobaric
compounds can be almost excluded. The differentiation of isomers is realised

by MS? experiments using collision induced dissociation (CID). By

11
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fragmenting an isolated lipid, specific groups of the molecule can be removed
and generate additional signals in the mass spectrum which can be identified
[43]. These additional pieces of information can be interpreted and allow
matching with lipid data bases like ALEX123 Lipid Calculator [44,45].
Finally, publications that deal with similar samples and analytical techniques

are also of great relevance to confirm evaluated results.

As a result of the diverse chemical composition of lipids a large number of
different analytical methods exists [1,46]. With the development of the
electrospray, mass spectrometry has become one of the most important
methods in the field of lipidomics [3,9,10,47,48]. This technique allows the
ionisation of very large molecules and the direct transfer from the liquid to
the gas phase without the need of high temperatures [3,10]. Coupled with
improved instrumentation in mass spectrometry, this has led to a strong
increase in research output in the field of lipidomics, especially in the last two
decades [49,50].

2.2 Mass spectrometry

Mass spectrometry is an analytical technique with a large range of
applications. Implemented in a variety of disciplines, tasks like quality
controls, assessment of potential risks to health and environment, bioimaging
and identification of diseases and disease mechanisms can be solved by MS
analysis. In MS, different mass analyser technologies exist and this work

focuses on ion trap devices.

As depicted in Figure 3, a mass spectrometer is composed of three major
elements to determine the mass-to-charge (m/z) ratio of analytes. Usually

molecules in the gas phase occur uncharged as neutral compounds. Hence,

12
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Sample Introduction Data System

[ Ion Source HMass AnalyserH Detector ]

High vacuum

Figure 3: Schematic diagram of the major mass spectrometer elements.

ionisation is the first essential process to make neutrals accessible for electrical

lenses, mass analysers and detectors.

Subsequent to the ionisation process, produced ions pass the MS inlet in a
prevacuum and reach the mass analyser region inside the high vacuum. In ion
trap mass analysers ions are accumulated and separated according to their
mass-to-charge ratio. Ions ejected from the ion trap reach an electron
multiplier which serves as a detector and generates electrically interpretable
signals. In the following sections the relevant MS elements for this work are

described in more detail.

2.2.1 Ion sources

For a mass spectrometer a liquid sample must be converted into a gaseous
state and finally ionised. This is realised by the ionisation source which
represents the interface between the sample and the mass spectrometer.
Various ionisation techniques exist which are appropriate for different

applications and classes of molecules.

Selectivity. The choice of a suitable ionisation technique depends on the
physical state of the sample and the analytical aim. The latter is based on the

already described molecular polarity of the target compound. Besides this,

13
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another important property for the choice of a suitable technique is the
molecular weight. Combining both leads to a very helpful visualisation as
depicted in Figure 4. The diagram shows the selectivities of the individual
ionisation techniques based on the accessibility for a specific molecular
polarity and weight. Only ionisation sources that operate under atmospheric
pressure, the so-called atmospheric pressure ionisation (API) sources, are
listed here. [51].

The most common API sources are electrospray ionisation (ESI) and
atmospheric pressure chemical ionisation (APCI). ESI is based on the
electrospray mechanism, where the ionisation takes place directly in the liquid
phase, making this approach sensitive for medium to high polar and ionic
analytes. Hence, ionisation efficiency of ESI decreases with decreasing
molecular polarity. Non- and less polar compounds are not accessible by ESI
[3,51]. Appropriate for analytes of this polarity range is the atmospheric
pressure chemical ionisation. The APCI is based on a plasma discharge which

leads to gas phase reactions and finally to the ionisation mechanisms. Diverse

A
high
s
)
RS
- _
-
=
Q
2 APCI
)
S
low
- —>
low medium high

molecular polarity

Figure 4: Molecular polarity range of common API sources. Classified by the molecular weight and
the molecular polarity, the selectivity indicates the application range of an ion source. This diagram
is illustrated according to the diagram of O.]. Schmitz and T. Benter, Advances in LC-MS
Instrumentation, Journal of Chromatography Library, Vol. 72.

14



2.2 Mass spectrometry

related developments like the direct analysis in real time (DART) [52], the
low temperature plasma (LTP) [53] or the dielectric barrier discharge
ionisation (DBDI) [54,55] represent modern types of APCI with enhanced
ionisation efficiencies and polarity ranges [17,56,57]. Due to the ionisation
mechanism of plasma-based techniques medium to low polar compounds are
easily accessible. Another important approach that shares a similar polarity
range of analytes is the atmospheric pressure photo ionisation (APPI). The
process is based on photochemical reactions with dopants that lead to the
formation of reactant ions and thus to the ionisation of target molecules
[58,59]. In contrast to electrospay, both photoionisation and plasma-based
techniques require the conversion of liquid samples into the gas phase prior
to the ionisation process. The latter is usually achieved with vaporisers such

as thermosprays.

Hard and soft ionisation. An important property of ionisation sources
is the degree of hardness. A distinction is made between hard and soft
ionisation. This property is directly linked to the conditions inside an
ionisation source. Strong electric fields and high temperatures, for example,
lead to unintended fragmentation processes before the molecules enter the
mass analyser region [60]. For this reason, soft ionisation is usually desired in
order to detect the entire molecule or to fragment the molecule in a controlled
procedure, such as collision induced dissociation in the further course of the
measurement. Therefore, ion sources that are able to remain molecules intact
or show only low fragmentation products are categorized as soft techniques.
Ion sources that show increased fragmentation patterns, such as electron
impact ionisation, are considered as harder [60]. In principle, ESI and APCI
are soft sources, although a gradation can already be made here. Due to the
vaporiser temperature and the strong electric field in the direct vicinity of the
corona needle, the APCI is slightly harder compared to the ESI. However,
modern, alternative plasma based ionisation techniques as the dielectric
barrier discharge ionisation (DBDI) can be softer than the classical APCI, due
to differences in the ionisation mechanism. Yet, this fact has not yet been

evaluated by data, but reflects the experience of handling these ion sources.
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A mass spectrometer is able to analyse both positive and negative ions.
However, it can be said that the positive ion mode is the standard and
depending on the sample or target molecule, it may be necessary to work in
the negative mode. This fact as well as the workload associated with
evaluating the positive mode is the reason why this work deals theoretically

as well as experimentally exclusively with the positive ion mode.

2.2.2  Electrospray ionisation

The development of electrospray as an ionisation source for mass
spectrometry represents a milestone in MS history [5,9]. Two events are
unique at this technique. Firstly, it allows the vaporisation and ionisation in
one single process. Secondly, the electrospray is able to ionise extreme large
(polar and ionic) biomolecules like polymers and proteins [10]. The latter is
particularly the reason why this method has become established in the fields
of lipidomics, metabolomics and proteomics. The electrospray mechanism is a
multi-stage process in which ions of a liquid sample are transferred to the gas

phase by nebulisation.

Principle. To generate an electrospray, a conductive liquid sample
containing the target molecules passes a capillary where a high voltage
amplitude is applied. The formation of charged droplets at the capillary tip
finally leads to the ejection of gas phase ions. In electrospray ionisation
different spray operation modes exist leading to aerosol production. The best
characterised operation mode is the so-called cone-jet mode [61]. This entire
electrospray mechanism and its multi-stage process is schematically visualised

for the positive ion mode in Figure 5 [62].

A capillary with the conducting liquid sample inside is located several
millimeters away from a counter-electrode which can also be represented by

a mass spectrometer inlet. By applying a high direct current (DC) voltage
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Figure 5: Schematic of the electrospray ionisation process. Charged droplets are generated at the
Taylor cone and accelerate along the electrical field to the mass spectrometer inlet. This figure is a
modified scheme according to P. Kebarle and M. Peschke. Modified reprint of Analytica Chimica
Acta 406 (2000) 11-35 [62].

HV

amplitude to the electrode of the electrospray, this system acts like an
electrolytic cell. lon movement along the electric field gradient is initiated and
polarisation of the solvent molecules at the tip of the capillary leads to an
accumulation of positively charged molecules. Negative ions move towards the
anode and are removed by oxidation reactions [62]. The amount of positve
ions at the meniscus increases until the coulomb repulsion forces of the ions
exceed the surface tension. The solution surface expands in the shape of a
cone towards the counter electrode (or mass spectrometer). This appearing
cone is called Taylor cone in the literature [63,64]. The expansion of the
meniscus is limited and when the applied voltage is sufficient, micro-droplets
with an excess of charges are released from the Taylor cone towards the
counter-electrode. Solvent evaporation reduces the size of the ejected droplets,
whereas the amount of charges inside the droplet remains constant. Hence,
the charge density at the surface increases with the shrinking process of the
droplets. An effect similar to the formation of the Taylor cone described above
now occurs at the droplet. The coulomb repulsion forces exceed the surface
tension forces of the droplet and the droplet ejects a series of smaller droplets
from a narrowed tail [3], which undergo the same procedure as shown in
Figure 6. This process is called droplet jet fission and has been demonstrated

via flash-shadowgraphs [65]. It continues until the micro droplets reach the
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Figure 6: Schematic representation of the release of smaller droplets up to the size of charged
nanodroplets. Similar to the Taylor cone the droplets form a shape distortion from which smaller
droplets are ejected.

radii of a few nanometers [7]. Explanations of the electrospray process are
based on investigations and models that underlie Gauss' law. This law states
that electric charges on an insulated conductor generally move towards the
outer surface. Accordingly, ions inside a microdroplet are localised at the

droplet surface [7].

Ion release. The formation or release of gas phase ions has not been fully
clarified and depend on the size of analytes. Three concepts exist to explain
these processes [3,7]. The ion evaporation model (IEM) describes the
formation of gas-phase ions for species of low molecular weight. By the high
charge density of the droplet surface (Rayleigh-charged nanodroplets), an
electric field is generated that is sufficiently large to eject solvated ions. This
process has similarities to the droplet fission events that can be observed in

larger droplets, as described above.

For the transfer of large, globular analytes such as folded proteins, a
different model is required. The charge residue model (CRM) is used here for
explanation. In the droplet a protein is surrounded by solvent molecules. It is
folded in such a manner that non-polar parts are hidden inside and have no
contact with the solvent. Solvent molecules evaporate from the Rayleigh-
charged nanodroplets to dryness. During this evaporation process excess
charges are ejected via the IEM of solvent molecules. The final solvent shell
transfers the remaining charges to the large analyte. Due to the relevant lipid

size of < 1000 mass units the CRM is of less importance for this work.
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In certain solvent conditions proteins can be present unfolded. The CRM
is no longer applicable here, as this disorder leads to non-polar parts also
having contact with the solvent molecules. Here, the chain ejection model
(CEM), which has similarities to the IEM, describes the process [7]. Due to
the hydrophobic character the protein preferentially remains at the surface
where it is released from the droplet by electrostatic repulsion. The charged

protein enters the gas phase by stepwise ejection [7].

All three models are summarised graphically by Konermann et al. and
reprinted in Figure 7. Both CRM and CEM describe the ejection process of
large molecules such as proteins. Compared to these, lipids are rather small,
which is the reason why the IEM model is of particular importance for this
work. These processes are briefly summarised here, but can be found in more
detail in the publication by Konermann et al. from 2012. It should be noted
that not only ions but also neutral compounds with a certain minimum
polarity can be ionised and sprayed by electrospray. In this case, very small
ions such as H" or NH," associate with the neutral but polar analytes and
ionise them [61]. This processes are called protonation and adduct formation.
A protonated analyte molecule for example can be found at m/z [M+H]".

Weak acids or bases are typically added to support this type of ionisation in

Figure 7: Graphical representation of the different ion release models such as the ion evaporation
model (IEM), charge residue model (CRM) and chain ejection model (CEM). Reprinted with
permission from Anal. Chem. 2013, 85, 1, 2-9. Copyright American Chemical Society 2013.
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the liquid phase. This increases the conductivity of the sample and the
probability of adduct formation, which leads to a higher ionsation degree.

Typically, formic acid or ammonium actetate is used for this purpose [61].

If the molecular polarity of an analyte is below a certain level, it can no
longer be ionised by the electrospray and consequently cannot be detected in
the mass spectrometer. An analyte that is very close to this limit is cholesterol.
This analyte can only be determined very poorly by ESI-MS. However, it is a
fact that less polar compounds such as cholesterol or triacylglycols can also
be found in complex samples and in the electrospray microdroplet cascade, as
these can be measured using complex MS scan functions, even if only with

very low signal intensities [66-68].

As described in the theories of ion release, charge carriers or ionised
molecules prefer to stay on the droplet surface due to the repulsive forces.
Surface active compounds such as polar lipids (PC, PE for example) are
positioned in such a way that the non-polar side chains protrude out of the
droplet [69]. As a result, molecules such as cholesterol and other low and non-

polar molecules are preferentially located inside the droplet [70].

Nano-electrospray. A modern type of electrospray is the nano-
electrospray. Compared to the conventional electrospray, capillaries with
diameters in the lower pm range are used here. This leads to the ejection of
smaller initial droplets as well as significantly reduced flow rates and sample
consumption [3]. The nano-electrospray assembly used in this work is

described in a following chapter 3.1.

2.2.3 Plasma based ionisation

Suitable for the ionisation of less polar compounds under atmospheric
conditions is the APCI, which is besides the electrospray one of the most used

API techniques in mass spectrometry. This technique, as well as its modern
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variants (e.g. LTP, DBDI and FpTP), is based on a plasma which is a
partially or fully ionised gas. The ionisation of a gas can be realised by adding
energy, for example thermal energy, on a gaseous system. However, this
requires extremely high temperatures of several thousand Kelvin. In practice,
it is easier to create a plasma by applying electrical energy. To achieve this,
an electrical discharge can be initiated by applying high voltage to electrodes
that are separated from each other by a gas chamber. This capacitive coupling
of a high voltage creates an electric field which initiates a series of excitation-,

ionisation- and relaxation processes.

Plasma mechanisms. An atom or molecule A within an electric field can
collide with an accelerated electron e. If the energy transfer of this collision
is greater or equal to the ionisation energy of the particle, an electron is
removed from the orbitals and the particle gets ionised (Equ. 3). This process
is called electron impact ionisation [71]. If not enough energy is transferred,
the particle A goes into an excited state A" (Equ. 4). Particles that are already
excited can also be ionised by a further collision (Equ. 5). The recombination
of an electron e and an ion A" also leads to an excited state (Equ. 6). Excess
energy of excited particles are emitted as photons, whereby the particle
reaches the ground state (Equ. 7) [22].

Equ. 3 e"+A - AT+ 2e”
Equ. 4 e"+A - A+ e”
Equ.5 e +A° - At 4+ 2e”
Equ. 6 e +AY - A

Equ. 7 AT - A+ hv

As mentioned above, strong ionisation conditions can lead to fragmentation
processes. The resulting molecular fragments as shown in Equ. 8 - Equ. 10
can be neutral or ionised. The fragmentation within the ionisation region is
usually not intended as described in the section about “Hard and soft

ionisation”.
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Equ. 8 e +AB - A + B + e”
Equ. 9 - AT+B + e
Equ. 10 - A + B +e

In contrast, a controlled fragmentation of molecules by collision induced
dissociation for example inside the MS device is a common technique for

structure elucidation.

Excited states usually have a very short lifetime [22]. However, if the
transition to the ground state is forbidden due to quantum mechanical
selection rules, a much longer lifetime follows [72]. Particles in this state are
called metastables A™. These can only release their excess energy to reach the
ground state by collisions with other particles [3]. The collision of a metastable
particle and a collision partner B results in the formation of a high-energy
intermediate stage AB’. If the energy level of this transition state is higher
than the ionisation energy of the collision partner B, the collision partner is
ionised during the disintegration (Equ. 11). This ionisation process is called

Penning ionisation [73].
Equ. 11 AM+B - AB* - A+B* + e~

If analytes are introduced into the vicinity of the electrodes and thus into
the electric field, they enter the plasma and can be ionised either by electron
impact, Penning ionisation, proton transfer or adduct formation. In the case
of the APCI source the sample is transferred via vaporiser into the gas phase
of the ionisation chamber. A needle applied with high voltage produces a
strong electric field at the tip, which leads to the ionisation mechanism of the

equations Equ. 12 - Equ. 16 postulated by Horning et al. [74].

Equ. 12 N,+ e~ - Nf+2e”

Equ. 13 Nf +2N, » NS + N,

Equ. 14 N} + H,0 - H,0" + 2N,

Equ. 15 H,0" + H,0 —» H;0% + OH
Equ. 16 H;0% +n H,0 - HY(H,0),41
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Accelerated electrons cause electron impact ionisation of nitrogen molecules
(Equ. 12) forming N," and subsequently Ni* ions (Equ. 13). An ionisation
cascade (Equ. 14 - Equ. 16) finally leads to the formation of water cluster ions

H*(H20). that are able to ionise incoming analytes.

The mechanism postulated by Horning et al. is generally accepted in the
literature, but seems to be incorrect and/or incomplete. Current research
results show that discharges in a pure nitrogen atmosphere are unable to
ionise analytical molecules. Only by adding oxygen the process of analyte
ionisation is able to operate [20,75]. A comprehensive study showed that in
air, the radical cation O." is the dominant species [76]. Besides the direct
formation of O," by the electric field, generated N." species react immediately
with atmospheric O, and form O,". It is assumed that the formation of the
water cluster H*(H;O). as described above (Equ. 16) is mainly formed by
oxygen-water clusters [76]. Additionally, nitrogen oxides also contribute to
the formation of these water clusters. A simplified overview of these reactions
is given according to Allers et al. in Figure 8 [76]. However, the reaction of
Nyt to H*(H20). clusters should be considered of minor importance and an

additional reaction pathway from N," to O," should be mentoined.

0.’ N,* NO* NO,"
Hzo H20 Hzo HZO
0>"(H20), NO'(H.0)m NO,'(H20),
H
m=3

H"(H,0),

Figure 8: Ouverview of different APCI generated reactant ion species that lead to water cluster
formation in air. Reprinted with permission from |. Am. Soc. Mass Spectrom., 31, 1291-1301.
Copyright 2020 American Chemical Society.
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The water cluster production is followed by a proton transfer that ionises
the analyte molecule. In this process, the proton is transferred from the water

cluster ion to the analyte M as shown in Equ. 17.
Equ. 17 H*(H,0),+M - [M + H]* +nH,0

Proton transfer reactions are possible if the proton affinity of the target
molecule is greater than that of the water cluster ion. Furthermore, the proton
affinity of water clusters depends on their size [76]. The reactions described
above represent only a small, selected part of what occurs in reality. More

information can be found in the excellent publication of Allers et al. [76].

The basic mechanism on generating reactant ions in modern plasma sources
is the same as in APCI (described above). Major differences are in the
geometric configuration and in some cases in the discharge gas and thus in
the type of discharge. Compared to APCI, in which a metal needle surrounded
by air is supplied with a direct current (DC), modern plasma sources usually
consist of a glass capillary equipped with one or two electrodes. Helium passes
through the glass capillary and a discharge is generated by applying

alternating current (AC) to the electrodes.

The energy coupled into modern plasma-based ion sources is usually not
sufficient to produce a significant amount of helium ions. Instead, the helium
atoms are excited (He") and enter a metastable state (HeM) by emitting excess
energy in the form of electromagnetic radiation as shown in the Jablonski
diagram of Figure 9 [77]. Helium metastables collide with nitrogen molecules
in the ground state Ny(X' ") and generate excited N," ions via Penning-
ionisation. This assumption is based on the fact that the population of
N,*(B? X,*) is comparable to that of the helium metastable state [77]. These
excited No"(B? X,*) ions also emit excess energy by electromagnetic radiation
and enter the state No"(X?X,7). As shown in the overview of the APCI
mechanisms of Figure 8, these Ny" ions produce mainly O," ions, which in
turn generate water clusters to ionise the analytes. How this process occurs
at the end of the capillary is explained in more detail in the description of the

flexible microtube plasma of chapter 2.2.4.
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Figure 9: Jablonski diagram of different helium and nitrogen states. Reprinted with permission of
Spectrochimica Acta Part B, 64, 1253-1258. Copyright 2009 Elsevier.

Both electrospray and plasma-based ion sources generate ions by electric
fields. Disturbances of these electric fields can lead to obstructions in the
ionisation process, which is the reason why interferences in a coupled system
have to be avoided or at least minimised. The lower the voltages required to
maintain the ionisation processes, the lower is the potential interference
between two ion sources. Therefore, an important parameter to ignite a

discharge is the breakdown voltage.

To describe the ignition process of low-pressure plasmas, the Townsend
mechanism is applied from which Paschen’s law (Equ. 18) can be derived.
Simplified, Paschen’s law gives the ignition voltage as a function of the
product of the pressure p and the electrode distance d. Gamma corresponds
to the 2nd Townsend coefficient, while A and B are gas-dependent
parameters.

U, = Bpd
Z 7 m(apd)-In[in(1+y~1)]

Equ. 18

With identical electrode distances the ignition voltage of a low-pressure
discharge is lower than that of a discharge at atmospheric pressure.

Conversely, to ignite a plasma at atmospheric pressure the electrode distance
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needs to be reduced. Hence, the miniaturisation of discharge geometries makes

it possible to use plasmas at atmospheric pressure and moderate voltages.

Streamer mechanism. For the explanation of plasmas that operate
under atmospheric pressure another mechanism plays an important role, the
streamer mechanism. Under atmospheric conditions an electric field generated
by an electrode is not able to produce ions over a longer distance, due to the
high density of neutral particles at atmospheric pressure [78]. However, the
ions generated by the electrode create an electric field by their own, which in
turn accelerates electrons and thus ionises further neutral particles. Ions that
have recently been generated recombine and become neutral particles. A new
electric pulse is needed to repeat this process. This is the reason why AC
voltage is used in this type of plasma. This process propagates through the
capillary, as shown in the next section, so that the discharge moves along the

capillary until it reaches the end.

2.2.4  The flexible microtube plasma

The plasma ion source used in this work is the flexible microtube plasma
(FuTP) which is schematically illustrated in Figure 10. It consists of a fused
silica capillary (@ 360 pm; I.D. 250 ym) with an outer polyimide coating
which, depending on the model, is typically removed at the end of the
capillary (~ 10 mm). A tungsten wire (¢ 100 pm) that serves as the inner
electrode, ends at a distance of 10 - 25 mm to the capillary end. Helium of
purity 5.0 (purity 99.999 %) is used as plasma gas with a gas flow rate of 50

mL /min.

The AC plasma operating voltage is supplied by an in-house developed and
manufactured square-wave generator. This AC generator delivers high voltage

amplitudes up to 3.5 kV at a frequency of 20 kHz and a slope of 60 Vns™. The
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Figure 10: Schematic diagram of the flexible microtube plasma assemble. An IDEX high pressure
PEEK micro tee introduces the electrode and the gas supply into the glass capillary.

generator also has a Bayonet Neill Concelman (BNC) input port to connect
external frequency generators by transistor-transistor logic (TTL) signals.
This enables the variation of the AC voltage frequency as well as the
activation and deactivation of the HV generator. The latter is of particular
importance in this work. The glass capillary is mounted in an IDEX PEEK
tee-piece, which introduces the electrode and supplies the gas to the plasma
capillary. In this configuration, the plasma ignites at ~1.2 kV, whereas typical
values for ionisation of analytes are between 1.80 and 2.20 kV, which is about
half of the voltages used in APCI. Several parameters of the FuTP can vary
between experiments, which is why certain parameter descriptions are
mentioned in the respective section. Further details about the flexible
microtube plasma and its operational possibilities can be found in the
Dissertation of Brandt et al. [79].

By applying a voltage, ions are formed at the electrode which generates
further ions via the streamer mechanism and creates an excitation avalanche.
This excitation avalanche moves towards the end of the capillary, whereby
ions are deposited on the wall of the glass capillary and create a potential. At
the end of the capillary there are probably two different effects that form
oxygen-water cluster ions and water cluster ions leading finally to the

ionisation of the analyte.

One of the effects is that Nt ions generated inside the plasma reach the
end of the capillary immediately and react with atmospheric oxygen to form
O," ions as described before. However, the more important effect seems to be
the potential that is created at the capillary wall. This potential is probably

large enough to generate O," ions directly, which in turn causes also the
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reactant ion cascade according to Figure 8 and Equ. 17. This mechanism is
not yet fully understood and a subject of current research. In principle, the
ionisation process is similar to that of an APCI, with the difference that this
process is repeated frequently due to the chance of using AC voltage. The
latter is probably the reason for the significantly higher ionisation efficiency

of the DBDI or the FuTP compared to the conventional corona discharge.

2.2.5 Applied instruments and mass analysers

The major mass spectrometer used in this work is the commercially
available L'TQ Orbitrap XL from Thermo Scientific. This instrument has a
linear trap quadrupole (LTQ) mass analyser as well as an Orbitrap mass
analyser. In addition to this, in one experiment the successor model Orbitrap

Velos Pro has been applied, which also consists of an LTQ and an Orbitrap.

Linear quadrupole ion trap. Due to the quadrupole construction the
LTQ is a very fast mass analyser compared to other trap devices. It generates
a high number of scans per time interval, but typically has a low resolution
R of 3000 maximum [80]. Isobaric analytes are not resolvable and are
represented as a single signal. The high velocity is ideal for coupling with
chromatographic separation techniques to obtain many data points from the
eluent signals. The principle of an electric quadrupole is based on an
alternating field. Accelerated ions are introduced between two parallel rod
electrodes to which alternating positive and negative electrical voltages are
applied. A periodic alternating field is created that is able to separate ions by
their mass to charge ratio (m/z). Ions of a certain m/z follow a stable path
through the quadrupole, while other ions are deflected and do not reach the
detector. By modulating the voltages, different m/z ranges can be selectively
cycled [3]. In the case of the LTQ), the rod electrodes have a hyperbolic shape.
Increased potentials at the front and back sections make it possible to retain

the ions in the trap and eject them radially. The structure of such a linear
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Figure 11: Scheme of the linear trap rod assemble of a Thermo Scientific LTQ orbitrap XL. Reprinted
with the permission of Thermo Scientific, LTQ Series — Hardware Manual, 97055-97072 Revision
D September, 2015.

quadrupole trap is shown schematically in Figure 11 [81]. This diagram is
reprinted from hardware manual provided by Thermo Scientific (LTQ Series
- Hardware Manual, 97055-97072 Revision D September, 2015) [81].

Orbitrap. In contrast to the L'TQ, the Orbitrap mass analyser generates
a significantly lower number of spectra per time interval. However, this mass
analyser achieves a remarkable resolution of 7500 =2 R <100 000 and a very
high mass accuracy of < 3 ppm, classifying this instrument among high-
resolution mass spectrometers (HR-MS). These devices are able to resolve
even closely located signals such as isobaric molecules or isotopic patterns.
The latter supports the investigation of complex samples and often makes
chromatographic separations obsolete. Furthermore, due to the high mass
accuracy, it is possible to obtain information on the structural composition of
the molecules, which often makes comparisons of retention times with
standards dispensable. In Orbitrap mass analysers, ions are also trapped in
an electric field. This field is generated by a spindle-shaped central electrode
and a barrel-shaped outer electrode. Stable ion trajectories result from the
combination of rotation around the central electrode and axial oscillations
whose frequencies depend on the m/z ratio [3]. The oscillating ion movements
are acquired by image-current detection and subsequently converted into
corresponding frequency and intensity signals by a Fourier transformation [3].

Figure 12 shows the construction of an Orbitrap mass analyser according to
R. Zubarev and A. Makarov [82].
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Figure 12: Scheme of the orbitrap mass analyser electrode assemble of the Thermo Scientific LTQ
Orbitrap XL. Reprinted with the permission from Anal. Chem. 2013, 85, 11, 5288-5296. Copyright
American Chemical Society 2013.

Both mass analysers are relevant for this work. The much faster L'TQ part
is used to generate data required for statistical purposes. The high resolution
Orbitrap part is used to determine and identify analytes of the complex
sample. The Orbitrap instrument has been mass calibrated to a deviation of
< 3 ppm. The L'TQ Orbitrap XL used here showed ghost peaks in the mass
spectrum aquired with the high-resolution Orbitrap. The most conspicuous of
these are at the m/z signals 552.293 and 657.473. Despite a resolution of R =
100 000, these show an unusually large width (m/z +0.5) and are, according
to the thermo technician, electronically induced. Data points of the ranges
m/z 552.3+£0.7 and 657.56+£0.7 have been removed from the HR spectra
presented in this work so that these artefacts do not complicate the

interpretation of the spectra.

