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Summary

lonic Liquids are characterised by their modifiable unique properties and are used
today in many different industrial processes. Their composition similar to a salt consists
of an organic cation and an organic or inorganic anion. The large number of cations
and anions, that can be combined with each other, makes a detailed characterisation
difficult, especially with regard to their toxic effects on the environment. For this reason,
a rapid analytical method was developed in the present work, which determines the
toxicity of various ionic liquids based on their half maximal effective concentration
(ECs0) and analyses their effect on the environment. ECso values were determined
using an AlamarBlue assay. Based on the obtained ECso values, concentrations above
their ECso were selected and added to human corneal epithelial cells (HCE) to analyse

the cause of the toxic effect by changes in the metabolome.

Amino acids are very important metabolites of an organism. They are involved in many
metabolic processes, are building blocks for various metabolites and trigger various
diseases. Therefore, the initial focus was placed on the development of a targeted
analysis of amino acids of a cell extract after exposure to ionic liquids. Due to the large
number of different ionic liquids, the development of a high-throughput method using
hydrophilic interaction liquid chromatography (HILIC) coupled with high-resolution
mass spectrometers, such as a quadrupole time-of-flight mass spectrometer (QTOF),
was aimed to characterize potential biological effects. For this purpose, different HILIC
stationary phases as well as different buffer contents of the mobile phase were
compared to each other to separate amino acids with short analysis time. In order to
perform a  comparison, even  without ultraviolet (UV)  detection,
4-(dimethylamino)azobenzene was determined as an electrospray ionization mass
spectrometry (ESI-MS) compatible void volume marker. An amide based neutral
stationary phase provided optimal separation conditions for amino acid analysis. The
use of the data-independent SWATH acquisition method (sequential window
acquisition of all theoretical fragment-ion spectra) enabled the combination of a
targeted amino acid analysis with an untargeted analysis of all other metabolites. Thus,
optimal settings of the mass spectrometer for the amino acids could be determined
and applied to achieve the highest possible sensitivity. This method was afterwards
validated according to the current guidelines of the United States Food and Drug

Administration (FDA). The problem of the missing blank matrix was successfully solved

XVII



by using 13C,®N-isotope labelled amino acid standards as surrogates. The analysis of
the cell extracts after exposure to the ionic liquids showed that the concentration
profiles are strongly dependent on the toxicity or ECso value of the respective ionic
liquid. For example, the concentration of L-alanine (L-Ala) and L-glycine (L-Gly)
decreases with increasing toxicity compared to control samples. On the other hand,
the ionic liquids have almost no effect on the essential aliphatic amino acids, L-leucine
(L-Leu), L-isoleucine (L-lle) and L-valine (L-Val). Furthermore, neither L-cysteine
(L-Cys) or L-glutamine (L-GIn) nor L-asparagine (L-Asn) and L-aspartic acid (L-Asp)
are detected in cell extracts.

Already during the ECso determination, it turned out that some ionic liquids trigger the
cells to build lipid droplets as a reaction. Therefore, the last project of the present work
dealt with the analysis of the lipidome (lipidomics) of a cell after exposure to ionic
liquids. Therefore, 4 different extraction methods were compared to each other in order
to use an extraction method that extracts a wide range of lipids. Henrietta Lacks (HelLa)
cells were then treated with ionic liquids for 8, 16 and 24 hours in a time-dependent
study and then extracted and analysed using reversed phase high performance liquid
chromatography combined with a quadrupole time-of-flight mass spectrometer with
electrospray ionisation (ESI). The data processing and identification of lipids was
performed with an open-source software, called Mass Spectrometry T Data
Independent AnaLysis (MS-DIAL).

Due to the large number of samples, not all of them could be analysed in one
sequence, which makes it necessary to correct for potential measurement differences
due to equipment variations between analyses. Therefore, an Excel based macro was
developed, which compares the results of the different sequences by retention time
and mass-to-charge ratio (m/z). Furthermore, it is important to normalize the obtained
data, as the ionic liquids cause different numbers of cells to die. Therefore, a
normalization strategy based on quality control samples of each measurement
sequence, on isotopically labelled lipid standards and on cell count has been
developed. Finally, the ionic liquid-mixed cell extracts were compared with untreated
cell extracts (control) in a statistical evaluation using t-test. This allowed some
hypotheses to be made. For example, it could be shown that choline acetate
([Ch][OAc]) exerts an influence on metabolic processes, while 1-Ethyl-3-

methylimidazolium acetate ([emim][OAc]) activates stress-induced metabolic

XIX



pathways. Furthermore, choline hexanoate ([Ch][Hex]) showed hardly any significant
changes in the lipid profile, which means that the toxic effect cannot be explained on
the basis of lipids. Tributylmethylphosphonium acetate ([P4441][OAc]) on the other hand
also induces stress-induced metabolic pathways and simultaneously destroys the cell
membrane, whereas the most toxic ionic liquid analysed showed immediate

destruction of the cell membrane.

It could be shown in this work that metabolomics and lipidomics profiling methods are
suitable means to obtain information about the potential toxicity of ionic liquids, possibly
also giving some insight which metabolic subnetworks are involved in toxic effects. It

is becoming an established powerful tool in the field of exposomics.
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Zusammenfassung

lonische Flussigkeiten bestechen durch ihre modifizierbaren einzigartigen
Eigenschaften und werden heutzutage in vielen verschiedenen industriellen
Prozessen eingesetzt. lhre Zusammensetzung ahnlich eines Salzes besteht aus
einem organischen Kation und einem organischen oder anorganischen Anion. Die
grol3e Vielzahl an miteinander kombinierbaren Kationen und Anionen erschwert eine
detaillierte Charakterisierung vor allem hinsichtlich ihrer toxischen Wirkung auf die
Umgebung. Aus diesem Grund wurde in der vorliegenden Arbeit eine schnelle
Analysenmethode entwickelt, welche die Toxizitat verschiedenster ionischer
Flissigkeiten anhand ihrer mittleren effektiven Konzentration (ECso) bestimmt und ihre
Wirkung auf die Umgebung analysiert. Die ECso Werte wurden mittels eines
AlamarBlue Assays bestimmt. Basierend auf den ermittelten ECso Werten wurden
Konzentrationen  oberhalb  ihrer ECso ausgewahlt und  menschliche
Hornhautepithelzellen (HCE) damit versetzt, um die Ursache der toxischen Wirkung

anhand Veranderungen im Metabolom zu analysieren.

Aminosauren sind sehr wichtige Metaboliten eines Organismus. Sie sind an vielen
metabolischen Prozessen beteiligt, sind Baustein fur verschiedene Metabolite und
Ausldser verschiedenster Krankheiten. Deshalb lag der Fokus zunachst auf der
Entwicklung einer gezielten (engl.: targeted) Analyse der Aminosauren eines
Zellextrakts nach Einwirkung der ionischen Flussigkeiten. Aufgrund der grof3en Anzahl
verschiedenster ionischer  Flussigkeiten  zielte die  Entwicklung einer
Hochdurchsatzmethode mittels Hydrophiler Interaktions-Flissigchromatographie
(HILIC) gekoppelt an hochauflosende Massenspektrometer, wie zum Beispiel ein
Quadrupol-Flugzeitmassenspektrometer (QTOF), auf die Charakterisierung méglicher
biologischer Effekte ab. Hierzu wurden verschiedene HILIC stationare Phasen, als
auch verschiedene Pufferanteile der Mobilen Phase miteinander verglichen, um
Aminosauren schnell aufzutrennen. Um einen Vergleich auch ohne Ultraviolett (UV)-
Detektor realisieren zu konnen, wurde 4-(Dimethylamino)azobenzol als ESI-MS
kompatibler Totzeitmarker ermittelt. Eine Amid-basierte neutrale stationdre Phase
zeigte optimale Trennbedingungen fir die Aminosaureanalytik. Die Verwendung der
Datenunabhéngigen SWATH Akquisitionsmethode (engl.: sequential window
acquisition of all theoretical fragment-ion spectra) ermdglichte die Kombination einer

gezielten Aminosaureanalytik mit einer nicht-gezielten (engl.: untargeted) Analyse aller

XXI



weiteren Metabolite. Dadurch konnten ftr die Aminosauren optimale Einstellungen des
Massenspektrometers ermittelt und angewendet werden, um eine hdchstmégliche
Empfindlichkeit zu erreichen. Diese Methode wurde im Anschluss gemald den
aktuellen Richtlinien der US-Behorde fur Lebens- und Arzneimittel validiert. Dabei
konnte die Problematik der fehlenden Blankmatrix durch den Einsatz von
13C,>N-isotopen markierten  Aminosaurestandards  als Ersatz-Analyten
(engl.: Surrogate) erfolgreich gelost werden. Die Analyse der Zellextrakte nach
Einwirkung der ionischen Flussigkeiten zeigte, dass die Konzentrationsprofile stark
abhéngig sind von der Toxizitat bzw. des ECso Wertes der jeweiligen ionischen
Flissigkeit. So nimmt zum Beispiel die Konzentration an L-Alanine (L-Ala) und L-
Glycin (L-Gly) im Vergleich zu Kontrollproben mit steigender Toxizitat ab. Auf der
anderen Seite haben die ionischen Flissigkeiten nahezu keinen Einfluss auf die
essentiellen aliphatischen Aminosauren, L-Leucine (L-Leu), L-Isoleucin (L-1le) und L-
Valin (L-Val). Des Weiteren werden weder L-Cystein (L-Cys) oder L-Glutamin (L-GIn)
noch L-Asparagin (L-Asn) und L-Asparaginsaure (L-Asp) in Zellextrakten detektiert.

Bereits wahrend der ECso Bestimmung kristallisierte sich heraus, dass manche
ionische Flussigkeiten die Zellen dazu veranlassen Lipidtropfchen als Reaktion zu
bilden. Deshalb fokussierte sich das letzte Projekt der vorliegenden Arbeit auf die
Analyse des Lipidoms (engl.: Lipidomics) einer Zelle nach Einwirkung von ionischen
Flussigkeiten. Dafur wurden zunachst 4 verschiedene Extraktionsmethoden
miteinander verglichen, um eine Extraktionsmethode zu verwenden, welche eine
mdoglichst groRe Bandbreite an Lipiden extrahiert. Anschlieend wurden Henrietta
Lacks (HeLa) Zellen in einer zeitabhangigen Studie fir 8, 16 und 24h mit ionischen
Flussigkeiten versetzt und anschlie3end extrahiert und mittels einer Umkehrphasen-
Hochleistungsfliissigchromatographie verbunden mit  einem Quadrupol-
Flugzeitmassenspektrometer mit Elektrospray-lonisation (ESI) analysiert. Die
Datenverarbeitung und ldentifizierung der Lipide erfolgte mit einer frei verfigbaren
Software, MS-DIAL.

Aufgrund der grof3en Probenanzahl konnten nicht alle in einer Sequenz analysiert
werden, wodurch eine  Korrektur potentieller Messunterschiede durch
Gerateschwankungen zwischen den Analysen erforderlich ist. Deshalb wurde ein
Excel-basiertes Makro entwickelt, welches die Ergebnisse der verschiedenen

Sequenzen, anhand der Retentionszeit und des Masse-zu-Ladungs Verhaltnisses
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(m/z) miteinander vergleicht. Des Weiteren ist es wichtig die erhaltenen Daten zu
normalisieren, da durch das Einwirken der ionischen Flissigkeiten unterschiedlich
viele Zellen sterben. Daher wurde eine Normalisierungsstrategie, basierend auf
Qualitatskontrollproben einer jeden Messsequenz, auf isotopenmarkierten
Lipidstandards und auf der Zellanzahl, entwickelt. Letztendlich wurden die mit
ionischen Flussigkeiten versetzten Zellextrakte mit unbehandelten Zellextrakten
(Kontrolle) in einer statistischen Auswertung mittels t-test miteinander verglichen.
Dadurch konnten einige Hypothesen aufgestellt werden. Zum Beispiel konnte gezeigt
werden, dass Cholin Acetat ([Ch][OAc]) einen Einfluss auf metabolische Prozesse
ausubt, wahrend 1-Ethyl-3-methylimidazolium acetat ([emim][OAc]) eher stress-
induzierte Stoffwechselwege aktiviert. Des Weiteren zeigte Cholin Hexanoat
([Ch][Hex]) kaum signifikante Veradnderungen im Lipidprofil, wodurch die toxische
Wirkung nicht anhand der Lipide erklart werden kann. Tributylmethylphosphonium
acetat ([P441][OAc]) auf der anderen Seite induziert auch stress-basierte
Stoffwechselwege und zerstort gleichzeitig die Zellmembran, wohingegen die giftigste

analysierte ionische Flissigkeit sofortige Zerstorung der Zellmembran zeigte.

In dieser Arbeit konnte gezeigt werden, dass Metabolomics- und Lipidomics-Methoden
geeignete Mittel sind, um Informationen Uber die potenzielle Toxizitat ionischer
Flissigkeiten zu erhalten, und méglicherweise auch einen Einblick zu geben, welche
metabolischen Subnetzwerke an toxischen Wirkungen beteiligt sind. Es entwickeln
sich diese zu einem etablierten leistungsstarken Werkzeug auf dem Gebiet der

Exposomik.
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1. Introduction

1.1. lonic liquids

lonic liquids (ILs) are described as class of liquid organic salts, containing a relatively large
organic cation and a corresponding inorganic or organic anion [1i 3]. They have melting
points (m.p.) below or equal to 100 °C. Nowadays scientists developed a sub-class, which
is called room-temperature ILs (RTILS), containing ILs, which are liquid at room temperature
(approx. 25 °C) [4,5]. The most common ILs have organic cations like imidazolium,
pyridinium, pyrrolidinium, phosphonium, ammonium and choline and inorganic anions like
ClI, PFe, BFso0r organic anions, including trifluoromethyl sulfonate [CF3SOs]-,
bis[(trifluoromethyl)sulfonyl]imide [(CF3SO2)2N], trifluoro ethanoate [CF3COO] [4], bromide,
tetrafluoroborate, hexafluorophosphate [2], acetate [CH3COO]- and hexanoate [HeX]
(Figure 1).
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Figure 1: Overview of the main ionic liquids : Mainly imidazolium, pyrazolium, pyrrolidinium, pyridinium,

piperidinium, morpholinium, ammonium, phosphonium, sulphonium and cholinium cations are used during the
synthesis of ionic liquids in combination with the following anions: chloride, acetate, hexafluorophosphate,
trifluoromethylacetate, nitrate, dicyanamide, tretrafluoroborate, tetracyanoborate, trifluoromethanesulfonate
and bis((trifluoromethyl)sulfonyl)imide. Reprinted with permission from Rynkowska et al. [6]




The first ionic liquid (IL), ethanolammonium nitrate (m.p. 52-55°C), was found by Gabriel

and Weiner in 1888 even though it was not cal
official IL, ethylammonium nitrate [EtNH3] [NOs], with a melting point of 12°C was discovered

in 1914. A new class of IL, called dialkylimidazolium chloraluminate, was reported in 1982

by Wilkes et al. The chloraluminate containing ILs were reactive with moisture and many
chemicals and therefore couldnot receive the
interest for ILs occurred in 1992 with the development of the first air- and moisture stable
imidazolium IL [4].

ILs are similartometallicsal t s, | i ke sodium chloride [ NacCcCl ]
saltso. The cations and anions of metallic sa

and finally a crystal (Figure 2).

Figure 2: Sodium chloride salt : Lattice structure of a sodium chloride crystal showing the densest spherical
packing

This behaviour results in high lattice energy and solid compounds. Compared to metallic
salts, the ILs have, due to the relatively bulky organic cations and the weakly organized
inorganic or organic anions [4], very low symmetries, unable to form layers and crystals,
which causes low lattice energies. Therefore, their structure totally composed of ions result
in unique properties [4]. They are colourless liquids in a wide range, have low volatilities, are
thermal, chemical and electrochemical stable, have electrolytic conductivity, are viscous
over a wide range, can be reused, are mostly not biodegradable, are non-flammable, non-
explosive and the miscibility with solvents is adjustable [21 4,61 8]. The properties of ILs are
dependent on the cation and anion [4,6], therefore, ILs are sometimes noted as designer
solvents, because the cations and anions can be selected based on the desired
properties [1,5]. In consequence, combinations of different cations and anions end up in
around 1018 different ILs [4].

Based on their low volatility and non-flammable character, the ILs are often quoted as
Agr eeno [5hAlthorightthe evaporation into the atmosphere is negligible, many ILs

are water soluble and can enter the environment via the aquatic ecosystem. Most of the ILs




are not biodegradable, so once the ILs have entered the aquatic ecosystem, they can
accumulate there in small aquatic organisms and thus reach higher organisms in the food
chain, so even humans can be affected [1,5,7]. Additionally, hydrophobic ILs can due to
accidental spills sediment into the ground and thus remain persistently in the
environment [9]. The huge variability of ILs causes the fact, that the mechanism of toxicity
or toxicity itself is only poorly known [1,5,7]. Therefore, the understanding of toxicity,
environmental impact, effects on plants, bacteria, fungi, and mammalians deserve more
attention [5]. Sometimes, the toxicity of certain ILs is higher compared to the most
conventional used organic solvents, like benzene, methanol (MeOH), dimethylformamide or
propan-2-ol by two to four orders of magnitude [9]. In general, the toxicity itself is mainly
influenced by the molecular size of the cation [10]. Therefore, aromatic cations such as
imidazolium and pyridinium seem to be more toxic than non-aromatic cations such as
pyrrolidinium, piperidinium, phosphonium and ammonium, so that imidazolium-based ILs

are currently the most studied and phosphonium-based ILs the least studied ILs.

Especially, the length of the cationic side chain is decisive [11]. In addition to hydrophobicity,
lipophilicity also has a considerable influence on toxicity [12]. The more
hydrophobic/lipophilic the ILs are, the higher toxic effects can be expected [9]. This means,
among other things, that for example imidazole IL with C14 or Cis side chains are very
lipophilic and can therefore attach themselves very well to the lipid bilayer of the cell
membrane, for example [12]. However, ILs with branched side chains show significantly
lower toxicities. Normally, the positions of side chains on the cation have only minor effects
on the toxicity [13]. The length of the alkyl side chain of the cation is crucial for the toxicity
of ILs. The longer the side chain, the more toxic the IL [5,11,12,14]. ILs with long side chains
are mainly attached to the membrane or diffuse with the side chain into the bilayer [9,12].
One could now assume that the membrane destruction caused by the attachment of IL
increases more and more the longer the side chain, i.e. the more lipophilic the IL becomes.
However, a kind of plateau has been found in various research projects [15i 20] and during
this work. This means that the toxic effect of the IL does not increase any further after a
certain chain length, called "cut-off" effect. A possible explanation is a slowed down diffusion
into the cells by steric hindrance of the long side chains [12] and due to the lack of
solubility [19]. Even though, the toxicity mechanism of ILs is not yet fully understood, it is

known that their toxicity is usually based on the disruption and destruction of cell membranes




and that ILs can even accumulate in organisms [9]. Therefore, ILs are under investigation

to act in a similar way as detergents, pesticides and antibiotics [9].

In summary, this means that an IL cation can be described similar to a lipid. Thus, the side
chain, so-called "IL tail" [217 23], inserts itself into the hydrophobic regions of the lipid bilayer
and even accumulates there [9]. This causes a permeable membrane. The insertion of the
I L Atail o into the membrane | imits the stret
membrane, resulting in a thinner membrane [24] of about 1A. Additionally, the area per lipid
is increased [25]. The longer the side chain length, the deeper the insertion, the more toxic
is the IL [26]. This process is supported by coulomb forces of the positively charged cation
of the ILs and the negatively charged headgroup of the lipids in the membrane. Normally,
only the side chains are incorporated in the lipid bilayer, stabilized by the dispersion forces
of the IL cation and the lipid. The cation as "IL head" on the other side, rather interacts with

the head groups of the lipids [27] (Figure 3).

N+
n | \>_Y
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n X

tail head
(cation & anion)

Figure 3: Scheme of ionic liquid structure : lonic liquids with long side chains attached to the cation behave
similar to | ipids. The cation and anion represent the
long sidechainsar e called AlL tailo, equal to the fatty acids

Adapted with permission from Rakers et al. [28]

Most likely they also interact with hydrophobic areas of the membrane enzymes [9] and
enter the nucleus causing an increased production of reactive oxygen species (ROS)
resulting in damaging the DNA [291 31]. Mostly, after 24h of IL exposure, the nuclei downsize
in elliptical structures [30]. Further investigations showed that for example lipophilic
phosphonium cations with increased side chain length are selectively incorporated into
mitochondrial membranes [32,33]. Nevertheless, the mitochondrial membrane seems not to
be the first target of ILs as ROS production and DNA damage occurs first [30]. As described
above, the first instance is the roughening of the cell membrane, following disturbance,
disruption and destruction in the worst case [27], which leads to cell death [34]. Even

amphiphilic ILs are toxic and perform disruption of cellular membranes [34].




On the other hand, short alkyl chains leave "holes" in the membrane due to the insertion,

which is filled by curling lipid tails from the lipids (Figure 4).

Figure 4:Insertion of different sized ionic liquids into a lipid bilayer : @) represents the insertion of an ionic
liquid with a short cationic side chain, creating fAhol
liquid with a semi long side chain and c) displays the alignment of an ionic liquid carrying a long side chain,

which causes straight insertion of the side chain parallel to the lipid tails of the bilayer. Adapted with permission

from Yoo et al. [35]

However, this leads to a significantly increased disorder of the membrane, causing a thinner
membrane bilayer, as both lipid layers move closer together [24]. Longer amphiphilic ILs on
the other side have no influence on the thickness [34]. Experiments using Liposomes
showed the insertion of long side chains into the membrane without disruption [36]. Middle
long side chains are also incorporated into the membrane, but cause destabilization of the
membrane due to disturbance of the lipid bilayer ordering based on the mismatch of the long
lipid tail and the middle long side chain [36]. Short side chains crossed the membrane

without any major damages of the cell membrane [36] (Figure 5).

Figure 5: Insertion of different sized ionic liquids, causing different responses of the cell . A) shows the
insertion of an ionic liquid with a long side chain, resulting in the disordering of the membrane, followed by
disruption. B) represents the integration of a short chain ionic liquid, which enters the lipid bilayer without
disruption. Adapted with permission from Benedetto et al. [36]
(https://pubs.acs.org/doi/10.1021/acs.langmuir.7b04361, further permissions related to the material excerpted
should be directed to the ACS)

Besides the length of the side chain, the selection of the anion also controls the toxicity [12],

but is more or less only important for the toxic effect when comparing ILs with the same
cation and side chain lengths [11,37]. For example, tetrafluoroborate anion causes the
highest toxicity with regard to anions [5]. Close by, the anions bromide and chloride are



https://pubs.acs.org/doi/10.1021/acs.langmuir.7b04361

located on the scale of anion toxicity [5], although chloride [23] tends to remain in the
aqueous phase. Additional, tetrafluoroborate and hexafluorophosphate are less toxic than
bis(trifluoromethylsulfonyl)imide or octylsulfate, which are considered as the most toxic
anions at the moment [19]. Even if ILs carry long side chains as anion, they are most likely
rejected by the negative charge of the phospholipid head group and their own negative
charge [21]. But in some cases, the chain length of for example alkanoate anions are long
enough for inserting into the membrane, as the negative charge at the end of the chain can
be kept far away, avoiding repulsion [38]. Also the insertion of hydroxyl groups into the
carbon chain of the anion leads to more polar ILs, which can build hydrogen bridges to the
membrane or enzymes [26]. That means, that no general answer regarding toxicity is
available. In the case ILs are combined with very hydrophobic anions, like
(trifluoromethanesulfonyl)-imide ([NTf2]") not only the cation owns the ability to insert into the
membrane, but also the anion can interact with the membrane [34]. In addition to the side
chain length, nitrogen in the ring of aromatic cations, polar head groups, molecular size and
the branching of the side chains play an important role [9]. The more nitrogen atoms are
located in the aromatic ring of the cation, the more toxic is the behaviour of the IL, whereas,
methylation decreases the toxicity [12]. In general, membrane
rupture/destruction/perforation by ILs starts due to electrostatic forces with the attachment
of the cation of the IL flatly to the membrane like a layer and covers it completely depending

on the concentration [21i 23] (Figure 6).
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Figure 6: Attachment of ionic liquids onto the cell membrane . a) shows the cell membrane without ionic
liquid treatment. b) represents a treatment with a short chain ionic liquid and c) displays the alignment of a
long chain ionic liquid as ionic liquid layer on top of the lipid bilayer. Adapted with permission from
Yoo et al. [35]

That means, the cation interacts with one or maximum two lipids [24]. In some cases, the
interaction of the side chains with the lipid bilayer, results in a thicker membrane, which is

increased with increasing concentrations of the ILs [27]. The analysis of cytoplasm




separated from the cell membrane underlined the hypothesis, that the cations are inserted
into the membrane, as no IL could be obtained in the cytoplasm fraction [23,39]. On the
other side, the toxicity is decreased, if a carboxyl group is implemented at the end of a Cio
alkyl chain, for example [14]. If an ester was present instead of the carboxyl group, the
toxicity was not increased excessively, but similar to the occurrence of an amide function,
the biodegradability of the IL is increased [24]. Additionally, ILs with for example two long
alkyl side chains are more toxic than the same IL with only one long side chain [14]. Analysis,
using vesicles ended up in micelles out of a mixture of IL and lipid [40] (Figure 7), causing a

decreased lysosomal membrane integrity and phagocytosis activity due to ILs [41].
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Figure 7: Formation of micelles : The ionic liquids insert themselves with their IL tail into the cell membrane,
resulting in the creation of micelles out of ionic liquids and lipids. Adapted with permission from Jing et al. [34]
(Copyright® 2016, American Chemical Society)

ionic liquid

Two long side chains lead also to a behaviour similar to lipids, forming micelles. ILs, which
behave like a lipid cause also less perturbations in the membrane compared to other
ILs [24]. In some cases, the cells survive the roughening of the membrane long enough to
activate stress-pathways, resulting in secretion of interleukin-8 (IL-8) for example before
they die [22].

Since the last 30 years, the number of publications about ILs increased significantly
(Figure 8), displaying the increased interest on ILs as novel solvents and reporting the

tremendous potential of ILs for chemical analysis [47 6].
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Figure 8: Number of publications about ionic liquids : The interest in ionic liquids has grown steadily over
the last 30 years, which is reflected in the increasing number of publications on ionic liquids
(PubMed, 21.11.2020)

Regarding the environment, the longest-standing problems of using large amounts of toxic,
hazardous, flammable and environmentally damaging organic solvents called volatile
organic solvents (VOCSs) in industry and academia could be overcome by exchanging VOCs
with ILs [3,6].

