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1 Introduction

1.1 Motivation and scope of work

The transmission of pathogens via blood transfusion is still a major threat,
thus there are two established standard pathogen inactivation techniques.
This study will demonstrate significant differences in the eicosanoid pattern
in platelet concentrates consequent to the two diverse ex-vivo procedures
and how storage time is effecting this pattern. In cooperation with the gen-
eral hospital of Vienna, blood samples were taken from 14 different donors,
platelet concentrates were generated and analysed before and after pathogen
inactivation using liquid chromatography coupled mass spectrometry (LC-
MS). Therefore, samples were drawn the first day before treatment and then
divided into two sets. Afterwards, one set was treated with cesium-137 chlo-
ride (CsCl) and the second set with the INTERCEPT Blood SystemTM uti-
lizing amotosalen and ultraviolet A irradiation (UVA). The treated samples
were stored up to the seventh day to determine possible modifications dur-
ing the storage of platelet concentrates. In addition to the samples taken
at day one, which received no treatment, samples after pathogen inactiva-
tion were drawn at day two, five and seven for both inactivation procedures.
Furthermore the platelet responsivity on the basis of eicosanoids to in vitro
stimulation via ionomycin was investigated.

1.2 Platelets

Platelets are the smallest cells in the blood. These anucleate cytoplasmic
fragments derive from megakaryocytes mainly in the bone marrow [2], but
also in the lung [3]. Platelets are involved in various physiological and patho-
physiological processes like haemostasis and arterial thrombosis [2, 4, 5]. But
they are also playing an important role in promoting inflammatory and im-
mune responses [6], tumor growth and metastasis [7, 8]. Thus, platelets are
often targeted in bio-analytical and therapeutical approaches as a combina-
tion of cyclophosphamide and a thrombin inhibitor resulted in a decrease of
tumor growth and metastasis within a mouse tumor model [9].

1.3 Lipids

Due to the immense structural and functional diversity of lipids, they play
essential roles in the structure of cells and signal transduction within and
between cells [10]. Disturbances in the lipid metabolism are linked to sev-
eral diseases such as type 2 diabetes [11] and cancer [12]. But lipids are
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also involved in various processes of platelet biology like regulating platelet
coagulation by diverse eicosanoids, as described in section 1.4.

1.4 Eicosanoids

Eicosanoids are a bioactive subclass of lipids arising from arachidonic acid
(AA) and related polyunsaturated fatty acids (PUFAs) oxidation via cy-
clooxygenase (COX) [13], lipoxygenase (LOX) [14] and cytochrome P450
(CYP) enzymes [15] or via non-enzymatic free radical mechanisms [16]. The
term eicosanoid is summing up three clans: Prostanoids (with prostaglandins,
prostacyclin and thromboxanes), leukotrienes and epoxides (epoxyeicosa-
trienoic acids) [17]. Studies could demonstrate the involvement of leukotrienes
or prostanoids in regulation of diverse homeostatic and inflammatory pro-
cesses or angiogenesis [16–18]. They are also involved in various diseases such
as cardiovascular diseases [15]. In addition Wang et al. [19] described the role
of eicosanoids in cancer especially in epithelial-derived tumors. Among other
molecules the reactivity of platelets is also based on eicosanoids. While the
COX-1-generated thromboxane (TX)A2 is mainly responsible for stimulat-
ing platelet aggregation, the COX-2-derived prostaglandin (PG)I2 produced
by endothelial cells represents its antagonist and therefore inhibits platelet
aggregation [16].
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2 Theoretical background

2.1 Platelets, their in vitro activation and pathogen in-
activation

2.1.1 Platelets

Platelets were first described by Giulio Bizzozero in 1882 [20]. As men-
tioned before, these nonnucleated, discoid shaped cells are the smallest cells
in mammalian blood (approximately 2 µm in diameter) and derive from
megakaryocytes mainly within the bone marrow [2, 21, 22]. A photograph of
a platelet and its shape taken with a low-voltage, high-resolution scanning
electron microscope is presented in Fig. 1 [21]. Since 2017 we know that
platelets are released at high levels in the lungs by megakaryocytes circu-
lating through them [3]. Approximately 100 billion platelets are produced
every day by the human body and they are circulating up to 10 days in the
bloodstream, which is apparently regulated by their own apoptotic program
[23]. Human platelets are containing granules (α, δ, dense and lysosomes),
mitochondria and endoplasmic reticulum [7, 24].

Haemostasis, the sensing of injured vessel endothelium and initiating
blood clotting to clog the leakage, is the primary physiological role of platelets,
which is depicted in Fig. 2 [2, 25]. Platelets are sensing the exposed colla-
gen and extracellular matrix proteins and therefore are adhering to this area,
which initiates aggregation of those platelets in combination with neutrophils
and red blood cells [2]. Furthermore, these aggregated cells are releasing pro-
coagulant factors such as adenosine diphosphate (ADP) and TXA2, and also
thrombin, which is activating the coagulation cascade. Herein, the adherent,
activated platelets are recruiting other platelets [2]. This procoagulant func-
tion relies on their ability to turn the negatively charged phosphatidylserine
(PS) to the outer membrane followed by activation and localization of the
aggregated complexes [26]. The PS-expressing platelet membrane supports
the formation of fibrin, which stabilizes platelet-thrombi resulting in a blood
clot [2, 4]. A fine balance between pro- and anticoagulation factors like cell-
cell interactions, environmental influences or various proteins and lipids are
avoiding either haemorrhage or thrombosis [4, 6, 27].

Platelets are also involved in inflammatory processes [22, 28]. They
are capable of storing, producing and releasing pro- and anti-inflammatory
molecules like cytokines and chemokines, which are chemotactic for neu-
trophils and monocytes [22]. Thus, platelets are leading lymphocytes, neu-
trophils and monocytes to inflammation area and are enhancing the inflam-
matory process.
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Figure 1: Photograph of platelet presenting its discoid shape recorded with
a low-voltage, high-resolution scanning electron microscope [21].

Another field platelets are involved in is angiogenesis [29]. Some essen-
tial angiogenesis-regulating agents can be found in platelet-granules [29].
The most potent angiogenesis stimulator vascular endothelial growth fac-
tor (VEGF), also present in platelets, benefits vessel wall permeability and
attracts endothelial cell sprouting at the beginning of angiogenic response
[30]. Because platelet-VEGF is released more significantly in women with
early breast cancer, it would serve much better as a biomarker for tumor
angiogenesis than serum- or plasma-VEGF [31].

Since wound healing and primary tumor growth are underlying similar
mechanistic background-processes, platelets are connected to the latter one
[29]. In addition, platelet activation increases metastatic success of embolic
tumor cells in vivo via preventing tumor cell clearance by natural killer cells
[32].

2.1.2 Platelet in vitro stimulation via ionomycin

The secretome of activated platelets contains more than 300 bioactive mole-
cules from their granules [33]. In vivo stimulation is connected to an increased
Ca2+ concentration in cytoplasm caused by ionophores, which are supporting
the mobilisation of Ca2+ from intracellular reservoirs and even the transport
of this intracellular Ca2+ through the plasma membrane is maintained [34].
The changed Ca2+ concentration effects exposure of PS at the outer mem-
brane, which enables quick fibrin formation [26, 35]. Because ionomycin acts
as an Ca2+ ionophore in terms of inducing rapid shape changes, aggregation
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Figure 2: Stages of haemostasis. First, an injured vessel is leading to the ex-
posure of collagen and further extra cellular matrix proteins, which is sensed
by platelets and enables adherence to this area. Those activated platelets
are releasing pro-coagulant factors like ADP or thromboxane A2 and they
are also producing thrombin. Thrombin is catalysing the activation of the
coagulation cascade leading to further platelet recruitment and aggregation.
The aggregated platelets, leukocytes and red blood cells are forming the
thrombus to clog the leakage, which is stabilised by fibrin formation [2].

and secretion, it can be utilized in combination with calcium chloride (CaCl2)
for platelet activation in vitro [34, 35].

2.1.3 Platelet transfusion

A decrease of bleeding by platelet transfusion in thrombocytopenic patients
has already been published in 1910 [36]. But the therapeutic benefit disap-
peared prompt due to quicker vanishing of transfused platelets compared to
erythrocytes, thus the conclusion has been drawn that platelets are having a
short life span [36]. The first authentic measurements concerning this matter
were executed via ex vivo radiolabeled platelets transfused into patients and
were able to verify the argumentation on a relatively short life span of human
platelets [37]. While erythrocytes tolerate refrigeration, platelet concentrates
have to be stored at room temperature, because refrigeration and even 37°C
are negatively affecting the viability [23]. The golden standard procedure is
room temperature storage up to five days in plastic bags with agitation to
allow oxygen exchange subsequent to pathogen inactivation [38].

Since the early 1970s platelet concentrates became widely available, be-
fore then the way to get platelets was freshly drawn whole blood [39, 40].
Due to 5 day maximum storage of platelet concentrates to guarantee the
safety and efficiency for transfusions, blood banks are not able to store large
amounts [41]. To get platelet concentrates for transfusion, whole blood from a
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single donor has to be centrifuged or an automated cell separation has been
carried out by apheresis to maximize platelet concentration and limit the
number of red and white blood cells [41]. Platelet concentrates are utilized
today for patients with thrombocytopenia, intensive therapies for haemato-
logic malignancies and solid tumors, but also for surgical and trauma patients
[41–43].

Series of biochemical, structural and functional alterations are combined
under the term platelet storage lesion (PSL), which covers changes from
blood collection, preparation method of the platelet concentrate, storage-
conditions, -container and -media (plasma or an additive solution) [43, 44].
These changes are leading to decreased in vivo recovery and thus, the haemo-
static capacity within patients after receiving platelet transfusion is reduced
as well [45]. For example high centrifugation steps or contact to artificial sur-
faces during preparation of the concentrates induces platelet activation and
fragmentation, which leads to PSL [43]. Also modifications of platelet sur-
face proteins like thrombin receptors or glycoproteins while storage time are
decreasing platelet aggregation and are hence effecting PSL [43]. The storage
containers are having a big influence on platelet viability as well [45]. The ma-
terial should allow gas exchange for oxygen or carbon dioxide [46]. The first
bags in 1975 were made of polyvinyl chloride (PVC) and approved storage up
to 3 days [41, 45]. Second-generation containers were composed of polyolefin
and PVC coated inside with tri(2-ethylhexyl)trimellitate, which enlarged the
storage period to 5 days [47, 48]. Nowadays bags made of PVC plasticised
with butyryl-tri-n-hexyl-citrate are utilized due to their better gaseous per-
meability resulting in increased in vivo platelet viability after transfusion [49].
The gases, of which bags should enable the exchange through its surface, are
taking part in metabolic pathways within platelets [44]. Their main energy
source is hydrolysis of adenosine triphosphate (ATP), generated by platelets
continuously via the aerobic tricarboxylic acid (TCA) pathway or anaerobic
glycolysis [50]. Therefore, storage solutions of platelet concentrates have to
buffer the formed lactate with the contained bicarbonate and consequently
stabilizing the pH level, which would also influence platelet storage lesion
[44].
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2.1.4 Pathogen inactivation methods for platelet concentrates

Next to PSL, the risk of bacterial growth is another major issue. To ensure
safety of transfusion products in terms of viral and bacterial transmission,
different pathogen inactivation procedures are applied nowadays [41]. Stor-
age condition at room temperature also increases risk of bacterial contami-
nation, which may result in transfusion-related sepsis [42, 51]. Concerning
globalization in terms of traveling or merchandise trade and newly emerging
pathogens, screening techniques can not cover all possible bacterial, viral or
other contaminants. Therefore, pathogen inactivation is an important issue
[52]. Additionally extension of shelf life from 5 to 7 days can also be achieved
by an inactivation of lymphocytes, which are correlating with the develop-
ment of transfusion-related diseases [53]. Though storage up to 7 days can
be achieved technically, platelet concentrates stored for 7 days compared to
5 days stored ones are showing reduced recovery and thus decreased post-
transfusion survival [54, 55].

There are different procedures to avoid the development of transfusion-
associated graft-versus-host disease (TA-GVHD) by engraftment of allogeneic
T lymphocytes in patients, who received transfusions [56]. Herein, donor T
lymphocytes can destroy organs, fragile tissue or the bone marrow of the
recipient [57]. Although TA-GVHD is rare, the mortality is above 90 percent
[56, 57]. Early approaches were executed via irradiation of cellular blood
components with γ-rays or X-rays [57]. Recent methods are using molecules
that undergo a photochemical reaction induced by UV light [42]. The most
common procedures are amotosalen/UVA (INTERCEPT Blood SystemTM)
[58], riboflavin/UVA-UVB (MIRASOL PRT) [59] and UVC (Theraflex-UV)
[60].

Irradiation with γ-rays is an established procedure and in 2008 more than
90% of pathogen inactivations were performed using cesium-137 chloride con-
cerning its high reliability and efficiency [61]. CsCl is a compressed, water
soluble and easily dispersible powder, which is distributed in the body, when
inhaled or ingested [61]. Because of its radioactivity the substance requires
strict security measures and the time of radiation has to be adjusted peri-
odically due to CsCl half-life of 30.17 years [61]. The amount of irradiation
used for pathogen inactivation by CsCl with 25 Gray (Gy) reduces cell pro-
liferation for example from lymphocytes [62], but is not adequately affecting
platelets and granulocytes [56]. Measurements with γ-ray treated samples
and their respective control groups have demonstrated a significantly lower
pH on day 5 of storage in the treated platelet concentrates, but the pH was
in the accepted range [63]. Also a decrease of glucose and an increase of
lactate were detected at day 5 in irradiated concentrates, as well as signifi-
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cantly higher platelet activation levels from day 1 through day 5 [63]. The
study was also able to show that platelets got activated in both irradiated
and non-irradiated platelet concentrates consequent to PSL effects [63].