Scan cycles. According to Thermo Scientific, the procedure performed by
a mass spectrometer during an analytical scan can be typically divided into
five steps, as shown in Figure 13 [83]. An automatic gain control (AGC) based
prescan determines the rate of incoming ions and sets the duration of ion
injection. After ion accumulation in the trap, the first step in MS-MS
experiments is the ion isolation. Only ions of the selected m/z remain in the
trap so that it can subsequently be fragmented in the ion activation process.
Finally, the resulting fragment ions are detected according to their m/z ratio,

which represents the mass analysis [83]. In the case of the fullscan mode
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Figure 13: Scheme of the full MS scan procedure or scan cycle, which can be divided in five steps.
Depending on the method of measurement, steps may be skipped or require different lengths of time.

isolation and activation are omitted. After accumulation of the ions in the
trap they are detected sequential according to their m/z ratio. The time
required for each step depends on various parameters. For example, in full
scan mode isolation and activation are skipped, but due to the significantly
increased mass range the duration of the mass analysis increases. Moreover,
the AGC can be deactivated, which means that the prescan can be omitted.
In this case, the time of the ion injection is specified by the user. This cycle
is repeated throughout the entire measurement acquisition. In particular, the
period of ion injection is of great importance for this work and will be

discussed in more detail in a later chapter.

A mass spectrum shows the signal intensity as a function of the m/z ratio,
whereby the relative abundance is usually used. However, in this work the
relative abundance is only used when information is taken from only one mass
spectrum. When comparing two or more mass spectra, the absolute intensity
in arbitrary units (a.u.) or signal-to-noise ratios (SNR) are applied instead to

ensure a direct comparison of the intensities.

2.3 Statistical methods

Various statistical approaches are used to interpret spectra and different
analytical performance parameters. In this section, those that cannot be

generally assumed will be explained.
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Mass deviation. In the identification of lipids a comparison with
databases is the first important step to exclude a large number of other lipids.
Mass spectrometry is a realtive method of measurement and consequently has
a certain inaccuracy. For this reason, database matching of lipids is based on
the deviation of the measured mass (meyp, ) from the theoretical mass (Mepeo,)-
The deviation 8 in parts per million (ppm) can be calculated by the following
Equ. 19 [3]:

Equ. 19 8 [ppm] = W 10°
For this purpose the monoisotopic mass is utilised. The monoisotopic mass is
the mass of a molecule or ion which contained the most abundant naturally

occurring stable isotopes of each atom [3].

Method of standard addition. Within the scope of this project,
concentration series are analysed according to the method of standard
addition. This method is a form of internal standard where known amounts
of the analyte are added successively to the sample [84,85]. By adding the
analyte the regression line is shifted along the axis on which the concentration
is projected. The concentration of interest can be derived from the intersection
of the regression line and the abscissa in the second quadrant (negative area)

of the Cartesian coordinate system [84,85].

Linear dynamic range. Both linear dynamic range (LDR) and limit of
detection (LOD) have been evaluated using this form of calibration. The linear
dynamic range is the range in which the response of an instrument or method
is proportional to the concentration of the analyte. It represents the span in
which the accuracy and proportionality of the analysis is assured. Linearity is
given when the slope of a linear regression in a double logarithmic diagram is
calculated to one. The linear dynamic range can then be determined according
to the International Union of Pure and Applied Chemistry (IUPAC) via the
lower and upper limits that cross the confidence intervals [86]. Saturated
signals of highly concentrated samples leave the regression and intersect the
predicted confidence interval. At very low concentrations the signals leave the

regression because the sensitivity of the method is insufficient, which
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corresponds to the lower limit. The concentration at the lower limit is also
called minimum detectability (MD). The LDR expresses intensity ratios on a
logarithmic scale and can therefore be determined in the same way as decibel
[dB] (or bel [B]) for sound volume levels by logarithmising the ratio of
measured value and reference value [87]. In this case these values are given
by the upper and the lower limit as depicted in Equ. 20 and result in the

order of magnitude.

Equ. 20 B =10log (—upper Limit) [dB] = log (—upper Limit) [B]

lower Limit lower Limit

Limit of detection. Another important criterion of analytical methods is
the limit of detection. The LOD corresponds to the lowest concentration of
an analyte at which a signal can be distinguished from noise. A qualitative,
but not a quantitative statement can be made about the analyte [3]. A large
number of different methods for determining the detection limit exist [88]. In
this work the method according to Hubaux and Vos has been applied [89].
Here the detection limit is determined using the confidence intervals, as shown
in Figure 14. The intersection of the upper confidence interval y. with the
ordinate is projected onto the lower confidence interval which represents the
limit of detection xp on the abscissa. The variable confidence level represents
the probability interval which is typically between 90 — 99 % and often defined
as 95 % [90-92].

]

Signals

i : :
o Xo Xmin Xmax Contents

Figure 14: Scheme of the LOD determination via Hubaux and Vos. Reprinted with permission from
Anal. Chem. 1970, 42, 8, 849-855. Copyright 1970 American Chemical Society.
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2.4 Chemicals and sample

preparation

For the experiments in this work a liver total lipid extract, produced by
Avanti® Polar Lipids Inc. (181104C, Alabama, USA), has been used as a
sample of a highly complex biological matrix. It is a chloroform extract of a
bovine liver, which contains a high number of lipids with different molecular
masses and polarities and is therefore excellently suitable as a real life sample.
The following Table 1 summarises all lipid classes that are contained in the
liver total lipid extract, according to the published analysis certificate of
Avanti® Polar Lipids Inc. [93]. The stock solution has a concentration of 25
mg/mL in chloroform. In addition to the liver extract used for most of the
analyses, a total heart extract (bovine) (Avanti Lipids, 171201C, Alabama,

USA) with a stock concentration of 25 mg/mL in chlorofrom has been used.

The basic electrospray solution contains water/ethanol in a ratio of 1:1
(v/v). For conductivity and adduct formation ammonium acetate (purity
> 98 %, Merck, Darmstadt, Germany) in water (1 mol/L) has been added to
this solution by one percent of the total volume. Ethanol in analytical grade
(purity > 99.5 %; Sigma-Aldrich, St. Louis, USA) has been used. The
deionized water (conductivity 0.055 pS/cm) has been generated with a
Millipore system. Other solvents that have been used in this work are
methanol (purity > 99.9 %; Sigma-Aldrich, St. Louis, USA) and acetonitrile
(purity > 99.9 %; Sigma-Aldrich, St. Louis, USA).

As described in the introduction, cholesteryl esters (CE) are able to
produce the same product ion species as cholesterol. Here the cholesteryl ester
CE(17:0) cholest-5-en-38-yl heptadecanoate (700186, Avanti Polar Lipids Inc.,
Alabama, USA) with a concentration of 1 mg/mL in chloroform serves as a
representative of CE to determine the influence of cholesteryl esters to the

cholestadiene signal.
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2.4 Chemicals and sample preparation

Two ketones have been used as potential biomarker candidates for studies
with paper spray ionisation, including 3-octanone (purity > 98 %; Alfa Aesar
Massachusetts, USA) and 2-nonanone (purity > 99 %; Sigma-Aldrich, St.
Louis, USA).

Specific dilution steps, final concentrations and further parameters will be
described in the respective sections. Chemicals and solvents that have been
used in this work necessitate protective equipment in compliance with

material safety data sheets as well as trained personnel.

Table 1: Composition of the total liver lipid extract of a bovine according

to Avanti lipids [29].

Component Fraction (wt/wt) [%]
Phosphatidylcholine 42
Phosphatidylethanolamine 22
Phosphatidylinositol 8
LysoPhosphatidylinositol

Cholesterol 7
Neutral Lipids / Other 20
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3  The nESI-FpTP

This chapter focuses on the first combination of a nano electrospray and
the flexible microtube plasma. At the beginning, the experimental realisation
of this approach will be described. After the investigation of essential
parameters, possible interferences as well as the performance are evaluation
on the basis of important analytical properties. The results obtained here are
discussed, assessed and compared with current literature values in the
corresponding sections. Finally, the performance and characteristics of the
combined nESI-Fn'TP technique are summarised for further developments.
Parts of this chapter are published in the publication "Flexible Microtube
Plasma for the Consecutive-Ionization of Cholesterol in Nano-Electrospray

Mass Spectrometry" [98].

3.1 Coupling the nESI with the
FpnTP

In this study, the nano electrospray serves as first stage ionisation source

for polar compounds of a complex sample as well as nebulizer for the second
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3 The nESI-FpTP

stage, the plasma
ionisation. In the follo-
wing, the first stage is
named nESI-mode and
the second stage is named
nESI-FpnTP-mode.

Figure 15 shows a

schematic diagram of the
combined setup with the

f a g Helium relevant geometrical
v parameter. The nano-

i S electrospray  (left) s

mounted axially to the
Figure 15: Schematic diagram of the nESI-FuTP setup in MS
front of the mass spectrometer inlet (top) with the nESI
emitter on the left and the FuTP on the right. The plasma is distance of 3 mm.
positioned into the electrospray particle trajectory. This Classical nESI sources
diagram is based on the publication according to Anal.
Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American
Chemical Society. a distance of 1 - 2 mm to

the front of the MS.

However, in order to generate some space for the additional FpTP, the nESI

inlet (top) in a

typically are mounted in

is moved slightly backwards in this setup. The FuTP is arranged at an angle
of 30° to the nESI emitter. The FpTP capillary ends in the ionization area in
front of the mass spectrometer with a distance of 1 mm to the inlet. A fused
silica capillary with an inner diameter of 50 pm and an outer diameter of 360
pm is sharpened to a tip and was applied as the nESI emitter. The sharpening
of the capillary is realized with the help of a rotating sandpaper surface.
However, commercially available emitters can also be used, which provide
smaller internal tip diameters and a more stable electrospray at lower sample
flow rates. The advantage of the in-house made emitters is their robustness.
While commercial emitters are quickly blocked due to their inner tip diameter
(typically 8 pm - 10 pm), the homemade emitters used here are applicable for

several months.
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Figure 16: Schematic diagram of the nano electrospray assemble. A Supelco PEEK micro Tee
connects the sample introduction capillary, the electrode contact via platinum electrode and the
emitter tip.

In this setup, the sample flow rate passing through the nESI emitter is
typically set to 0.7 - 1.0 pL/min. The electrospray voltage is supplied by the
MS instrument and the high voltage amplitude typically is set to 2.6 kV, but
depends on the nESI position, the FuTP position and the applied plasma
voltage amplitude. The nESI emitter is mounted in a polyether ether ketone
(PEEK) micro T-Piece (PEEK micro Tee, Supelco) as depicted in Figure 16.
This connects the liquid sample introduction capillary with the nESI emitter
tip and ensures the electrical contact between the sample and the platinum
electrode. Fitting sleeves maintain a successful sealing. The sample is supplied

via direct infusion using a syringe and the MS integrated syringe pump.

As introduced in chapter 2.2.4, the FpTP is composed of a fused silica
capillary with an outer diameter of 360 pm and an inner diameter of 250 pm.
The polyimide coating is removed on a distance of 8 mm to the capillary’s
orifice. The tungsten wire that serves as internal electrode and ends 25 mm
away from the end of the capillary. With a volumetric flow rate of 50 mL/min,
the plasma operating gas is helium 5.0 (purity 99.999 %). Information on the
high-voltage supply can be found in chapter 2.2.4 “The flexible microtube

plasma”.

Both, nESI emitter and flexible microtube plasma, are embedded in a
PEEK micro interface, which has been manufactured by micromachining in
the in-house workshop. Figure 17a shows this interface in front of the MS
inlet. The nESI passes through the centered and the FpTP through the right
channel. Covering these channels with a glass plate (fixed by magnets) both

ion sources keep their position and relative height to each other. The entire
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3 The nESI-FpTP

structure is mounted on a translation stage with an in-house 3D printed
holder. The holder also allows the implementation of a microscope camera,
which is used for adjustment purposes as well as for the observation of micro
processes. Figure 17b shows the view on the ionisation region taken from the

microscope calmera.

It should be noted that a large number of preliminary measurements have
been carried out with the nESI-FuTP setup. The best signals of this approach
were obtained when the nano electrospray and the flexible microtube plasma
were arranged axially, with a slight offset of about 1 mm in the direction of
the nESI. This offset can also be seen in Figure 17b. Furthermore, this fact

will be discussed in one of the following chapters.

Figure 17: The left photo shows the arrangement of nESI to FuTP and the micro interface in front
of the mass spectrometer. Photo b on the right shows the nESI-FuTP in the direct vicinity of the
inlet capillary. The photo on the left is reprinted with permission from Anal. Chem. 2023, 95, 22,
8423-8432. Copyright 2023 American Chemical Society.

3.2 Application to liver extract

The nESI-FpTP approach allows two operational modes. In the first mode,
the FuTP is deactivated and solely the nESI generates a typical electrospray
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Figure 18: Mass spectrum of the liver total lipid extract, recorded with the LTQ-Orbitrap XL
in FT mode (R=100 000). A high number of polar lipids can be observed, especially in the m/z
range of 720 — 860.

mass spectrum of polar compounds. Figure 18 a shows the spectrum of the
liver total lipid extract measured in the nESI-mode. A high number of
different polar lipid species can be detected in the m/z range of 720 — 860.
These signals correspond to diverse phosphatidylcholines (PC) and
phosphatidylethanol-amines (PE) as published in the analysis certificate of
Avanti® Lipids, which is depicted and described in the previous chapter 2.4.
The spectrum shown in Figure 18a inlcudes an averaging of 20 scans with a
microscan number of one. The voltage supply and the volume flow rate of the
nESI source have been set to 2.1 kV and 1 pL/min.
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3 The nESI-FpTP

Compared to the total spectrum in Figure 18a, spectrum b shows a detailed
view of the m/z range between 720 — 860. The most abundant signal is
represented by m/z 786.5993, which corresponds to the PC(36:2). The latter,
together with the three other most abundant signals, are identified and
assigned in Figure 18b. Based on the particularly good signal-to-noise ratio of
the lipid PC(36:2) at m/z 786.5993, this signal is frequently used in ongoing
interpretations and represents the electrospray ionisation mechanism. The
identification of the observed lipid species in Figure 18 is based on a
combination of different publications, data base matching using LIPID
MAPS® and ALEX' lipid calculator as well as MS? fragmentation

experiments as described previously in chapter 2.1 [94-96].

Figure 19 exemplarily shows the identification of the most abundant lipid
species by MS? fragmentation. This spectrum is generated with the L'TQ mass
analyser by isolating the signal at m/z 786.6 with an isolating width of m/z
2. Using the collision induced dissociation (CID), a normalised collision energy
of 10 a.u. has been applied to fragment the PC(36:2). The fragment pattern
in Figure 19 shows clearly the loss of a trimethylamine and the loss of a PC
headgroup. In addition to this, the loss of the two fatty acids FA(18:0) and
FA(18:2) shows that this signal belongs mainly to the PC(18:0/18:2). Besides

100 - FASOLOH | O-—®0
_ FA(18:0)+OH - FA(18:2)-H
O\T 80
Y |
g 907 “TMA
E | FA(18:2)+OH
S 404 ¥4
®
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Figure 19: MS? fragmentation of the polar lipid signal at m/z 786.6. The fragmentation pattern
shows clearly that this signal comprises mainly the PC(36:2), but includes a smaller amount of
PE(39:2).
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3.2 Application to liver extract

this, the loss of a PE headgroup can be observed, too. This indicates the
existence of a PE(39:2), which has the same mass as the PC(36:2). A weak
signal also shows the loss of a FA(21:2) and suggests the presence of a
PE(21:2/18:0).

On the basis of the signal ratios, the PE(39:2) exist in a significantly
smaller amount compared to the PC(36:2). This hypothesis is supported by
the analysis certificate according to Avanti Lipids as shown in Table 1 of the

chapter 2.4. The liver sample comprises 42 % of PC and 22 % of PE species.

A collection of the most abundant m/z signals, which are found in the
nESI-MS analysis of the liver extract in Figure 18b, is depicted in the
following Table 2. The latter summarises the relative abundances, the
measured and theoretical masses, the mass deviations, the ion types and
corresponding lipid species. If the signal comprises two or more lipids, the
more abundant lipid is entered to Table 2. MS? fragmentation spectra, which
lead to the identification of the lipids listed in Table 2, are added to Figures
A1l - A6 of the appendix.

Activating the plasma of the nESI-FpTP setup (nESI-FuTP-mode) leads
to a significantly changed mass spectrum. Now, the plasma ionisation process

dominates as shown in the following Figure 20. The polar lipid pattern

Table 2: Major lipid signals of the liver extract detected by nESI-MS. The relative abundance
reflects the signal intensities. The Amass shows the deviation of the measured m/z to the
theoretical mass in ppm. Finally, the columns lipid species and ion type summarises the

identified lipids.

m/z Rel. abundance  Theo. mass Amass Lipid Ion type
(%) [g/mol] [ppm] species
758.5682 42.58 758.5694 -1.58 PC(34:2) [M+H]*
760.5836 34.49 760.5851 -1.97 PC(34:1) [M+H]*
786.5993 100.00 786.6007 -1.78 PC(36:2) [M+H]*
788.6145 34.59 788.6164 -2.41 PC(36:1) [M+H]*
810.5992 52.76 810.6007 -1.85 PC(38:4) [M+H]*
812.6146 43.46 812.6164 -2.22 PC(38:3) [M+H]*
836.6147 19.35 836.6164 -2.03 PC(40:5) [M+H]*
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Figure 20: Mass spectrum of the liver extract, analysed with the nESI-FuTP-mode. Due to the
dominating plasma ionisation process, the mass spectrum changes completely in contrast to the
nESI-mode. Now the most abundant signal is the cholestadiene ion at m/z 369.3523, which
represents a product ion of cholesterol. This spectrum shows an average of 20 scans.

disappears and the most intense signal can be observed at m/z 369.3523. This
signal corresponds to a protonated cholestadiene, which is a product ion of
cholesterol [67,97]. By protonation and subsequent dehydration of cholesterol,
a protonated cholestadiene ion [M+H-H,O]" is formed and detectable at a
theoretical mass of 369.3516 [42,68]. The mass deviation of the experimentally
detected mass with m/z 369.3523 to the theoretical mass can be calculated to
1.9 ppm. In this measurement, the voltage of the nESI source was set to 2.5
kV, whereas the voltage of the FuTP was set to 2.0 kV.

Compared to a classical nESI, the nESI emitter of the nESI-FuTP setup is
slightly moved backwards as described in chapter 3.1. For this reason, a
comparison with a conventional nESI-source as reference seems meaningful.
Therefore, a measurement with a classical nESI in optimised position is the
next step to compare the results measured with the nESI with those of the
nESI-FpTP.

Figure 21 shows the liver extract analysed in three different ways. The
spectrum in Figure 21a represents the nESI reference in green. In spectrum b
the nESI-FpTP approach is depicted with deactivated plasma (blue; nESI-

mode) and with activated plasma (red, nESI-FuTP-mode) in a comparative
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Figure 21: Comparison of a classical nESI source (nESI reference, top spectrum) to the nESI of the
nESI-FuTP approach (spectrum below). In spectrum b, the nESI-Fu'TP spectra with deactivated
plasma is shown in blue and with activated plasma in ved. The lipid pattern intensity of the nESI
reference is approximately twice as the nESI-FuTP. The cholestadiene signal reaches a relative
abundance of 39% of the PC(36:2) in the nESI-mode. This diagram is based on the publication
according to Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American Chemical Society.

view. These spectra are acquired with the L'T(Q mass analyser and represent

an average of 100 spectra.

The lipid pattern intensity of the nESI reference (green) is approximately
twice as the nESI FuTP (blue). This phenomenon is based primarily on the
increased nESI-to-MS distance of the nESI-FpTP  mentioned above.
Activating the plasma (nESI-FuTP-mode) leads to a strongly increased
cholestadiene signal which reaches a relative abundance of 39 % of the
PC(36:2) signal. For a representative comparison, the signal-to-noise ratios
(SNR) of the cholestadiene and PC(36:2) signals are calculated for each
ionisation process of Figure 21. The SNR is given as the quotient of the
absolute signal intensity and the background noise. Latter is determined by

the median (0.5 quantile) of the related mass spectrum.

As observed previously, the SNR of the PC(36:2) signal decreases by 54 %
(factor ~2) from 843.7 to 382.3 by using the nESI source of the nESI-FpTP
instead of the nESI reference. In contrast, the cholestadiene SNR increases
from 1.3 in the nESI-mode to 386.3 by activating the plasma (nESI-FpTP-
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mode). Therefore an increase factor of 304 can be achieved. Relative to the
nESI reference (SNR = 6.7), the cholestadiene signal of the nESI-FpTP-mode
shows an increase factor of 57. If the plasma is activated in the nESI-FnTP,
the SNR of polar lipids decreases strongly to zero. The reason for this behavior
remains unclear. Conceivable are neutralisation processes of the already
produced ions or deviations in the ion trajectory, caused by the additional
electrical field of the plasma source. The following Table 3 summarises the
determined absolute intensities, the medians and calculated signal-to-noise

ratios for a direct comparison.

Table 3: Comparison of the PC(36:2) and cholestadiene signals, generated by the nESI reference and
the nESI-FuTP with inactive and active plasma. The absolute intensities and the medians have been
used to calculate the signal-to-noise ratios.

Signal Abs. intensity tError Median SNR
[a.u.] [a.u.] [a.u.]
nESI ref. - PC(36:2) 4.8-10° 4-10¢ 573 843.7
nESI ref. — cholestadiene 3.9-10° 3-108 573 6.7
nESI-FUTP deactivated — PC(36:2) 2.3-105 3-10¢ 599 382.3
nESI-FuTP deactivated cholestadiene 757 1-10% 599 1.3
nESI-FuTP activated — PC(36:2) 18 92 233 0.1
nESI-FUTP activated - cholestadiene 9.0-104 2-10* 233 386.3

3.3 Signal quality and stability

The plasma of the nESI-FpTP approach is electrically switchable and
activating the plasma leads to significant change in the mass spectrum. This
raises the question of repeatability of the plasma ionisation process. How large
are appearing deviations in the intensity with repeated activation of the
plasma? To evaluate the relative error of repeatability FEge,, a temporal
acquisition of five switching processes is performed. Therefore, the plasma was
switched on and off ten times. Each ionisation process remained for ~ 25 s.

For the Eg.,, the deviation of the switching processes in relation to the average
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Figure 22: Temporal acquisition of the total ion current (TIC) and the extracted ion currents at
m/z 369.4 and m/z 786.6. Ten activation and deactivation processes (each process 5 times) are
performed to evaluate the error of repeatability and the relative standard deviation of the
switching processes. This diagram is based on the publication according to Anal. Chem. 2023,
95, 22, 8423-8432. Copyright 2023 American Chemical Society.

of all five switching processes is calculated by using 50 scans of each step. The
scans comprise a micro scan number of three. The ion currents with a mass
tolerance of 200 mmu are extracted from the data acquired in full scan mode
with a range of m/z 300 - 900. In Figure 22a the ion chromatogram shows the
total ion current (TIC), coloured black. Ion chromatogram b and c¢ shows the
extracted ion current (EIC) of the signal m/z 786.6 (PC36:2) in blue and the
signal m/z 369.4 (cholestadiene) in red. The areas marked in grey represent
the nESI-FuTP source with activated plasma (nESI-FpTP-mode), whereas
the unmarked areas represent the nESI-mode of the nESI-FpTP (plasma
inactive). A logarithmically-scaled ordinate highlights the differences in the
signal intensities of the modes. In addition to Figure 22, Table 4 summarises
the results of the Eg, calculation. Similar to Figure 22, results generated with

activated plasma (nESI-FpTP-mode) are labeled in grey here.
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The Ege, values of the TIC (3.6 % in nESI-mode and 4.6 % in nESI-FuTP-
mode) are very close to each other. In contrast to the EICs, the TIC comprises
the full spectrum in the range of m/z 300 - 900, including the background
noise, which leads to very stable and repeatable TICs. The EIC of m/z 786.6
shows in the nESI-mode a comparable value (3.4 %). This is based on the fact
that this signal is the most abundant signal and constitutes a major part of
the ion amount in the nESI process. With activated plasma, the m/z 786.6
signal decreases towards the background noise. On the basis of the low
intensity and SNR of this signal in the nESI-FpTP-mode the relative
deviation rises, which has a large influence on the Eg, value. The latter is also
applied for the m/z 369.4 signal in the nESI-mode.

Compared to the very low Ege, of the m/z 786.6 in the nESI-mode (3.4 %),
the cholestadiene Ege, in the nESI-FpTP-mode of 13.3 % is four times larger.
Disturbances of the resulting electrical field could be the reason for this
phenomenon. Every ionisation technique has specific sources of error. Adding
a second ionisation source (including its own specific error) leads to a

combination of both error sources, making an Eg, value of 13.3% probable.

Another important aspect, which can be observed in Figure 22, is the larger
signal fluctuation (within a switching process) of the cholestadiene signal
(nESI-FpTP-mode; red) compared to the PC(36:2) signal in nESI-mode
(blue). The temporal signal fluctuation can also be described as signal quality
and can be expressed by the relative standard deviation (RSD). The RSD

Table 4: Summarised results of the Erep determination. The error of repeatability is calculated by
the average of the signal and the corresponding +Error, which is given as relative standard
deviation.

Operation-mode Ion current Average *+Error ERrep

type [a.u.] [a.u.] [%]
nESI-mode TIC 2.1-107 7.5-105 3.6
nESI-FuTP-mode TIC 4.9-100 2.3-10° 4.6
nESI-mode EIC (m/z 786.6) 1.0-10¢ 3.5-10¢ 3.4
nESI-FuTP-mode EIC (m/z 786.6) 85 17 19.7
nESI-mode EIC (m/z 369.4) 3.7-103 778 21.1
nESI-FuTP-mode EIC (m/z 369.4) 3.4-105 4.4-104 13.3
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determines the deviation of the data points from the average within a
measurement. To calculate the RSD of each ionisation process, the same data
as in the KEge, calculation have been used. For a RSD comparison with a
conventional nESI source, a further measurement with the nESI reference
setup has been performed and interpreted. Here, 50 scans with a micro scan
number of three were acquired. The ion chromatogram of the nESI reference
(EIC of the PC(36:2) signal) is not included here, but can be found in the
Figure A7 of the appendix.

Table 5 summarises the resulting RSD values. As previously stated, the
rows marked in grey highlight the nESI-FpTP-mode (activated plasma). The
unmarked rows, on the other hand, show the nESI-mode (deactivated
plasma). Related to the PC(36:2) signal, the nESI-mode of the nESI-FnTP
approach shows a marginally better RSD value of 6.0 %, compared to that of
the nESI reference 6.4 %. On the basis of the very low abundance of the
PC(36:2) signal in the nESI-FuTP-mode, the relative error increases strongly
and the RSD rises up to 221 %. Similar results are obtained with the
cholestadiene signal in the nESI-mode and the nESI-reference. The very low
abundance of the cholestadiene signal in the nESI-reference and nESI-mode
of the nESI-FpTP leads to high RSD values of 60.2 % and 82.9 %, which is
not acceptable for analytical measurements. Only with activated plasma the
nESI-FpTP approach reaches a relative error of 19.2 %. On the one hand a
RSD of 19.2 % is significantly higher than typical nESI RSDs. On the other

Table 5: Determined RSD wvalues of the nESI reference and the nESI-FuTP with activated and
deactivated plasma for the EIC of the PC(36:2) at m/z 786.6 and cholestadiene at m/z 369.4.

Operation-mode Extracted ion Average +Error RSD

current (EIC) [a.u.] [a.u.] [%]
nESI-reference m/z 786.6 2.1-10¢ 1.3-10° 6.4
nESI-mode m/z 786.6 1.0-108 6.3-104 6.0
nESI-FuTP-mode m/z 786.6 85 190 221.1
nESI-reference m/z 369.4 1.4-104 8.7-103 60.2
nESI-mode m/z 369.4 3.7-10% 3.1-108 82.9
nESI-FuTP-mode m/z 369.4 3.3-10° 6.3-104 19.2
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hand, activating the plasma improves the cholestadiene signal quality of a

typical nESI source 3 — 4 times.

The parameter RSD or signal quality only describes temporary signal
fluctuations. Another source of error can be a signal variation over a long
period of time. To evaluate possible long-term signal drifting, a long-term
measurement of the nESI-FnTP was performed and interpreted by extracting
the ion current of cholestadiene at m/z 369.4 over a duration of 30 min. The
long-term measurement was acquired with the L'TQ mass analyser. The ion
source parameters are the same as described in the previous experiments. To
reduce the data size of the acquisition here, a micro scan number of 10 has

been selected.

The long-term observation of the extracted cholestadiene ion current is
depicted below. The ion chromatogram in Figure 23a shows the conventional
line plot of the extracted ion current (m/z 369.4) as a function of time. The
calculated average is added to the line plot. A slightly different representation

of the same data is given in the scatter plot of chromatogram b. Omitting the
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Figure 23: Long-term measurement of the nESI-FuTP generated cholestadiene signal. The top
chromatogram shows the acquired data in a typical line plot. In contrast to this, chromatogram
b depicts the same data set in a scatter plot, which facilitates a better visualisation and
interpretation of a large amount of independent variables.

