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ABSTRACT
Phospholipids (PLs) are important biomolecules that not only constitute structural building
blocks and scaffolds of cell and organelle membranes but also play a vital role in cell biochemis-
try and physiology. Moreover, dietary exogenous PLs are characterised by high nutritional value
and other beneficial health effects, which are confirmed by numerous epidemiological studies.
For this reason, PLs are of high interest in lipidomics that targets both the analysis of membrane
lipid distribution as well as correlates composition of lipids with their effects on functioning of
cells, tissues and organs. Lipidomic assessments follow-up the changes occurring in living organ-
isms, such as free radical attack and oxidative modifications of the polyunsaturated fatty acids
(PUFAs) build in PL structures. Oxidised PLs (oxPLs) can be generated exogenously and supplied
to organisms with processed food or formed endogenously as a result of oxidative stress.
Cellular and tissue oxPLs can be a biomarker predictive of the development of numerous dis-
eases such as atherosclerosis or neuroinflammation. Therefore, suitable high-throughput analyt-
ical techniques, which enable comprehensive analysis of PL molecules in terms of the structure
of hydrophilic group, fatty acid (FA) composition and oxidative modifications of FAs, have been
currently developed. This review addresses all aspects of PL analysis, including lipid isolation,
chromatographic separation of PL classes and species, as well as their detection. The bioinfor-
matic tools that enable handling of a large amount of data generated during lipidomic analysis
are also discussed. In addition, imaging techniques such as confocal microscopy and mass spec-
trometry imaging for analysis of cellular lipid maps, including membrane PLs, are presented.
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Biological role of cellular, tissue and
exogenous PLs and products of their oxidation

Phospholipids (PLs) are amphiphilic molecules com-
posed of lipophilic moiety and a phosphorylated hydro-
philic group. They constitute structural building blocks
of biological membranes in plant and animal cells and
subcellular organelles. PLs also determine biophysical
properties of membrane bilayers such as fluidity and
permeability as well as the organisation and regulation
of the activity of embedded proteins [1]. In addition,
membrane PL-derived polyunsaturated fatty acids
(PUFAs) are precursors of numerous signalling mole-
cules such as eicosanoids, leukotrienes, prostaglandins
and thromboxanes that are important modulators of
both inflammation and anti-inflammatory signals [2].

Dietary PLs are known for their high nutritional value
and beneficial health effects. Numerous epidemiological
studies indicate that foodborne PLs may prevent or
modulate the progression of chronic diseases. Dietary
PLs and products of their enzymatic metabolism may
affect pathways related to inflammation and regulate
lipid metabolism [3]. PLs also normalise blood lipid pro-
files by reducing the absorption of cholesterol, triacylgly-
cerols (TAGs) and fatty acids (FAs) in the intestine.
Therefore, dietary PLs, especially PUFA containing, are
thought to reduce the risk of cardiovascular diseases [3].
Consequently, some sources, such as krill oil, are consid-
ered nutritionally beneficial due to the high abundance
of n-3 PUFAs (i.e. eicosapentaenoic acid (EPA) and doco-
sahexaenoic acid (DHA)) in the PL structure [4–6].
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Moreover, previous studies demonstrated that PUFAs
delivered in PL structure are more efficiently incorpo-
rated into cell membranes than these present in TAGs
[7]. This is probably because PUFAs build in TAG struc-
ture are preferentially used as the energy source for skel-
etal muscles and heart cells or are directed to adipocytes
[8]. For instance, it was found that dietary PLs are
needed for the regeneration of damaged hepatocytes
and proper function of the nervous system [1].