Concerning the described disadvantages of pathogen inactivation by ra-
dioactive substances, methods avoiding their usage were requested. Nowa-
days, protocols based on UV irradiation have displaced them to a great ex-
tent [57]. Since 2002 the INTERCEPT Blood SystemTM is registered and in
clinical use for platelet and plasma treatment [58]. Here amotosalen, a syn-
thetic psoralen (see Fig. 3 (A)), reversibly intercalates into deoxyribonucleic
acid (DNA) and ribonucleic acid (RNA) and after illumination with long-
wavelength UVA light (320-400nm) a covalent cross-link to the pyrimidine
bases is formed in a photochemical reaction [57], which is depicted in Fig.
3 (B). Thus, replication of nucleic acids is inhibited, which reduces highly
effectively the risk of transmitted bacterial or viral infections and so prevents
cellular replication [64].

An important feature of these photochemical treatments is that they are
not affecting platelets, so their function remains intact [65]. Amotosalen is
inactivating a wide range of pathogens like viruses, bacteria (including spiro-
chetes and protozoa) and leukocytes [58]. Due to its water solubility and
less lipophilicity, amotosalen can migrate rapid through cellular membranes,
bacterial walls or viral envelopes to intercalate into nucleic acids without
interacting with proteins or lipids [58]. Cross-links every 83 base pairs on
average are formed between the reactive sites of amotosalen and the pyrim-
idine bases of the nucleic acids, but also single-stranded forms are targeted
and intra-stranded reactions are feasible, which avoids pathogen replication
[58]. The final concentration of amotosalen in the container bags with the
blood component of 150 µmol/L is UVA illuminated with an intensity of 3
J/cm2 [58]. After adding amotosalen and illuminating with UVA light, resid-
ual amotosalen and free photoproducts are absorbed in the third step by an
additional compound adsorption device (CAD) and the pathogen inactivated
concentrates are transferred into bags for storage at room temperature for
up to 7 days [58]. The three steps of the INTERCEPT Blood SystemTM

procedure are shown in Fig. 4 and so about 40 units per hour can be treated
[58].

Since this method is affecting DNA or RNA, a large series of studies
on amotosalen alone and in treated platelets or plasma were executed to
assure its safety [58]. The most important characteristic of the amotosalen-
nucleic acid reaction is its activation only in presence of UVA light, which is
making its mechanism of action (MOA) highly specific and controllable [58].
Studies on mice were performed for 39 weeks exposing them 3 times a week
with the amount of amotosalen 1,000-fold the human dose rate observing no
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A

B

Figure 3: (A) The chemical structure of amotosalen with highlighted reac-
tive sites, when illuminated by UVA. (B) Mechanism of action (MOA) of the
INTERCEPT Blood SystemTM. Pathogen inactivation via amotosalen inter-
calating into nucleic acid strands and forming a cross-link with pyrimidine
bases of DNA or RNA, which avoids proliferation [58].

cancer in any animal [66]. Further toxicological tests on rodents, dogs and
primates concerning pharmacological safety, phototoxicity and vein irritation
confirmed safeness of this procedure [67].
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Figure 4: INTERCEPT Blood SystemTM device for pathogen inactivation
of platelets and plasma. In the first step amotosalen is added to the blood
component and illuminated with UVA light in the next step. An additional
compound adsorption device (CAD) is absorbing residual amotosalen and
free photoproducts. Afterwards the pathogen inactivated platelets or plasma
can be transferred to the storage containers [58].

2.2 "Omics" technologies and their field of application

2.2.1 The "omics" cascade

"Omics" technologies are trying to picture a wholistic illustration of the
molecules in biological samples like cells, cellular components, tissue or or-
ganism [68]. The "omic" cascade mapped in Fig. 5 is starting from genome,
through transcriptome, proteome and finally to metabolome, where lipids
are part of [69]. While genomics, the first step of the cascade, is describ-
ing the genotype in detail, the qualitative and quantitative information of
metabolomics, the last step, is representing the phenotype, which is re-
flecting the actual state of the organism [69]. Although lipids are a sub-
group of metabolites, completely different working procedures compared to
metabolomic approaches are required [70].
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Figure 5: An "omics" cascade overview starting with the first step, genomics,
through transcriptomics, proteomics and ending in metabolomics [69, 70].

2.2.2 Lipidomics

Lipids are a class of molecules with an immense structural and functional
diversity [71]. Their main biological functions are conserving the membrane
integrity and energy storage, but they are also involved in various intra- and
intercellular processes, such as signal transduction, apoptosis and membrane
trafficking [71, 72]. Thus, disturbances in lipid metabolism may result in
several diseases like type 2 diabetes [71], Alzheimer disease [73] and cancer
[12].

The LIPID MAPS consortium has developed a comprehensive classifica-
tion system for lipids, which is sectioning them into the eight classes [71].
Fig. 6 is presenting those eight lipid classes: fatty acyls (FA), glycerolipids
(GL), glycerophospholipids (GP), shingolipids (SP), sterol lipids (ST), prenol
lipids (PR), saccharolipids (SL) and polyketides (PK) [70, 71]. There is fur-
ther notation for the different lipid subclasses, e.g. for GLs and GPs the total
number of carbon atoms in FAs and the number of double bonds are added
to the lipid subclass abbreviation such as PC 36:2, which is standing for a
phosphatidylcholine (PC), whose FAs are composed of 36 carbon atoms and
2 double bonds [70]. A more detailed notation separated by an underscore
like PC 18:0_18:2 specifies the number of carbon atoms and double bonds of
each FA linked to glycerol, without knowing the sn-position of the FAs and
the separation by a slash, e.g. PC 18:0/18:2, means 18:0 is located at the sn-
1 and 18:2 at the sn-2 position [70]. The prefix "L" indicates the lyso-form
of the lipid, for example lysophosphatidylcholine and its abbreviation LPC
[70].
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Figure 6: The eight lipid classes defined by the LIPID MAPS consortium
and their characteristic chemical structure [70].

Since lipids are found in all cell types, they are also playing various roles
in human platelets with respect to structural and signaling functions [10].
Enzymes are managing their formation and metabolism and disturbances in
the lipid metabolome are leading to an alteration of platelet functions [10].
As mentioned in section 2.1.2 a structural remodeling of membrane lipids ac-
companies with platelet activation [10]. 192 FAs and oxidized phospholipids
involved in platelet aggregation could have been structurally identified like
12-HETE, TXA2 or anionic phospholipids [10, 74].

Because of their involvement in diverse key cellular processes the MS
based analysis of lipids called lipidomics is gaining in importance [10].

2.2.3 Eicosanoids

The eicosanoid family belongs to the lipid subgroup of FAs and the num-
ber of this bioactive group is still growing [17]. These oxygenated C18-C22

polyunsaturated fatty acids are mainly generated by the metabolism of the
20 carbon essential FA arachidonic acid, which means that the human body
does not produce AA and thus it has to be taken up exogenously from food
sources [17, 19, 75, 76]. Another source of AA is the consumption of the
essential C18 fatty acid linoleic acid, because its metabolism is yielding in
AA [15]. Fig. 7 is showing the chemical structure of this polyunsaturated
fatty acid with its 4 double bonds in the hairpin conformation [15].

AA can be found for the most part incorporated into membrane phospho-
lipids typically at the sn-2 position and not as the free acid, which assures
fluidity and flexibility of biological cell membranes [15, 76]. These phospho-
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Figure 7: Chemical structure of arachidonic acid, all-cis-5, 8, 11, 14-
eicosatetraenoic acid [15].

lipids are occurring highly abundant in skeletal muscle, brain, liver, spleen
or retina [77], but also at concentrations of about 5 mM in resting cells
like platelets, of which 10% is corresponding to the amount of diffusing AA
upon activation [78]. At this point a "new" class of enzymes is emerging,
phospholipases (PLs) are representing the largest group of lipid-modifying
enzymes [79]. There are four groups of this enzyme class with diverse bio-
logical function: PLA (PLA1 and PLA2), PLB, PLC and PLD, named after
the hydrolysed bond of phospholipids as shown in Fig. 8 [79]. While PLA1

and PLA2 are catalysing separately the sn-1 and sn-2 positions, which is
leading to the lyso-form of the phospholipid and free fatty acids, the PLB
is hydrolysing the linkage at both positions at once [79]. A cleavage of the
bond between glycerol and phosphate is induced by PLC generating dia-
cylglycerol and phosphoinositides [79] and the enzyme PLD is splitting the
bond between phosphate and the polar head group resulting in phosphatidic
acid, which is diagrammed in Fig. 8 [79]. There are many different PLA2 en-
zymes, so they are summed up as an own superfamily [80]. These enzymes are
well-known for their impact in inflammatory or immune processes via liber-
ating AA from the sn-2 position of phospholipids under ischemic conditions
and the following AA metabolism forming eicosanoids [76, 79]. Especially
three members of the PLA2 superfamily are participating in eicosanoid pro-
duction: cytosolic calcium-dependent phospholipase A2 (cPLA2), cytosolic
calcium-independent phospholipase A2 (iPLA2) and secreted phospholipase
A2 (sPLA2) [16]. While iPLA2 seems to be involved in daily cellular functions
like membrane homeostasis and remodeling [81], the calcium-dependent type
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Figure 8: PLA1 and PLA2 are catalysing separately the sn-1 and sn-2 posi-
tions leading to a lysophospholipid and the corresponding free FAs and the
enzyme PLB is cleaving both sn positions at once. PLC is hydrolysing the
linkage between glycerol and phosphate, while PLD is breaking the bond
between the phosphate and the polar head group [79].

is mostly inactive during homeostatic conditions [82]. Activated by Ca2+

ionophores cPLA2 hydrolysis phospholipids leading to AA release [82]. The
third member sPLA2 is able to increase the function of cPLA2 to control the
intensity of free fatty acids like AA [83].

The eicosanoid generation of free AA is proceeding via four major path-
ways, of which the first three pathways are named after the enzymes, that are
catalysing the committed step: cyclooxygenase, lipoxygenase, cytochrome
P450 and anandamide [15, 84]. COX-1 and COX-2 are leading to throm-
boxane and prostaglandin production, that are participating in inflamma-
tory processes [85]. While the COX-1-mediated TXA2 primarily produced
by platelets is having a pro-coagulant effect on them, the COX-2-mediated
prostacyclin (PGI2) generated by endothelial cells is inhibiting platelet ag-
gregation and an imbalance between these two eicosanoids is linked to car-
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diovascular diseases [15]. Enzymes involved in the LOX pathway are LOX-5,
LOX-8, LOX-12 and LOX-15, which are generating leukotrienes, lipoxins,
hydroxyeicosatetraenoic acids (HETEs) or 8-, 12- and 15-hydroperoxyeicosa-
tetraenoic acid (HPETE) [15, 86]. The LOX enzymes are named after the
carbon position, where an oxygen atom is introduced [15]. The two en-
zymes CYP 450 epoxygenase and CYP 450 ω-hydroxylase of the CYP 450
pathway are catalysing the formation of epoxyeicosatrienoic acids (EETs)
and 20-HETE [87]. Endocannabinoids and anandamides are produced in
the anandamide pathway by fatty acid amide hydrolases [88]. In addition
non-enzymatic oxidative metabolism by reactive oxygen species (ROS) and
reactive nitrogen species (RNS) are taking place to autoxidise AA [15]. These
metabolic pathways of AA are varying between different tissues and also from
cell to cell in one tissue type [15].

But AA is not the only eicosanoid precursor molecule. They are also
formed from the essential ω-3 polyunsaturated FAs, docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), which are taking part in regulating
homeostasis [89]. While in general pro-inflammatory eicosanoids derive from
AA, the metabolism of these ω-3 PUFAs is resulting in anti-inflammatory
eicosanoids [89]. Therefore, an increased dietary intake of ω-3 PUFAs is rec-
ommended to reduce the risk of inflammatory or vascular diseases and cancer
[89, 90]. The ratio of these ω-6 and ω-3 PUFAs is essential for regulation of
inflammation, pro- and anticoagulation effects in platelets, vasoconstriction
and -dilation as well as bronchoconstriction and -dilation [89]. Like arachi-
donic acid, DHA and EPA are incorporated in membrane phospholipids and
mobilised by phospholipase A2 to generate eicosanoids also via COX and
LOX pathways [89]. While the PG-2 family and TXA2 is derived from AA
metabolism, the COX-2 and 5-LOX pathway of EPA is giving rise to series
3 prostaglandins, thromboxane A3 and series 5 leukotrienes [89]. D-series re-
solvins, protectins and maresins arise from DHA metabolism [89]. The AA,
EPA and DHA pathways plus the MOA of therein formed eicosanoids are
depicted in Fig. 9 [89].

Eicosanoids are fulfilling various functions and they are involved in many
biochemical mechanisms in the body [17, 19]. Prostaglandins and leukotrienes
are playing a role in inflammation and cancer [19]. Especially the pro-
inflammatory PGE2 has been detected in diverse malignancies like colon,
lung, breast and head/neck cancer due to COX-2 overexpression [19, 91]. Pro-
inflammatory leukotrienes (LTs) such as LTB4 can also be found at increased
levels in colon or prostate cancer [19]. However, these pro-inflammatory
eicosanoids are not only enhanced produced by cancer cells, but also by their
surrounding cells [19]. These local highly active molecules are controlling
tumor progression via regulating cell proliferation, apoptosis, migration and
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Figure 9: Uptake, storage and release of the eicosanoid precursor molecules
AA (arachidonic acid abbreviated in this figure with ARA), EPA and DHA.
Formation of eicosanoids via COX, LOX and CYP pathways [89].

invasion [19].
Due to their impact on cellular receptors or ion channels, eicosanoids are

playing a part in initiation and propagation of signalling cascades for example
in the heart [92]. Via paracrine signalling, eicosanoids like prostacyclin are
able to modulate blood flow, contractile state or haemodynamic processes
[92].