20



3.3 Signal quality and stability

connection line reduces the graphical representation creating a focus on the
individual data points. The result is a cloud of points without a supposed
progression, which enhances the visualisation and facilitates the interpretation
of a large amount of independent variables. Instead of an average as added in
chromatogram a, a linear regression is inserted to chromatogram b. To exclude
a signal drift, the data of a long-term measurement should ideally show a
slope of zero. Furthermore, the average over all values should be equal to the
intersection of the linear regression with the ordinate. Both are given in the
case of the nESI-FuTP approach.

The experimentally determined average of 3.83-10° shown in the ion
chromatogram b of Figure 23, is very close to the interception of the regression
line in chromatrogram b with 3.86-10°. The slope of the linear regression is
calculated to - 239.2 min™, which corresponds to a signal drift of 0.061 %/min

and is therefore negligibly small.

A residue analysis gives information about the distribution of acquired
variables. In the case of a linear regression, a Gaussian distribution should be
achieved. Therefore, a residual analysis has been carried out and clearly

indicates the normal distribution of the measured values as shown in Figure
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Figure 24: Residual analysis of the measured values, generated by the long-term observation
(red). The overlaid Gaussian fit (blue) shows clearly normal distributed values of the long-term
measurement. This diagram is based on the publication according to Anal. Chem. 2023, 95, 22,
8423-8432. Copyright 2023 American Chemical Society.

51



3 The nESI-FpTP

24. Here, a Gaussian distribution can be observed in compliance to the
calculated residues. The area beneath the Gaussian fit is filled to highlight
the bell-shaped normal distribution. Overall, it can be stated that the results
obtained here indicate a stable ionisation process of the nESI-FpTP setup

without any evidence of a significant signal drift during a period of 30 min.

3.4 Cholesteryl ester

interferences

Free cholesterol (FC) and cholesteryl esters (CE) are directly related and
participate at the cholesterol reverse transport as described in chapter 2.1.
Due to the rough conditions inside a mass spectrometer, CE undergoes
fragmentation processes inside the mass spectrometer device according to
Figure 25. This insource fragmentation can be forced or attenuated by
changing the MS parameter. A low MS capillary temperature (or MS inlet
temp.) as well as a low tube lens and capillary voltages are able to reduce the
insource fragmentation of cholesteryl esters. In this case, the signal ratio
between the intact molecule ion und the fragment ion shifts to the first one.
A small, device specific amount of the CE fragment ion remains, but the signal

can be minimised to very low intensities.

The major problem of CE fragmentation is the resulting product ion. As
shown in Figure 25, both cholesteryl ester fragmentation and cholesterol share
the resulting product ion. Consequently, the presence of cholesteryl esters can
interfere with the determination of free cholesterol. Compared to “soft”
electrospray ionisation sources, plasma based ionisation techniques are

classified as “less soft” (s. chapter 2.2.1.). Therefore, the possibility exist that
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3.4  Cholesteryl ester interferences

Figure 25: Ionisation processes of cholesterol and cholesterol esters. The dehydration process of
cholesterol shown on the left leads to a product ion with an exact mass of 369.35. The same species
is formed by the cholesteryl ester fragmentation on the right. This process could lead to signal
interferences of the determination of free cholesterol.

plasma-based techniques, such as a FnTP, may increase the fragmentation

rate of CE and generate interferences to the free cholesterol signal.

To identify potential cholesteryl ester interferences, a cholesteryl ester
standard has been analysed with the nESI-FnTP-MS. The CE(17:0) (cholest-
5-en-3-yl heptadecanoate, Avanti® Polar Lipids) is purchased with a
concentration of 1 mg/mL. The stock solution has been 100-fold diluted with
ethanol. Here, 10 pL of the CE(17:0) stock solution have been mixed with 980
nL ethanol. Finally, 10 pL of an ammonium acetate solution (1 mol/L) has
been added to the solution. This results in a CE concentration of 0.01 mg/mL.
The sample has been analysed with the nESI-FpTP in the nESI-mode
(inactive plasma) and the nESI-FpTP-mode (active plasma).

The acquisition of the spectra are performed with the LTQ mass analyser.
To attenuate the insource fragmentation of CE(17:0), several MS parameter
are decreased. In this measurement, the value of the capillary temperature is
reduced to 200 °C. The tube lens voltage has been set to 60 V and the capillary
voltage to 10 V. Each spectrum represents an average of 200 spectra acquired

in full scan mode with a m/z range of 300 - 800.

Figure 26 illustrates the relevant sections of the recorded spectra with a
tolerance of eight mass units, the detected m/z values and molecular
structures. On the right, the intact CE(17:0) can be observed as an
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Figure 26: Measurement of the cholesteryl ester fragmentation (CE(17:0)), generated in nESI-
mode (blue) and in nESI-FuTP-mode (red) to evaluate potential interferences to the signal of
free cholesterol. The intact CE ion with ammonium adduct (right) fragments to the
cholestadiene ion on the left. Both ionisation modes show similar fragmentation ratios. This
diagram is based on the publication according to Anal. Chem. 2023, 95, 22, 8423-8432.
Copyright 2023 American Chemical Society.

ammonium adduct [M+NH4]* at m/z of 656.1. The fragmentation process
leads to the cholestadiene ion at m/z 369.4 on the left. In order to evaluate
the additional amount of cholestadiene ions generated by the plasma, the
fragmentation process has first been determined using only the nESI-mode
(blue line). The ratio of the intact ion to the fragment ion serves as reference
(base value) for the subsequent measurement. Finally, the same measurement
has been carried out in the nESI-FuTP-mode (activated plasma; red line) to

calculate the additional cholestadiene amount generated by the plasma.

In contrast to the liver sample, in which the polar lipids disappear when

the plasma is activated, the intact CE remains here. In addition, both the
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3.4  Cholesteryl ester interferences

intact molecule ion and the fragment ion increase in intensity. This could lead
to the hypothesis that the disappearance of lipids in the nESI-FpTP analysis
(related to the liver sample) might be caused by matrix effects. Inside the
ionisation area in front of the MS inlet, ions are in competition. Ions produced
by the plasma might be advantaged due to the smaller distance and a stronger
electric field. It should be emphasised that this is only an assumption and has

not yet been proven by any measurements.

Both signals, the intact CE ion and the fragment ion, are amplified by
activating the plasma. The absolute intensity of the intact CE(17:0) increases
by the factor of 1.51, while that of the fragment ion increases by the factor of
1.56. Comparing the signal-to-noise ratios of the detected ions in both modes
(active and inactive plasma) shows that the background noise also increases
with activated plasma. The SNR increase factors of 1.15 for the intact ion and
1.19 for the fragment ion show that the signal amplification is less pronounced
than the signal intensities would suggest. The relative increase of the signal
intensities are 15.4 % for the intact CE ion and 18.8 % for the fragment ion.
Therefore, an increase is given, but is smaller than expected at the beginning.
The reason for this general signal amplification lies probably in the slightly
shifted geometry of the nESI emitter. The nESI-FpTP geometry is optimised
for the nESI-FpTP application with activated plasma. Therefore, compared
to a classical nESI emitter tip, the emitter of the nESI-FpnTP is slightly shifted
to the left (and backwards) as described in chapter 3.1. Activating the plasma
leads to a change of the Taylor cone orientation at the emitter tip towards
the plasma, what could be responsible for the increased signal intensity. This
change in orientation of the Taylor cone can be observed with the help of the
microscope camera. Figure 27 illustrates captured photographs of the
microscope camera mounted above the nESI-Fu'TP setup. The photo in Figure
27a with inactive plasma shows a straight orientation of the Taylor cone at
the emitter tip. In contrast to this, by activating the plasma, the Taylor cone

sprays to the right in the direction of the FuTP.

The relative signal increase of the intact CE ion of 15.4 % and that of the
fragment ion of 18.8 % shows that the fragment ion only rises slightly by
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3 The nESI-FnTP

Figure 27: Photographic images of the nESI-FuTP assembly, taken with a microscope camera.
In the left photo the plasma is inactive, the orientation of the electrospray is straight foreward.
In photo b on the right, the plasma is active and the Taylor cone of the electrospray changes the
orientation towards the FuTP.

3.4 % (factor 1.034). To better assess this value, the effect of the tube lens to
the fragmentation process has also been measured. For this purpose, a tube
lens voltage variation has been performed by using only the nESI-mode

(plasma inactive). The resulting

9- m/z 369.4 .
— CE fragment spectra of the fragment ion are
g depicted in an overlaid spectra of
Y 6 Figure 28. The following values
—
E\ are calculated by using an average
g 3 of 50 scans, with a micro scan
g number of one and a mass
tolerance of 200 mmu. In this
0 . . measurement, an initial tube lens
36 370 372
voltage of 40 V (corresponds to
mass [m/z]
soft MS conditions) has been
Tubelens: —— 40V — 90V )
120V 200V 220V selected and successively elevated
to 220 V, which corresponds to
Figure 28: Signals of the CE fragment ion at hard MS conditions.
m/z 369.4, generated in nESI-mode to
evaluate the effect of the tube lens voltage to The step from 40 V (black) to
the CE fragmentation process. 90 V (dark green) results in an
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3.4  Cholesteryl ester interferences

increase factor of 1.18, which exceeds the nESI-FnTP approach with a signal
increase of 1.034 easily. The increase to 120 V (green) results in a factor of
2.7 and ends with a 58-fold signal amplification at 220 V. This clearly
highlights the very strong effect of the tube lens voltage to the fragmentation
process of the CE(17:0) and also shows the very small effect of the plasma on
the fragmentation process. It should be noted that already produced
interferences of cholesteryl esters during electrospray- or in-source
fragmentation processes are not removable, but this measurement shows that
the additional fragmentation, which is generated by the activated FpTP of
< 4 %, can be considered as negligibly small, compared to insource
parameters like the tube lens voltage. Based on the knowledge gained here, it
can be stated that the major part of the m/z 369.4 signal is generated almost
exclusively by the presence of free cholesterol (regarding on the liver sample).
For this reason, the cholestadiene signal will also be titled as cholesterol signal
in the further development of this work. Parts of the data determined here
can also be found in the corresponding publication “The Flexible Microtube
Plasma for the Consecutive-Ionisation of Cholesterol in nano-Electrospray

Mass Spectrometry” [98].

3.5 Influence of voltage and

temperature

The voltage of an nESI is an important operating parameter and has a
direct influence on the resulting electric field generated at the end of the
emitter tip. If the applied voltage is too low, no Taylor cone will be formed,
which does not lead to an ion production. If the applied voltage is too high,
the nESI process becomes unstable and the nESI does not operate efficiently.

The FpTP behaves in a similar way. A certain voltage is required to ignite
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3 The nESI-FpTP

the plasma. However, overvoltage can lead to a reduced ionisation efficiency.
Furthermore, electric breakdowns to the inlet are possible in the latter, which

could destroy important electrical components of the MS device.

Electric fields are dependent on many factors like distances and voltage
amplitudes. Combining two ion sources leads to mutual influences of their
electric fields. Therefore, the distance of an ion source to the MS inlet, the
distance between both ion sources and as well as the voltages are essential
parameters. Matching the two ion sources to each other is therefore of great

importance for a successful operation.

In this section, the operating voltage of the plasma will be optimised for a
successful cooperation of the FpTP with the nESI. For this purpose, other
parameters are kept constant. The geometry of the nESI-FnTP approach and
the composition of the sample also remain constant. The plasma serves as a
consecutive ion source, therefore the voltage of the nESI is predefined at 2.6
kV. The data are acquired in full scan mode and interpreted with the
extracted ion currents (EIC £200 mmu mass tolerance). Each data point
represents a spectrum averaged over 20 scans, recorded with a micro scan
number of one. The results are illustrated in Figure 29, which presents the
determined SNR values as a function of the applied voltage. The SNR data
generated by the EIC of the polar lipid PC(36:2) are coloured blue and stands
for the nESI process. The SNR of the less polar cholesterol are coloured red
and stands for the consecutive plasma ionisation process. The data points are
connected by a modified Bezier curve, which does not represent a fit of the
data, but rather highlights the progression of the signals. Below the diagram
of Figure 29 six photos captured at different plasma voltages show the growth

process of the plasma inside the fused silica capillary.

It can be observed that plasma voltages below 1.8 kV have no effect on the
lipid signals generated by the nESI or the cholesterol signal. Here, the
deviation of the data points remain within the error range. The plasma does
not reach the anterior part of the capillary, which can be seen in photo a. At
a voltage of 1.8 kV, the plasma reaches the front region of the capillary, which
is depicted in photo b. Here, the electrospray signal drops slightly. At 1.85
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kV the plasma reaches the end of the capillary (photo c) and further increase
of the voltage up to 1.9 kV (photo d) leads to a strong reduction of the nESI
signal. Here, the cholesterol signal appears weak. A further increase of the
plasma voltage leads to a strong amplification of the cholesterol signal. It
reaches a maximum at 2.0 kV, where the plasma already extends far out of
the capillary and moves towards the MS inlet (photo e). In contrast to the

raised cholesterol signal, the nESI signal goes close to zero. Further increase
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Figure 29: The top diagram shows the SNR of PC(36:2) and cholesterol as a function of the plasma
voltage amplitude. With an increasing voltage amplitude the intensity of the nESI process decreases,
whereas the cholesterol SNR rises. A maximum cholesterol SNR can be observed at 2.0 kV. The
Photos a - fuvisualise the plasma growth process and correspond to different plasma states of the
diagram above. Photos a — f are reprinted with permission from Anal. Chem. 2023, 95, 22, 8423~
8432. Copyright 2023 American Chemical Society.
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3 The nESI-FpTP

of the voltage amplitude leads to a reduction of the cholesterol SNR. From a
voltage of 2.2 kV and higher, the plasma is very long and touches the MS
inlet surface (photo f). From here, the SNR of cholesterol no longer changes

and remains constant.

Primarily, this measurement shows that there exists an optimal plasma
voltage for a defined arrangement of both ion sources at which the cholesterol
signal can be maximised. Secondly, it can be shown that the optimal plasma
voltage in this case is at 2.0 kV. For this reason, a voltage between 2.0 and

2.1 kV is usually selected in the following experiments.

As mentioned previously, the MS inlet temperature plays an important role
and has a large influence on MS analysis. The same applies to the nESI-FuTP
approach for cholesterol determination here. Typical MS inlet temperatures
ranging from 200 to 300 °C. Therefore, in order to evaluate a suitable
temperature for cholesterol determination, a study has been performed in
which all nESI-FuTP parameters have been kept constant, but the MS inlet
capillary temperature has been varied between 160 °C and 400 °C. The same
parameters were used as in the previous experiment. The voltage amplitudes
of the nESI and the FuTP have been set to 2.6 kV and 2.0 kV. Data were
acquired in full scan mode. The results has been calculated from spectra

(generated by the LTQ analyser) with an average of 200 scans.

At the beginning of this investigation, an observation was made, which will
be interpreted prior to the interpretation of the temperature variation. At
very high temperatures, further signals have been observed in addition to the
cholesterol signal. Figure 30 shows two mass spectra acquired at different MS
inlet temperatures. The first spectrum is recorded at 240 °C and shows the
cholesterol signal at m/z 369.4 with an excellent intensity. Signals beyond
m/z 450 cannot be detected. By increasing the temperature above typical inlet
capillary temperatures different, previously unobserved signals appear. At 340
°C, a series of additional peaks can be found, which is shown in spectrum b
of Figure 30. These are located in the mass range m/z 500 - 700 and m/z 820
- 900.
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Figure 30: Two spectra of the liver sample acquired at different MS inlet capillary temperatures.
The top spectrum was recorded at 240 °C and shows an excellent cholesterol signal. By increasing
the inlet capillary temperature to 340 °C, the spectrum below can be observed. The cholesterol signal
at m/z 369.4 decreases, but a range of additional signals appear. This shows the importance and
influence of the MS inlet temperature on the acquired spectra.

On the one hand, these could be signals of further non- or less polar lipids,
which are ionised exclusively by the plasma. On the other hand, they could
be caused by fragmentation processes. The identification of these additionally
detected signals is not part of this experiment and will not be explained in
detail here, but shows the importance and influence of temperature on
acquired spectra. The identification of these signals will be covered by one of
the following chapters. As these signals appear with an increase in
temperature, three selected signals are included in the interpretation of this
experiment. These selected signals represent the most abundant signals of
cach signal pattern and are located at m/z 603.5, m/z 638.3 and m/z 850.5.

The aim of this experiment was to verify the optimal temperature for the
analysis of free cholesterol. For this purpose, the SNR of cholesterol was
determined as a function of the MS inlet temperature. In addition to
cholesterol, the SNR of the three selected signals that only occur at higher
temperatures were also determined. The diagram in Figure 31la shows the
influence of the inlet temperature on the SNR. At lower temperatures (<
200°C) no cholesterol can be detected. Beyond an inlet temperature of 220 °C,

a cholesterol signal is detectable, but it contains a large relative error of 65
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%. The highest SNR is achieved at a temperature of 240 °C. However, the
relative error here is also large at 66 %. Further increase of the temperature
to 280 °C leads to a slight reduction of the intensities, but also reduces the
relative error by 13 % to 53 %. The signal here is significantly more stable
compared to the signal at 240 °C. At temperatures of 300 °C and more, the
cholesterol signal decreases and disappears in the background noise. The
signals at m/z 603.5, m/z 638.3, and m/z 850.5 become visible only at a
temperature of 320 °C and more. It should be noted that the SNR of
cholesterol (-10%) is significantly larger than the SNR of the other signals
(-10%). While the signal at m/z 638.3 reaches its optimum at 340 °C, the m/z
850.5 reaches its maximum at 380 °C. The signal at m/z 603.5 does not reach
an optimum below 400 °C. Accordingly, it is not possible to detect both
cholesterol and the other non polar lipids simultaneously with the nESI-FpTP

approach. The differences in optimal inlet temperatures and signal intensities
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Figure 31: SNR of different signals as a function of the MS inlet capillary temperature generated
with nESI-Fu'TP approach. The diagram on top shows the progression of the cholesterol signal with
an increasing temperature. The diagram below shows the three most abundant additional lipids
observed at very high temperatures. It should be noted that the SNR of cholesterol at -10* is
significantly larger than that of the other signals at -102
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are too large to cover all signals in one measurement. In order to measure the
entire spectrum of non polar lipids, at least two measurements at different
temperatures are necessary. This is an extremely strong disadvantage of the
nESI-F'TP source and makes it only useful for one of these two applications.
In the publication “Flexible Microtube Plasma as Consecutive lonisation
Source for Cholesterol in nano-Electrospray Mass Spectrometry”, published
prior to this work, the determination of the optimum temperature was carried
out solely by the signal intensities. This showed that the optimal temperature
for cholesterol analysis is 280 °C. In the progress of this work, the same data
have been revised and the SNR has been used for evaluation. These
calculations clearly show that the temperature at 240 °C produces the highest
SNR, but also has a percentage error of 66.4 %. In comparison, the SNR of
cholesterol at 280 °C has a 13 % lower error.

Consequently, this should not result in a significant difference for the
following measurements, since both the determination of the linear dynamic
range and the determination of the accuracy strongly depend on the errors of
the measured values. Therefore, the following measurements were not
acquired at 240 °C MS inlet temperature as would be expected, but at 280 °C.

3.6 Linear dynamic range

A performance indicator of analytical techniques is the linear dynamic
range (LDR). As described in chapter 2.3 “Statistical methods”, the LDR is
the range of concentrations where the signals are directly proportional to the
concentration of the analyte in the sample. To determine the LDR, a
calibration series has been measured according to the method of standard
addition. The latter represents a variant of the internal standard and is
suitable for the analysis of complex samples, where matrix effects can occur.

In comparison to the internal standard, where a similar substance is added,
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in the method of the standard addition the same substance is added to the
samples of a calibration series. To determine the LDR, the calibration series
should cover a large concentration range, otherwise the limits may not be
covered. Therefore, preliminary experiments were necessary to evaluate the
potential concentration range. In order to determine the final LDR, a
calibration series was generated in which the liver extract had to be diluted
by a factor of 1:1000 (v/v). In this calibration series the added cholesterol
amounts ranged from 2.19 mg/L to 217.51 mg/L. Exact dilution steps, added
cholesterol amounts and resulting concentrations of the first calibration series

can be found in Table 6.

In contrast to the previous measurements for optimisation, where different
parameters of the setup were changed, here instead of the SNR for evaluation,
the signal intensity was used. A mass tolerance of 200 mmu was applied for
the EICs. The LTQ analyser operated in full scan mode with a m/z range of
365 - 375 and the micro scan number of one. Each data point consisted of 250
scans and the error bars representing the standard deviation of the average
cholesterol intensity. As described in the previous experiments, the voltage
amplitudes of the nESI and the FpTP were set to 2.6 kV and 2.0 kV.

Table 6: Composition of calibration series 1. Exact dilution steps, solvent quantities and added
amounts of cholesterol are summarised in this table. Each sample contains 1 uL of the liver extract
stock solution to yield a dilution of 1:1000 (v/v).

Sample Ethanol Stock solution Electrospray Added
No. [uL] (Cholesterol) solution cholesterol

(L] [ML] [mg/L]
1 197 2 800 2.19
2% 195 4 800 4.37
3* 189 10 800 10.93
4* 179 20 800 21.86
5* 149 50 800 54.65
6* 49 150 800 163.95
7 0 199 800 217.51

* Samples used to calculate the regression.
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Furthermore, the MS inlet capillary temperature was at 280 °C and the tube

lens voltage was set to 65 V.

To determine the LDR the measured intensities (with errors) are plotted
in a diagram with double logarithmic scale. As described in chapter 2.3, the
slope b of a linear fit represents the exponent of an exponential fit in normal
scale and stands for the linearity of the present data. For high linearity, an
exponent or slope b of one should be achieved. The more this value deviates

from one, the greater the deviation of the linearity.

Figure 32 shows the acquired data of the calibration series as well as the
calculated regression line (red) with the 95 % confidence interval hyperbolas
in double logarithmic scale. Here, five of the seven measured concentrations
could be used to determine the regression. The lowest and highest
concentrations show a strong negative effect on the linearity, are therefore not
part of the regression and are used to determine the lower and upper limit of
the nESI-FpTP approach. A dotted line (modified Bezier curve) to highlight

the progress connects the acquired data.

The coefficient of determination R?* with 0.9945 indicates a high correlation
between the acquired data in the range of 4.37 — 163.95 mg/L and the linear
regression. The calculated slope of 0.9901 + 0.0367 is very close to the
expected value of one. Hence, the nESI-FnTP shows a very good linearity in
this range. The intersection of the connecting line and the 95 % confidence
intervals mark the upper and lower limits. The lower limit can be determined
to 3.71 mg/L. The lower limit, together with the upper limit of 189.37 mg/L,
shows according to Equ. 20 a resulting linear dynamic range of 17.1 dB. This
corresponds to an LDR of 1.7 orders of magnitude. These results are also

accessible in the corresponding publication [98].

The lower limit of 3.71 mg/L is also known as minimum detectability (MD)
and represents a type of limit of detection (LOD) [99]. The latter is also a
widely used performance indicator and enables the comparability of different
methods. However, due to the fact that the method is based on standard

addition, the amount of cholesterol already contained in the sample must be
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Figure 32: Determination of the linear dynamic range by linear regression of the acquired data in
double logarithmic scale. The regression has a slope of 0.9901 + 0.0367 and shows a good linearity.
The interception of the dotted connection line with the 95 % confidence interval hyperbolas
represents the lower and the upper limit. With these limits the LDR has been calculated to 1.7 orders
of magnitude. This diagram is reprinted with permission from Anal. Chem. 2023, 95, 22, 8423-
8432. Copyright 2023 American Chemical Society.

added to the determined value of 3.71 mg/L to obtain the minimum
detectability. According to Avanti® (s. Table 1, page 35), the 25 mg/mL liver
extract contains 7 % cholesterol, which results in a concentration of 1.75 mg/L
(in this 1:1000 (v/v) dilution) [93]. A more precise specification with an error
is not given by the analysis certificate of Avanti®. The lower limit obtained
from Figure 32, together with the concentration already present in the sample,

gives a minimum detectability of 5.46 mg/L.

The highest concentration (217.51 mg/L) of the calibration series one
(Figure 32) shows an unexpected underperforming intensity. The signal drops
too strong for an intensity saturation or an overloaded ion trap. During the
measurement of sample No. 7, periodically repeating droplet accumulation

and ejection has been observed. This also reflects the cholesterol signal, which
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3.6 Linear dynamic range

is shown in Figure 33. The extracted ion current of free cholesterol at m/z
369.4 shows a rapid periodic increase in intensity which can be detected at
frequencies of 0.33 — 0.5 Hz.

It is not known on which of these the effect of droplet accumulation is
based. In fact, over-concentration of analyte or matrix seems to destabilise
the nESI-FuTP process, which is the reason for the underperformance of
sample No. 7. Comparing the LDR of 1.7 orders of magnitude determined
here with those of other methods, the linear range nESI-FnTP is somewhat
lower, but absolutely sufficient and acceptable for routine measurements.
Table 7 shows some common literature values. Compared to an LC approach
with a UV detector (0.5 orders of magnitude), the nESI-FuTP presented here
has a three times larger linear range (even without chromatographic
separation) [100]. The measurement by GC-MS is a common method to
determine the total cholesterol (FC + CE) and is currently used as laboratory
routine measurements [46]. With 2.2 orders of magnitude this exceeds the
range of nESI-F'TP slightly, but requires time consuming derivatisation steps
and is not selective for free cholesterol. It should be noted that both of these

analytical methods are based on chromatographic separation techniques. In
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Figure 33: The extracted ion current at m/z 369.4 of the highest concentration of the calibration
series I shows clearly a pulsating ion ejection, which is generated by droplet accumulation at the
nESI emitter tip. This is the reason for the underperforming of sample No. 7 with 217.51 mg/L. This
diagram is based on the publication according to Anal. Chem. 2023, 95, 22, 8423-8432. Copyright
2023 American Chemical Society.
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Table 7: Linear dynamic ranges of different methods for the determination of free cholesterol. The
linear ranges are given in orders of magnitude.

Instrumen- Methode Medium / Lin. range Reference
tation Matrix

RP-LC UV Detection Serum 0.5 [46,100]
GC-MS Derivatisation Serum 2.2 [102]
HR-ESI-MS FTMS (scan mode) Plasma <2 [67]
HR-ESI-MS MSX (scan mode)* Plasma <3 [67]
HR-ESI-MS PRM (scan mode)* Plasma <3 [67]
nESI-FuTP-MS Modified Ion Source Liver 1.7 [98]

* An Orbitrap Fusion Tribrid MS device was used in this study

comparison to the nESI-FuTP, which applies direct infusion, in separation
techniques an enrichment takes place on the chromatographic column,

whereby the analyte elutes with increased concentration for a short time.

Although ionisation by ESI is not efficient, modern Tribrid MS devices
show a large linear range regarding to free cholesterol. The advantage of such
devices is the fusion of a quadrupole, an ion trap and an Orbitrap mass
analyser in a single device. As already described in chapter 2.2.5, due to their
physical construction, different MS devices have specific fields of application.
Quadrupole MS unfold their performance in quantification. Incoming ions
enter the detector without any accumulation processes. Due to their linear
construction, they achieve extremely high scan velocities and have a very large
ion transmission to the detector. As a result, they are linear over a wide range
and achieve low detection limits compared to ion traps, but are lacking in
resolving power. In contrast, ion trap instruments such as the Orbitrap are
characterised by an extremely high mass accuracy and resolving power.
However, due to the ion accumulation in the trap the loss of ions during the

mass analysing process is larger.

The Orbitrap Fusion Tribrid combines these mass analyser classes and has
a large linear range despite its high resolving power. MS devices like this,

together with complex scanning techniques such as MSX and PRM, are able
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3.6 Linear dynamic range

to achieve a linear range of around 3 orders of magnitude in spite of the poor
ionisation efficiency of the electrospray (regarding cholesterol). However,
Orbitrap Fusion - Tribrid devices are extremely cost-intensive and generate
these results by enhancing the signal-to-noise ratio, but not by improving the
ionisation efficiency. The analysis with a modern Orbitrap without complex
scan methods (ESI-FTMS) is able to generate a linear range of < 2 orders of

magnitude, which is comparable to the approach presented here.

The nESI-FuTP developed here improves the ionisation efficiency of the
nESI source. This technique does not change the scanning process of the MS
instrument and does not require any additional sample preparation or
derivatisation steps. On the contrary, complex scan modes such as MSX or
PRM and chromatographic separation techniques can be applied additionally,
which should lead to further improvement. It can be used with less expensive,
older or modern MS devices and is therefore much more flexible than other

methods.