Even if the ILs at certain concentrations are toxic for various organisms, they can be useful
in lower concentrations [42]. From this point of view, ILs can be designed for usage as
therapeutic agents [42]. Especially, choline and ammonium containing ILs might be
interesting for investigations in the area of antimicrobial, anti-cancer and anti-tumour
activities [5]. In response, the National Cancer Institute has already demonstrated the anti-
cancer effect and cytotoxicity of some ILs with imidazolium, ammonium and phosphonium
as cation, making them potential therapeutics [9]. Additionally, ILs are widely used in
industrial, commercial and pharmaceutical applications, in organic synthesis, catalysis and
in analytical chemistry [1,4]. The application in analytical chemistry is divided into eight
sections: i) extraction, i) gas chromatography (GC), iii) liquid chromatography (LC),
iv) capillary electrophoresis (CE), v) mass spectrometry (MS), vi) electrochemistry,

vii) sensors and viii) spectroscopy [2,4,6] (Figure 9).
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Figure 9: lonic liquid applications : The applications of ionic liquids [43] in analytical chemistry can be divided
into eight fields: i) extraction [44], ii) gas chromatography (GC) [45], iii) liquid chromatography (LC) [46],
iv) capillary electrophoresis (CE) [47,48], v) mass spectrometry (MS), vi) electrochemistry [49], vii) sensors [50]
and viii) spectroscopy. Reprinted with the permissions of the corresponding authors

Nowadays, ILs are broadly used as solvents and reaction media during drug processing in
medicine and pharmaceutical technology [51]. However, it should be mentioned that, ILs are
only starting mat er i @lnsseveral applichtionso For exaenpleg then
preparation of Solid Phase Micro Extraction (SPME) fibres or stationary phases in the liquid
chromatography needs to bind the IL to a solid silica surface. In other applications, the ILs
are used as additive, for example in CE running buffers, mobile phases for LC and as

complexing agent in MS detection [4].

The toxic effect of the ILs on the organisms are not only controlled by the IL itself, but also
by the properties of the membrane [36]. Therefore, the ILs can be designed, especially to
interact with certain cellular membranes [36]. For example, cell membranes of healthy
eukaryotic cells are mostly contained of palmitoyl-oleoyl phosphatidylcholine (POPC),
resulting in a more or less neutral charged cellular surface, whereby cell membranes of
bacteria and cancer cells are mainly contained of phosphatidylglycerol and phosphatidic
acid (bacteria cells) and phosphatidylserine (cancer cells), respectively [36]. That means,
the property of the ILs could be designed due to the choice of the side chains and anion to
specifically interact with the negative cellular surface of bacteria and cancer cells but not
with the neutral charged surface of healthy cells, resulting in a milestone in cancer

treatment [36]. Additionally, not only cellular membranes are affected from ILs in general,




but also the membrane of the mitochondria, leading to mitochondrial dysfunction followed
by cell death [52]. The aim is to improve the produced drugs, since ILs can not only influence
cell membranes, but can also inhibit enzymes. For example, the enzymes alcohol
dehydrogenase, AMP-deaminase, anti-oxidant enzymes and acetylcholinesterase are
inhibited in their function. The latter leads to distortion of various neurological processes,
followed by heart disease [51]. On the other hand, the inhibition of anti-oxidant enzymes
lead to cellular stress and therefore increased production of ROS, resulting in DNA damage
due to accumulation of ROS [13]. No matter which process, they are all time and
concentration dependent [13]. In order to be able to make the most accurate statements for
humans during cytotoxicity studies, it is advisable to use human cell lines, such as Henrietta
Lacks (HeLa) cells [7]. Furthermore, epithelial cells are also the first instance of exposure to
toxic substances [51]. Mostly, half maximal effective concentrations (ECso) values are
determined for comparisons of different ILs (see chapter 1.2). Nevertheless, due to the high
variability of the ILs, the experimental evaluation of toxicities is very time consuming, causes
very high costs [10,53] and suffers from standardization of the measurement process [12]
and therefore, seems impossible [10,53]. Additionally, the toxicity cannot be estimated by
summation of individually determined toxic effects of the cation and anion [12].
Nevertheless, a toxicity ranking exist [10]. So far, imidazolium, pyridinium, phosphonium and
ammonium ILs are the main categories and therefore, most analysed [54]. The imidazolium
ILs were long time the most toxic ILs, followed by pyridinium, pyrrolidinium and

piperidinium [12]. Choline based ILs are still considered as harmless [12].

In any case, the toxicity of the ILs has to be monitored and decreased if necessary. One
approach is to replace existing synthetic cations, like ammonium, imidazolium and
pyridinium with naturally present cations, such as choline. In addition, fluorinated anions,
like tetrafluoroborate and hexafluorophosphate are also exchanged by naturally occurring
anions, as amino acids or other organic acids. This type is called natural ILs and gain at the
moment great popularity, especially due to the lower price compared to the current synthetic
ILs[23]. To summarize, for future synthesis of ne
has to be chosen carefully and afterwards analysed for the toxicity effect by using different

anions to select the best combination.
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1.1.1. Room -temperature lonic Liquids (RTILS)

Room-temperature ILs are ILs contained of an organic cation and an inorganic or organic

anion (Figure 10) with melting temperatures below approximately 25 °C.
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Figure 10: Room -temperature ionic liquids : a)-c) represent imidazolium and pyridinium RTIL cations; d) and
e) are imidazolium RTIL cations showing an equal behaviour to lipids with their two long side chains; f) and
g) display ethylammonium and guanidinium RTIL cations, which support the avoidance of
amyloidogenesis [551 57]; h) shows a phosphonium RTIL cation; i) and ) represent choline and
phosphocholine RTIL cations. Reprinted with the permission from Benedetto et al. [25]

Therefore, most RTILs are liquid at room temperature, but not necessarily, as some of them
are more like waxes. The main characteristics of RTILs are described in the abilities to kill
bacteria [25,58], to extract, purify and to operate as solvent for DNA storage [25,59,60], to
stabilize proteins and enzymes, respectively [25,61,62], to avoid protein amyloidogenesis
and to bring amyloid fibres back into a functional protein structure [25,551 57], to enter,
building wholes and to destroy the cell membrane [25,27,35,631 69] and to dissolve cellulose
and other polysaccharides [25,701 74]. In some cases, RTILs with long side chains build
micelles out of themselves and adsorb to the lipid bilayer, resulting in a first membrane layer
out of RTILs [25]. RTIL can be used as solvents instead of water or volatile organic
compounds, respectively, or as additives to support the behaviour of proteins in an aqueous
solution [75]. The first characteristic named here are actually very interesting in future, as
the RTILs already destroy specifically the cell membrane of cancer cells nearly without
disturbing healthy cells [25]. RTILs are popular since their anti-tumour activity is known. A
higher anti-tumour activity can be achieved by imidazolium based ILs with alkyl side chains
at position 4 and 5 [12,76].

11



1.1.2. Imidazolium lonic liquids

This group of IL was the first used for industrial purposes [12,77] and target for most of
toxicological studies using ILs [12]. For a long time, imidazolium ILs have been considered
the most toxic group par excellence [12]. Compared to most toxic organic solvents, like
dichloromethane, phenol and xylene, imidazolium ILs have same effects, but at
concentrations four to five times lower [7]. Regarding the toxicity of tetrachloromethane and
tri-chloromethane, similar concentrations of imidazolium ILs result in similar effects.
Benzene, methanol and acetonitrile (ACN) are less hazardous in similar concentrations
compared to imidazolium ILs [29]. Imidazolium ionic liquids are contained of cationic
imidazole core substituted with different sized alkyl chains, whereas one of the side chains
are mostly a methyl or ethyl residue [54] and inorganic or organic anions [12]. Imidazolium
ILs induce changes in the metabolism even in semi-lethal concentrations. The IL with ethyl
side chain is the most toxic, effective and non-biodegradable IL [12]. Gathergood et al. found
a drastic reduction in toxicity once an oxygen and chlorine atom are present within the side
chain [11,12,51]. In addition, the biodegradability is increased. The same effect can be
achieved by terminal hydroxyl or nitrile groups [12]. In general, polar functional groups
included in the alkyl side chain as well as hydrogen in 1-position instead of alkyl side chain
decrease the toxic effect of imidazole ILs [37]. The presence of an ethoxy group in the side
chain of imidazolium ILs decreased the biological effects [9]. Already an ethyl residue at the
imidazolium core increases the production of ROS and intracellular calcium concentration
enormously. In addition, the destruction of the cell membrane itself leads to programmed

cell death in most cells, known as apoptosis (Figure 11).
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Figure 11: Cell death : Apoptosis as well as necrosis are mechanisms resulting in the death of the cell.
Apoptosis is thereby the programmed cell death and necrosis describes the cell death due to cell injury, for
example chemical, mechanical or physical damage. Both cell death mechanisms follow own pathways.
Reprinted with permission from Goodlett et al. [78]
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The membrane potential of the mitochondria is also reduced by the attachment of IL, which
additionally forces apoptosis [12,52]. Beside the above mentioned increased production of
ROS, superoxide dismutase and catalase enzymes are inhibited, causing reduction of
glutathione concentration and increase of cellular malondialdehyde concentrations, which
induces also apoptosis of the cells [52]. Therefore, ROS is considered an early sign of
apoptosis due to imidazolium ILs. Additionally, caspases initiate apoptosis of cells and thus
play a major role in this process [52]. Negatively charged phospholipids in the lipid bilayer
promote the accumulation of the imidazolium ILs at the membrane [21]. For example,
[Csmim]* ILs introduce their Cs hydrophobic side chain in the lipid bilayer mainly contained
of phospholipids. The introduction is thermodynamically supported, since the enthalpy
change is negative [27,79]. The charged core interacts additionally with the headgroups of
the phospholipids, phosphocholine or phosphoserine, respectively [21].

Imidazolium ILs with shorter more aliphatic side chains first attach to the membrane with
their imidazolium cation. The ILs then switch over so that the alkyl side chain is completely
embedded in the membrane (Figure 12). However, the switching of the ILs takes more time
than the direct attachment of the side chain to the membrane. In this case, the different

methods are dependent on the length of the side chain [27].

Figure 12: Flipping of the ILs : The ionic liquid first attaches itself with the "IL head" (cation) to the cell
membrane and then inserts the "IL tail" (side chain of the cation) into the membrane by flipping it over. Adapted
with permission from Yoo et al. [27]

At certain concentrations below the critical concentration, the long lipophilic and hydrophobic
side chains are aligned to the cell membrane. Afterwards they are inserted in the cell
membrane lipid bilayer, resulting in a swelling of the membrane [27,34,80]. The structure in
general is similar to the structure of available cationic surfactants, therefore ILs have the
ability to affect biomembranes and increase their permeability [30]. On the other side, if a Cs
alkyl chain is present as anion of an imidazolium ILs, the alkyl chain inserts also into the lipid
bilayer, but instead of staying in the membrane, destabilization and disruption of the
membrane occurred [21]. This means, an imidazolium IL with a hydrophobic/lipophilic anion

can insert into the membrane with both functionalities, the side chain and the anion [27].
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Thus, the order of the lipid bilayer is disturbed, the membrane is more roughened with
increasing IL concentrations and afterwards destroyed [12,27]. Initially, a few cells are in a
kind of shock state due to the destruction of the membrane order, resulting in cell death.
This is called necrosis [12] (Figure 11). That means, the cell membrane was disturbed due
to direct chemical, mechanical or physical damages, resulting in non-regulated and
irreversible morphologic changes [23] causing instantly cell death before a survival program
could be started [23]. Over the years, various research groups have observed an
antimicrobial effect, which should enable ILs to serve as a substitute for antibiotics in the
future. The antimicrobial effect can also be controlled by the side chain. For example, the
antimicrobial effect is reduced if the side chain is lengthened at position R1 or if symmetrical
side chains are present in position R1 and R3 [12]. However, the introduction of methyl or
hydroxyethyl group in the imidazolium ring increases the antimicrobial activity [37]. The
steric hindrance is one of the possible explanations causing decreased interaction with the
cell membranes of the pathogens [12]. Therefore, the position of the incorporation of the
polar functionalities strongly affects the toxicity [37]. The larger the distance to the
imidazolium ring, the less toxic the ILs [16,37]. In cytotoxicity tests using cell cultures, the
acceptance of the cells for ILs is strongly depending on the composition of the culture
medium. The higher the nutrients or salt content, the lower the toxic effect of ILs. Another
indication of membrane permeability is the analysis of lactate dehydrogenase (LDH) in the
extracellular space, since this enzyme is released relatively quickly into the medium as soon
as the cell membrane is disrupted [30]. In the group of ILs, imidazolium ILs have the biggest
effect on the activity of enzymes [51]. For example, the lactic dehydrogenase was inhibited
due to the presence of imidazolium ILs [23]. Imidazolium heterocyclic ring was more toxic
than ILs with morpholinium or pyridinium ring [23]. Already, the imidazolium ILs with only
one long side chain are highly toxic to different species, but imidazolium ILs with two long
side chains own in comparison three orders of magnitude higher anti-tumour activity [76].
Therefore, it is very important in cell experiments to be as close as possible to the real
conditions [12]. In general, during cytotoxicity experiments using cell cultures, the cell

viability monitoring is recommended as main factor to determine toxicities [52].
1.1.3. Ammonium salt lonic liquids

In general, ammonium salt ionic liquids are contained of a cationic ammonium core coupled
to different residues and inorganic or organic anions. Most of the time ammonium salt ILs

are based on a quaternary ammonium cati on, SO
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very well analysed as surfactants carrying antiseptic effects [24,81] and are more toxic than
other ammonium salt ILs [11]. Therefore, it was not surprising that ammonium salt ILs own
antimicrobial properties [24,81]. Further, quats are broadly used as disinfectant and for the
preservation of wood, in particular with nitrites, nitrates, lactates, acesulfamates and
saccharinates as anion [12]. As true for all ILs, the toxicity is strongly dependent from the
length of the residues connected to the cation. A special type of quaternary ammonium salt

ILs is presented by choline based ILs.
1.1.4. Choline lonic liquids

Choline based ILs are a special sub-category of quaternary ammonium based ILs [53]. They
are always contained of choline as cationic part and different inorganic and even organic
anions. For a long time, these ILs were assumed to be the less toxic in comparison to all
other ILs. Nowadays, choline is described as essential vitamin related to the vitamin B
category (pseudo-vitamin) [53]. Therefore, choline is often used as food additive. Based on
that, choline based ILs were considered harmless and additionally registered as non-toxic
to the environment unless the ecotoxicological profile is sparely known [53]. Especially, the
combination of choline and chloride are completely harmless for different organisms [9].
Additionally, Choline ILs are particularly popular because it is a substance that is already
part of the body and is expected to be biocompatible [75]. Additionally, they are
biodegradable [9,12,821 85]. Due to the highly ionic properties, most choline-based ILs are
water-soluble [53,86,87] and can therefore be released into the environment via the aqueous

ecosystem [15,53].

In the case of choline based ILs the length of the alkyl chains connected to the cation is
fixed. Therefore, the toxicity is controlled by the length of the carbon chain of the anion or,
respectively, the structure of the anions. However, the correlation of increased toxicity the
higher the hydrophobicity and lipophilicity are, is still valid [53]. Thus, the mechanism of
toxicity is most likely a different one than the accumulation of the cationic side chains at or
in the cell membrane, respectively. This assumption is proven, when comparing the toxicity
of choline cation with other quaternary ammonium or other cations, because it is higher for
choline ILs [53]. Nevertheless, talking about choline ILs with alkylated anions, the positively
charged choline is perfectly attracted to the negatively charged membrane [26] and the alkyl
chain of the anions inserts into the lipid bilayer. However, if the alkyl chain of an alkanoate
anion becomes too short, the repulsion of two negatively charged groups (membrane and
carboxyl group of the anion) predominates [21]. Therefore, choline alkanoates with short
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carbon chains are even at lethal concentrations, not able to penetrate the membrane by
insertion [21]. Although they are considered harmless, some choline ILs show higher
toxicities [21], which is due to the influence, following alteration of the metabolism of the
respective organism. However, the toxicity is still significantly lower compared to
imidazolium ILs, for example. That means, imidazolium ILs with same chain length are still
more toxic than choline ILs with alkyl anion [21]. The toxicity is only based on disordering of
the membrane without a total damaging. As a result, the ILs choline hexanoate and choline
acetate, for example, are divided into different categories, which describe the toxicity
mechanisms. Accordingly, choline hexanoate is in the group of ILs that influence the
metabolism but also disturb the membrane order. Choline acetate, on the other hand, is
classified in the category of ILs that only affect the metabolism. In summary, choline based
ILs remain less toxic than imidazolium, pyrrolidinium and piperidinium ILs [38], but should

not be underestimated during ecotoxicity testing.
1.1.5. Pyridinium lonic liquids

Pyridinium based ILs are contained of a cationic pyridine core with different side chains and
residues. A morpholinium core with only a methyl group as side chain is highly
recommended, assuming low toxicity [16]. On the other side, for example,
dimethylaminopyridinium as core cation resulted in very strong effects on aquatic organisms
and is therefore, considered as harmful IL [16]. The toxicity is mostly based on the inhibition
of enzymes. However, in this area, phosphonium based ILs as well as imidazolium ILs

achieve the biggest influences of enzyme inhibition [51].
1.1.6. Phosphonium lonic liquids

For a long time, imidazolium ILs were ranked as one of the most toxic ILs ever. Nowadays,
phosphonium-based ILs are considered the most toxic ILs [5,13,19]. In comparison to
quaternary ammonium and imidazolium ILs, phosphonium ILs are thermally and chemically
more stable due to lower electronegativity [88]. Phosphonium based ILs rupture and destroy
the cell membrane direct in a completely non-specific way, regardless of the exposure time.
The membrane disruption/destruction leads to loss of membrane integrity, release of
intracellular metabolites, followed by immediate cell death [88]. In some cases, interleukin-8
secretion can be obtained, which means the cells survive the attack of the ILs long enough
for activating certain stress pathways. However, in most cases interleukin-8 concentrations

cannot be detected, either due to immediate cell death or too less survived cells [22]. In
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general, phosphonium ILs are much more toxic than ammonium ILs, for example [32].
Successful studies in HelLa cells, which compare phosphonium ILs with cisplatin, describe
the more toxic ILs as possible anti-cancer agents within a targeted therapy [32]. Additionally,
antimicrobial activity is also obtained in phosphonium based ILs [9,12].

1.2. Half maximal effective concentration (EC  so)

During drug [89], antibody or development of other compounds, the effect on the population
or the toxicity have to be evaluated before the compound will undergo the way of all clinical
phases before the approval to sell the drug or antibody. Especially, the toxicity of the mostly
uncharacterized ILs have to be determined, before they are used wide spread in industrial
processes. There are different values to describe the effect of a certain compound. One
possibility is the half maximal inhibitory concentration (ICso) [89]. This concentration
describes the value, the compound shows 50% inhibitory activity. Nevertheless, the 1Cso
value is normally mainly used for competition binding assays and functional antagonist
assays [90]. Another possibility to describe the effect of a certain compound is the half
maximal effective dose (EDso). But mostly, the potency of such a compound is described by
the ECso value [89,90]. ECso is closely related to ICso and represents the concentration of
the drug, antibody or toxin halfway between the minimum (baseline) and the maximum
(maximum effect of the compound) after a certain time of exposure [91]. A small change in
the concentration of the compound causes fast effects on the biological system. Usually,
this kind of dose-response curve follows a sigmoidal curve [91]. The halfway value indicates
the concentration when 50% of the maximal effect within a concentration gradient of the
compound are achieved. This means in detail, the ECso value is located at the bending point
of the sigmoidal curve [91], when the increase of the concentration of the compound causes
slowly decreasing reaction of the compound on the population. In general, the ECso value is
estimated by the derivative of the best-fit line of the sigmoidal curve. For the ECso estimation,
the two terms are established: i) relative ECso and ii) absolute ECso values [89]. This is also
valid for the ICso values as they are closely related. Nevertheless, the further discussion will
focus on the ECso determination, as the toxicity of the ILs as antagonist are analysed. The
National Institutes of Health (NIH) Chemical Genomics Center proposed the following
definitions (see Figure 13) [89].
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Figure 13: lllustration of two ways defining EC  50/ICso: Relative ECso/ICso are described as variable c in the
below explained 4-parameter logistic model and displays the concentration equivalent to a value halfway
between the predicted lower and upper level and absolute ECso/ICso are defined as reaction corresponding to
the 50% control (mean value of the 0% and 100% assay controls). Reprinted with permission from
Sebaugh et al. [89]

The relative ECso estimation uses a 4-parameter logistic model [89,91], with parameter ¢ as
the ECso value, describing the concentration which corresponds to the response half way
the lower and upper plateau. This model describes a sigmoidal curve, which can be
calculated with the following equation (Equation 1) and is mainly used to calculate the ECso
value [89,92]:

a-d

Y=——— -+d
1+(X/c)

Equation 1: Equation for 4 -parameter logistic model : The model describes a sigmoidal curve with y as
response and x as concentration of the analysed compound. The variable a describes the baseline (minimum)
and d the upper limit (maximum) of the sigmoidal curve. The slope of the curve is displayed with the variable
b and the concentration equivalent to a value halfway between the predicted lower and upper level by the
variable c. Reprinted with permission from Sebaugh et al. [89]

With y as the response, x as the concentration, a = minimum of the curve (baseline),
d = upper asymptote (maximum), b = slope of the curve and c as the halfway concentration

between the maximum and minimum [89].

The absolute ECso value is estimated as the mean of control samples without compound,
but treated in the same way as samples containing compound (0% controls) and control
samples containing for example no stimulation, no enzymes or a high amount of a
compound, which is known for a maximum effect on the population (100% control). It is
important to note that the 100% control does not always correspond to the maximum effect
of the substance and that the maximum effect varies for different substances. The estimation
of the absolute ECso value is based on the following equation (Equation 2) [89]:
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EC50/1C50 — c(a — SO[H}response) /o

50%response — d
Equation 2: Equation for estimation of the absolute EC 5o value: The variable a displays as mentioned for
the 4-parameter logistic model the baseline (minimum), d the upper limit (maximum) of the sigmoidal curve,

the slope of the curve is described with the variable b and variable ¢ describes the halfway value between a
and d. Reprinted with permission from Sebaugh et al. [89]

With a = baseline, b = slope, ¢ = halfway value between minimum and maximum and

d = maximum [89].

For both determinations two assumptions are made: i) there is a monotopic relationship
between the concentration and the assay response and ii) there is a consistent definition of
the response at 50% of the curve [89]. Therefore, the estimation of ¢ (ECso value) is strongly
dependent of the precise determination of the minimum and maximum of the curve. This is
affected by two different factors, first by the total number of different concentrations covering
the sigmoidal curve and second, by the precision of the response at same concentrations.
The latter is dependent from the type of assay chosen for the determination. An assay using
cells for example varies more than other assay forms [89]. Nevertheless, the cell assay is
the most convenient assay to use. Regarding the different concentrations covering the
curve, for absolute ECso value estimation at least two concentration levels below and above
the 50% response are sufficient to achieve accurate calculations [89]. For all assays without
stable 100% control samples, only relative ECso values can be calculated. Therefore, the
relative estimation is most accurate by at least two concentration levels beyond the lower
and upper bending point, which is sufficient for the maximum accuracy. Higher numbers do
not achieve higher accuracies [89]. Additionally, for better accuracy of the relative ECso
determination, the lower and upper bend point can be calculated using the following

equations (Equation 3 and Equation 4) [89]:

v Qb
W

Equation 3: Equation for the calculation of the bend points : The bend points are described as the

coordinates of the minimum and the maximum of the linear portion and calculated with the above explained

variables c (halfway concentration) and b (slope) and the additional constant k = 4.6805. Reprinted with

permission from Sebaugh et al. [89]
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Equation 4: Equation for the calculation of the bend points : The bend points are described as the

coordinates of the minimum and the maximum of the linear portion and calculated with the above explained
variables c (halfway concentration) and b (slope) and the additional constant k = 4.6805. Reprinted with
permission from Sebaugh et al. [89]

With c as the halfway concentration, b as slope and k as a constant value k = 4.6805 [89].
Based on these equations, computational software systems can quickly produce numerical
estimation of ECso values. Nevertheless, the values are most of the time not very
accurate [89]. Even the graphical ECso determination based on experimentally acquired
curves often provides inaccurate results. Therefore, Verschuren et al. [93] combined both
met hods, by wusing the computational soft
Excel and experimentally acquired data of sigmoidal curves. Based on the equation
developed from Verschuren et al., the following equation (Equation 5) was adjusted and
used for the estimation of all ECso values determined within the below described projects:

(14

W
p Q°
Equation 5: Equation of the sigmoidal curve : The equation was modified according to Verschuren et al.

and contains the following variables; a1 as the ECso value, a2 describes the slope, x displays the concentration
of the compound and as is a constant variable

14

w

With y as the response, as as a constant coefficient, a2 as the slope, a1 as the ECso value

and x as the concentration of the compound.

The experimental data of the ECso estimation within all described projects was achieved by
growing adherent cells in deep-well plates until confluence, starved for 8h in fetal bovine
serum (FBS) free media, before different concentration levels of the ILs dissolved in FBS
free media were added and incubated for 24h. Two hours before ending of the treatment
time, the redox sensitive dye alamarBlue was added to the cells. The alamarBlue dye
contains the organic compound resazurin, which is a non-toxic blue dye, does not show
fluorescence and interacts within a redox reaction with the intracellular NADH/H* of the cells
after diffusion into the cells, resulting in the pink coloured compound resorufin, which is

fluorescence active [94] (see Figure 14).
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Figure 14: AlamarBlue redox dye: On the left side of the picture, the reaction of the alamarBlue dye with the
NADH/H* of the cells is shown. On the right side of the figure, a 48-well plate, used for the ECso determination
in all projects, is shown after the incubation with alamarBlue dye
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That means blue wells indicate dead cells and pink wells contain living cells. The small
differences in the colours are determined by using a fluorescence detector implemented in
a plate reader. As a positive control, cells were incubated with FBS free media and
alamarBlue but without any dissolved IL and as a negative control, only FBS free media was
incubated with alamarBlue. That means fluorescence units are nonlinearly linked to a certain
viable cell number. Therefore, a serial dilution of known cell densities in FBS free media

were incubated with the alamarBlue dye to correlate the fluorescence units with the cell
number (see Figure 15).
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Figure 15: Polynomial function : Known cell densities as serial dilution were incubated with alamarBlue for
correlation of fluorescence units with cell numbers

The achieved fluorescence units were corrected for the background noise by subtraction of
the negative control, before the cell number was calculated based on the polynomial curve
function, describing the correlation of the fluorescence units and the viable cell number.
Afterwards, the positive control was used to normalize the mean of the calculated cell
numbers [95]. The sigmoidal curve was calculated using the above developed equation

(see Figure 15), resulting in predicted values and a predicted sigmoidal curve, which
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describes the obtained values the best. Based on the predicted values the sum of least
squares was calculated each. These values were used for the iterative curve fitting using
the add-in of excel, called solver [93]. The tool is mathematically determining the minimum
sum of least squares, by varying the ECso value and the slope as asz of the equation is

constant (see Figure 16).
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Figure 16: Prediction of EC s values: On the left side of the figure shows a sigmoidal curve from one of the
ECso determinations, which were performed within all described projects and the corresponding input mask of
the excel add-on, solver

To summarize, the ECso value is finally determined based on the experimentally obtained
cell numbers and the iterative curve fitting combining experimental data with computerized
software systems to achieve the most accurate estimation of the ECso value. In the present
work different cell lines were used for the determination of the ECso values of various

analysed ionic liquids and will therefore be described in the following chapters.
1.3. Mammalian Cell Line

During the projects, different mammalian cell lines were used for the investigation of the
toxicity of various ILs. In total three cell lines, human corneal epithelial cells (HCE), Chinese
hamster ovary cells (CHO) and Hela cells, were used for different reasons, described

below.
1.3.1. Human Corneal Epithelial Cells (HCE-cells)

The eye as one of several human organs is permanently exposed to environmental
influences. Therefore, the eye is composed of the cornea, which contains five different
| ayer s, the epitheli um, Bowmands | ay[@6]. Thestr or

epithelium builds after the tear film layer the first mechanical barrier against the external
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environment and is comprised of HCE-cells [97] (Figure 17).
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Figure 17: Structure of the eye and cornea
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The HCE-cells, which are used for the following work, are treated with an simian

virus 40 (sv40)-adenovirus vector [99,100] to achieve an immortalized corneal epithelial cell

line and to enable the possibility to grow a stable and reproducible cell culture [100].