A participation of eicosanoids in cerebrovascular diseases is known for
over 40 years [76]. The enzymes of their metabolic pathways are potential
drug targets, because stroke and other neurovascular injuries are derived from
an up-regulation [76].
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AA and its double bonds are recipient for oxidative reactions, which
means oxidative stress for the cells and is an important factor in stroke
as well [76]. The oxidative stress is leading to non-enzymatic generation of
eicosanoids, which are causing tissue injuries [76]. For example, 9-HETE is
derived from the non-enzymatic, free-radical AA oxidation pathway [93]. But
eicosanoids are also inducing tissue repair and regeneration during homeosta-
sis [94]. The involvement of this molecule class in cellular processes like cell
proliferation, differentiation and angiogenesis are accounting for homeostasis
[94]. Especially COX-derived eicosanoids are in charge of tissue regeneration
and wound healing controlled by an inflammatory response [94]. Thereby,
tissues like liver, lung, kidney or spleen are able to regenerate in parts or
even completely after injury [94]. The pattern of these metabolites in acute
wounds is depending on the uptaken food as well. The level of oral supple-
mented EPA and DHA is provoking an alteration of the eicosanoid profile
[94].

Eicosanoids are also formed and released by human platelets and many
agents of this FA subgroup are able to both stimulate or inhibit platelet re-
activity [15, 95, 96]. Platelets activated by eicosanoids are aggregating and
forming a thrombus to prevent bleeding [96]. If an inappropriate activation is
taking place and the thrombus is generated within the vessel wall, thrombic
events like heart attack or stroke could arise subsequently [96]. The processes
of platelet activation or inhibition are controlled by the eicosanoids TXA2

and PGI2 [96]. While the primary un-metabolised prostanoid TXA2 has an
pro-coagulant effect [96], prostacyclin, the major eicosanoid released by en-
dothelial cells, is acting as counter-balance of TXA2 by inhibiting platelet
aggregation [95]. Upon cPLA2 activation, platelets are producing also sig-
nificant amounts of PGE2, PGD2, 11-, 12- and 15-HETE next to TXA2

[96]. 15-HETE and its precursor molecule 15-HPETE are blocking the lib-
eration of the anti-coagulant PGI2 [95, 97, 98]. Stimulated endothelial cells
are also releasing 11-HETE, next to 15-HETE and PGI2, which is a factor
in platelet aggregation as well [95, 99]. In contrast to 15-HETE, 11-HETE
has not been detected in intact cells [98]. PGD2 is causing a decrease in
platelet activity such as PGI2 [96]. The impact of PGE2 on platelet reactiv-
ity in vitro is depending on the concentration. While low concentrations of
0.1-10 µM are increasing platelet aggregation, a higher concentration of 100
µM is reducing platelet coagulation [96]. In vitro studies of PGE2, which is
generated by the vessel wall, were indicating anti-coagulating effects due to
activation of the prostaglandin E receptors 2 and 4, which are expressed on
platelets and are linked to the reduction of platelet aggregation, but also a
pro-coagulating effect due to the activation of the prostaglandin E receptors
1 and 3, which are also expressed on platelets and are enhancing platelet
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activation [96]. But in vivo the pro-coagulant effect of PGE2 due to the ac-
tivation of prostaglandin E receptor 3 is predominated [96]. 12-HETE, the
major released eicosanoid by stimulated platelets, and 14-hydroxy-DHA (14-
OH-DHA/14-HDHA/14-HDoHE), formed in 12-LOX metabolism of DHA,
are both playing an anti-coagulant role [96]. But a pro-coagulant effect of
12-HETE has also been reported [96, 100]. Thus, an unanimous result for
the role of 12-HETE in aggregation of platelets has not been reached so far
[100]. All EETs at concentrations from 1 to 10 µM are preventing AA induced
platelet aggregation and a few of them are also blocking TXB2 formation by
stereospecific inhibition of COX enzymes [101]. The CYP pathway of AA is
yielding the anti-coagulant 20-HETE [102]. Neutrophils are producing the
5-LOX-derived metabolite 5-HETE, which is also contributing to platelet ag-
gregation [103]. All pro- and anti-coagulant eicosanoids mentioned here are
listed in table 1.

Next to 12-HETE, 12-hydroxyheptadecatrienoic acid (12-HHT) is another
major product of activated platelets [10]. The biological function of 12-HHT
is still unknown, only its involvement in wound healing has been mentioned
[103, 104]. Though a decreased 12-HHT level by a high-dose of aspirin is
inducing a wound healing delay [104].

Table 1: Eicosanoids with an impact on platelet aggregation.

pro-coagulant eicosanoids anti-coagulant eicosanoids
TXA2 [15, 16, 96] PGI2 [15, 16]

TXB2 [15] PGD2 [15, 96]
PGE2 (at 0.1-10 µM, PGE2 (at 100 µM,

in vitro; mainly in vivo) [96] in vitro) [96]
15-HETE [95, 97, 99] 14-OH-DHA [96]
15-HPETE [95, 97] EETs [101]

5-HETE [103] 20-HETE [102]
12-HETE [96, 100] 12-HETE [96, 100]
11-HETE [95, 99]

2.3 Influence of UVA light on signal pathway activation

90-99% of the solar radiation, which is reaching the surface of the earth,
is corresponding to UVA [105]. Benign and malign tumors such as squa-
mous cell carcinomas (SCCs) are caused by this form of radiation as well
[105]. While UVB radiation is inducing direct DNA alteration like cross-links
within DNA or between DNA and proteins, UVA is generating ROS and is
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so indirectly damaging DNA or leading to lipid peroxidation in cell mem-
branes [105]. But UVA is not only causing DNA defects, a tumor promoting
effect by the radiation is provoked because of an enhanced gene transcrip-
tion [105]. Signalling pathways like the p38 mitogen-activated protein kinase
(p38 MAPK) can be activated through UVA-induced ROS and the activator
protein-1 (AP-1) in this pathway is contributing to transcription and COX-
2 expression [105, 106]. Herein, the p38 activity is stabilising the COX-2
messenger ribonucleic acid (mRNA) [105]. AP-1 and COX-2 are support-
ing tumor promotion by themselves via an up-regulation of VEGF coming
along with increased angiogenesis [105]. Additionally an activation of PLA2

by UVA radiation is taking place in human keratinocytes [105, 107]. Within
these cells the radiation is responsible for tumorigenesis, which is based on
an increased PGE2 production leading to an augmented cell growth [105].
The activation of PLA2 by UVA and the factors supporting tumorigenesis
are displayed in Fig. 10 [105].

Figure 10: Influence of UVA on tumorigenesis starting from PLA2 activa-
tion and increased COX expression. While VEGF is linked to angiogenesis,
PGE2 derived from AA metabolism is responsible for in vitro cell growth of
keratinocytes [105, 107].
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2.4 Solid-phase extraction

Eicosanoids are low abundant molecules in biological fluids, therefore solid-
phase extraction (SPE) is the preferred technique in sample preparation to
isolate and enrich these selected analytes [108, 109]. Additionally a clean-up
and an exchange of the medium can be achieved [108]. Nowadays, the appli-
cation of commercial pre-packed columns are established, but there are also
cartridges or disks in use [109, 110]. In SPE the partitioning of the com-
pounds, the sample is containing, is taking place between a liquid and a solid
phase [110]. The stationary phase adsorbent materials are based on silica
and are related to those utilised in LC [109]. Reversed-phase materials with
for example chemically-bonded octadecylsilyl groups commonly termed C18

groups are often applied for isolation of eicosanoids [109]. The solid sorbent
with its functional groups has to be washed with a suitable solvent (methanol
for reversed-phase materials) and conditioned with the same solvent, which
the sample is also containing [110]. This enables the correct solvation of the
alkyl groups [110]. In the second step the sample solution is loaded on the
column [110]. While interfering components are washed through in the next
washing step, the analytes are retained during the process due to strong but
reversible hydrophobic interactions between analyte molecules and the solid
sorbent of the stationary phase [110, 111]. An elution of the selected analyte
molecules in the forth and last step of SPE can be achieved by an appropriate
solvent [110]. The operating steps of the solid-phase extraction are pictured
in Fig. 11 [112].

20



Figure 11: Solid-phase extraction operating steps. Starting with conditioning
of the packing material with a certain solvent, through loading the sample
solution on the column in the next step and washing through interfering
components afterwards. In the end elution of the selected analytes can be
achieved by an appropriate solvent [112].

2.5 Liquid Chromatography - Mass Spectrometry

The set-up of LC-MS is fundamentally consisting of a pumping system, an in-
jector and a column connected to the mass spectrometer via an evaporation-
ionisation-interface [113]. LC-MS based methods have revolutionised the
analysis and quantification of proteins and metabolites including lipids [114].
Also for the identification of eicosanoids in biological samples LC-MS tech-
nologies are increasingly used [115].
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2.5.1 High-performance liquid chromatography and ultra-high-
performance liquid chromatography

Since the 1970s high-performance liquid chromatography (HPLC) is the pre-
ferred technique for separation, analysis and purification of any dissolved
mixtures containing different compounds [113]. Prior to this gas chromatog-
raphy (GC) was the tool for the laboratory, but sample volatility, extraction
and/or derivatisation before injection and thermal degradation of samples in
the GC oven were limiting this method [113].

In HPLC a pumping system is transporting and pressurising the solvent
corresponding to the mobile phase from a reservoir into the LC system [113].
If a gradient system with 2 solvents is used, they are mixed to form the mobile
phase regulated by a flow controller [113]. The mobile phase is then reaching
the injector, of which the loop-and-valve type with 6 ports is the most applied
one [113]. The solvent is flowing through another port to the HPLC column,
which is the most important part of the LC device and enables separation of
the sample components [113]. The sample, which was before reconstituted
in the mobile phase starting condition, is injected by a syringe, which can
be done automatically by an autosampler, and is arriving at the needle port
[113]. In the loading mode depicted in Fig. 12 (A) it is loaded into a small
loop and by switching the valve position into the injection mode, the sample
gets loaded on the analytical column as shown in Fig. 12 (B) [113].

A B

Figure 12: Scheme of HPLC injector system with a 6-port valve in (A) loading
mode and (B) injection mode [113].
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The separation column is packed with a fine-diameter packing material
between two fittings [113]. For the quality of the separation of samples com-
pounds the column packing material type is essential due to the interactions
of the stationary phase with the sample molecules [113]. The most common
packing material is based on silica with C18 functional groups like described
in section 2.4 and is representing the reversed phase approach [113]. Here
the functional C18 groups are interacting with the sample molecules and are
retaining them [113]. A simple partition interaction of the sample molecules
between the non-polar stationary phase and the polar mobile phase is leading
to separation of the sample components [113]. While most polar compounds
are eluting first, non-polar compounds are retained longest [113]. The eluted,
separated chromatographic peaks are transferred into a detector of various
types such as UV, fluorescence or MS [113, 116]. The last hardware compo-
nent is a computer for data acquisition [113].

In contrast to regular HPLC the more advanced technology is the ultra-
high-performance liquid chromatography (UHPLC) facilitating an increased
sample throughput [116]. Enhanced efficiency, resolution, sensitivity and
speed of analysis can be obtained as a result of higher working pressure,
mobile phases at high linear velocities and smaller particle sizes [116, 117].
Here working pressures up to 1200-1400 bar and flow rates between 2 and 5
mL/min are established [116]. Compared to a particle size of the stationary
phase of 3-5 µm in classical HPLC, in UHPLC fully porous sub-2-µm par-
ticles can be used [116]. An overview of the set-up of an UHPLC system is
illustrated in Fig. 13 [118].
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Figure 13: Set-up overview of an UHPLC system with the solvent reservoir,
pumping system, sample injection, analytical column, detector and computer
for data acquisition [118].

2.5.2 Electrospray ionisation

Before the development of the electrospray ionisation (ESI) there was no way
to couple a LC system under high pressure with a mass spectrometer, which
is working under high vacuum [119]. In addition mass spectrometry analy-
sis is requiring positively or negatively charged ions and the components in
the HPLC eluant are uncharged [119]. Only the development of the ESI in
the late 1980s was allowing the ionisation of relevant bio-analytical macro-
molecules such as proteins, lipids or carbohydrates out of a liquid medium,
which was even rewarded with the Nobel Prize in 2002 [119].

There is no direct hardware connection between LC and mass spectrom-
eter, because the eluted peaks would overload the capacity of the vacuum
pumps [113]. Therefore, the LC capillary is ending up in the ESI source [113].
The ionisation is taking place in a heated metal capillary tube under a 3-4 kV
potential difference and thus enabling both positively and negatively charged
ion formation [113]. At the end of the capillary tube the liquid is getting dis-
persed into highly charged droplets close-by atmospheric pressure followed
by conditions causing solvent evaporation [113]. The contracting droplets
are spherically shaped, which is based on the repulsion of the same charges
and the surface tension [120]. This decrease of droplet size is achieved by
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removing the solvent via a combination of heaters, reduced pressure and gas
nebulisers [113]. This process is ending up in a Rayleigh explosion leading
to single ions [120]. Since the energy in the ESI procedure is not causing a
fragmentation of the molecules, electrospray ionisation is part of the "soft
ionisation" techniques [113].

2.5.3 Mass spectrometry

After chromatographic separation up to 1200-1400bar for an UPLC system
and an ionisation at atmospheric pressure as described in section 2.5.1 and
2.5.2, the ions are entering the MS system [113]. Generally a mass spectrom-
eter can be sectioned into an ion source, a mass analyser and a detector as
displayed in Fig. 14 [121]. Therein, a vacuum pumping system is reducing
the pressure stepwise up to high vacuum to prevent the ions from collision
with gas molecules of the air [113].