3.7 Accuracy and limit of

detection

For the determination of accuracy, the concentration of free cholesterol in
the liver extract is determined by the nESI-FnTP approach and afterwards
compared with the literature value given by Avanti. The value of accuracy
can also be referred to as recovery rate. For the determination of the FC
concentration by the method of standard addition, a calibration series in the
range of the true concentration value is required. Hence, a second calibration
series has been prepared and measured by using the nESI-FnTP. To avoid
measuring in the range of the lower limit, dilutions of 1:200 have been

prepared and spiked with different cholesterol amounts as described
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3 The nESI-FpTP

previously. Exact dilution steps and added amounts of the calibration series
IT can be found in the following Table 8. Each data point represents an average
of 100 scans measured in LTQ full scan mode (m/z 365 — 375) with a micro
scan number of three. For this measurement, the same MS settings and the
same interpretation parameters as in the previous experiment have been

selected (inlet temp. 280 °C, tube lens 65 V, 200 mmu mass tolerance).

By using the method of standard addition, the unknown concentration is
given by the interception of the extrapolated regression line (fitted for the
positive concentrations in first quadrant (QI)) and the abscissa in the
negative, second quadrant (QII). As already described in the previous section,
the cholesterol concentration in the liver extract according to Avanti® is 7 %
(wt/wt). At a dilution of 1:200 (v/v), this results in a target concentration of
8.75 mg/L.

To yield a high coefficient of determination (R?) and therefore the highest
method accuracy, only four of the five generated samples have been taken
into account of the regression. The samples used for the regression are marked
with an asterisk in Table 8. Sample No. 2 shows abnormal high signal
intensities. Including sample no. 2 in the linear regression demonstrates that
this value lies outside the 95 % confidence intervals and thereby reduces the

coefficient of determination to R? = 0.9295. Repeated abnormally high values

Table 8: Composition of calibration series II. Exact dilution steps, solvent quantity and added
amounts of cholesterol are summarised in this table. Each sample contains 5 uL of the liver extract
stock solution to yield a dilution of 1:200 (v/v).

Sample Ethanol Stock solution Electrospray Added
No. [pL] (cholesterol) solution cholesterol

[WL] [WL] [mg/L]
1% 195 0 800 0.00
2 193 2 800 2.19
3* 189 6 800 6.56
4* 185 10 800 10.93
5% 155 40 800 43.72

* Samples used to calculate the regression.
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3.7 Accuracy and limit of detection

of this sample indicate a systematic error in sample preparation. Therefore,
sample No. 2 (2.19 mg/L) can be considered as an outlier and is not included
in the following regression calculations. A faulty pipetting process could be a

possible reason for this deviation.

Figure 34 shows the intensity of the recorded data as a function of

concentration in a linear plot. Furthermore, the linear regression and the
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Fiqure 34: Determination of accuracy (recovery rate) via calibration series 1I. In the method of
standard addition, the unknown concentration can be taken from the intersection of the regression
line with the abscissa in the second quadrant. The calibration in total is shown at the top. The region
of the unknown concentration is shown enlarged below. This diagram is based on the publication
according to Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American Chemical Society.
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corresponding 95 % confidence intervals are added to this figure. As described
above, sample No. 2 is not part of the linear regression and is marked as a
crossed square in Figure 34. The coefficient of determination of the regression
can be determined to R* = 0.9994 and indicates a high correlation. For a
better overview the important region of the abscissa in QII that indicates the

target concentration has been optically enlarged.

The experimentally determined concentration has been calculated to
8.04 + 0.19 mg/L and is marked by a bold cross in Figure 34. Comparing
the experimental value with the literature value according to Avanti® Lipids
(8.75 mg/L; marked as a crossed circle), a deviation of -8.1 % could be
achieved, which results in a relative recovery rate of 91.9 % + 2.4 %. The
value, according to the literature is within the calculated confidence interval
hyperbolas. As noted before, an error of this value is not available by the
distributor’s literature. Deviations of current cholesterol quantification
techniques range from 10 % (110 % accuracy), over 7.2 % (92.8 % accuracy)
to 0.5 % (99.5 % or 100.5 % accuracy) [101-103]. For this reason, the value
determined here can certainly be regarded as valid and acceptable for

analytical methods.

With the concentration series of free cholesterol measured here, the limit
of detection (LOD) can be evaluated by the method according to Hubaux and
Vos. For this purpose, the determined concentration of 8.04 mg/L has been
mathematically added to the cholesterol concentration of each sample of the
second calibration series. The resulting calibration and corresponding
regression is depicted in Figure 35. The intersection of the upper confidence
interval and the ordinate can be used to determine the intensity at which the
lower confidence interval reaches the detection limit on the abscissa. This
process is shown in Figure 35 with a dotted arrow on the right. The result is
a detection limit of 1.56 mg/L, which differs slightly from the minimum
detectability of 5.46 mg/L as calculated in chapter 3.6 “Linear Dynamic
Range”. The reasons for this deviation are on the one hand the different
concentration ranges of the applied calibration series and on the other hand

the different mathematical approaches of the determination. The calibration
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3.7 Accuracy and limit of detection

for the determination of the LDR covers a wide range and becomes less precise
at the limits. The second calibration is more accurate in the lower range due
to the fact that the generated samples are closer to the true cholesterol
concentration. Even though there is a discrepancy between the two values,

they are in a similar concentration range.

Due to the complexity, there is not a large number of publications dealing
with the determination of free cholesterol in complex matrices. The majority
of publications only focuses on the total cholesterol concentration (FC + CE).
Table 9 summarises different methods that have been used for the
quantification of free cholesterol in difficult matrices. The "direct analysis in
real time" (DART) works with a plasma source for the ionisation of
cholesterol. Here, the sample is desorbed from a paper and ionised with the
plasma. A detection limit of 21.5 mg/L could be achieved [104]. Another
possibility to quantify cholesterol is the use of an atmospheric pressure
chemical ionisation as ionisation source for mass spectrometry. In combination
with liquid chromatography, an LOD of 0.1 mg/L can be achieved [105].

However, this method is time-consuming due to the LC separation.
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Figure 35: Evaluation of the limit of detection (LOD) with the calibration series 1I and corrected
cholesterol concentrations. Using the method according to Hubaux and Vos, a detection limit of
1.56 mg/L can be determined. A deviation to the minimum detectability of 5.46 mg/L can be
observed and based on various concentration ranges of the calibration series and different
mathematically approaches.
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In 2006 Liebisch et al. published a derivatisation method using acetyl
chloride. However, converting free cholesterol to the cholesteryl ester CE(2:0)
exacerbates cholesteryl ester interferences and necessitates either LC
separation or complex scan modes [106]. The major disadvantage of this
method is the very time-consuming derivatisation steps which take at least
60 minutes. In principle, derivatisation is frequently an excellent technique,
but requires additional effort due to elaborate sample preparation. The scan
functions used by Gallego et al. (MSX, PRM), already presented in the section
“linear dynamic range”, show excellent detection limits which is comparable
to the LC-APCI-MS approach, but as already described previously, these

Tribrid MS devices are very cost-intensive.

Compared to the methods presented, the nESI-FuTP ion source developed
in this work can be combined with either complex scan functions, modern
tribrid mass spectrometers or liquid chromatohraphy, which leads to the
expectation that the detection limit of 1.6 mg/L can be significantly lowered

and the LDR presumably increases by using modern MS techniques like these.

Table 9: Comparison of cholesterol detection limits generated by different methods.

. Limit of
. Medium / )
Instrumentation Method . detection  Reference
Matrix
[mg/L]
DART-MS Paper loaded Serum 21.5 [103]
LC-APCI-MS/MS LC separation Serum 0.1 [104]
ESI-MS/MS Derivatisation Plasma 0.2 [106]
ESI-MS (Fusion-Tribrid) MSX, PRM Plasma ~0.1 [67]
nESI-FuTP-MS Dual ion source Liver 1.6 [98]
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3.8 Summary and conclusion of the nESI-FpTP

3.8 Summary and conclusion of
the nESI-FpnTP

The combination of the nano electrospray and the flexible microtube
plasma is the starting point for the development of a hybrid ionisation source
in mass spectrometry. This chapter describes the experimental setup and

investigations and performance evaluations of this approach.

The nESI-FuTP approach allows two operational modes. In the first mode
(nESI-mode), the FuTP is deactivated and the nESI generates a typical
electrospray spectrum of polar compounds. Analysing a liver total lipid
extract in the nESI-mode leads to a high number of polar lipid species which
are detectable in the m/z range of 720 — 860. A collection of the most
abundant Lipids in the nESI-mode has been identified and correspond to
diverse phosphatidylcholines (PC) and phosphatidylethanolamines (PE). The
most abundant lipid signal can be detected at m/z 786.5993, which
corresponds to the PC(36:2). By activating the plasma, the second mode
(nESI-FpTP-mode) dominates and leads to a significantly changed mass
spectrum. Here, the polar lipids disappear and the most intense signal can be
observed at m/z 369.3523. This signal corresponds to a protonated
cholestadiene which is formed by protonation and subsequently dehydration
of cholesterol [M+H-H,O]".

Due to the modified construction of the nESI-FpTP relative to a
conventional nESI, a reference measurement with a typical nESI in optimised
position is performed and for the PC(36:2) shows a reduction by
approximately 2 (relative to the nESI reference). In contrast to that, plasma

activation leads to a signal increase of cholesterol by a factor of 57.

The repeatability of the switching processes between the nESI- and nESI-
FpTP-mode is evaluated by a temporal acquisition of ten switching processes.

The resulting relative error of repeatability (Ege,) for the cholestadiene signal
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in the nESI-FpTP-mode with 13.3 % shows a four times higher value than
the PC(36:2) signal with 3.4 %. Here, a larger temporal signal fluctuation of
the cholestadiene signal (in nESI-FpTP-mode) compared to the PC(36:2)
signal in nESI-mode also can be observed. This signal fluctuation is evaluated
by the relative standard deviation (RSD) and can also be described as signal
quality. In relation to the cholestadiene signal, both the nESI-mode and the
nESI reference show very poor signal qualities (large RSD values of 60 % and
83 %). Using the nESI-FuTP approach, the RSD could be reduced to 19.2 %,
which corresponds to a 3 - 4 fold improvement in signal quality. Furthermore,
a long-term measurement over 30 min indicates a stable signal with an
insignificant drifting of 0.061 % /min. The residue analysis of the data acquired
over this duration showed a typical Gaussian distribution of the measured

values.

The presence of cholesteryl esters (CE) can interfere with the determination
of free cholesterol (CF). This is due to the same product ions at m/z 369.35
which are formed during the ionisation processes. To identify potential
cholesteryl ester interferences, the cholesteryl ester CE(17:0) has been
analysed with the nESI-FnTP-MS. Comparing the signal-to-noise ratios of the
detected ions in both modes (active and inactive plasma) shows that with
activated plasma the fragment ion only rises by slightly 3.4 % (factor 1.034).
In contrast to this, a very large influence on the fragmentation has the MS
integradet tube lens. Increasing the tube lens voltage leads to additional
fragmentation factors between 1.18 - 58, which shows that the increase factor
of the nESI-FTP with ~1.03 is very small. Therefore, the signal at m/z 369.4
produced by an active plasma is almost exclusively generated from free

cholesterol.

The ionisation and analysis of compounds like cholesterol by the nESI-
FnTP is strongly affected by the plasma voltage amplitude and the MS inlet
temperature. To investigate the analysis, both parameters are varied over a
defined range. The best signal-to-noise ratio (SNR) is achieved at plasma
voltages of 2.0 - 2.1 kV while keeping the nESI voltage constant at 2.6 kV.
Varying the MS inlet temperature showed that the temperature has a
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significant impact to the number of detected species. At high temperatures
above 320 °C, additional signals can be observed. These signals should be
further non- or less polar lipids that are present in the sample, but
undetectable so far. Besides the cholesterol signal, three additional signals
(m/z 603.5, m/z 638.3, and m/z 850.5) have been selected to study the
behavior under variation of inlet temperature. A good SNR of cholesterol has
been observed between 240 - 280 °C. The signals at m/z 603.5, m/z 638.3,
and m/z 850.5 are only visible at temperatures of 320 °C and higher, which
leads to a problem. The optimal inlet temperatures of cholesterol and the
other lipid signals are largely separated, which makes a simultaneous detection
almost unfeasable. This represents a significant disadvantage of the current
nESI-FuTP source, making it only useful for analytes accesible in a specific
temperature range. In addition, the ion source is not device-independent and

depends on the capillary temperature of the MS.

In order to determine the linear range of the nESI-FuTP approach, a
calibration series according to the method of standard addition has been
produced and investigated over a large range of concentration. With the limits
of 3.71 mg/L and 189.37 mg/L, the linear dynamic range can be determined
to 1.7 orders of magnitude. Here, high cholesterol concentrations have shown
droplet accumulation at the emitter tip, resulting in a decreased intensity and
consequently in a reduced LDR. Better results can be expected if the nESI-

FpTP is combined with a modern trap device or a triple quadrupole device.

For the evaluation of the accuracy of this technique, the recovery rate has
been evaluated with a second calibration series. According to the literature or
certificate the cholesterol concentration has to be 8.75 mg/L. By utilising the
method of standard addition, a concentration of 8.04 + 0.19 mg/ml was
determined. This leads to a deviation of -8.1 % and corresponds to a relative
recovery rate of 91.9 + 2.4 %. Relative recovery rates obtained from the
literature vary between 10 % - 0.5 % deviation, which makes 8.1 % to an
acceptable value. Finally, the limit of detection according to Hubaux and Voss
is determined with calibration series II. Here, a detection limit of 1.56 mg/L

has been achieved.
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Even if the plasma dominates during activation and a hybrid ionisation is
not possible, the nESI-FuTP approach shows great potential for the analysis
and quantification of cholesterol. The cholesterol ion yield can be multiplied
many times without the need of derivatisation- or chromatographic separation
techniques. Although the nESI-FuTP approach performs somewhat lower
than the other current research approaches mentioned above, the
enhancement of the nESI-FnTP begins here. For example, a combination of
the nESI-FpTP and a modern MS trap instrument with complex scan
functions (MSX, PRM) would lead to significantly better results which
probably exceed the performance of other techniques as both the ion yield in
the ion source and the signal-to-noise ratio in the MS system would be
improved. With the nESI-FuTP approach a successful cholesterol analysis by

ESI-MS is not longer dependent on expensive, state-of-the-art equipment.

The mechanisms of the nESI-Fn'TP ionisation processes remains unclear to
a certain extent. It can be assumed that the evaporation processes or the
release of the different non-polar lipids from the p-droplets do probably not
proceed completely or are too slow. By increasing the MS inlet temperature,
the release of other less polar lipids to the gas phase can be supported. This
fact clearly shows that temperature plays a key role for the ionisation

processes applied here.

The development and investigation of the nESI-FnTP approach is the first
step towards a development of a hybrid ionisation source. However, the aim
has not been reached yet. For this reason, the nESI-FnTP setup has to be
enhanced by several elements to enable the simultaneous detection of different

lipid classes inside complex biological samples.
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Within the scope of the work on coupling an electrospray ionisation and
the flexible microtube plasma, another project has been evolved. The
motivation for this project was the versatile applicability and low cost of paper
spray ionisation and whether this can also be combined with flexible
microtube plasma. This resulted in unexpected insights that were of relevance
for paper spray analysis as well as helpful for the further development on the
previously presented nESI-FpuTP approach. In this chapter, important
experimental parameters are followed by the results and their interpretation
with a subsequent summary and conclusion. Some of the illustrations and

diagrams are taken in modified form from the corresponding publication [107].

4.1 Coupling the PSI with the
FuTP

In this experiments the classical nano electrospray in front of the mass
spectrometer inlet is replaced by an in-house made paper spray ionisation

(PSI). Paper spray ionisation is an electrospray variant in which the sample
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is applied to a paper substrate and sprayed along the edge of the paper. The
PSI comprises of an isosceles triangle-shaped paper, cut from Whatman
chromatography paper (Grade 1; CAT No. 3001-861), measuring 16 mm in
length, 10 mm in width and an angle of 35° at the tip. The paper triangle is
held by a copper clamp that is linked directly to the power supply of the MS
device. The high voltage amplitude is generated by the mass spectrometer's
integrated high voltage generator. A typical amplitude value for the
experiment performed here is at 3.0 kV, but will be described in the respective
section. To ensure easy adjustability, the copper clamp is mounted on a
precise 3D translation stage. The schematic diagram in Figure 36a illustrates
the main area in front of the mass spectrometer inlet, where the PSI is

positioned axially with a distance of 2 mm to the MS inlet.

For the first measurements, the paper spray has been used exclusively, but
the flexible microtube plasma has been added later in this project. The
combination of both is shown in Figure 36b. The paper spray has not changed
in dimension or position from the first measurements. In order to keep the
influence of the plasma on the paper spray as low as possible, the plasma has
been moved away from the paper spray source so that the angle between the
PSI axis and the plasma capillary is now 75°. Apart from its position the
FpTP has changed only slightly. The fused silica capillary, the electrode wire

and the power supply have been retained. However, the electrode wire ends

Figure 36: Schematic representations of the applied ionisation sources and their essential geometric
parameters. The paper spray ionisation in front of the MS inlet is shown on the left and the
combination of the paper spray ionisation with the flexible microtube plasma is given on the right.
This graphic is partially reprinted with the permission from Anal Chim Acta. 2022, Vol 1201;
339619. Copyright 2022 Elsevier.

80



4.1 Coupling the PSI with the FuTP

in a distance of 20 mm to the capillary orifice. In experiments where the
plasma is added and activated, the plasma voltage amplitude is typically set
to 2.2 kV and therefore somewhat higher than in the nESI-FpTP
measurements. Furthermore, the distance between FpTP and MS inlet has
been reduced to 0.5 mm. Figure 37 shows a macro photograph of the ionisation
region in front of the mass spectrometer. Due to the increased plasma voltage
amplitude, the jet of the plasma is significantly longer than in the nESI-FpTP

measurements and extends to the MS inlet capillary as shown in Figure 37.

A sample volume of 2 - 5 pL is applied to the centre of the paper triangle.
After this, the paper remains in the fume cupboard until it is completely dry.
In this project, the same liver sample as introduced in the previous chapter
has been used here as well as a heart extract. More information on the heart
extract can be found in chapter 2.4. Furthermore, several different compounds
are applied here. One of these compounds is the alkaloid reserpine. The latter
is a drug for the treatment of hypertension that is rarely used today, but
represents an excellent model compound for electrospray ionisation mass
spectrometry [108,109]. Further compounds are two potential oral cancer
biomarker candidates which have been added to the heart extract later on.

These are 2-nonanone and 3-octanone as introduced in chapter 2.4.

After drying the sample
treated paper, the paper
triangle is placed in the copper
clamp in front of the MS inlet.
35 pL of the spray solvent and
the electric voltage amplitude
is applied to generate the

paper spray ionisation. The

2 mm

basic  spray solvent has
Figure 37: Macro photograph of the ionisation region
with the paper spray ionisation and the flexible . ) )
microtube plasma in front of the MS inlet. This photo previous parts and is described
is reprinted with the permission from Anal Chim Acta. in detail in chapter 2.4. In
2022, Vol 1201; 339619. Copyright 2022 Elsevier
[108].

already been introduced in the

addition, other spray solvents
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containing methanol, ethanol, acetonitrile and water (with ammonium

acetate) have been prepared and used in some experiments.

Because of its complex composition, the liver sample is applied as an
indicator for different ionisation mechanisms. Here the detection of polar lipids
indicates the electrospray mechanism, while signals of neutral lipids (less polar

compounds) indicate the plasma-based ionisation process.

4.2 From paper spray to corona

discharge

The spray duration of a paper spray depends on various factors. The main
factors are the applied solvent, the amount of solvent, the type of paper and
the ambient temperature. The latter, however, varies only slightly due to
temperature-controlled laboratories. The type of solvent has the greatest
influence. While solvents such as acetonitril (ACN) or methanol (MeOH) are
highly volatile and only generate a short spray duration of around 1 min,
ethanol or water generate a significantly longer spray duration of up to several

minutes.

To present different spray durations, Figure 38 shows a reserpine sample
analysed with different solvents and a solvent mixture. The reserpine sample
used here is a 100 pM solution which corresponds to a concentration of 0.061
mg/mL. Similar to the basic spray solution, in this measurement each solvent
also contains one percent of the total volume of a 1 mol/L ammonium acetate
solution. 2 pL of the reserpine solution have been positioned on the paper
which was fixed in the copper clamp after the drying process. 35 pL of solvent
has been added before the high voltage of the power supply has been

activated.
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In the case of acetonitril (ACN) and methanol (MeOH), the spraying
process observed by the [M+H]* of reserpine at m/z 609.27 is completed after
a 1.3 min and 1.4 min respectively, whereas ethanol (EtOH) sprays somewhat
longer (3.1 min). The longest spraying time is achieved with a mixture of
EtOH and H>O (ratio 1:1; basic electrospray solution). Here a spray duration

of 6.5 min can be achieved, but requires a long initiation or stabilisation phase.

During the first measurements of the liver sample an unusually long spray
duration has been recognised. The liver sample has been applied and measured
as described above. 5 pL of the Avanti liver extract resulting in an absolute
mass of 125 g on the paper substrate. Analysing the liver sample by paper
spray ionisation mass spectrometry, a spectrum as shown in Figure 39 is
obtained. Due to the electrospray mechanism this paper spray spectrum shows
the same signals as already observed with the electrospray technique of the
previous chapter. The intensity ratios of the signals also show strong
similarities. The PC(36:2) signal is the most abundant peak at m/z 786.9.
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Figure 38: Spray durations of different spray solvents in paper spray ionisation acquired by the
reserpine signal at m/z 609.27. The spray duration depends primarily on the solvent type. ACN
and MeOH show a short spray duration, EtOH a somewhat longer one. The mixture of EtOH and
H:O (ratio 1:1) sprays for the longest time. Here a spray duration of maximum 6.5 min can be
observed. A voltage amplitude of 2.5 kV has been applied to the paper. Due to the high resolution
of the orbitrap analyser, the mass tolerance for the extracted ion currents has been set to 10 mmu.
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Figure 39: Mass spectrum of the total lipid liver extract generated by paper spray ionisation mass
spectrometry. The lower resolution LTQ part of the MS has been used. The detected signals are
identical to those of the nESI measurements of the previous chapter.

Investigating the spray duration of the liver sample, an additional process
has been observed. To illustrate this additional process, Figure 40a and b
shows the ion chromatograms of the polar lipid PC(36:2) at m/z 786.9 and of
the less polar cholesterol at m/z 369.5.

This paper spray measurement can be divided into different phases, which
are separated by grey lines and numbered periods in Figure 40. At point (1)
the DC high voltage of 3.1 kV has been applied. The first ions already reach
the MS directly. Larger analytes as lipids move through the paper slower, due
to the paper chromatographic effect. Hence, the signal of the PC(36:2)
increases in a stabilisation phase of period (2). This is followed by period (3)
with a stable spray resulting in a stable signal of the PC(36:2) over a duration
of 6.5 minutes. At minute 8.5 (beginning of period (4)) an unexpected signal

increase can be observed in the ion chromatogram.

The reason behind the increase in signal from period (3) to (4) could be
attributed to the drying process of the paper. As the spray solvent evaporates
it leads to a higher concentration of charge carriers on the paper, resulting in
a slightly increased conductivity. This creates a stronger electric field at the
paper tip and thereby increasing the intensities of the lipid signals. However,
this effect of concentration is marginally present in phase (3) due to the

solvent-saturated paper. During period (4), where most of the solvent is

84



4.2 From paper spray to corona discharge

1 @ 3) 4) )

304 @) o
;: 20 §
S 10 %
Z 3
= o
2 2l o
(= <3}
L 14 M N
E =

0.
= =
< 1019 e
= 5
§ 0.5 g
= 5
2 o

0.0 : : : : : , @

0 2 4 6 8 10 12

time [min]

Figure 40: Measurement of the liver sample analysed with paper spray ionisation mass
spectrometry. Chromatograms a and b show the extracted ion currents of the polar PC(36:2) and
the less polar cholesterol as a function of time. The process of paper spray ionisation can be separated
into different periods. After the voltage is applied (1), a stabilisation phase follows (2). A stable
paper spray can be observed in (3). In period (4) the intensity of the PC(36:2) increases briefly
before it stops spraying. This is followed by a corona discharge which allows the ionisation of
cholesterol. The change from electrospray to a corona discharge can also be detected by acquiring
the electric current of the MS power supply as shown in c. The measured source current remains
constant until it transits to a corona discharge. Here the current increases rapidly. The LTQ
analyser has been used with a mass tolerance of 200 mmu. The ion signals have been acquired at
an inlet capillary temperature of 260 °C, a capillary voltage of 50 V and a tube lens voltage of 112
V. According to Anal Chim Acta. 2022, Vol 1201; 339619. Copyright 2022 Elsevier [108].

evaporated or already sprayed, the concentration effect is enhanced, resulting
in a significant increase in signal intensity. Since cholesterol is not accessible
via electrospray ionisation, no signal can be detected in Figure 40b during
period (1) to (4). However, after the paper spray process the signal intensity
of the less polar cholesterol at m/z 369.5 increases in a subsequent phase (5).
This indicates a change from the electrospray ionisation process to a corona

discharge.

The measured electric current depends on the type of discharge and can be

used as an additional indicator for occuring mechanisms. However, the

85



4 The PSI-FpnTP

software Xcalibur available from Thermo Scientific does not offer the
opportunity to extract the electric source current. Therefore, a python file
reader program code according to F. Allain is developed to extract the source
current from MS RAW data files and create a text-based ASCII file [110].

The latter can be interpreted by using data analysis software as OriginLab.

In Figure 40c the extracted source current is shown as a function of time,
which rises insignificantly from 0.30 pA to 0.38 pA between phases (3) and
(4) despite the increase in intensity. After that the source current increases in
the period of phase (5) by a factor of 2.5, reaching 0.92 pA and seems to
exceed the source current of a paper spray ionisation. Of course, the absolute
current value of a discharge depends on many factors and can be poorly
compared with other assembles or discharge techniques, but a strong relative
increase of the current within a measurement as in period (5) clearly indicate

a switch of the operating discharge process.

The explanation for the increase in current when changing from
electrospray to plasma ionisation is based on the current-voltage
characteristics of electric discharges. Basically, the electrospray represents a
type of electric discharge as well. However, it delivers significantly lower
current values at the same voltage amplitudes compared to a plasma
discharge. This effect is probably a consequence of the different ionisation
mechanisms in electrospray- and corona discharges. While electrospray
initially forms droplets which release ions into the gas phase by coulomb
fission, a plasma ionises the ambient atmosphere directly. Consequently, more
charge carriers are moved within a certain period of time (s. chapter 2.2)
during the corona discharge than in the case of an electrospray. Both, the
appearing cholestadiene ion signal and the increased source current, indicates
the existence of a corona discharge as a temporal consecutive-ionisation

process subsequent to the electrospray ionisation.

It should be noted that the maximum cholesterol signal intensity in Figure
40b is more than an order of magnitude smaller than that of the PC(36:2) in
Figure 40a. Based on the highest signal intensities (with a PC(36:2) intensity
of 28.8-10° and a cholestadiene ion intensity of 1.5-10°), the cholesterol signal
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only reaches a relative abundancy of around 5 % of the PC(36:2) signal. This
is despite the fact that the cholesterol fraction of 7 % in the liver sample is
very high [93]. In comparison, when using nESI-FuTP the cholestadiene ion
can reache a relative abundancy of 39 %. Therefore, higher cholestadiene
signals should be expected, which leads to the assumption that the appearing
corona discharge is not particularly efficient. Furthermore, the corona
discharge only exists for a short duration of about one minute. After this
corona discharge in period (5) the ionisation process interrupts completely.
Not only the ion currents of m/z 786.9 and m/z 369.5 disappear, also the total
ion current (TIC) stops.

The generation of the corona discharge can therefore be described as
follows. If enough spray solvent is present to maintain an electrospray, droplet
ejection takes place. If there is not enough spray solvent, the spraying process
ends, but due to the ions generated in the liquid by the electrospray, a
conductivity to the tip of the paper still exists. As long as this condition
persists, a corona discharge occurs at the tip of the paper. If there is no longer
enough solvent to ensure the generation of ions and the conductivity, the

corona discharge also disappears.

The working group around R. G. Cooks already showed an occuring corona
discharge under specific conditions during paper spray ionisation in 2011.
According to Li et al., this so-called paper spray chemical ionisation (PSCI)
only occurs if non-polar solvents such as n-hexane or dichloromethane are
utilised [111]. Due to the high vapour pressure of these solvents, here a
continuous supply of solvent is necessary. Furthermore, a very high voltage
amplitude of 6 - 7 kV (DC) is required. In 2017, Kim et al. used this method
to analyse oil-contaminated sediment and showed a successful ionisation of
low polar compounds such as 4,6-dimethyldibenzothiophenes and anthracenes
[112,113].