Nowadays, HCE-cells are used as model cornea and replace donor cornea in the research

of eye diseases [101]. The corneal epithelial cells can be damaged by several corneal

injuries, which can lead to total loss of sight [101]. Additionally, an injured corneal epithelium

may play an important role as inflammatory mediators [97]. On the other side, the HCE-cells

are beneficial for physiologic, toxicologic and viral studies [102]. Therefore, and for the

reason of the first mechanical barrier, the HCE-cells were chosen as model cell line in the

following toxicologic and metabolomics studies.

1.3.2. Henrietta Lacks Cells (HeLa -cells)

This cell line has become the most applied human cell line and was involved in the

characterization of important molecular and human cellular processes, 60.000 publications

and several Nobel prizes [103]. The HelLa cell line is so far the most widely spread,

immortalized human cell line [104,105].

The HelLa cell line is named after the initials of Henrietta Lacks [105,106]. She was present

with cervical carcinoma at the John Hopkins Hospital in Baltimore 1951 [105,107]. During

23

o f



cancer treatment, the surgeon collected tissue samples from Henrietta. Dr. George Gey,
which concerns was the healing of cancer, isolated together with his wife, a trained surgical
nurse, a single cell from the tissue of Henrietta and tried to grow a cell culture [106,108].
They were successful, established the roller-tube cell culture technique and the HeLa cell
line became the first immortalized human cultured cell line [105i 107,109]. They further

recognized three differences to normal cells [106]:

1. the fast growth, even considering their cancerous character
2. the higher number of chromosomes

3. the cells are immortal and will divide infinitely

| mmortalized cell | ines are mainly tumorous

which are by hand manipulated to indefinitely grow [110]. HeLa cells are tumorous cells with
a highly active telomerase, which rebuilds the telomeres after each division. Therefore, the
cells are protected against cellular aging and can proliferate indefinitely. As a result, the cells
avoid reaching the Hayflick limit. This limit describes the number of cell division a normal
cell can pass until cell death. HeLa cells have a doubling time of 24h and a hypertriploid
chromosome number (3n+) of 76 to 80 chromosomes. A normal cell is contained of 46
chromosomes as comparison. 22 to 25 chromosomes of the HelLa cells are clonally
abnormal and therefore so called HeLa signature chromosomes [105,106]. These cells were
used in many different laboratories and are well described [111]. Especially, they are
theoretically homogenous and grow in genetically identical populations [110]. Additionally,
there are only slight changes in the Golgi apparatus, the lysosomes, the endoplasmic

reticulum, the mitochondria and on intranuclear structures [112].

The genome of HelLa cells are noticeable stable after years of cell growth, which suggests
the assumption the genetic alterations observed in HelLa cells were already present in the
original tumour and might be responsible for the cervical cancer [105]. Because of the stable
genomic growth, this cell line became also the first ever sold biological human material.
Additionally, the separation of a cell aggregate is easily done and the cell number can be

obtained precisely because of less interstitial material.

The Hela cells are also epithelial cells like the HCE-cells [113] and were spread around the
world by Dr. Gey. The usage in many different laboratories, the property of floating on dust
particles and unwashed hands led to the major problem by using HelLa cell culture beside

other cell cultures in the same laboratory. Due to the rapid growth of HeLa cells, they easily
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overgrow other cell cultures without recognition [1047 107]. Nowadays, it is known, that the
HelLa cells are not a cervical carcinoma, but are contained of a human papillomavirus
(HPV) 18, which is linked to a highly aggressive adenocarcinoma class. This explains the
very fast growth of the HelLa cells, whereof Dr. Gey was surprised [104,105,107].

In general, the characteristics of the cell line leads to consistent and reproducible results
using HelLa cells as a model cell line for experiments. For instance, they were used for
studying the cell adherence and mitosis, for the assay of toxic substances and for the
investigation of bio-synthetic processes [114]. On the other side HelLa cells were used for
the development of the vaccine against the polio virus as one of the earliest use of HelLa
cells and the first ever mass production of cells in a cell production factory [105,115].
Additionally, HeLa cells were the first cells on a space mission to analyse the influence of
zero gravity. So this cells were used already for many scientific landmarks, like gene
mapping, in vitro fertilization, for the first ever cloning, Acquired Immune Deficiency

Syndrome (AIDS) and studies for the effects of radiation and toxic substances [1041 106].

Based on these facts, the HelLa cell line turned out to be the perfect cell line to study
metabolism [108] and was therefore chosen for the following lipidomic studies.

1.3.3. Chinese Hamster Ovary Cells (CHO -cells)

Already in 1919, the Chinese Hamster was used for the characterization of pneumococci.
The first CHO cell line was established by Puck et al. in 1957 (only a couple of years after
he cloned the HeLa cell line for the first time [116,117]. During the years different CHO cell
lines were developed, but all CHO cell lines lacking the synthesis of the amino acid proline.
This is caused by the original cell culture, which is the origin of all further developed CHO
cell lines [118]. CHO cells are the main host cells for the production of therapeutic
proteins [119,120] due to their robustness [118] and unique geno- and phenotypes [116].
Additionally, the glycan structures of the recombinant proteins produced in CHO cells are
similar to the glycan pattern isolated from humans [121]. Nevertheless, the glycosylation
pattern is not exactly the same compared to human patterns causing in some cases
immunogenic proteins [118]. Mostly eukaryotic cells are used due to the possibility of post-
translational modifications [120]. Therefore, itis desired to grow CHO cells in a huge amount,
so called fed-batch cultures [119,120], to achieve a high cell density and productivity of the
recombinant proteins. Therefore, it is necessary to choose a CHO cell line which is adapted

to grow in suspension, as the original CHO cells are adherent growing epithelial cells.
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Suspension CHO cell lines need to be grown in a chemically defined medium supplemented
with different carbon sources to achieve a stable metabolism over a long period of
cultivation [122]. The advantage using CHO cells for the production of therapeutic proteins
are their unique glycosylation properties. But they are also known to require large amounts
of nutrients. Most of the nutrients are converted to by-products, like lactate or ammonium,
which are released in large quantities into the medium. These by-products are also known
as cytotoxic compounds, which leads to the death of the cells. Therefore, it is of most
importance to constantly monitor the glucose content and consequently minimize the lactate
and ammonium concentrations in the medium. An increased lactate content inhibits cell
growth and productivity, not only in CHO cells, but in many different mammalian cell
lines [119,123,124]. However, the increase in concentration of ammonium is far worse, as it
inhibits growth and productivity, but also affects the glycosylation pattern of the produced
recombinant therapeutic proteins. Therefore, the pH value in the medium is constantly
monitored by using a pH probe within an industrial reactor approach. The pH value changes
due to the release of lactate and ammonium into the media. Correspondingly glucose is
added to the media as needed [119]. Since in 2011, the entire genome of a CHO cell line
was sequenced for the first time, the development of the optimized conditions for the
maximum growth rate and productivity was accelerated [118] and therefore, the cells were
used for the first ECso determination of the ILs during the here described work. However,
the overall goal of this dissertation was to develop an analytical workflow to study the toxic

effects on mammalian cells by metabolic fingerprinting.
1.3.4. Extraction and quenching strategies for cell samples

One of the most crucial steps in metabolic fingerprinting of cells are the quenching and the
extraction strategies. Thereby, the strategy depends strongly on which part of the cell culture
the analysis should be performed, because metabolic fingerprinting of mammalian cells can
be subdivided into two sub-groups: i) extracellular metabolites and ii) intracellular
metabolites [125,126]. The analysis of extracellular metabolites is of most convenience
performed by using adherent growing cells. That means the cell culture media has to be
taken for analysis. Nevertheless, it is quite difficult to establish a direct link from the
concentration of the exometabolome to the actual state of the cell culture [125]. Therefore,
mostly the intracellular metabolites are analysed, because they build up a more precise
picture of the real-time status of the cells [125]. Nevertheless, the analysis of

endometabolites is challenging due to concentration ranges of several orders of magnitude.
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One of the most important topics to consider when analysing endometabolites is the
guenching of the metabolism of the cells [125,1277 129]. Due to the fact that some
metabolites (for example ATP, etc.) metabolize quite fast or have a fast turn over number,
respectively, it is necessary to quench the cellular metabolism as fast as possible to be able
to analyse the real-time status of the cells [125,127,130]. Especially mammalian cells will
need the quenching step before extraction. Normally, the quenching process is performed
using dramatic changes of temperature or buffer solutions with a specific pH
value [125,129,131]. The most critical point is, that the cells tend to burst due to drop in
temperature or increasing/deceasing of the salt concentration surrounding the cells. That
would cause loss of metabolites before the extraction. A good alternative to temperature
and pH will be organic solvents. Using organic solvents for quenching, the cells will be
placed immediately after removal of the media on ice [125]. The further steps will be carried
out as fast as possible to be able to analyse the real-time status of the cells. Another
important issue to consider is the separation of the cells from the media. For adherent cells,
the separation is the easiest step during extraction [132,133]. The media can be simply
poured away, but for the extraction, the cells have to be detached from the cell wall. Usually
trypsin/ ethylene diamine tetraacetic acid (EDTA) solution is used for detachment [129].
Nevertheless, studies showed metabolite loss and changes in the metabolome due to
treatment with trypsin/EDTA [131,132,134]. The changes in the metabolome already
occurred after seconds. The detachment process is time consuming, as it depends on the
cell line how long the trypsinization should be performed. Additionally, that would mean that
the quenching can only be performed after detachment, which causes that the real-time
status of the cells cannot be analysed by using adherent cells. Therefore, the cell
detachment can also be performed by using so called cell scraper, but it causes delay in
guenching of the metabolism, metabolite loss and is as well time consuming as the
trypsinization [131,132,134]. The best method would be the combination of the quenching
and extraction step, skipping the detachment of the cells, by pouring directly cold aqueous
methanol (MeOH) solution to the cells and scrape them off the flask wall with a cell
scraper [125,131,132]. The biggest advantage is, that the metabolites, which would be lost
using only the scrapers, are directly released into the extraction solvent. Additionally, the
guenching is performed at the earliest timepoint [118]. Total different difficulties occur by
using cells, which grow in suspension. The most crucial step is the separation of the cells

from the surrounding medium. There are various different methods to apply: i) centrifugation,

27



which is time consuming and the effect of centrifugal forces on the cells has to be taken into
account, ii) fast filtration using specific sized filters. Fast filtration can only be used for small
guantities as the cell number is limited due to the possibility of blocking the filter [125,130].
Another important step to prevent mixing up extracellular and intracellular metabolites is the
washing with for example buffer before the extraction. However, Dietmair et al. showed

growing cell damage during washing steps [130,132].

For the analysis of intracellular metabolites, the metabolites have to be released from the
sample to a solution which is compatible with the desired analytical method. Independent of
the analytical platform, the removal of proteins is always necessary, which can be achieved
using organic solvents, like described above. Methanol causes that the cells burst [125,130].
Therefore, the quenching step and the extraction step will be combined to avoid losing
metabolites. Nevertheless, there is no universal extraction method which covers the whole
metabolome and is suitable for all cell lines [125,127]. Several publications in literature
showed that intracellular metabolites were extracted the best using pure organic solvents or
an aqueous mixture. Mostly aqueous MeOH, aqueous acetonitrile (ACN) or pure MeOH
showed best results [125,130,132,135i 137]. A second important fact is the complete rupture
of all cell membranes. Therefore, the use of ultrasonication or liquid nitrogen for freeze/thaw
cycles are used. To summarize, the use of agueous MeOH solution (20:80, v/v) or aqueous
ACN (20:80, v/v) can combine quenching and extraction step [125,129,131,132].
Nevertheless, there are beside extraction using organic solvents several other methods, like
deproteinization using heat or inorganic acids. This leads to lower metabolite
coverage [138,139]. Additionally, some metabolites only occur in very small quantities in the
cells, which rases the need to concentrate the metabolites [125]. One possibility is the
biphasic liquid-liquid extraction (LLE), which combines extraction and enrichment of
metabolites in the corresponding liquid phase in one step [125,128]. The biggest advantage
using LLE would be that at least two different solvents are used, which lead to a broad
coverage of extracted metabolites, as the metabolites are already separated in the agueous
and the organic phase. They can be directly analysed by using different analytical
techniques [128,138]. Nevertheless, high amounts of solvents are used, it is very time
consuming and can hardly be automated, which is a big disadvantage for high throughput
analytics needed for example in clinical studies [128,138]. Additionally, the transfer of the
two phases to different vials are not easy, as the proteins are precipitated in the middle at
the phase border, which means that the protein precipitate have to be punctured to reach
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the lower phase with metabolites. A more selective and convenient extraction can be
achieved using solid-phase extraction (SPE). For example, high abundant metabolites can
be removed, leading to reduced matrix effects [129,138]. The selectivity can be controlled
by using different solid sorbents. Therefore, monolithic silica can be used to provide a very
high ratio of surface-area to volume solvent. Thus, carbon nanotubes can be used as SPE
sorbent, which leads to a large specific surface area, a strong adsorption capacity and a
high chemical and mechanical stability. However, extraction with SPE is time consuming
and only a part of the metabolites will be extracted based on the selectivity of the sorbent
material. Therefore, the extraction using pure organic solvents or agueous mixtures would
be most probably the best extraction method for cells in combination with untargeted
metabolomics [138] and LLE and/or SPE is more suitable for targeted analysis [125]. In
general, the most errors, resulting in metabolite loss, occur during sample processing.
Therefore, only minimal sample pre-treatment is recommended [140]. Especially, samples
extracted from cell culture need a good sample processing strategy. The cell density, for
example, highly affects the intracellular and extracellular metabolite concentration [125].
Additionally, one single extraction method is not sufficient to cover the whole metabolome
and depends strongly on the desired metabolites. Therefore, in any further metabolomics
studies using cells, the following aspects need to be considered: i) standard cultivation
conditions necessary to use, to prevent variations in metabolism due to external influences,
i) usage of standardized sample preparation to produce results that are as reproducible and
reliable as possible, iii) develop new sample preparation strategies, covering a broader
range of metabolites extracted within a single sample preparation step, and iv) usage of
adequate quality control strategies, controlling the robustness of the single steps during
metabolomics [125]. Therefore, normalization of the cell extracts is of utmost importance,
because the raw data is most likely not reflecting the changes in concentration. For example,
isotopic labelled internal standards (ILIS) used for normalization are highly recommended

even though they are not always available [125].
1.3.5. Normalization of metabolomics samples

Compared to other omics analysis, like proteomics or genomics, the normalization of
metabolomics analysis is much more challenging due to its wide variety of concentrations
and characteristics of metabolites [134]. Nevertheless, the variability in cultured cells is
relatively small compared to body fluids, like human plasma or urine. The metabolome from

body fluids is additionally influenced by diet, age, gender, body weight and so on [134]. This
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renders a precise study design essential. Metabolomics using cells contains the risk, that
the results are not reproducible or vary strongly. For example, in aliquot 1, different
metabolites are detected than in aliquot 2, caused by the fact that different numbers of cells
died during the same treatment in the different aliquots [125]. For this reason, it is crucial to
perform a normalization of the data. The normalization can be performed pre-analysis or
post-analysis [134]. One possibility of pre-analysis normalization would be adjusting the
sample volume or concentration for example before the analysis of body fluids. In clinical
studies sometimes, the normalization is performed by adjusting the volume as described
above based on the concentration of a specific metabolite [125,134], for example creatinine
for the analysis of urine samples [134]. Another version is the normalization based on protein
concentration [125,134] determined by a Bradford or bicinchoninic acid assay (BCA) [134].
But for metabolomics of cell samples no metabolite, which is present in every cell line and
is directly linked to the concentration of the other metabolites is available. That means, for
every cell line the development of normalization process has to be repeated. On the other
side, the assays are well established and convenient. However, Silva et al. showed that the
correlation of the protein concentration and the cell number failed due to poor recovery of
the proteins and incomplete re-solubilization of proteins from the cell pellets [134]. A major
advantage of pre-acquisition normalization is that for every sample similar signal response
occur. Additionally, intra-group variations due to biological variations are reduced.
Nevertheless, an additional aliquot per sample has to be taken and an additional
experimental step hast to be performed, which is time consuming and not suitable for high
throughput analysis [134]. Therefore, the normalization based on the cell number [125,134]
shows one possibility. Suspension cell cultures are more convenient for this additional step.
Adherent growing cells have to be detached first [134], and the influence to the intracellular
metabolic homeostasis is not yet analysed [125]. Additionally, the detachment causes
further problems as described above [134]. For adherent growing cells the determination of
the dry weight of the cell debris can be performed alternatively, but also on the expense of
time and relatively large errors [134]. In general, the normalization based on cell counting
lacks high accuracy as inhomogeneity of the taken cell sample is a big issue, especially for
cell lines which are famous for agglomeration [134]. In particular adherent growing cells stick
to tubes, pipette tips and agglomerate after detachment, causing necessarily repeating of
cell counts [132]. Nevertheless, cell counting was used as one of several normalization steps

during the present work, because the cell numbers were highly different due to the treatment
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with ILs and the usage of mainly suspension cells reduced the risk of agglomeration during

cell counting. Additionally, it was more convenient than dry weight or protein assays.

Another more convenient possibility is described by post-acquisition normalization. For
example, in the case of liquid-chromatography tandem mass spectrometry (LC-MS/MS)
analysis of cell extracts an additional ultraviolet (UV) detector could be implemented, which
enables a normalization based on the UV signal without performing neither any additional
experimental steps nor needing additional aliquots [134]. Even more convenient is the
normalization using the total metabolite intensity. Nevertheless, this method is only suitable
for comparison of samples, which concentrations differ by less than 2-fold [134]. Otherwise,
the false-positive rate would be too high. Therefore, a better way of normalization is based
on the peak areas [141], as there is a linear correlation between the sum of all peak areas
and corresponding cell counts. That means, the normalization of each peak area based on
the sum of all peak areas are a good alternative compared with normalization based on cell
counts, especially for cells growing in suspension [132]. Another post-acquisition
normalization approach uses stable isotopically labelled internal standards, which are highly
recommended at least one for every subclass of metabolite [138]. This would correct
potential errors occurred during sample processing as well as sample acquisition [138]. The
internal standard (IS) should be therefore carefully selected. Otherwise, the IS corrects only
for analytical errors and not for possible ion suppression occurred in the mass
analyser [128]. As stable isotopically labelled IS are not always available, the desired cells
can be grown using media supplemented for example with 13C-labeled glucose. Most cell
lines are using glucose as nutrition to build all essential building blocks, for example nucleic
acid, amino acids and so forth. Therefore, the extraction of this cells leads to a *C-labeled
internal standard for all metabolites, which are present in the cells [138]. A major drawback
of this method is, that the total labelling of the metabolites as well as the extraction of the
full metabolite profile cannot be ensured. Therefore, so called quality control samples
(QC samples) can be used for normalization [127] based on the locally weighted scatter plot
smoothing (LOESS) algorithm. QC samples can be a pool of all analysed samples or a
commercially available standard sample [128] like human plasma standard reference
material SRM® 1950 [142], for example. QC samples are normally placed at the beginning
and end of the analysis and randomly distributed during the analysis of the samples. The
QC samples at the beginning of the analytical sequence are used for equilibration purposes
and for system suitability testing. In general, they are used to track possible variances during
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the sample analysis [127], to evaluate intermediate precision within different analytical
sequence of similar samples and for post-acquisition normalization of the data within a

sequence or between different sequences [128].

Even, pre-acquisition normalization is preferred [134], this normalization will not compensate
the errors which occurred during sample preparation [132]. But, as the main variations of
metabolite concentration occur during sample processing, sample analysing and data
processing, it is highly recommended to implement additionally post-acquisition
normalization to correct for these kind of errors [134].

1.4. Metabolomics

The term metabolomics and the analysis of molecules in this form was first used and
performed in the mid-1990s [125]. Metabolomics is mainly used in cancer research, with the
general interest of medicine in discovering new biomarkers and investigating the effects of
drugs [127], since most health disorders or diseases are due to altered metabolism or
accompanied by changes in metabolism [142]. There are mainly three levels describing a
biological system: i) genomics/ transcriptomics analyses methods which were developed in
the 80s ii) proteomics, which has its beginnings in the 90s and iii) metabolomics which
started around 15 years ago and is still developing [127]. All three levels are part of the so
call ed fAomi c[d4D,1481d45h ndlhegy er m fAgenomi cso

DNA. The analysis of mRNA is called transcriptomics and proteomics describes the

analytics of proteins (Figure 18).

DNA v | What can happen? I

RNA | icecisiien What appears

to be happening?
Proteins T —— What makes
it happen?
Proteomics

T What has happened
and is happening?

Metabolites
Sugars Nucleotides Amino acids Lipids

Metabolomics

Figure 18: The order of the omics technologies : Genomics is the beginning of the cascade and contains
the analysis of the DNA of a system and therefore, the possible effects on the metabolome. Transcriptomics
describes the analysis of MRNA and the most likely effect on the system, whereas the analysis of proteins is
called proteomics and shows the reason for the effects on the system before, metabolomics at the end of the
omics cascade describes the real-time response to effects in a biological system due to one of the other omic
areas. Reprinted with permission of Jurowski et al. [147]
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The metabolome compared to genome/transcriptome or proteome is therefore a direct
downstream product of a biological system and is directly linked to the real-time situation of
a biological system. It shows reaction of the system to environmental stress and is described
as a global unbiased qualitative and quantitative insight into a biological
system [140,143i 146]. In addition, the analysis offers great potential to build a bridge
between genotype, which describes all heritable genes and phenotype, which describes the
characteristics of an organism [148]. Therefore, metabolic profiling is one of the most
promising fields for early diagnostics or discovering potential biomarkers [149]. Toxicity of
certain drugs can also be monitored using metabolomics analysis [127]. That means, that
metabolomics covers a broad range of small compounds known as metabolites, like lipids,
amino acids, peptides, nucleic acids, organic acids, vitamins, thiols and carbohydrates [126)].
The advantage of the metabolism is that it is only slightly changed from animal to human.

This means that studies in animals can be almost completely transferred to humans [150].

Within a metabolome there are all metabolic intermediates, hormones, signalling molecules
and primary molecules. Already, the primary metabolites, like amino acids, carbohydrates,
peptides, lipids, nucleic acids, organic acids, ketones, amines, steroids, vitamins, etc. only,
are a huge number of compounds [140,145,1517 153]. Additionally, they are involved in
various pathways [154] and processes essential for live [127], which underlines the
importance of their analysis. Therefore, the study design is one of the most important
considerations within a metabolomics study. Any external influence can have an impact on
the analysis result. For example, nutrition plays a major role, as well as genetic
predisposition, etc. [127]. Another point that should be considered during the design of the
study is the time needed to take the samples [155]. Large-scale studies remain a challenge
because a large number of samples must be prepared for analysis [128] and one strategy
never covers the entire metabolome, so several different strategies have to be applied in
series [156]. Attention should be paid to the fact, that the sample preparation as well as the
following analysis should be randomized in order not to influence the analysis results by
possible systematic errors, for example, if the samples of a time profile are processed in
chronological order and thus an actually non-existent profile is erroneously generated [129].
Initially metabolomics analyses were performed with biofluid and cell samples and later used
for tissue and biopsy analyses [127,138]. Primary cells are rarely available for metabolomics
experiments, so the use of cell cultures offers a good alternative [125]. The chemical and
physical diversity of the metabolome is very large and the concentrations range from pmol
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to mmol [127,142]. Due to their huge diversity, it is still difficult to estimate the whole number
of metabolites within a given metabolome [140,153]. Right now, there are 114.260 entrances
in the human metabolome database (HMDB; 21.11.2020). Nevertheless, the analysis of
metabolites has a great potential to discover new biomarkers, also in early diagnosis states,
so-called diagnostic markers in case of medicinal studies [154]. Additionally, metabolomics
analysis is also quite interesting for predicting drug efficacy (pharmacometabonomics) and
drug toxicity for safety assessments. It is also an essential tool in medicine to develop an
individual prevention of diseases or a personalized treatment [128]. Talking about the
analysis of the metabolome, there are two basic terms i) metabolomics and
i) metabonomics. The latter describes more the comparison of test and control group [154].
Already in 1940, Roger William found out that every individuum owns his own metabolic
profile for example in body fluids [128]. Therefore, the concentration dynamic range of the
metabolite’s concentration spans nine orders of magnitude [140] and the metabolites have
additionally different characteristics in terms of volatility and polarity [140,154,1577 159].
Therefore, it was very difficult to develop an analytical method to analyse metabolites.

1.4.1. Analytical techniques in Metabolomics

Since the 80s, Nuclear-magnetic resonance (NMR) is the first choice for analysing
metabolites [140]. NMR is a fast and non-destructive analytical technique, which does not
need a specific sample preparation and is therefore suitable for high-throughput analysis
and for structural elucidation [127,160]. A normal NMR spectrum of a metabolomic analysis
contains 2-3000 peaks/signals [160] (Figure 19). The area is directly linked to the

concentration of the metabolite [128].
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Figure 19: NMR spectrum : The analysis of the global metabolome using a NMR results in very crowded and
spectra, which are difficult to interpret. Reprinted with permission from Clarke et al. [160]

That means, NMR analysis combines qualitative and quantitative analysis within one
analysis [140]. The spectra itself are very reproducible but very crowded and already
metabolites lower than 1uM will be most probably below the detection limit of NMR
analysers [126,128]. To overcome the problem of crowded spectra and detection limits, the
analysis of the metabolome using mass analysers coupled with a separation technique in

front was developed.