Figure 14: General setting of a mass spectrometer. A sample inlet operating
at atmospheric pressure is followed by an ion source, wherein ionisation is
taking place at reduced pressure like shown here or at atmospheric pressure.
The ion path is then leading via a mass analyser into the detector working
at high vacuum. While the ions are getting separated in the mass analyser,
these separated ions are recorded in the detector afterwards. Connected to
the detector a computer is performing data acquisition [121].

The basic principle of MS is the separation of the ions, which are in turn
derived from the prior separated compounds during the LC run time, by
their mass-to-charge ratio (m/z) [121]. Mass spectra are two-dimensional
with the abscissa representing m/z and the ordinate representing the relative
signal intensity correlated with the abundance of the ions [121]. They are
continuously recorded during the LC run, which is shown in a third dimension
in Fig. 15 [113]. A qualitative and quantitative analysis can be achieved by
the m/z values and the relative abundance [121].
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Figure 15: Demonstration of mass spectra recording during LC run time.
The three-dimensional array is consisting of a two-dimensional chromato-
graphic plane with the abscissa representing run time and two-dimensional
mass spectra with abscissa representing m/z and both planes are sharing the
ordinate representing signal strength [113].

The peak with the highest intensity is called base peak and due to the fact,
that the ordinate is showing the relative intensity, the base peak is always set
to 100% [121]. A combination of consecutively recorded single mass spectra of
eluted species is termed ion chromatogram and enables to follow this species
due to its abundance as a function of retention time [121]. While the term
extracted ion chromatogram (EIC) is summing up a chromatogram generated
from the intensity of any selected m/z value as a function of retention time,
the total ion chromatogram (TIC) is describing the summation of all ion
intensities of each mass spectrum as a function of time [121].

The performance of a mass spectrometer is characterised by its sensitivity,
detection limit and signal-to-noise ratio [121]. Several factors like efficiency of
the ionisation method, extraction of ions from the ion source or transmission
to the analyser are effecting the sensitivity [121]. Per definition the limit of
detection (LOD) is describing the lowest analyte amount leading to a signal,
which can be barely distinguished from the background noise [121]. The
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signal quality is directly affected by the signal-to-noise ratio (S/N). Herein,
the noise is arising from electronics of the device and consequently it has an
impact on signal intensity [121]. But there is also "chemical" noise coming
from impurities or potential column bleeding [121].

The atomic number Z is representing the number of protons within the
nucleus of an element. There are also atoms with the same number of pro-
tons, but with varying number of neutrons, and they are termed isotopes
[121]. Isotopes with the highest intensity are normalised to 100% and thus
the isotope abundances can be listed, which enables the sum formula identi-
fication of a molecule by its isotopic pattern [121].

In mass spectrometry several types of mass definitions are used. The
nominal mass is an approximation by summing up the rounded off, integer
masses of the most abundant naturally occurring isotope of any element the
molecule is containing [121]. Isotopic mass is describing the exact mass of
any isotope and the mass of a molecule, which is only consisting of the lowest
mass isotopes of an element, is termed mono-isotopic mass [121].

Ions with a higher level of isotopes than the natural level would be, can
be produced and even the labelling at a specific position is feasible [121].
This isotopic labelling is utilized in tracking metabolic pathways, for quanti-
tative analysis via internal standards or for explanation of ion fragmentation
mechanisms [121]. Therefore, non-radiating isotopes like 2H, 13C and 18O are
preferred [121].

Isotopes can be separated with MS and the resolution is determining the
degree of separation [121]. The mass resolution, R, is defined as the smallest
difference in m/z of a signal, in which separation was able to be achieved [121].
The resolving power of the mass analyser to separate two neighbouring peaks
can be calculated with the following equation [121]:

R =
m

∆m
=

m/z

∆m/z
(1)

An adequate separation is achieved from an intensity value of less than
10 percent between those two regarded peaks, which is also termed the 10%
valley definition of resolution, R10% [121]. In addition ∆m has to be equal to
the peak width at 5% peak height, which is explained in Fig. 16 [121]. For a
second definition of the resolution the width of a peak at half height is used
for calculation and is therefore called full width at half maximum (FWHM)
shown in Fig. 16 as well [121]. Fig. 17 is demonstrating the impact of
resolution on two neighbouring signals [121]. Therefore, peaks at m/z 50,
500 and 1000 were considered with a resolution of 500. While the peaks at
m/z 50 are completely separated through the baseline, peak maxima of the
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Figure 16: Definitions of resolution between two peaks. 10% valley definition
of resolution and full width at half maximum definition (FWHM) [121].

other signals at higher m/z values are shifting together. Especially at m/z
1000 a superposition of both peaks can be observed [121]. A resolution of
mass analysers with R = 500-2000 is termed low resolution and R > 5000 is
describing a high resolving power [121].

Next to resolution, the mass accuracy is another important parameter
in MS analysis [121]. Here the absolute mass accuracy, ∆m/z, is defined as
subtraction of the calculated exact mass from the measured accurate mass
[121]:

∆m/z = m/zexperimental −m/zcalculated (2)

A fraction of absolute mass accuracy and the mass is yielding in the
relative mass accuracy, δm/m, which is dimensionless and given in parts per
million (ppm) [121]:

δm/m =
(∆m/z)

(m/z)
(3)

But a measurement should not be accurate alone, it should also be precise
to get as close as possible to the true value [121]. While accuracy is describing
the deviation of the experimental value from the reference value, precision is
describing the deviation within a group of identifications [121]. Therein, the
terms repeatability and reproducibility are crucial. The "intra-laboratory"
replication of the analysis with the same device is linked to repeatability.
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Figure 17: Clarification of the impact of R = 500 using an example of peaks
at m/z 50, 500 and 1000. The given resolution is leading to superposition of
the peaks at m/z of 1000 [121].

The "inter-laboratory" pendant is called reproducibility, which means, that
a measurement repeated in another laboratory by another operator should
lead to the same result or conclusion [121].

Measurements with high mass resolution and high mass accuracy are
ensured by high-resolution mass spectrometry (HR-MS), which is discussed
in section 2.5.4 [121].

2.5.4 Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass
Spectrometer

The Q ExactiveTM HF is a mass spectrometer with a pre-filter, high-perfor-
mance quadrupole and an ultra-high-field Orbitrap analyser [122]. With the
parent device, the Q ExactiveTM, proteomics analysis has gained access to
a new extent [122]. The number of protein analysed per hour has been sig-
nificantly increased since its commercial introduction [122]. The equipment
configuration of the Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass
Spectrometer is shown in Fig. 18 [122]. This hybrid mass spectrometer is
consisting of an atmospheric ion source, a stacked-ring ion guide called S-
lens, an advanced active beam guide (AABG) representing a low-resolution
injection flatapole and a bent flatapole, a hyperquad mass filter with ad-
vanced quadrupole technology (AQT) representing a segmented quadrupole
mass filter, a C-trap, a higher-energy collisional dissociation (HCD) cell and
an Orbitrap mass analyser, displayed in Fig. 18 [122, 123].
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A

B

Figure 18: Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass Spec-
trometer. (A) Scheme and (B) a more realistic illustration of the device
with an ion source at atmospheric pressure, a S-lens, an advanced active
beam guide with the injection and bent flatapoles, an advanced quadrupole
technology respresenting the segmented quadrupole, a transfer octopole, a C-
trap/HCD cell combination and the ultra-high field orbitrap mass analyser
[122, 123].
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After entering the mass spectrometer, solvent droplets, other neutral
species and unwanted ions are pre-filtered in the S-lens and the low-resolution
injection flatapole in the source region and a bent flatapole [122]. The ions,
that made it through the flatapole, are reaching a segmented quadrupole
representing the next ion-isolating section, but it is also responsible for ion
transmission [122]. The pre-filter elements are preventing contaminants to
cover the rods of the quadrupole, which is increasing the robustness of the
instrument [122].

An original linear quadrupole is built up of four hyperbolic rod electrodes
extended in the z -axis, which can be seen in Fig. 19 [121]. In this connection
a positive and a negative potential is applied to respectively two electrodes.
The two electrodes with the same potential are arranged vis-à-vis, also shown
in Fig. 19 [121]. This is leading to an alternating current (AC) and direct
current (DC) component generation and applied periodic voltage plus a pe-
riodic change of the sign of the potential are causing attractive and repulsive
forces. Thus, ions with a certain m/z value or m/z range, that have entered
the quadrupole, can move through the quadrupole on a stable trajectory,
while other ions are coming too close to the rods and are getting discharged
[121].

Figure 19: Scheme of a linear quadrupole mass analyser with an arrangement
of the hyperbolic rod-like electrodes in the xy-plane and extension in the z -
axis [121].
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In the Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass Spectrom-
eter an advanced quadrupole technology with a segmented quadrupole mass
filter is obstructed to increase ion transmission and more precise precursor
isolation efficiency over the isolation window [122]. The last segment of the
quadrupole is also effecting an ion transmission in a narrower isolation win-
dow [122]. Ions, that have been transmitted the quadrupole on a stable
trajectory, are passing an octopole with eight rod electrodes and a steeper
potential than in quadrupoles, which is enabling a wide band pass for ions
due to a more diffuse m/z cutoff in transmission [121]. An integrated C-
trap/HCD collision cell combination is representing the next section. First
the octopole is transferring ions, selected in the segmented quadrupole, into
the C-trap, a "C"-shaped quadrupole for accumulation and temporary stor-
age of the ions [122, 124]. The storage of ion packets up to about a million
charges is taking place in the middle of the trap at low pressure of nitro-
gen [122, 124]. From here the collected ions are injected into the ultra-high
field orbitrap analyser via short, high voltage electric pulses or into the mul-
tipole collision cell, where dissociation of ions is occurring with neutral gas
molecules at reduced vacuum under a certain collision energy [122, 124]. The
fragments are then returning to the C-trap and are afterwards sent to the
orbitrap analyser [124]. The analysis of m/z values of product ions after
fragmentation is called MS2 and the ions for this fragmentation are selected
in a MS1 m/z analysis before and are directly transferred from C-trap into
the orbitrap [121].

Orbitrap analysers are permitting high resolving power and accurate mass
measurements. They are consisting of two electrodes working at ultra-high
vacuum: an outer barrel-like electrode and an central spindle-like electrode
[122]. Entering ion packets coming from the C-trap are trapped in an elec-
trostatic field. Herein, electrostatic attraction towards the inner electrode is
accompanied by the centrifugal force caused by the initial tangential velocity
of the ions, which can be seen in Fig. 18 (A) [121]. The ultra-high field
analyser of the Q ExactiveTM HF is more compact than in its parent model,
the classic Q ExactiveTM, allowing an enhanced electric field [122]. Ions with
different m/z value are oscillating with respective frequencies in the orbitrap
and via a fast Fourier transformation their m/z values can be determined
[121].

The Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass Spectrome-
ter is representing a system with an increase in robustness, isolation efficiency,
ion transmission and resolution. Also higher scan rates up to 17 Hz can be
achieved compared to the classic Q ExactiveTM [122].
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3 Methods and therein used materials or reagents

3.1 Reagents and materials

The chemicals listed in table 2 were used without further purification.

Table 2: List of used chemicals and reagents.

Reagents Abbreviation Company
Calcium chloride CaCl2 Merck KGaA

Ionomycin - Merck KGaA
Ethanol (absolute 99.9%) EtOH AustrAlco GmbH
Methanol (hypergrade MeOH Merck KGaA

for LC-MS)
Water (LC-MS grade) H2O VWR International GmbH

Formic acid (for FA VWR International GmbH
LC-MS, ≥ 99%)

Acetonitrile (LC-MS ACN Honeywell GmbH
grade)

Sodium chloride NaCl Merck KGaA
Trisodium citrate dihydrate Na3-citrate * 2 H2O Merck KGaA
Sodium acetate trihydrate Na-acetate * 3 H2O Merck KGaA

Sodium dihydrogen NaH2PO4 * 2 H2O Merck KGaA
phosphate dihydrate
Disodium hydrogen Na2HPO4 Merck KGaA

phosphate
Potassium chloride KCl Merck KGaA
Magnesium chloride MgCl2 * 6 H2O Merck KGaA

hexahydrate
Nitrogen (gaseous) N2 (g) -

Deuterated molecules used as internal standards and the company, of
which they have been purchased from, are registered in table 3.
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Table 3: List of internal standards.

Compound Company
15S-HETE-d8 Cayman Europe
12S-HETE-d8 Cayman Europe
5-OxoETE-d7 Cayman Europe

11,12-DiHETrE-d11 Cayman Europe
PGE2-d4 Cayman Europe

20-HETE-d6 Cayman Europe
5S-HETE-d8 Cayman Europe

14,15-DiHETrE-d11 Cayman Europe
8-iso-PGF2α-d4 Cayman Europe

Materials and devices used in this work are registered in table 4.

Table 4: List of materials and devices.

