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Abstract

Preterm-born infants rely on red blood cell (RBC) transfusions to have better survival chances. However, the
transfusion outcome depends on donor characteristics such as sex and age. Improved survival chances have
been reported when preterm infants were transfused with RBCs from specific donor groups. The purposes
of this thesis are to investigate differences in RBC membrane lipid composition across different population

groups, across fresh and stored blood and therefore possibly explain better transfusion outcomes.

A cohort of 105 samples was analyzed, comparing fresh adult blood, preterm and term RBCs from umbilical
cord and four subgroups of donor blood units differing in sex and age. Lipidomic profiling was performed by
reversed-phase high-performance liquid chromatography—mass spectrometry for chromatographic
separation and species-level quantification and shotgun lipidomics for broad, rapid assessment of membrane

lipid composition.

Just a small subset of lipid species differed between adult and neonatal RBCs, while older female donors
showed neither differences to other adult groups nor similarities to preterm RBCs. Adult RBCs, fresh or
stored, clustered closely together regardless of sex or age. Preterm and term infant RBCs formed distinct
separate clusters from adult groups, showing characteristic shifts in saturation, chain length distribution and
phospholipid class abundances. Lipid patterns in adult RBCs remained stable across stored and fresh blood,

suggesting minimal alteration through routine blood processing.

Neonatal RBCs have unique lipid signatures compared to all adult groups. Factors not investigated in this
thesis, such as membrane proteins, glycolipids or small metabolites may explain transfusion-related
outcomes in preterm infants. We recommend expanding cohort size, integrating multi-omics layers and

incorporating longitudinal sampling to identify donor characteristics that explain transfusion success.



Zusammenfassung

Die Frihgeborenen sind auf Transfusionen roter Blutkorperchen (RBC) angewiesen, um bessere
Uberlebenschancen zu haben. Das Ergebnis einer Transfusion hingt von Merkmalen des Spenders ab, und
zwar von Geschlecht und Alter. Hohere Uberlebenschancen bei Frithgeborenen wurden bei Transfusionen
der RBC von bestimmten Spendergruppen beobachtet. Die Ziele dieser Masterarbeit sind, die Unterschiede
in der Lipidzusammensetzung der Membran der RBC in unterschiedlichen Bevolkerungsgruppen sowie
frischen Blutproben und Blutkonserven zu bestimmen und moglicherweise die besseren

Transfusionsergebnisse zu erklaren.

Eine Stichprobe an 105 Proben wurde analysiert, in welcher Blutproben mit frischem Blut und das Blut von
der Nabelschnur der Frilhgeburten und rechtzeitig geborenen Kindern verglichen wurden. Zuséatzlich wurden
4 Untergruppen an Blutkonserven von Spender:innen unterschiedlichen Alters und Geschlechts analysiert.
Die Erstellung des Lipidomprofils erfolgte mithilfe zweier analytischer Methoden: Umkehrphasen-
Hochleistungsflissigkeitschromatographie-Massenspektrometrie, um die Spezies chromatographisch zu
trennen und zu quantifizieren, und Shotgun-Lipidomik fiir umfassende und schnelle Bewertung der

Membranlipidzusammensetzung.

Nur eine kleine Anzahl an Lipidspezies war unterschiedlich zwischen den RBC Erwachsener und Sauglingen,
wahrend &ltere Frauen weder Unterschiede zu anderen Gruppen noch Ahnlichkeiten zu Frithgeburten gezeigt
haben. Die RBC Erwachsener aus frischen Proben und Blutkonserven gruppierten nah aneinander,
unabhangig von Geschlecht oder Alter. Frithgeborene und rechtzeitig Geborenen gruppierten sich separat
von Gruppen Erwachsener, mit typischen Verschiebungen im Sattigungsgrad, Verteilung der Kettenldange und
der Abundanz der Phospholipide. Die Lipidmuster bei Erwachsenen blieb nahezu gleich sowohl in
Blutkonserven als auch im frischen Blut, was ein Indiz fiir minimale Lipidverdanderungen durch

Blutverarbeitung sein kann.

Verglichen mit anderen Gruppen haben Saduglinge eigene Lipidmuster. Die Faktoren, die in dieser
Masterarbeit nicht untersucht wurden, wie Membranproteine, Glykolipide oder kleine Metabolite konnten
die Ergebnisse der Bluttransfusionen erklaren. Wir empfehlen Erweiterung der Stichprobe, Verwendung von
Multi-Omik Ansdtzen oder Langsschnittstudien um Merkmale der Spender:innen zu ermitteln, die

Transfusionserfolge erklaren.
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1 Introduction

Preterm birth is a critical condition with multiple organ complications. Infants born before 32 weeks or with
very low birth weight often develop bronchopulmonary dysplasia, intraventricular haemorrhage,
hydrocephalus, periventricular leukomalacia, retinopathy of prematurity, necrotizing enterocolitis,
hypoxemia and anemia of prematurity 1. Despite progress in neonatal intensive care, preterm birth remains
a leading cause of death in children under five. Anemia caused by frequent blood sampling and immature
erythropoiesis often requires RBC transfusions. Very low birth weight infants frequently receive such
transfusions during hospitalization 2. Transfusion improves oxygen delivery but introduces donor cells into

fragile neonatal circulation, raising concerns about donor selection and transfusion practices.

Some studies suggested that donor characteristics such as sex and age can influence transfusion outcomes
in premature infants, but the results are controversial #3. Murphy et al. linked transfusion of female donor
blood to higher mortality and morbidity in transfused newborns but no effect was found after adjusting for
transfusion volume 3. Another study by Patel et al. explored transfusion effects on preterm infants and, on
the opposite of Murphy et al. 3, the results showed that preterm infants receiving only female-donor blood,
particularly older female donors, had fewer adverse outcomes than those who received only male-donor-
blood 2. In this study, only about 21% of the female-only blood-transfused group had the composite outcome

death, versus the increased 45% in the male-only blood-transfused group 2.

RBCs from female and older donors show less hemolysis, slower loss of flexibility and a lower pro-
inflammatory profile during storage *. Female donor RBCs shed fewer microparticles and remain more stable
than male donor RBCs. Blood from older donors has greater antioxidant capacity and produces fewer
oxidative byproducts than blood from younger donors . These features may reduce oxidative and
inflammatory stress in recipients. However, lipid-mediated effects are a novel consideration in this context.
RBC membrane lipids may influence membrane stability and rigidity and immune and coagulation pathways.
The hypothesis of this thesis suggests that variation in RBC membrane lipid composition contributes to

different transfusion outcomes in preterm infants.

To explore differences in RBC membrane lipid composition and distribution across human population
(different sex and age, stored or fresh blood) and neonatal groups (term and preterm newborns), lipidomics
approaches are applied. These approaches allow the profiling of hundreds of molecular species across
phospholipids (PLs), sphingolipids and neutral lipids >. The goal is to investigate whether different lipid
patterns are present in stored blood bags, adults (depending also from their sex and age), term and preterm
newborns and if this explains the better outcomes when preterm infants receive blood from older female
donors, as observed in a previous study 2. Two analytical strategies are used for this investigation. Reversed-

phase high-performance liquid chromatography mass spectrometry (RP-HPLC-MS) provides
1



chromatographic separation of lipid classes and high-resolution MS, to identify and quantify lipid species
within the RBC membranes. Shotgun lipidomics enable rapid, comprehensive profiling by direct infusion of

lipid extract directly into the mass spectrometer.

1.1 Structure of RBC Membrane Lipids in Different Populations

The RBC membrane is made of lipids, proteins and carbohydrates. By weight it is about 49 percent protein,
43 percent lipid and 8 percent carbohydrate ®. The lipid component forms an asymmetric bilayer that
provides the fundamental barrier and flexibility of the cell. Lipids form a bilayer with fatty acid tails pointing
inside the membrane layers and polar headgroups exposed to the inner cytoplasmic space and outer cell
extracellular surface °. The outer leaflet is rich in phosphatidylcholine (PC) and sphingomyelin (SM) and
contain cholesterol. The inner leaflet contains phosphatidylethanolamine (PE) phosphatidylserine (PS),
phosphatidylinositol (P1) and cholesterol ®, the lipid structures of the lipids are shown in the Figure 1. This
asymmetry is important because exposure of PS on the surface signals cell removal 7. Major lipid classes

include PC, PE, PS, PI, SM and cholesterol.
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Figure 1: Structural representation of the major lipid classes in the outer and inner leaflets

Minor species such as lysophospholipids (LPLs) and plasmalogens, though present in small amounts, affect
membrane function. Together with the transmembrane proteins and the cytoskeleton, these lipids give RBCs
strength and flexibility. This composition allows RBCs to deform through capillaries and survive about 120

days in circulation &



Cholesterol makes up nearly half of the total lipid mass and intercalates in both leaflets, adding rigidity and
reducing permeability. The cholesterol to PL balance maintains fluidity and stability and specific lipid types
influence stress responses and cell interactions °. The cholesterol to PL molar ratio is about 0.8 to 0.9 and
remains tightly regulated °. Cholesterol prevents rupture under stress and unsaturated PLs in PC and PE
preserve fluidity. It has been shown that if adult RBC membranes are experimentally depleted of cholesterol,
their osmotic fragility increases 112, Studies in literature noted that composition of RBC lipids in adults and
neonates differ. In particular, PC levels are significantly higher in adult RBCs than in neonatal RBCs, reflecting
the maturity of lipid metabolic pathways in adults ***. Thus, the adult RBC’s lipid composition, rich in PC and

balanced in cholesterol, yields a membrane that is “fluid yet durable.”

1.1.1 Difference between neonatal and adult RBC
Neonatal and adult RBCs differ in lipid composition. Neonatal cells are larger and contain more total lipid per

cell. Their cholesterol to PL ratio is higher, 1.27 in RBCs from cord compared to about 0.83 in adult female
RBCs °. Neonatal RBCs show slightly lower resistance to extensional and bending deformations 6. Neonatal
cells also show a lower proportion of PC and slightly higher SM, with similar amounts of PE and Pl compared
to adults. Another analysis reported a higher SM:PC ratio in neonatal RBCs than in adult RBCs Y”. The higher
cholesterol and SM, combined with lower PC, produce stiffer membranes with reduced fluidity. Fluorescence
studies confirm that neonatal membranes have lower motional freedom than adult membranes, resembling

an adult RBC cooled at 15-22°C 8.

Preterm infant RBCs also differ in lipid subclasses and fatty acids. Ether-linked PLs, or plasmalogens, are key
membrane antioxidants 1°. Their levels are lower in both preterm and full-term neonates than in adults, with
preterm infants showing the greatest deficit. This may reduce protection against oxidative stress, a common
challenge in conditions such as respiratory distress or sepsis %°. The fatty acid composition of PLs in preterm
RBCs shows a higher proportion of w-6 fatty acids and lower w-3 fatty acids compared to term infants.
Extremely preterm infants accumulate more arachidonic acid (20:4 w-6) and lose docosahexaenoic acid (22:6
w-3, DHA) in RBC membranes, relative to term infants and adults 2%, This is largely because the third trimester
of pregnancy is when the fetus avidly obtains DHA from the mother; preterm birth interrupts this supply. In
the OmegaROP study, low DHA and high arachidonic acid in RBC membranes were linked to higher risk of
retinopathy of prematurity. These findings show that preterm infants not only have immature lipid profiles

but also develop pro-inflammatory fatty acid patterns shaped by their clinical course 2.

Newborn RBCs, especially in preterm infants, are less deformable, shorter-lived and more vulnerable to
oxidative damage than adult RBCs 8 The membrane rigidity can hinder the RBC’s ability to traverse narrow
capillaries and release oxygen efficiently. In preterm infants, the stiff membranes still pose a challenge to
optimal oxygen delivery to tissues & Markers of lipid peroxidation are higher in neonatal than adult RBCs,

showing ongoing oxidative damage. Combined with immature antioxidant defences, this shortens neonatal
3



RBC lifespan to about 60—80 days compared to 120 days in adults. These lipid traits mark neonatal RBCs as

fundamentally different from adult cells in function &.

While these leaflet asymmetries and class proportions are broadly conserved, inter-donor differences in
membrane robustness become evident under stress such as cold storage, where genetic and demographic

factors modulate hemolysis and deformability 2223,

1.1.2 Sex and age differences in RBCs upon storage
Adult male and female RBCs share the same basic membrane components, but storage studies show clear

sex-based differences. Large donor cohorts found that male RBCs are more prone to hemolysis than female
RBCs 2%, One factor is SM content, which is higher in female RBCs 2. More SM and a higher SM:PC ratio
correlate with stronger membranes and lower hemolysis 2°. Male RBCs, with slightly less SM and more
unsaturated lipids, are more vulnerable to peroxidation and vesiculation. During refrigerated storage, male
RBCs lose membrane lipids faster. Szczesny-Malysiak et al. showed that male units had more cholesterol and
triglyceride release, more microvesicle shedding, faster loss of deformability and higher hemolysis 2. Female

RBCs maintain stability longer and shed fewer vesicles which may delay clearance after transfusion 2°.