The beginning of MS-based metabolomics analysis was performed from Dalgliesh et al.
already long before the terms metabolome and metabolomics were introduced, which was
30 years later [128]. They used the gas chromatography technique hyphenated to a mass
analyser [128]. One of the biggest advantages, is the ionization with electron impact (El),
because this kind of ionization technique is very reproducible [127,128,140,155,161]. That
means the spectra are reproducible also in comparison of different laboratories [140].
Therefore, metabolite identification using GC-MS benefits from the spectral data base,
developed from the National Institute of Standards and Technology and therefore called
NIST [127,128,161,162]. Nevertheless, GC-MS can only analyse volatile
compounds [127,156,161,163,164]. That means, the metabolites has to be derivatized to
change their characteristics from involatile to volatile
metabolites [126,127,154,156,161,16471 166]. This additional step costs a lot of time and
cannot guarantee for 100% derivatisation, which causes loss of metabolites [140].
Additional, thermolabile metabolites can be lost [128]. lon Pair Chromatography (IPC) is the

most suitable option for hydrophilic and charged metabolites, but the equilibration of the
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column takes quite a long time and a switch of the ionization is not possible, because the
reagent in the mobile phase would cause ion suppression and it is almost impossible to flush
it out of the column without leaving residues [161]. However, capillary zone electrophoresis
(CZE) and micellar electrokinetic chromatography (MEKC) are often used for ionic
metabolites in a targeted analysis [161]. Besides CZE and MEKC, CE-MS is also often used
for polar ionizable analytes [154]. CE-MS with its high analyte resolution is a powerful and
promising tool [126]. In comparison with LC, CE impresses with fast analysis times, low
sample volume and small amounts of solvent [126,161]. Nevertheless, it requires additional
know-how in practical handling compared to GC or LC to achieve a stable MS signal [128].
Furthermore, the inner wall of the capillary has to be modified in order to prevent
interferences from the sample binding irreversibly to the inner wall, which would result in
poor reproducibility and a low throughput [154,161]. In addition, an analysis using CE-MS is
not very robust [154]. For the analysis of the metabolome with LC-MS, derivatisation is
usually not needed, resulting in LC-MS as the major analytical technique used for

metabolomics [154].

LC impresses with higher selectivity due to interactions of the metabolites with the respective
stationary phase of the LC column [128]. The development of smaller column particles,
respectively the core-shell technology and the resulting possibility of Ultra High-
Performance Liquid Chromatography (U(H)PLC) increases the peak capacity and
separation selectivity, whereby significantly more metabolites can be detected within one
analysis. The most significant advantage of using U(H)PLC is the improved separation
performance, but without increasing the analysis time [156]. However, for some analytes,
derivatisation is necessary to improve the detectability and to be able to analyse polar
metabolites by reversed-phase (RP) chromatography [161]. However, due to the high
diversity and broad dynamic range of the metabolites, it is still not possible to detect all
metabolites with only one analytical technique. Therefore, different separation techniques,
like Hydrophilic interaction liquid chromatography (HILIC) with various stationary phases and

RP chromatography should be taken into account for the analysis of the global metabolome.
1.4.2. Hydrophilic interaction liquid chromatography (HILIC)

Hydrophilic interaction (liquid) chromatography is a chromatography technique with a polar
stationary phase and an organic mobile phase (almost always acetonitrile-based) containing
at least 2-3% water [1677 169]. This technique was already used in the early 1940s by Martin

and Synge to separate amino acids on a silica column with water-saturated chloroform as
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the mobile phase, although it was not yet called HILIC [170]. Linden et al. also used this
type of chromatography technique to separate sugars in the 1970s [127]. But it was Alpert
et al. who first introduced the term HILIC in the early 90s [168,170,172i 179]. Previously,
similar chromatographic applications had been referred to as agueous normal-phase (NP)
chromatography [170,175,180], since HILIC uses stationary phases of NP chromatography.
However, HILIC shows some advantages over NP chromatography as well as over RP
chromatography, for which HILIC is now considered the most useful complementary
separation technique. In contrast to normal phase chromatography, the mobile phase of a
HILIC separation contains at least 2-3% water [1677 169], making even very polar analytes
soluble. In addition, the high organic content ensures that, for example, samples can be
injected directly after a liquid-liquid extraction, protein precipitation or even after a solid
phase separation without further sample evaporation and reconstitution [167,176,179].
Probably the most important advantage is the possibility to hyphenate HILIC separation with
electro spray ionization mass spectrometry (ESI-MS) detection. The high content of organic
solvent as mobile phase improves the ionization efficiency and sensitivity by a factor of four
to six compared to RP-LC [167,171]. A further advantage of the high organic content in the
mobile phase is the low viscosity, which leads to low back pressure in the column and
therefore, high flow rates and a faster and more efficient
separation [167,169,170,173,176,179]. HILIC was initially developed only for the analysis of
carbohydrates [171,175]. Alpert et al. were the first to develop a theory of the separation
mechanism. They stated that the separation takes place due to the distribution of the analyte
between the organic part of the mobile phase and a water-saturated layer on the surface of
the stationary phase [172,173,176,179] (Figure 20).
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Figure 20: Scheme of HILIC chromatography : The silanol groups of the stationary phase of the HILIC
column are surrounded by a water layer. The thickness of the layer is dependent on the amount of water in
the mobile phase of the HILIC chromatography. The organic part of the mobile phase is located above the
water layer and the compounds, which are analysed with HILIC chromatography are distributed within the
water and organic phase according to their properties [181]

The polar stationary phases used for HILIC bind water from the aqueous mobile phase at
their surface. This creates a gradient from an organic layer to a water-rich layer on the
column surface. Accordingly, HILIC could be described as a liquid-liquid
separation [169,171]. This means that polar, hydrophilic analytes prefer to stay in the water-
rich layer, or are dissolved and thus retarded. In the early days of HILIC chromatography,
mainly only silica columns were used. It soon became apparent that the separation
mechanism is far more complex than Alpert et al. had thought and that separation by
distribution does not describe the entire separation process. In addition to the distribution of
the analytes between the organic and water-rich layer, ionic interactions (electrostatic
interactions) and the direct adsorption of the analytes to the stationary phase by means of
hydrogen bonding and dipole-dipole interaction were involved in the
separation [168,169,171,172,175,176,182,183]. This allows certain separation properties to
be controlled by the type of stationary phase of a HILIC column. Column manufacturers
started to couple silica particles with different molecules. Today, HILIC stationary phases
are divided into groups according to their structure. These include a) neutral stationary
phases in which, for example, amide, cyano or diol compounds are coupled to silica gel,
b) positively charged column surfaces, amino, imidazole or triazole functionalities are
attached to silica gel, c) negatively charged column surfaces, polyaspartic acid coupled to
silica gel or only pure silica gel and d) zwitterionic column surfaces, sulfobetaine combined
with silica gel particles [167,1691 171,173,175,178]. The latter is used today as the standard

column in HILIC analysis. Depending on the nature of the stationary phase of a HILIC
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column, other interactions occur in addition to the distribution and affect the separation of
the analytes. Accordingly, the thickness of the water-rich layer also depends on the
chemistry of the stationary phase [168,169,173]. The more polar the stationary phase, the
more water is bound and the thicker the water-rich layer. Additionally, the thickness is
influenced by the content of organic solvent in the mobile phase [172]. An organic solvent
can be used as the mobile phase of a HILIC separation based on the following conditions:
The solvent should be miscible with water, but should not have hydrogen acceptor or donor
properties [1671169,171,179]. Acetonitrile meets all these requirements and is therefore
used as the standard mobile phase for HILIC separations. However, alcohols (for example
methanol) can also be used as mobile phase [168,169,171,184]. The higher the acetonitrile
content, the thinner the water-rich layer that is formed. Therefore, the mobile phase should
contain at least 2-3% water [1677 169], but already with 5% water, a monolayer is completely
formed [173]. Often the aqueous part of the mobile phase is replaced by aqueous buffer
solutions. Mainly the volatile salts ammonium acetate and formate are used [168].
Nevertheless, other non-volatile salts can also be used, but can prohibit the detection by
MS. Of course, the salt concentration and the pH value of the mobile phase also affect the
separation mechanism [167,171,173,176]. For example, the pH value of the mobile phase
will be adjusted that the analytes are charged, as they are more hydrophilic in a charged
state than in an uncharged state [169]. The effect of the pH value on the stationary phase is
infinitesimally small, however, polymer-based or hybrid (e.g. ethylene-bridged hybrid, BEH)
columns achieve a better pH stability compared to silica particles [167,169]. The stationary
phase is rather impacted by the concentration of ionic strength in the mobile phase [169].
Accordingly, electrostatic interactions of the analyte with the stationary phase are more likely
to be suppressed the higher the salt content in the mobile phase. The HILIC separation is
hardly controlled by changing the temperature. A decrease in retention can be observed by
increasing the temperature [169,173]. To summarize, the chemistry of the stationary phase
is the most important influencing factor, followed by the water/organic content, the pH value
and the ionic strength of the mobile phase. All these independent parameters make a
prediction of retention almost impossible. In addition, the separation mechanism of HILIC
has not yet been fully understood to date, despite many research efforts to clarify it. To better
understand and improve predictability, one should start by checking the function and task of
the water-rich layer. In the following section different stationary phases, used during the
projects, will be presented.
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1.4.3. Zwitterionic Stat ionary Phases

Zwitterionic stationary phases were initially developed for ion exchange chromatography.
Nowadays, however, they are most frequently used in HILIC analyses [167,170,175]. In
general, these are silica gel particles or polymer beads to which equal amounts of oppositely
charged groups are bound. In most cases, these are strongly acidic and basic functionalities,
which are connected to the particles by alkyl groups [1691 171,175]. One of the most
common representatives is sulfoalkyl betaine with strongly acidic sulfonic acid groups and
strongly basic quaternary ammonium groups separated by a short alkyl

spacer (see Figure 21).
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Figure 21:. Sulfoalkylbetaine stationary phase : Zwitterionic stationary phases are characterised by
oppositely charged groups, which are attached via spacers on silica gel particles resulting in a zero-net charge.
The sulfoalkylbetaine stationary phase always contains a quaternary amine and a sulfonic acid group [185].

Both oppositely charged groups are used 1:1, so that in sum, theoretically the net charge is
zero. However, in reality, the stationary phase surface is slightly negatively
charged [169,173,175,186]. Sulfoalkyl betaine based stationary phases are known for their
strong water-binding properties [169,171,175]. Another type of a zwitterionic stationary
phase immobilize phosphorylcholine (ChoP) groups on silica particles [175,178]. Therefore,
the stationary phase consists of a negatively charged phosphoryl group and a positively
charged quaternary ammonium group at the end of the linker (Figure 22).

8 CHj
MAO—P—O—CHz—CHz—N®—CH3

o

Figure 22: Phosphorylcholine stationary phase : Oppositely charged groups are attached via spacers on
silica gel particles resulting in a zero-net charge. The phosphorylcholine stationary phase always contains a
guaternary amine and a phosphonic acid group

Hs

In addition to the distribution of the analytes in the water-rich layer during a HILIC separation,
polar interactions, such as hydrogen bridge binding and dipole-dipole interactions are in the
focus [168,169,171,172,175,176,182,183]. Nevertheless, electrostatic interactions between
either positively or negatively charged analytes and the sulfonic acid, phosphorylcholine or
guaternary ~ ammonium groups of the stationary phase also take
place [169,171,172,175,176]. These properties qualify this type of stationary phase for the
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analysis of small polar analytes, metabolites, glucosinolates, aminoglycosides, peptides and
glycopeptides, among others [175]. Fast and efficient separation is becoming increasingly
important in this context. For this reason, core-shell silica particles are now used as basic
material, instead of fully porous silica gel particles [167,175]. Core-shell particles consist of
an impermeable solid core coated with porous silica gel material. In general, effective
distances for diffusive mass transfer are usually shorter for core shell (typically 0.2 to 0.5 um
shell thickness) than fully porous particles (>1.6 pm diameters), which reduces the
diffusional peak dispersion due to smaller C-term regarding the Van-Deemter
equation [167]. The Van-Deemter equation describes the performance of a column in terms
of separation efficiency (Figure 23). The variable A is referred to as eddy diffusion and
describes the path of the analyte through the column during an analytical separation. The
variable B is named longitudinal diffusion and represents the distribution of the analyte within
the mobile phase to the longitudinal axis of the column. Mass transfer indicates the
interaction of the analyte with the stationary phase and the mobile phase in the horizontal
axis of the column and is labelled as C term [147]. Another benefit of core-shell particles in
comparison to fully porous particles is the reduced A-term, as particle size distribution is
narrower, resulting in more homogenously packed column beds. The analyte cannot enter
the particle as deeply as into the porous particle [167], therefore can be faster released
again into the mobile phase, resulting in more narrow peaks (shorter diffusion paths as

mentioned above).
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Figure 23: Van-Deemter: The Van-Deemter equation describes the optimal settings of a chromatographical
separation. The variable H shows the height of theoretical plate of the chromatography column. The variable
A is called Eddy-diffusion and is explained by the way of a compound through the column. The longitudinal
diffusion, variable B, represents the diffusion of the analyte in the mobile phase of a chromatographic
separation to the longitudinal axis and C, the mass transfer shows the interaction of the analyte with the
stationary phase and the mobile phase in the horizontal axis of the column adapted with permission from
Will et al. [187]

One of the popular core-shell stationary phases in HILIC links 3-N,N-dimethylaminopropane

sulfonic acid (DMAPS) to the core-shell silica gel particle and carries therefore a neutral net-
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charge with positively and negatively charged compounds as well as the other zwitterionic

stationary phases (Figure 21).

The difference to DMAPS stationary phase lies not only in different negatively charged
groups, but also in the order of the charges within the linker. The DMAPS stationary phase
carries the negative charge externally compared to the positive charge in the ChoP
stationary phase. This can affect the selectivity of the separation as well as the elution order
of the analytes, thus selecting the optimal column based on the application. For example,
acidic analytes retard more on the ChoP stationary phase and basic analytes more on the
DMAPS stationary phase [169,189]. Another advantage of the DMAPS stationary phase is
that, compared to the ChoP phase, the ionic interactions are mainly applied and the
distribution of the analytes in the water-rich layer on the stationary phase only has a
moderate influence on the separation of the analytes [182].

1.4.4. Neutral Stationary Phases

Neutral stationary phases usually have polar functionalities bound to silica gel particles,
which are normally uncharged at a pH value of three to eight [169]. It should be noted that
any free silanol groups of the particles are negatively charged at a pH above 4-5 [169]. As
aresult, increased electrostatic interactions between analyte and stationary phase can occur
and affect the separation [169]. Most HILIC stationary phases belong to this category, which
consists of a broad range of polar functionalities (e.g. amides, aspartamides, diols, cyano
groups, cyclodextrins and saccharides) [169] (Figure 24).
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Figure 24: Neutral stationary phases : Neutral stationary phases mainly used in HILIC chromatography
adapted with permission from Buszewski et al. [171]

Amide-based stationary phases contain carbamoyl groups attached to silica gel particles via
alkyl spacers and are recommended for efficient and rapid analysis of strongly polar
analytes [175]. For example, the stationary phase of a column especially designed for the
separation of water-soluble vitamins and carbohydrates such as mono-, di-, oligo- and
polysaccharides connects the silanol backbone via ethylene bridge linkers to gain stability.
Due to the fact that this phase does not contain any charged groups, ionic interactions are
not significant compared to zwitterionic phases [175]. Additionally, in comparison to amino
stationary phases, no Schiff base can be formed with reducing sugars or other carbonyl
compounds because primary amino groups are missing [179]. This is advantageous as
irreversible binding of analytes is hardly possible. Therefore, it shows a higher stability in
retention and selectivity over a longer period of time [182]. Additionally, mobile phases
containing salt are no longer needed with this surface chemistry and therefore, the

connection to a mass analyser is possible [175].
1.4.5. Reversed Phase Stationary Phas e

Most of the time talking about LC-MS/MS, using a RP stationary phase for liquid
chromatography is meant. RP stationary phases are mainly contained of Cis chains linked
to silica particles or polymer beads [128,161]. Also, shorter hydrocarbon chains like Cs or
C4 are used in RP [190]. Due to steric hindrance of the long hydrocarbon chains, not all

silanol groups are occupied by a hydrocarbon chain. The free silanol groups of the silica
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particles give the stationary phases a polar character. Therefore, they are mostly shielded
by the process of end-capping. The stationary phases themselves are mostly non-polar and
therefore retain non-polar to semi-polar analytes [129] mainly by hydrophobic interactions
and by the action of van der Waals forces. The best results can be achieved by gradient
elution. Therefore, the gradient starts with a high amount of polar mobile phase and reduces
partly the polar content by non-polar organic mobile phase. Polar analytes elute thereby
nearly unretained at first, which leads to the limitation of RP analytics [154,171]. This means,
that the more non-polar the analyte, the longer it remains on the column and is only eluted
later in the gradient with a higher proportion of organic mobile phase. Therefore, RP
stationary phases are only suitable for the analysis of non-polar or semi polar analytes.
Nevertheless, RP is a robust, most reliable and sophisticated stationary phase [154]. In
contrast to HILIC chromatography, the analytes dissolved in water are suitable for RP
approaches, which ensures the need in the field of metabolomics [161]. Additionally, RP
chromatography covers the analysis of a wide range of hydrophobic up to semi-polar
analytes [161]. Mostly the mobile phases are consisted of organic solvents, like acetonitrile
or methanol in a mixture with water and at least 0.1% formic acid. Sometimes additives, as
ammonium acetate, ammonium formate or others are added [161]. Even polar analytes can
be analysed after derivatisation using RP stationary phases, as a hydrophobic derivatisation
reagent is attached to the metabolite or blocks the polar functionality of the metabolite. For
example, aldehydes or ketones are retained on a RP column after derivatisation to decrease
the polar properties of the analytes [161]. However, derivatisation is an additional sample
preparation step, combined with possible loss of analytes, because the reaction efficiency
is not always 100%, depending on the reactive group. Additionally, by-products can be
produced due to more than one reactive group of the metabolites and in case of the
introduction of a hydrophobic functionality by the derivatisation reagent, all metabolites own
the same retention properties [179]. Therefore, RP is nowadays mostly used for the analysis
of lipids as a sub-omics category of metabolomics. However, the combination of RP and

HILIC in 2D-chromatography would be the breakthrough in the field of metabolomics [142].
1.5. Targeted Metabolomics

In general, metabolomics can be divided in two different categories: i) targeted and
i) untargeted metabolomics [140]. No matter which one, for both strategies the sample
preparation is the most problematic, requires the most time and consumes the most

resources [154]. However, both strategies may have different requirements for sample
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preparation [138]. Due to high sensitivity and selectivity, targeted metabolomics is mostly
performed by LC-MS/MS analysis using a triple quadrupole mass analyser or a trapping
instrument [128]. Nowadays, there is a new classification in the field of metabolomics, which
describes 3 categories: i) targeted metabolomics, ii) metabolic profiling and iii) metabolic

fingerprinting (Figure 25).

e Metabolite targeted analysis

o Metabolic profiling

o Metabolic fingerprinting

Figure 25: Different terms of Metabolomics : Targeted metabolomics is defined by the analysis of a few
chosen metabolites, like the observation of a single star in the whole universe. Metabolic profiling analyses all
metabolites of one class comparable to the monitoring of a star image and metabolic fingerprinting screens
the whole metabolites contained in an organism, similar to all stars in the universe. Reprinted with permission
from Courant et al. [127]

A targeted analysis detects and quantifies targeted metabolites. Metabolic profiling has
developed as a subcategory of targeted metabolomics and analyses targeted metabolite
classes or metabolites of certain pathways etc. instead of single targeted metabolites. Only
metabolic fingerprinting is considered to be an untargeted metabolomics approach, since
this type of analysis is used to compare entire metabolomes [127,161]. The major challenge

of developing a targeted metabolomics method arises when no commercially available

standards are present. I n addition, a true

metabolites is often missing. Therefore, most method validations are prepared using a
surrogate matrix, authentic matrix with surrogate metabolites or a commercially available
plasma/serum, which contains only low concentrations of the analytes [161]. Unfortunately,
all approaches, however, use standard addition, which requires relatively high numbers of
additional measurements for statistical evaluation in triplicates. Therefore, the best strategy
is to use labelled internal standards in water or organic solvents as calibration lines for

guantification [161]. Additionally, in contrast to untargeted metabolomics, targeted
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metabolomics requires prior knowledge of the desired metabolites, for example the exact
mass and fragments, as well as characteristic properties, so that optimal settings can be
selected during method development to quantify the targeted metabolites in a specific
sample [154]. This means that in a targeted analysis, hypotheses about certain metabolites
already exist, which should be confirmed by this analysis, whereas an untargeted method
generates hypotheses [140]. As mentioned above, most targeted metabolomics approaches
use LC-MS/MS methods, mostly coupled to a triple quadrupole or a trapping system, like
ion trap (IT). For example, by using a triple quadrupole, there are different scan modes,
which will be described in more detail below, depending on the knowledge about the

analytes and the desired analysis (Figure 26).

Although these mass analysers have a lower resolution, they are highly sensitive and
selective [156]. Selected ion monitoring (SIM) with respective mass-to-charge ratio (m/z) of
the targets selected in the first quadrupole (Q1l) can be used for quantification [156].
However, this type of quantification is not as popular as selected or multiple reaction
monitoring acquisition (SRM/MRM) in the field of targeted metabolomics, especially when it
comes to the analysis of complex matrices [156], because MRM filters not only the precursor
mass but also specific, previously defined fragment masses of each precursor analyte or all
fragment masses of a single pre-selected precursor (see Figure 26, top and middle), which
simplifies the analysis of a complex matrix through the unique assignment of precursor and
specific fragment. However, ionization of low abundant metabolites in the presence of high
abundant metabolites leads to ion suppression and is a limiting factor during
guantification [142]. For large scale studies, relative quantification is often used instead of
absolute quantification due to lack of time, simplicity [156] and the cost intensive need of
isotopic labelled internal standards for every single metabolite [156]. Today, targeted
metabolomics in combination with triple quadrupole using MRM acquisition is widely used
to determine and verify biomarkers in clinical research, especially in the fight against cancer,
infectious diseases, cardiovascular diseases etc. [161]. Therefore, the MRM acquisition
appears as one of the most important acquisition techniques in the field of targeted
metabolomics and is described in the following chapter.

1.5.1. Multiple Reaction Monitoring ( MRM)

Since many years, LC hyphenated with a mass analyser using SRM/MRM acquisition is well
established for quantification of compounds within drug development, environmental and

forensic studies [191,192]. In general, MRM is a targeted acquisition mode, in which the
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selection of the precursor and product ions is performed before the acquisition by
programming different ion transitions (pairs of m/z in Q1 and third quadrupole, Q3) [191].
For targeted analysis triple quadrupoles or linear IT (QTRAP) instruments are mainly used,
because of high sensitivity, high specificity and fast scan speed due to three different scan
modes (Figure 26) [191].

During the product-ion scan, the Q1 is set as a filter for one specific precursor ion mass and
Q3 scans all produced product ions of this specific mass (see Figure 26; top). The neutral-
loss scan operates the Q1 in radio-frequency (RF) mode scanning all precursor ions in the

desired mass range. Q3 is also used in scan mode in a synchronized manner and detects

afterwards al | fragments with a specific

(see Figure 26; bottom).
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Figure 26: Different acquisition modes of targeted analysis : During the product ion scan, one precursor

mass is selected, fragmented in the second quadrupole and all fragment masses (products) are scanned. The
precursor ion scan acquisition scans all precursor masses, which are fragmented and filters only one fragment
mass afterwards. While the acquisition, neutral loss scan, all precursor masses are scanned, fragmented and
all fragment masses are scanned based on a defined mass loss. During Selected reaction monitoring a specific
mass is selected, fragmented in the second quadrupole and a specific fragment mass is filtered afterwards.
Adapted with permission from Gross et al. [193]

However, the classical SRM/MRM acquisition is normally performed on a triple quadrupole
analyser with Q1 and Q3 at unit mass resolution [192]. That means, selection of the specific
precursor ions in Q1, fragmentation in the collision cell (q2) and selection of one or mostly
two specific fragment ions in Q3 (see Figure 26) [156]. The fragment ions are already
selected as most abundant fragment ions during method development. Therefore, at least
one in most cases two transitions are programmed within SRM/MRM acquisition. The
second fragment ion is mostly used as qualifier of the analysis based on the comparison of
the ratio of both fragments [194]. During the MRM acquisition only one precursor ion is

selected at a time with a narrow m/z (unit mass) providing high selectivity. Even, if a second
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precursor ion is selected in the same unit mass window due to similar masses, the fragments
do not interfere with the other fragments from the first precursor as long as they are not the
same. Nevertheless, selection of another fragment for one of both precursor ions detected
in the same window can avoid misleading quantification [192]. Nevertheless, this is always
based on loss of sensitivity as this fragment is no longer the most abundant fragment [192].
Therefore, the MRM acquisition is limited in the number of selected precursor ions due to
the needed time for switching between different masses, cycle time, settling time
(equilibration of the electronics after switching to new parameter settings) and width of the

chromatographic peak [191,192].

Additionally, during method development of MRM methods, standards of the targeted
analytes are necessary for optimization of the chromatographic separation, the collision
energy (CoE), the declustering potential (DP) [156] and to select at least the two most
abundant fragment masses [156,195]. Standards are used to find the optimal analytical
conditions for the selected analyte without the influence of analytes with similar masses or
properties. Furthermore, the sensitivity can be increased by optimized DP and CoE. DP is
a voltage applied to the orifice which ensures that clusters of target ions are dissociated and
the target enter the ion path as single monomeric gas-phase ions. The voltage supports the
desolvation process up to free analyte ions and controls the acceleration of the ions into the
orifice. On the way, the ions collide with the residual gas molecules, reducing undesired
adducts or solvent clusters. However, if the voltage is too high, a so-called in-source decay
may occur, especially for labile compounds, and the precursor ion yield is reduced. The
fragmentation process is controlled by the CoE. By selecting the optimal CoE, the specific
fragment masses of an analyte are generated as the highest abundant fragment masses.
The selection of two high abundant fragments enables a precise assignment of the precursor
to the fragments or identification of the analyte. At the same time, the bottleneck of method
development in MRM, as in many cases, is the unavailability of the cost intensive standards
of the desired analytes [156,161].