Material Company
Pipetboy ACU classic VWR International GmbH

Serological pipettes (10 mL, sterile) Sarstedt
Falcon tubes 15 mL Corning Science

México S.A. de C.V.
Heraeus Megafuge 16R Centrifuge Thermo ScientificTM

miVac Duo concentrator (SpeedVac) GeneVac Ltd.
Calibrated pipettes (volume ranges of Gilson

1-10, 50-200 and 100-1000 µL)
Pipette Tips for Gilson Greiner Bio-One

International GmbH
Pasteur Pipettes -

StrataTM-X 33 µm Polymeric Reversed Phenomenex Inc.
Phase cartridges for SPE (30 mg/1 mL)

Glass vials (1.5 mL, screw neck) Macherey-Nagel GmbH
Glass inlets (200 µL) Macherey-Nagel GmbH

Screw caps (for 1.5 mL glass vials) Macherey-Nagel GmbH
VacMasterTM manifold for SPE Biotage®

Vanquish UPLC System Thermo ScientificTM

KinetexTM 2.1 mm x 150 mm, 2.6 µm, Phenomenex Inc.
C18, 100 Å reversed-phase column

Q ExactiveTM HF Hybrid Quadrupole- Thermo ScientificTM

OrbitrapTM Mass Spectrometer
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3.2 Experimental design, sample preparation and ex-
traction

As mentioned before, the platelet concentrates were produced from blood
samples of 14 different, healthy donors at the general hospital of Vienna
and therefrom samples were taken the same day (day 1) without receiving
a treatment. Afterwards, one concentrate from each donor was treated with
radioactive 137Cs, while another concentrate from each donor was treated
with the INTERCEPT Blood SystemTM utilizing amotosalen and UVA and
the concentrates were stored up to day 7. Of these, samples were taken at
day 2, 5 and 7.

Up to this point the work was done by our colleagues at the general
hospital. We have retrieved the samples at day 1, 2, 5 and 7 and stored
the platelet concentrates at room temperature in a dark place till further
processing.
The components of the platelet additive solution IIIM (PAS IIIM) and their
concentrations are listed in table 5 [1].

Table 5: Composition of the PAS IIIM and the concentration of each additive
[1].

Compound Concentration
[mmol/L]

NaCl 69.3
Na3-citrate * 2 H2O 10.8
Na-acetate * 3 H2O 32.5
NaH2PO4 * 2 H2O 6.7

Na2HPO4 21.5
KCl 5.0

MgCl2 * 6 H2O 1.5

3.2.1 Preparation of internal standard mixtures

The deuterated standards are listed in table 3, they have been stored in
aliquots at -80◦C and were added to the samples after passing through one
freeze-thaw cycle. With these standard molecules two different standard
mixtures were prepared, of which one was added prior to extraction and one
was added prior to the LC-MS analysis. Below the standard mixture added
prior to extraction is called "EicosanoidPreMix" and the mixture added prior
to the LC-MS analysis is called "EicosanoidPostMix". For the preparation of
the EicosanoidPreMix aliquots of the compounds from table 6 were thawed
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and the volumes of each deuterated standard stock solution corresponding to
table 6 were used and filled up to 500 µL with ACN. This mixture was then
split into 70 µL aliquots and they were frozen at -80◦C until their use.

Table 6: List of the internal standards used for the preparation of the
EicosanoidPreMix plus the used volume of each standard and the final con-
centration.

Compound Volume of stock Final concentration in
solution [µL] 500 µL ACN [ng/mL]

15S-HETE-d8 4 200
12S-HETE-d8 4 200
5-OxoETE-d7 12 600

11,12-DiHETrE-d11 4 200
PGE2-d4 8 400

20-HETE-d6 4 200

For the preparation of the EicosanoidPostMix aliquots of the compounds
from table 7 were thawed and the volumes of each deuterated standard stock
solution corresponding to table 7 were used and filled up to 500 µL with
ACN. This mixture was also split into 70 µL aliquots and they were frozen
at -80◦C until their use.

Table 7: List of the internal standards used for the preparation of the
EicosanoidPostMix plus the used volume of each standard and the final con-
centration.

Compound Volume of stock Final concentration in
solution [µL] 500 µL ACN [ng/mL]

5S-HETE-d8 4 200
14,15-DiHETrE-d11 4 200
8-iso-PGF2α-d4 8 400
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3.2.2 In-vitro cell activation

Two fractions, representing activated platelets and a control group, were de-
rived from each platelet concentrate by transferring with caution respectively
1 mL of the platelet suspension into 15 mL flacon tubes. The platelet activa-
tion was performed for 15 min by adding 17.5 µL CaCl2 (1.0725 M; 119 mg in
1 mL H2O) and 3.33 µL ionomycin (13 mM in dimethyl sulfoxide (DMSO))
only to the 1 mL fraction representing the activated group. After adding
CaCl2 and ionomycin these samples were mixed gently. An aliquot of the
EicosanoidPreMix, whose preparation has been described in section 3.2.1,
was thawed on ice and 5 µL were added after those 15 min to both activated
and control fraction. To both fractions 4 mL cold EtOH (-20◦C) were added,
the falcon tubes were vortex mixed and stored at -20◦C overnight.

3.2.3 Solid-phase extraction

The storage of the platelet concentrate diluted 1:5 with cold EtOH at -20◦C
overnight is leading to a precipitation of proteins. Centrifugation for 30 min
at 5000 revolutions per minute (rpm) and 4◦C is inducing the formation of
a protein pellet and the supernatant containing eicosanoids and other lipids
was transferred into a new 15 mL falcon tube. Of these tubes, ethanol was
reduced by centrifugation under vacuum at 37◦C in a SpeedVac for about
75-105 min to the original volume of 1 mL.

For the solid-phase extraction a VacMasterTM manifold with StrataTM-
X 33 µm Polymeric Reversed Phase cartridges was used. All reagents and
samples were stored on ice during the extraction process.

The C18 column material was washed by adding 2 times 1 mL MeOH and
conditioning was achieved by adding 2 times 1 mL H2O, MeOH and H2O
with purity of LC-MS grade. Herein, and during further extraction it had to
be ensured, that the column did not dry and the liquid was going through
constantly with about one drop every two seconds. After equilibration the
sample was completely loaded onto the column using a glass Pasteur pipette
due to interaction of some eicosanoids and plastic. In the next step, 2 mL
H2O were added into the falcon, vortex mixed and also loaded onto the
column, which was done twice. A last washing step was performed with 1
mL H2O loaded directly on column. After the liquid went through, the SPE
column was disconnected from the vacuum manifold, 0.5 mL of MeOH and
2% FA were added and the elution into a 1.5 mL glass vial was executed
manually via gentle pressure of a syringe. The extracted samples were stored
at -80◦C till further analysis to ensure the same number of freeze-thaw cycles
for each sample.
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3.3 LC-MS analysis

The preparation for the LC-MS analysis was proceeded by thawing the sam-
ples and reducing the solvent under N2 gas stream lasting about one hour
until the samples were completely dried. During the drying phase mobile
phase A and mobile phase B were prepared with reagents of LC-MS grade
stored at 4◦C and thus the following steps were performed on ice. Herein,
mobile phase A is consisting of H2O with 0.2% FA and mobile phase B is
consisting of 10% MeOH, 90% ACN and 0.2% FA. Since the initial condition
of the LC system is represented by a mixture of mobile phase A and B at
a ratio of 65:35, the dried sample is reconstituted in 145 µL of 35% mobile
phase B and 5 µL of the EicosanoidPostMix described at section 3.2.1, of
which an aliquot was thawed on ice before. After vortex mixing, the recon-
stituted sample was transferred into a 200 µL V-shaped glass inlet. Another
centrifugation step at 2000 rpm and 4◦C for 10 min was executed due to fur-
ther precipitation. Subsequently 120 µL of the supernatant were transferred
into a new glass inlet, which was also placed into a glass vial. The glass vial
with the inlet containing pellet and residual supernatant was frozen at -80◦C
for a possible proteomics approach. The 120 µL sample was used for the
eicosanoid analysis.

Therefore, the samples were placed in the autosampler of the LC sys-
tem, a Vanquish ultra-high performance liquid chromatography system from
Thermo ScientificTM, at 4◦C. For analysis a sample volume of 20 µL was
injected. To ensure eicosanoid separation a KinetexTM 2.1 mm x 150 mm,
2.6 µm C18, 100 Å reversed-phase column was installed and the system was
operating at a flow rate of 200 µL/min with a lower pressure limit of 2 bar
and an upper limit of 800 bar. An already established method with a total
run time of 20 min and a gradient flow profile starting at the initial composi-
tion of 35% mobile phase B was applied. The exact elution gradient protocol
was as follows: 0-1 min at 35% mobile phase B, 1-10 min at 35-90% mobile
phase B, 10-10.5 min at 90-99% mobile phase B, 10.5-15.5 min at 99% mobile
phase B, 15.5-16 min at 99-35% mobile phase B and a re-equilibration phase
at 35% mobile phase B from min 16 up to min 20. Herein, the mobile phase
A is consisting of H2O with 0.2% FA and mobile phase B of 10% MeOH,
90% ACN and 0.2% FA, which has already been described above for the
preparation of the reconstitution buffer.

The detection was performed using a Q ExactiveTM HF Hybrid Quadru-
pole-OrbitrapTM Mass Spectrometer from Thermo ScientificTM with an ESI
source. Each sample was measured in negative ion mode with a technical
replicate. For the identification of eicosanoids, which are belonging with
their carboxylic group to the lipid subclass of fatty acids, the negative ion
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mode data was consulted. To discover possible carry-over effects 10 µL H2O
were injected after two sample injections.

After receiving MS1 spectra in a full scan, MS2 spectra were obtained
subsequent to the HCD fragmentation with a 24 eV collision energy. The
following data processing of the attained raw-files containing the spectral
information is described in section 3.4.

3.4 Data processing

The relative quantification of the eicosanoids and their precursor molecules
is based on the retention time in MS1 spectra and was performed using
the FreeStyleTM 1.1 and TraceFinderTM 4.1 Software packages from Thermo
ScientificTM. The method is already established in our group and the re-
tention times of the deuterated internal standard molecules and the targeted
analytes are known, nevertheless the identification was performed by checking
the retention times of those molecules and the MS2 spectra via FreeStyleTM.
Thereby the development of a compound database within the TraceFinderTM

software was feasible. This compound database is also containing the exact
mass of the molecule plus a mass tolerance of 5 ppm and the corresponding
retention time plus an acceptable window of ± 7.5 sec to search for the appro-
priate signal. Because of the gradient elution profile, the deuterated standard
molecules are so chosen, that their retention times are distributed over the
entire gradient and hence they can be adjusted as reference for the residual
analytes. Exact masses and retention times of the internal standards, pre-
cursor molecules and targeted eicosanoids in their de-protonated form due
to negative ion working mode as used in the compound database are listed
in table 8. The chemical structures of the internal standard molecules and
of the eicosanoids and their precursors in their non-ionised form were gener-
ated with ChemDraw Professional 15.0 and can be observed in Fig. 20 and
21. In Fig. 20 the chemical structures of the deuterated internal standard
molecules are pictured with the EicosanoidPreMix molecules shown in Fig.
20 (A)-(F) and the EicosanoidPostMix molecules illustrated in Fig. 20 (G)-
(I). The chemical structures of the eicosanoids and their precursor molecules
are displayed in Fig. 21 with (A) AA, (B) DHA, (C) EPA, (D) 12-HETE, (E)
12-HHT, (F) 15-HETE, (G) 11-HETE, (H) 9-HETE and (I) 5-HETE. These
molecules were chosen to observe alterations in the eicosanoid pattern and
to check the platelet activation capability after receiving the two different
treatments. Since neutrophils are producing 5-HETE, it has been added to
the list of investigated molecules to check a possible portion of neutrophils
within the platelet concentrates [103].
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Table 8: List of the exact masses and retention times of the internal standard
molecules, eicosanoid precursor molecules and further analytes in negative ion
mode with loss of a hydrogen ion [M-H]�.

Compound Exact mass [Da] Retention time [min]
15S-HETE-d8 327.2781 10.15

E
ic

os
an

oi
d

P
re

M
ix

12S-HETE-d8 327.2781 10.47
5-OxoETE-d7 324.2556 11.23

11,12-DiHETrE-d11 348.3069 9.08
PGE2-d4 355.2422 5.65

20-HETE-d6 325.2650 9.64

E
ic

os
an

oi
d

P
os

tM
ix 5S-HETE-d8 327.2781 10.66

14,15-DiHETrE-d11 348.3069 8.79
8-iso-PGF2α-d4 357.2579 4.83

AA 303.2330 12.70
EPA 301.2173 12.12
DHA 327.2330 12.54

5-HETE 319.2279 10.72
9-HETE 319.2279 10.63
11-HETE 319.2279 10.38
12-HETE 319.2279 10.52
15-HETE 319.2279 10.21
12-HHT 279.1966 9.23

To integrate the chromatographically separated peaks in MS1 spectra the
ICIS peak detection algorithm was chosen due to its efficiency even at low
MS signal levels. A detection strategy for the analyte molecules was defined,
wherein the peak with the nearest retention time in the given retention time
window should be selected for integration, if it is having a height above 1E4.
For peak integration of the internal standard molecules the highest peak
with an area threshold of 1 was used. In addition a S/N value of at least 3,
a minimal peak width of 3 seconds, a multiplet resolution of 5 and an area
tail extension of 5 were defined. The positive peak detection was checked
manually for each molecule in all samples. Further evaluation was executed
with the peak area obtained with the TraceFinderTM software.
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The data was exported from the TraceFinderTM software as Microsoft®
Office Excel file. The peak areas of the targeted analytes were normalised
to the mean peak area of the internal standard molecules. Afterwards the
normalised peak area of each sample was averaged with its technical replicate.
To clarify the ratio between activated and control group of each molecule at
day 1, 2, 5 and 7 (for both treatments on the respective days), the fold change
was calculated in [%] as follows [125]:

FoldChange = [(B − A)/A] ∗ 100 (4)