Functionally, female RBCs withstand storage stress better. They reach recipients with fewer microparticles,
less PS exposure and more intact membranes. These features may explain why transfusions from female
donors, particularly older women, are linked to better outcomes in preterm infants 2. These systematic
differences between RBCs highlight developmental and sex-related variation in RBC biology. They also
support the hypothesis that RBCs from older female donors may be more compatible with the neonatal

circulation, helping explain outcome differences in transfused preterm infants.

1.2 Blood Bags and Lipid Changes During Storage

When RBCs are stored under blood bank conditions, they develop progressive biochemical and structural
changes called the storage lesion. In most settings, units can be stored for up to 42 days at 4 °C. During this
time pH falls, nutrients are depleted, waste products accumulate and oxidative and membrane damage

occurs 7.

The major lipid classes of RBC membranes remain stable during refrigerated storage. Shotgun lipidomics
shows that even after 42 days, the proportions of PC, PE, PS, Pl and SM are largely unchanged %.
Microvesicles shed during storage carry a lipid composition like the parent membrane, suggesting that
vesiculation removes a representative portion rather than selectively depleting certain lipids. Cholesterol per
cell is also preserved, though some shifts into vesicles. As a result, the overall cholesterol-to-PL ratio in the

unit stays constant. Laurén et al. confirmed that total cholesterol to PL ratio in stored blood does not change



significantly, since vesicles retain the cholesterol that leaves the RBCs. Thus, the bulk lipid composition of

RBCs is maintained throughout storage .

Although the bulk lipid classes remain stable, storage drives qualitative and biochemical changes. LPLs and
free fatty acids accumulate over time. A fraction of PC is degraded by phospholipases or mild oxidation into
lysophosphatidylcholine (LPC) and a free fatty acid, leading to measurable LPC buildup in both the membrane
and supernatant 2. LPC is pro-inflammatory and has been linked to transfusion-related lung injury and other
complications 3°. Lysophosphatidylethanolamine (LPE) also arises from PE breakdown but is less abundant.
Plasmalogens decline during storage, as their vinyl-ether bonds are vulnerable to oxidative cleavage,
generating LPLs and reactive aldehydes. This removes a key antioxidant lipid from the membrane 3% In
parallel, free fatty acids accumulate in the storage solution, reflecting the PL cleavage. Some of fatty acids
may reinsert into membranes or circulate after transfusion, with effects on the recipient that remain

uncertain .

During storage, the fatty acyl composition of RBC membranes shifts, because RBCs cannot remodel their
lipids, oxidative damage accumulates 32. Polyunsaturated fatty acids (PUFAs) such as linoleic acid (18:2) and
arachidonic acid (20:4) are preferentially lost through peroxidation, leaving membranes enriched in saturated
chains. This makes the PLs pack more tightly, increasing membrane order. At the same time, PS becomes
externalized on some cells. Normally kept on the inner leaflet, PS flips outward during storage and PS-bearing
microvesicles accumulate . Surface PS is pro-coagulant and pro-phagocytic, promoting clearance. The total

PS content does not change, but its redistribution contributes to storage lesion severity .

From the recipient’s view, transfusing older blood introduces bioactive lipids and vesicles that build up during
storage. Although increases are smaller than in platelet units, the LPC in aged RBCs can still drive
inflammation . It has been linked to transfusion-related acute lung injury by priming neutrophils and
activating endothelium in the lungs, causing capillary leak and respiratory distress 3. In preterm infants,
repeated transfusions amplify these risks. Each blood unit adds more LPC and microvesicles, compounding
oxidative and inflammatory stress. Clinical data show that the number of transfusions in extremely preterm

infants correlates with higher chance of necrotizing enterocolitis °.

In summary, storage time and conditions lead to lipid alterations in RBC units. Major PL classes remain, but
membranes accumulate oxidative damage, lose unsaturated fatty acids, gain lysolipids and become more
rigid. These changes can reduce transfusion efficacy and pose risks by delivering pro-inflammatory lipids and
vesicles to patients. Donor characteristics modulate these effects: female sex and older age tend to confer
more lipid stability, resulting in less degradation. This convergence of evidence supports the rationale that
choosing blood from donors with favourable profiles and/or limiting storage duration could improve

outcomes, particularly for sensitive recipients like preterm infants. Understanding the lipidomic profile of



stored blood may help develop interventions to better preserve RBC membrane integrity and ensure safer

transfusions.

1.3 Lipidomics analyses
Lipidomics is a branch of omics disciplines enabling the study of lipids in complex biological samples and

mainly rely on the technological advances in MS. The field focuses on identifying and quantifying lipid species,
as well as studying their roles and interactions with proteins and metabolites. While related to metabolomics,
lipidomics is distinct because lipids have unique structures and functions. Modern lipidomics typically uses
four main analytical platforms: Hydrophilic interaction liquid chromatography (HILIC) 3¢, supercritical fluid
chromatography (SFC) 37, RP-HPLC-MS 8 and shotgun lipidomics by direct infusion 3° . Studying RBC lipids in
adults, term infants and preterm infants is particularly challenging due to wide dynamic ranges and the
presence of many isomeric species. In this work, RP-HPLC-MS and shotgun lipidomics are used for the

lipidomics analyses.

1.4 RP-HPLC—MS Lipidomics of RBCs

RP-LC separates lipids primarily by hydrophobic interactions, meaning lipids elute in order of increasing fatty
acyl chain length and decreasing unsaturation. RP-HPLC—MS separates lipid extracts on a nonpolar column,
most often C18 or C8, prior to MS detection 3. In RBC lipidomics, RP-HPLC can resolve isomeric species, such
as PC 18:1/18:1 versus PC 18:0/18:2, which share the same total carbons and double bonds (DB) but differ in
acyl composition 4%#1, Chromatographic separation spreads the ESI ionization of analytes in a span of time,
lowering ion suppression and exposing low-abundance lipids that would be hidden in direct infusion *2.
Different lipid classes elute at characteristic ranges: very polar LPLs elute early, diacyl PLs and sphingolipids
elute mid-to-late and highly nonpolar neutral lipids (e.g. triacylglycerols) elute last, following their relative

hydrophobicity .

Electrospray ionization (ESI) is the standard ionization method for LC-MS lipidomics and analyses are typically
performed in both positive-ion and negative-ion modes to capture all major lipid classes **. No single polarity
can ionize all lipids effectively, since different lipid classes have varying affinities for positive or negative ESI.
Positive ESI favours choline-containing species (PC, LPC, SM), which form protonated or adduct ions #°, while
negative ESl is optimal for anionic lipids (PE, LPE, PS, Pl), producing deprotonated ions and class-characteristic
fragments . In positive mode, lipids with basic or quaternary ammonium headgroups ionize readily: for
instance, choline-containing PLs like PC and SM yield abundant [M+H]”+ ions or sodium adducts *. In
contrast, acidic or anionic lipids (e.g., PE, PS, Pl and their lyso- forms) respond better in negative mode by
deprotonation, giving [M—H]*- ions along with class-specific fragment ions (such as the headgroup-specific

fragments for PS or PI) “°.

Reversed-phase (RP) retention of lipids is often characterized by the Equivalent Carbon Number (ECN) model,

which quantifies the combined effect of chain length and unsaturation on hydrophobicity. In essence, RT
6



increases with the total number of carbons in the fatty acyl chains and decreases with the number of double
bonds “%#’. Each added DB typically offsets the retention increase of about two methylene groups. This
relationship is expressed in the ECN model, defined as: RT Lipid X:Y = RT Lipid (X+2CH2):(Y+1DB). In other
words, a lipid with X carbons and Y DBs will elute at a similar RT to a lipid with two more carbons and one
more DB. The ECN model provides a simple framework to predict and compare RTs across species with
varying chain lengths and degrees of unsaturation. This principle was first described in the 1980s for PLs such
as PC and for triacylglycerols *. Since then, it has been validated in many studies and is now routinely applied

in lipidomics to support annotation, resolve isomeric overlaps and detect misassigned peaks.

The ECN model predicts RT of lipids with the same headgroup in RP separation. It accounts for acyl chain
length and degree of saturation. One study shows a strong correlation in retention across lipids with different
headgroups but the same fatty acid motif. This inter-class relationship expands the use of RT models in
lipidomics #. The model helpes assign lipids to peaks where isomeric overlap was present. It improves
confidence in distinguishing lipids that share similar masses but differ in structure. This reduces ambiguity in

peak identification and strengthenes lipid annotation.

Even though many lipids coelute, they can still be distinguished by their exact mass, isotopic patterns and
elution behaviour compared to the other lipids of the same class. A molecule can be identified by the
matching of the experimental and the theoretical isotopic pattern in the mass spectrum. There are more than
90,000 lipid species, which makes analysis difficult since many are structurally similar and hard to resolve in
complex mixtures *°. Small structural differences can cause overlap during lipidomics analyses, complicating
peak assignment. The Lipidomics Standards Initiative gives examples of good laboratory practice emphasizing
the need for correction *°. In lipidomics, isomericity is an analytical challenge, since lipids share the elemental
composition and mass, resulting in producing identical m/z values. An MS-based identification is not enough
to identify the lipids, while chromatographic separation can indeed resolve some isomers. If isomers are not
resolved, quantification reflects combined signals rather than individual molecules. This can bias

interpretation of lipid class composition and pathway activity >,
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(A) Summary of sample preparation, RP-HPLC-MS analysis. (B) Total ion chromatogram obtained during measurement run with lipid
elution order. (C) Data treatment with Skyline software showing detected lipid species of one lipid class.
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An RP-HPLC—MS system typically includes a high-resolution mass spectrometer such as a ToF or Orbitrap. In
this work, high-resolution detection was performed on an Orbitrap platform (Figure 2). The instrument
provides the mass accuracy and resolving power needed for confident lipid identification. The Orbitrap is a
high-resolution Fourier-transform mass analyser. It traps ions in an electrostatic field and measures their
mass-to-charge ratio (m/z) from oscillation frequencies. Its core design uses a spindle-shaped central
electrode and a surrounding barrel electrode that form a stable potential well. lons injected into this field
orbit the spindle and oscillate harmonically along the trap axis, with frequency determined only by their m/z
and the field strength. Detection is non-destructive: the oscillating ions induce an image current on split
detector electrodes, even if at a point ions decay for collisions. The resulting transient signal, containing
multiple frequencies, is digitized and Fourier-transformed to produce a mass spectrum, where frequency

corresponds to m/z and amplitude to abundance 2.

Orbitrap achieves very high mass resolution: up to 480,000 full width at half maximum (FWHM) at m/z 200
and in optimized modes reaching ~1,000,000 FWHM. Such resolution enables separation of closely spaced
ion species across a wide mass range, including low molecular weight analytes. Mass accuracy is typically 1-
5 ppm and with proper calibration can fall below 1 ppm. This accuracy results from stable frequency
measurement and the fact that the axial oscillation frequency is independent of space-charge effects to first
order, giving the Orbitrap a higher dynamic range and more consistent accuracy than conventional ion traps

with m/z-dependent voltages .



Orbitrap mass spectrometers have become central to many analytical chemistry and bioanalytical
applications. Often configured in hybrid instruments (e.g. quadrupole-Orbitrap or linear ion trap-Orbitrap
systems), they combine a fast front-end for ion selection with the Orbitrap as the high-resolution detector .
In metabolomics and lipidomics, Orbitrap instruments allow detection of small molecules with high
selectivity, resolving isobaric metabolites and providing molecular formula information from accurate

masses.

Choice of acquisition strategy shapes what the Orbitrap records and how results are interpreted. Two
strategies are common for data acquisition: data independent acquisition (DIA) and data dependent
acquisition (DDA). In DIA, the mass range is divided into fixed windows and each window is fragmented in
sequence. This records fragments for all precursors in that window and allows later reanalysis. Using more

windows also lengthens the cycle time and can reduce sampling across chromatographic peaks.

DDA, or auto-MS/MS, begins with a survey scan to detect peaks above an intensity threshold. The instrument
then triggers MS/MS on those peaks which are most intense, often as parallel reaction monitoring events.
Analysts can use inclusion lists to prioritize m/z values. This enables full-scan MS and targeted MS/MS for
abundant or selected compounds. The drawback is that low-abundance analytes may be missed if they never
pass the threshold and fast elution can cause missed apex sampling. In RBC lipid profiling shotgun lipidomics,
this means species like PC and PE are readily fragmented, while low-level PS or PI may be overlooked.

Dynamic or iterative exclusion lists can improve coverage but often require multiple injections *°.

Limitations of RP-HPLC-MS include slower analysis and potential bias in quantification. Typical runs last 15—
30 minutes, which lowers throughput compared to direct infusion that takes only minutes. This is a concern
for large studies, though UHPLC and SFC improve speed %. RP cannot resolve all isomers. Sn-positional
isomers co-elute on C18 and DB positional isomers also overlap. Specialized methods such as ozone-induced
dissociation or silver-ion chromatography are needed. Using one internal standard per class can cause matrix-
dependent errors, so careful validation is required. Neutral lipids like cholesterol are poorly detected under

standard RP-LC-ESI conditions and may need method adjustments .