MRM acquisition can be further improved by including the retention time in so-called
scheduled MRM acquisition [192]. In scheduled MRM acquisition the selection of a specific
precursor mass is only performed within the corresponding retention time window [192]. In
the next retention time window, the next precursor is selected and so on, resulting in
increased collection time of certain precursor ions and therefore, better MS and MS/MS
data, which are used for quantification. Another modified MRM like acquisition is called
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parallel reaction monitoring (PRM) and is mostly used in combination with trapping
(e.g. orbitrap) or time-of-flight (TOF) instruments [191]. In PRM acquisition, precursor ions
are selected in unit mass windows in Q1, fragmented in high-energy collisional
dissociation (HCD) / collision-induced dissociation (CID) and afterwards all existing
fragments are detected [191] resulting in a powerful tool for targeted analysis [191].
Screening a variety of fragments can increase the selectivity and response due to the
unpredictable intensity of any fragment within one analysis and existence of potential
interferences [192]. Therefore, MRM analysis is often used for amino acid analysis, as one
of the most important building blocks for further metabolites, like enzymes, proteins and

nucleic acids [149].
1.5.2. Amino acids as biomarkers

Various studies suggested that amino acids can potentially be used as indicators of cancer.
Therefore, the metabolic profiling of amino acids is becoming more and more interesting.
Amino acids have important roles in human organisms, for example as building blocks for
all proteins [196]. Additionally, amino acids are involved in neurotransmission, energy
metabolism and detoxification [196,197] (Figure 27).
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Figure 27: Amino acid applications : Amino acids are part of various metabolic pathways (energy
metabolism) [198], are involved in detoxification processes and serve as building blocks for example for
proteins [199,200] and purines [201]. The absence or excess of different amino acids trigger a huge number
of diseases: i) cancer [202,203], ii) neurotransmission (Parkinson), iii) diabetes [204,205] and vi) coronary
artery disease [206]. Reprinted with permission from the corresponding authors
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Since 1996, the concentrations of amino acids have been analysed to detect inborn defects
in the metabolism and was one of the milestones in diagnostics at the time [196]. Glutamine
alone accounts for 20% of the total amino acid content. Glutamine is mainly involved in
energy metabolism and maintains the nitrogen balance in the body [196,197]. Defects in the
synthesis pathway for non-essential amino acids usually trigger defects in the central
nervous system [196]. For example, HelLa cells need 13 amino acids for survival and growth
(Figure 28).
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Figure 28: Amino acids : The green rectangle contains all 8 essential amino acids, which are needed for the
nitrogen balance [207]; the red rectangle shows the 13 amino acids necessary for growth and survival of HeLa
cells[208land t he blue rectangle contains al/l finatur al

Absence of cystine, arginine (Arg), glutamine, histidine (His), isoleucine, leucine, lysine
(Lys), methionine (Met), phenylalanine, threonine, tyrosine or valine resulted in the death of
the cell [208]. The absence of only one amino acid at a time resulted in death after a couple
of days, but if they lack a couple of amino acids at the same time, the cells started to grow
as much as 2-3-fold for 6-13 days before they started to die [208]. One of these amino acids
is tryptophan. Some differences were shown in malignant cells compared to healthy cells,
for cystine, glutamine, isoleucine, lysine, phenylalanine and valine [208]. Cells need the

amino acids to build the non-essential amino acids, purines and pyrimidines together with

50

0

OcCCl



glucose. Therefore, huge amounts of glutamine were required [208]. The addition of non-
essential amino acids did not change the cell's need for these amino acids, but had a
glutamine saving effect [208]. Nevertheless, glutamine remains an essential amino acid.
However, an extremely high concentration of glutamic acid (Glu) can compensate for the
glutamine deficit [208]. Normally only eight amino acids are considered essential [208]
(Figure 28, green rectangle). However, Eagle et al. claimed that there are 13 essential amino
acids instead of eight, which could be due to the fact that the cells have altered during
proliferation [208]. Alternatively, these five additional amino acids are only important for

tissue cells because they grow particularly fast [208].

Most researchers, like Maeda et al., Miyagi et al., Kim et al., Leichtle et al., Stover and
MacFarlane, Qiu et al., Budczies et al., Gu et al. and Shingyoji et al. [2091 217] claim that
amino acids should be analysed as potential markers for cancer [149]. Based on the still
increasing number of new cases of cancer every year, the demand for a new and fast
method of analysis for amino acids is rising. The method should be as specific and sensitive
as possible. The first studies already showed differences in amino acid concentrations
between healthy and cancer patients [209]. Since malignant cells multiply much faster, they
need higher concentrations of amino acids to form nucleic acids and proteins. Serine (Ser)
and Glycine, for example, play an important role in folic acid metabolism [149,218]. Alanine
could also be used as a biomarker for breast cancer, where studies have already shown
that alanine increases the proliferation of breast cancer cells [149,216]. Significant changes
in the amino acid profile could already detect cancer, although the usual markers that are
currently used to diagnose cancer were still at a normal level [149]. Thus, cancer could be
detected earlier based on the analysis of amino acid concentration. Furthermore, it was
found that certain amino acids are specifically linked to a specific type of cancer, which
enables detection of the species at an early stage [149]. This in turn leads to a very early
therapy specially adapted to the type of cancer and hopefully also to better chances of

recovery for the respective patient.

As described above MRM acquisition is the golden standard in targeted analysis,
nevertheless, the low metabolite coverage, time and cost intensive method development
and the need of analysing also unknown metabolites fast, limits this acquisition type.
Therefore, further development regarding selection of higher numbers of precursors without
a lot of method development and knowl edge i s hi ghltagetdd i ven
and untargeted analysis by using data-dependent and data-independent acquisition [192].
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1.6. Untargeted metabolomics

The need for a measurement method for hypothesis generation, such as untargeted
metabolomics, has increased enormously in recent years [140], since targeted
metabolomics relates to the verification of already existing hypotheses only. Especially in
the medical field, the interest in developing untargeted methods is increasing, for example,
when it comes to the research of unknown diseases, finding biomarkers and developing
personalized drugs to prevent certain diseases [127,138,150,154]. Necessarily, untargeted
methods based on targeted methods have been developed. So-called "pseudo”-targeted
methods represent an intermediate stage [129,161,191]. Compared to targeted approaches,
i p s e dvadgeted metabolomics is no longer limited to known metabolites [129,219]. For
example, all metabolite ion pairs are detected by means of a quadrupole-time-of-flight
(QTOF) mass spectrometer in full scan mode. Afterwards, the obtained MS/MS spectra are
used to extract precursor ions and associated fragments for a targeted analysis using a triple
quadrupole [129]. T h e r e f o r-targetedinpetaleolordias & the pre-stage to untargeted
metabolomics. The higher sensitivity, good linearity and good data quality, characteristics of
targeted metabolomics, is preserved [129]. Only the scan speed limits the number of spectra
that can be acquired [156]. Therefore, the further development and technical improvements
of the mass spectrometers enabled untargeted metabolomics [156]. The most popular
combination in untargeted metabolomics is LC hyphenated with high resolution (HR) mass
analysers [140]. The complex samples, containing metabolites with a variety of different
structures and properties, especially if the global metabolome is analysed, require mass
analysers with the highest resolution [154]. Therefore, untargeted metabolomics is mostly
applied on QTOF instruments or orbitraps. A QTOF mass analyser has a high mass
resolution (30 000-60 000), accuracy (< 5 ppm) and fast scan speed (50-100 Hz) [128].
Talking about untargeted metabolomics usually means an analysis in full scan mode
between 50-1000amu [154]. Additionally, untargeted metabolomics can be divided in two
sub-classes: i) data-dependent and ii) data-independent acquisition. Data-dependent
acquisition screens the entire mass range during a full scan and afterwards the most
abundant precursor masses are fragmented. In comparison, data-independent acquisition
first prepares also a full scan and afterwards fragments any precursor mass included in the
sample, regardless of the concentration [148,220]. In most cases, an untargeted
metabolomics approach is used to discover new biomarkers. This leads to potential
hypotheses and first metabolites may be identified. Even though an unknown metabolite is
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identified, a targeted method including the newly identified metabolite as standard is needed
for confirmation [154]. In general, the identification of the metabolites is done via MS* or
MS/MS spectra [156]. The high-class specific diversity requires mass analysers in both
modes, positive and negative mode [161]. However, the biological interpretation remains
difficult and can only be achieved in combination with other "omics" technologies, such as
genomics, transcriptomics, etc. In combination, significant changes in pathways and
biomolecular mechanisms can be detected [128]. Nevertheless, the entire metabolome can
still not be completely detected with only one sample preparation method and one type of
analysis used [154,155].

More and more samples have to be analysed in a shorter time, which makes a fast
acquisition technique essential [221]. A high resolution mass spectrometer (HR-MS), such
as an Orbitrap, provides high quality measurements by reducing the interference of noise
and co-eluting substances [129]. Metabolic fingerprinting is performed, for example, with the
mass analyser in full scan [127]. The most important factors for choosing the right mass
analyser are coverage, selectivity, dynamic range, detection limits, accuracy and
precision [155]. Usually triple quadrupoles or QTOFs are used as mass analysers [140],
because they are characterized by high mass accuracy (less than 5 ppm), excellent
sensitivity and high resolution [126,154]. The resolving power of a QTOF is independent of
the acquisition speed and a fixed value and good results can be achieved even with an
acquisition speed at the lower end, like 10msec [192].

1.6.1. TripleTOF

LC-MS/MS is nowadays irreplaceable in the field of metabolomics. Throughout this work a
QTOF from Sciex coupled to a U(H)PLC was used. A QTOF always consists of at least two
guadrupoles and a TOF analyser at the end (Figure 29) [222].
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Figure 29: QTOF mass analyser : Scheme of a reflector quadrupole time-of-flight mass analyser with first
guadrupole (Q1) as mass filter, second quadrupole (Q2) as collision cell and the time-of-flight mass (TOF)
analyser for scanning and detecting the fragments
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In addition, each mass spectrometer has an ion source in which ionisation takes place and,
if necessary, further quadrupoles for ion transport. Mass analysers coupled to an LC usually
use soft ionization, for example atmospheric pressure chemical ionisation (APCI), which is
contained of a corona discharge needle, transferring the liquid stream into a plasma and
afterwards into ions. For polar compounds, ESI is the most common ionization principle,
which converts the liquid stream into gas phase ions due to a spray [193,223,224]. The latter
was used during the present work. Both types of ionization take place at atmospheric
pressure. The resulting ion stream passes through the orifice, a transfer capillary and
sometimes various numbers of quadrupoles used as ion guides into the Q1. A quadrupole
is composed of four cylindrical or hyperbolically shaped metal rods, to which on an
alternating basis alternating current (AC) and direct current (DC) voltage is applied
(Figure 30) [193,225].

+ —U-Veos2ntt
» U+Voos2nht

Figure 30: Quadrupole : Shape of the rﬁetal rods (electrodes) and their arrangement in a quadrupole mass
filter. Reprinted with permission from Springer publisher [225]

The opposite metal rods are connected in the same way. That means one pair has an
attracting effect and the other a repelling effect [225]. These opposing forces effect each
type of ion differently. A periodic voltage is applied to the rods, resulting in alternating
attraction and repulsion forces in the x and y directions [193]. The applied voltages focus
the ions with defined m/z on stable oscillating paths. All other ions move on unstable orbits
and are discharged by collision with the metal rods [225]. The electric field along the
asymptotes is zero. It is therefore possible for ions with a certain m/z ratio to pass through
the quadrupole without colliding with electrodes. It is necessary that the movement in
z-direction is stable with a limited amplitude in x- and y-direction. Such conditions can be

derived using the Mathieu equations (Figure 31) [193].
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Figure 31: Mathieu equations : On the right side, the Mathieu equations are shown and on the left side of the
picture the corresponding stability diagram for the two-dimensional quadrupole field in x and y direction is
shown. Adapted with permission from Springer publisher [225]

The Mathieu equations can be solved in two different ways: One solution leads to finite
oscillation amplitudes, which results in a stable motion through the quadrupole. Another
solution leads to increasing amplitudes in x or y direction [207]. When scanning the mass
range, the DC voltage and the amplitude of the alternating field are simultaneously
increased, which results in sequentially entering of the ions into the stable range [193,225]
(Figure 32).
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Figure 32: Stability diagram of a quadrupole : During the scan of a certain mass range, the DC voltage and
the amplitude of the alternating field are simultaneously increased. As a result, different ions will enter stepwise
the stable range. Adapted with permission from B. Drotleff [222]

Therefore, the step size and the measurement time of each step is very important during
scanning, because the step size influences the accuracy and the measuring time determines
the sensitivity [225]. When only a small m/z range remains stable, the sufficient resolution
is reached [193]. With MRM acquisition, on the other hand, the Q1 already acts selectively
and filters out masses in the quadrupole in a targeted manner, whereby a higher sensitivity
can be achieved. Often also described as Single lon Monitoring (SilM) [225]. A quadrupole
can reach a mass range up to m/z of 2000, but in general is mostly only used as a mass
filter. However, the quadrupole provides high transmission, low ion acceleration voltage and
a high possible sampling rate [193]. In the second quadrupole (g2), on the other hand,

voltages are specifically applied to produce fragments. This voltage is called collision energy
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and can be significantly different for different analytes, which further complicates the
analysis of the entire metabolic profile in one analysis. To determine the optimal CoE
settings, a mixture of the analytes is injected by direct infusion into the mass analyser and
the different CoE in the range between 0eV and 50eV are applied stepwise to generate
product ion spectra [192]. The fragments are then analysed in the TOF mass analyser for

mass accuracy below 5 ppm.

The first TOF mass analyser was designed by W. E. Stephens in 1946 [193]. Initially in the
middle of the 50ies, the first TOF-analysers were developed from the company Bendix in
combination with gas chromatography instruments, but were shortly replaced by linear
guadrupole analysers [193]. 30-years later, TOF analysers started to boom again, after the
development of pulsed ionization in form of matrix assisted laser desorption
ionization (MALDI), which is essential for TOF analysers [193]. Later on, the development
of orthogonal ion extraction enabled the coupling of TOF analysers with an ESI source
(Figure 8) [225]. Before the ion beam, which is continuously released from the collision cell
enters the TOF analyser, an orthogonally oriented pulsed electric field, in so-called ion
bunches, is applied (Figure 33) [193]. The most important benefits of a TOF analyser are
thereby, resolution up to 60 000 [225], the ability to separate ions with small mass
differences and the mass accuracy, which describes the accurateness of the determination

of an ion mass.

Reflector

Figure 33: Orthogonal quadrupole time -of-flight mass analyser : Theoretical structure of a quadrupole
time-of-flight mass spectrometer. Precursor ions of a defined m/z ratio are filtered in Q1, fragmented in Q2 and
the fragment ions are afterwards analysed and detected in the reflector-TOF analyser, which is arranged
orthogonal to the quadrupoles

The time, which is needed by the ion to reach the detector, starting from the source, is
essential. This is electronically measured as the time of flight [225]. Therefore, a kinetic
energy of a few kilo electron volts (keV) is applied to the ions within an electrostatic field in

the accelerator (pusher), causing an acceleration of the ions in the direction of the TOF
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analyser. The ions are separated based on their m/z ratio after they are released from the
pusher and enter the field-free drift path of defined length [225]. During the drift path from
the electrodes to the detector, ions with different m/z ratios will be exited to different
velocities containing the same kinetic energy. This means, heavier ions enter the detector
later, although they started at the same time as the lighter ions (Figure 34) [225].
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Figure 34: Linear TOF -analyser : Scheme of a linear time-of-flight mass spectrometer. The ions with different
m/z values, but same charge have different speeds. Lighter ions with low m/z values reach the detector earlier
than heavy ions

The m/z ratio of an ion is determined by measuring the flight time at a defined acceleration
voltage and trajectory. For calibration, reference standards are used [225]. However, after
passing through the accelerator zone, not all ions with the same m/z value also have the
same kinetic energy [225], resulting in different times the detector is reached, even if ions
from the same type have the same starting point. Therefore, in 1994, Mamyrin further
developed the TOF analyser to the so-called reflector (Figure 35) [193,226].
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Figure 35: Reflector -TOF analyser : Scheme of a reflector time-of-flight mass spectrometer. The ions with
different m/z values, same charge but different speeds are decelerated due to an electric field. Heavier ions
with higher m/z values enter further into the reflector and stay there longer than lighter ions, before they are
accelerated in the opposite direction

The reflector can be considered as a mirror that focuses ions with different kinetic energies.
The reason for this is a decelerating electric field, which is part of the reflector and is located
opposite the ion source, behind the field-free drift region [193]. A series of ring-shaped

electrodes with increasing electrode potential generate the decelerating electric field. The
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ions enter the reflector until they lose their kinetic energy. This means that ions with higher
kinetic energy enter further into the decelerating field and stay longer in the reflector before
they are accelerated in the opposite direction [193]. This adjusts the time-of-flight of each
ion accordingly, which significantly improves the resolving power (Figure 35). However, due
to their altered kinetic energy, ions will be lost, if metastable fragmentation occurs
(Figure 36) [193].

P Field-free drift path reflector

Figure 36: Reflector -TOF analyser : Scheme of metastable fragmentation of instable molecule ions (Pm*)
resulting in a charged fragment (F*) and a neutral fragment (Fn). The neutral fragment is due to the lack of
charge not reflected by the reflector and therefore not detected and lost

The risk of such collisions can be lowered by applying a higher vacuum, which increases
the mean free path length of the ions. The advantages of a TOF are unlimited m/z range,
very fast measurement, high sensitivity, exact mass determination and the possibility of
tandem MS analysis [193]. Nevertheless, all benefits of a TOF analyser are always
dependent from the ionization source, in the case of the projects performed during the
dissertation, the ESI source was used.

1.6.2. Electrospray lonisation ( ESI)

In most cases, liquid chromatography is connected to a mass analyser via an electrospray
interface [127,128,227]. The electrospray interface is a soft ionization [193,223,224]. ESI is
ideally used for the analysis of large, non-volatile and easily charge-accepting molecules
such as proteins or nucleic acids [193,228i 231], but is also often used for the analysis of
small, polar molecules in the m/z 50-1500 range, e.g. in metabolomics [127,128,227]. The
principles behind ESI ionization were already described by Zeleny in 1917 [232] and by
Taylor in 1964 [193,233]. At that time, however, it was not possible to detect ionized
molecules by ESI with any mass analyser because ionization takes place at atmospheric
pressure and a high vacuum dominates in the mass spectrometer, causing the freeze out of
ions when passing from atmospheric pressure to high vacuum [193]. Due to research work
by Fenn et al. at the end of the 1980s molecules with a molecular weight of up to 2000 u
could be analysed by ESI ionization and a quadrupole [234i 236]. This was possible by a
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special designed interface, with which Fenn et al. revolutionized ESI ionization coupled to
mass spectrometers (Figure 37) [234,2361 238].
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Figure 37: ESl-source interface : Scheme of the ESI-source interface with the spray capillary (Needle in the
graphic), the capillary, which bridges the spray chamber under atmospheric pressure and the first pumping
stage of the high vacuum and the skimmer. Reprinted with permission from Fenn et al. [234]
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A sufficient energy supply was the major factor. The energy is introduced either via a counter
gas flow, often called curtain gas, or via a heated capillary [193]. In contrast to electron
impact ionization, mostly used in combination with gas chromatography, the ESI interface
coupled to an MS can only be used to analyse molecules that already carry a charge in
mobile phases due to corresponding pH values or additives [193]. An ESI interface consists
of a spray capillary, a capillary and a skimmer [225]. After chromatographic separation, the
molecules are transferred to the spray capillary in a continuous flow. Between the spray
capillary and the orifice of the mass spectrometer a potential of about 3-4 kV is applied [193].
As a result, the continuous liquid flow is exposed to an electric field at the capillary tip, which
leads to charge separation within the flow and a deformation towards the cone, the so-called
Taylor cone (Figure 38 and Figure 37) [193,233].
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Figure 38: ESl-source : Principle of the formation of the Taylor cone followed by a fine aerosol spray contained
of small droplets

Once the surface tension of the cone is exceeded, a fine stream flows from its tip to the
counter electrode (orifice) [239]. The highest charge density is located at the tip of the cone,

i.e. either almost exclusively positive ions or negative ions [193,240]. The oppositely charged
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ions are neutralized by electrons resulting from the oxidation of anions (positive mode) or
reduction of cations (negative mode) [193,241]. Nevertheless, this stream is not very stable

and disperses into many small droplets (spray) (Figure 39) [193,242].
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Figure 39: ESI process : Formation of the Taylor cone, followed by the fine aerosol spray, the desolvation of
the droplets and the release of desolvated ions. Reprinted with permission from A. Dahlin [243]

Today this process is supported by the so-called nebulizer gas, which flows along the
outside of the spray capillary [193,244,245]. The counter-heated gas flow, usually nitrogen,
provides the evaporation of the solvent that surrounds the molecules [193,246]. This
ensures that uncharged molecules and impurities do not enter the orifice and that the small
droplets of the spray continue to shrink, while the charge density at the surface continues to
increase [193]. At a certain point the electrostatic repulsion exceeds the surface tension,
called Rayleigh limit [247], and the droplet disperses. This process is repeated over and

over again until a single desolvated and charged ion is present (Figure 40) [193].

Figure 40: Coulomb explosion : The size of the charged droplet of the aerosol spray is continuously
decreased due to evaporation of the surrounding liquid, while the charge density is increased until the Rayleigh
limit is reached and the droplet is dispersed

Initially it was assumed that the droplets would burst due to the Coulomb explosion
(repulsion of identical charges) [193]. Recently, however, we know that the droplets do not

explode but deform into ellipses, releasing many small droplets at the conical end, similar to

the Tayl or cone, cal[l98,248/89D]r opl et Jet Fi ssi
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Figure 41: Droplet Jet Fission : Scheme of the dispersion of a droplet after the Rayleigh limit is reached.
Adapted with permission from Gross et al. [193]

00000

These small droplets shrink until gas phase ions are obtained which then pass through the
orifice into a heated capillary that forms a connection between the spray chamber at
atmospheric pressure and the first pumping stage of the high vacuum (102 Pa). The ions
then pass through the skimmer into the high vacuum range of the mass spectrometer
(10371 10* Pa) [193]. However, there are other models described for ionization, such as the
charged-residue model, which postulates that the droplets successively lose solvent
molecules until only one analyte molecule is left [193,251,252]. A further model is the so-
called ion evaporation [193,253,254], in which desolvated ions are produced by direct
evaporation from the surface of the droplets [193,255]. However, the exact mechanism of
ionization by means of an ESI interface has not yet been fully determined [193]. In general,
ESI ionization can produce ions, solvent adducts, ion clusters and multiple charged ions.
Nowadays the linear arrangement of the spray capillary has been replaced by an orthogonal
arrangement [193]. This leads to less contamination and allows a wide opening of the orifice,
resulting in a higher robustness and sensitivity of the mass spectrometer [256]. In addition,
ESI can be used for analysis over a relatively wide range, from small to higher molecular

masses and from almost non-polar to ionic analytes [193].
1.6.3. Data dependent acquisition (DDA)

Data-dependent acquisition (DDA) can be applied in combination with trapping mass
analysers and with analysers using a collision cell, like quadrupoles, QTOF and
Orbitrap [192]. DDA workflow is similar to MRM acquisition [257]. Compared to MRM, during
DDA continuously survey scans followed by target precursor ion selection and fragmentation
are performed [192] (Figure 42). The selection of the precursor is therefore performed during

the acquisition and not before the acquisition by the operator.
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Figure 42: Data-dependent workflow : One of the main used data-dependent acquisition workflows was the
information-dependent-acquisition, called IDA (synonymous to DDA). The IDA acquisition performs a survey
scan in Q1 and if the masses reach the pre-defined threshold (right side of the figure), they are selected and
fragmented in the collision cell. Adapted with permission from J. Schlotterbeck [258]

During DDA workflow, the precursors are selected only if they reach a certain predefined
threshold [257]. The selection based on a threshold is only one possibility, as it can be also
based on isotope pattern (characteristic intensity pattern of the masses of different isotopes
of a molecule [259]), mass defect (difference between exact mass and nominal mass of a
molecule [260]), presence of diagnostic ion and based on characteristic neutral loss within
MS? spectra [257]. Afterwards, the mass spectrometer switches to MS/MS mode for
fragmentation [257]. That means the precursor is selected as soon as for example the
threshold is reached, which is in most cases not the inflection point of the peak, causing low
quality MS spectra [192]. Therefore, the survey scan is repeated during one analytical run
to overcome the possible loss of precursor ions, but leads to limited numbers of collected
precursor ions [192]. Precursor ions are only selected if they pass the criteria [257].
Therefore, it might be that other interesting precursor ions are not selected, because they
coelute with high abundant compounds [257]. Additionally, the selection of precursor ions is
not very reproducible, as the signal intensity changes even if the same sample is
reinjected [257]. Some DDA approaches using dynamic exclusion, listing all m/z masses
which are already occurred during the analysis, preventing the reselection of the same
precursor ion [221]. Therefore, in theory only one spectrum is acquired for each selected
precursor ion [221], but practically all coeluting additional ions are acquired beside the
targeted fragment, resulting in crowded MS? spectra, difficult to evaluate [221,257].
Additionally, the noisy MS? spectra prevent the identification of the many unknown
metabolites by library search [257]. Nevertheless, DDA is used for quantification based on
precursor MS* spectra [192] in the field of metabolomics, but not as wide spread applied as
in proteomics [257]. Therefore, data-independent acquisition workflows are developed and

gained fast attraction in the field of metabolomics, as fragments for all precursor ions can be
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detected simultaneously to the precursor ions itself [257] and the quantification is performed
using either MS* or MS? spectra [192].

1.6.4. Data independent acquisition (DIA)

The improvements of the mass analyser technique led to the hyphenation with data-
independent acquisition (DIA) modes, benefiting acquired data which is not controlled by the
acquisition. This is of utmost importance, especially for the analysis of small molecules [192].
In metabolic fingerprinting, the main problems are to analyse a wide range of different
metabolites, with different characteristics in a broad concentration range within one
analytical run. Therefore, it is necessary to develop a fast analysis technique to detect as
many metabolites as possible in one analysis. The rising interest in identifying and, in the
best case, quantifying global metabolome, drastically increases the need for MS/MS
analysis using DIA [221]. All DIA techniques cover the certain mass range through repeated
stepwise analysis of smaller mass ranges within the entire mass range. Additionally, all
detected precursor ions are fragmented [192]. As a result, all fragments of each precursor
are detected [221] and contained in composite spectra [192] to obtain further information
about the metabolite, but at the expense of selectivity and sensitivity [221]. Either IT or TOF
mass analyser [192] are used for DIA. Considering, that the number of trapped ions (trapping
time), precursor as well as fragments are the limiting factor for sufficient resolution and mass

accuracy, the IT analysers are not very suitable for metabolic fingerprinting [192].

In most cases the selection of the precursor ion is performed by a quadrupole, as they are
able to switch the selected masses fast, including good transmissions [192]. Therefore, one
of the favorite used mass analysers is the quadrupole combined with time-of-flight mass
analyser. Optimally, the product ions are selected by stepping along 1 Da units and at every
step a product ion is selected. But the acquisition covering a mass range of 1000 Da would
take 20 msec per step, resulting in 20 seconds total cycle time, which is not feasible using
liquid-chromatography, as the peaks are to narrow [192]. To overcome the problematic of
peak width a better option is setting the first quadrupole to RF mode, which means that every
precursor ion mass is transferred to the collision cell without any selection. In the collision
cell two different collision energies are applied in this acquisition model. One energy in the
lower range for detection of the precursor mass and one in the upper range for
fragmentation [192]. This kind of acquisition mode which skips the precursor selection is
called MS Everything (MSF) or MS All (MSALY) and is per definition no MS? acquisition
method [192] (Figure 43).
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Figure 43: Data-independent acquisition MS E/MSALL: MSE/MSALL acquisition detects all precursor masses,
which enter the quadrupole within the entire chromatographic analysis. Adapted with permission from
J. Schlotterbeck and Raetz et al. [258,261]

Nevertheless, MSE was the first applied DIA method in metabolomics analysis [257] and
steps alternately through high and low fragmentation settings [192]. Therefore, a very good
separation of the analytes by previous chromatography is extremely important to be able to
assign the corresponding fragments to the precursor. Additionally, a method described as

MS/MSALL is used for analysing lipids with flow injection [192].