Yet, PUFAs within PLs are particularly susceptible to
oxidation during manufacturing, storage and final prep-
aration of foods (e.g. frying, baking or grilling) [9].
Previous studies indicated that dietary oxidised PLs
(oxPLs) can be toxic to epithelial cells of the digestive
tract, which are directly exposed them. The accumula-
tion of dietary oxPLs by the digestive tract cells may
also induce oxidative stress that can cause cell mem-
brane oxidation and DNA or protein damage leading to
some gastrointestinal pathologies [10]. In addition, diet-
ary oxidised FAs build in PL and TAG structure, after
intestinal digestion and absorption by enterocytes, can
be released into the portal vein and circulatory system.
These oxidised lipids may contribute to the etiology of
peripheral diseases, such as atherosclerosis [11,12].

On the other hand, PUFAs within cellular PLs are sus-
ceptible to endogenous oxidation upon cellular oxida-
tive stress. Such endogenous oxPLs can be involved in
two interrelated processes: first, cell and tissue damage
and, second, activation of signalling pathways that
mediate inflammatory response and apoptosis [13].
There is an ample evidence that both ingested and
endogenously formed oxPLs are also integrated into
oxidised low-density lipoproteins (LDL), which further
contribute to the development of cardiovascular dis-
eases including atherosclerosis, thrombosis and coron-
ary artery disease [14,15]. Although oxPLs have been
implicated in the development of numerous disorders,
they occur not only in pathological states but also
under healthy conditions. The difference between
pathological and physiological conditions seems to be
quantitative, the elevated levels of oxPLs species were
identified in various tissues or blood. Therefore, oxPLs
have been proposed as potential biomarkers in breast
cancer [16], hyperlipidaemia [17] neuroinflammation
[18], lung injury [19] or alcoholic patients [20], though
none of the oxPLs have yet been validated.

The development of lipidomics and
related sciences

Recent advances in research on function of lipids in
cells, tissues, organs and whole organism under both

physiological and pathological states contributed to the
development of lipidomics – an interdisciplinary sub-
field of metabolomics that focuses on the global study
of the lipidome, which is defined as the collection of
lipid compounds within a given biological system [21].
Lipidomic studies embrace the identification of individ-
ual lipid species, subcellular localisation and tissue dis-
tribution as well as changes in their abundance and
concentration. Such knowledge is necessary to enable
the discovery of molecular mechanisms of lipid action
under physiological conditions as well as during the
development of disorders. One of the branches of lipi-
domics is membrane lipidomics which nowadays has
been attracting growing interest because the mem-
brane compartment is a highly organised system and
the choice of PLs reflects biophysical rules as well as
biochemical and physiological outcomes of the whole
cell [22,23]. In parallel, the oxidative reactivity of the
PLs can affect membrane organisation, thus, cellular
and homeostasis, including the natural process of mem-
brane PL replacement [24]. Therefore, efforts have been
undertaken to clarify the interplay between PL organ-
isation and reactivity to contribute to the full compre-
hension of the cell management. Nevertheless, it can
be stated that oxidative lipidomics does not develop as
fast as lipidomics. The nonincreasing annual number of
publications with keywords “oxidised lipids” and
“oxidised phospholipids” can confirm this observation
(Figure 1) [25]. On the other hand, since the 1990s of
the last century, a growing number of publications
under “lipid oxidation” keyword have been observed
(Figure 1). The explanation of this phenomenon may be
the fact that “lipid oxidation” per se is a very general
term that has been used in various areas of research to
determine the impact of free radicals on lipids present
in clinical samples such as fluids and tissues (redox biol-
ogy) or foodstuffs (food quality). The lipid oxidation

Figure 1. Number of publications on lipid-related topics from
1950 to 2015. Reprinted with permission from [25].
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reaction in these studies is often monitored by simple
and unspecific spectrophotometric methods, such as
TBARS assay. Whereas screening, identification and
characterisation of oxidised lipids and PLs during oxida-
tive lipidomic studies requires the use of advanced and
not so affordable methods.