In contrast to these publications, in this work the effect of paper spray
chemical ionisation has been observed with a standard polar electrospray
solution consisting of water and ethanol (with ammonium acetate). To

investigate the phenomenon of a subsequent corona discharge and whether

87



4 The PSI-FpnTP

this occurs primarily in complex samples with polar solvents, another sample
has been prepared. Instead of the highly concentrated liver extract (25
ng/nlL), a standard that contains 0.031 ng/pl reserpine and 0.547 ng/nL
cholesterol. Therefore the analyte concentration has been significantly lower
compared to the liver sample. The distinctly higher cholesterol concentration
relative to the resperin has been chosen because of the lower ionisation
efficiency of the molecule. Here 4 pl. of the samples have been spotted,
resulting in absolute masses of 0.12 pg reserpine and 2.2 pg cholesterol on the
paper. After drying, the paper spray ionisation processes generated by
different spray solvents (MeOH, EtOH, ACN and the basic electrospray
solution) have been examined for the occurence of a corona discharge. Similar
to the previous experiment, this has been evaluated on the basis of the
extracted ion current of cholesterol and the temporal characteristic of the

source current.

The acquired ion chromatograms of reserpine (m/z 609.27) and cholesterol
(m/z 369.35) are shown at the top of each measurement presented in Figure
41a - d. Below these there are the extracted source currents which have been
read out by applying the programmed python code as already described.
Looking at the measurements of ethanol (a) and the basic electrospray
solution (ethanol+water; in b), no cholesterol can be measured during the
acquisition process. This is probably the major reason why no corona
discharge subsequent to the paper spray ionisation has been detected in
preliminary experiments. In contrast, the source current shows a clear
indication of an occurring corona discharge. With the disappearance of the
reserpine signal the source current increases up to 4 pA, indicating a change
in the dominant ionisation mechanism. In the previous measurement (analysis
of the liver extract by PSI) the current has only increased up to 0.92 pA. The
reason for the strong increase up to 4 pA in this experiment is unclear, but in
this measurement here a different MS device (Thermo Velos Pro) has been
used, which could explain the difference. Exclusively when using methanol,
an increase in the cholesterol signal as well as in the source current can be

observed, whereby the cholesterol signal is clearly shorter than the duration
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4.2 From paper spray to corona discharge

of the corona discharge indicated by the soure current. This means that
cholesterol is not permanently available and is being consumed. The reason
for this is unclear up to this point and will be examined in more detail in the
following experiment. Acetonitrile, on the other hand, is the only solvent that
does not produce a corona discharge and thus no cholesterol signal. The reason
for this is unknown, nevertheless compared to the other ones acetonitrile is

an aprotic solvent.
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Figure 41: Paper spray ionisation of a reserpine and cholesterol consisting standard. Different
solvents have been applied to generate the paper spray in order to observe the formation of a corona
discharge subsequent to the electrospray ionisation. Within a measurement, the ion currents are
shown at the top and the source current at the bottom. Especially on the basis of the source current
the appearance of a corona discharge can be detected for MeOH, EtOH and EtOH+H:0. No corona
discharge is observed by using ACN. A voltage amplitude of 2.5 kV has been applied in this
measurement to generate the ionisation process.
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This shows that a corona discharge also appears using polar solvents with
non-complex samples such as standards and is thus independent of the sample
itself and rather dependent on the solvent (see acetonitrile). Literature on
corona discharges during paper spray ionisation with polar solvents is rare
and difficult to find. Two other publications describe this phenomenon
[114,115]. Here, however, the occurrence of a corona discharge is regarded as
an artefact to be avoided and is attempted to be suppressed by variation of
the spray solvent [115]. Consequently, further research is needed to describe

this phenomenon in detail, but this is beyond the scope of this thesis.

In fact, a corona discharge as a subsequent discharge to the paper spray
process is an interesting approach, but not sufficiently efficient for the analysis
of less polar compounds such as cholesterol. For this reason, in the following
experiment the paper spray is combined with a flexible microtube plasma as
introduced at the beginning of this chapter in order to increase the ionisation

yield of the cholesterol.

4.3 Jonisation modes

Similar to the nESI-FpTP approach, the combination of the PSI and the
FpTP enables three different operating modes. The first mode represents the
paper spray ionisation (PSI mode) that is generated by a voltage amplitude
of 3.1 kV. The second mode combines the activated PSI and FpTP (PSI-
FuTP-mode). In the third mode, only the plasma source with a voltage
amplitude of 2.2 kV is activated (FpTP-mode). These different modes are
illustrated in Figure 42a and b. Here the extracted ion current of the polar
PC(36:2) signal is shown in chromatogram a and the extracted ion current of
the cholesterol signal is shown in chromatogram b. In this experiment the
LTQ analyser of an LTQ Orbitrap XL has been used and the ion currents

have been evaluated with a mass tolerance of 200 mmu.
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The chromatograms in Figure 42 are separated in 9 periods. Each period
corresponds to one of the three ionisation modes as mentioned before. After
wetting the sample treated paper triangle with 35 pl of the basic spray solvent
in period (1) only the FuTP is activated, in order to identify cholesterol which
perhaps entered the gas phase by solvent evaporation. This process is
performed in the time span between minute 0 an 1 of Figure 42a and b.

Neither a PC(36:2) signal nor a cholesterol signal can be detected.
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Figure 42: Three different modes of the paper spray ionisation coupled with the flexible micro tube
plasma (PSI-FuTP) are performed. The measurement can be separated in 9 periods which are
numbered at the top. Relevant ion currents are shown in chromatogram a and b. The diagrams c -
e below show spectra of the different modes. High signals of polar lipids can be observed in the
periods (2), (4), (2°) and (4°), here the PSI mode is activated solely. In the PSI-FuTP-mode low
abundant signals are obtained, which can be seen in the periods (3) and (3°). Using only the FuTP
results in a spontaneous, very intense cholesterol signal which loses intensity in a tailing shape.
This degradation of intensity indicates a desorption process. To exclude an evaporation process of
cholesterol afterwards to the PSI, the procedure of the periods (2) to (5) are repeated in the regions
(2') to (6), with the exception that the paper triangle has been removed completely. The spectra in
¢ — e represent peak maxima of the chromatograms a and b and are averaged over 15 scans. This
Figure is a modified reprint with permission from Anal Chim Acta. 2022, Vol 1201; 339619.
Copyright 2022 Elsevier [108].
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By activating the paperspray ionisation mode (PSI mode) in period (2),
the PC(36:2) signal appears as expected. A mass spectrum as shown in Figure
42¢ can be observed and represents the typical electrospray spectrum of the
liver sample. Activating the FuTP additionally to the paper spray (PSI-
FpTP-mode) leads to the signals in period (3). This highlights the mutual
hindrance of the two opposing ionisation mechanisms and shows that it is not
caused by a saturated ion trap. The corresponding full scan spectrum
generated by this mode is depicted in Figure 42d. The PC(36:2) signal
disappears and only a very low abundant cholesterol signal can be detected.
The reason for this signal suppression is unclear. Both processes, the
electrospray ionisation and the plasma ionisation interfer with each other,
resulting in very low ionisation yields of cholesterol. The interferences
observed with PSI-FuTP are larger than the interferences of the nESI-FpTP
source. Hence, the scale of the PSI-FpuTP spectrum of Figure 42d is reduced
by one order of magnitude due to the low signal intensity. To check the
reproducibility of the PSI mode described above, the FpTP is again
deactivated in period (4). Afterwards the voltage amplitude of the paper spray
is switched off (period (5)) and the plasma is activated so that the FuTP-
mode operates here. A fast, strong increase of the cholesterol signal is obtained
with a decay during the following 1.5 min. A full scan spectrum generated by
this Fu'TP-mode is depicted in Figure 42e.

This phenomenon leads to the assumption that cholesterol deposits on the
MS inlet capillary surface and accumulates during the paper spray process.
Because of the high temperature cholesterol desorbs from the 260 °C hot
surface and becomes accessible for the plasma ionisation. The entire procedure
of the periods (2) to (5) has been repeated in the periods (2') to (6). However,
in contrast to period (5), in period (6) the paper triangle has been removed
(at minute 6) prior to the plasma activation, in order to exclude an
evaporation of solvent with cholesterol after the PSI mode. For safety reasons
all high voltage supplies have been switched off for a few seconds during the
removal. Turning off any voltage supply cuts off the first seconds of the

cholesterol signal, resulting in a reduced peak area of the cholestadiene signal.
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To illustrate this, the first structure of the cholestadiene peak of period (5) is
added as an overlay to the peak in period (6). The similar shape (tailing) of
both cholesterol signals supports the assumption of a cholesterol deposition
on, and desorption from the MS inlet surface. The relative signal intensity of
the cholesterol is very high for a short moment. This shows the ratio of the
most abundant PC(36:2) signal to the measured cholesterol signal. The
cholesterol signal reaches the same intensity of 4x10° as the PC(36:2) signal,
which corresponds to a relative abundancy of 100 % to the PC(36:2). As a
short reminder, the nESI-FpTP approach has only achieved a relative

abundance of 39 % for cholesterol.

Based on the results shown here it can be stated that due to the extremely
low intensity of the PSI-FuTP-mode a simultaneous operation of both sources
does not make sense from an analytical point of view. For this reason, when
combining a paper spray and a plasma such as the FuTP, only a sequential

order of the applications lead to a sufficient analysis.

An essential aspect for future developments can be derived from the
experiment shown here. If the process of deposition and accumulation
(followed by desorption and ionisation) occurs in the coupling of the paper
spray with the Fu'TP, this process will probably also play a role in the coupled
nESI-FpTP approach. How large the relative amount of deposited and
desorbed cholesterol is to the amount of cholesterol that enters directly the
gas-phase remains unknown. However, due to a stable cholesterol signal, the
influence should be significantly smaller in the nESI-FpTP approach
compared to the PSI-FpTP. This could depend on the different distances
between ion source and the MS inlet as the paper spray in the PSI-FpnTP is
placed 2 mm away from the MS inlet, while the nESI of the nESI-FpTP
approach has a distance of 3 mm. This means that droplets of the paper spray
would have less time to shrink and release ions until they reach the MS inlet
before the evaporation process is completed. Furthermore, an electrospray
process can occur in different spray modes resulting in a wide range of initial
droplet sizes [30-32]. As described in the fundamentals, these spray modes are

dependent on operating parameters such as liquid flow rate, electric
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conductivity and spray voltage. Consequently, it is very likely that the nESI
and the PSI also produce different sized droplets due to their divergent
configurations and possible different spray modes. Reports in the current
publications suggest that a significant proportion of droplets differ in size, are
capable to remain large and have a long lifetime [116-118]. This can lead to
aspiration of these droplets into the MS inlet systems. Having investigated
this in 2021, the team around T. Benter found that charged droplets are able
to induce fragment signatures after penetrating deep into the vacuum stages
of commercial mass spectrometers. As a result, these charged microdroplets

can even enter the mass analyser area (Markert et al.) [119].

Moreover, the PSI-FnTP only operates sequentially, whereas the sources
of the nESI-FpTP approach are able to operate simultaneously, although the
plasma ionisation mechanism dominates when the plasma is activated. In the
nESI-FpTP the electrospray remains active and maintains the sample supply,
in contrast to the PSI-FuTP. This could lead to an equilibrium or “steady
state” of deposition and desorption of cholesterol molecules on and from the
hot capillary surface. This generates a stable cholesterol signal in the case of
nESI-FpTP. Consequently temperature plays a fundamental role in the entire
process of the cholesterol ionisation (and perhaps other lipids) and probably
also has a larger influence on the nESI-FuTP approach than previously

assumed.

4.4 Detection of volatile

biomarker candidates

A number of biomarkers can also be present in form of volatile organic
compounds. Accordingly, the screening for volatile compounds in complex

samples can be of great benefit. An impressive example is the work of Perdita
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Barren, who developed a method for diagnosing Parkinson's disease by
analysing volatile organic compounds (VOC) in human sebum samples
[120,121]. The paper used in PSI is an excellent collection- and carrier
substrate for bringing various matrices easily and rapidly in front of a mass
spectrometer. However, an ionisation source is still required. The combination
of paper spray ionisation and flexible microtube plasma provides both and

could therefore be useful for such an application.

To investigate this application with the PSI-FuTP, two volatile organic
compounds are analysed with this technique. These compounds are 2-
nonanone and 3-octanone, which are potential biomarker candidates for oral
cancer [75]. In order to avoid analysing these compounds in the form of
common standards, they have been spiked into a complex total lipid heart
extract. This feasibility study focuses on PSI-FpTP analysis of the volatile
organic compounds, therefore a detailed identification of the lipids inside the
heart extract is not performed. For the first test, 97 pL of the heart extract
have been spiked with 1.5 pL of each VOC, resulting in concentrations of 12.3
mg/mL 3-octanone and 12.5 mg/mL 2-nonanone. Applying 5 pL of this
sample on a paper triangle results in absolute masses of 61.5 pg and 62.5 pg.
For the following analysis, a capillary temperature of 280 °C and a tube lens

voltage of 120 V have been selected.

Figure 43a shows the mass spectrum obtained in PSI mode. Similar to the
analysis of the liver extract, polar lipids in the mass range of m/z 720 - 930
are detectable. The signal with the highest abundance is observed at m/z
758.8. Suggestions for the identification of the five most abundant lipid signals
in the mass range of m/z 720 - 930 can be found in Table A1 of the appendix.
This identification is primarily based on matching with the work of Christer
S. Ejsing [122]. Database-based matching has been applied as well, but is not
very reliable due to the low resolution of the LT(Q analyser. MS? experiments
have not been performed in this part of the work, as the exact composition of
the heart extract is not of primary interest and is only applied as complex

matrix. The composition of the lipid classes of this total lipid heart extract
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according to Avanti® Polar Lipids can be taken from Table A2 of the
appendix.

When the spray voltage is switched off and the Fu'TP is activated as shown
in the Figure 43b, intense signals appear at m/z 129.1, m/z 143.1 and m/z
369.5 which correspond to 3-octanone, 2-nonanone and the already known
cholestadiene ion which is the product ion of cholesterol. Both ketones are
represented by the protonated species [M+H]". Further lipids in the mass
range of m/z 500 to m/z 640 can be detected as well. Additional less polar
lipids have already been observed in the analysis of the liver sample and
described in detail in the previous chapter. The signals of further less polar
compounds detected here remain unidentified due to the focus of this

experiment.

The difference between the transition processes (from liquid to the gas
phase) of the volatile compounds (3-octanone and 2-nonanone) and the non-
volatile cholesterol becomes even clearer with a look at the ion currents in

Figure 44. For this purpose, the ion currents of the relevant compounds are
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Figure 43: Mass spectra of the bovine heart extract spiked with 3-octanone and 2-nonanone
measured with the PSI-FuTP approach. The spectrum in blue (spectrum a) shows the paper spray
generated signals of polar lipids. Spectrum b in red shows the active plasma ionisation which leads
to the signals of cholesterol and both volatile potential biomarker candidates. Each spectrum consists
of 30 scans acquired with a microscan number of three. According to Anal Chim Acta. 2022, Vol
1201; 339619. Copyright 2022 Elsevier [108].
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shown as a function of time. At the beginning the paper spray ionisation
process is active. The signal of the PC(34:2) at m/z 758.7 (chromatogram a)
is stable until the power supply is switched off at minute 0.6. By activating
the plasma, the cholesterol signal appears at m/z 369.5 (chromatogram b).
After reaching its maximum the signal decreases with a tailing as already
observed previously. In contrast to this, the signals of the volatile biomarker
candidates 2-nonanone (m/z 143.1; chromatogram c) and 3-octanone (m/z
129.1; chromatogram d) increase slowly and reach their maximum signal
intensity first between minute 0.7 — 0.8 min. Afterwards the signals remain
constant. The different profiles of the ion currents can be explained by the
different transitions of the analytes into the gas phase. While the volatile
organic compounds pass directly from the paper substrate into the gas phase,
the cholesterol is released after the deposition on and desorption from the hot
surface. The question arises whether the volatile compounds rise slowly even
though they should evaporate continuously from the paper. This is probably
the case, but the ions in front of the MS are in competition due to the

temporary large amount of ions. An ion trap is limited to a certain amount
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Figure 44: Ion chromatograms of PC(34:2) at m/z 758.7, cholesterol at m/z 369.5 and both potential
biomarker candidates 2-nonanone at m/z 143.1 and 3-octanone at m/z 129.1 acquired by PSI-mode
and the FuTP-mode. The ion currents show different profiles. The PC signal drops with activating
the plasma. In contrast to cholesterol that increases rapidly and fades with a decay, both volatile
organic compounds rise slowly and reach a signal plateau. Reprinted with permission of Anal Chim
Acta. 2022, Vol 1201; 339619. Copyright 2022 Elsevier [108].
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of ions. Due to the direct vicinity and concentration effect of cholesterol on
the capillary surface, it has a competitive advantage over the volatile organic
compounds. Consequently, it enters the ion trap preferentially for a short
period of time. As the amount of cholestadiene ions decreases, the detected

amount of the volatile ketones is able to increase.

With these results, the PSI-FpnTP approach in addition to the paper spray
generated signals of polar lipids allows, the detection of less polar lipids by
the plasma and therefore the possibility of the determination of volatile
organic compounds. This could be of great interest for the analysis of complex
liquid matrices such as sweat, saliva, urine or sebum. In order to assess the
performance of this method, a calibration series of the two volatile organic
compounds have been performed and the limit of detection has been
determined according to the method of Hubaux and Voss, which has already
applied previously. The calibration series has been produced with the heart
extract as matrix. In addition, a 1:10 (v/v) dilution of the volatile organic
compounds in ethanol has been prepared for spiking the samples. To five 1:100
(v/v) dilutions of the heart extract (0.25 mg/mL) different amounts of the
volatile organic compounds have been added to the sample generating the
concentrations shown in Table 10. 5 plL of a spiked sample have been
deposited on the paper triangle resulting in the absolute masses listed in Table

10 as well.

Table 10: Concentrations of the samples and the resulting absolute mass of potential biomarker
candidates spotted on the paper.

Concentration Concentration Abs. mass
Sample [uM] [ug/mL] [ng]
2-Nona. 3-Octa. 2-Nona. 3-Octa. 2-Nona. 3-Octa.

1 116.7 127.9 16.6 16.4 83 82

2 233.4 255.8 33.2 32.8 166 164
2 583.5 639.6 83.0 82.0 415 410

4 1167.0 1279.2 166.0 164.0 830 820

5 2334.1 2558.3 332.0 328.0 1660 1640
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Figure 45 shows the obtained data with a linear regression and the 95 %
confidence intervals. The error of each data point is determined by a quintuple
measurement (n = 5). In the case of 2-nonanone, a regression with the
coefficient of determination (R?) of 0.9997 has been achieved, resulting in a
limit of detection of 10 ng. For 3-octanone, a regression with a R* = 0.9923
has been calculated. The slightly higher value also leads to a higher limit of
detection of 80 ng. The reason for this deviation is unclear. Pipetting errors
during the sample preparation could be a reason. Fictitious molar
concentrations calculated on the basis of the used standards and the LOD

result in 14 pM for 2-nonanone and 125 pM for 3-octanone.
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Figure 45: Achieved regressions and LODs of the calibration series of the potential biomarker
candidates. Each concentration of 2-nonanone in a (on the left) and 3-octanone in b (on the right)
has been analysed five times. The limit of detections are calculated according to the method of
Hubaux and Vos and are depicted in the corresponding diagram highlighted in yellow.
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4 The PSI-FpnTP

Comparative data could not be found in the literature, as the paper spray
technique has not been used in a comparable configuration (combined with a
plasma for the analysis of VOC) to the current state of knowledge. However,
by taking up the already mentioned work of Perdita Barren at the beginning
and looking at the examined concentrations, that are in the range of 0.005
pM - 10 pM [120], 2-nonanone is only slightly above the concentration range
used for biomarkers detected in Parkinson's disease. The performance of a gas
chromatographic separation with a mass spectrometric detector (GC-MS) is
clearly not achieved with the results obtained here. However, this study does
not claim to outperform this type of method. This investigation serves only
as a proof of concept and a successful analysis also depends on the analytical
task. The question of whether this method is sufficient for a specific medical
diagnosis cannot be answered definitively here, as this would require more

studies as well as more specialised knowledge in clinical medicine.

4.5 Summary and conclusion of
the PSI-Fp'TP

In paper spray analyses of a liver extract, unusually long spraying times
have been observed. In this context, it has been found that a corona discharge
formed after the paper spray ionisation. A strong increase in the source
current after paper spray ionisation has also clearly indicated the formation
of a corona discharge. The extraction of the source current has been made
accessible by an in-house programmed python code. This has not only
extended the time of ion production, but has also enabled the ionisation of
the less polar cholesterol. There are only a few publications that deal with
corona discharges during or subsequent to a paper spray process. However,

Kim et al. have been able to achieve a similar effect by combining non-polar
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4.5 Conclusion of the PSI-Fu'TP approach

spray solvents such as hexane and very high voltages (6 - 7 kV). Named paper
spray chemical ionisation (PSCI), a detection of low polar substances in oil

contaminated sediments have been demonstrated.

However, since the current project primarily works with polar solvents, it
had to be excluded that the complex liver sample is responsible or partially
responsible for the corona discharge observed here. For this reason, a sample
standard consisting of reserpine and cholesterol with lower concentrations
than the liver sample has been measured with different spray solvents. Here,
too, a corona discharge has been observed, which could be detected by the
source current as a function of time. The only spray solvent that has not
shown a corona discharge was acetontrile. This provides that the formation
of a corona discharge is not or only slightly dependent on the sample itself,

but rather on the applied solvent.

A corona discharge created with polar solvents subsequent to paper spray
ionisation is an interesting phenomenon, but not very efficient in ionisation.
For this reason, the flexible microtube plasma has been added to the paper
spray. Similar to the nESI-FpTP approach, three ionisation modes are
possible. When investigating these different modes, it was found that
simultaneous application of the ion sources produces only very weak signals
while sequential activation is very efficient. However, the evaluation of the
extracted ion signal of the cholesterol showed a decay, which can be explained
by cholesterol deposition on the MS inlet surface during the paper spraying
process. The high temperature of the surface desorbs the cholesterol and
makes it accessible for plasma ionisation. This leads to an intense cholesterol
signal. However, since the paper spray is deactivated during plasma ionisation,

cholesterol is not replenished and the signal intensity decreases.

In matrices such as urine, sweat or sebum biomarkers or potential
biomarker candidates can be present in the form of volatile organic
compounds. The combination of paper spray and plasma ionisation is
predestined for such an application due to the sample loading on a paper
substrate. For this reason, a heart sample has been spiked with volatile

potential biomarker candidates (3-octanone, 2-nonanone) and analysed with
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4 The PSI-FpnTP

the PSI-FuTP approach in the final measurements. It has become clear that
it is possible to detect these volatile ketones. When determining the detection
limits, 80 ng have been determined for 3-octanone and 10 ng for 2-nonanone.
The latter, when converted to a liquid sample (on the basis of the standard
solutions used), reaches the upper limit of a concentration series analysed in
a study of which describes a successful detection of volatile Parkinson's
biomarkers. Whether such a performance is sufficient in clinical medicine

cannot be conclusively clarified here.

Two particularly important insights for further developments can be taken
from this project. Firstly, it is very likely that the deposition and desorption
of cholesterol on and from the hot MS inlet surface plays a role not only in
PSI-FpnTP experiments, but also in the previously introduced nESI-FpTP
approach. Consequently, the electrospray process does not release cholesterol
or perhaps other less polar lipids sufficiently. On the other hand, with this
PSI-FuTP method (similar to the nESI-FuTP technique) only a sequential
combination of both ion sources is possible, which makes the development of

a hybrid ionisation source challenging.

Both, the insights obtained from the measurements of the nESI-FpTP
approach (e.g. the variation of the MS inlet capillary temperature) and the
insights of the current chapter (adsorption and desorption of cholesterol on
and from the MS inlet surface) clearly show that thermal energy plays a
fundamental role in the coupling of an electrospray-based and a plasma based
ion source. In order to make the coupled ionisation system electrospray-
plasma independent of the MS inlet temperature, to minimise adsorption and
desorption processes and to make other less polar substances accessible, the

nano-electrospray is modified in the following.

Furthermore, the fact that both systems cannot be operated simultaneously
but rather sequentially illustrates once again that these ion sources are
operating under antagonistic conditions. To develop a hybrid ionisation
source, a different approach must be applied, which will also be addressed in

the final development.
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h-nESI-sFpnTP

For the development of a hybrid ionisation source that simultaneously
ionises polar and less polar compounds, the nESI-Fu'TP approach introduced
at the beginning is applied for futher developments. Two important
requirements need to be complied and implemented in order to generate a
hybrid ionisation by the nESI-FpTP.

First, the range of analytes accessible by plasma ionisation must be
expanded. Currently the detection of different less polar species depends on
the MS capillary temperature, which means that either cholesterol or other
lipids can be analysed by an activated plasma, but not at the same time (s.
chapter 3.5). In addition, very high MS inlet capillary temperatures can lead
to undesired effects. This makes an MS temperature-independent ion source
necessary. Secondly, the electrospray- and the plasma ionisation must be
operated in one single scan cycle to ionise and detect polar and less polar

compounds in a spectrum without the use of averaging several spectra.

This chapter focuses on the implementation of these requirements which
necessitates some modifications on the nESI-FuTP. The effects and results of
these modifications on ionisation will be evaluated and assessed in this

chapter. Parts of the data, results and diagrams presented here are currently
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5 Hybrid ionisation via h-nESI-sFpTP

in the peer review process and will also be found in a future publication that

cannot be referred in this work.

5.1 Coupling a heated nESI with
the FpTP

As described in the previous chapter, some of the droplets emitted from
the electrospray do not seem to evaporate completely, hitting the hot MS inlet
surface and releasing the remaining compounds (low polar) into the gas phase,
where they are ionised by the plasma. In order to assist the electrospray
process and make the ion source independent from the MS inlet temperature,
the nano electrospray used in the previous experiments has been modified
with an additional heating element. This supports the release of less polar
molecules such as cholesterol (or other lipids) from the p-droplets into the gas

phase, before the droplet reaches the hot capillary surface.

The heating element consists of a heating wire twisted into the shape of a
coil. This heating wire is obtained from Thermoexpert GmbH and in detail
consists of a resistance heating wire (Inconel®, 1NiCrI05, max. temp. 600 °C,
50 ©2/m at 20 °C) which is embedded in magnesium oxide and sheathed with
a stainless steel alloy (type 1.4541) capillary with an outer diameter of 500
pm. This wire is bent to a coil with an inner diameter of 3 mm. In the progress
of this approach, three different heating elements have been produced. The
first consisted of only one winding, but had little to no effect. The second
heating element consisted of 4 windings. The first positive effects were
observed here, but a third heating element was produced. This coil has finally
been implemented to the setup and consists of 12 turns that are folded in the
middle, creating two coils with 6 turns (each ~ 3 mm) in an angle of 90° to

each other. One end is mounted on a 3D translation stage with a ceramic
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5.1 Coupling a heated nESI with the FpTP

holder. A modified nESI is inserted into the second, angled end of the coil. By
utilising a standard laboratory DC power supply (EA-PS-2032-025, Elektro
Automatik), it becomes possible to establish a static temperature correlating
on the supplied voltage and current. To determine the temperature of the
center of the heating element (position of the nESI), a PT-100 temperature
sensor (M-3640D, Metex) was positioned inside the heating coil. The sensor

does not have any contact with the heating wire surface.

Figure 46 shows the measured temperature as the function of the applied
current. Interpreting the data by a parabolic fit shows a very good correlation
valid up to a current of 0.61 A. The coefficient of determination could be
calculated to R2 = 0.9997. With the following Eq. 21 the temperature T inside
the heating element can be calculated with the applied current I, the constant
A with 22.624+1.31, the const. B with 66.50+9.72 and the const. C with
611.20+15.25.

Eq. 21 T=A+B-1+C-I?

It should be noted that the temperature of the heating element determined
here has only been measured once, as it can be assumed that the deviation of

the temperature when using the nESI is greater than the error determined in
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Figure 46: Heating curve of the coil shaped resistance heating wire. The diagram shows the

temperature of the heating element as the function of the applied current. The red line represents a
parabolic fit to calculate the temperate inside the heating element.
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5 Hybrid ionisation via h-nESI-sFpTP

this measurement, due to the fact that the evaporation process removes heat
from the heating element. In addition to this, the surface temperature of the
heating element is significantly higher compared to the region inside the coil.
For these reasons the temperature values determined here can only be

considered as an approximation.