In 2012, the vendor Sciex developed a special acquisition technique called sequential
window acquisition of all theoretical fragment-ion spectra (SWATH) [221] which was
described for the first time by Gillet et al. [220]. SWATH was established by
Venable et al. [220] first only for proteomics to acquire all peptides contained in the sample
within one analytical run but over the years it has gained a strong interest in the analysis of
drug metabolism and small analytes. It is related to MSA'- and MSE, but has several
benefits [221]. SWATH is a data-independent acquisition technique and consists of different
Q1 precursor isolation windows with a fixed size, mostly of 25 Da [220,221]. Every window
overlaps at least with 1 Da [258]. That means for example window one ranges from 50 to
75 Da and window two starts with 74 to 100 Da. First of all, during the analytical run, a survey
scan is performed following the screening of the different windows [221]. Within these
windows every precursor with a mass corresponding to the 25 Da range is detected and
further fragmented in the collision cell. After fragmentation all created fragments are
detected [221]. The Q1 is therefore used as mass filter in the fixed window width mass
range [192] (Figure 44). All programmed windows are screened within one cycle, limited by

the cycle time and the cycles are repeated several times within the retention time frame.
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Figure 44: SWATH acquisition : Scheme of SWATH acquisition mode with fixed Q1 window width of 25 Da,
scanning the complete mass range divided in packages (windows) over the entire retention time

The advantage is that fragments can be helpful in analysing the structure of a metabolite
and works additionally as further criteria during library search [192]. In addition, data of a
particular compound class can be evaluated and even years later data of another compound
class can be evaluated without further knowledge, the need of a new sample and reanalysis.
Nevertheless, the assignment of the fragments to the precursors is often difficult, because
with SWATH acquisition all precursor ions are detected in the corresponding window.
Simultaneously, the fragments are also acquired in the same windows [221]. Therefore, the
relationship of precursor and fragment is missing [192]. If the windows are relatively large,
it is even more difficult to link precursors with corresponding fragments during data
evaluation [192], especially if there are precursors with similar masses and similar
fragments. Therefore, SWATH was further developed to the next generation, called
SWATH 2.0 acquisition using windows with variable width [192] (Figure 45).
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Figure 45: SWATH 2.0 acquisition : Scheme of SWATH 2.0 acquisition with variable Q1 window width, which
enables the combination of targeted analysis by programming narrow windows of for example 3 Da and
untargeted analysis by setting bigger windows

That enables the combination of targeted and untargeted analysis, by setting the window
sizes as small as possible in the mass range of the targeted analytes and keeping the
windows in the remaining mass range wide [221]. In these narrow windows, it is also

possible to optimize parameters such as CoE and DP to achieve the highest possible
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sensitivity. Thus, SWATH 2.0 acquisition with variable window width offers the flexibility to
detect interesting target metabolites and all other metabolites within a sample and one

analysis [221].

In general, SWATH acquisition was developed as quantification method, as data is acquired
over the whole peak which enables the possibility to use also the fragment for
guantification [221], increasing in some cases the specificity. However, it can be used as
gualitative acquisition method as well. The only problem of qualitative analysis using
SWATH is the missing relationship of the precursor and fragment ion [192]. Correlation of
chromatographic peaks during data evaluation, like in MSE, can overcome this problem, as
long as there are not many precursor ions, coeluting compounds with similar masses and

good peak shapes [192].

Additionally, MS?® analysis can be performed using SWATH acquisition and precursor ions
which are fragmented already in the source before the first mass selection occurs [192].
Therefore, the fragment is selected in the corresponding SWATH window instead of the
precursor, is fragmented in the collision cell to further fragments and all are detected [192].
Generally speaking, the analysis of samples with DIA methods result in relative
guantification of the analytes performed post-acquisition, as absolute quantification
necessarily requires a calibration for the correlation of the MS response and the
concentration of the analyte. Nevertheless, with SWATH acquisition generic standards can
be mixed with the sample, preparing the calibration curve post-acquisition to achieve
absolute quantification [192]. Of course, it is of utmost importance to choose the optimal
SWATH window sizes. Therefore, Bonner et al. programmed the software SWATH
Tuner [262]. This software generates the window width based on three different approaches:
i) SWATH windows based on equally divided mass ranges, which results in fixed window
sizes, ii) SWATH window sizes based on the total number of precursor ions divided by the
number of windows and iii) SWATH window sizes based on the total ion current generated
by all precursor ions divided also by the number of windows [192]. It turned out that the latter

is the best choice for identifying metabolites [192].

Comparing SWATH with MSALL acquisition it is clear to achieve better spectra quality using
SWATH acquisition [192] as MSALt deals with higher background noise due to its detection
of everything every time and therefore limited sensitivity for identification in addition to the
lower dynamic range for quantification [192]. SWATH acquisition offers various methods of
data analysis. The metabolites can be analysed based on predicted behaviour, based on
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guantification of high-resolution spectra either from precursor or fragment ions and due to
mass defect filtering [192]. This means data-independent acquisition techniques acquire
reproducible MS/MS spectra of any ionized substance entering the MS source. Even
fragments related to low abundant precursor masses can be acquired [221].

However, with SWATH acquisition, it is not possible to cover the entire mass range within
one analytical run, as the cycle time must be large enough [192,221] to include at least 10
data points per peak for quantification [156]. If, for example, many SWATH windows are
created to cover the entire mass range, the cycle time will be too small, or the scan rate of
the mass spectrometer will be not sufficient, causing improper quantification of the
analytes [192,221]. A solution to this problem is to divide the windows into different analyses.
In analysis 1, for example, a mass range of 50-500 Da is covered and in analysis 2, a mass
range of 500-1000 Da is covered. However, the data evaluation afterwards is quite complex,
time-consuming and sufficient sample volumes for 2 analytical runs are needed. Therefore,
the mass range is usually set to a smaller range, as not all metabolites can be determined
with a single analytical setup [126,127,131]. The identification using SWATH acquisition
benefits from the detection of the entire isotope pattern of one precursor due to the selection
based on SWATH windows [192]. Therefore, SWATH 2.0 acquisition revolutionizes all
existing workflows from selecting the proper acquisition mode for the desired output to the
selection of the data evaluation strategy afterwards and is nowadays highly accepted in
metabolomics area. Also, because it is not necessary to perform a time-consuming method
development and additionally, there are no further adjustments to be performed in order to
analyse additional analytes [192]. The combination of qualitative and quantitative
measurements combined with re-interpretation at any time post-acquisition, a good data
processing, interpretation and visualization strategy is highly recommended. Another
problem hereby is that every metabolomics team develops own workflows as this might be
the most challenging part nowadays in metabolomic analysis. To overcome the problem of
identification of the huge number of detected unknowns in the sample, a library containing
as many metabolites as possible together with their retention times are of most
interest [221]. Nevertheless, the lack of a standardized workflow like in proteomics and the
lack of a computerized system makes subsequent data processing very difficult, time-
consuming and complex [192]. To summarize, the bottleneck of the data evaluation of DIA

analyses are a standardized workflow, computational software programs, which
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mathematically deconvolute precursor and fragment masses [192,257,263] and a library

including retention times.
1.6.5. Data evaluation

DIA modes generate MS spectra, which are convoluted, very complex and hard to identify
by the operator, even after a separation technique such as LC was used. Each LC data file
represents more or less a 3D structure based on thousands of panes. Each pane contains
a 2D full scan mass spectrum [154,264], which makes interpretation of the data time-
consuming and difficult. In addition, there are also some sources of error during the analysis,
which complicate the interpretation and require further actions and additional time [154]. For
example, it is very important to ensure a stable chromatography. Furthermore, especially
with TOF mass analysers, changes in mass accuracy due to external influences are quite
common. However, the bottleneck of metabolomic analysis changed nowadays from the
lack of appropriate mass analyser technique to the missing computational software for the
identification of unknowns and adequate libraries as every research group uses own in-
house generated libraries [125,192]. At the moment there are numerous, sometimes open
source, databases of different research groups. However, the non-standardized
nomenclature of metabolites [148] makes it often difficult to use the various databases.
Additionally, the databases contain so far only limited numbers of metabolites, which results
in higher numbers of unknown features during untargeted metabolomics, than identified
metabolites [160]. In some cases, only 30% of the total MS signals are identified regarding
their structures, resulting in 70% of unknown features [127]. As long as there is no uniform
evaluation strategy, as for example in proteomics, or uniform database, as for GC-MS
analytics, the data evaluation remains the bottleneck in the field of metabolomics and
biomarker detection [127,154]. Thus, a unique workflow like in the field of proteomics is
highly desired. However, nearly every mass analyser vendor offers its own data evaluation
software, for example PeakView, MasterView and MultiQuant from Sciex and every
research group develops their own workflow, which delays further development of data
processing dramatically. For this reason, in 2012, Tsugawa et al. [265] developed an open
source software called Mass Spectrometry i Data Independent AnalLysis (MS-DIAL)
especially for the data evaluation of untargeted metabolomics [192]. MS-DIAL is thereby
directly linked to an analytical method, containing a specific column and a fixed gradient, as

retention time is an additional identification criterion [192]. Acquired precursor ions are
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connected to their retention time and accurate mass and plotted as single spots in a diagram,

with m/z as y- and retention time as x-axis (see Figure 46) [192].
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Figure 46: Peak spotting : Every spot describes a metabolite by the corresponding mass-charge ratio and
retention time. The grey spots are unknown metabolites and the coloured spots are identified metabolites,
categorized in classes. One colour symbolizes one specific class

In untargeted DIA approaches, like SWATH, the precursor ion is not linked to the
corresponding fragment ions, therefore the MS peaks need to be aligned to the
corresponding MS/MS peaks. MS-DIAL is using an own developed MS? Dec algorithm for
alignment [192], resulting in deconvoluted spectra (Figure 47 and Figure 48,) and an

alignment plot with retention time and m/z (Figure 49 and Figure 50).
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Figure 47: Raw MS/MS chromatogram : The raw MS/MS chromatogram displays all detected fragment
masses detected in the window of the selected precursor mass
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Figure 48: Deconvoluted MS/MS chromatogram : The deconvoluted MS/MS chromatogram shows only the
fragment masses which could be aligned to the selected precursor mass
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Figure 49: Alignment plot : Every spot represents an aligned feature, which is visualised in the alignment plot
according to the m/z value and the corresponding retention time
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Figure 50: Alignment plot of identified features  : This alignment plot shows only identified features, which
could be aligned during the Dec? algorithm of MS-DIAL. The present alignment plot was prepared during a
lipid analysis and the spots are additionally coloured based on their lipid class. For example, the pink spots
represent ceramides and the green spots triacyl-glycerides

The alignment is contained of 4 steps. First a reference table is created based on a
representative sample, e.g. a QC sample. Next, a peak table is created for each sample and
linked to the reference table in the appropriate place. The aligned peaks are screened for
missing values in the second last step and in a last step these missing values are filled up

based on the mean m/z and retention time of the corresponding feature [258].
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The comparison of peak shapes of extracted ion current chromatograms for identification of
the features is not suitable, as the peaks can change their shape during the
chromatographical run due to fronting, tailing or peak splitting [192]. Afterwards, MS?, MS?
spectra and libraries containing MS? reference spectra either experimentally obtained or in
silico are used for the identification of the features [192]. Additionally, the features are
guantified based on either height or area of the precursor peak after preparation of extracted

ion current (XIC) chromatograms [192] (Figure 51).
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Figure 51: MS-DIAL workflow : A) shows an alignment plot of identified lipids and the spot in the black
rectangle is chosen as example. B) displays the distribution of the concentration in the different samples, which
clearly visualizes the increasing concentration in the treated samples compared to the control samples.
C) represents ion current chromatograms of the selected feature in all analysed samples. D) displays the peak
and compound information based on the database as well as the MS2 similarity (top) and the MS/MS spectra
compared with the spectra from the database (bottom)

Other metabolomic research groups developed a R based metabolomics package, called
MetDIA [192,257]. MetDIA selects targeted compounds out of the complex MS? spectra
following five steps [192]. First, precursor ions are monitored and aligned, followed by
extraction of desired chromatograms in step two. Pseudo MS? spectra and peak-groups are
created in step three, before the identification of the metabolites is performed in step four.

Last, the results are generated including a statistical evaluation [192] (Figure 52).
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Figure 52: MetDIA workflow : In step 1 precursor ions are detected and aligned, followed by extraction in step
two. Additionally, targeted MS? spectra are also extracted in step two. During step 3 pseudo MS?2 spectra and
peak-groups are generated. Step four describes the identification of the metabolites. In step 5, statistical
analysis is performed as well as the results table is produced. Reprinted with permission from Li et al. [266]

For the deconvolution using the MetDIA approach, two orthogonal evaluation criteria are
used, the peak-peak correlation and the spectrum-spectrum match [192]. Data evaluation
using MetDIA is comparable with MS-DIAL. Nevertheless, with MetDIA 20 to 75% more
features could be identified analysing biological samples [192]. However, the main challenge
in data processing of metabolomics remains the lack of a unique workflow, containing one
library, standardized compound names and corresponding retention times, which offers the
possibility of retention time adjustment, like the in silico retention time prediction (iRT) of
peptides in proteomics [192].

Summarized, good strategies of data evaluation, including databases, software tools and
multivariate statistics, are essential [154]. The high diversity and the fact that one sample
preparation strategy and one analysis strategy is not sufficient to cover the entire
metabolome also led to the division into so-called sub-omic areas, such as metabolomics
and lipidomics [142]. Through the lipid map project [267] and the development of an in silico
mass spectrometry database, called LipidBlast [268], the situation for lipidomics analysis

already appears slightly better compared to the analysis of the global metabolome.

72



1.6.6. Lipidomics

Lipidomics describes the analysis of the entire lipidome of an organism, which contains all
lipids of an organism [269]. Lipids fulfil several important functions in an organism. On the
one hand, they serve as the main component of the hydrophobic cell membrane to protect
the cell of an organism from its hydrophilic environment [270], on the other hand they serve
as an energy source [270] and signal molecule in various metabolic pathways [270]. The
lipidome itself, like the entire metabolome, is in fact a very complicated system, which is
probably the reason why, the NIH founded the consortium LIPID Metabolites and Pathway
Strategy (LIPID MAPS) at the beginning of the increasing interest. The lipids are divided into
8 categories. 1) fatty acyls, 2) glycerolipids, 3) glycerophospholipids, 4) sphingolipids,
5) sterol lipids, 6) prenol lipids, 7) saccharolipids and 8) polyketides [270i 272]. Moreover,
the different categories are further divided into lipid classes and subclasses [270]
(Figure 53).
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Figure 53: Lipid classes : The lipids of the entire lipidome are currently divided into 8 lipid categories: a) fatty
acyls, b) glycerolipids, c) glycerophospholipids, d) sphingolipids, e) sterol lipids, f) prenol lipids,
g) saccharolipids and h) polyketides. All categories can be further divided into classes and sub-classes.
Adapted according to [273]

For a long time, it was not possible to analyse lipids or metabolites in general, but the further
development of mass analysers led to an increased interest in analysing lipids from 2003
onwards (Figure 54). Thus Han and Gross described the concept of "lipidomics" for the first
time in 2003 [269]. The interest in this field of analysis increased, among other things,
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because they might be potential biomarkers or prognosis indicators for various diseases.
For example, it is nowadays known that lipids are involved in diseases such as
atherosclerosis, diabetes, Alzheimer, tumorigenesis, chronic inflammation, cardiovascular
and neurodegenerative disorders and cancer [270,274i 277]. Mainly classic biological
samples like blood, plasma, urine and excrement are used for lipid analysis [147]. In the
meantime, however, analyses with unconventional samples such as saliva, cerebral spinal

fluid (CSF), tissue, tears and nails are also being conducted [147].
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Figure 54: Number of Publications about Lipidomics  : The interest in lipidomics analysis steadily increases

since the term lipidomics was first coined in 2003 until now, which can be seen in an increase of publications
about lipidomics since the beginning (PubMed 27.08.2020)

Already in 1994, lipids were analysed, but instead of using chromatography, the lipids were
analysed by direct infusion, nowadays also known as shotgun lipidomics [278,279].
Currently there are three different types of shotgun analysis: i) tandem MS (MS/MS) based
shotgun lipidomics; ii) high-mass accuracy-based shotgun lipidomics and iii) multi-
dimensional MS based shotgun lipidomics (MDMS-SL) [269]. The big advantage of shotgun
lipidomics is the fast analysis of lipids. However, all lipids are simultaneously injected into
the source of the mass spectrometer and ionized, which can lead to strong ion suppression

effects. Therefore, low abundant lipids or lipids that cannot ionize easily are not analysed.

One way to overcome this problem, is to prepare the sample prior to analysis by LLE or SPE
to separate all other metabolites from the lipids [278,28071 283]. However, SPE is not suitable
for high-throughput analyses or for analyses containing large numbers of samples.
Furthermore, SPE is only used to extract certain lipid classes, which makes it unsuitable for
the analysis of the whole lipidome [278]. However, selection of LLE type, can also separate
certain lipid groups from each other [278,280]. In the beginning of the lipidomics analysis,
the method according to Bligh-and-Dyer, respectively, a modified form according to Folch
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was widely used [269,278,280,282,284i 286]. Both extraction methods added chloroform
and water as the main components. The lipids are thus enriched in the organic layer on the
bottom of the vessel. On the phase boundary in the middle, a layer of accumulated proteins
is formed, which has to be penetrated to collect the dissolved lipids in the organic layer on
the bottom. This often leads to contamination with polar analytes from the aqueous
phase [282]. As a result, Matyash developed an extraction method based on methyl tert-
butyl ether (MTBE) and water [278,287]. MTBE is less dangerous than chloroform and as a
further advantage the organic phase with the dissolved lipids is on top and can be easily
collected [278,282]. Nevertheless, water-soluble substances could also be carried into the
organic phase [282] and in addition there is no option for automation, which would be an
important benefit for high-throughput analysis. The problem of carry-over of water-soluble
compounds into the organic phase can be circumvented [282,288] by using
butanol/methanol (BUME) (3:1; v/v) followed by heptane/ethylacetate (3:1; v/v) as extraction
solvent and acetic acid in the last step for phase separation [278,289,290]. The BUME
method requires only small amounts of solvent, which offers the possibility of automation
with a pipetting robot [278,288,290]. However, it is difficult to evaporate butanol to
concentrate the lipids prior to analysis [282]. Extraction methods are constantly further
developed, because one technique alone is usually not sufficient to extract all lipids,
especially when it comes to low abundant lipids [147]. Therefore, several extraction methods
are performed one after the other. This led to the development of a 3-phase extraction
system consisting of hexane, methyl acetate, ACN and water. The agueous phase is located
at the bottom, in the middle is the organic layer with the most polar lipids and at the top are

the neutral lipids like triacylglycerols in another organic layer [278] (Figure 55).
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Figure 55: Comparison of different lipid extraction protocols : The Bligh-and-Dyer extraction method as
well as the Folch method use mixtures of chloroform/water as extraction solvent, resulting in an organic layer
containing the lipids at the bottom and the aqueous layer on top, separated by a protein layer. The MTBE
extraction method uses a mixture of methyl-tert-butyl-ether/water as extraction solvent, ending up with the
aqueous phase at the bottom as well as a protein pellet and the organic layer with the dissolved lipids on top,
easy to remove. BUME uses sequentially mixtures of methanol/butanol and heptane/ethyl acetate followed by
acetic acid for phase separation. The polar phase is located at the bottom and the non-polar phase on top,
also separated by a protein layer in the middle. The 3-phasic system uses mixtures of acetonitrile/water/methyl
acetate/hexane as extraction solvent, resulting in a polar phase at the bottom, an organic phase in the middle
containing polar lipids and another organic phase on top with dissolved neutral lipids. One possible one-phasic
extraction protocol uses a mixture of isopropanol (IPA) and water as extraction solvent. The proteins are
pelleted at the bottom surrounded by the dissolved compound in the extraction solvent

So, it is possible to separate certain lipid groups from each other during the extraction
process. However, this is also time-consuming and the use of hexane should be avoided for
the protection of the environment. Of course, the extraction method depends on the lipid
classes to be analysed. In order to further simplify the extraction process, to extract as many
lipids as possible and to fulfil today's requirements of high-throughput analysis, numerous
single-phase extraction methods have been developed [280,291]. One of them, using an

isopropanol/water mixture (90:10, v/v) was used as extraction solvent for lipids in this work.

Another way to circumvent the problem of very complex data sets after shotgun analysis, is
the so-called intra-source separation. In this process, certain lipids are selectively ionized,
controlled by different conditions of the surrounding solvent [269,292,293]. Additionally,
individual lipid classes can be isolated from a mixture by specific neutral loss scans (NLS)
or precursor ion scans (PIS) [269,292]. lonisation can be improved by derivatising the lipids
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or by adding certain additives to the solvent [269,2941 296]. Derivatisation can also be
helpful if the desired lipid would normally be unstable, if certain fragmentation patterns have
to be generated during the analysis or if characteristics for ionization are missing [278,281].
A switch to high-resolution mass spectrometers, such as orbitrap or Fourier-transform ion
cyclotron resonance (FT-ICR), can also help in the separation of isobars [127]. High-
resolution mass analysers analyse all product ions in narrow "bins" within the entire mass
range and achieve a lower rate of false-positively identified lipids with accurate acquisition
of m/z ratios and high resolution [269].

In addition to sample pre-treatment and MS/MS analysis of lipids, other separation
techniques can also be used. For example, non-volatile lipids are separated by thin layer
chromatography (TLC) with the great advantage of a simple and inexpensive setup and fast
analysis. However, with TLC only a low resolution is achieved and real-time separation for
coupling to a mass spectrometer is impossible [269]. The use of GC chromatography would
also be feasible for thermally stable and volatile lipids or, after prior derivatisation, also for
non-volatile lipids, as it has an extremely high separation accuracy. However, derivatisation
is time-consuming and in general the El ionisation associated with GC is too hard, resulting
in excessive fragmentation of the lipids, loss of all structural information and eventual
assembling into new molecules, which increases the probability of misinterpretation. In
addition, high source temperatures lead to the degradation of certain lipids to other lipids,
which further increases the misinterpretation [269,297]. GC-MS is nowadays mainly used
for fatty acid analysis. Supercritical fluid chromatography (SFC), which is a high-resolution
separation technique, holds a small position in lipid analysis. SFC is based on supercritical
carbon dioxide as solvent, which leads to faster and better analysis compared to classical
high-pressure liquid chromatography (HPLC), due to its high diffusion coefficients and low
viscosity [147]. Until now, NMR was considered the gold standard for the identification of
metabolites/lipids. However, NMR is not really well suited for the analysis of lipids due to in
chapter 1.4.1 mentioned reasons. Additionally, because lipids are usually only present in

low concentrations, which cannot be detected by NMR.

Therefore HPLC-MS analysis is mostly used in the field of lipidomics, because it shows good
reproducibility and high resolution and works efficiently and selectively [147]. Mainly RP
chromatography is used prior to MS analysis. Even if carry-over effects, which are common
in lipid analysis, are observed with Cis or Czo column materials [270], RP or LC in general
has the following advantages over shotgun lipidomics: Matrix effects, due to complex
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samples and thus ion suppression are reduced, isomers can be separated, which allows a
more accurate quantification and low abundant lipids can be analysed with higher
probability [147,269,270,278,297].

Not only other analytical techniques can be used, nowadays also different ionization
methods are applied: a) ESI, b) MALDI; c) APCI/ Atmospheric Pressure Photoionization
(APPI); d) secondary ion mass spectrometry (SIMS) and e) Desorption electrospray
ionization (DESI) [269]. ESI is the most frequently used ionization, but MALDI-MS also has
its place in the field of lipidomics analysis. MALDI is an ionization method that can ionize a
wide range of biomolecules and also identify unknown molecules using MS. The main
advantages of MALDI are its tolerance to impurities such as buffers and salts and the ability
to analyse large arrays of complex samples [147]. The most important aspect is the optimal
selection of the matrix. This also leads to a major disadvantage because the spectra are
very much affected by background noise from the matrix and therefore only simple lipid
mixtures can be analysed, since the separation prior to MS is missing or has to be carried
out offline, which is time-consuming [147]. Furthermore, a fragmentation unit is missing,
unless a MALDI ionization is coupled to a TOF/TOF mass spectrometer. Nevertheless,
MALDI-MS has its place in the imaging analysis of tissue samples [147]. A concentration
profile of the lipids within a piece of tissue can be generated by exact scanning of the tissue.
For example, this technique can be used in surgery during tumour removal, so that the lipid
profile can be analysed while cutting, whether the tissue is already healthy or not [280].

Nevertheless, the analysis of lipids is nowadays mostly performed by U(H)PLC-MS coupled
to high resolution mass spectrometers, such as QTOF, Orbitrap or FT-ICR. The most
commonly used separation techniques are RP and HILIC [270,298]. RP columns separate
the lipids according to their fatty acyl chain composition. Lipids are retarded longer on an
RP column, the longer the fatty acid chains are. In contrast, lipids elute earlier the higher the
number of double bonds is [278,299]. Whereas HILIC separates the lipids according to their
head group, so that a 2D LCxLC chromatography consisting of HILIC in the first dimension
and RP in the second dimension might have some advantages [147,270,278]. One of the
major advantages of the 2D-LC is the significantly increased peak capacity [269]. However,
the setup is very complex, the analysis times would be very long and due to the dilution of
the sample in the second dimension selectivity could be lost [147]. Furthermore, the
constantly increasing speed of chromatography means that peaks become narrower and
narrower as the stationary phases improve in order to achieve higher peak capacities. The
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limiting factor here is the speed of the mass spectrometer or its duty cycle, since a sufficient
number of measuring points should cover the chromatographic peak for
guantification [258,278]. A further development of the lipidomic workflow including data
processing, especially for the identification of unknown lipids and the investigation of the
functions in different pathways, is therefore extremely important [278,300]. In addition, the
retention time in databases is a further identification feature, as lipids can be identified on
the basis of retention time (chromatography) and spectral data (precursor and fragment
masses) [282]. However, the retention time in the database is linked to a specific setup. A
large coverage enables the monitoring of as many metabolic pathways as possible, in which
lipid classes/subclasses are involved, whereby connections of the different pathways and

the whole system can be better understood [282].

In general, the analysis of lipids can be divided into two categories, targeted and non-
targeted lipidomics [300], whereas a targeted approach mainly uses SRM or MRM [281].
SRM/MRM is characterized by high specificity and a stable wide dynamic range [269], which
makes both methods highly suitable for quantification [269]. A preliminary stage to
untargeted lipidomics involves several successively acquired SIM analyses of 20-50 m/z
mass ranges, which are then combined into a full scan spectrum using software tools. The
untargeted analysis can be further divided into data-dependent and data-independent
analysis. With untargeted approaches using data-dependent acquisition, the problem is that
only a limited number of high abundant lipids are selected and fragmented after the first
scan, so that low abundant lipids cannot be analysed easily [269]. Therefore, nowadays the
untargeted lipidomics analysis is mainly performed with data-independent approaches such
as SWATH or MSA, Untargeted lipidomics is mostly used for hypothesis development, pre-
selection of potential biomarkers or characterization of new lipids, which later have to be
confirmed with a targeted approach. The disadvantage of untargeted approaches, however,
is the resulting complex spectra and the difficulty of correctly characterizing the lipids down
to their fatty acids, which is the reason why the development and application of bioinformatic
software tools for data analysis are essential [269]. The consortium LIPID MAPS therefore
developed a virtual lipid database, which is steadily growing. This enables the comparison
of spectra and the identification of unknown lipids. Both databases of the METLIN
Metabolomics Database and the Human Metabolome Database also contain lipids for

comparison and pathway analysis [269].
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The main problem is that the identification depends strongly on the complexity of the
measured sample, the ionizability, the concentration and the algorithm used during data
evaluation [270]. The difference to metabolomics or proteomics lies in the chemical structure
of the lipids contained of polar head group and acyl chains. Whereby the similarity of the
fragment ions is defined by specific scoring factors in a comparison with corresponding
databases [270]. To identify a lipid, five important properties must be described: a) lipid
category and lipid class; b) number of carbons, rings, double bonds and oxygen of fatty
acids; c) position of functional groups; d) geometry of double bonds; and e) stereochemistry
of chiral centres [300]. Lipids are one of the most difficult types to identify compared to other
metabolites, since a mass in MS can theoretically be assigned to many different molecules,
so-called isomers [281,300,301]. Therefore, it is extremely important to separate the [M+2]
peak of a lipid from the lipid of the same lipid class with only one double bond less [270].
Nevertheless, the identification of lipids remains difficult because stereoisomers, snl, sn2,
enantiomeric or double bond positions cannot be analysed with MS/MS. In addition, the
exact length and number of double bonds of the lipids cannot be determined precisely
because the specific MS/MS spectra are usually not sufficient for a clear assignment [270].
Furthermore, the signal response of the fragments of two species within a lipid class is not
always the same, making accurate quantification often difficult [269]. In addition, similar to
metabolomics, each research group follows its own workflow and create their own

nomenclature of lipids.