1.5 Previous findings on RBCs via RP-HPLC-MS based lipidomics

Timperio et al. developed one of the first comprehensive RP-HPLC—ESI-qTOF lipidomics workflows
specifically for RBCs *’. Their work focuses on profiling the intact lipidome of human RBC membranes and
tracking how it changes during blood bank storage, but their method itself provides a clear baseline of RBC
lipid composition under healthy conditions. When comparing fresh and stored RBCs, they observe
progressive lipid remodelling during storage. Notably, there is an accumulation of ceramides and other
sphingolipid derivatives and subtle shifts in glycerophospholipid species that are considered part of the
storage lesion. These findings indicate that even though bulk lipid classes remain relatively stable, qualitative

changes occur over weeks of cold storage. RP-HPLC—MS reduces spectral congestion compared to direct
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infusion and reveal low-abundance species such as minor LPLs (LPC, LPE) and ether-linked forms, which are
often underrepresented in older datasets. The study provides a detailed lipidomic baseline of RBC
membranes under healthy and stored conditions, establishing RP-HPLC—-MS as a robust platform for RBC

lipidomics *’.

Vasku et al. performed a comprehensive lipidomic analysis of RBC membranes (alongside plasma and ocular
tissues) using complementary HILIC and RP-LC-HRMS %, In their workflow, RBC lipids are extracted and
analysed in two runs: one by HILIC and one by RP-UHPLC, both coupled to high-resolution MS. This enables
detection of ~500 lipid species in each sample. RP chromatography proves especially effective for separating
nonpolar lipid classes (e.g. diacylglycerols, triacylglycerols, cholesterol esters), which do not elute in HILIC.
However, there is a disadvantage: polar PLs tend to coelute more in RPC, making their resolution more
challenging in that mode. The study reports relative intensity distributions of lipid classes in RBCs as
compared to plasma and tissues, thus establishing how RBC membranes compare in lipid composition among

tissues. Their data confirm that RPC is more sensitive in detecting hydrophobic lipid species 8.

1.6 Shotgun Lipidomics of RBCs

Shotgun lipidomics is a direct infusion method where total lipid extracts are introduced into a mass
spectrometer without chromatography (Figure 3). Lipid ions can be detected within a single spectrum when
using full-scan acquisition, although not all experiments necessarily employ this mode. In practice, targeted
methods such as selected ion monitoring (SIM) or multiple reaction monitoring (MRM), as well as MS/MS
experiments, may also be used to detect specific lipid ions *°. The approach depends on high mass resolution
and accurate mass acquisition to separate overlapping species, combined with class-specific fragmentation

for identification °.

To infuse lipid into a mass spectrometer in an automated fashion, the Advion TriVersa NanoMate is often
used. This is an automated autosampler and nanokESI ionization source that serves as a front-end interface
for mass spectrometers. At its core is the ESI Chip®, a silicon microfluidic device with many nozzles, each
acting as an electrospray emitter. A robotic arm handles disposable conductive pipette tips, aspirates small
sample volumes and delivers them to the chip ®%. High voltage applied to the liquid forms a Taylor cone at
the nozzle, producing a fine spray of charged droplets into the mass spectrometer %2, At nanolitre-per-minute
flow rates, solvent evaporates rapidly, leading to efficient ion desolvation and ionization, even for large
biomolecules. The multi-nozzle chip design allows each sample to use a fresh emitter, reducing clogging and
contamination. Disposable pipette tips keep samples isolated until infusion, minimizing carryover. The
system thus combines autosampling with highly stable nanoESI performance, offering reproducible
ionization and high sensitivity across many samples. This makes it especially useful for lipidomics and

proteomics workflows where sample volumes are limited and cross-contamination must be avoided .

10



Shotgun lipidomics requires samples to be clean and well-prepared. A limitation is the reliance on
consumable chips and pipette tips, which increases operating cost. Despite this, the TriVersa NanoMate has
become an important tool in applications such as high-throughput screening, shotgun analyses of complex
mixtures and native MS of fragile biomolecular complexes, where its automation, reproducibility and gentle

ionization provide clear advantages .

In direct infusion, classic DDA is not effective because the most intense ions (e.g., abundant PC 16:0/18:1 in
RBC) would dominate and be repeatedly chosen for MS/MS, while low-abundance species would never get
fragmented. Instead, shotgun lipidomics uses targeted or DIA-like acquisition to obtain MS/MS information.
Shotgun DIA fragments all ions, giving an unbiased view of the lipid extract. In RBC analysis this allows
detection of low-abundance species such as Pl that DDA might miss. The method is reproducible since
fragmentation is deterministic, which supports quantitative comparisons across groups. The drawback is the
complexity of the data, as assigning fragments to their correct precursors requires advanced software or

prior information °°.
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Figure 3: Experimental setup of shotgun lipidomics technique

(A) Summary of sample preparation, shotgun analysis. (B) Total ion current traces obtained during direct infusion, showing a
polarity switch in one run. (C) Data treatment with LipidXplorer software and further statistical data analysis.
Created in https://BioRender.com
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Shotgun lipidomics offers high throughput and direct quantitation. Each sample can be analysed within
minutes since no LC step is required. All analytes and internal standards enter the ion source at the same
time, thus high-abundance lipids can dominate ionization and suppress signals from minor species ®. As a
result, low-abundance lipids often have higher detection limits than in LC-MS, where separation reduces
competition *2. A benefit is that ions are ionized in the same matrix condition, thus matrix effect is reduced
compared to RP-HPLC-MS analysis in gradient mode. This makes the signal ratio of analyte to internal
standard closely reflect concentration. Using a full set of isotopically labelled synthetic standards allows

robust and comprehensive quantification.

1.7 LipidXplorer

LipidXplorer is an open-source software for identifying and quantifying lipids in shotgun MS data. A key
feature is the MasterScan, a unified data structure that consolidates and denoises spectra into a resolution-
corrected peak list ®°. Identfication of lipid using LipidXplorer is based on the Molecular Fragmentation Query
Language (MFQL). MFQL is a scripting language that allows users to define lipid identification rules based on
lipid structure characteristics and fragmentation patterns, a part of the script is shown in Figure 4. The query
defines precursor ions (prPC in the Figure) within the PC elemental range and fragment ions (headPC in the
Figure) corresponding to the diagnostic phosphocholine head group (CsHisO4PN*, m/z 184.0733).
Identification requires a match of prPC in MS' with confirmation of the head group in MS?. A filter condition
ensures even carbon numbers in fatty acyl chains. The report outputs precursor mass, assigned PC species
name, elemental composition, mass error, precursor intensity and fragment ion intensity, enabling

automated annotation of PC species from high-resolution tandem MS data.

QUERYNAME = Phosphatidylcholine;
DEFINE prPC = “C[20..48] H[30..200] N[1] O[8] P[1]" WITH DBR = (1.5, 7.5), CHG = 1:
DEFINE headPC = ‘C5 H15 04 P1 N1° WITH CHG = 1;

IDENTIFY
prPC IN MS1+ AND
headPC IN MS2+

SUCHTHAT
isEven(prPC.chemsc[C])

REPORT
MASS = prP(C.mass;
NAME = “PC [%d:%d]" % " ((prPC.chemsc - headPC.chemsc) [C] - 3, prPC.chemsc[db] - 1.5";
CHEMSC = prPC.chemsc;
ERROR = “%dppm" % “(prPC.errppm) "™,
INTENS = prPC.intensity;
FRAGINTENS = headPC.intensity::

Figure 4: MFQL script for identifying PC species

This avoids reliance on static spectral libraries and enables detection of uncommon or novel lipid species.
LipidXplorer supports reliable lipid identification and quantification, which is critical for studying membrane

biology, metabolism, inflammation and neurodegeneration . This makes it well suited for exploratory
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studies and biomarker discovery. LipidXplorer output categorizes lipids into headgroup intensity (‘Head’),
fatty acyl chain intensity (‘FA1’, ‘FA2’) and ‘PRINTENS' states for precursor intensity. This reflects the modular
architecture of lipid molecules, where the polar headgroup defines the lipid class, the fatty acyl chains specify

the molecular species and the intensity provides the basis for quantitation.

1.8 Previous findings on RBCs via Shotgun lipidomics
Briigger et al. pioneered a nano-ESI shotgun lipidomics method to quantify RBC membrane lipids with

picomole sensitivity *°. They demonstrate direct infusion MS/MS can profile all major PL classes in human
RBC extracts, including PC, PE, PS, PI SM, minor classes (Phosphatidylglycerol (PG), PA) and their plasmalogen
analogues. This study establishes that RBC membranes can be rapidly analysed without chromatography,
enabling detection of plasmalogen species and very low-abundance lipids. It provides a foundational

reference for the RBC lipid composition, confirming the presence of the key classes above in healthy RBC *°.

Leidl et al. performed comprehensive shotgun lipid profiling of circulating blood cells (monocytes,
lymphocytes, granulocytes, platelets and RBCs) using direct-infusion ESI-MS/MS ¢, They report that PC and
free cholesterol are the dominant lipid components of the RBC membrane, with an unusually low
PC/cholesterol molar ratio. RBCs are found to have a unique PL species pattern, including a high content of
saturated and monounsaturated fatty acyl chains compared to other blood cells. Notably, RBCs contain
significant amounts of PE largely confined to the inner membrane leaflet along with PS and SM, with smaller

proportions of PI. Overall, this study provides a quantitative baseline for RBC lipid class composition .

Vahedi et al. used direct-infusion triple quadrupole MS to quantify human RBC membrane lipids, with a novel
focus on bilayer leaflet asymmetry ¢’. They extract and analyse only the outer leaflet lipids using a
cyclodextrin exchange method, then profile the lipids by shotgun MS. The data confirmes that PCand SM are
the most abundant outer-leaflet PLs in healthy RBCs. PC 34:1 (commonly 16:0/18:1) and SM 34:1 (often 16:0
with an 18:1 sphingosine base) are among the most dominant species in the RBC membrane outer leaflet.
This shows that monounsaturated lipids with one DB make up a large share of the RBC lipidome, often the
largest unsaturation group. By contrast, PS and PE are essentially absent from the outer leaflet. This study’s
key finding is a quantitative confirmation of RBC membrane asymmetry and composition: the outer leaflet is
dominated by choline lipids (PC, SM) while inner leaflet amino PLs (PE, PS) are hidden from the extracellular

side 7.

1.9 Findings on RBCs by alternative methods

Neonatal RBC membranes are known to be less fluid and more rigid in their hydrophobic core than adult
membranes 18, To investigate the rigidity and fluidity of the membranes, researchers introduced an SM to
PC ratio, that reflects the balance of these lipids. SM-rich erythrocyte membrane tends to organize SM and

cholesterol into tightly packed, liquid-ordered domains and this ordering correlates with decreased
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membrane fluidity and cell deformability 8. This suggests that the higher SM content in neonatal RBCs plays
a direct role in their stiffer membranes. In stored blood, shifts in this ratio can track membrane remodelling
and storage lesions. One study reported an SM:PC ratio of 0.89 in neonatal RBCs compared with 0.81 in adult
RBCs Y7, while another report found an SM/PC ratio of about 1.03 in cord blood erythrocytes vs 0.81 in adult
cells 8. These findings indicate that neonatal RBC membranes are relatively enriched in SM, or relatively

depleted in PC, compared with adult membranes.

Speaking about separate lipid classes, LPC and other LPLs are present at very low levels in fresh, healthy RBCs.
Neerhout reported that LPC made up about 1.0% of neonatal RBC PLs and 1.2% in adults 3. This suggests
neonates do not have more LPC than adults, with a slightly lower fraction in newborns. Modern MS detects
lyso-species with high sensitivity and handling or storage can generate LPC. Vlaar et al. found that significant
amounts of LPC appear in blood components over storage time, especially when plasma is present. They
showed that partial hydrolysis of PC by PLA; is responsible and that RBCs stored in saline/glucose additive

did not accumulate LPC, whereas those stored in plasma did 7°.

Comparative studies of infants, including preterm, versus adults generally do not show higher levels of very-
long-chain lysolipids in infants. In fact, some species appear lower. Across the lifespan, RBC fatty acyl profiles
show gradual changes. One blood-spot study demonstrated that very-long-chain LPCs decrease from
neonates to adults. Concentrations of C22:0-, C24:0- and C26:0-LPC fall with age, while C20:0-LPC rises "*. At
the same time, neonates did not show higher C20:0 LPC than adults. Instead, they had lower C20:0 and higher
C22-C24 fractions. Another neonatal study found that the major LPC species measured (16:0, 18:0, 18:1,
18:2, 20:4) were all significantly lower in cord blood at birth than in adult blood and very-low-birth-weight

infants showed prolonged suppression of LPC after birth 72,

Lower plasmalogen levels in neonates are well documented and are linked to increased vulnerability to
oxidative stress, since plasmalogens act as protective lipids against oxidation. Studies show that neonates
have significantly reduced RBC plasmalogen content, both choline and ethanolamine types, compared with

adults, due to developmental immaturity 2.