An electrospray is very sensitive to high temperatures. Depending on the
applied temperature and the solvent used, the electrospray process can stop
spraying. To prevent this antagonistic effect, the Taylor cone, which is
essential for the spraying process, needs to be protected from the high
temperatures of the heating element. The evaporation process should only be
accelerated for p-droplets that have already been ejected from the Tailor cone.
The protection of the Taylor cone is ensured here by an additional sheath gas
which is guided through a capillary arranged coaxially to the electrospray
emitter. This so-called heated nano-electrospray (h-nESI) is constructed of
two PEEK tee pieces (UPC-P-728, Upchurch Scientific®) connected with
appropriate fittings and sleeves as shown in Figure 47a. The first tee piece
accommodates the liquid junction of the sample introduction and a platinum
wire electrode for the high voltage supply of the nESI. The high voltage is
generated by the MS internal high voltage generator, as already described for
the nESI-FuTP and PSI-FpTP approach. A fused silica capillary with an
outer diameter of 360 pm and an inner diameter of 50 um is used as an emitter.
The outer polyimide coating is removed by combustion of the tip area. In
contrast to the nESI-FuTP approach, the emitter capillary has not been
sharpened to a tip, since this setup was first operated on a test basis. The
results were excellent, so it was not replaced afterwards. The emitter has been
guided through a connector into the second tee piece where it has been
inserted to the sheath gas capillary. The second tee piece has been used to
connect the nESI emitter, the sheath gas supply and the sheath gas capillary.
The latter has an inner diameter of 720 pm and an outer diameter of 1500
pm. The nitrogen flow rate of the sheath gas has been regulated by a mass
flow controller (MTC Analytics, model 358529).
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Figure 47: At the top the construction of the nESI with additional sheath gas is shown schematically.
The first tee piece is used for sample supply to the emitter. The second tee piece is used to add the
sheath gas. The schematic diagram below shows the entire construction with the heated nESI and
the FuTP in front of the MS inlet.

The sheath gas capillary ends about 200 pm prior to the nESI emitter, so
that the tip protrudes slightly (see Figure 47a). The combination of nESI
sheath gas capillary is positioned in the heating element as shown in Figure
47b. The complete h-nESI assemble is placed at a distance of about 2 mm
from the MS inlet. The FuTP is located at a right angle to the h-nESI and
ends in the ionisation region in front of the MS inlet with a spacing of 0.5
mm. Both nESI (incl. sheath gas and heating element) and the plasma are
mounted on separate 3D translation stages and can be positioned
independently of each other. The FuTP is identical to that of the previous
PSI-FTP experiments. Figure 48 shows two close-up photographs of the
experimental setup and its dimensions in front of the MS inlet. In the
following, the combination of the heated nano-electrospray and the flexible

microtube plasma developed here will be abbreviated as h-nESI-FuTP.
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5 Hybrid ionisation via h-nESI-sFpTP

Figure 48: Two close-up photographs of the h-nESI-Fu'TP setup. The photo on the left shows the
dimensions of the ion source compared to the MS inlet. Photo b on the right shows the ionisation
region in more detail.

5.2  Identification of less polar
lipids

When analysing the complex liver sample with the novel h-nESI-FnTP
approach, a strongly changed mass spectrum can be detected with activated
plasma compared to the nESI-FuTP spectra. Now a significantly increased
number of less polar compounds are accessible. In order to have a reference
to the signals generated by the nESI-FpTP and the h-nESI-FpTP with
activated plasma, the liver sample has additionally been analysed with the
atmospheric pressure chemical ionisation which consists of a thermospray and
a corona needle as already described in chapter 2.2.3. The APCI source used
here is a commercially distributed Ion Max API source from Thermo

Scientific.
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5.2 Identification of less polar lipids

Spectra of all three ion sources have been recorded with similar MS
instrument parameters. However, different sample flow rates, applied
temperatures and voltage amplitudes of the ion sources are unavoidable due
to the different constructions. MS and ion source parameters are summarised
in detail in the Tables A3a to A3c of the appendix.

The obtained spectra are shown in Figure 49a — c. The spectrum in Figure
49a shows the reference spectrum generated by the APCI. Figure 49b and ¢
show the spectra generated by the nESI-FuTP (centre) and by the novel h-
nESI-FuTP (bottom). The APCI spectrum shows a large number of signals,
especially in the mass ranges of m/z 300 - 400, m/z 500 - 700 and m/z 800 -
900. These ranges will be descibed as lipid or signal pattern in the following.
By using the nESI-FnTP approach, only the cholesterol signal at m/z 369.4
can be observed. In contrast, the modified version with heating element and
sheath gas (h-nESI-FpTP) shows a spectrum which is similar to that of the

APCI source. A difference can be found mainly in the peak ratios. The signal
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Figure 49: Spectra of total lipid liver extract analysed with APCI (green, spectrum a), with the
nESI-FuTP (grey, spectrum b) and with the new h-nESI-FuTP (red, spectrum c). While the nESI-
FuTP spectrum can only ionise cholesterol very efficiently, the h-nESI-Fu'TP shows a spectrum
that is very close to the APCI source and even exceeds it in intensity.
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5 Hybrid ionisation via h-nESI-sFpTP

pattern in the low mass range (m/z 300 — 400) of the APCI spectrum is more
pronounced than in the h-nESI-FuTP spectrum. In contrast to that, the h-
nESI-FpTP shows more intense signals in the mass range of m/z 500 - 700.
Table 11 shows the 10 most abundant signals of the APCI and the h-nESI-
FpTP as well as their relative abundances in comparison. As expected, both
the APCI source and the h-nESI-FuTP generate the same spectra, but differ
in their signal intensities. The reason for this can be based on the slightly
different vaporiser techniques, but it is also very likely that the APCI source
generates more fragmentation due to its significantly stronger electrical field
at the corona needle tip (DC, 3.9 kV) compared to the somewhat "softer"
FuTP (AC, 3.0 kV) which has no bare and point shaped electrode at the

capillary’s end.

The most intense signals of each lipid pattern of plasma generated spectra
have already been mentioned for evaluation purposes in chapter 3.5 of the
nESI-FpTP approach. The successful measurement of the missing less polar

lipids makes an identification of these most intense signals useful for

Table 11: Comparison of the ten most abundant m/z signals,
determined by the heated nESI-FuTP setup and the commercial
APCI. This table shows the similarity of both achieved spectra.

Heated-nESI-FuTP Ion Max API source

m/z rel. abundance [%] rel. abundance [ %]
3414 20.5 100
369.4 15.4 26.7
520.5 9.58 14.2
547.1 22.8 1.9
610.3 26.1 16.1
612.3 24.2 21.1
638.3** 100 55.5
640.3 56.5 32.0
662.3 69.5 36.7
664.3 51.4 30.3
850.4** 11.7 24.6
876.5 9.5 25.3

**signals are used for the evaluation of ongoing experiments.
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subsequent investigations. One representative has been chosen from each
signal pattern. Similar to the experiment in chapter 3.5, for the signal pattern
of m/z 300 - 400 the already introduced cholestadiene ion signal m/z 369.4 is
selected. The most intense signal of the mass range m/z 500 — 700 is the m/z
638.3. Finally, as representative of the pattern m/z 800 — 900 the signal at
m/z 850.5 has been selected. The identification of these lipid species is based
on the comparison with various publications, the LIPID MAPS® database
and finally MS? experiments [42,95,123,124]. Due to the significantly higher
signal intensities, the MS? measurements have been performed with the h-
nESI-FpTP  ion source and an activated plasma. As expected, the
identification of these signals indicates clearly the presence of neutral lipid
species representing low polar compounds in the liver extract. Acquired with
the high resolution orbitrap analyser, the signal at m/z 638.5741 represents
an [M+NH,|* ion of the diacylglycerol DG(36:2) which has a theoretical
monoisotopic m/z of 638.5718 g/mol. Furthermore, the signal at m/z 850.7889
can be assigned to an [M+NH,|* ion of the triacylglycerol TG(50:1) with a
theoretical monoisotopic m/z of 850.7858. The calculation of the mass

deviations results in both cases to 3.6 ppm.

As already explained in the nESI-FpTP chapter 3.2, MS? experiments can
be used to assign the type of lipid inlcuding the fatty acid chains. By
fragmenting the lipids, individual molecular groups can be separated and
determined. Figure 50a and b show the corresponding MS? fragmentation
spectra and the exact peak assignment. Thus, the DG(36:2) signal is
represented by a DG(18:0/18:2) and the TG(50:1) by a TG(16:0/16:0/18:1).

Finally, further less polar species have been identified by MS?
fragmentation and results for the m/z 662.6 to a DG(18:0/20:4) and the m/z
876.7 to a TG(18:1/18:1/16:0). The corresponding MS? spectra can be taken
from Figures A8 and A9 of the appendix. CID parameters for the MS* scans

are described in the figure caption of Figure 50.
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Figure 50: Fragmentation spectra of the signal at m/z 638.3 and m/z 850.5. The top spectrum
shows the identification a DG(18:0/20:4). An isolation width of m/z 3 and a normalised collision
energy of 4.0 a.u. has been used. The spectrum below has been acquired at a normalised collision
energy of 6.0 a.u. (same isolation width) and identifies a TG(16:0/16:0/18:1).

5.3 Improving the ionisation

processes

For further measurements, an investigation of the h-nESI-FpnTP approach
is essential. High signal-to-noise ratios depend on the position and the
operating parameter of each individual component. Interactions between the

two ion sources make precise signal maximisation difficult. The ability of an
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MS device to display m/z signals in real time during a measurement makes
this process somewhat easier. The high temperature and metal surface of the
heating element can strongly influence the resulting electric field and thus the
plasma. If the heating element is moved backwards (away from the inlet)
along the nESI emitter axis, the signals of the less polar compounds decrease
steadily. In order to get high signal intensities and protect the FuTP from
heater influences, the best position of the heating element is identified in a
distance of 1 mm to the FpTP (Figure 48, page 108).

The two remaining parameters are the heater temperature and sheath gas
flow. First, the heater temperature has successively been increased in order to
investigate the influence of the heater temperature on the signals of the mass
spectrum. The well-known lipids cholesterol, PC(36:2), DG(36:2) and
TG(50:1) serve as representatives for the different lipid classes and the
dominating ionisation mechanism. The plasma remains active in this
measurement to ensure ion production at higher temperatures when the
electrospray process stops. To minimise negative influences on the
electrospray process, the voltage amplitude of the plasma is reduced to the
minimum of 1.85 kV. At this voltage, the plasma does not dominate, so that
disturbance-free operation of the electrospray process is ensured. The result is
shown in the diagram of Figure 51, in which the intensities of the extracted
ion currents with a mass tolerance of 50 mmu is given as a function of the
heater temperature. Each data point consists of 50 measured values and the
error is determined by the standard deviation. Furthermore, the MS inlet
capillary temperature is kept constant at 280 °C throughout the entire
measurement. A minimal sheath gas flow rate is required because otherwise
droplets would accumulate at the nESI emitter tip during unstable spraying
processes can be pulled into the sheath gas capillary by capillary forces,
making a restabilisation of the electrospray impossible. Therefore, the sheath

gas is set to a very low flow rate of 5 mL/min.

Within the temperature range of 25 °C to 60 °C shown in Figure 51, the
PC(36:2) signal at m/z 786.6 remains constant around 2.9-10° indicating

that the electrospray remains unaffected by temperature variations. However,
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Figure 51: Extracted ion currents of polar and less polar representatives as the function of the heater
temperature. The electrospray mechanism decreases with increasing temperature. The plasma-based
ionisation mechanism becomes the dominating part at temperatures of 150 °C and higher.

as the temperature is increased from 60 °C to 150 °C, the electrospray signals
decrease. The signal reduction may be attributed to evaporation processes
interfering with the electrospray mechanism, resulting in lower ion yields. At
temperatures exceeding 150 °C, the evaporation process becomes dominant
and leads to a strong signal reduction of the nESI spectrum. When the
electrospray mechanism interrupts at 150 °C, the less polar lipids (m/z 369.4,
m/z 638.3 and m/z 850.5) appear, due to the activated plasma. From here,
the plasma-based ionisation mechanism is dominating. To obtain sufficient

signals of the DGs and TGs, temperatures above 200 °C are necessary.

Generating an electrospray at high temperatures is not possible. Therefore,
the N, sheath gas flow should protect the Taylor cone from heat and prevent
the electrospray from premature evaporation processes. In order to determine
an efficient flow rate, a variation of the sheath gas flow rate is performed at
a heater temperature of 200 °C. The signal of the PC(36:2) at m/z 786.6 in
Figure 52 represents the performance of the electrospray process. Since only
the effect on the electrospray process is examined here, the plasma is not

activated.
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Figure 52: Determination of an efficient sheath gas flow rate. The signal intensity of the PC(36:2)
signal generated by the heated nESI at 200 °C is depicted as the function of the sheath gas flow rate.
Starting without a sheath gas, no ions can be detected. Evaporation effects disrupt the electrospray

process. Applying the sheath gas protects the electrospray from heat and the signal increases, but
flow rates of 40 mL/min and above reduces the signal intensity.

At the beginning the N, sheath gas flow is off and no electrospray-generated
ions can be observed. The process is interrupted by the heater temperature of
200 °C. By slightly increasing the flow rate to 5 mL/min, the electrospray
ionisation starts, but shows very instable signal intensities. The PC(36:2) rises
with increasing sheath gas flow rate. The highest intensity of the m/z 786.6
signal can be observed at 25 mL/min. Nitrogen flow rates above 25 mL/min
lead to a reduction of the PC(36:2) signal. The reason for the rapid decrease
in the signal with only slightly higher sheath gas flows is unknown in detail.
A possible explanation for this could be a change of the electrospray mode

caused by sheath gas initiated turbulences at the emitter tip [125].

This measurement shows that a good balance between temperature and
sheath gas flow rate is absolutely important to obtain satisfying signals. Due
to the dependence of heater temperature and sheath gas flow rate,
readjustment of both parameters may be necessary and can lead to deviations

from the values determined here in subsequent experiments.
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5.4 Voltage induced hybrid

lonisation

As described in chapter 3.5 of the nESI-FpTP approach, increasing the
plasma voltage amplitude above a certain threshold leads to the switch of the
ionisation mechanisms. In the case of the nESI-FpnTP, this transition occurs
abruptly due to the strong influence of the plasma to the electrosopray
mechanism. By using the h-nESI-FuTP and the detection of the very high
abundant DG(36:2), an occurring transition can be identified more sensitively.
Under the premise that a transition state between both competing ionisation
mechanisms exists, it should be possible to detect it by a small-step voltage
variation. Another positive outcome of this experiment is the determination
of an efficient plasma voltage amplitude for the FpTP-mode in this dual
ionisation source. Therefore, a variation of the plasma voltage is performed as
shown in Figure 53. Here the extracted ion currents of the four polar and less
polar representatives are shown as the function of the applied plasma voltage
amplitude. Every data point contains 50 scans with a micro scan number of
three. The error bars are calculated by the standard deviation. A heater
temperature of 202°C (4.9 V; 0.49 A) has been used and the sheath gas flow
rate has been set to 25 mL/min. A voltage amplitude of 2.6 kV is applied to
the h-nESI.

At plasma voltages up to 1.4 kV the intensity of the electrospray-generated
PC(36:2) signal remains constant. Further increasing of the plasma voltage
leads to a reduction of the PC(36:2) signal. The less polar lipids cholesterol,
DG(36:2) and TG(50:1), firstly appear at 1.8 kV, but the electrospray
ionisation mechanism still dominates. At 1.85 kV polar and less polar lipids
are detectable. At this point a transition state can be successfully generated
and is marked as Utgunstion in Figure 53. Here both ionisation mechanisms
coexist, which is shown in the spectrum of Figure 54 on page 118. This

spectrum shows only one single scan cycle (of 50 scans, 3 micro scans) of the
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Figure 53: Plasma voltage variation of the h-nESI-FuTP approach to detect a transition state
between the electrospray- and the plasma ionisation mechanisms. The extracted ion currents (EICs)
of four polar and less polar lipid representatives are shown as the function of the applied plasma
voltage amplitude. A transition from one to another ionisation mechanism can be observed at 1.85
kV, which is marked as Uansition. Here both ionisation pathways occur simultaneously. Furthermore,

a signal maximum of the plasma-based ionisation mechanism can be detected at 2.0 kV. The latter
is marked by Umaxpl..

data points generated in the transition state at 1.85 kV. Here, different polar
lipids like PC and LPC as well as less polar lipids like cholesterol, DGs and

TGs are accessible simultaneously in one single MS scan cycle.

Further increasing the voltage to 1.9 kV and more leads to a decrease of
the electrospray signals until they finally disappear completely. An increase
in the intensities of the low polar lipids can be observed up to the maximum
at 2.0 kV which is marked as Umaep in Figure 53. After reaching this
maximum, the plasma-generated signals strongly decrease. It can be assumed
that the plasma with its very high voltages disturbs the electrospray. The
sample introduction is inhibited and the plasma-generated signals decrease

until the electrospray interrupts completely.

The here generated transition state clearly shows that a hybrid ionisation

of both, polar and less polar lipids, is in principle possible to be generated.
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Figure 54: Mass spectrum observed in the transition state from the electrospray- to the plasma

ionisation mechanism. This spectrum represents only one scan cycle of the data measured at 1.85
kV plasma voltage amplitude.

However, due to the change in mechanism, the electrospray is not working

efficiently any more and the plasma is not operating efficiently yet, so that

reduced signal intensities are the consequence.

5.5 Hybrid ionisation by fast

switching of the ion source

Last measurements and various investigations in this work have shown that
different ideal conditions of the two competing ionisation sources exist.
Furthermore, through various modifications and investigation steps these
ideal conditions have been achieved, so that the change between the states
"ideal electrospray ionisation" and "ideal plasma ionisation" only depends on

the activation and deactivation of the plasma. While an electrospray in this
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setup ideally operates at a deactivated plasma (0 kV) or low plasma voltages

up to 1.4 kV, the best plasma spectrum is achieved at 2 kV voltage amplitude.

In order to avoid the transition state and its reduced signal intensities,
another approach to generate hybrid spectra exists. By a fast-switching
process of both ion sources, the ideal voltage amplitudes are exploited to
generate hybrid spectra. A basic requirement here is that both ionisation
processes take place within one scan cycle, as otherwise only an overlay of
both spectra is produced by averaging. Accordingly, the duration of a scan
cycle is essential for this approach. Based on the fast switching process, this
technique is named heated nano-electrospray switched flexible microtube

plasma and will be abbreviated as h-nESI-sFpuTP in the following.

Ion trap mass spectrometers, as described in chapter 2.2.5, perform a
number of different steps within a scan cycle. In the simplest case, after the
AGC-controlled prescan, incoming ions are collected for the subsequent
determination of the m/z ratios. Since an ion trap can only accept a certain
amount of ions, a limitation of incoming ions is necessary. The parameter
responsible for this limitation is the injection time. Specified in milliseconds,
this can be set manually in the MS software. However, using the automatic
gain control is more common. The amount of ions is pre-defined here and the

mass spectrometer determines the required injection time by the prescan.

In theorie, the time of the injection process t;,; consists of the two timed

equal periods of electrospray- and plasma ionisation with a duration of t,, .

Eq. 22 tinj. =>2- tsw.
Converted to frequencies (f = %), this results in:

1 1
finj. fsw.

Eq.23

A function, generated by an external function generator, is able to control
the plasma by the wave crest (plasma voltage on) and a wave trough (plasma

voltage off), which means that both processes are present in one period.
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5 Hybrid ionisation via h-nESI-sFpTP

Therefore, the plasma activation frequency f,.; must be equal or larger than

the injection frequency.
Eq.24 fact. Z finj.

If this condition is fulfilled, every injection cycle contains an electrospray
and a plasma ionisation process. This situation is schematically drawn in
Figure 55a. Aimed injection times of a Thermo LTQ MS device are typically
below one millisecond. Assuming an injection time of 1 ms leads to injection
frequencies of 1000 Hz. Consequently, f,.t should be = 1000 Hz. The basic
frequency of the AC plasma high-voltage generator for plasma ignition
remains unchanged at 20 kHz, which theoretically corresponds to 40
individual plasma ignitions in the positive half cycle and 80 ignitions in the

full period of a 1 ms ion injection cycle.

If the condition of Eq. 24 is not fulfilled, it can lead to unbalanced signal
ratios between the electrospray- and plasma-based generated ion signals. For
example, if only the half activation frequency is used (500 Hz) so that fu. =

%- finj., different artefacts may occur. A phase shift of exactly half a period of

the ionisation frequency will produce balanced hybrid spectra (Figure 55b).
However, if the phases are exactly synchronised in position (Figure 55¢), no
hybrid spectra will be produced, since one injection cycle is supplied either by

the electrospray or by the plasma. It should be noted that Figure 55 shows a

a) b) c)
t t t
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plasma mode —
h-nESI mode m L L

injection cycles | } } | } ; i i | 1 ; /
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activation = J injection activation —— 7 * J injection activation — 7 * J injection

ﬁctmﬁon = 1000 Hz (no shift) 500 Hz (shifted) 500 Hz (no shift)

Figure 55: Schematic representation of three possible signal characteristics of injection cycle and
ionisation modes. On the left, the activation frequency is larger or equal to the injection period of
1000 Hz. The other two diagrams show a halfed activation frequency (500 Hz) with and without
shifting by half a period.
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5.5 Hybrid ionisation by fast switching of the ion source

schematic representation of the injection time, other scan cycle processes are

not included.

Since the activation frequency of the ion source cannot be triggered by
trigger pulses of the MS, an exact superposition of both frequencies as well as
an exact shift of the activation frequency by half a period of fi; is very
unlikely. The most probable scenario is a random shift which results in
different unbalanced signal ratios in the spectra. Accordingly, hybrid spectra
are formed, but they could be associated with large errors and thus standard

deviations in a measurment of several scan cycles.

In order to evaluate an optimal plasma activation frequency, a variation of
this has been performed in the range from 1 Hz to 2000 Hz. As already
described, the plasma voltage is generated by an in-house built square wave
high voltage generator. This also provides the connection of an external
function generator via TTL signal transmission. With the help of the external
function generator (HM8130, HAMEG) the basic plasma frequency of 20 kHz
can be overlaid with a square wave function specified by the external function
generator, thus activates and deactivates the plasma. This enables a
successive activation of both sources and finally leads to the switching

between the two ionisation techniques in a suitable frequency range.

A limitation in the switching frequency of the plasma HV generator has
been observed before the experiment was performed. When comparing the
activation frequency applied by the external function generator with the
voltage output of the plasma HV generator using an oscilloscope, errors in the
function become increasingly apparent with activation frequencies above 2000
Hz. This allows a practical use of this combination only up to frequencies of
2000 Hz.

For the evaluation of this experiment the ion currents of the representatives
PC(36:2), DG(36:2) as well as cholesterol are acquired. Thirteen different
activation frequencies have been measured between 1 Hz and 2000 Hz. Each
measurement corresponds to 50 scan cycles. To exclude unidentifiable

averaging artefacts in these fast ionisation processes, the spectra are recorded
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5 Hybrid ionisation via h-nESI-sFpTP

with a micro scan number of one. Since the standard deviation depends on
the signal intensity, it is difficult to compare the standard deviations of
different signal heights. For this reason, the relative standard deviation is used
here. This value is normalised to the intensity and therefore independent from
different signal heights. The signal intensity is represented by the average of
all acquired scans of a measurement. Both parameters, the relative standard
deviation and the averaged intensity, are shown in the diagrams of Figure 56
as a function of the activation frequency. Using selected ion chromatograms
in Figure 57, certain unintended processes like averaging artefacts can be

identified easier.

The entire experiment has been performed twice with the AGC set to a
target number of ions of 5-10* and twice without the AGC and an injection
time of 1 ms. Only the first series of the measurements is shown here in order
to maintain the focus of this manuscript. The diagrams of the second
measurements can be found in Figures A10 — A11 of the appendix. In mass
spectrometry analysis, measurements are usually performed with AGC. For
this reason, the results of the measurement with activated AGC are presented

and discussed first.

In the range of very low frequencies between 1 Hz - 100 Hz, the intensities
of the lipids in Figure 56a show strongly different ion signal profiles. While
the PC(36:2) increases only slightly, the DG(36:2) increases strongly. The
cholesterol signal, on the other hand, slightly decreases in intensity. The
relative standard deviation in Figure 56b indicates very large errors for all
three signals. Here activation frequencies below 100 Hz are too low and several
subsequent spectra are obtained solely by electrospray or plasma-loaded
injection cycles. This cannot be derived from the signal intensities or the
relative standard deviations of Figure 56, but it is recognisable in the ion
chromatograms of Figure 57a and 57b on page 124. As expected, the switching
processes are clearly visible in the spectra acquired with frequencies between
1 Hz and 20 Hz. At these frequencies several subsequent scan cycles represent
only one ionisation process. In addition to this, an anti-cyclic characteristic of

the polar and the less polar species can be observed and is highlighted by grey
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Figure 56: Variation of the activation frequency measured with automatic gain control. By the AGC
applied injection times are 0.45 ms on average. The upper diagram shows the signal intensities as a
function of the activation frequency. The signal intensities reache their maximum early and remain
constant. In b the corresponding value of the relative standard deviation decreases with increasing
frequency over the entire measurement range. Each data point consists of 50 scans.

bars. Therefore, no hybrid spectra can be generated at these frequencies. The
unexpected small number of only 1 or 2 subsequential spectra formed by a
single ionisation process at 20 Hz can be explained by the lenght of the entire

scan cycle of 120 ms.

Above 200 Hz the signal intensities reach a plateau and change only slightly
even at higher frequencies. Additionally, the relative standard deviation at
activation frequencies of 2 600 Hz decreases, especially for the less polar

compounds, which indicates an increasing signal stability. From here the
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Figure 57: lon chromatograms of three representatives at selected frequencies. At 1 Hz as well as at
20 Hz, an anticyclic charachteristic of the polar and less polar lipids can be observed. This
characteristic is marked in grey bars and disappears with increasing activation frequency.

amount of hybrid spectra in a measurement increases. At 1750 Hz the relative
standard deviation seems to reache a minimum. Here further increase in
frequency contributes little to no further signal stability and hybrid mass
spectra can be detected in every single scan cycle. In theory, an injection time
of 0.45 ms corresponds to a frequency of 2222 Hz. This means that an RSD

minimum appears here somewhat earlier than expected.

The Figure 58 shows a spectrum of one single scan cycle acquired with a
micro scan number of one. Similar to the spectrum of the transition state in
Figure 54 on page 118, characteristic ion signals of both ionisation processes
can be detected simultaneously. The instrumental effort for hybrid ionisation
generated by the fast switching process is higher compared to the hybrid
ionization via transition state, but the signal stability and ion yield is
significantly increased. For example the absolute intensity of the base peak
(signal m/z 638.3) with 3-10°is increased compared to that of the transition
state with 6- 10"

When using the AGC, it has to be considered that during the analytical
MS run a prescan is performed prior to an injection cycle which calculates the

injection time under consideration of the ion target setting. Deactivating the
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Figure 58: Hybrid mass spectrum of the liver sample generated by the fast switching process of the
dual ionisation source at an activation frequency of 1750 Hz. Polar as well as less polar compounds
can be identified. This spectrum represents only one single scan cycle with a micro scan number of
one and an activated AGC.

AGC and setting the injection time to the fixed value of 1 ms surprisingly
reduces the total scan time to 80 ms (compared to 120 ms with AGC).
Although the injection time is approximately doubled, the total scan time is
reduced by 1/3. Therefore, other scan procedures of the entire scan cycle are
skipped when the AGC is switched off.

Due to the nearly doubled injection time, more switching processes can be
performed within one ion injection cycle. Accordingly, it can be assumed that
the signal stability and thus hybrid spectra occur at lower activation
frequencies compared to the measurement with AGC. The results of this
measurement with a fixed injection time of 1 ms are depicted in Figure 59. It
should be mentioned here that the signals are two orders of magnitude lower
than those measured with an activated AGC. This is due to the fact that the
automatic gain control also regulates the electronic signal amplification. With
deactivated AGC no signal amplification exists and the signals are reduced.
However, this does not affect the signal quality as the signal-to-noise remains

the same.

Basically, the shape of the averaged intensities and the relative standard
deviations of the three different ion signals in Figure 59 are similar to those

of the measurement with AGC in Figure 56. The maximum intensities are
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Figure 59: Variation of the activation frequency measured without the AGC. The injection time is
set to 1 ms. Signal intensities reach a plateau at higher frequencies compared to the measurement
with AGC. In contrast, the relative standard deviation decreases earlier and reaches lower values.
Each data point consists of 50 scans.

reached here at higher activation frequencies compared to the measurement
with AGC. However, this measurement clearly shows its advantages in the
relative standard deviation. While the measurement with AGC only reaches
a relative standard deviation of 0.5 at frequencies above 1500 Hz and the
potential seems to be exhausted, the measurement with deactivated AGC
already reaches this value at 400 Hz. At 1000 Hz, the RSD of the ion currents
are below 0.3 and reach a minimum or drop only marginally afterwards.
Relative standard deviations of 0.3 or less occur in measurements with AGC

only at frequencies above 1750 Hz.