The results of epidemiological studies indicate that
the type, quality and intake of dietary lipids may con-
tribute to the prevention or promotion of diet related
metabolic diseases including obesity, type 2 diabetes,
atherosclerosis or hypertension. Therefore, lipidomics
and membrane lipidomics are considered powerful
tools to investigate the interactions between diet,
nutrients, genes and human metabolism, both in
physiological and pathological conditions [21]. This
approach contributed to the introduction of foodomics
– a discipline that investigates the food and nutrition
domains through the application of advanced omics
technologies to improve wellbeing, human health and
consumer knowledge [26,27]. The foodomic studies
involve not only metabolomics, including lipidomics,
but also genomics, epigenomics, transcriptomics and
proteomics for compound profiling/authenticity and/or
biomarkers analysis related to food quality or
safety [27,28].

In general, two analytical strategies can be distin-
guished in the lipidomic studies. Targeted analyses
focus on the determination of a set of known lipid spe-
cies. However, it should be noted that modern method-
ologies enable large-scale lipid profiling, embracing
hundreds of compounds [29]. The second strategy is,
thus, the untargeted analyses that allow a more com-
prehensive evaluation of lipidomic profile. In this
approach, the entire data sets comprising thousands of
metabolite signals are processed, which enables detec-
tion and identification of unknown lipids as well. Some
of them can be identified as potential discriminators of
different physiological or pathological states. However,
it should be noted that the targeted analyses provide
more sensitive and accurate detection of lipids, which is
the consequence of monitoring of predetermined com-
pounds for which the analytical methodology was
developed [29].

The development of lipidomics has been advanced
in the last decades for the availability of analytical tech-
niques and proper instruments that enable qualitative
and quantitative analysis of lipid compounds in com-
plex matrices, such as biological and food specimens.
The application of mass spectrometry (MS) with soft
ionisation techniques was the key step towards the
advent of lipidomics. The first report on the application
of electrospray ionisation (ESI) [30] and matrix-assisted

laser desorption/ionisation (MALDI) [31] for the analysis
of complex PL mixtures was published in 1994 and
1995, respectively. Since then, applications of shotgun
(direct injection) MS and liquid chromatography
coupled with MS (LC-MS) have become dominant tech-
niques in lipid analysis, including PLs. Additionally,
other techniques such as gas chromatography (GC),
thin layer chromatography (TLC) and nuclear magnetic
resonance (NMR), especially 31P NMR in the analysis of
PLs [32], are widely applied in the lipidomic analysis
[33]. It must be immediately clarified that so far PLs
containing geometrical and positional isomers cannot
be satisfactorily analysed to distinguish molecules with
the same mass due to the complex mixtures of lipids
present especially in biological samples. GC and further
fatty acid derivatisation procedures using dimethyl
disulphide or other reagents are necessary to explore
the complex isomerism of fatty acid structures [34].

To summarise the current state of knowledge con-
cerning the comprehensive analysis of PL species and
their oxidised derivatives, we reviewed the analytical
techniques used in lipidomics and related sciences. This
review covers all qualitative aspects of PL analysis, from
the lipid isolation through the chromatographic separ-
ation of PL classes and species to their detection. We
discussed standard techniques used for PL analysis,
which can be successfully applied in most laboratories
as well as advanced approaches such as two-dimen-
sional chromatography coupled with MS or ion mobility
spectrometry (IMS) that enable more detailed character-
isation of complex lipid samples. We presented also
bioinformatic tools applied for handling a large amount
of data generated during MS-based analysis. Moreover,
confocal microscopy for imaging of cellular lipids, using
various fluorescence probes as well as mass imaging
techniques are presented and discussed in this review.