Hypoxia, reoxygenation at birth or complications like retinopathy of prematurity, are examples of oxidative
stress and can drive accumulation of RBC membrane oxidation products 8. It is likely that a greater fraction
of PE O- is converted to LPE O- in these cells, since plasmalogens protect membranes by sacrificing their vinyl-
ether bond. When oxidized, this bond breaks, producing a lysoplasmalogen and a reactive aldehyde %°. Thus,

elevated LPE O- in neonates may reflect ongoing plasmalogen turnover.

Gercken et al. analysed the fatty acid composition of erythrocyte PLs in adults, normal newborns and
neonates with Rh erythroblastosis. Within the major PL classes, PC shows clear developmental differences:
newborn RBCs contain relatively more SFAs and arachidonic acid (20:4) in PC compared with adults, while

levels of linoleic acid (18:2) are reduced. LPC, though present only as a minor fraction, is consistently detected
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in both adult and neonatal erythrocytes. The authors observed that neonatal LPC species tend to reflect the
same enrichment in saturated and arachidonate species found in PC, supporting the idea that LPC largely
arises from partial hydrolysis of PC. These findings establish early evidence that both PC and LPC in neonatal
RBCs differ systematically from adults, reflecting developmental regulation of fatty acid incorporation into

membrane choline-containing PLs 73.

Castillo Salinas et al. investigated RBC fatty acid composition in preterm (<32 weeks gestation) versus term
infants, both at birth and after one month of life 74. Using GC the authors demonstrate that preterms are
born with a distinct RBC lipid profile, described by significantly higher levels of SFAs such as stearic acid (18:0)
and lignoceric acid (24:0), a deficit in linoleic acid (18:2 n-6) and an enrichment in arachidonic acid (20:4 n-
6). These findings show that preterm infants lack the final phase of fat accretion, leaving them deficient in 2-
double-bond lipids and enriched in 4-double-bond species. The fatty acid balance has implications for
membrane rigidity, oxidative stress and developmental outcomes, highlighting the need for adapted
nutritional strategies, including DHA and PUFA supplementation, to compensate for the disrupted perinatal

lipid supply 74.

The study by Wendel examined fatty acid composition in erythrocyte membranes of patients with disorders
of propionate metabolism and highlighted the abnormal accumulation of odd-numbered long-chain fatty
acids in this pathological context 7°. Under normal physiological conditions, almost all fatty acids in adult
humans are even-numbered, so adult RBC lipid species predominantly show even total carbon counts. Odd
totals arise only from trace odd-chain fatty acids such as C15:0 or C17:0, which are derived from diet or
endogenous metabolism and account for only a very small fraction of RBC membrane lipids. This explains
why the overall fatty acid distribution in healthy adult RBCs is strongly centred on even numbers and

deviations toward odd-chain enrichment serve as a metabolic hallmark in certain inherited disorders 7.

Aparicio et al. examined longitudinal changes in maternal plasma fatty acid composition during pregnancy,
focusing on SFAs, n-6 and n-3 PUFAs 7. They find significant increases in n-3 PUFAs, especially DHA (22:6),
during late gestation, reflecting the placenta’s active transfer of long-chain PUFAs to the fetus. Their results
on DHA support the interpretation that the six-double-bond fraction rises in newborn samples as a

consequence of maternal supply 7°.
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1.10 Hypothesis

Clinical data show that extremely preterm infants transfused with blood from older women have improved
survival and lower morbidity compared to those receiving blood from younger or male donors 2. Differences
in RBC membrane lipids may explain why transfusions from older female donors are linked to better survival
and outcomes in preterm infants. The distinct lipid profile of older female RBCs could make them more

compatible with the neonatal circulation, reducing post-transfusion complications.

The aim of this thesis is to examine how RBC membrane lipid composition differs across human populations,
with a focus on donors of different sex and age compared to neonatal RBCs from term and preterm infants.
Identifying such differences is significant because it links biochemical profiles to clinical outcomes and could

inform transfusion practice in future.
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2 Materials and Methods

2.1 Solvents and standards
All solvents for the extraction as well as for the LC were LC-MS grade. Chloroform (CHCls), acetonitrile (ACN),

methanol (MeOH), isopropanol (IPA) were LC-MS grade (Thermo Fisher Scientific, Vienna, Austria). Formic
acid was ordered from VWR, while ammonium formate and ammonium hydrogen carbonate were purchased

from Thermo Fisher Scientific (Vienna, Austria).

SPLASH™ Lipidomix™ Mass Spec Standard (330707-1EA-015) has been used both for shotgun and RPLC-MS
lipidomics analyses, purchased from Avanti Polar Lipids. This mix contains following lipid species: PC 15:0-
18:1(d7), PE 15:0-18:1 (d7), PS 15:0-18:1 (d7), PG 15:0-18:1 (d7), P1 15:0-18:1 (d7), Phosphatic Acid (PA) 15:0-
18:1 (d7), LPC 18:1 (d7), LPE 18:1 (d7), Cholesteryl ester (CE) 18:1 (d7), Monoacylglycerol (MG) 18:1 (d7),
Diacylglycerol (DG) 15:0-18:1 (d7), Triacylglycerol (TG) 15:0-18:1 (d7)-15:0, SM d18:1-18:1 (d9) as well as
Cholesterol (d7).

2.2 Sample collection and storage
The blood samples used in this study can be classified into three groups according to the method of collection:

RBC transfusions from packed red blood cell-bags (pRBC), cord blood RBCs and adult RBCs.

(A) RBC Transfusions (pRBC-bags)

pRBC transfusion bags used in this study were a donation from Dr. Christof Jungbauer and Mag. Robert
Geretschlager (Austrian Red Cross). Small volumes (6-10 mL) of pharmaceutical-grade pRBC-units derived
from the blood of 60 female or male donors younger than 30 years of age or older than 55 years of age, were
aliquoted into smaller PVC-DINCH bags, stored for a maximum of 7 days at 4 °C and irradiated with 30 Gy
within 24 h ahead of retrieval. The usage of small volumes of industry-grade pRBC units for scientific purposes
was covered under the ethics approval EK20210506_01 approved by the ethics committee of the Austrian
Red Cross.

(B) Cord blood RBCs

Blood was drawn aseptically into 9 mL Heparin tubes (Greiner Bio-One) from the umbilical cord vein of 22
term-born (> 36 weeks of gestation) and 9 prematurely born (< 36 weeks of gestation) infants directly after
caesarean section. Infants whose mothers suffered from severe autoimmunity, acquire immunodeficiencies,
hereditary monogenic diseases, transmissible infectious diseases (e.g.: Human immunodeficiency virus,
Hepatitis), severe anaemia or infants with signs of chromosomal defects, congenital malformations or inborn
errors of metabolism were excluded from the study. Informed consent was obtained from mothers prior to
sampling. Procedures were approved by the ethics committee of the Medical University of Vienna (ref.

1704/2023 & 2040/2022).
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(C) Adult RBCs

Blood was drawn from the antecubital vein of healthy, 14 adult volunteers between 20 and 30 years of age
into 9 mL Heparin tubes (Greiner Bio-One). Informed consent was obtained prior to blood sampling.
Procedures were approved by the ethics committee of the Medical University of Vienna (ref. 1704/2023 &
2040/2022).

2.3 Sample cohort

Samples were organized into eight predefined groups, for a total of 105. These included fresh blood samples
(Paragraph 2.2.C), 7 female adults and 7 male adults; 9 preterm infants born before 36 weeks of gestation
and 22 term infants born after 36 weeks. Four additional groups were defined from stored donor blood units
(Paragraph 2.2.A). These represented different age and sex: 15 young men under 30 years, 15 young women
under 30 years, 15 older men above 55 years and 15 older women above 55 years. This structure ensured
coverage of both biological variation (age and sex) and clinical relevance (adult donors vs neonatal RBCs).
Together, these comparisons provided a framework to assess how membrane lipid profiles differ and
whether these differences may influence transfusion outcomes in preterm infants. A graphical

representation of the cohort clustering and the corresponding label for each group is shown in Figure 5.
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Figure 5: Study cohort with corresponding label and number of samples from each group

Created in https://BioRender.com

2.4 |solation/preparation of RBCs

Blood was pooled in a 15 mL conical-bottom Falcon tube (Corning) and centrifuged at 280 x g for 8 min at 4

°C (Allegra X-12R, Beckman Coulter) to retrieve platelet rich plasma (PRP). PRP was subsequently discarded,
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the remaining cells were resuspended in an equal amount of phosphate buffered saline (Thermo Fisher
Scientific) and the procedure was repeated. Finally, the cell pellet was resuspended in Phosphate-buffered
saline (PBS), re-aliquoted into 2mL round-bottom Eppendorf tubes and centrifuged at 10.000 x g for 2 min at
room temperature (Pico 17 microcentrifuge, Thermo Fisher Scientific). Plasma and buffy coat were manually
discarded; the cells resuspended to a final volume of 12 mL in PBS and filtered once (adult cells) or twice
(cord blood-derived cells) through an Acrodisc® WBC (white blood cell) Syringe Filter (Cytiva) to deplete
residual leukocytes. Erythrocytes from leukocyte-filtered, irradiated blood bags were retrieved using an 18-
gauge blunt fill needle (BD-Biosciences) and carefully transferred into a 50 mL conical-bottom Falcon tube
(Corning). Cells were then resuspended to a total volume of 50 mL in PBS to dilute residual storage medium.
Filtered cells and diluted blood-bag-derived erythrocytes were centrifuged at 3200 x g for 15 min at 4 °C
(Allegra X-12R, Beckmann Coulter) without breaks and the resulting supernatant was discarded using a
vacuum suction unit. Afterwards, pRBCs were carefully resuspended and homogenized using a 1000 pL

pipette tip to avoid differences in cell concentrations due to residual PBS contamination.

2.4.1 Isolation of erythrocyte membranes
The isolation method of erythrocyte membranes has been performed adapted to already established

methods 7778, Packed RBCs were diluted 1:10 in ice-cold 5mM sodium-phosphate Buffer (pH = 6.5, Sigma
Aldrich) supplemented with Halt™ Proteinase-Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). After
homogenization using a 1000 pL pipette tip, the suspension was centrifuged at 20.000 x g for 10 min at 4 °C
(Mikro 220R, Hettich). The resulting hemolysate was discarded and the membrane fraction completely
resuspended with 1 mL ice-cold 5 mM Na-Phosphate Buffer. The procedure was repeated a total of seven
times, until the resulting membrane pellet appeared cloudy-white to yellowish. After the last centrifugation
the supernatant was discarded completely and 15 pL of pure membranes were retrieved from the center of
the cloudy pellet, transferred into a round-bottom 2 mL Eppendorf tube and immediately snap-frozen in

liquid nitrogen. Samples were stored at -80 °C until further analysis.

2.5 Sample preparation and calibration
RBC membrane lipids were extracted by a liquid/liquid biphasic extraction as following (Figure 6). RBC

membrane samples were thawed on ice and homogenized by pipetting four times with a 100 uL pipette
(Figure 6 (1)). Subsequently, they were centrifuged at 10,000 x g for 5 min at 4 °C (Figure 6 (2)). To each
sample, 490 pL of methanol were added, followed by 10 pL of SPLASH® Lipidomix (1:100 diluted in methanol),
added as an internal one-point calibration isotopically labelled standard (Figure 6 (3)). The tubes were
vortexed for 20 s and supplemented with 1 mL chloroform (Figure 6 (3)), then incubated for lipid extraction

at 4 °C under agitation (1000 rpm) for 1.5 h (Figure 6 (4)).

Phase separation was induced by adding 300 uL water containing 250 mM ammonium bicarbonate (Figure 6
(5)), followed by vortexing for 20 s and centrifugation at 10,000 x g for 5 min at 4 °C (Figure 6 (6)). A volume

of 900 uL of the lower organic phase was collected and transferred into fresh Eppendorf tubes (Figure 6 (7)).
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Samples were dried in a vacuum centrifuge for 1 h (Figure 6 (8)) and subsequently reconstituted in 50 pL of
a shotgun solvent mixture (isopropanol/methanol/chloroform, 4:2:1, v/v/v) containing 7.5 mM ammonium
formate (Figure 6 (9)). After vortexing for 20 s, the reconstituted extracts were transferred into HPLC vials for
chromatographic separation and MS analysis (Figure 6 (10)). Aliquots not subjected to immediate analysis

were resuspended in the shotgun solvent mixture and stored at -80 °C.
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Figure 6: Lipid extraction in RBC membrane samples

Created in https://BioRender.com

2.6 Data acquisition
2.6.1 Shotgun lipidomics

Shotgun lipidomics analyses were performed using an TriVersa NanoMate (Advion Interchim Scientific’,
Ithaca, NY, USA) system coupled to a high-resolution Q Exactive HF™ quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). A volume of 15 pL of each sample was

transferred into a 96-well plate (Eppendorf twin.tec® PCR Plate 96, skirted, 150 pL, PCR clean, colorless) and
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sealed with aluminum foil (Corning 6570, Corning® 96-well Microplate Aluminum Sealing Tape, non-sterile).
Following chip alignment and spray verification, the instrument was operated with the following settings:
sample volume 10 pL; return of unused sample to the well enabled; aspiration of 2 uL air after sample;
temperature 20 °C; delivery time 9 min; gas pressure 0.9 psi; spray voltage 1.1 kV. An inclusion list was
created to drive broad MS/MS coverage across the lipid mass range. For positive mode, targets spanned m/z
260.16100 to 1199.00990 in 1.00100 m/z increments. For negative mode, targets spanned m/z 300.20100 to
1599.49900 in 1.00100 m/z increments. The combined list contained 2238 masses. Full MS scans were
acquired at a resolution of 240,000, while DIA scans were acquired at a resolution of 60,000. The automatic

gain control target was set to 1 x 10°.