It is noticeable that the relative standard deviations of the polar and less polar

compounds diverge significantly less in the measurement without AGC
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5.5 Hybrid ionisation by fast switching of the ion source

compared to that with activated AGC (Figure 56b & Figure 59b). Here, at
frequencies above of 100 Hz, the relative standard deviations of all signals
remain close to each other and have exactly the same profile. This is not given
in the first case (activated AGC, Figure 56b on page 123).

Throughout all measurements the intensities of the electrospray signals
decrease slightly with increasing activation frequency. This is more
pronounced in the measurement with AGC. This trend also can be seen in
the spectra of Figure 60. Here both spectra represent an average of the entire

MS run with 50 scan cycles.

The spectrum with activated AGC at 1750 Hz on the left clearly shows at
m/z 786.6 an SNR reduced by half (SNR = 16) of the electrospray-generated
PC(36:2) compared to that of the measurement without AGC at 1000 Hz on
the right. If activation frequencies of 3000 Hz are used, the electrospray signals
are largely reduced, but can be amplified again by increasing the electrospray
voltage to 3.2 kV. This shows that the electrospray seems to respond to an
increase in plasma frequency in a similar way to an increase in plasma voltage.

From experiments with dielectric barrier nano-electrospray (DB-ESI) sources

100] @ SNR=50 100 P) "SNR=52
®
&
g SNR =30
"% 50+ 50+
-% SNR =16
e
SNR=4
01 0-
200 400 600 800 1000 200 400 600 800 1000
mass [m/z] mass [m/z]
AGC ON (0.45 ms injection time) AGC OFF (1.0 ms injection time)
with factivation =1750 Hz with factivation =1000 Hz

Figure 60: Comparison of the liver spectra generated with the h-nESI-sFuTP in comibination with
acitvated AGC on the left and deactivated AGC on the right. In the best measurement with activated
AGC at 1750 Hz the signal intensities of polar lipids are reduced compared to those of the best
measurement with deactivated AGC at 1000 Hz. In both cases the SNR is divided by 10%
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it is known that they operate (depending on the distance of the electrode to
the emitter tip) efficiently only at frequencies of < 1000 Hz [126,127]. This
could indicate that the AC plasma becomes an increasing continuous
character for the DC electrospray process as the frequency increases. Charge
effects on the glass surface of the plasma capillary, which are also responsible
for the difference between plasma ignition voltages and operating voltages,
could also be responsible for this quasi-continuous potential at the plasma

capillary and thus increasingly influence the electrospray.

Furthermore, a type of anticyclic characteristics of the ion currents, as
marked in grey in Figure 57, on closer examination appear not only at low
frequencies, but also occur in higher frequencies too, even in another form. In
order to examine these artefacts, the comprehensive chart in Figure 61
presents the appearance of hybrid spectra and the ion current courses of the
measurement with and without AGC. Here the ion chromatograms of the
polar PC(36:2) (blue) and the less polar cholesterol (red) are shown on the
right of Figure 61 to highlight the observations. All aspects are sorted by an
increasing frequency from top to bottom. Selected sections are marked in grey
to clarify the anti-cyclic characteristics in the ion chromatograms of Figure
61.

For this purpose, it is important to keep the theoretically expected
frequencies for hybrid ionisation in mind. With activated AGC, an injection
frequency or plasma activation frequency of 2222 Hz should be required to
generate stable hybrid spectra. Compared to this, the measurement without
AGC (fixed injection time of 1 ms) should be generated by an activation

frequency of 1000 Hz.

As shown in Figure 61 in the measurement with AGC, the first hybrid
spectra can be observed from 100 Hz and in the measurement without AGC
from 50 Hz. However, these are only rare and seem to appear completely
random. From 800 Hz in the case with AGC and from 400 Hz without AGC,
the amount of hybrid spectra increases significantly, but long time periods
(~0.8 s) with anti-cyclic characteristics occur, which are exemplary marked in

grey. Here, as described in Figure 55, Eq. 24 is not fullfilled and a randomly
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5 Hybrid ionisation via h-nESI-sFpTP

shift of the ionisation periods within the injection cycles produce unbalanced
signal intensies between electrospray- and plasma-generated signals that show

a wave-shaped behavior.

As expected, these wave-shaped artefacts fade out with increasing the
activation frequency. At frequency increase up to 1750 Hz (AGC on) and 1000
Hz (AGC off) and decreasing relative standard deviation, these anti-cyclic
characteristics are no longer observable and stable hybrid spectra can be
achieved. Therefore, the measurement without AGC thus matches the
theoretically expected frequency for stable hybrid spectra very accurately at
1000 Hz. The measurement with AGC shows a deviation with 1750 Hz as this
is below 2222 Hz, which could be caused by the variation of the injection
times. Due to the prescan, the injection time varies between 0.313 and 0.658

ms, resulting in an average injection time of 0.45 ms.

In summary, it can be stated that the occurrence of hybrid spectra as well
as the wave-shaped artefacts in the measurement without AGC occur at about
half the frequency of the measurement with AGC. A plausible reason for this
is the double injection time in the case of the measurement without AGC.
Therefore, when using the h-nESI-sFpTP approach, a somewhat higher ion
trap injection time is useful to generate hybrid spectra at lower frequencies.
On the other hand, increasing the value of the ion target setting (AGC) acts
in the same way and leads to an increase in the injection time. This
assumption is supposed by a third measurement which is not presented here.
In this measurement an activated AGC with an increased ion target setting
of 1-10° injection is performed and results in injection times of 0.9 ms. Here,

the signals show the same behavior as in the measurement without the AGC.

Finally, the signal stability or relative standard deviation approximately
below 30 % (AGC off) refers to acquisitions with one micro scan per scan
cycle. In order to compare these values with the first nESI-FuTP approach,
three acquired spectra (of the heated nESI-sFuTP) have been averaged to
calculate the relative standard deviation. This difference in the acquisition

and calculation makes a small difference in reults, but is negligible for a first
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5.5 Hybrid ionisation by fast switching of the ion source

estimation and comparison. The results of the h-nESI-sFnTP measurement

are given in Table 12.

As expected, the relative standard deviations are somewhat higher in the
measurement with AGC than in the measurement without AGC. The values
of both measurements, but especially the one without AGC, shows clear
improvements to the first nESI-FpTP approach. Table 5 on page 49 (chapter
3.3) shows a value of 221 % for the PC(36:2) and a value of 19.2 % for
cholesterol in the plasma mode. The nESI reference shows a value of 60.2 %
for cholesterol. Still, the stability of the nESI reference in relation to the polar
lipid of 6.4 % is not achieved, but both values of the heated nESI-sFpTP
without AGC are less than 15 %, which corresponds to a considerable increase
in the signal stability compared to the first nESI-FnTP approach. The latter

is referred as “good signal quality” in the MS acquisition software Tune Plus.

Table 12: Calculated relative standard deviations of the h-nESI-
SFUTP approach for the comparison with RSD of the nESI-
FuTP approach and the nESI reference of chapter 3.0.

Signal Rel. standard

deviation
AGC Off, 1000 Hz — PC(36:2) 11.6 %
AGC Off, 1000 Hz — cholesterol 14.1 %
AGC On, 1750 Hz - PC(36:2) 24.0 %
AGC On, 1750 Hz - cholesterol 17.1 %
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5 Hybrid ionisation via h-nESI-sFpTP

5.6 Pertformance of the heated
nESI-sknTP approach

Some of the most important parameters for the performance evaluation of
analytical techniques have already been presented and determined in the
sections on the nESI-FpnTP ion source. Instead of evaluating and discussing
the determination of these parameters for the h-nESI-sFuTP approach too,
this chapter compares the h-nESI-sFpTP approach with commercially
available techniques. For this purpose, the Avanti liver extract has been
analysed with seven different modes and techniques. For this comparison, the
signal-to-noise ratios (SNR) of the relevant lipids at m/z 369.4, m/z 638.3,
m/z 786.6 and m/z 850.5 have been calculated.

Among the commercial techniques there are an nESI (Nanospray Ion
Source, Thermo ScientificTM), a HESI (IonMax Interface, HESI Probe,
Thermo ScientificTM) and an APCI ion source (IlonMax Interface, API
Source, Thermo ScientificTM) which have already been used in different
chapters of this work. The h-nESI-FuTP technology developed here makes
different ionisation modes accessible. These include the heated nano-
electrospray and a nano-thermospray with the flexible microtube plasma for
ionisation (nTS-FpTP) as well as the hybrid ionisation approaches that are
accessible by the transition mode and the fast switching plasma voltage
approach. The nTS-FuTP-mode has not been mentioned in this form before,
but represents the h-nESI-FpTP where the sheath gas flow has been
deactivated as described and shown in Figure 52, so that the nESI spray is
interrupted to create a kind of thermospray. Instead of a corona needle, as
used in an APCI, the Fp'TP is used as ionisation technique. For the evaluation
of the h-nESI-sFpTP approach, the measurement at 1750 Hz with activated
AGC has been used here.

For the four modes of the heated nESI-FuTP setup, namely nESI, h-nESI,
h-nESI-FpTP and nT'S-FpTP three spectra with a microscan number of one
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5.6 Performance of the heated nESI-sEn'TP approach

have been acquired, averaged and interpreted. The acquisitions of the three
commercially available ion sources were taken during another experiment and
acquired with a microscan number of 3. To keep the data comparable, only
one scan has been used here for evaluation. As mentioned above, this
difference in acquisition parameters makes a slightly mathematical difference,
but the difference in intensities and noise behaviour is not significant. The
background noise has been estimated using the median (0.5 quantile) at
different m/z ranges. Two reasons make this different m/z ratios important
for the noise calculation. On the one hand, each ionisation source shows a
specific signal pattern of the large number of different compounds in the
complex sample. On the other hand, mass spectra often have zero values,
which have a strong influence on the results of the noise values. Thus, areas
of the mass spectrum have been chosen that have as little zero values as
possible. The number of data points along the mass range for evaluating the
noise are 300 in every measurement, which corresponds to a mass range of
approximately 25 mass units. The ion source parameters sets are listed in the
Tables Ada - g. It should be noted that the commercial HESI and APCI
sources are not miniaturised ion sources and have been operated at much

higher sample flow rates.

Figure 62 shows the calculated results in the form of a bar chart. The
commercial techniques are shown on the left while the dual source and its
different modes is shown on the right. The commercial unheated nESI Figure
62a shows polar lipids with a very high SNR. Less polar lipids such as
cholesterol as well as di- and triacylglycerides are not accessible or only to
very low levels. Both the commercial HESI (not miniaturised) and the h-nESI-
mode of the h-nESI-FpTP setup (Figure 62b and d) achieve very similar
values. However, compared to the commercial nESI, di- and triacylglycerides
with low abundance can be detected here. Cholesterol is not sufficiently

measurable with all three electrospray techniques.

As expected, the plasma-based ion sources do not show any polar lipid
signals. Here less polar compounds are dominant. While the signal ratios in
the APCI are very balanced, the miniaturised variant, the nTS-FuTP-mode
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Figure 62: Comparison of three commercial ionisation techniques with the h-nESI-Fu'TP approach
and its different ionisation modes. Here the transition state (f) and the h-nESI-sFuTP approach (e)
with a plasma activation frequency of 1750 Hz (with AGC) are the only modes or ion sources that
are able to generate hybrid spectra.

of the h-nESI-FnTP, shows very high signals for the diacylglycerides, but
cholesterol and triacylglycerides are significantly less intense. The h-nESI-
FpTP is the only method that makes hybrid spectra accessible and can do
this via two different approaches. As shown in the previous measurements,
the transition state, which is generated by setting a specific plasma voltage,

produces lower signals related to the less polar lipids.

The signal-to-noise ratios of the polar compounds, on the other hand, are
almost the same as in the case of the h-nESI-sFpTP. However, it should be
noted that the measurement with activated AGC has been taken into account
for the measurement of the switching voltage amplitude (h-nESI-sFnTP). As
already shown in the spectrum of Figure 60, increasing the injection time by
setting manually or increasing the target ion setting, improves the SNR of the
polar compounds by a factor of 2, so that the electrospray signal reaches the
intensity of the less polar DG(36:2) and would thus be almost equivalent to
the commercial electrospray techniques. Accordingly, the h-nESI-sFpTP
approach is the only method that shows both polar and less polar compounds
as well as signal to noise ratios that are comparable to commercial

technologies. Only the signal stability is reduced compared to the conventional
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electrospray ionisation sources. This will have an impact on detection limits,
but the benefit of a much larger analyte spectrum has its advantages. It can
therefore definitely not be said that the method developed here is better than
conventional methods in all aspects. The analytical question of "what is the
aim of my analysis and which technique do I need in order to achieve it" still

has a major priority.

5.7 Summary and conclusion of
the heated nESI-sFnTP

In this chapter, the second stage of development of the coupling between
nano-electrospray and flexible micro tube plasma is described, investigated
and discussed. From the first and second main chapters of this project, some
important aspects for this project have been identified. These include the
knowledge that thermal energy is essential for the release of less polar
compounds. For this reason, the development of the nESI-FnTP approach
introduced at the beginning of this work towards a hybrid ionisation source
primarily involves the modification of the nano-electrospray which contains a
heating element and a secondary coaxially fitted capillary to the nESI emitter.
The latter serves for guiding a sheath gas to protect the electrospray process
which is very temperature-sensitive. The heating element consists of a
resistance heating wire wound to a coil. In order to estimate the temperatures
that occur in this heating element, the temperature at the position of the nESI
emitter tip was measured and evaluated as a function of the electrical current

flow.

With this modification, it was possible to ionise and detect cholesterol and
the other less polar lipids such as DGs and TGs simultaneously and

independently of the MS inlet surface temperature. The mass spectrum of the
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5 Hybrid ionisation via h-nESI-sFpTP

liver sample generated by h-nESI-FuTP is very similar to the mass spectrum
of an APCI source. Despite the higher sample flow rate of the APCI, the
approach developed here showed higher signal intensities. Apart from that,
the spectra differed only slightly in their signal ratios. Furthermore, this
modification now allows the identification of less polar lipids by MS?
experiment without using an APCI source. The DG(36:2) and the TG(50:1)
are identified as DG(18:0/18:2) and a TG(16:0/16:0/18:1) and are selected as

representatives for ongoing experiments.

Due to the significantly higher intensities of the DG(36:2) compared to
cholesterol, the transition between electrospray ionisation and plasma
ionisation can be determined much more sensitively. A specific plasma voltage
amplitude for this transition state could be determined at 1.85 kV. Here the
electrospray process transitions to a plasma ionisation process and both
mechanisms are present simultaneously. Both polar and less polar lipids of
the liver sample are detectable in a hybrid spectrum. However, the signals
show significantly lower intensities compared to the two initial or single ion
sources. Accordingly, this transition state can be used as a hybrid ionisation
technique, but it is not very efficient. However, this shows that it is basically

possible to generate a hybrid ionisation.

Another possibility to generate hybrid spectra can be achieved by a fast
switching process between both ionisation modes. In order to generate a
hybrid ionisation in that way, a single scan cycle must include both ionisation
processes. Each scan cycle of an ion trap mass spectrometer consists of
different steps, whereby the ion injection is of special importance for the fast
switching process. The injection time, which represents the duration of the
ion accumulation process inside the ion trap, can either be set manually or
can be controlled automatically via automatic gain control with the ion target
setting of the ion trap. Both possibilities of ion accumulation (with and
without AGC) were realised and compared. With active AGC and an ion
target setting of 5x10', an injection time of about 0.45 ms resulted. In the case
of the measurement without AGC the injection time was set to 1 ms, which

was approximately doubled.
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5.7 Summary and conclusion of the h-nESI-sFu'TP

In theorie, each injection cycle should be filled with at least one
electrospray and one plasma process. A requirement for the stable hybrid
spectra is an activation frequency equal or higher than the injection frequency
of the ion trap. Depending on the injection time, the first hybrid spectra occur
at activation frequencies of 100 Hz (AGC on) and 50 Hz (AGC off). A strong
anti-cyclic characteristic can be observed between the electrospray- and
plasma ionisation-generated signals. With increasing frequencies this changes
into hybrid spectra, but an anticyclic behaviour of the signals can be observed
over longer periods. These wave-shaped characteristics or artefacts are created

by unbalanced trap fills produced by activation frequencies that are too low.

The characteristics or artefacts start to fade with increasing activation
frequency of about 1250 Hz (with AGC) and at 800 Hz (without AGC). Stable
hybrid spectra with relative standard deviations of > 30 % and without anti

cyclic behaviour can be obtained at plasma activation frequencies of 1750 Hz
(with AGC) and 1000 Hz (without AGC).

In principle, it can be stated that the measurement without AGC, that
corresponds to a larger injection time, results in overall more stable signals at
already lower activation frequencies. The relative standard deviations of the
h-nESI-sFpTP approach also show a significant improvement compared to
the initial nESI-FpTP approach and are less than 15 % in the measurement
without AGC.

Comparing the signal quality by using Signal-to-noise ratios the less polar
compounds like DGs and TGs are almost the same for both the measurement
with and without AGC. A difference exists in the SNR of the polar lipids like

PCs, which is mainly related to the injection time.

Finally, the h-nESI-sFpTP approach and its different modes have been
compared with commercial ionisation techniques. As expected, only the h-
nESI-FpTP with the two approaches of "transition mode" and "fast plasma
voltage swichting" is able to ionise polar and less polar compounds
simultaneously within one MS injection cycle and consequently to generate

hybrid spectra.
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5 Hybrid ionisation via h-nESI-sFpTP

From a performance point of view, the hybrid ion source developed here
with the h-nESI-sFpTP approach compares very well with already
established, commercial techniques. The slightly less efficient measurement
with AGC (or short injection times) shows signal-to-noise ratios equivalent to
the commercial techniques which present the h-nESI-sFuTP as sufficiently
effective. Therefore, the development of the h-nESI-FuTP represents a
powerful tool to extract more information and new insights from complex

samples in a single MS run.
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6  Conclusion and outlook

In mass spectrometry, electrospray ionisation is an excellent way of ionising
polar compounds. In the analysis of complex samples such as blood or tissue,
this technique quickly reaches its limits, as less polar compounds are very
difficult and very often inaccessible. Unless a second mass spectrometric
analysis with another ionisation technique such as APCI or APPI is applied,
only parts of the sample can be analysed successfully and the fraction of less
polar compounds remains unknown. To prevent the loss of substantial
information in ESI-MS analysis or to avoid additional time-consuming
analysis, an ion source is necessary that efficiently ionises both polar and less

polar compounds.

Developing a new variant of ionisation is extremely complex and probably
not very successful, as the variety of different properties, such as the molecular
polarity, is extremely large. A more effective approach is the combination of
two ion sources to generate hybrid spectra, which leads to the starting point
of this work: The coupling of a nano-electrospray and a flexible micro tube
plasma, which was investigated and evaluated in detail in the first main
chapter of the nESI-Fu'TP approach.

Detailed summaries as well as advantages and disadvantages of all the
techniques and approaches introduced here have already been extensively
presented and discussed in the conclusions of the respective state of

development. For this reason, the overall process or course of development of
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this work is highlighted here but without going into detailed parameters or

results.

A complex liver extract containing a large number of polar and less polar
compounds has been used to investigate the performance of each state of
development. In addition to the nESI-mode, which can be used to ionise polar
lipids, the nESI-FpnTP approach has shown that very high cholesterol signals
can be measured by activating the plasma. In order to investigate this
combination as technique for analysing cholesterol in electrospray mass
spectrometry, some important parameters such as long-term stability,
reproducibility, linear dynamic range, limit of detection and interferences with
cholesteryl esters have been determined and assessed. As powerful as this
approach of a consecutive ionisation source is, two aspects are of great
disadvantage. On the one hand, the significantly larger number of less polar
lipids in the liver sample can only be accessed by increasing the MS inlet
capillary temperature resulting in a signal reduction of the cholesterol. On the
other hand, a simultaneous or hybrid ionisation is not possible with this
technique because of the antagonistic effects between the electrospray and
plasma processes. The technical realisation of this combination becomes the
major challenge. The transition between both processes cannot be stabilised.
Nevertheless, this method represents a new possibility for the determination
of the less polar cholesterol when analysing liquid samples by electrospray

mass spectrometry.

Another coupling was carried out as a side project within the scope of this
work. In order to investigate the possibility of a plasma ionisation source with
the electrospray-related paperspray ionisation, this resulted in partly
surprising and partly helpful insights. When analysing the liver sample by
paperspray ionisation mass spectrometry, a corona discharge subsequent to
the electrospray mechanism was observed. This fact has been investigated in
detail, but has been identified as not efficient. Thus, paper spray ionisation
has also been coupled with flexible microtube plasma. The investigation of
this coupling confirmed the assumption that temperature (in this case the MS

inlet capillary temperature) plays an essential role in the overall process of
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evaporation and ionisation of less polar compounds. While the signals from
the nESI-FpnTP source produced constant and stable signals, even over a
longer period of time, the paperspray ionisation stopped completely when the
plasma was activated. This consequently led to the interruption of the analyte
supply, but instead of an immediate termination of the signal a decay of the
intensity could be observed. This indicates that cholesterol and possibly other
compounds are deposited on the MS inlet capillary and will be subsequently
desorbed by the high temperatures at the MS inlet. Released into the gas
phase, these can be ionised here by the plasma. This process probably also
plays a role in the first type of coupling (nESI-FpTP). Here the electrospray
remains and ensures the analyte supply even when the plasma is activated,
presumably a kind of equilibrium is created between deposition and

desorption/ionisation of cholesterol that leads to stable signals.

The coupling of the paper spray ionisation and the flexible microtube
plasma also demonstrated the detection of less polar volatile compounds, such
as the potential oral cancer biomarker candidates 2-nonanone and 3-octanone,
which desorb directly from the paper into the gas phase. For this method the

detection limits are evaluated finally.

Most importantly, this coupling led to a solution to one of the problems
encountered with the nESI-FnTP approach, which concerned the temperature
dependence of the desorption processes of cholesterol and the further less polar
compounds (DGs and TGs). It led to a modification of the nano electrospray.
The nESI has been equipped with a heating element and an additional sheath
gas which has led to the coupling of a heated nano-electrospray with the
flexible micro tube plasma. Its development and evaluation is described in the

third and last major chapter.

After various investigation steps, the h-nESI-FpnTP approach showed that
it is possible to ionise and detect cholesterol and other less polar compounds
simultaneously and independently from the MS inlet capillary surface
temperature. The very strong signal of the diacylglycerol DG(36:2) allows the
detection of the transition from electrospray mechanism to the plasma based

ionisation mechanism much more sensitively when the plasma voltage is

141



6 Conclusion and outlook

increased stepwise. A transition state can be achieved at a certain plasma
voltage. At this voltage, polar and less polar compounds are ionised
simultaneously and hybrid spectra can be generated now. However, the
ionisation techniques interfere with each other under this condition, so that
an efficient ionisation is not possible and the signal intensities are reduced

significantly.

By investigating all important ion source parameters, it is possible to
change between a very efficient electrospray and an efficient plasma. This
switch is now only dependent on one parameter, the plasma voltage, which
leads to a new approach. By rapidly activating and deactivating the plasma,
hybrid spectra can be generated when the plasma activation frequency exceeds
a certain threshold depending on the ion trap injection cycle. The latter leads
to very good signal intensities and stabilities. The signal-to-noise ratios of the
h-nESI-sFpTP hybrid ion source developed here are thus comparable to those

of commercial techniques.

A disadvantage of the h-nESI-FpTP approach is the limitation in plasma
activation frequencies up to 2000 Hz. The plasma activation frequency of
< 2000 Hz is just sufficient for ion trapped MS devices. Significantly faster
devices such as triple quadrupole MS devices can probably not be operated
with this technique. However, the latter would have to be evaluated by
experiments with non-ion trap devices. Trigger signals from the MS could be
helpful, leading to a clocked activation frequency and thus possibly reducing

the required plasma activation frequencies.

Another important factor in the ionisation of molecules via ion sources are
matrix effects. These are disturbances in the analysis that can be caused by a
complicated sample matrix. Since matrix effects occur in ESI as well as in
APCI, it is plausible that a combination is also affected by matrix effects. For
this reason the standard addition method that considers matrix effects, has
been chosen in the present work. Nevertheless, a subsequent study should
investigate to assess matrix effects in order to estimate these for other

methods.
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Furthermore, although the hybrid ion source developed here covers a very
large polarity range of molecules, there exist molecules that cannot be ionised
with it either. For example, non-polar molecules based exclusively on
hydrocarbon atoms such as a-cholestane or B-carotenes or others cannot be
ionised and detected with this approach. Here a coupling with an APPI source
could be efficient. An APPI source would also have the advantage that no
additional voltage source has to be brought into the region of the electrospray,

but a challenge can be the often required dopands.

Nevertheless, the independence of the here developed ion source from the
mass spectrometer, makes the h-nESI-sFn'TP approach also interesting other
techniques in which ionisation source are essential. An example for this can
be the ion mobility spectrometry. Here the gate time is in the same time

regime as the injection time of a mass spectrometer.

Finally, this work focused on the positive ion mode of mass spectrometers.
However, for a complete picture of the ion source developed here, the negative
mode should also be experimentally investigated and assessed so that the

negative ion mode becomes accessible for analysis.

In conclusion, the approach developed here not only provides very
satisfactory results, but also demonstrates the possibility of a hybrid
ionisation source for mass spectrometry, which can be of great advantage in
the rapid untargeted and targeted analysis of complex samples. This technique
is not only limited to the analysis of complex samples in clinical or life science
fields, but can also be applied to other research fields and may lead to further

research insights.

143






7.1 Abbreviations

7 Abbreviations, Figures
and Tables

7.1 Abbreviations

a.u.
AAC
AC
ACN
AGC
APCI
API
APPI
CE
CEM
CID
CRM
DART
DBDI
DC
DG
EIC
ESI
EtOH
FuTP
FC
FTMS
HDL
HESI
h-nESI
HV
IEM

Arbitrary Unit

Ammonium acetate

Alternating Current

Acetontrile

Automatic Gain Control

Atmospheric Pressure Chemical ionisation
Atmospheric Pressure Ionisation
Atmospheric Pressure Photo Ionisation
Cholesteryl ester

Chain Ejection Model

Collision Induced Dissociation

Charge Residue Model

Direct Analysis in Real Time
Dielectric Barrier Discharge Ionisation
Direct Current

Diacylglyceride

Extracted Ion Current

Electrospray lonisation

Ethanol

Flexible Microtube Plasma

Free Cholesterol
Fourier-Transformation Mass Spectrometry
High Density Lipoprotein

Heated Electrospray Ionisation

Heated nano-Electrospray Ionisation
High Voltage

Ton Evaporation Model
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LC Lqiuid Chromatography
LDL Low Density Lipoprotein
LDR Linear Dynamic Range

LOD Limit of Detection

LTP Low Temperature Plasma
MeOH Methanol

MS Mass Spectrometer

MSX Multiplexed MS-MS Scan
nkESI nano-Electrospray lonisation
PC Phosphatidylcholine

PE Phosphatidylethanolamine
PEEK Polyether Ether Ketone

ppb part per billion

ppm part per million

PRM Parallel Reaction Monitoring
PSI Paper Spray lonisation

PSI Paper Spray

RSD Relative Standard Deviation
SNR Signal-to-Noise Ratio

TG Triacylglyceride

TIC Total Ton Current

VOC Volatile Organic Compounds

7.2 Figures

Figure 1: Part of a figure from the publication by Liu et al. shows that simultaneous ionisation
of polar and less polar compounds is difficult to achieve. In areas of high polar analyte
intensity the signals of less polar analytes are low and vice versa. This figure is reprinted
with permission from Anal. Chem. 94, (2022), 2873-2881. Copyright 2022 American
CREmICAL SOCIEEY. .o 4

Figure 2: Exemplary compounds of the lipid classes that are relevant in this work. While
phospholipids such as phosphatidylacetylcholines are considered as polar,
triacylglycerides or cholesterol are considered as less polar lipids. ...........ceeiiiieiiiininnnn. 8

Figure 3: Schematic diagram of the major mass spectrometer elements. ............................ 13

146



7.2 Figures

Figure 4: Molecular polarity range of common API sources. Classified by the molecular weight
and the molecular polarity, the selectivity indicates the application range of an ion
source. This diagram has been illustrated according to the diagram of O.J. Schmitz and
T. Benter, Advances in LC-MS Instrumentation, Journal of Chromatography Library,
VL0 T OO U RO PPPPPPR 14

Figure 5: Schematic of the electrospray ionisation process. Charged droplets are generated at
the Taylor cone and accelerate along the electrical field to the mass spectrometer inlet.
This figure is a modified scheme according to P. Kebarle and M. Peschke. Modified
reprint of Analytica Chimica Acta 406 (2000) 11-35 [62]....cccccoieriiriiniiiiiieiienieniens 17

Figure 6: Schematic representation of the release of smaller droplets up to the size of charged
Rayleigh microdroplets. Similar to the Taylor cone the droplets form a shape distortion
from which smaller droplets are ejected. ........ccceiiiiiiniiii 18

Figure 7: Graphical representation of the different ion release models such as the ion emission
model (IEM), charge residue model (CRM) and chain ejection model (CEM). Anal.
Chem. 2013, 85, 1, 2-9. Copyright American Chemical Society 2013.........cccceeeeiinnnn. 19

Figure 8: Overview of different APCI generated reactant ion species that lead to water cluster
formation in air. Reprinted with permission from J. Am. Soc. Mass Spectrom., 31,
1291—1301. Copyright 2020 American Chemical SOCIEtY. ........vvvvvvviriiiriiiiiiiiiiiiiiiiiians 23

Figure 9: Jablonski diagram of different helium and nitrogen states. Reprinted with
permission of Spectrochimica Acta Part B, 64, 1253-1258. Copyright 2009 Elsevier...25

Figure 10: Schematic diagram of the flexible microtube plasma assemble. An IDEX high
pressure PEEK micro tee introduces the electrode and the gas supply into the glass
CAPILATY . oot 27

Figure 11: Scheme of the linear trap rod assemble of a Thermo Scientific LTQ orbitrap XL.
Reprinted with the permission of Thermo Scientific, LTQ Series — Hardware Manual,
97055-97072 Revision D September, 2015.........coooiiiiiiiiiiii 29

Figure 12: Scheme of the orbitrap mass analyser electrode assemble of the Thermo Scientific
LTQ Orbitrap XL. Reprinted with the permission from Anal. Chem. 2013, 85, 11, 5288—
5296. Copyright American Chemical Society 2013. ...t 30

Figure 13: Scheme of the full MS scan procedure or scan cycle, which can be divided in five
steps. Depending on the method of measurement, steps may be skipped or require
different lengths of time. ........cccooiiii 31

Figure 14: Scheme of the LOD determination via Hubaux and Vos. Reprinted with permission
from Anal. Chem. 1970, 42, 8, 849-855. Copyright 1970 American Chemical Society. 33

Figure 15: Schematic diagram of the nESI-Fu'TP setup in front of the mass spectrometer inlet
(top) with the nESI emitter on the left and the FuTP on the right. The plasma is
positioned into the electrospray particle trajectory. This diagram is based on the
publication according to Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American
Chemical SOCIEEY. ..eiieieiiiii e 38
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Figure 16: Schematic diagram of the nano electrospray assemble. A Supelco PEEK micro Tee
connects the sample introduction capillary, the electrode contact via platinum electrode
and the eMItEer TP, «ooeeei e 39
Figure 17: The left photo shows the arrangement of nESI to FpTP and the micro interface
in front of the mass spectrometer. Photo b on the right shows the nESI-FuTP in the
direct vicinity of the inlet capillary. The photo on the left is reprinted with permission
from Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American Chemical Society.