Therefore, the LIPID MAPS consortium is aimed at developing a uniform nomenclature and
standardization of the whole process. In general, a normal lipidomics workflow always
includes the following steps: a) sample collection; b) sample storage; c) sample
preparation/extraction; d) analysis; e) data processing and identification of
unknowns [147,269]. LIPID MAPS provides therefore, lipid-drawing tools, data deposition

and lipidomics informatic tools.

However, another problem remains, the sampling. Clinical studies usually extend over
longer periods of time, up to years [280]. This means a very long storage of the samples. In
order to avoid data corruption due to performance fluctuations, all samples should be
measured in one batch if possible [280]. However, lipids are very sensitive to oxidation and
long storage periods, which would affect the results [280]. Therefore, the better option is to
measure the samples in smaller batches as soon as possible after sampling [280]. The inter-

batch variations due to drift of instrument sensitivity, changes of eluent over the time,
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temperature fluctuations, performance fluctuations or stopped analysis due to instrument
error can be normalized in two different ways [270,278,280]. On the one hand, a
normalization based on LOESS regression, using quality control samples, which are
measured at least every ten, in the present work every three samples and are usually
composed of a pool of all samples or a certified reference material is possible [270,278,280].
On the other hand, a normalization based on internal standards spread over the entire
retention time range is possible [270,278,280]. For this purpose, software programs already
exist, which search for the appropriate internal standard for each lipid. Due to the fact that
internal standards are often very expensive or difficult to obtain, in most cases one standard
per lipid class is sufficient [270]. It is recommended to use isotopically labelled lipids as

internal standards, as they elute simultaneously and have the same properties [280].

For shotgun lipidomics also one internal standard per lipid class is sufficient, since no
chromatographic separation has been performed before, which could have an influence on
the lipids due to changing the composition etc. of the mobile phase and therefore only the
polar head group is decisive for ionization. However, the selection of the appropriate internal
standards is still a great challenge and an expensive issue, so that in metabolomics and
lipidomics studies a relative quantification is usually preferred instead of an absolute
guantification. Relative quantification is based on the relationship between the lipid and its
internal standard between two samples without knowing the exact content [269]. In this
context, the use of LC chromatography offers the advantage that individual lipids elute within
their lipid class, just like the corresponding internal standard of the corresponding lipid
class [270,278,280]. In contrast to shotgun analysis, which uses ion peak intensities for
guantification, LC-MS analysis mainly uses chromatographic data, such as peak areas, so
that a more accurate quantification is possible [282]. An interesting approach to avoid the
cost of isotopically labelled internal standards is the lipidome isotope-labelling of
yeast (LILY) approach, which grows yeast in 3C-labelled medium so that the whole yeast
lipidome is 13C-labelled [270,278,302]. The main advantage of this approach is the existence
of a labelled standard for each individual lipid as long as it is the same organism. However,
in order to quantify *3C-labelled lipids accurately, they must be compared once with known
concentrations of unlabelled equivalents. This means that unlabelled standards have to be
commercially purchased once, which makes this method less feasible [278]. The
normalization in the present work was a combination of different strategies. First of all, the

MS-DIAL alignment algorithm was used, before the aligned data set was normalized based
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on a QC sample and the LOESS algorithm. In a next step an in-house developed R based
script was applied for the calculation of the best fit of used internal standard and detected
feature. This output list was implemented into MS-DIAL, normalizing the raw data with a
combination of LOESS algorithm and internal standard. In a final step, the cell counts of
every sample were taken into account, resulting in a LOESS, IS and cell count normalized
data set (Figure 56).

~
sCreation of a reference table based ona QC sample
eCreation of a peak table
Processing by | *Screening for missing values
MS-DIAL Filling of missing values with mean m/z and retention time
~
eNormalization based on a representative quality control sample and the LOESS algorithm
Normalization by
LOESS algorithm
~
#The R-script looks for the least difference between the lipid and the analysed internal standard
IS assignment | *Creation of a table with the assigned internal standards to all detected lipids
based on a R-
script
~
eEntering the list of the assigned internal standards into MS-DIAL
Combined eNormalization based on a combination of the previous LOESS algorithm and the assigned internal standards
normalization of
LOESS and IS J
~
sExtraction of the normalized table
v sTransfering into excel
m».e :el eNormalization of the LOESS and IS normalized data based on the determined cell counts of the cell extracts
number
Figure 56: Workflow of the normalization process : In the first step, the data was evaluated using MS-DIAL.

The second step normalized the aligned data with LOESS algorithm, based on a QC sample. An in-house
created R script determined the best fit of internal standard and detected feature in step three, followed by a
combined normalization of LOESS and internal standards in step four. Finally, the data set was corrected for
the cell counts of each sample as step five

Nevertheless, we still do not know the exact number of lipids in an organism and we do not
know whether we will ever detect all of them. It is estimated that 50% of the features of an
untargeted analysis are previously unknown lipids and identification is more than time
consuming and difficult due to the high diversity of lipids. Therefore, bioinformatic software
tools are absolutely essential for data evaluation as well as statistical analysis, such as
multivariate analysis, like Principal Component Analysis (PCA) [281,297,303], Partial least
squares-discriminant analysis (PLS-DA) or Orthogonal partial least squares discriminant
analysis (OPLS-DA) [281,303], because univariate statistics only consider single lipids and
not the complex interactions [297]. A first step in the right direction is definitely the
standardization of processes, starting with the nomenclature and classification developed
by LIPID MAPS [271,272,297,300] and continuing with the standardization of the whole

lipidomic workflow through guidelines and data quality assessment by the Lipidomics
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standards initiative (LSI) [278,300]. Once all problems of annotation, standardization,
automation and quantification are solved, Lipidomics will be a powerful analysis tool for

clinical studies, personalized medicine, etc. [278].
1.7. Future

Of course, the goal should be to interpret both sub-omic areas, lipidomics and metabolomics
together, but it should not be ignored that both analyses provide two different and complex
data sets [142], which means that identification still remains a challenge and are thus the
bottleneck of metabolomics [127]. A step in the right direction would be the development of
a sample preparation which is not only automated and fast for high-throughput analysis, but
also quantitative and standardized, which would make it easier to create the missing
databases across research groups [138]. In addition, large scale data sets also require an
excellent chemometric and statistical evaluation strategy [125]. In future research, the
implementation of a further separation dimension, such as ion mobility spectrometry (IMS),

should also be considered to increase the identification of unknown metabolites [154,257].
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Figure 57: lon mobility mass spectrometry : The ion mobility separates different compounds based on their
shape and size, which enables even the separation of isobars and offers a further separation dimension.
Reprinted with permission from Hoffmann et al. [304]

IMS brings a further separating dimension [270,282,305], as molecules are separated on
the basis of their shape and size [278,297,306,307], including isobaric
analysis [300] (Figure 57). This is important for the analysis of triacyl-glycerides (TAGS), for
example, because many of them have identical masses [300]. Both techniques, shotgun
and LC-MS are compatible with IMS. Nevertheless, the dynamic range of a mass analyser

is smaller than the concentration range to be analysed [155].
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2. Aim of the work

lonic liquids are widely used in industry as green solvents, even though the toxicity of them
to the environment is not fully known and the mechanisms behind are not understood.
Therefore, the aim of the study was to investigate the toxicity of selected common ionic
liquids or respectively the mechanisms, which can explain the toxic effects on mammalian
cells as a correlation to humans. The first step was to determine the ECso values of various
mammalian cell lines, HCE, CHO and Hela cells, as indicator of the toxicity. A colorimetric
cell assay with a redox reactive dye was used for the evaluation of the ECso values by
fluorescence measurement. Based on these results, the fluorescence units were correlated
with the cell number. The corresponding ECso value was calculated by a computerised

iteration of the least squares of measured and predicted values.

To gain a deeper understanding of the mechanisms describing the toxic effects, the
objective in a second study was the development of a fast and highly sensitive LC-MS/MS
method for the analysis of the metabolic profile of mammalian cells. For this purpose, the
optimal stationary phase for the liquid-chromatography separation of metabolites was
needed to be defined. As the analysis of the metabolome was initially focused on the
substance group of amino acids, as one of the most important substance group of an
organism, different stationary phases for HILIC chromatography were investigated. By the
reason of the comparison of different sized columns with different stationary phases based
on their performance using a QTOF mass analyser, a compound used as void volume
marker compatible with MS detection was evaluated to establish the best suited HILIC
column for amino acid analysis in terms of retention time, peak shape and sensitivity. The
amino acids were chosen as target metabolites for the metabolic profile. They are involved
in a huge number of metabolic pathways, are part of various compounds and are building
blocks of proteins within an organism. On the contrary, other metabolites could also be part
of the toxic effect of ionic liquids. Hence, the aim was to develop a LC-MS/MS method that
would combine targeted and non-targeted analysis of the metabolome in one analysis to
achieve the best sensitivity for the amino acids, but gaining also some knowledge about the
concentrations of other metabolites in treated cells compared to control samples. MSE or
MSALL would have been an alternative to reach this goal. However, the correlation of
precursor and fragment masses are quite difficult with these approaches. Therefore,
SWATH acquisition in combination with a QTOF mass analyser was used for combining
targeted and untargeted analysis. In comparison to MSE and MSA- the SWATH acquisition
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divides the entire mass range into so called precursor isolation windows (for MS?), with fixed
mass ranges of for example 25 Da. This allows better alignment of precursor and fragment
masses, due to a limited mass range within one window. In particular the second generation
of SWATH acquisition, SWATH 2.0, with variable window sizes offered the possibility to set
the window sizes as small as possible, that only one amino acid will be scanned and wide
windows for the remaining metabolites. That means, for the amino acids optimal measuring
conditions and the highest sensitivity can be achieved. Further, the precursor masses can
easier be aligned to the fragment masses. Nevertheless, all other metabolites of the cell
metabolome are still detected with good sensitivity regarding their precursor and fragment
masses. Even though, we were focused on the amino acids, we could look into the profile
of carbohydrates for example even after months/years the analysis was performed without
the need of taking and analysing a new sample.

First results within the ECso determination leads to the perception that some ionic liquids

cause formation of intracellular lipid droplets in HCE cells (Figure 58).
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Figure 58: Formation of lipid droplets : HCE cells showed formation of lipid droplets within the cells during
ionic liquid treatment

- Lipid droplets

Further investigations on these findings were started in a new project, which was focused
on the lipid profiling of HeLa cells. As the lipidome contains a huge number of lipids with
different characteristics, a new approach for the best suited extraction solvent and protocol
to extract the highest number of lipids was developed and finally a one-phasic extraction
protocol was applied. The most interesting point was to find out why in previous experiments
only some ILs formed lipid droplets and what could be the mechanism behind. Therefore, a
LC-MS/MS lipidomics study was arranged as time-dependent study, where HelLa cells were
treated with different ionic liquids and concentrations above their ECso concentrations, for 8,
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16 and 24 hours. Afterwards, the cells were extracted and analysed using an adapted
already published LC-MS/MS method with SWATH 2.0 acquisition. The biggest challenge
of this project was to process and align the large data sets, measured on different days,
using one internal standard per lipid class instead of one per lipid. In addition, the data sets
need to be compared with databases to identify unknown lipids and to form initial hypotheses
about the toxicity mechanisms. Therefore, a strategy for data evaluation needed to be
developed. Regarding different factors, which impact the results due to above mentioned
circumstances, renders a carefully planned normalization strategy of the data necessary.
For example, different numbers of cells die during the toxic effect of the ionic liquids during
the treatment of the cells. Also, sample preparation time does not allow the analysis of all
samples at the same time, but as the lipids are sensitive to oxidation, they need to be
analysed immediately after sample collection. Therefore, the analysis in different batches
on different days were unavoidable, dramatically increasing the need for an alignment
workflow as part of data evaluation in form of a visual basic script (VBA). This alignment
strategy correlates m/z values and retention times of compounds detected in different
batches to compensate inter-batch variations caused by external influences such as
temperature changes or changes in the composition of the mobile phase, etc. during the
different LC-MS/MS analyses.

At the end, the normalization strategy was implemented into the data evaluation workflow
for data base comparison and identification of unknown lipids using MS-DIAL and the data

was afterwards aligned.

In summary, within the present work, an analytical setup was established to determine ECso
toxicities values of various ionic liquids evaluated in three different cell lines, as well as to
investigate toxicity mechanisms of the ionic liquids by a metabolic fingerprinting method,
combining targeted metabolomics of amino acids and untargeted metabolomics.
Furthermore, the first hints of toxic mechanisms could be studied by lipidomic profiling of
HeLa cells using a developed data evaluation process linking normalization and alignment

of the data sets for hypotheses generation and identification.
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3. Results and Discussio n

3.1. Effect of ionic liquids on zebrafish (Danio rerio) viability, behaviour , and

histology; correlation between toxicity and ionic liquid aggregation
3.1.1. Abstract

The effect of eleven common amidinium, imidazolium, and phosphonium based ionic liquids
(ILs) on zebrafish (Danio rerio) and Chinese hamster ovary cells (CHO) was investigated
with specific emphasis on the effect of anion and cation chain length and aggregation of
phosphonium based ILs. Viability and behavioural alteration in the locomotor activity and
place preference, after IL treatment of 5 days postfertilization larvae, was recorded.
Behaviour and histological damage evaluation was performed for adult fish in order to get
insight into the long-term effects of two potential biomass-dissolving ILs, [DBNH][OAc] and
[P4441][OAC]. To get an understanding of how IL aggregation is linked to the toxicity of ILs,
median effective concentrations (ECso) and critical micelle concentrations (CMC) were
determined. The long-chain ILs were significantly more toxic than the short-chain ones, and
the anion chain length was shown to be less significant than the cation chain length when
assessing the impact of ILs on the viability of the organisms. Furthermore, most of the ILs
were as monomers when the ECso was reached. In addition, the ILs used in the long-term
tests showed no significant effect on the zebrafish behaviour, breeding, or histology, within

the used concentration range.
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Figure 59: Graphical Abstract : Effect of ionic liquids on zebrafish (Danio rerio) viability, behaviour, and
histology; correlation between toxicity and ionic liquid aggregation
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3.1.2. Introduction

lonic liquids (ILs, Figure 60) are composed solely of cations and anions and are defined as
salts with melting points below 100 °C.
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Figure 60: lonic liquids : Chemical structures of ionic liquid cations and anions

They have received much attention due to their unique chemical and physical properties.
ILs are often quoted as having low vapor pressures, low flammabilities and they are
thermally and chemically stable, therefore they are widely used in various pharmaceutical
and industrial applications, such as catalysis, organic synthesis, extractions,
electroseparations, hydrometallurgy [4,308,309],and importantly for cellulose dissolution
and in wood extraction [310]. Despite the fact that their low vapor pressures minimize the
impact of ILs on the atmosphere, their effect on water ecosystems and furthermore towards
different aquatic organisms cannot be ignored or underestimated. Depending on the
lipophilicity and alkyl chain length, the direct interaction between ILs and biological
membranes might lead to bioaccumulation, induce disruption and leakage, and eventually
even lead to cell death [311]. Imidazolium based ILs have been under investigation in many
studies [8] but recently amidinium and guanidinium based ILs are becoming more widely

used due to their recyclable structures for cellulose and hemicellulose
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processing [312i 314]. Despite many studies regarding IL cation effects toward various
systems, there are only a few studies concerning the IL anion and especially the anion chain
length. Muhammad et al. have shown that the cytotoxicity slightly increases when the anion
chain length is increased using cholinium carboxylate ILs [38] while the group of Hartmann
has shown that cholinium carboxylates were unable to cause serious cell damage to fungal
plasma membrane, even at concentrations leading to cell death [21]. Yang et al. have shown
that [P4444]* carboxylate ILs (C < 20) can have strong hydrogen-bond basicities and relatively
low viscosities and are therefore a good option for various extractions [315]. Moreover, Abe
and co-workers have recently focused on ILs with tetraalkylphosphonium cations together
with carboxylate anions and their ability to dissolve cellulose [316]. By increasing the anion
chain length instead of the cation chain length, the unique biomass dissolving capabilities of
IL could possibly be maintained while decreasing the toxicity of the IL. In recent years there
have been studies on the toxicity of ILs on different cells, aquatic organisms, and other
biological systems. These are extensively reviewed in reviews by Bubalo et al. [9],
Egorova etal. [13], K u et gl.454], and Amde et al. [37]. Most of the ILs are water-soluble
and therefore the ILs can potentially cause health risks to the environment due to accidental
leakage. Different organisms are affected differently and one compound being toxic to one
organism can be harmful or nontoxic to another [26]. Fish are one of the most widely
populated species in the aquatic food chain. Therefore, it is relevant to assess the toxicity
of ILs also to fish when evaluating the toxicity of ILs on the aquatic ecosystem. Zebrafish
are one of the most used test animals among vertebrates due to their easy maintenance,
low cost, and rapid development of transparent embryos, however there are only few studies
concerning the impact of ILs on fish. Pretti et al. have studied the impact of 15 ammonium
based ILs [317] and 18 ammonium, morpholinium, thiophenium, and sulfonium based
ILs [11] on zebrafish. In addition, the toxicity of tetrabutylammonium bromide ([N4444]Br) on
4 days old zebrafish [318], the effect of 1-methyl-3-octylimidazolium hexafluorophosphate
(Jomim][PFsg]) on the reactive oxygen species and on DNA damage in zebrafish [31], and the
effect of 1-decyl-3-methyimidazolium bromide ([Ciomim]Br) on the antioxidant enzyme
system and DNA in zebrafish [319] have been assessed. Furthermore, some
immunomarkers of three-spined stickleback after treatment of four phosphonium based ILs
have been determined [41] and the toxicity of two aromatic phosphonium based ILs on

guppy fish have been studied [320].
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Eleven different ILs with varying cation (hereafter called cationic ILs) or anion (hereafter
called anionic ILs) structures and alkyl chain lengths were chosen based on our previous
studies [22]. The zebrafish embryos were treated with ILs for five days and the effect of ILs
on the viability of the embryos was determined. In order to evaluate long-term impact of two
interesting biomass-dissolving ILs, i.e. [DBNH][OAc] and [P4441][OAc], on the zebrafish, the
fish development and behavioural alterations (locomotor activity, boldness, and
aggressiveness) were monitored. Furthermore, histological examination was performed on

liver, gills, intestines, and gonads.

In order to get a further insight into the impact of the ILs on the fish the median effective
concentrations (ECso) of the ILs were determined using Chinese hamster ovary (CHO) cells.
CHO cells are ideal models for mammalian cells and they are commonly used in biological
and medical applications, especially in ECso determinations, due to their rapid growth, low
chromosome number, and clear karyotype. Furthermore, they are frequently used as a host

cells for therapeutic proteins [321].

For gaining a deeper understanding of how the chain length and aggregation of the ILs are
related to their toxicity, the critical micelle concentrations (CMCs), were determined for the

ILs capable to form aggregates.
3.1.3. Experimental Section

Detailed information on the chemicals used and on the preparation of ionic liquid samples
and used buffers can be found in Supporting Information (SI) on page 105-106. 1-Ethyl-3-
methylimidazolium acetate [emim][OAc] (purity > 98%) and tributylmethylphosphonium
methyl carbonate solution (purity >95%, 80% w/v in methanol) were purchased from loLiTec
GmbH (Heilbronn, Germany). 1,5-Diazabicyclo(4.3.0)non-5-enium acetate [DBNH][OACc]
was synthesized according to our previous article [314]. Tetrabutylphosphonium acetate
[P4444][OAC], tributyloctylphosphonium acetate [Ps444][OAC] and
tributyl(tetradecyl)phosphonium acetate [P14444][OAc] were synthesized by anion metathesis
described in previous articles [22,310]. Tributylmethylphosphonium acetate [Pa441][OAC],
tributylmethylphosphonium hexanoate [P4441][CsH11COO], tributylmethylphosphonium
decanoate [P4441][CoH19COO0], tributylmethylphosphonium tetradecanoate
[P4441][C13H27COQ], tributylmethylphosphonium hexadecanoate [P4441][C15H31COO], and
tributylmethylphosphonium octadecanoate [P4441][C17H35COQ], were synthesized from

tributylmethylphosphonium methyl carbonate.
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The appropriate Brgnsted acid (1.0 equiv) was added to the starting material at room
temperature to yield the corresponding anion exchange salt. The mixture was stirred
overnight, rotary evaporated to remove methanol and kept under vacuum for 2 hours at
40 Cor ffemoval of trace solvent impurities. Metathesis was determined to be complete
and the purity was assessed using 1H NMR (300 MHz Varian spectrometer) as shown in
Supporting Information (Sl Figure S1 -Figure S6). The synthesized ILs were stored at room

temperature.
3.1.3.1. Animals

Zebrafish of the Turku line [3227 324] were fed, bred, and maintained according to an
established protocol [325]. Fish were used right after fertilization (n = 2250), 2.5 months post
fertilization (mpf, n = 48), and 5 mpf (n = 48). The permits for the experiments were obtained
from the Office of the Regional Government of Southern Finland in agreement with the

ethical guidelines of the European convention.
3.1.3.2. Toxicity Analysis of Zebrafish

Zebrafish embryos from at least four different fish pairs per batch were collected right after
fertilization and transferred in groups of 30 to 6-well plates with IL solutions. Two
concentrations were chosen of all ILs based on some commonly used toxicity ranges (United
Nations globally harmonized system of classification and labelling of chemicals; acute
toxicity toward aquatic environment) [326]. ILs were added as follows: 1 and 100 mg-L* of
[emim][OAc], [DBNH][OAC], [P4441][OAcC], [P4444][OAc], [Ps444][OAc], [P14444][OAC],
[P4441][CsH11COQ], and [P4441][CoH19COO] in 3 mL of E3 medium and 1 and 10 mg-L™? of
[P4441][C13H27COO0], [P4441][C15H31COOQ], and [P4441][C17H3sCOQ] in 3 mL of E3 medium.
Different concentrations were used for ILs containing tetradecanoate, hexadecanoate, and
octadecanoate anions due to precipitation of ILs at concentrations above 10 mg-L*. Each
well plate contained a control group and the plates were incubated at 28 °C and illuminated
for 14 hours per day. ILs were changed daily and dead fish were removed from the plates.
The phenotypic malformations and mortality of the embryos were noted 10 min after IL
addition and after 24, 48, 72, 96, and 120 hours after IL addition. All measurements were

performed as triplicates (90 embryos per one IL concentration).
3.1.3.3. Behavioural Assay

In order to get an insight into the behavioural alteration of the zebrafish, the locomotor

activity of 5 dpf larvae (n>16) was recorded for 10 min. In addition, long-term impact of

91



[DBNH][OACc] and [P4441][OAc] ILs on the behaviour of 2.5 mpf zebrafish (n=16 per IL group)
was estimated by assessing differences in locomotor activity (1 7 11 min after fish addition),
aggressiveness (1 7 11 min and 30 i 40 min after novel object addition), and boldness
(17 11 min and 307 40 min after fish addition) of zebrafish. All data were analysed with the
EthoVision software (Noldus Information Technologies) as described earlier [327]. Detailed

information can be found in the SI, page 108-109.
3.1.3.4. Histological Examination

To reveal possible effects of ILs on reproductive organs, liver, gills, and intestines, a
histological examination was conducted for [DBNH][OAc]- and [Pa441][OAc]- treated IL
groups and for a control group. An invert light microscope, Leica DM IRB, with Leica
Application Suite, Multifocus option (Leica Microsystems GmbH) was used to visualize and

acquire pictures of the zebrafish organs. See Sl for details (page 109-110).
3.1.3.5. Cell Culture Preparation

CHO-K1 cells were growninT-f | ask with Hamdéds F12 containing

can be found in the Sl on page 110.
3.1.3.6. Determination of Critical Micelle Concentration

The CMC determinations in water, in sodium phosphate buffer, and in E3 medium, were
performed with a contact angle meter (CAM 200 Optical Contact Angle Meter, Biolin
Scientific, KSV Instruments, Finland) using an optical pendant drop method. In comparison,
the CMCs for the anionic ILs in water were determined by capillary electrophoresis (CE)
using a Hewlett-Packard 3PCE system (Agilent, Waldbronn, Germany). More details can be
found in SI, page 111. The methods are described in more detailed in our previous
articles [22,328].

3.1.4. Results and Discussion
3.1.4.1. Viability of Zebrafish Embryos

The impact of cationic and anionic ILs on the viability of zebrafish embryos and larvae was

assessed by growing the fish in IL solutions for 5 days post fertilization, shown in

Sl Figure S7. All measurements were repeated three times and the errors are given as

standard error means (SEM). Two-way RM ANOVA with Dunnettdos mu
was used to assess the significance of the IL treatment on fish viability (time x treatment
interaction, 2-way RM ANOVA, p < 0.0001, Figure 61A, B, and D).
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Figure 61: Viability of zebrafish embryos: Two-way RM ANOVA with Dunnettds mul i
Time x treatment interaction, p < 0.0001, n = 30 at initial time point. Results are presented as mean + SEM.

***n < 0.001 and ****p < 0.0001. A) Effect of 1 mg-L* cationic ILs. B) Effect of 100 mg-L cationic ILs. C) Effect

of 1 mg-L? anionic ILs, and D) effect of 100 mg-L1 ([P4441][Cn H2n+1C O O] ; n O 9) land 1
([P4441][Cn H2n:1C O O] n O 13) anionic ILs on the viability of

postfertilization

Results for cationic ILs are shown in Figure 61A (1 mg-L*) and Figure 61B (100 mg-L') and

results for anionic ILs are shown in Figure 61C (1 mg-L™*) and Figure 61D (10 mg-L* for
([P4441][CnH2n+1CO0] ; n O 13 dfodPsdaf]l@GH2mG0O0O] ; n O 9). I n a
results are summarized in Table 1.
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Table 1: Critical micelle concentrations and EC

s0 values : Of ILs, and significance of ILs on zebrafish malformation

CMC (mg-L?) [mM]

ECso (Mmg-L™) [mM]

Significant malformation®

Optical pendant drop method CE Zebrafish? CHO cells®
water Sodiunglﬂ?é)rsphate E3 medium water 1mg-L? 10 mg-L'* 100 mg-L?