For LPC, PC, PC O-, PS and SM, quantification was based on precursor ion intensity. For PE, PE O- and PI, the

intensity of the lipid head fragment was used instead.

Shotgun lipidomics analysis results in a total ion current trace, a graph of current intensity vs time point of
infusion. The full method lasts 9 minutes. At the start, between 0 and 0.5 minutes, a spray voltage of 1.1 kV
is applied and full MS1 acquisition in positive mode begins. Between the large peaks of full MS1 in positive
mode, DIA scans are acquired. For example, from 0.5 to 1.08 minutes, DIA and MS2 events are recorded. This
cycle is repeated six times in total until minute 4. At this point, the polarity switches from positive to negative
and full MS1 acquisition in negative mode starts. Each high peak after minute 5 corresponds to a full MS1 in
negative mode. In between these peaks, DIA scans in negative mode are performed. This alternating
acquisition strategy allows alternated acquisition of both MS1 and MS2 data across polarities within a single

run, improving coverage of lipid species present in the sample.

2.6.2 RP-HPLC-MS
RP separation was performed using an Acquity HSS (High-strength silica) T3 C18 column (150 x 2.1 mm, 1.8

um) equipped with an Acquity VanGuard pre-column (5 x 2.1 mm, 100 A, 1.8 um; Waters). The column oven
was maintained at 40 °C, with a flow rate of 0.25 mL/min. Mobile phase A consisted of acetonitrile/water
(60:40, v/v) and mobile phase B of isopropanol/acetonitrile (90:10, v/v), both supplemented with 10 mM
ammonium formate and 0.1% formic acid. The gradient of the mobile phase during the measurement,

starting at 45% of mobile phase A and 55% of mobile phase B and further course is shown in Figure 7.
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Figure 7: Visual representation of the RP gradient for RP-HPLC-MS
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Data acquisition was carried out on a high-resolution Q Exactive HF™ quadrupole-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with an ESI source. The MS parameters
were configured as follows: sheath gas flow rate 30, auxiliary gas flow rate 25, sweep gas flow rate 2, spray
voltage 3.1 kV (in both positive and negative ionization modes), capillary temperature 200 °C and S-Lens RF
level 30. The automatic gain control target was set to 1 x 10° Full MS scans were acquired in polarity
switching mode (positive and negative) at a resolution of 60,000. The m/z range for both positive and

negative mode spanned from 250 to 1200 m/z.

2.6.3 Quality control and randomization
Samples were analysed in randomized order to minimize sequence effects and potential batch bias. Three

solvent blank injections were included at both the beginning and the end of the run to monitor carryover and
background signal. In addition, blank samples and diluted SPLASH® Lipidomix standards were injected
between groups to control for carry-over and assess system stability. This design ensured that observed

differences between groups reflected true biological variation rather than analytical artifacts.

2.7 Data processing
2.7.1 Shotgun lipidomics

The raw data (.raw) files were converted into .mzML format using MSConvert 3.0 (ProteoWizard). Conversion
parameters included 32-bit binary encoding precision, write index, zlib compression and Trans-Proteomic

Pipeline (TPP) compatibility. A peak picking filter with a vendor-defined MS level of 1 was applied.

For LipidXplorer processing, the resolution gradient, a critical parameter, was determined in advance. To this
end, averaged full MS spectra (positive and negative) and two representative MS/MS spectra (positive and
negative) with ions distributed across the entire m/z range and signal intensities above 10° were selected.
The top ion tables were exported from Xcalibur and plotted in Excel. Linear interpolation of the peak data
was used to determine the resolution gradient, where the slope of the resulting equation represents the

gradient value. LipidXplorer settings were configured separately for positive and negative ionization modes.

e Positive mode (MS1): selection window 0.5 Da; time range 30-240 s; m/z range 260-1200;
resolution 230,000; mass tolerance 5 ppm; absolute threshold O ppm; resolution gradient —-145;

minimum occupation 0; frequency filter 0; MS1 offset 0 Da.

e Positive mode (MS/MS): m/z range 80-1200; resolution 110,000; tolerance 0.02 Da; absolute
threshold 0 ppm; resolution gradient -67; minimum occupation 0; frequency filter O; precursor mass

offset (PMO) 0 Da.

¢ Negative mode (MS1): selection window 0.5 Da; time range 300-540 s; m/z range 300-1600;
resolution 220,000; mass tolerance 5 ppm; absolute threshold 0 ppm; resolution gradient -142;

minimum occupation 0; frequency filter 0; MS1 offset 0 Da.
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¢ Negative mode (MS/MS): m/z range 80-1600; resolution 60,000; tolerance 0.02 Da; absolute

threshold O ppm; resolution gradient -55; minimum occupation 0; frequency filter 0; PMO 0 Da.

Prior to data analysis, MFQL files corresponding to lipid classes in the respective ionization mode were
imported into LipidXplorer. The software was then executed and the resulting .csv-output files were further
processed in Excel, where the data has been cleaned up from mismatches and lipids with unusually high DB

number.

2.7.2 RP-HPLC-MS

The .raw files were imported into Skyline 22.2 (MacCoss Lab) with a predefined lipid transition list for manual
peak integration based on untargeted results obtained from shotgun lipidomics analysis. The integrated peak
areas were then exported as a CSV file and further processed using Microsoft Excel and RStudio (version
2025.05.0+496). A total of 105 samples were analysed using RP-HPLC-MS. The following samples were
measured in technical duplicates: Adult #4, #6, #7, #8, #9, as well as Term #2, #3, #4, #5, #6, #8, #9 and Blood
bag #7.

After manual peak integration was completed and results were exported from Skyline, the fractional
abundance of each lipid was calculated via RStudio. Those values were normalized to 100% for each sample

to allow comparison between the total lipid class distribution between sample groups.

For the PS+PI fraction, the fractional abundance of each identified lipid species was first calculated and
normalized to 100% within each sample. The summed values of all lipid species belonging to PS and Pl were

then used to determine the total PS+PI fraction.

For lipid species distribution within lipid class, the fractional abundance was calculated for each identified
lipid and normalized to 100% within its lipid class. This approach allows direct comparison of species

distribution patterns across groups.

For the unsaturation degree, fractional abundance of all lipid species in investigated lipid classes was
normalized to 100% for each sample and then divided into groups according to the number of double bonds.
This calculation provides insight into distribution of lipid species with different unsaturation between the

cohort groups.

Distribution of fatty acyl chain length was examined to highlight possible difference between the different
cohort groups. The shortest lipid detected was LPC 14:0, while the longest was SM species with 44 carbons
in various DB states. To analyse this systematically, the dataset was divided into two ranges. For single-chain
lipids (LPC, LPE, LPC O-, LPE O-), the longest detected was LPC 24:0. For double-chain lipids, the shortest
detected was PC 26:0. Fractional abundances were calculated and normalized to 100 within each sample for
the range 14-24 carbons and separately for the range 26—44 carbons. This allowed comparison of chain

length distributions across groups without mixing single- and double-chain classes.
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For the SM to PC ratio, the fractional abundance was calculated for each identified lipid and those values
were normalized to 100% for each sample. Then, a sum of all fractional abundances for lipid species within

PC and SM and finally a SM/PC ratio have been calculated.

Subsequent statistical analyses were performed using MetaboAnalyst 6.0. During preprocessing, no filters
were applied in the data filtering step, meaning that all measured lipids were retained for analysis. There has
been no additional sample normalization carried out. In addition, no data transformation or scaling
procedures were applied. This approach ensured that the dataset was evaluated in its original form, without

adjustments that could introduce bias or obscure true biological differences.
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3 Results and Discussion

This thesis aims in investigating differences in RBC membrane lipid composition across different groups. It
compares older (> 55-year-old) male and female donors as well as donor blood from blood bags with neonatal
RBCs from term and preterm infants. The objective is to test whether lipid differences explain the improved
outcomes observed when preterm infants receive blood from older female donors 2. To address this, two
complementary strategies were used. Untargeted shotgun lipidomics with the Advion TriVersa NanoMate
provided a broad overview of the lipid composition. Semi-untargeted lipidomics with RP-HPLC-MS then

focused on specific classes, including LPC, LPC O-, LPE, LPE O-, PC, PC O-, PE, PE O-, PI, PS and SM.

3.1 Untargeted shotgun lipidomics analysis
In order to gain insights into lipid composition in RBC membrane, an untargeted shotgun lipidomics workflow

was performed in test RBC samples of adults and term infants. Measurements resulted in obtaining total ion

current traces as shown in Figure 8.

These data provided an initial overview of lipid distribution across groups using an untargeted method. After
lipid identification and quantitation performed with LipidXplorer across the two different groups of adult and
term infants, lipids were plotted according to the different classes found (Figure 10-11). In accordance with
literature ¢, RBC membrane resulted composed mainly of PLs (PC, PE etc), LPLs and SM. Interestingly, the two

groups (adult and term) showed difference in lipid pattern.
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Figure 8: Total ion current trace of RBC sample of Adult #14 obtained in shotgun run
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Figure 9: An excerpt from total ion current trace of Adult #14 obtained in shotgun run at RT 1.92, showing a typical lipid class

selective fragment of LPC, PC, PC O- and SM classes at m/z 184.0733

A representative positive-ion spectrum from the shotgun analysis of Adult #14 is dominated by the

phosphocholine head-group fragment at m/z 184.0733, the class-selective ion that marks choline-containing

lipids as LPC, PC, ether-PC (PC O-) and SM (Figure 9). The high resolving power (R values annotated at each

peak) and sub-ppm mass accuracy confirm confident head-group assignment and reliable deconvolution

from neighbouring background ions. The most abundant species were PC 34:1 and PC 34:2, consistent with

published findings ¢’. Term infant RBCs contained more PC 34:1 and less PC 34:2 compared with adults.

Additional PCs enriched in term infant RBCs included PC 32:0, PC 32:1, PC 36:4, PC 38:4 and PC 38:6. In

contrast, PC 36:1 and PC 36:2 were more abundant in adult RBCs. The remaining species within the top 15

showed no significant differences between groups.
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Figure 10: Top 15 PC species by fractional abundance and their distribution in fresh blood samples from adults and term infants
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Figure 11: Top 15 PE species by fractional abundance and their distribution in fresh blood samples from adults and term infants

Regarding the distribution of PE species (Figure 11), clear group-specific patterns emerge. PE 32:1, 36:4 and
38:6 are more abundant in RBCs of term infants, indicating an enrichment of unsaturated PE species. Several
mid-chain PEs, including 34:0, 34:1, 36:5, 38:3, 38:4, 38:5, 40:4 and 40:5, show no significant differences
between infants and adults, suggesting these species are maintained at stable levels. These findings show
that infant RBC membranes are characterized by an enrichment in certain unsaturated PE species, while
adults show a more diverse distribution trending toward other PEs. Such compositional differences may
contribute to the known disparities in membrane fluidity, deformability and oxidative resilience between

infant and adult RBCs 8. The lipid species distribution for other lipid classes can be found in attachment
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(Figures A1-A6). In conclusion, untargeted shotgun lipidomics analysis provided us with an exploration of lipid
classes present in RBC membranes and gave us a first glance of differences in lipid distribution in adults and

term newborns.

3.2 Signal stability in RP-HPLC-MS analysis

RP-HPLC-MS analysis were conducted on the entire cohort (Paragraph 2.3) to assess differences in lipid
composition between the different groups (fresh blood samples, preterm and term infants and stored blood
units). To ensure reliability of the fractional abundance data of the found lipid species in terms of signal
stability, a solution of SPLASH® Lipidomix diluted 1:555 in MeOH was injected multiple times during the
chromatographic sequence and used as a quality control (QC) for signal stability. The measurement was
carried out in three days; thus, a QC solution was necessary to exclude batch-to-batch variability. Blank
samples and diluted SPLASH® Lipidomix standards were injected between sample groups in the
chromatographic sequence to monitor carry-over, confirm system stability and provide anchors for

normalization.

Areas of deuterated standard peaks were plotted and confirmed intra- and inter-day signal stability (Figure
12). Since RBC membrane showed to be composed by LPLs and SM (see Paragraph 3.1), the relevant
deuterated lipids selected were LPC 18:1 (d7), LPE 18:1 (d7), PC 33:1 (d7), PE 33:1 (d7), Pl 33:1 (d7), PS 33:1
(d7) and SM 36:1;2 (d9). The bar chart demonstrates that variation in the signal area of deuterated lipids
between SPLASH injections was minimal. The overall signal remained stable across the full measurement

sequence on all three days.