Figure 18: Mass spectrum of the liver total lipid extract, recorded with the LTQ-Orbitrap
XL in FT mode (R=100 000). A high number of polar lipids can be observed, especially
in the m/z range of 720 — 860........cceiriiiiiiiieie ettt 41
Figure 19: MS2 fragmentation of the polar lipid signal at m/z 786.6. The fragmentation
pattern shows clearly that this signal comprises mainly the PC(36:2), but includes a
smaller amount of PE(39:2). ...ttt 42
Figure 20: Mass spectrum of the liver extract, analysed with the nESI-FpTP-mode. Due to
the dominating plasma ionisation process, the mass spectrum changes completely in
contrast to the nESI-mode. Now the most abundant signal is the cholestadiene ion at
m/z 369.3523, which represents a product ion of cholesterol. This spectrum shows an
AVETAZE O 20 SCALIS. 1.uuiiiiiiiie et 44
Figure 21: Comparison of a classical nESI source (nESI reference, top spectrum) to the nESI
of the nESI-FuTP approach (spectrum below). In spectrum b, the nESI-FpTP spectra
with deactivated plasma is shown in blue and with activated plasma in red. The lipid
pattern intensity of the nESI reference is approximately twice as the nESI FuTP. The
cholestadiene signal reaches a relative abundance of 39 % of the PC(36:2) in the nESI-
mode. This diagram is based on the publication according to Anal. Chem. 2023, 95, 22,
8423-8432. Copyright 2023 American Chemical SOCIEtY........cooeeeeieiiiiiiiiiieiiiieeinienn. 45
Figure 22: Temporal acquisition of the total ion current (TIC) and the extracted ion currents
at m/z 369.4 and m/z 786.6. Ten activation and deactivation processes (each process 5
times) are performed to evaluate the error of repeatability and the relative standard
deviation of the switching processes. This diagram is based on the publication according
to Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American Chemical Society.

Figure 23: Long-term measurement of the nESI-FnTP generated cholestadiene signal. The
top chromatogram shows the acquired data in a typical line plot. In contrast to this,
chromatogram b depicts the same data set in a scatter plot, which facilitates a better
visualization and interpretation of a large amount of independent variables. ............. 50

Figure 24: Residual analysis of the measured values, generated by the long-term observation
(red). The overlaid Gaussian fit (blue) shows clearly normal distributed values of the
long-term measurement. This diagram is based on the publication according to Anal.
Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American Chemical Society............. 51
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Figure 25: Ionisation processes cholesterol and cholesterol esters. The dehydration process of
cholesterol shown on the left leads to a product ion with an exact mass of 369.35. The
same species is formed by the cholesteryl ester fragmentation in on the right. This
process could lead to signal interferences of the determination of free cholesterol....... 53

Figure 26: Measurement of the cholesteryl ester fragmentation (CE(17:0)), generated in nESI-
mode (blue) and in nESI-FpTP-mode (red) to evaluate potential interferences to the
signal of free cholesterol. The intact CE ion with ammonium adduct (right) fragments
to the cholestadiene ion on the left. Both ionisation modes show similar fragmentation
ratios. This diagram is based on the publication according to Anal. Chem. 2023, 95, 22,
8423-8432. Copyright 2023 American Chemical Society. .........ccoeeviiieiiiiiiii, 54

Figure 27: Photographic images of the nESI-FuTP assembly, taken with a microscope camera.
In the left photo the plasma is inactive, the orientation of the electrospray is straight
foreward. In photo b on the right, the plasma is active and the Taylor cone of the
electrospray changes the orientation towards the FuTP. ....cccooooiiiiiiiii. 56

Figure 28: Signals of the CE fragment ion at m/z 369.4, generated in nESI-mode to evaluate
the effect of the tube lens voltage to the CE fragmentation process.........c..ccccveeieeenn. 56

Figure 29: The top diagram shows the SNR of PC(36:2) and cholesterol as a function of the
plasma voltage amplitude. With an increasing voltage amplitude the intensity of the
nESI process decreases, whereas the cholesterol SNR rises. A maximum cholesterol SNR,
can be observed at 2.0 kV. The Photos a - f visualise the plasma growth process and
correspond to different plasma states of the diagram above. Photos a — f are reprinted
with permission from Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American
Chemical SOCIEEY. ..oeiiieiiiiie e 59

Figure 30: Two spectra of the liver sample acquired at different MS inlet capillary
temperatures. The top spectrum was recorded at 240 °C and shows an excellent
cholesterol signal. By increasing the inlet capillary temperature to 340 °C, the spectrum
below can be observed. The cholesterol signal at m/z 369.4 decreases, but a range of
additional signals appear. This shows the importance and influence of the MS inlet
temperature on the acquired SPECETA. ......uuuiiiieiiiiiiiie e 61

Figure 31: SNR of different signals as a function of the MS inlet capillary temperature
generated with nESI-FpTP approach. The diagram on top shows the progression of the
cholesterol signal with an increasing temperature. The diagram below shows the three
most abundant additional lipids observed at very high temperatures. It should be noted
that the SNR. of cholesterol at -10? is significantly larger than that of the other signals
A = 102, ettt et as 62

Figure 32: Determination of the linear dynamic range by linear regression of the acquired
data in double logarithmic scale. The regression has a slope of 0.9901 + 0.0367 and
shows a good linearity. The interception of the dotted connection line with the 95 %
confidence interval hyperbolas represents the lower and the upper limit. With these

limits the LDR has been calculated to 1.7 orders of magnitude. This diagram is reprinted
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with permission from Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American
(0TS 11 Ter=Y B To T (=) 66
Figure 33: The extracted ion current at m/z 369.4 of the highest concentration of the
calibration series I shows clearly a pulsating ion ejection, which is generated by droplet
accumulation at the nESI emitter tip. This is the reason for the underperforming of
sample No. 7 with 217.51 mg/L. This diagram is based on the publication according to
Anal. Chem. 2023, 95, 22, 8423-8432. Copyright 2023 American Chemical Society. .. 67
Figure 34: Determination of accuracy (recovery rate) via calibration series II. In the method
of standard addition, the unknown concentration can be taken from the intersection of
the regression line with the abscissa in the second quadrant. The calibration in total is
shown at the top. The region of the unknown concentration is shown enlarged below.
This diagram is based on the publication according to Anal. Chem. 2023, 95, 22, 8423~
8432. Copyright 2023 American Chemical SOCIEtY........cceeeiiiiiiiiiiieeiiiiiiiie e 71
Figure 35: Evaluation of the limit of detection (LOD) with the calibration series II and
corrected cholesterol concentrations. Using the method according to Hubaux and Vos, a
detection limit of 1.56 mg/L can be determined. A deviation to the minimum
detectability of 5.46 mg/L can be observed and based on various concentration ranges
of the calibration series and different mathematically approaches.............................. 73
Figure 36: Schematic representations of the applied ionisation sources and their essential
geometric parameters. The paper spray ionisation in front of the MS inlet is shown on
the left and the combination of the paper spray ionisation with the flexible microtube
plasma is given on the right. This graphic is partially reprinted with the permission from
Anal Chim Acta. 2022, Vol 1201; 339619. Copyright 2022 Elsevier...........cccccceeeeennn. 80
Figure 37: Macro photograph of the ionisation region with the paper spray ionisation and the
flexible microtube plasma in front of the MS inlet. This photo is reprinted with the
permission from Anal Chim Acta. 2022, Vol 1201; 339619. Copyright 2022 Elsevier [108].

Figure 38: Spray durations of different spray solvents in paper spray ionisation acquired by
the reserpine signal at m/z 609.27. The spray duration depends primarily on the solvent
type. ACN and MeOH show a short spray duration, EtOH a somewhat longer one. The
mixture of EtOH and H,O (ratio 1:1) sprays for the longest time. Here a spray duration
of maximum 6.5 min can be observed. A voltage amplitude of 2.5 kV has been applied
to the paper. Due to the high resolution of the orbitrap analyser, the mass tolerance for
the extracted ion currents has been set to 10 mmu. ... 83

Figure 39: Mass spectrum of the total lipid liver extract generated by paper spray ionisation
mass spectrometry. The lower resolution LTQ part of the MS has been used. The

detected signals are identical to those of the nESI measurements of the previous chapter.

Figure 40: Measurement of the liver sample analysed with paper spray ionisation mass

spectrometry. Chromatograms a and b show the extracted ion currents of the polar

150



7.2 Figures

PC(36:2) and the less polar cholesterol as a function of time. The process of paper spray
ionisation can be separated into different periods. After the voltage is applied (1), a
stabilisation phase follows (2). A stable paper spray can be observed in (3). In period
(4) the intensity of the PC(36:2) increases briefly before it stops spraying. This is
followed by a corona discharge which allows the ionisation of cholesterol. The change
from electrospray to a corona discharge can also be detected by acquiring the electric
current of the MS power supply as shown in ¢. The measured source current remains
constant until it transits to a corona discharge. Here the current increases rapidly. The
LTQ analyser has been used with a mass tolerance of 200 mmu. The ion signals have
been acquired at an inlet capillary temperature of 260 °C, a capillary voltage of 50 V
and a tube lens voltage of 112 V. According to Anal Chim Acta. 2022, Vol 1201; 339619.
Copyright 2022 Elsevier [108].......cociiiiiiiiiiiiii ittt 85
Figure 41: Paper spray ionisation of a reserpine and cholesterol consisting standard. Different
solvents have been applied to generate the paper spray in order to observe the formation
of a corona discharge subsequent to the electrospray ionisation. Within a measurement,
the ion currents are shown at the top and the source current at the bottom. Especially
on the basis of the source current the appearance of a corona discharge can be detected
for MeOH, EtOH and EtOH+H>0O. No corona discharge is observed by using ACN. A
voltage amplitude of 2.5 kV has been applied in this measurement to generate the
TONISATION PIOCESS. «evutetiiii ettt et ettt ettt et ettt e e e enanne 89
Figure 42: Three different modes of the paper spray ionisation coupled with the flexible micro
tube plasma (PSI-FnTP) are performed. The measurement can be separated in 9 periods
which are numbered at the top. Relevant ion currents are shown in chromatogram a
and b. The diagrams c - e below show spectra of the different modes. High signals of
polar lipids can be observed in the periods (2), (4), (2') and (4'), here the PSI mode is
activated solely. In the PSI-FuTP-mode low abundant signals are obtained, which can
be seen in the periods (3) and (3'). Using only the FuTP results in a spontaneous, very
intense cholesterol signal which loses intensity in a tailing shape. This degradation of
intensity indicates a desorption process. To exclude an evaporation process of cholesterol
afterwards to the PSI, the procedure of the periods (2) to (5) are repeated in the regions
(2') to (6), with the exception that the paper triangle has been removed completely. The
spectra in ¢ — e represent peak maxima of the chromatograms a and b and are averaged
over 15 scans. This Figure is a modified reprint with permission from Anal Chim Acta.
2022, Vol 1201; 339619. Copyright 2022 Elsevier [108].......ccccoveiriieniieiieiiiie e 91
Figure 43: Mass spectra of the bovine heart extract spiked with 3-octanone and 2-nonanone
measured with the PSI-FuTP approach. The spectrum in blue (spectrum a) shows the
paper spray generated signals of polar lipids. Spectrum b in red shows the active plasma
ionisation which leads to the signals of cholesterol and both volatile potential biomarker

candidates. Each spectrum consists of 30 scans acquired with a microscan number of
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three. According to Anal Chim Acta. 2022, Vol 1201; 339619. Copyright 2022 Elsevier
[L08] . ettt ettt 96
Figure 44: Ion chromatograms of PC(34:2) at m/z 758.7, cholesterol at m/z 369.5 and both
potential biomarker candidates 2-nonanone at m/z 143.1 and 3-octanone at m/z 129.1
acquired by PSI mode and the FpTP-mode. The ion currents show different profiles.
The PC signal drops with activating the plasma. In contrast to cholesterol that increases
rapidly and fades with a decay, both volatile organic compounds rise slowly and reach
a signal plateau. Reprinted with permission of Anal Chim Acta. 2022, Vol 1201; 339619.
Copyright 2022 Elsevier [108]. .....cccoiiuiiiiiiiiiieii e 97
Figure 45: Achieved regressions and LODs of the calibration series of the potential biomarker
candidates. Each concentration of 2-nonanone in a (on the left) and 3-octanone in b (on
the right) has been analysed five times. The limit of detections are calculated according
to the method of Hubaux and Voss and are depicted in the corresponding diagram
highlighted in YelloW. ......iiiiiii e et 99
Figure 46: Heating curve of the coil shaped resistance heating wire. The diagram shows the
temperature of the heating element as the function of the applied current. The red line
represents a parabolic fit to calculate the temperate inside the heating element. ...... 105
Figure 47: At the top the construction of the nESI with additional sheath gas is shown
schematically. The first tee piece is used for sample supply to the emitter. The second
tee piece is used to add the sheath gas. The schematic diagram below shows the entire
construction with the heated nESI and the FuTP in front of the MS inlet. .............. 107
Figure 48: Two close-up photographs of the h-nESI-FuTP setup. The photo on the left shows
the dimensions of the ion source compared to the MS inlet. Photo b on the right shows
the ionisation region in more detail. ...........ccooiiiiiii 108
Figure 49: Spectra of total lipid liver extract analysed with APCI (green, spectrum a), with
the nESI-FpTP (grey, spectrum b) and with the new h-nESI-FuTP (red, spectrum c).
While the nEST-FpnTP spectrum can only ionise cholesterol very efficiently, the h-nESI-
FuTP shows a spectrum that is very close to the APCI source and even exceeds it in
ITEEEIISTEY . ettt et 109
Figure 50: Fragmentation spectra of the signal at m/z 638.3 and m/z 850.5. The top spectrum
shows the identification a DG(18:0/20:4). An isolation width of m/z 3 and a normalised
collision energy of 4.0 a.u. has been used. The spectrum below has been acquired at a
normalised collision energy of 6.0 a.u. (same isolation width) and identifies a
TGL6:0/16:0/18: 1) cevieeiieet ettt 112
Figure 51: Extracted ion currents of polar and less polar representatives as the function of
the heater temperature. The electrospray mechanism decreases with increasing
temperature. The plasma-based ionisation mechanism becomes the dominating part at
temperatures of 150 °C and higher. .........cooiiii 114
Figure 52: Determination of an efficient sheath gas flow rate. The signal intensity of the
PC(36:2) signal generated by the heated nEST at 200 °C is depicted as the function of
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the sheath gas flow rate. Starting without a sheath gas, no ions can be detected.
Evaporation effects disrupt the electrospray process. Applying the sheath gas protects
the electrospray from heat and the signal increases, but flow rates of 40 mL/min and
above reduces the signal INTENSIEY. .....ooiiiiiiiiii 115
Figure 53: Plasma voltage variation of the h-nESI-FuTP approach to detect a transition state
between the electrospray- and the plasma ionisation mechanisms. The extracted ion
currents (XICs) of four polar and less polar lipid representatives are shown as the
function of the applied plasma voltage amplitude. A transition from one to another
ionisation mechanism can be observed at 1.85 kV, which is marked as Upansition. Here
both ionisation pathways occur simultaneously. Furthermore, a signal maximum of the
plasma-based ionisation mechanism can be detected at 2.0 kV. The latter is marked by
LU PP U R PPPPPPR 117
Figure 54: Mass spectrum observed in the transition state from the electrospray- to the
plasma ionisation mechanism. This spectrum represents only one scan cycle of the data
measured at 1.85 kV plasma voltage amplitude. .............cooooo 118
Figure 55: Schematic representation of three possible signal characteristics of injection cycle
and ionisation modes. On the left, the activation frequency is larger or equal to the
injection period of 1000 Hz. The other two diagrams show a halfed activation frequency
(500 Hz) with and without shifting by half a period. ..........ccccooviniiiniiniinii 120
Figure 56: Variation of the activation frequency measured with automatic gain control. By
the AGC applied injection times are 0.45 ms on average. The upper diagram shows the
signal intensities as a function of the activation frequency. The signal intensities reache
their maximum early and remain constant. In b the corresponding value of the relative
standard deviation decreases with increasing frequency over the entire measurement
range. Each data point consists of 50 SCANS. ...t 123
Figure 57: Ion chromatograms of three representatives at selected frequencies. At 1 Hz as
well as at 20 Hz, an anticyclic charachteristic of the polar and less polar lipids can be
observed. This characteristic disappears with increasing activation frequency. ......... 124
Figure 58: Hybrid mass spectrum of the liver sample generated by the fast switching process
of the dual ionisation source at an activation frequency of 1750 Hz. Polar as well as less
polar compounds can be identified. This spectrum represents only one single scan cycle
with a micro scan number of one and an activated AGC...........occoiiiiiiin, 125
Figure 59: Variation of the activation frequency measured without the AGC. The injection
time is set to 1 ms. Signal intensities reach a plateau at higher frequencies compared to
the measurement with AGC. In contrast, the relative standard deviation decreases
earlier and reaches lower values. Each data point consists of 50 scans..................... 126
Figure 60: Comparison of the liver spectra generated with the h-nESI-sFpTP in comibination
with acitvated AGC on the left and deactivated AGC on the right. In the best

measurement, with activated AGC at 1750 Hz the signal intensities of polar lipids are
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reduced compared to those of the best measurement with deactivated AGC at 1000 Hz.
In both cases the SNR is divided by 10% ........oooiiiiiiiiiiiiee e 127
Figure 61: Tabular diagram to show and interpret the observations and results of the
measurement of the variation of the plasma activation frequency. ............................ 129
Figure 62: Comparison of three commercial ionisation techniques with the h-nESI-FuTP
approach and its different ionisation modes. Here the transition mode and the h-nESI-
sFnTP approach with a plasma activation frequency of 1750 Hz (with AGC) are the

only modes or ion sources that are able to generate hybrid spectra........................... 134

7.3 Tables

Table 1: Composition of the total liver lipid extract of a bovine according to Avanti lipids
(20 . ettt e 35
Table 2: Major lipid signals of the liver extract detected by nESI-MS. The relative abundance
reflects the signal intensities. The Amass shows the deviation of the measured m/z to
the theoretical mass in ppm. Finally, the columns lipid species and ion type summarises
the identified HPids.......cooiiiiiiii 43
Table 3: Comparison of the PC(36:2) and cholestadiene signals, generated by the nESI
reference and the nESI-FpTP with inactive and active plasma. The absolute intensities
and the medians were used to calculate the signal-to-noise ratios. .........cc.coeeeeiiiiinnnnn. 46
Table 4: Summarised results of the Eg., determination. The error of repeatability is calculated
by the average of the signal and the corresponding +Error, which is given as relative
standard deviation..........cociiiiiiiii 48
Table 5: Determined RSD values of the nESI reference and the nESI-FnTP with activated
and deactivated plasma for the EIC of the PC(36:2) at m/z 786.6 and cholestadiene at
/7 3094 oo 49
Table 6: Composition of calibration series I. Exact dilution steps, solvent quantities and
added amounts of cholesterol are summarised in this table. Each sample contains 1 pL
of the liver extract stock solution to yield a dilution of 1:1000 (V/V). cccevvieriieriiinnnns 64
Table 7: Linear dynamic ranges of different methods for the determination of free cholesterol.

The linear ranges are given in orders of magnitude. ................c.eeeii . 68
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Table 8: Composition of calibration series II. Exact dilution steps, solvent quantity and added
amounts of cholesterol are summarised in this table. Each sample contains 5 pL of the
liver extract stock solution to yield a dilution of 1:200 (V/V). .cooeriiiriiiiiiiieiccene 70

Table 9: Comparison of cholesterol detection limits generated by different methods. ......... 74

Table 10: Concentrations of the samples and the resulting absolute mass of potential
biomarker candidates plotted on the paper. ..........coooiiiiiiiiiiii e 98

Table 11: Comparison of the ten most abundant m/z signals, determined by the heated nESI-
FuTP setup and the commercial APCI. This table shows the similarity of both achieved
SPECETAL ettt ettt et ettt e 110

Table 12: Calculated relative standard deviations of the h-nESI-sFnTP approach for the
comparison with RSD of the nESI-FpTP approach and the nESI reference of chapter
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Supporting information to chapter 3.2 “Application to liver

extract”.

MS? spectra of the polar Lipid identification by nESI-MS:
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Figure Al: MS? spectrum of m/z 758 that leads to the identification of PC(34:2).
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Figure A2: MS? spectrum of m/z 760 that leads to the identification of PC(34:1).
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Figure A3: MS? spectrum of m/z 788 that leads to the identification of PC(36:1).
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Figure A4: MS? spectrum of m/z 810 that leads to the identification of PC(38:4).
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Figure A6: MS? spectrum of m/z 812 that leads to the identification of PC(40:5).

Supporting information to chapter 3.3 “Signal quality and
stability”.
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Figure A7: EIC of m/z m/z 786 of the nESI reference measurement.

Supporting information to chapter 4.4 “Detection of volatile

biomarker candidates”.

Table Al. Identification of five high abundant polar lipids of the total heart extract.
According to reference [122].

m/z Rel. abundance C(.Jrl.respon(?ing Ton type
lipid species

742.71 90.7 PC(0-34:3) [M+H]*

744.69 41.8 PC(0-34:2) [M+H]*

758.70 100.0 PC(34:2) [M+H]*

760.71 46.4 PC(34:1) [M+H]*

768.62 56.7 PC(0-36:4) [M+H]*
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Table A2. Composition of the total liver lipid extract of a bovine according to Avanti

lipids.
Component Fraction (wt/wt) [%]
Phosphatidylcholine 54
Phosphatidylethanolamine 6.8
Phosphatidylinositol 2.5
Phosphatidic acids 1.1
Cardiolipin 2.3
Unknown 321

Supporting information to chapter 5.1. “Coupling a heated nESI
with the FnTP”.

Applied ionisation source parameters of the measurement in Figure 49.

Table A3a: Commercial Thermo IonMax API (APCI).

Parameter Value
Corona voltage 3.9 kV
Vaporizer temperature 300 °C
Tube lens voltage 110V
Capillary voltage 10V
Inlet capillary temperature 280 °C
Number of scans (averaged) 50
Number of micro scans 3

Table A3b: Parameters of the nESI-FpTP approach.

Parameter value
nESI voltage 2.1kV
FnTP voltage amplitude 2.5 kV
Tube lens voltage 65 V
Capillary voltage 10V
Inlet capillary temperature 320 °C
Number of scans (averaged) 50
Number of micro scans 3
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Table A3c: Parameter of the heated-nESI-FpTP approach.

Parameter value
. voltage 3.0kV
A liquid flow 2 pL/min
é temperature 160 °C
sheath gas flow off
— voltage amplitude 2.2kV
§ & frequency / form 20 kHz / square-wave
é Lr:_:“ helium gas flow 30 mL/min
tube lens voltage 100 V
capillary voltage 10V
:!2) inlet capillary temperature 280 °C
number of scans (averaged) 50
number of micro scans 3

Supporting information to chapter 5.2. “Identification of less polar

lipids”.

MS? spectra of the less polar lipid identification by heated nESI-FpnTP-MS:
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Figure A8: MS? spectrum of m/z 662 that leads to the identification of DG(18:0/20:4).

172



9 Appendix

6+ m/z 876
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Figure A9: MS? spectrum of m/z 876 that leads to the identification of TG(18:1/18:1/16:0).

Supporting information to chapter 5.5. “hybrid ionisation by fast

switching of the ion source”.
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Figure A10: Second measurement with the heated nESI-sFuTP — AGC activated.
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Figure A11: Second measurement with the heated nESI-sFuTP — AGC off 1 ms injection

time.

Supporting information to chapter 5.6. “Performance of the
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heated of the heated nESI-sFuTP”.

Applied ionisation source parameters of the measurement in Figure 62.
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Table 4a: Parameter of the nESI reference.

Parameter Value
— Voltage 2.1kV
)
E Liquid flow 1 pl/min
Tube lens voltage 90 V
E Capillary voltage 95V
Inlet capillary temperature 280 °C
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b) Parameter of the Thermo ITonMax API - HESI II probe.

Parameter Value

Voltage 2.8 kV
% Liquid flow 10 pL/min
= Temperature 43 °C

Sheath gas / Aux gas flow 5/ 5 arb

Tube lens voltage 110V
) Capillary voltage 15V
=

Inlet capillary temperature 280 °C

¢) Parameter of the commercial Thermo IonMax API - APCI probe.

Parameter Value
Voltage 3.9 kV
o liquid flow 15 pL/min
% temperature 300 °C
sheath gas / Aux gas flow 5 /5 arb
tube lens voltage 110V
E capillary voltage 10V
Inlet capillary temperature 280 °C
d) Parameter for the heated nESI.
Parameter Value
voltage 2.2kV
% liquid flow 3 ul/min
= temperature 200 °C
sheath gas 25 mL/min
tube lens voltage 100 V
% capillary voltage 10V
inlet capillary temperature 280 °C
e) Parameter of the heated nESI-sFpTP approach.

Parameter Value

voltage 22kV

% liquid flow 3 nl/min

= temperature 200 °C

sheath gas 25 mL/min

a9 voltage 2.2kV

E:x helium gas flow 30 mL/min

i activation frequency 1750 Hz

tube lens voltage 100 V

o) Capillary voltage 10V

- . .
inlet capillary 980 °C

temperature
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f) Parameter for the heated nESI in transition mode.

Parameter Value
— voltage 2.6 kV
%) liquid flow 5 pl/min
- temperature 200 °C
tube lens voltage 100 V
o) capillary voltage 10V
= inlet capillary
280 °C
temperature
g) Parameters of the nTS-FpTP.
Parameter Value
voltage 2.6 kV
% liquid flow 3 ul/min
2 temperature 160 °C
sheath gas 0 mL/min
&: voltage 3kV
% helium gas flow 30 mL/min
tube lens voltage 120V
o Capillary voltage 10V
= .
inlet capillary 930 °C

temperature