[P14aaa][OAC] (o.ggsito.gm) (0.13428;01.33) (0.3315032) nd <1 (0.02(5?51 : 823(5319) mild* nd dead
[Poscl[OAC] Grohssot) (nsRiia  (r3:295) nd <100 ©.14 2001 No nd mild*
[Passe][OAC] 91(%3 : %33 nd nd nd > 100 (11989 ffgg) No nd No
[DBNH][OAC] nd nd nd nd > 100 (%3_35516 N 48_22) No nd No
[emim][OAc] nd nd nd nd > 100 (19687_%; : é_317§) No nd No
[Passr][OAC] 82(23‘7‘ : ﬁ;’e nd nd nd > 100 (3?22 : 5?800) No nd No
[P4441][CsH11COO] 2381282223 i 7 nd nd nd > 100 (3.26059 ii fg% No nd severe**
[Paaar][CoH1COO] (3.13591 %f‘fz) (73823;0.6157) nla 1889 (4.86) <100 (0?5021 fo?igg) No nd dead
[Paaar][CrsH27COO] (fgg : 3.1266) (1§23f fégg) nla 1014 (2.28) > 10 (0.13793 :0922) No No nd
[Paaar][C1sHa:COO] (0?7302 foﬂ.rgs) nla nla 662 (1.40) > 10 (04.8% : 5.5574) No No nd
[Paaar][C17Ha7COO] (0_379; 505.4111) nla nla 301 (0.60) > 10 (1_63743 fﬁo) No No nd

nd i not determined; n/ai determined, but no data obtained

2after 5 days of IL treatment

bafter 24 hours of incubation with ILs

‘two-way ANOVA with Dunnett's multiple comparison test (*p<0.05 and **p<0.01)
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100 mg-L* of [P14444][OAc] was lethal to all embryos within 10 min ( Figure 61B) and after
48 hours a concentration of 1 mg-L™? of the IL had a significant effect (***p < 0.001) on the
fish, decreasing the fish number to 21 (Figure 61A). Furthermore, only O - 5 fish were alive
after 120 hours of treatment with 1 mg-L* of [P14444][OAc], indicating that the median
effective concentration (ECso) value, after 5 days of treatment, was < 1 mg-L. The ECso is
defined as a concentration which causes 50% of the desired effect on the test group. Due
to the low ECso, [P14444][OAc] can be assigned to category Acute 1 of the united nations
globally harmonized system (GHS) of classification and labelling of chemicals [326],
indicating high acute toxicity. After 96 hours post treatment 100 mg-L* of [P4441][CoH19COO)]
and [Ps444][OAC] were lethal to all the embryos (****p < 0.0001) (Figure 61B and D) but not
toxic at all when embryos were treated with a 1 mg-L! concentration of the ILs (Figure 61A
and C). In addition, referring to the GHS, [P4441][CoH19COO] and [Ps444][OAc] are hazardous
to the aquatic environment, and belong to category Acute 2 (1 mg-L*<ECs0 O 10 Hng L L
or 3 (10 mg-L?<ECs0 O 100 )nidpd].LThe lethal effect of [P4s41][CeH16COO] and
[Psa44][OAC] occurred after 24 hours and after 72 hours post treatment, respectively,
indicating that [P4441][CoH19COQ] is penetrating faster into the embryo chorions killing the
embryos. Therefore, [Pa441][CoH19COO] can be considered to be more toxic than
[Ps444][OAC], which initializes larvae mortality after the larvae are hatched from their
protecting chorions. Most of the zebrafish embryos hatch from their chorions during the third
day postfertilization [329], causing the embryos to be in direct contact with their environment.
It has been shown that e.g. cationic polymers of high molar weights [330] are blocked by the
chorions, which delay their toxic impact. It is inevitable that the long alkyl chain with
increasing hydrophobicity is affecting the toxicity of the ILs by making the substances more
penetrable to the larvae. Even though it is known that the cation structure is more relevant
than the anion moiety when assessing the toxicity of ILs [10], hydrophobic anions with long
alkyl chain lengths can in addition penetrate into the organism. This can furthermore cause
cell damage and death. Long anionic ILs ([P4441][ChH2n+1C O O] n O 13) did no
significant effect on the viability of the zebrafish embryos and larvae during 5 dpf, which is
due to the low concentrations used (precipitation occurred at concentrations above
10 mg L1). The rest of the ILs did not have any significant effect on the viability of the
zebrafish during 5 dpf at the tested concentrations, indicating that the ECso values of the
l ong al kyl chained ani oni ¢ ‘@ above 100 jng-LU'fosresive r e
of the anionic ILs.
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3.1.4.2. Effect of ILs on Zebrafish Larval Malformations

The effect of ILs on the malformation in the fish phenotype was assessed by dividing all the
5 dpf fish into three groups by their phenotypic malformations (SI Table S1): no
malformations, mild malformations, and severe malformations (S| Figure S8A, B, and C,
respectively). The group exhibiting mild malformations had bent tail, short trunk, mild
deformation in the head area, yolk sac edema, and pericardium edema, while the group with
severe malformation had severely defective (short and curved) trunk development,
truncated tail, small eyes, deformations in the head area, and yolk sac edema. The effect
on the phenotype of the 5 dpf larvae could not be assessed for the most toxic ILs (100 mg-L?
of [P14444][OAc] and 100 mg-L* of [P4441][CoH1eCOQ]) due to their lethal impact. Two-way
ANOVA wit h Dun comparisbrstestmuad used o hssess the significance of the
IL treatment on the fish phenotype. The total number of fish (n) included into the assay after
5 days of IL treatment is given in the brackets. Long alkyl chained [P14444][OAc] at 1 mg-L?
and [Ps444][OAc] at 100 mg-L* caused mild malformation on the larvae (two-way ANOVA
*p < 0.05; n = 10 and **p < 0.01; n = 7, respectively) and 100 mg-L* of [P4441][CsH1:COOQ],
which had the highest concentration of the anionic ILs, was the sole IL causing severe
malformation on the zebrafish larvae (*p < 0.05; n = 120). Furthermore, long alkyl chained
ILS ([P4441][C15H31COO] and [P4441][C17H35COOQ]) caused mild and severe malformations on
the fish, however the results were statistically insignificant and they can as well be caused
by biological variance in addition to the effect of ILs. The results are summarized in Table 1.
The ILs causing malformations were also the most lethal ones towards zebrafish, thus

explaining the low amount of fish included in the assay.
3.1.4.3. Behavioural Analysis

Different species exhibit several syndromes, which maintain individual differences in
behaviour as an outcome of natural selection [331]. These differences reflect heritable,
fundamentally different alternative strategies to cope with environmental changes.
Aggressive individuals show an active response to an external stimulus, whereas non-
aggressive individuals adopt a passive strategy. However, different external alterations may
have an impact on the behaviour of individuals. Aggression-boldness syndrome has been
described in many animals, such as mammals [332], birds [333], and fish [334i 337].
According to aggressive-boldness syndrome, animals that are more aggressive will, in
addition, be bolder and more explorative in novel environments. Zebrafish possess also this

correlation between aggressiveness and boldness and is exhibited by both sexes [337]. In
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this study the effect of ILs on the behaviour of zebrafish was assessed. First the effect of ILs
on the locomotor activity of zebrafish was tested using 5 dpf larvae and secondly 2.5 mpf
fish, treated 5 days post fertilization with [DBNH][OAc] and [P4441][OACc] in concentration of
100 mg-L, were chosen for further studies. [DBNH][OAc] and [P4441][OAc] were chosen to
the long-term tests due to their excellent biomass dissolving potential. [DBNH][OAc] has
been shown to dissolve high concentrations of cellulose at moderate temperatures.
Moreover, the cellulose could be afterwards spun into fibres with excellent mechanical
properties, thus making them suitable as a reinforcing material in composite structures and
for textile applications [314,338,339]. The [Pa441]* cation, on the other hand, is promising for
wood dissolution and [P4441][MeSO4] has been shown to dissolve lignin efficiently [340]. In
addition, to locomotor activity measurements, aggressiveness, and boldness were assessed

using different measurement protocols.
3.1.4.3.1. 5 dpf larvae

Fish treated with 100 and 1 mg-L' of [P14444][OAc], 100 mg-L! of [Ps4a4][OAc], and
100 mg-L* of [P4441][CoH19COQ] were not included in this study because they were dead or
dying. From the swimming patterns, total and maximum distance moved, turn angle, angular
velocity, and turns per distance (meander) were measured. All errors are given as SEM and
all measurements were repeated three times. IL-treated zebrafish larvae did not experience
any major effects after the IL treatment. However, larvae, grown in 100 mg-L* of [P4441][OAC]
solution, swam 30 % shorter distance in total (38.38 = 11.11 cm, n = 237 78, **p < 0.01,
Sl Figure S9, top right graph) than the control fish. Larvae grown in 10 mg-L?! of
[P4441][C13H27COO] solution swam 23 % longer continuous distance (0.14 + 0.05 cm,
n=2171 73, *p <0.05) than the control larvae (S| Figure S9, bottom right graph). However,
there were no significant effect on the other behavioural tests (turn angle, angular velocity,
and meander) indicating that the ILs did not have any significant impact on the locomotor

activity of zebrafish larvae.
3.1.4.3.2. 2.5 mpf fish

In all behavioural analysis frequency (how many times fish initialize movement), total
duration at the zone, total and maximum distance moved, and latency of first occurrence at

the zone were recorded for 10 minutes.

In the locomotor activity analysis (Figure 62Ai) the tanks were divided into three different

zones and the swimming patterns were recorded 2 minutes after fish addition. All fish spent
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most of the time at the outer zone near the tank wall, due to their natural survival instinct,
and there were no significant differences between the IL-treated groups and the control
groups (Figure 62B). Boldness of the zebrafish was assessed measuring time spent close
to novel object using a protocol from Wright et al. [341]. In the novel object analysis the fish
activity was measured from two different zones (seen in Figure 62Aii), right after the novel
object was added (15 minutes after fish addition) and after 30 minutes of novel object
addition. Fish spent more time in the zone away from the novel object, as expected,
indicating a cautious approach towards new objects but no signs of aggressive behaviour.
Furthermore, there were no significant differences in the fish behaviour between the IL

treated groups and control group (Figure 62C).
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Figure 62: Assessing the aggressive -boldness syndrome of 2.5 mpf zebrafish : Graphed values are

means + SEM. A) Schematics of tanks used to measure IL effect on fish i) locomotor activity, ii) novel object

boldness, and iii) aggressive behaviour. B) Total duration spent in different zones when assessing the

locomotor activity. One-way ANOVA test with Dunnettds mutype,ingFl8e ¢ o myg
[DBNH][OAC], and n = 13 [P4441][OAc]. C) Total duration spent near the novel object when assessing the novel

object boldness. One-way ANOVA test with Duson é&gsttnd=sl2 wild-tygejmpd ® comp
[DBNH][OAc] and n = 12 [P4441][OAc] (1 7 11 min. period); n = 14 wild-type, n = 10 [DBNH][OAc] and n = 13

[Pa441][OAC] (30 T 40 min. period). D) Total duration spent and latency of first occurrence near and far from the

mirror when assessing the zebrafish aggressiveness. Kruskal-Wa | | i s test with Dunnés mul
n = 12 wild-type, n = 7 [DBNH][OAc] and n = 13 [P4441][OAc] (1 7 11 min. period); n = 8, n = 9 [DBNH][OACc],

and n = 11 [P4441][OAC] (30 i 40 min. period)

To assess the aggressiveness of the zebrafish a protocol from Norton et al. was
applied [335,342]. Fish are unable to recognize their own mirror reflection and therefore they
attack the mirror as if they would recognize an intruder [343]. In the mirror assay

(Figure 62Aiii)) the swimming patterns were measured after 1 and 30 minutes of
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familiarization. All fish spent more time in the mirror zone and no significant changes were
seen in the behaviour, except for fish treated with [DBNH][OAc]. The latency of first
occurrence in the mirror zone was significantly lower for [DBNH][OAc]-treated fish than with
control fish (Figure 62Diii, p*<0.05), however, the total duration of [DBNH][OAc]-treated fish
spent in the mirror zone was not different than with the control fish, indicating that the total
effect of [DBNH][OAc] on the zebrafish was insignificant. In addition, control fish occurred

more likely in the mirror zone after fish addition than the rest of the groups.
3.1.4.4. Histological Examination

Due to the small amount or the lack of spawning with IL-treated fish (see Sl, page 113-114),
the histological examination was concentrated on gonads. In previous works, ILs have been
shown to effect skin, gill, and intestine of gold fish at various developmental
stages [344,345]. Therefore, gills, intestines, and liver were photographed and examined.
The stages of the whole ovaries were assessed and postovulatory follicles (POF) were
searched. At the post spawning state (female fish has ovulated) POFs appear. POFs are
remains of the ovarian follicles, shown in S| Figure S10, that occur in fish ovaries after
spawning. All zebrafish have similar spawning stages indicating that their ovaries should be
in similar stages when they are killed at the same time. All the control fish were at mid- or
latevitollegenic stage and all of them had POFs in the ovaries, indicating reproductive

capability.

The ovaries of [P4441][OAc]-treated fish were in the midvitellogenic stage and all contained
POFs. The ovaries of [DBNH][OAc]-treated fish contained slightly less matured oocytes but
all of them also contained POFs. There were no significant differences between the ovaries
of the control fish and the IL-treated fish. In addition, there was no change in the liver, gill,

or intestine tissue.
3.1.4.5. Cytotoxicity of lonic Liquids toward Chinese Hamster Ovary Cells

In order to evaluate the extent of IL toxicity, the ECso values were determined using CHO
cells. CHO cells are epithelial cells which grow as an adherent monolayer in culture. The
cell cultures were treated with various concentrations of ILs and the viability was measured
using an alamarBlue assay. The results are shown in Figure 63 and summarized in
Table 1.
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Figure 63: Cellular toxicity of ILs on CHO cells T ECsg values and CMCs : The cells were incubated for 24
hours with the selected ILs at various concentrations, and the cytotoxicity was assessed by an alamarBlue
assay after 2 hours of the alamarBlue addition. The marked area in the upper figure is enlarged in the lower
figure

Based on the GHS classification system [326] and the recently proposed classification by
Venturaetal.[53], the | L toxicity was classifiebt!,into
2 AtokloaegLY,1 3 fAmoder aitled mgLY)gxidc ofip(rladct i cal |
(100-1000 mg-L?Y) , and 5 @ har ml% $he mosttoxit ILDirOthisnsmyidy were

cationic [P14444][OAc] and [Ps444][OAc] (ECso = 2.5 + 0.85 mg-L*? and 54 + 2 mg-L71,
respectively) and they can be classified as it
the longest alkyl chain length was reduced to 4 ([P4444][OAC] and [Pa441][OAc]) the ECso
increased significantly making the I Ls | ess t
indicates that even a small increase in the alkyl chain length of the IL cation increases the

cell mortality and toxicity of the ILs. The results are in accordance with our previous study

when assessing the cytotoxicity of ILs on human corneal epithelial cells (HCE) and

Escherichia coli (E.coli) cells [22]. Anionic [P4441][C13H19COO] with same number of carbons
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in its longest alkyl chain as the most toxic [P14444][OAc] had over 70 times higher ECso value

(173 + 98mgL?Y) and could be <classified as fdApractic

chained [P4441][C15H31COO] and [Pa441][C17H3sCOO] had even higher ECso values
(461 + 257 mg Lt and 673 + 48 mg L), indicating that elongation of the alkyl chain length
in the IL anion has considerably less impact on the toxicity of ILs than elongation of the alkyl
chain length in the IL cation. This, therefore, highlights the importance of the location of the
hydrophobic chain when assessing the toxicity of ILs. Moreover, increasing the anion chain
length instead of the cation chain length might help to maintain the unique extraction

proper ti es of I Ls without increasing the | Lsbéo

results, some ILs (i.e. [P14444][OAc] and [P4441][CoH19COQ]) were noticed to be more toxic
towards zebrafish embryos than towards CHO cells. This can be explained by the difference
of the tested organisms. Even though, zebrafish embryos are used as a simple mammalian
model, they are much more complex than bare cells. The cytotoxicity of anionic ILs did not
increase as a function of alkyl chain length elongation. In order to figure out whether the
aggregation behaviour of the ILs affects their cytotoxicity, the CMC values of the ILs were
determined.

3.1.4.6. Critical Micelle Concentration

Addition of a surfactant above the CMC value leads to the formation of micelles of various
sizes depending on the used concentration. Due to the fact that ILs may have different
properties and interactions with lipid bilayers depending whether they are occurring as
monomers or aggregates, the CMC values were determined to all ILs that were able to form
aggregates (more information in Sl, page 115). The CMC values for the anionic ILs
(i.e. [P4441][CoH19COO0], [P4441][C13H27COO0], [P4441][C15H31COO], and [P4441][C17H35COQ])
were determined in water and in phosphate buffer using a contact angle meter (the pendant
drop method), as well as in water using a CE instrument. Furthermore, in order to get
information on whether the long anion alkyl chained ILs adsorb on the fused silica capillary
wall, the electroosmotic flow was measured using different concentrations of the ILs in
phosphate buffer (see SI, pages 1167 117). The CMC values for the cationic ILs, excluding
[emim][OAc] and [DBNH][OAc], which do not aggregate or the aggregation cannot be
determined by the methods used in this study, were determined in water (and in sodium
phosphate buffer and in E3 medium, in some cases) using the pendant drop method. The

CMCs are presented in Figure 63 and summarized in Table 1.
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The CMC values of anionic ILS ([P4441][CnH2:+1C O O] m E®mediym and long alkyl

chained anionic ILs ([P4441][ChH20+1CO0O] , n O 15) in sodium phosp!

determined because of precipitation in the

aggregated fast (see Sl Figure S11A), while ILs with relatively short alkyl chain lengths
(C 08, SI Figure S11B) did not show any abrupt decrease in their surface tension, which
indicates that, in addition of assembling at the surface of the drop, the additional monomers
aggregate to unspecified oligomers as shown before [328,346]. The aggregation of these
ILs seem to contain several different steps and therefore the term critical aggregation
concentration (CAC) describes the aggregation behaviour better than critical micelle
concentration. However, to simplify the text all critical aggregation values are called CMCs.
Moreover, the CMCs for ILs given in Table 1 are concentrations after which no change
occurs in the surface tension i.e. all additional monomers are aggregating or are included in

preformed aggregates.

CMC values obtained using CE were in good agreement with the values obtained by the
optical pendant drop method. However, the change in the current caused by the aggregation
is hardly distinguishable, especially with ILs having high CMC values and therefore the

optical pendant drop method is preferred.

The lower CMCs of the ILs in sodium phosphate buffer and in the E3 medium than in water
are caused by the increasing concentration of salt ions, which compress the electric double
layer surrounding the IL micelles reducing the repulsion between polar head groups and
stabilizing the aggregates [347,348]. The only exception is [P4441][[CoH10COO] which has a
slightly lower CMC in water than in sodium phosphate buffer. [P4441][[CoH16COO] and
[Pa441][[C13H27COOQ] both precipitated in the sodium phosphate buffer, which causes

uncertainty in the surface tension determination.

All'ILs, except [P4441][C15H31COQO] and [P4441][C17H35COO], had their ECso values below their
CMC values, indicating a direct sorption of ILs onto/into the CHO cells and zebrafish already
in their monomeric form. This is expected due to the fact that hydrophobic moiety of the IL
prefers a hydrophobic environment and is therefore easily penetrated into the lipid bilayer.
However, in the case of [P4441][C15H31:COQ] and [P4441][C17H35COOQO] the CMCs were lower
than the ECso values, indicating that the ILs, with chain lengths [P4441][ChH2n+1C O O] n
prefer self-aggregation over interaction with the cell walls, thus biasing the ECso towards

higher values making them less toxic.
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The results show the effect of various ILs, with varying cation and anion structures, on
zebrafish and Chinese hamster ovary cells. Cationic ILs with long alkyl chains,
i.e. [P14444][OAc] and [Ps444][OAc] and an anionic ILs [Paa1][C13H27CO2] and
[P4441][CoH19CO2] were the most toxic ILs. [P14444][OAC] and [Ps444][OAc] caused mild
malformations and [P4441][CsH11COOQO] at the highest concentration caused severe

malformation on zebrafish phenotype, indicating that they cannot be considered safe to the

aquatic environment . Most of the phosphonium
harmlessodo and {DB&M|] mMODRAOAcphncan be classified

There was no significant change in the behaviour of the 5 dpf zebrafish after IL treatment
and there were no significant alterations in the behaviour of [DBNH][OAc] and [P4441][OAC]
treated 2.5 mpf fish, indicating that the ILs did not reinforce aggressive or bold behaviour. In
addition, there was no significant impact of the ILs on the breeding capability or on the
histology of the 2.5 mpf fish when the applied concentrations and protocols were used.
CMCs were determined for ILs able to aggregate, using CE and contact angle meter and
both techniques were in good agreement with each other. Moreover, the optical pendant
drop method was found to be the most suitable technique for the IL aggregation studies in
a variety of solvents. Most of the ILs interacted with the tested organisms in their monomeric
form inducing mortality. The elongation of the anion moiety ([P4441][CnH2n+1C O O] n

increased the viability of the cells by self-aggregation of the ILs. Therefore, by increasing
the anion alkyl chain length, instead of cation alkyl chain length, it is possible to increase IL
hydrophobicity without significantly increasing the IL toxicity. In general, elongation of the
anion moiety caused less impact on the zebrafish and CHO cells than elongation of the

cation moiety.

Regarding the extensive synthesis and utilization of ILs in various applications the
information of IL toxicity is essential. The proposed experiments offer crucial information
about the acute toxicity of ILs and furthermore they offer a convenient way to assess

information about long-term exposure effects of ILs in aquatic environments.
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3.1.5. Supporting information

Effect of ionic liquids on zebrafish (Danio rerio) viability, behaviour , and histology;

correlation between toxicity and ionic liquid aggregation

3.1.5.1. Chemicals

CHO-K1 <cel |l s, Hambés F12, and Ham's F12 media s

(FBS) were from CLS cell line services GmbH (Eppelheim, Germany). Trypsin/EDTA and
Trypan blue (T8154) were purchased from Sigma-Aldrich (Steinheim, Germany),
alamarBlue was purchased from Invitrogen and phosphate buffered saline (PBS) was from
Life Technologies (Paisley, United Kingdom). Cell culture ware was purchased from Greiner
BioOne (Frickenhausen, Germany). Sodium dihydrogen phosphate was from Mallinckrodt
Baker (Deventer, The Netherlands) and sodium hydrogen phosphate was purchased from
Sigma (Darmstadt, Germany). The pH solutions (7 and 10) used for calibrating the pH meter
were purchased from Merck (Darmstadt, Germany). Paraformaldehyde (PFA; 4%) was
purchased from Sigma and Mayer 6s Hemal um
purchased from (Merck). Fish growing medium, E3 medium, comprised 5.00 mM of sodium
chloride (Riedel-de Haén), 0.17 mM of potassium chloride (Sigma), 0.44 mM of calcium
chloride dehydrate (Sigma), and 0.33 mM of magnesium sulfate heptahydrate (Merck).
Phosphate-buffered saline (PBS) (pH 7.4, | = 0.1 M) containing 8.0 g of sodium chloride,
0.2 g of potassium chloride, 1.4 g of disodium hydrogen phosphate dihydrate (Merck), and
0.2 g of potassium dihydrogen phosphate (J. T. Baker) in 1 L was prepared in the laboratory.
The Brgnsted acids hexanoic acid, tetradecanoic acid, and stearic acid were purchased
from Fluka AG (Buchs, Switzerland), while decanoic acid was from Sigma-Aldrich and

tetradecanoic acid was from Riedel-de Haén.
3.1.5.2. lonic liquid sample and buffer preparations

All the diluted IL samples were prepared as w/v by adding appropriate amount of E3

sol u

medi um, wat er , Hamo s F12 medi um or Sa@di um

determinations eight concentrations, prepared as binary dilutions with eight repetitions, were

chosen for all ILs above and below the ECso values. All measurements were repeated at

least two times. Anionic ILs with chain lengths [P4441][ChH20+1CO0O] n O 13, di d n

totally in the cell medium and required heating and sonication when dilution series were
prepared. Sodium phosphate buffer (pH 7.4, | = 10 mM) was prepared by mixing sodium
hydrogen phosphate and sodium dihydrogen phosphate to yield an ionic strength of 10 mM
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and a pH of 7.4. The buffer solution was filtered through a 0.45-um syringe filter (Gelman
Sciences, Ann Arbor, MI, USA) before use. Sodium phosphate buffer was used as a
background electrolyte solution for all the CE runs and as a solvent in the CMC

determinations.
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Figure S 1: 'H NMR spectrum of [P4441][OAc]: ( 300 MHz , DMSO) 00.890 (BH3 (@t12HK,HS3r
Ul1.55s)Y3HU1.8 (3aH,qggd), U 2.15

LU F
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Figure S2: 'H NMR spectrum of [P4441][CsH12COO]: (300MHz, DMSO) G 0. 82 t () 3 H,U(9HD 1),8 9
0128-011(6H m), G-G11528m)X 12H2Hty4 G d) 2OGBH2. 25n) (6 H,
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Figure S 3: 'H NMR spectrum of [P 4441][CoH19COQ]: (300MHz, DMSO) i 0 . 81K, t) (3 U H,1)8,9 U( 91. 22
(14H,s) , G-ul.12®W,m) 1201H,B85 @2H,d)9,2 [(-82.22@,3n) (6
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Figure S 4: *H NMR spectrum of [P 4441][C 1sH27COO]: (300MHz, DMSO) 1 0.83 (3H, t), Ui 0.89 (9H, 1), & 1.22
(22H, s), U 1.3- U 1.65 (12H, m), U 1.71 (2H, t), U 1.78 (3H, d), U 2.34- &1 2.05 (6H, m)
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Figure S5: *H NMR spectrum of [P 4441][C15H3:COQ]: (300MHz, DMSO) &i 0. #4t) (30 H 1,9 (9
0 1. Hznf)lL 2 G H,d)7,2 {-82.20MBm)( 6
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Figure S 6: 'H NMR spectrum of [P 4441][C 17H37COO]: (300MHz, DMSO) i O . B,4) ,( 30 HOt) 9 @ 91. 22
(30H,s) , G-0U1.12BHmM)(,120 H, )72 G( A, )77 HER 0B mY 6

3.1.5.3. Behavioural assay

For assessing the locomotor behaviour of the IL-treated 5 dpf larvae the IL-E3 solutions
were disposed and the wells were washed gently three times with 3 mL of E3 medium. At
least sixteen larvae of each group were transferred to a 48-well plate, each well containing
1 mL of fresh E3 medium. The plate was placed under the camera and the locomotor activity
was recorded for 10 min. Measurements were repeated three times and the following
parameters were analysed: total distance moved (cm), maximum distance moved (cm), turn

angle (degrees), angular velocity (degrees/s), and meander (degrees/cm). One-way
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