Comparing the results of the injections on different days, the inter-day signal stability can be considered
excellent. Day-to-day variation in QC injections was minimal and trends remained flat across batches. Intra-
day variation was slightly higher, which is typical for ESI-MS and has been reported earlier 7°. Signal drift and
minor spray fluctuations were observed but stayed within acceptable limits. RTS were stable and the internal

standards tracked well.

The signal stability check of the third measurement showed the same trend as the first (Figure 12 (3 and 6)),
with no significant deviations. The species signal area remained relatively constant. Despite the decrease in
lipid QC intensities observed during the second measurement, MS stability is considered maintained since
lipid signals stayed stable and chromatographic stability for lipids was confirmed by assessing RTs. These

results indicate that the method and generated data are reliable and suitable for further evaluation.
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Figure 12: Peak areas for deuterated lipids in the SPLASH Lipidomix standard during the measurement days.

(1) corresponding to the measurement of day 1, while (4) provides a zoom-in onto the deuterated lipids with lesser signal area. (2)

and (5) correspond to measurement of day 2, (3) and (6) to day 3, respectively
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3.3 Semi-untargeted RP-HPLC-MS lipidomics

The chromatogram of the 23-minute method for sample Term #2 allows observation of distinct regions of
lipid elution (Figure 13), which reflect differences in hydrophobicity of the lipid classes. Early in the run, more
polar lipid classes such as LPC, LPC O-, LPE and LPE O- elute. These are followed by less polar classes including
PC, PC O-, PE, PE O-, PI, PS and SM, which elute and appear later in the gradient. Lipid species from those
classes overlap and elute at the same time, as shown on the extracted ion chromatogram (Figure 14). The
separation allows partial resolution of lipid classes, yet many lipids from different classes coelute,
contributing to spectral complexity. RT patterns nevertheless provide an additional identification parameter,
as lipids of the same classes elute depending on the fatty acid chain length and number of unsaturation
following the ECN rule *%. This helps to validate peak assignments and to improve confidence in

distinguishing isobaric or isomeric species.
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Figure 13: Chromatogram of RBC sample of Term #2 obtained in RP-HPLC-MS run
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Figure 14: Extracted ion chromatogram of Term #2 obtained in RP-HPLC-MS run at RT 11.39
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3.3.1 Isotopic pattern
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Figure 15: Isotopic pattern of LPC 16:0 in Adult sample #15

The isotopic pattern confirms LPC 16:0 because the monoisotopic peak appears exactly at the expected m/z
value for the [M+HCOO]" adduct, the M+1 isotope peak shows the correct relative intensity for the carbon
count of a Cy6 LPC, the M+2 peak matches the predicted lower abundance and no abnormal A+2 signal is
present. Together, the exact mass and isotopic distribution identify the lipid as LPC 16:0, as shown in Figure

15.

The observation of the isotopic pattern in the mass spectrum is a reliable way to confirm lipid identity. A case
where Skyline software produced a false identification is seen in the Figure 16. The peak highlighted in blue
was assigned as PC 37:4 by the software, but closer inspection reveals inconsistencies. The isotopic pattern
is too narrow for a PC 37 carbons. The M+1 and M+2 peaks are weak, while a true PC 37:4 would exhibit a
higher M+1 intensity and a more extended isotopic tail. Furthermore, the measured monoisotopic m/z for
the [M+HCOO]™ adduct deviates from the theoretical m/z expected for PC 37:4. These two aspects, isotopic
pattern match and distribution and exact mass comparison, clearly indicate that the peak is misassigned since
the m/z value is rather the M+1 isotope of another species. This example highlights the importance of manual

verification of automated peak assignments.

31



240625_PF_LCMS_A15.raw (12.20 min)

precursor[M+HCOO]

25 +

Intensity (1076)
[

0.5 +

m/z

Figure 16: Isotopic pattern of falsely annotated PC 37:4 Adult male sample #15
3.3.2 Equivalent carbon number
The ECN model is particularly useful when multiple lipid classes are analysed together, as it allows researchers
to anticipate where lipids of a given composition should elute, adding an additional layer of confidence to

mass-based identifications.
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Figure 17: Representation of overlapping RTs of PE species according to ECN rule in Adult #15

A zoomed-in region of the chromatogram showing PE species of fresh blood sample Adult 15 is seen in Figure
17. PE 32:1, 34:2 and 36:3 elute at about 11 minutes. PE 32:0, 34:1 and 36:2 elute between 12 and 12.3
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minutes. PE 34:0, 36:1 and 38:2 elute later at around 13.4 minutes. The ECN relationship is visible in this
pattern, although it applies most clearly to the more abundant lipids in the class, that is aligning with the

literature.

Using our RP-HPLC-MS method, we were able to separate isomeric species such as PC and PE. PC 31:0 and
PE 34:0, which follow nearly the same elution curve except for a peak at 12.5 minutes, reflecting that isomeric
species with the same mass produce identical extracted traces in positive ion mode, as seen in Figure 18. The
way to differentiate these two lipids is observing the adjacent lipid species, so PE 34:0 must elute after PE
33:0 and PC 31:0 must elute after 30:0 respectively, following the ECN rule “8. Table 1 shows the isomeric

overlaps that were relevant for data treatment of this thesis.

Table 1: Relevant isomeric overlap rules used for lipid identification

Lipid classes Type of overlap Example

PC-PE PC = PE + 3CH, [PC 32:0+H]*= [PE 35:0+H]*=[PC
32:0+Na]* = [PE 35:0+Na]*

PC-PS [PC+HCOO]™ = [PS+3CH,-DB-H]~ [PC 33:1+HCOO]" = [PS 36:0-H]~

40 ©

35 +

PC 31:0

Intensity (1046)

PE 34:0

1.5 12.0 125 13.0 13.5
Retention Time

Figure 18: An example of lipid overlaps between PC 31:0 and PE 34:0 in positive mode
3.3.3 Correlation of RT
The relationship between acyl chain length and RT for PC and SM is presented in Figures 19 and 20
respectively. Both classes follow a clear linear trend, where longer acyl chains correspond to longer RTs when
the number of DBs kept constant. This trend is useful for predicting the RTs of longer or less abundant lipids

that may not be easily identified otherwise, what is in alighment with the literature . The graphs also serve
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as a validation tool for lipid assighment, since deviations from the expected trend may indicate
misannotation. Within the same chain length, lipids with more DBs elute earlier, consistent with reduced
hydrophobicity from unsaturation. For SM, the presence of the hydroxyl group in the sphingoid base
increases polarity, resulting in shorter RTs compared to PC species of similar acyl chain length. This systematic

behaviour strengthens confidence in both identification and RT prediction across datasets.
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Figure 19: Acyl chain length and unsaturation plotted against RT for PC species
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Figure 20: Acyl chain length and unsaturation plotted against RT for SM species
3.3.4 Lipid distribution
The first step focused on identifying differences between lipid classes across the sample groups and
highlighting “lipids of interest,” defined as species showing significant variation in their class and sample
groups. The mean fractional abundance of all investigated lipid classes across the different groups is shown
in Figure 21, with zoomed-in views to show each class clearly, including those present at low abundance

(Figure 21, (2) and (3)).

As seen from the data (Figure 21 (1)), PC and SM are the most abundant lipid classes across all sample groups.
Neonatal RBC membranes show no significant differences in PL composition compared with fresh blood
samples and donor blood bags. The means and standard deviations (SDs) for fresh blood, stored blood units,
term and preterm infant samples all overlap, indicating that fractional abundances of PC and SM remain

stable across adult and neonatal groups.

For LPC, children’s samples and fresh adult samples show slightly lower levels compared with donor groups,
while the donor groups themselves show similar values. In PE, adult samples are not significantly but elevated
compared with both neonatal groups. For PC O-, PE O- and PS, the values remain consistent across all sample

groups, with no notable differences observed.

Lipid classes Cholesterol, LPC O-, LPE and PI show no significant changes between each other as seen on
Figure 21 (2). For LPC O-, fresh adult blood sample groups show slightly lower levels, while children’s samples

and donor groups show similar fractional abundances around ~0.025%. LPE shows no meaningful variation
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across groups, with all samples clustering around ~0.025%, indicating a stable distribution. PI, however,
presents a different pattern. Although SDs are relatively high, some trending can be observed. The term
infant group shows the highest fractional abundance at 0.34%, followed by the preterm group at 0.31%. In
contrast, adult and donor groups both average around 0.2%. These results suggest that Pl may be more

abundant in neonatal RBC membranes.

A detailed view of the LPE O- class with highest levels found in term and preterm infant samples, followed by
the donor elder women group is shown in Figure 21 (3). The remaining donor groups show similar values

without noticeable differences. The lowest level is observed in fresh blood samples from adult women.

It is possible that with an expanded cohort Pl levels could turn out to be higher in newborns compared to
other groups. However, based on the current dataset this cannot be concluded with certainty. The variability
observed within the groups is substantial and limits the strength of the interpretation. Some neonatal
samples suggest a tendency toward elevated PI, but the overlap with adult values prevents drawing solid
conclusions. To properly address this question, further replication would be required, requiring a larger
sample size and balanced representation of all groups. Only a broader cohort could confirm whether the

apparent differences in Pl reflect a true biological signal or simply result from inter-individual variation.
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Figure 21: Distribution of mean fractional abundance by lipid classes in the investigated cohort groups

(1) corresponds to full scale distribution, (2) and (3) provide a zoomed in overview of lower abundant lipid classes
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In full-term infants, SM constitutes about 26% of RBC membrane PLs, while PC accounts for approximately
28%. In adults, the composition shifts slightly, with SM at around 24% and PC at 30% 3. In the found data,
the children’s groups (term and preterm) show markedly higher values, with SM at 42.5% and PC at 41.5%.
However, the percentages reported in this work cannot be compared directly with absolute values from the
literature. The approach used here did not involve absolute quantification, but rather relative profiling of
lipid classes and species. As a result, the calculated ratios are inherently biased by the ionization efficiency of
each lipid class under the applied ESI conditions. Different lipid classes ionize with varying efficiencies in
positive or negative mode, meaning that some classes are systematically overrepresented while others

appear lower than they truly are.

Neonatal RBC membranes have been reported to contain about 15.2% combined PS and PI, compared with
13.1% in adults 3. The absolute percentages differ substantially from the literature and cannot be compared
directly, since the results refer to fractional abundance and not to quantitated lipid amount. For PS and PI,
the calculated combined values shown in Figure 22 show no meaningful difference between sample groups,
since found fractions in all investigated cohort groups are slightly above 3%. Term, preterm and adult samples

all fall within a similar range and the SDs overlap.
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Figure 22: PS and PI fractional abundance fractions in the investigated cohort groups

The PE and PS fractions appear to remain stable across developmental stages and adult cohorts. Neerhout
reported only a slight decrease in PE in neonates, while most studies, including those on adults of different

ages, found no major age-dependent change in either PE or PS levels in RBC membranes 3,
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Reports consistently indicate that neonatal PC O- and PE O- are lower than adult values and gradually increase
during infancy until adult levels are reached %°. The data obtained here does not align with this pattern, as no
reduction in fractional abundance of PC O- and PE O- was observed in neonatal groups. This discrepancy may

reflect methodological differences, sample variability, or limitations in the lipid classes analysed.

The levels of LPE O- also reflect the variability of the samples throughout the cohort, however, elevated levels

could be explained by the protecting mechanisms that transform PE O- to LPE O- during the oxidative stress

8,20

Fresh adult RBCs have minimal LPC, consistent with the observation that fresh adult samples in this dataset
showed very low levels. During storage, LPC can accumulate as part of the storage lesion, but this increase is
largely plasma-derived and temperature-dependent, with limited accumulation under standard RBC storage

conditions at 4 °C °.

3.4.1.1 Investigation of lipid species distribution within lipid classes
After evaluating lipid class distributions across the study cohort, the analysis was extended to the level of

individual lipid species. The goal was to identify whether differences observed at the class level were also
reflected within specific molecular species. For this purpose, the fractional abundance was calculated for
each identified lipid and normalized to 100% within its lipid class. This approach allows direct comparison of
species distribution patterns across groups. These were selected based on the largest differences in mean
fractional abundance between preterm infant samples and the other cohort groups. By concentrating on the
most variable lipids, it becomes easier to highlight biologically meaningful differences while retaining
readability. For presentation, only the graphs for PC and SM are shown here, since these were identified as
the most abundant classes in the dataset and exhibited notable group-dependent variation. The results for

the remaining lipid classes are included in the appendix.