Herein, B is representing the quantity of the activated group and A the
quantity of the control one. While a positive fold change is illustrating an
increase after activation, a negative fold change is describing a reduction in
the activated state.
For an evaluation of significant differences between the activated and control
state of the same sample on the respective days without calculating each
sample in particular a paired t-test with two tails has been made. To com-
pare the initial levels of the untreated day 1 and the treated samples at day 2,
which were treated at day 1 and stored for one day, a two-tailed paired t-test
of the control groups was calculated. Furthermore, a two-tailed paired t-test
of the control groups of both treatments at the same day was illustrating
significant changes between the initial levels. Results of the t-tests with a p-
value below 0.05 were considered as significant change among the two groups
of interest. Herein, the intensity of significance was differentiated between
p-values below 0.05, 0.01 and 0.005 representing increasing significance.
The coefficient of variation (CV) expressed in percentage of the internal stan-
dard molecules was defined as the fraction of standard deviation σ and mean
µ multiplied by 100 [126]:

CV = [σ/µ] ∗ 100 (5)
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Figure 20: Chemical structures of the internal standard molecules with (A)
15S-HETE-d8, (B) 12S-HETE-d8, (C) 5-OxoETE-d7, (D) 11,12-DiHETrE-
d11, (E) PGE2-d4, (F) 20-HETE-d6, (G) 5S-HETE-d8, (H) 14,15-DiHETrE-
d11 and (I) 8-iso-PGF2α-d4.
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Figure 21: Chemical structures of the investigated eicosanoids and their pre-
cursor molecules with (A) AA, (B) DHA, (C) EPA, (D) 12-HETE, (E) 12-
HHT, (F) 15-HETE, (G) 11-HETE, (H) 9-HETE and (I) 5-HETE.
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4 Results and discussion
The following Figures 23-39 have been generated using Origin®Pro 2019
from OriginLab Corporation. The investigation was focused on eicosanoid
precursor molecules AA, DHA and EPA and further eicosanoids of interest
12-HETE, 12-HHT, 15-HETE, 11-HETE and 9-HETE. In the Fig. 23-39 (A)
the y-axis is representing the area under curve (AUC), which was calculated
by normalising the area of the integrated peak of analyte molecules to the
mean area of the standard molecules. Here a logarithmic presentation to the
base 10 was chosen due to a large biological variance. The x-axis is showing
the day of sample storage, the kind of treatment the samples have received
and the state of the cells (control or activated group). The mean value of
all donors is presented as bar and the values of the individual donors are
presented as dots. Untreated samples of day 1 are depicted in orange with
the control group (con) in light orange and the activated group (act) in dark
orange. Samples receiving treatment 1 (amotosalen/UVA) are illustrated in
blue with the control group in light blue and activated group in dark blue.
Samples receiving treatment 2 (137Cs) are pictured in green with the control
group in light green and activated group in dark green. Dots in control and
activated group of the same donor are connected via lines. A fold change in
[%] is shown in Fig. 23-39 (B) and it is describing the difference upon cell
activation. Significant changes after activation determined via a paired t-
test were tagged with "*" (p-value < 0.05), "**" (p-value < 0.01) and "***"
(p-value < 0.005) within Fig. 23-39 (A) and (B). For the comparison of the
initial levels from both treatments, a paired t-test of the control groups was
calculated as well, which is illustrated in Fig. 23-39 (C). Herein, significant
changes are also tagged with "*" (p-value < 0.05), "**" (p-value < 0.01) and
"***" (p-value < 0.005).

On the basis of the eicosanoid precursor molecules crucial differences dur-
ing the storage of the platelets due to the pathogen inactivation treatment
could already be observed (see Fig. 23-34). In addition isobaric forms of the
investigated precursor molecules could have been identified in the manual
check of the integrated peaks in the TraceFinderTM software, which are reg-
istered in table 9 as extension of the compound database composition from
table 8. As it is shown in table 9, three additional isobaric forms of AA,
one additional isobaric form of DHA and five additional isobaric forms of
EPA were detected. As mentioned in section 3.4 the retention times of AA,
DHA and EPA are known through comparison with commercially available
external standards. Therefore, the additional, unfamiliar isobars are named
with their rounded off, integer mass and the corresponding retention time
divided by an underscore such as in "303_12.76".
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Table 9: Extension to table 8 with the exact masses and retention times of
detected isobars of the eicosanoid precursor molecules in negative ion mode
with loss of a hydrogen ion [M-H]�.

Compound Exact mass [Da] Retention time [min]
AA 303.2330 12.70

303_12.76 303.2330 12.76
303_12.83 303.2330 12.83
303_13.33 303.2330 13.33

DHA 327.2330 12.54
327_12.60 327.2330 12.60

EPA 301.2173 12.12
301_12.20 301.2173 12.20
301_12.45 301.2173 12.45
301_12.66 301.2173 12.66
301_12.87 301.2173 12.87
301_12.96 301.2173 12.96

The CV in percent for the internal standard molecules within the samples
is illustrated in Fig. 22. The figure is indicating a difference of the values be-
tween the six molecules from the EicosanoidPreMix and the three molecules
from the EicosanoidPostMix, which is emerging as CV values between 70
and 85 percent for each of the EicosanoidPreMix standards and 40 to 50
percent for each of the EicosanoidPostMix standard molecules. This effect
is arising from spiking the EicosanoidPreMix prior to protein precipitation
and SPE, which is leading to higher CV values, while the EicosanoidPostMix
is spiked prior to analysis. As mentioned above, the analyte molecules were
normalised to the mean area of these standards.
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Figure 22: Coefficient of variation of the internal standard molecules within
the samples with 11,12-DiHETrE-d11, 12-HETE-d8, 15S-HETE-d8, 20-
HETE-d6, 5-Oxo-ETE-d7 and PGE2-d4 from the EicosanoidPreMix and
14,15-DiHETrE-d11, 5S-HETE-d8 and 8-iso-PGF2α-d4 from the Eicosanoid-
PostMix.
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AA and three additional isobars. The results of the main eicosanoid
precursor, arachidonic acid, is depicted in Fig. 23. As Fig. 23 (A) and (B)
are showing, a decrease upon activation of about 25 percent can be observed
at day 1. Day 2 is showing a different behaviour of the platelets depending
on the treatments. While an increase of AA was detected in the activated
group of treatment 1 (day 2, blue), treatment 2 is leading to a decreased level
in act (day 2, green). On day 5 an increase of about 20 percent in treatment
1 and 25 percent in treatment 2 was observed in the activated platelets. Day
7 is showing a reduction in act of treatment 1 and an increase in treatment
2. Considering the control group initial levels from day 1 up to day 7 a
consecutive enhancement can be seen as well. A comparison of the initial
levels (control group) from both treatments via a paired t-test is indicating
higher levels of AA in treatment 2, which is even significantly enhanced at
day 5 and day 7, illustrated in Fig. 23 (C). No significant difference upon
the treatment and storage for one day was observed between day 1 and day
2 (see Fig. 23 (C)).

The AA isobar 303_12.76 was only detected in the samples treated with
amotosalen/UVA (treatment 1, blue) and was not even detected in the un-
treated samples collected at day 1, as depicted in Fig. 24 (A). While day
2 and day 7 are indicating a decrease of about 17 and 30 percent in a non-
significant way, the activated group at day 5 is remaining constant due to
activation (see Fig. 24 (B)).

Another AA isobar, 303_12.83, was also found in the untreated samples
from day 1 and activation was not inducing an enhanced production of this
molecule within the platelets, which can be seen in Fig. 25 (A) and (B). But
it was also detected in treatment 2. Nevertheless, Fig. 25 (C) is showing
significantly higher initial levels at day 2 and day 5 and a not significantly
higher mean control group level at day 7 in the UVA-based treatment . The
high levels in the control groups of treatment 1 are seeming to prevent a
further increase during platelet activation. While the fold change at day 5
is showing a constant level upon activation, it is showing a slight decrease
at day 2 and day 7 in Fig. 25 (B). As Fig. 25 (C) indicates, the control
group level of treatment 1 at day 2 is significantly enhanced compared to the
untreated control group level at day 1. Considering the control group levels
at day 1 and at day 2 from treatment 2 in Fig. 25 (C), the mean value at day
2 is slightly increased. The levels at day 2, 5 and 7 in treatment 1 are at a
constant level in the not-activated samples, while the intensity of the signal
in treatment 2 is consecutively enhancing during storage time from day 2
through day 5 up to day 7 (see Fig. 25 (C)). The fold change in Fig. 25 (B)
is denoting a reduction of about 20 percent at day 2 for the samples receiving
treatment 2. During the storage time of these samples activation was leading
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to an increase of about 40 percent at day 5 and almost 100 percent at day 7.
At a retention time of 13.33 min the last isobar of arachidonic acid, which

is called 303_13.33, was detected. As Fig. 26 (A) is presenting, the isobar
was found in the untreated samples at day 1 as in the isobar 303_12.83 from
Fig. 25 (A). The initial control levels in the UVA-based treatment 1 are also
significantly higher than in treatment 2 as shown in Fig. 26 (C), which is
correlating with the results from Fig. 25 (C). Fig. 26 (C) is also illustrating
a significantly higher level within the control group of treatment 1 at day 2
than in the control group at day 1, while the levels at day 1 and day 2 from
treatment 2 are at a similar level. The fold change in Fig. 26 (B) is showing
rather constant or decreased levels for treatment 1, also observed in Fig. 25
(B) for 303_12.83. For 303_13.33 a fold change with an increasing reduction
in the activated samples of treatment 1 from day 2 trough day 5 up to day 7
was determined in Fig. 26 (B), while a trend of an increasing level from day
2 up to day 7 for the samples receiving treatment 2 was observed.

Summing up AA and its 3 additional isobars from Fig. 23-26, higher
initial levels of AA were observed in treatment 1 comparing the control groups
of both treatments. The isobar 303_12.76 was not detected in the untreated
samples from day 1 and it was also not detected in treatment 2. The two
further AA isobars, 303_12.83 and 303_13.33, were found also at day 1,
which means they were not caused by the treatment in the first instance,
but the treatments were leading to an increased release of these molecules
by the platelets and different behaviour upon storage. Treatment 1 (utilizing
amotosalen/UVA) was leading to significantly higher levels in the control
state starting already at day 2, in which activation was not effecting an
enhanced release of 303_12.83 and 303_13.33. This could mean, that the
production of these molecules was used to full capacity. In contrast the values
of the control groups of treatment 2 were rising during storage time from day
2 up to day 7. Considering the initial levels of AA and its isobars at day 1
and day 2, significantly enhanced levels were detected within 303_12.83 and
303_13.33 at day 2 in treatment 1, while the levels in treatment 2 were at
similar levels to the level in the untreated samples at day 1.

DHA and one additional isobar. The results of docosahexaenoic acid
are displayed in Fig. 27, in which Fig. 27 (A) and (B) are showing a signifi-
cant decrease of about 40 percent after activation at day 1. After receiving
the treatments, the samples were not showing significant changes upon acti-
vation at day 2. Comparing the control group levels of both treatments at
the corresponding days, the samples from treatment 2 are indicating higher
levels than those from treatment 1 as illustrated in Fig. 27 (C) with signif-
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icantly higher values at day 5 and day 7. By comparing day 1 and day 2
in Fig. 27 (C), no significantly enhanced level was determined after receiv-
ing the two different treatments. With the fold change a reduction of about
15 percent upon activation of the samples from day 2 receiving treatment 1
and a reduction of about 35 percent for treatment 2 were observed, depicted
in Fig. 27 (B). At day 5 samples of both pathogen inactivation procedures
were leading to an increase of the level in the activated state, while at day
7 a reduction of about 20 percent was registered for treatment 1 and an
enhancement of about 20 percent was registered for treatment 2.

For DHA an additional isobar named 327_12.60 was also identified, the
results of which are shown in Fig. 28. This isobar was also detected at day
1 like the two isobars of AA, 303_12.83 and 303_13.33 displayed in Fig. 25-
26. Fig. 28 (B) is displaying a reduction of about 45 percent due to platelet
activation at the first day, which is correlating to the fold change of DHA from
the untreated samples in Fig. 27 (B). The decrease at day 2 for treatment 1 of
about 10 percent and for treatment 2 of about 40 percent is behaving similar
to the observations of DHA in Fig. 27 (B). At day 5 a slight decrease of about
15 percent in the activated samples of both treatments could be determined,
which was also seen at day 7 for treatment 1, while in treatment 2 a constant
level after platelet stimulation was recorded. Comparing the control states
of both treatments, Fig. 28 (C) is showing a slightly enhanced initial level
of treatment 1 at day 2 and a significantly higher level in treatment 1 at day
5. At day 7 the level of treatment 2 was slightly higher than in treatment
1, but the variance of the donors is not allowing an explicit interpretation.
By comparing the levels of the control group at day 1 and day 7 of both
treatments, an increase of approximately 150 percent in treatment 1 and 250
percent in treatment 2 at day 7. Examining day 2 con and day 7 con, an
enhancement of 100 percent for treatment 1 and 200 percent for treatment
2 could be observed. The paired t-test between the untreated day 1 and the
two differently treated day 2 samples was not leading to significant changes
upon the treatment and storage up to the second day.

EPA and five additional isobars. The last eicosanoid precursor of in-
terest was eicosapentaenoic acid, of which results are depicted in Fig. 29.
In Fig. 29 (A) can be seen a significant reduction of the level upon activa-
tion at day 1, which is becoming apparent in Fig. 29 (B) with a negative
fold change of about 45 percent. In the UVA-based treatment (treatment 1)
significantly higher initial levels were determined from day 2 through day 5
up to day 7 as shown in Fig. 29 (C). A significantly increased control group
level upon treating via amotosalen/UVA with subsequently one day storage
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in contrast to the untreated day 1 was ascertained in Fig. 29 (C). Comparing
the levels within the control groups in treatment 1 respectively treatment 2,
an increase starting from day 2 up to day 7 can be seen in Fig. 29 (C) as
well. Because of the high initial levels in treatment 1 the activation of the
platelets was not affecting a further increase at day 2 and day 5, and at day
7 a reduction of about 25 percent was denoted, which arises from Fig. 29
(B). For treatment 2 a negative fold change was recorded at day 2 of about
30 percent, while day 5 is showing an increase of 20 percent in the activated
state. The value at day 7 in treatment 2 is keeping constant.