LPC levels show clear shifts between neonatal and adult groups in some lipid species (Figure 23). In term and
preterm infants, LPC species 20:3, 20:4 are elevated compared to fresh blood samples and stored blood bag
units. Several other LPC species remain unchanged across groups. In contrast, LPC 17:0, 18:0 and 18:2 are
consistently lower in neonates. This distribution highlights that neonatal RBC membranes are not globally

enriched in LPC (Figure 19 (1)) but show specific increases in certain species.
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Figure 23: Detected LPC species, their fractional abundance and distribution in the cohort groups

LPC O- species show selective differences between groups (Figure 24). Term infants show not significantly
different but elevated levels of LPC 0-16:0, while other groups remain lower. For LPC 0-16:1, LPC 0-18:0 and
LPC 0-18:1, no differences are observed. These species show comparable values across all groups, indicating
that only LPC 0-16:0 demonstrates a specific enrichment in term infants, while the rest of the ether-linked
LPC remain stable. Studies on individual ether-linked LPCs in RBC membranes are limited. The data observed

in our findings suggests that there is considerable variability in adult RBC membrane lipid composition.
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Figure 24: Detected LPC O- species, their fractional abundance and distribution in the cohort groups

LPE profiles show scattered differences between children and other groups (Figure 25). Both neonatal groups

have higher LPE 16:0, with the strongest elevation in preterm infants. LPE species carrying polyunsaturates

such as 20:3 and 22:6 are also slightly increased in neonates, reflecting their enrichment in arachidonic acid

precursors and DHA. In contrast, several common species are reduced. Neonates show lower levels of LPE

18:0, 18:1, 18:2 and 22:5. Some species remain unchanged, including 17:0, 20:4 and 22:4, which appear

stable across groups.
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Figure 25: Detected LPE species, their fractional abundance and distribution in the cohort groups

LPE O- levels are similar across all sample groups (Figure 26).
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Figure 26: Detected LPE O- species, their fractional abundance and distribution in the cohort groups
In fresh blood and blood bag groups, the values of PC species are consistent and SDs overlap, indicating no
clear trend within these groups as shown in Figure 27. In contrast, neonatal samples show distinct
differences. Species PC 32:0, 32:1, 34:1, 36:4, 38:4 and 38:6 are higher in neonates compared to others. PC

38:3 and 40:6 are elevated only in term infants. Conversely, lower levels are observed in neonatal samples

for PC 34:2, 34:3, 36:1, 36:2 and 36:5.
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Figure 27: Detected PC species, their fractional abundance and distribution in the cohort groups
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PC O- species show distinct patterns between term and preterm infants (Figure 28). Term infants have higher
levels of PC 0-32:0 and PC 0-36:4, while preterm infants remain at the same level as other groups. On the
other hand, preterm infants show elevated PC 0-36:1, PC 0-36:2 and PC 0-38:5, while term infants align with
adults and stored blood units for these species. Both neonatal groups are increased in PC 0-32:1, PC 0-34:1
and PC 0-38:4, suggesting an enrichment in selected ether-linked PCs. At the same time, neonatal samples
are reduced in PC 0-34:0, PC 0-34:2, PC 0-34:3, PC 0-36:0, PC 0-36:3 and PC 0-38:1 compared to adults and
blood bags. These results reveal developmental shifts in ether-linked PC composition that differ between

preterm and term infants, with some overlaps but also unique changes in specific species.
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Figure 28: Detected PC O- species, their fractional abundance and distribution in the cohort groups



PE species show several neonatal-specific shifts compared to adult and donor samples (Figure 29). Both term
and preterm infants show higher levels of PE 32:1, PE 36:4, PE 38:3, PE 38:4, PE 38:6, PE 40:6 and PE 40:7,
showing an enrichment of polyunsaturated ethanolamine PLs in neonatal RBCs. At the same time, several
lipid species are reduced in neonates. These include PE 34:2, PE 36:1, PE 36:2, PE 36:3 and PE 40:5. A mixed
pattern is observed for PE 38:5: preterm infants show levels like adults, while term infants show a marked
reduction. Other species such as PE 34:1 and PE 36:5 remain unchanged across all groups, suggesting that
not all ethanolamine PLs are subject to developmental shifts. Overall, the results indicate that neonates
favour PE species with multiple DBs, while certain mid-chain or less unsaturated species are reduced, with

some species-specific differences between term and preterm infants.
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Figure 29: Detected PE species, their fractional abundance and distribution in the cohort groups
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PE O- species show distinct differences between neonatal and adult RBCs (Figure 30). Both term and preterm
infants show higher levels of PE 0-36:2, PE 0-38:4, PE 0-38:7, PE 0-40:7 and PE 0-40:8. These species are
enriched in neonates, suggesting increased representation of ether-linked ethanolamine PLs carrying long-
chain PUFAs. In contrast, several ether-linked PE species are consistently lower in neonates than in adults.
These include PE O-34:3, PE 0-36:4, PE 0-36:6, PE 0-38:6 and PE O-40:6. The pattern indicates that
neonates do not uniformly increase all ether-PE species but rather show selective enrichment of highly
unsaturated species while being depleted in others. This selective profile may reflect developmental
constraints in plasmalogen metabolism and remodelling, where certain double-bond configurations are

favoured in early life, while others remain underrepresented compared to adult RBC membranes.
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Figure 30: Detected PE O- species, their fractional abundance and distribution in the cohort groups
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Pl species also show clear group-specific differences (Figure 31). Term infants show a distinct elevation in Pl
36:4, while both term and preterm infants have higher levels of Pl 38:3, Pl 40:4 and Pl 40:6 compared to
adults and blood bags. At the same time, several Pl species are consistently reduced in children’s samples.
These include P134:2, PI 36:0, PI 36:1, P1 36:2, P1 36:3, Pl 38:4 and PI 40:5. The distribution highlights that not
all polyunsaturated Pl species are equally enriched in neonates. Notably, Pl 38:4 remains the dominant Pl in
RBCs across all groups, confirming its role as the major Pl molecular species in the membrane. The selective
shifts observed in other Pl species suggest developmental regulation of fatty acid incorporation into PI, with

neonates favouring certain highly unsaturated forms while showing deficits in others.
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Figure 31: Detected PI species, their fractional abundance and distribution in the cohort groups
PS shows several consistent differences between neonatal and adult groups (Figure 32). Both term and
preterm infants have elevated levels of PS 34:1, PS 36:4, PS 38:3, PS 39:6 and PS 40:6. Term infants also show
a specific increase in PS 39:4, which is not seen in preterm group. In contrast, both neonatal groups show
reduced levels of PS 36:1, PS 36:2, PS 38:4, PS 38:5 and PS 40:5 compared to adults and blood bags. This
pattern indicates that neonatal RBC membranes are enriched in specific mono- and polyunsaturated PS

species while lacking others, pointing to selective remodelling of PS in early development.
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Figure 32: Detected PS species, their fractional abundance and distribution in the cohort groups
Donor groups and adult samples remain at similar levels with no clear differences between them, as seen in
the distribution of lipids in the SM class (Figure 33). In contrast, neonatal groups show distinct shifts. Elevated
levels are seen for SM 34:0;2, SM 36:1;2, SM 36:2;2, SM 42:0;2, SM 44:1;2 and SM 44:2;2, while depressed
levels are observed for SM 40:1;2, SM 40:2;2, SM 41:1;2, SM 41:2;2, SM 42:2;2 and SM 43:1;2.
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Figure 33: Detected SM species, their fractional abundance and distribution in the cohort groups
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3.4.1.2 Statistical analysis

3.4.1.2.1 Neonatal vs adult lipid distribution
For clustering analysis, Principal Component Analysis (PCA) was performed in MetaboAnalyst. Heatmaps

were generated to highlight lipid species that differ significantly between groups, serving as a visual tool to

identify patterns of separation.
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Figure 34: Biplot of fractional abundances of lipid species for investigated sample groups

The PCA analysis reveals a clear clustering of neonatal samples, with both term and preterm infants forming
distinct and separate groups as shown in Figure 34. These neonatal clusters are clearly separated from the
adult and donor samples, highlighting systematic differences in RBC lipid composition between newborns
and adults. The adult and donor groups, however, overlap almost completely, showing no separation by sex
or age. This tight clustering of adults indicates that, within the adult population, there is considerable
variability in adult RBC membrane lipid composition. This variability does not appear to be systematically
influenced by donor sex or age; it reflects inter-individual differences. Those likely shaped by a combination
of genetic factors, long-term dietary patterns, metabolic state and possibly subtle environmental influences.
The contrast with neonates emphasizes the developmental shift in RBC membrane composition and suggests
that additional approaches beyond PCA may be needed to further explore variations among adult donors. It
is also important to clarify that the source of blood differs. For infants, samples have been obtained as cord
blood collected immediately after delivery, reflecting the in-utero environment at the time of birth. By
contrast, adult samples have been obtained as drawn venous blood, representing circulating erythrocytes

after months in the adult circulation. This distinction is relevant because cord blood captures the neonatal
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state at a single time point, whereas adult blood reflects fully mature and long-lived RBCs. The difference in
sampling origin should therefore be considered when interpreting compositional differences between

neonatal and adult RBCs.

A heatmap was created to visualize the top 25 lipid species that differed most strongly between the sample
groups (Figure 35). Lipids located in the upper half of the heatmap, ranging from PE O- 38:6 to SM 41:2;2, are
generally more abundant in adult and donor groups. These species likely reflect the mature RBC lipid
composition that is maintained consistently across age and sex in adults. In contrast, the lower half of the
heatmap, beginning with PC 42:5 to SM 36:2;2, shows higher abundance in neonatal groups, both term and
preterm. This shift reflects the developmental differences in membrane lipid profiles, where neonates exhibit

distinct enrichment in certain lipid species.
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Figure 35: Heatmap showing top 25 lipid species with biggest fractional abundance differences and their up-/downregulation in the
RBC samples in investigated groups

The bar charts, biplot and heatmap highlight a set of lipid species that drive the clear separation of neonatal
groups from adult and donor samples. These differences are not restricted to a single class and occur across
nearly all the lipid classes examined. Certain lipids show consistent enrichment in neonates, while others are
depleted compared to adults. Together, these shifts create the clustering patterns observed in PCA and
heatmap analyses. Some of lipids that have been either present in the top 25 of most different lipids withing
cohort groups or picked manually according to ANOVA results are presented in the Figure 36.
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Figure 36: Lipids showing the biggest difference in fractional abundance between RBCs of infants, fresh blood and blood bags

Literature evidence partially supports the elevations of LPC (Figure 23), since data shows that neonatal RBCs
are enriched in palmitate (16:0) and several long-chain polyunsaturates such as 20:3 and 20:4. However, oleic

(18:1) and linoleic acid (18:2) are lower in the observed data, which is not in alignment with the literature 3

The species that remain unchanged are minor fatty acids present only in trace amounts in RBC membranes,
such as 14:0, 15:0, 17:1, 20:1 and 20:2. Their low abundance remains consistent across life stages *73. A
decrease in concentration of C22:0-, C24:0- and C26:0 with age, while C20:0 rises, was not observed 7.
Findings regarding lower LPC 16:0, 18:0, 18:1, 18:2, 20:4 in cord blood of neonates 72 only partially support

observed data, since only 18:0 and 18:2 are slightly lower than in the fresh/blood bag samples.

Neonatal RBCs elevated LPE 16:0 is consistent with their higher palmitate content 13, Literature suggests cord
RBCs are enriched in stearate (18:0) and arachidonic acid (20:4), which should lead to higher LPE 18:0 and
LPE 20:4 3, yet the data here show lower 18:0 and unchanged 20:4. This discrepancy indicates that while

some neonatal LPE species follow expected fatty acid enrichment, others diverge from reported trends.

PC 34:2 (16:0/18:2) is a defining feature of adult RBC membranes, reflecting the higher linoleic acid intake in
adults. In neonates, linoleic acid (18:2) is markedly lower, what is also consistent with literature 7. Adult
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RBCs contain PC 36:2 as one of their major components ©, showing higher linoleic acid content in adult
membranes. Newborns have much less linoleate available for PL synthesis, so PC 36:2 is reduced. During the
third trimester, the fetus receives an enriched supply of arachidonic acid and DHA from the mother, while
limiting transfer of linoleic acid &. This explains why neonatal RBCs contain more PC 36:4, 38:4, 38:6 but fewer
linoleate PCs.

3.4.1.2.2 Term vs Preterm lipid distribution

As seen from the distribution of the top 15 lipids and from the initial MetaboAnalyst results (Figure 34),
preterm and term groups generally follow the same trend and show similar fractional abundances. Both
neonatal groups cluster together and separate clearly from adults and blood bags. To investigate this
clustering in more detail and find possible differences between these two groups, biplot and heatmap were

generated. A complete overlap of term and preterm infant groups is shown in Figure 37.
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Figure 37: Biplot of fractional abundances of lipid species for term and preterm infant RBCs

Heatmap shows top 25 of most abundant and different lipids between preterm and term groups (Figure 38).
Interestingly, one term sample, Term infant #10, clusters with the preterm group. Metadata shows that this
child was born in the 36th week, which classifies it as late preterm and could explain its similarity to the
preterm cluster. However, another child, Term infant #14, was also born in the 36th week, however, it does
not cluster with the preterm and instead groups with the term samples. A closer look at the metadata shows
that Term infant #10 had the lowest birth weight of all term infants, only 2420 g. This value is just 79 g higher
than the two heaviest preterm infants (#2 and #3). This observation proposes that gestational age alone does

not determine clustering in the lipidomic data. Birth weight might play an important role, potentially
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reflecting differences in developmental maturity or nutritional status at birth. The fact that two infants born
in the same week cluster differently underscores that the lipid composition of neonatal RBC membranes may
be shaped by multiple factors, including gestational age, intrauterine growth and overall birth weight. This
highlights the complexity of neonatal lipid metabolism and suggests that both gestational age and size at

birth need to be considered when interpreting group-specific lipidomic signatures.
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Figure 38: Heatmap showing top 25 lipid species and their up-/downregulation in the RBC samples between children RBCs

3.4.1.2.3 Blood bags vs fresh blood
In the third approach, fresh blood and donor blood bag samples were generalized into two supergroups

without considering age or sex. Comparison of fresh and donor sample groups was carried out as well. PCA
results (Figure 39) showed a trending towards separation between fresh blood and donor blood bags. The

analysis confirms that age and sex of adult donors might influence the lipid distribution in RBC membranes.
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Figure 39: Biplot of fractional abundances of lipid species for fresh and stored blood bag RBCs
3.3.5 Distribution of lipids according to unsaturation
Degree of unsaturation was calculated for every identified lipid species across all eight groups. This allows
direct comparison of double-bond content between adults, term and preterm infants and donor subgroups
by sex and age (Figure 40). Results are summarized as class-level and species-level DB counts. Group means
and SDs were computed to assess variance. These metrics enable detection of shifts in saturation that may

drive the observed PCA separation of neonatal samples from adults.
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Figure 40: Distribution of unsaturation degree of lipid species in the investigated sample groups

Many major RBC PLs contain one saturated and one unsaturated fatty acyl chain, making lipids with a single
DB highly abundant. The dominance of 16:0/18:1-rich PC and monounsaturated sphingolipids in RBC

membranes ® is consistent with the data obtained here.

Neonates have a higher fraction of SFA in their RBC membranes. Classic studies report that newborn RBCs
contain about 43% SFAs compared with 38% in adults, consistent with their more rigid and less fluid
membranes. This raises the proportion of 0-double-bond species ¥ and supports the observed elevation.
Newborn RBC PLs also contain much less linoleic acid than adult RBCs, reducing the 2-double-bond fraction
and further increasing the relative 0-DB percentage 3. Preterm infants show distinct SFA elevations. At birth,
they have higher levels of stearic acid (18:0) and lignoceric acid (24:0) in RBCs compared with term infants.

These increases further contribute to the enrichment of the 0-DB category 7.

Both term and preterm neonates have markedly lower levels of di-unsaturated lipid species in their RBC
membranes compared with adults. The main two-double-bond fatty acid is linoleic acid (C18:2, n—6), which
is significantly reduced in neonatal RBCs. Classic studies showed that RBC PLs of full-term newborns
contained about 3.8% linoleic acid, compared with 11.9% in adults 73. This trend is consistent with the data
obtained. Preterm infants at birth had linoleate levels of about 3.9% of total RBC fatty acids, significantly
below the ~9.1% measured in term newborns 74, however, this does not align with the data found in the

investigation.
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Preterm infants’ RBC membranes show a relative enrichment of lipids with four DBs, possibly due to higher
incorporation of arachidonic acid (20:4, n—6). Recent profiling at birth reported that preterm neonates’ RBCs
contained about 15.3% arachidonic acid, compared with 11.3% in term infants. This represents a significant
increase in the 4-double-bond lipid fraction in preterm RBCs 4. The found data confirms this finding from the

literature, showing a significantly greater percentage than adult groups.

Lipids with six DBs are mainly DHA-containing species (22:6 n-3). The placenta actively transfers long-chain
PUFAs such as DHA and arachidonic acid during late gestation. As a result, term neonates often show
relatively high RBC DHA compared with adults and RBC DHA reflects maternal supply. This selective transfer
explains the small increase in the six-double-bond fraction observed in newborn samples 76, The findings are
in accordance with the found data, since mean fractional abundance is slightly higher in term than in preterm

infants.

Apart from the clear differences observed between term and preterm infant RBCs compared with adults, no
major differences were detected within the adult donor groups. Neither sex nor age showed significant
effects on overall lipid unsaturation patterns. Male and female donors showed very similar profiles and
younger versus older donors also showed no consistent shifts in the distribution of DBs. Importantly, there
was no evidence that older female donors shared features resembling the lipid profile of preterm infants.
Their RBC membranes did not show enrichment of specific unsaturation categories that might mirror
neonatal patterns. This suggests that while neonatal RBCs are distinct due to developmental and metabolic

factors, adult donor variation in lipid unsaturation is relatively limited.

3.3.6 Chain length distribution

Distribution of fatty acyl chain length was examined to highlight possible difference between the different
cohort groups. The shortest lipid detected was LPC 14:0, while the longest was SM species with 44 carbons
in various DB states. To analyse this systematically, the dataset was divided into two ranges. For single-chain
lipids (LPC, LPE, LPC O-, LPE O-), the longest detected was LPC 24:0. For double-chain lipids, the shortest
detected was PC 26:0. Fractional abundances were calculated and normalized to 100 within each sample for
the range 14-24 carbons (Figure 41) and separately for the range 26—44 carbons (Figure 42). This allowed

comparison of chain length distributions across groups without mixing single- and double-chain classes.
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Figure 41: Distribution of chain lengths 14-24 of lipid species in the investigated sample groups

Lipids with 14 and 15 carbons showed no measurable differences between the sample groups, indicating that
these chain lengths are consistently represented across all populations. In contrast, lipids with 16 carbons
showed a difference. Their mean fractional abundance was elevated in both term and preterm infant
samples, while adult groups, including both males and females, showed the lowest levels. This pattern
highlights an enrichment of C16-containing lipids in neonatal RBC membranes. The blood bag groups did not
differ significantly from each other and remained at a relatively stable baseline, still higher than fresh blood
samples, suggesting that age and sex of adult donors do not strongly influence this chain length. Additionally,
a slight increase in C20-containing lipids was observed in the neonatal samples compared with adults. This
trend was less pronounced than for C16 but still suggests subtle shifts in chain length distribution between

infants and adult RBCs.

Children’s samples showed a small decrease in fractional abundance at 17 carbons and a significant reduction
at 18 carbons. This pattern was consistent in both term and preterm infants. The 18-carbon species, which
are abundant in adult RBCs, were significantly underrepresented in neonatal RBCs, suggesting developmental
differences in fatty acid incorporation. The reduction at 18 carbons contrasts with the clear enrichment of
16-carbon lipids in infants, indicating a shift toward shorter chain lengths in neonatal RBC membranes. This
imbalance may contribute to the distinct structural and biophysical properties of infant RBC membranes

compared with those of adults.

Lipids with 30, 32, 38 and 44 carbons showed elevated fractional abundance in both neonatal groups, as
shown in Figure 42. In contrast, species with 41 and 43 carbons were significantly reduced in neonates
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compared with adults. All other chain lengths showed similar values across groups without notable
differences. Importantly, all adult donor groups, regardless of age or sex, showed the same distribution
pattern. There was no indication that older adult groups trended toward the lipid profile observed in preterm
samples. This suggests that the chain length differences are developmental rather than age-related in

adulthood.
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Figure 42: Distribution of chain lengths 26-44 of lipid species in the investigated sample groups

Regardless of donor age or sex, the distribution of total acyl carbons in major RBC lipid classes remains
essentially the same. Human RBC membranes contain only a few hundred distinct lipid species, far fewer
than the thousands of possible combinations . Inter-individual variation is minimal. The RBC membrane
lipidome is therefore maintained within a narrow range across the cell’s lifespan. As a result, young and

elderly, as well as male and female adult donors, show nearly identical total chain-length distributions.

Since odd totals arise only from trace odd-chain fatty acids such as C15:0 or C17:0, derived from diet or

metabolism, they make up a very small fraction of RBC membrane lipids, which is in line with the findings 7>.

Neonatal RBCs show a higher relative abundance of lipid species with even total carbons such as C30, C32,
C38, C40 and C44. Their higher palmitate content promotes shorter even-chain combinations, for example
14:0/16:0 giving 30 or 16:0/16:0 giving 32. At the same time, greater incorporation of long PUFAs such as
20:4, 22:5 and 22:6, often paired with 16:0 or 18:0, increases the prevalence of longer even-chain species 73,
This is consistent with data that neonatal RBCs contain higher fractions of 30, 32, 38 and 44-carbon lipids

compared with adults.
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3.3.7 SM/PC Ratio

The SM:PC ratio compares SM to PC in RBC membranes for each sample group. The ratio reflects the balance
between rigid, cholesterol-associated SM and the more fluidity-promoting PC and is showed in Figure 43,
with reported group means and standard deviations, while Table 2 provides the corresponding numerical

values for detailed inspection and secondary analyses.
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Figure 43: Calculated SM to PC ratio in the investigated sample groups

Table 2: Values for calculated SM to PC ratio in the sample groups

Sample group SM:PC ratio, | SM:PC ratio, SD
mean
Term infant 1.02 0.10
Preterm infant 1.01 0.05
Female adults 0.92 0.11
Male adults 0.96 0.15
Donor: Young men 0.89 0.12
Donor: Elder men 0.88 0.10
Donor: Young women 0.92 0.12
Donor: Elder women 0.88 0.09

The results are consistent with earlier literature reports and with the calculated fractional abundances. Both

term and preterm infant groups show higher mean SM to PC ratios compared with adult groups, confirming
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that neonatal RBC membranes are relatively enriched in SM. This enrichment reflects a shift toward more
ordered and rigid membranes. The consistency of these findings across independent datasets supports the
reliability of the observed trend and highlights the biological relevance of the SM to PC ratio as a marker of

developmental differences in RBC membrane composition.

Higher SM levels and an increased SM:PC ratio are associated with stronger RBC membranes and reduced
hemolysis 2°. This suggests that lipid balance directly influences membrane stability. Infant RBCs, particularly
those of preterm neonates, show several consistent differences from adults. They contain more cholesterol,
which further stiffens the bilayer. Their SM:PC ratio is elevated, shifting the membrane toward a more
ordered state. They also have lower levels of plasmalogens, reducing antioxidant protection and show
distinct fatty acid profiles, including lower linoleate and DHA and higher arachidonic acid. Together, these

features create membranes that are less fluid, more oxidation-prone and shorter-lived than adult RBCs.
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4 Conclusion

This thesis investigated the RBC lipid profile across eight groups using two techniques, shotgun lipidomics
and RP-HPLC-MS. The objective was to determine how RBC membrane lipid composition varies between
human populations, with a focus on donors of different sex and age compared to neonatal RBCs from term
and preterm infants. The aim was to assess whether these differences could explain why blood from elder

female donors is linked to improved outcomes in preterm infants.

Only a small subset of lipid species differs between infants and adults. No adult or donor subgroup showed
a distinct lipid signature for blood bags from elder females. In every PCA, term and preterm infants formed
clear clusters apart from fresh blood and donor groups. This consistent overlap indicates that lipid
composition in adult RBCs is individually variable, independent by sex or age or blood storage. The differences
observed in neonates are unique to early development rather than adult donor characteristics. When
analysing unsaturation and chain length distribution, results showed either clustering between preterm and
term infants or an even lipid class or species distribution across all cohort groups, as confirmed by statistical

analyses.

Even though no unique lipid profile was identified for older female donors, clear differences emerged
between adults and infants. The neonatal samples, especially cord blood, showed consistent patterns that
set them apart from adults. These included shifts in saturation, chain length distribution and specific lipid
class abundances. Such differences highlight the distinct lipid composition of neonatal RBC membranes.
While adults, regardless of sex or age, clustered closely together, both preterm and term infants consistently
formed separate groups. This demonstrates that neonatal RBCs carry characteristic lipid signatures, which

are preserved in cord blood and reflect developmental biology.

The data suggest that older female donors do not share a unique lipid pattern compared to lipid patterns
from other donor or fresh blood groups. Their RBC membrane lipids are not linked to the reported survival
benefit after transfusion. The effect may depend on factors outside this study, including membrane proteins,

glycans, glycolipids, small metabolites and circulating plasma components.

Beyond compatibility, the results also indicate that lipid distribution remains consistent across adults and is
not significantly altered by processing blood into storage bags. This consistency across adult groups
underscores that the observed neonatal—adult differences are intrinsic to developmental biology rather than
donor age, sex, or blood storage. Not all female donors will have the same lipid profile. A subset of older
women could carry a specific pattern that our analysis did not detect. The cohort was limited in size and the
scope was restricted to membrane lipids. Important information may be missing. Future work should expand
the cohort, include longitudinal sampling and integrate proteomics, glycomics, metabolomics and functional

assays. This broader view could reveal donor features that better explain clinical outcomes in neonatals.
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Lipid Species

Figure A 2: Pl species by fractional abundance and their distribution in fresh blood samples from adults and term infants, shotgun
technique
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Figure A 3: LPC species by fractional abundance and their distribution in fresh blood samples from adults and term infants, shotgun
technique
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Figure A 4: Top 15 PC O- species by fractional abundance and their distribution in fresh blood samples from adults and term infants,
shotgun technique
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Figure A 5: Top 15 PS species by fractional abundance and their distribution in fresh blood samples from adults and term infants,

shotgun technique
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Figure A 6: Top 15 SM species by fractional abundance and their distribution in fresh blood samples from adults and term infants,
shotgun technique
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