Like AA and DHA, isobars of EPA were detected as well. The results
of the first additional isobar, 301_12.20, are illustrated in Fig. 30. Within
this isobar the levels in the control groups of treatment 1 are all significantly
higher compared to those in treatment 2 (see Fig. 30 (C)). Therefore, ac-
tivation has no impact on the levels as Fig. 30 (B) is pointing out quite
constant levels in treatment 1 through all days. For treatment 2 a negative
fold change of 30 percent was recorded at day 2, while at day 5 an increase
of 30 percent could be determined like illustrated in Fig. 30 (B). At day
7 platelet activation was inducing an enhancement of about 90 percent in
treatment 2. A comparison of the control groups in treated samples at day
2, 5 and 7 with the untreated samples from day 1 is indicating a four-fold sig-
nificantly increased level at day 2, a seven-fold increased level at day 5 and
a nine-fold higher level at day 7 in the amotosalen/UVA treated samples,
while the levels of day 2 and day 7 in the cesium-based pathogen inactivated
samples are arranged in the area of day 1 and only at day 5 a two-fold higher
level could be observed, which was not significantly enhanced (arising from
Fig. 30 (A) and (C)).

Fig. 31 is picturing the results of the next detected EPA isobar, 301_12.45.
Here the sub-figures (A) and (B) are showing a decrease of 20 percent due
to platelet activation at the first day. Like EPA and the isobar 301_12.20
from Fig. 29-30, the initial levels of this isobar are more intense within treat-
ment 1 at the corresponding days with a significant difference between the
two techniques at all days as Fig. 31 (C) is indicating. Upon activation
the samples from treatment 1 are having a negative fold change of about 25
percent and even a significant decrease at day 2 and about 15 percent at day
5 and day 7, which is shown in Fig. 31 (A) and (B). This seems to correlate
with the assumption made in observations before, that platelets with already
high initial levels are used to full capacity, thus activation is not leading to
further increasing levels but rather to a constant level or a reduction in the
activated state. For 301_12.45 the level after treating the samples is rising
at day 2 with a significantly enhanced level in the UVA-based treatment 1
and it is further increasing at day 5 within both treatments. Comparing day
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5 with day 7, a decrease during storage can be observed for both treatments
derived from Fig. 31 (C).

301_12.66 is representing another isobar of EPA and its results are shown
in Fig. 32. At day 1 a significant reduction in the activated samples could
be monitored, as shown in Fig. 32 (A) and (B). Arising from Fig. 32 (C) the
initial levels in treatment 1 are slightly higher than in treatment 2 at day 2
and significantly higher at day 5 and day 7. At day 2 and day 5 for both
treatments an almost constant level in the activated state could be observed
with a negative fold change below 10 percent, which can be considered as
constant value (see Fig. 32 (B)). While at day 7 a negative fold change of 15
percent was registered for treatment 1, activation was leading to an increase
of about 60 percent for treatment 2. The comparison of day 1 with day 2 is
showing a significantly higher level for treatment 1, while for treatment 2 an
approximately constant level was observed (see Fig. 32 (C)).

Results of the next EPA isobar, 301_12.87, are pictured in Fig. 33. As
Fig. 33 (A) and (B) are indicating, the activation of the cells at day 1 is not
leading to an increase of the level. The comparison of the initial levels in Fig.
33 (C) are showing higher levels in treatment 1 like it was observed in EPA
and the isobars discussed so far from Fig. 29-32. In addition, a significantly
higher level could be detected at day 7 for 301_12.87 in treatment 1. After
treating the samples and storage till day 2, a constant level was observed
for treatment 2, while a not significantly increased control group level for
treatment 2 was determined at day 2 (see Fig. 33 (C)). Fig. 33 (C) is also
presenting an enhancement from day 2 to day 5 with a following reduced level
at day 7 in both treatments. Considering the fold change from Fig. 33 (B) a
negative fold change of about 20 percent could be ascertained for treatment 1
at day 2, while treatment 2 is indicating an increase of about 80 percent due
to platelet activation. At day 5 a negative fold change of about 30 percent
was monitored in treatment 1 and a decrease of 20 percent in treatment 2,
while activation was keeping the level in treatment 1 constant at day 7 and
was causing a positive fold change of 20 percent in treatment 2.

Fig. 34 is showing the results of the EPA isobar 301_12.96, which was
eluting last. At day 1 an about 35 percent decreased level in the activated
state could be observed, as can be seen in Fig. 34 (A) and (B). Significantly
higher initial levels in treatment 1 compared to those of treatment 2 over
all days and a significantly enhanced level after the UVA-based treatment at
day 2 compared to day 1 are arising from Fig. 34 (C). Platelet stimulation
of the samples treated via amotosalen/UVA was leading to a negative fold
change over all days with significantly decreased levels of about 55 percent
in the activated state at day 2 and day 7 (see Fig. 34 (A) and (B)).

Summing up DHA, EPA and their isobars shown in Fig. 27-34, signifi-
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cantly reduced levels due to platelet activation of the untreated samples at
day 1 could be detected for the two eicosanoid precursor molecules DHA and
EPA. In contrast to DHA, the initial levels of the control groups of EPA and
its isobars are higher in treatment 1 with significantly increased levels over
all days in 301_12.20, 301_12.45 and 301_12.96, which is depicted in Fig.
30 (C), 31 (C) and 34 (C). Only Fig. 32 (C) is presenting a not so clear ratio
between both treatments for 301_12.66. Considering the control group levels
at day 1 and day 2 from both treatments, no significant increase was deter-
mined for DHA and 327_12.60, while the levels of EPA and four of the five
additional isobaric forms (301_12.20, 301_12.45, 301_12.66 and 301_12.96)
were significantly more intense for treatment 1 at day 2 as depicted in Fig.
27-34 (C).

Eicosanoids of interest. 12-HETE is one of the major released eicosanoid
molecules by stimulated platelets, of which results are illustrated in Fig. 35
[10]. Therefore, activation of the untreated cells at day 1 is leading to a
significant increase as depicted in Fig. 35 (A), which is correlating to a
positive fold change of about 30 percent in Fig. 35 (B). At day 2 samples of
both treatments are showing a significant enhancement in the activated state,
which was not detected the following days. As Fig. 35 (C) is indicating, the
initial control group levels are of a very similar intensity, but activation is
leading in treatment 1 to an increase of about 30 percent, while in treatment
2 a positive fold change between 80 and 90 percent could be denoted (see
Fig. 35 (B)). At day 5 and day 7 significantly higher control group levels were
observed in treatment 2 with similar levels of the corresponding treatment at
day 5 and day 7, illustrated in Fig. 35 (C). The fold change from Fig. 35 (B)
is displaying an increase of about 30 percent for treatment 1 at day 5 and
a constant level in view of treatment 2. Also an enhancement of 30 percent
for treatment 1 was recorded at day 7, while activation of treatment 2 at
day 7 was resulting in a 110 percent enhancement in the level of 12-HETE.
Comparing the level of the control state at day 1 with those of the treated
and afterwards stored samples, the levels of the treated samples are increased
in a significant way at day 2 within both treatments (see Fig. 35 (C)).

Results of 12-HHT, another major product of activated platelets, are
pictured in Fig. 36. Activation was causing a significant increase of about 70
percent in the untreated samples at day 1, as shown in Fig. 36 (A) and (B).
Although in treatment 1 at day 2 the positive fold change between 10 and
20 percent was recorded, the t-test in Fig. 36 (A) was showing a significant
change. Fig. 36 (C) is indicating similar levels of the control groups of both
treatments at day 2, as it was seen for 12-HETE in Fig. 35 (C), but the
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variance of the individual donors is higher in treatment 2 for 12-HHT. Also
for 12-HHT the increase at day 2 due to platelet stimulation was more intense
in treatment 2 with almost 50 percent than in treatment 1 (see Fig. 36 (B)).
With regard to day 5, a higher initial level in treatment 2 was detected with a
significantly positive fold change of about 40 percent, while activation of the
samples treated with UVA was leading to an increase of 20 percent. At day
7 there was no difference in the level of the activated state from treatment
1, but for treatment 2 an enhancement between 100 and 110 percent due to
activation was observed, as pictured in Fig. 36 (B). Comparing the control
states at day 7 in Fig. 36 (C), a significantly enhanced level was observed
for treatment 2. But the paired t-test is also indicating a significantly higher
level after treating the samples with amotosalen/UVA, which is arising from
Fig. 36 (C).

Activated platelets are also producing significant amounts of 15-HETE
and Fig. 37 (A) is showing a significantly higher level in the activated state
of the untreated platelets at day 1 compared to the stored samples after
receiving the different treatments. Due to the high levels in treatment 1 at
day 2, 5 and 7 activation is not resulting in further increased levels, while
for treatment 2 at day 2 and day 7 a positive fold change of about 30 and
60 percent was found (see Fig. 37 (B)). The level of treatment 2 at day
5 was kept constant. Comparing control groups of both treatments at the
corresponding days, higher levels for treatment 1 could be observed with
significant differences at all days, as depicted in Fig. 37 (C). Regarding
the control state level at day 1 and day 2, samples of both treatments are
significantly higher than at day 1 (see Fig. 37 (C)).

The results of 11-HETE are illustrated in Fig. 38. In Fig. 38 (A) and
(B) can be seen, that activation of the untreated samples at day 1 is keeping
the level constant to the control group level. Considering the control group
levels at day 1 and day 2 in Fig. 38 (C), a significantly enhanced level was
determined for treatment 1, the level of treatment 2 kept constant to the level
at day 1. The comparison of the control groups of both treatments in Fig.
38 (C) is indicating significantly higher levels in the UVA-based treatment 1
over all days. Therefore, platelet stimulation is not causing increased release
of 11-HETE, which can be derived from the fold change of treatment 1 in Fig.
38 (B). At day 2 a positive fold change of about 30 percent was recorded,
while at day 5 the value was kept constant due to platelet activation and at
day 7 an increase of 70 percent was ascertained.

Results of 9-HETE are pictured in Fig. 39 and subfigure (A) is indicating,
that the molecule was not detected at day 1. After treating the samples, it
could be detected in treatment 1 within control and activated state at day 2.
As the fold change in Fig. 39 (B) is displaying, platelet activation at day 2
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was leading to a significant increase of 65 percent (see Fig. 39 (A)). 9-HETE
was also at day 5 only found in treatment 1. Here, a positive fold change
of about 170 percent due to platelet stimulation could be ascertained, which
was not significant (see Fig. 39 (B)). At day 7 the molecule was identified
within four donors, of which dots of two donors respectively are overlapping,
in the control group of treatment 1 and within one donor in the corresponding
activated samples, but it was also detected within one activated sample from
treatment 2 at day 7, as illustrated in Fig. 39 (A). Considering Fig. 39 (B),
a decrease of 80 percent was determined in treatment 1 at day 7. Due to
the identification of 9-HETE in only one activated sample, the fold change
at day 7 for treatment 1 should not be interpreted too strictly.

Summing up the results of 9-, 11-, 12- and 15-HETE and 12-HHT from
Fig. 35-39, platelet activation is leading to significantly higher levels in the
activated states at day 1 and day 2 within both treatments according to
the results of 12-HETE in Fig. 35 (A). Relating to 12-HETE, 12-HHT, 15-
HETE and 11-HETE, depicted in Fig. 35-38, changes in the levels of the
control groups were observed between day 2 and day 5, while the levels were
considered as constant from day 5 to day 7 within each treatment. Similar
initial levels of 12-HETE and 12-HHT for both treatments at day 2 are
shown in Fig. 35 and 36. During storage time the levels of 12-HETE and
12-HHT are higher in treatment 2 at day 5 and day 7. In contrast to that,
15-HETE and 11-HETE production is more enhanced in treatment 1 than in
treatment 2 starting already at day 2 after pathogen inactivation techniques
were applied, as pictured in Fig. 37 and 38. 9-HETE was detected in the
control and activated samples of treatment 1 over all days and in only one
sample of the activated state of treatment 2 at day 7, which is depicted in
Fig. 39. Considering the production of 9-HETE, the treatment of platelet
concentrates with UVA seems to induce free-radical, oxidative stress to the
cells causing non-enzymatic eicosanoid formation [93].

By comparing the levels of the control states at day 1 and at day 2, after
receiving the two different treatments and one day storage time, significantly
higher levels were observed for 11-, 12- and 15-HETE and 12-HHT in the
amotosalen/UVA-based treatment (treatment 1) and for 12- and 15-HETE
in the Cs-based treatment (treatment 2) as shown in Fig. 35-38 (C). Since 11-
, 12- and 15-HETE and 12-HHT are enzymatically generated eicosanoids and
the control group levels of all these molecules are significantly increased at
day 2 in treatment 1, the UVA-based treatment seems to affect the enzymatic
activity. The influence of UVA light on signal pathway activation leading to
eicosanoid production has already been described in section 2.3.

5-HETE was detected in four samples, which could be connected with a
marginal contamination of the platelet concentrates with neutrophils.
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Figure 23: Results of AA. (A) Bars: Normalised mean peak area of all donors.
Dots: Peak area of individual donors. Day 1: con (light orange), act (dark
orange). Treatment 1 at day 2, 5 and 7: con (light blue), act (dark blue).
Treatment 2 at day 2, 5 and 7: con (light green), act (dark green). Lines are
connecting con and act of the same donor. (B) Fold change: Difference in act
compared to con. (C) Result of paired t-test of con from both treatments.
Significant changes are tagged with "*" (p-value < 0.05), "**" (p-value <
0.01) and "***" (p-value < 0.005).
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Figure 24: Result of 303_12.76. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 25: Result of 303_12.83. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).

57



A

B C

Figure 26: Result of 303_13.33. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 27: Result of DHA. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 28: Result of 327_12.60. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 29: Result of EPA. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 30: Result of 301_12.20. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 31: Result of 301_12.45. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 32: Result of 301_12.66. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 33: Result of 301_12.87. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 34: Result of 301_12.96. (A) Bars: Normalised mean peak area
of all donors. Dots: Peak area of individual donors. Day 1: con (light
orange), act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue),
act (dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 35: Result of 12-HETE. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).

67



A

B C

Figure 36: Result of 12-HHT. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 37: Result of 15-HETE. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 38: Result of 11-HETE. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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Figure 39: Result of 9-HETE. (A) Bars: Normalised mean peak area of all
donors. Dots: Peak area of individual donors. Day 1: con (light orange),
act (dark orange). Treatment 1 at day 2, 5 and 7: con (light blue), act
(dark blue). Treatment 2 at day 2, 5 and 7: con (light green), act (dark
green). Lines are connecting con and act of the same donor. (B) Fold change:
Difference in act compared to con. (C) Result of paired t-test of con from
both treatments. Significant changes are tagged with "*" (p-value < 0.05),
"**" (p-value < 0.01) and "***" (p-value < 0.005).
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5 Summary
Platelets are the smallest cells in mammalian blood and are mainly derived
from megakaryocytes in the bone marrow and the lungs. These cells are cir-
culating up to 10 days in the bloodstream, which is regulated by their own
apoptotic program. They are sensing injured blood vessel endothelium and a
clot formed via platelet aggregation is clogging the leakage. Platelet transfu-
sion in thrombocytopenic patients is leading to a reduction of bleeding, but
due to their short life time the therapeutic effect is prompt decreasing. The
platelets are stored as concentrates in plastic bags with agitation allowing gas
exchange at room temperature up to 5 days storage time, which is ensured via
different pathogen inactivation techniques. Those treatments should protect
the platelet concentrates from viral or bacterial contamination, which would
lead to potential transfusion-related sepsis and other transfusion associated
graft-versus-host diseases.

Eicosanoids are belonging to the lipid subclass of FAs and are mainly de-
rived from enzymatic metabolism of AA, DHA and EPA via COX, LOX and
CYP. This group of molecules is involved in various processes in the body like
inflammation or cancer, but some of them are also regulating platelet aggre-
gation. Since activated platelets are releasing over 300 bioactive molecules
including eicosanoids, this work is comparing the eicosanoid releasates of
platelets concentrates derived from blood samples of 14 donors. Each con-
centrate was split into two samples, of which one was treated via amotos-
alen/UVA (treatment 1) and one via cesium-137 (treatment 2).

As reference levels the untreated samples were collected at day 1, directly
before treatment. After receiving the treatment, the concentrates were stored
up to day 7 with sample collection at day 2, 5 and 7. After retrieving the
samples from the general hospital, the platelet concentrates were split into
an inactivated control group and an activated group, which was activated
via ionomycin and CaCl2. Eicosanoids were obtained via SPE with reversed
phase cartridges and analysis was performed via LC-MS. Herein, analyte
separation was executed through an UPLC system, which was coupled to a
Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass Spectrometer with
an ESI source. Samples were measured in negative ion mode to identify the
eicosanoids due to their carboxylic functional groups. Fragmentation was
obtained in a HCD cell with 24 eV collision energy.

Data analysis was performed via the TraceFinderTM 4.1 Software packages
from Thermo ScientificTM by developing a compound database containing the
exact mass of the analytes. Herein, the internal standards were used as ref-
erence. Via a paired t-test significant changes could be identified between
the control and activated state of each molecule at the corresponding days
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and by calculating the fold change in percent. To detect significant changes
between the initial states from both treatments, the control states of treat-
ment 1 was compared with treatment 2 via a paired t-test as well. In both
paired t-tests p-values below 0.05 were distinguished as significant changes.

The comparison of both pathogen inactivation techniques, the INTER-
CEPT Blood SystemTM utilizing amotosalen/UVA and the second treat-
ment using radioactive 137Cs, is demonstrating significant differences between
them. The most significant difference between both techniques may be the
resulting AA isobar 303_12.72, which could not be detected in untreated
samples, nor after treatment 2. Only after treatment 1 this unidentified iso-
bar was detectable. The other AA isobars were indicating higher levels in
treatment 1, which was also observed within EPA and its isobars, while DHA
and its isobar were showing similar levels or higher levels in treatment 2.

Since 12-HETE is one of the most secreted molecules by activated platelets,
their activation via ionomycin was leading to significantly increased levels in
the activated groups at the first two days with similar levels at day 2 for
both treatments. During ongoing storage within the platelets treated with
cesium-137 significantly higher amounts of 12-HETE were detected. A sim-
ilar pattern was found for 12-HHT with similar control levels at day 2 and
higher levels at day 5 and 7 for treatment 2. For 15-HETE and 11-HETE
the UVA-based treatment was leading to much higher levels with signifi-
cantly higher control levels at almost all days. 9-HETE was detected in
several donors on all days receiving the INTERCEPT Blood SystemTM and
only in one activated sample at day 7 treated with cesium-137. Therefore,
treatment 1 seems to induce free-radical stress to the platelets.

The comparison of the untreated samples at day 1 and of the samples
at day 2, after receiving the two different treatments at day 1 and one day
of storage time, was indicating significantly increased levels for the AA iso-
bars, 303_12.83 and 303_13.33, for EPA and the EPA isobars, 301_12.20,
301_12.45, 301_12.66 and 301_12.96, for 11-, 12- and 15-HETE and for
12-HHT in the amotosalen/UVA-based treatment 1. Since 11-, 12- and 15-
HETE and 12-HHT are enzymatically formed eicosanoids, the UVA-based
treatment seems to have an impact on the enzyme activity.

In conclusion, it can be stated, that there are significant differences be-
tween the two pathogen inactivation techniques and that the INTERCEPT
Blood SystemTM has an effect on lipids, as mentioned in section 2.1.4 amoto-
salen should not interact with lipids and proteins, but it seems not to be valid
to UVA [58]. But also the formation of the eicosanoid precursor molecules
or even the chemical structure of these isobaric forms has to be studied.
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Abstract
Platelets are participating in many processes within the body, but

their most important role is being involved in wound healing due to
their ability of aggregation and therefore clogging injured blood vessels
with the formed clot. Storing platelets as concentrates for transfusion
to patients is important and thus pathogen inactivation techniques are
required to ensure the safety of the patients.

Due to the fact, that eicosanoids are regulating platelet aggrega-
tion, this work has focused on the effects of the two most common
pathogen inactivation techniques, the INTERCEPT Blood SystemTM

utilizing amotosalen/UVA and the second treatment using radioactive
137Cs, on platelet activation by detecting some of the most released
eicosanoids by platelets and their precursors like AA.

Samples were collected from 14 donors at day 1, 2, 5 and 7. After
collecting an untreated sample, the concentrates received the treat-
ments at day 1 and were stored up to day 7. The platelet concentrates
were split into two groups, one group is representing the controlled
state, while the second group is representing the activated one. In
vitro activation was induced by CaCl2 and ionomycin, proteins were
precipitated over night in EtOH (1:5) at -20◦C. Eicosanoids were en-
riched during a reversed-phase SPE, separation and analysis were ex-
ecuted via an UPLC system coupled to a Q ExactiveTM HF Hybrid
Quadrupole-OrbitrapTM Mass Spectrometer with an ESI source work-
ing in negative ionisation mode. Data analysis was performed with
the TraceFinderTM 4.1 Software packages from Thermo ScientificTM

by developing a compound database. The integrated peaks have been
checked manually and the areas were normalised to the mean area of
the internal standard molecules. A paired t-test was executed to show
significant changes between the control and activated groups, which
was also indicated in percent by the calculated fold change, and an-
other paired t-test was performed to compare the control groups of
both treatments.

The evaluation of eicosanoid releasates in platelet concentrates con-
sequent to the two different pathogen inactivation techniques resulted
in the observation of several eicosanoid precursor isobars, of which one
was only detected in the INTERCEPT Blood SystemTM. But also
within some other eicosanoids significant differences could already be
detected at day 2 after receiving the treatment. Changes during on-
going storage time have been identified as well. Comparing the sam-
ples at day 1 and day 2, significant changes in the control state of
all enzymatically formed eicosanoids, which have been investigated,
were found in treatment 1 and additionally the control group levels of
two isobars of AA, of EPA and of four EPA isobars were significantly

74



enhanced in treatment 1. The formation of the non-enzymatically gen-
erated 9-HETE after receiving the amotosalen/UVA-based treatment
1 through all days seems to be caused by free-radical, oxidative stress
within the platelets.
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Zusammenfassung
Plättchen sind an einer Vielzahl von Prozessen im menschlichen

Körper involviert, aber ihre wichtigste Rolle ist die Beteiligung an der
Wundheilung durch ihre Fähigkeit zu aggregieren und somit verletzte
Blutgefäße mit dem gebildeten Pfropfen zu verschließen. Die Lagerung
von Plättchen in Form von Konzentraten um sie Patienten mittels
einer Transfusion zu verabreichen ist von großer Bedeutung, wodurch
Pathogeninaktivierungsverfahren unerlässlich sind um die Sicherheit
für den Patienten gewährleisten zu können.

Da Eicosanoide einen regulatorischen Effekt auf die Plättchenko-
agulation aufweisen, stützt sich diese Arbeit auf den Einfluss auf die
Aktivierung von Plättchen durch die zwei am häufigsten verwendeten
Pathogeninaktivierungstechniken, dem INTERCEPT Blood SystemTM,
welches Amotosalen in Verbindung mit UVA einsetzt, und einer wei-
teren Methode, welche die Inaktivierung von Pathogenen mittels ra-
dioaktivem 137Cs erreicht. Hierbei sollen einige von Plättchen am häu-
figsten freigesetzten Eicosanoide samt ihrer Ausgangsmoleküle wie die
Arachidonsäure untersucht werden.

Die Proben wurden von 14 Donoren an Tag 1, 2, 5 und 7 gesam-
melt. Nach dem Sammeln einer unbehandelten Probe an Tag 1 er-
folgte die Pathogeninaktivierung und die Konzentrate wurden bis Tag
7 gelagert. Die Plättchenkonzentrate wurden in zwei Gruppen aufge-
teilt, wobei ein Teil in vitro aktiviert wurde, während der andere Teil
ohne Aktivierung als Kontrollgruppe fungierte. Eine Aktivierung der
Plättchen wurde durch Zugabe von CaCl2 und Ionomycin herbeige-
führt und die Proteine wurden über Nacht mit kaltem EtOH (1:5)
bei -20◦C präzipitiert. Eicosanoide wurden durch eine Umkehrphasen-
Festphasenextraktion angereichert, die chromatographische Trennung
und die Analyse erfolgten mittels einem UPLC System gekoppelt an
ein Q ExactiveTM HF Hybrid Quadrupol-OrbitrapTM Massenspektro-
meter mit einer Elektrosprayionisation, welche in negativem Ionen-
modus arbeitete. Die Datenanalyse wurde mit der TraceFinderTM 4.1
Software von Thermo ScientificTM durchgeführt, indem zu Beginn ei-
ne Komponenten-Datenbank aufgestellt wurde. Die integrierten Peaks
wurden manuell überprüft und die daraus resultierende Peakfläche
wurde auf den Mittelwert der Fläche aller internen Standards normiert.
Ein gepaarter t-Test wurde durchgeführt um signifikante Unterschie-
de zwischen Kontrollgruppe und aktivierter Gruppe anzuzeigen. Dies
wurde durch eine Berechnung der relativen Veränderung der Expressi-
onswerte (fold change) zwischen der Kontrollgruppe und der dazuge-
hörigen aktivierten Gruppe zusätzlich in Prozent dargestellt werden.
Signifikante Unterschiede zwischen denWerten der Kontrollgruppe bei-
der Behandlungsmethoden konnten durch einen weiteren gepaarten t-
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Test ermittelt werden.
Die Evaluierung der Eicosanoid-Freisetzung in Plättchenkonzentra-

ten infolge zweier verschiedener Pathogeninaktivierungstechniken führ-
te zu der Identifikation von mehreren isobaren Formen der Eicosanoid-
Verläufermoleküle, von denen eine isobare Form der Arachidonsäure
weder in den unbehandelten Proben von Tag 1, noch in den Proben
von Behandlung 2, sondern ausschließlich in den mittels INTERCEPT
Blood SystemTM behandelten Proben detektiert werden konnte. Zu-
dem konnten an Tag 2 bei den anderen untersuchten Eicosanoiden
ebenfalls signifikante Unterschiede nach der erfolgten Behandlung be-
obachtet werden. Zusätzlich konnten Veränderungen mit fortschrei-
tender Lagerungsdauer nachgewiesen werden. In einem Vergleich der
Proben von Tag 1 und Tag 2 konnten signifikante Veränderungen in
den Kontrollgruppen von allen untersuchten, enzymatisch geformten
Eicosanoiden in Behandlung 1 festgestellt werden. Zudem waren die
Level der Kontrollgruppe von zwei AA-Isobaren, EPA und vier EPA-
Isobaren ebenfalls in Behandlung 1 signifikant erhöht. Nach Behand-
lung 1 mittels Amotosalen/UVA konnte an allen untersuchten Tagen
das nicht-enzymatisch gebildete 9-HETE nachgewiesen werden. Dies
scheint durch oxidativen Stress ausgelöst von freien Radikalen in den
Blutplättchen hervorgerufen zu werden.
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