Occurrence and structural diversity of PL and
generation of their oxidative derivatives

According to the backbone structure, PLs are classified
into two major groups: glycerophospholipids (GPLs)
and phosphosphingolipids (PSLs) (Figure 2) [35].
Lipophilic fragment of GPLs consists of two FAs linked
to L-glycerol by ester bonds in the sn-1 and sn-2 posi-
tions forming diacyl moieties [36]. Naturally occurring
plant and animal GPLs typically contain a saturated FA
in the sn-1 position and an unsaturated FA in the sn-2
position [1]. In the case of ether phospholipids (EPs)
(present in animal and microbial organisms), FA in the
sn-1 position is replaced by long-chain O-alkyl or O-
alkenyl groups [37]. The core structure in PSLs is a long-
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chain amino alcohol – sphingoid base. Depending on
the origin, sphingoid bases differ in their alkyl chain
length (12–22 carbon atoms), degree of unsaturation
and positions of double bonds. The most abundant
sphingoid base found in animal tissues is the 18-carbon
sphingosine (2-amino-4-octadecene-1,3-diol), which is
linked via an amide bond to FA, most frequently satu-
rated. These amides are termed ceramides [36]. In
plants, the common sphingoid base is phytosphingo-
sine (2-amino octadecano-1,3,4-triol) or its unsaturated
analogues [38].

The polar moiety of GPLs, EPs and PSLs includes an
orthophosphate group forming a phosphodiester bond
between a hydroxyl group of the backbone (present in
the sn-3 position of glycerol or linked with the first car-
bon atom of the sphingoid base) and the hydroxyl

group of hydrophilic group. The ortho-phosphate
group can be replaced by the phosphono group, which
is found in the structure of glycerolophosphonolipids
and phosphonosphingolipids (Figure 2). In this case,
the carbon atom of the hydrophilic group is linked dir-
ectly with the phosphorus atom in the phosphono
group [39].

Based on the structure of the hydrophilic group, PLs
are categorised into several classes: glycerophospho-
cholines (PCs), glycerophosphoethanolamines (PEs),
glycerophosphoserines (PSs), glycerophosphoinositols
(PIs), glycerophosphoglycerols (PGs), glycerophospho-
glycerophosphoglycerols (also known as cardiolipins
(CLs)) and glycerophosphates (PAs) [35]. In addition, as
a result of the activity of plant or animal phospholipase
A1 and A2, GPLs can be hydrolysed, respectively, in

Figure 2. Chemical structures of phospholipids.
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position sn-1 or sn-2 of glycerol to form lysophospholi-
pids (LPLs) such as lysophosphatidylcholines (LPCs) and
lysophosphatidylethanolamines (LPEs) [36]. The most
abundant class of PSLs are sphingomyelins (SMs), in
which choline is the hydrophilic group [36]. In nature,
ceramide derivatives of ethanolamine and inositol are
also found [38].

The PL fraction is often called lecithin, but this term
does not define a chemical structure. This term is used
to describe PLs of the plant (e.g. rapeseed or soybean
lecithin) or animal (e.g. egg yolk lecithin) origin [40].
Moreover, in lipid technology, this name is often used
for PL fraction dissolved in ethanol, whose main com-
ponent is the PC fraction. The fraction insoluble in etha-
nol is named cephalins, and mainly contains the
PE fraction.

PUFAs, such as linolenic acid, arachidonic acid, EPA
and DHA, in PLs can undergo oxidation. Oxidised PLs
(oxPLs) are generated in biological systems as a result
of enzymatic oxidation and/or random free radical-
mediated nonenzymatic peroxidation [41,42]. Cellular
PLs can be modified directly by specific enzymes such
as lipoxygenases, cyclooxygenases or cytochrome c
[43]. The peroxidation of PLs is also induced by direct
interactions with reactive oxygen species (ROS) and
reactive nitrogen species (RNS), which either penetrate
cells or are generated endogenously by cellular proc-
esses (e.g. mitochondrial origin or NADPH oxidase) [19].
In turn, dietary oxPLs are formed during food produc-
tion as a result of nonenzymatic autooxidation and
photooxidation or enzymatic oxidation catalysed by lip-
oxygenases [9].

The structure of the final oxidation products gener-
ated via radical-based peroxidation depends on sev-
eral factors including the nature of oxidant species,
the unsaturation degree of FA linked to the glycerol
backbone and the positions of double bonds [44]. The
abstraction of hydrogen atoms located on methylene
groups of unsaturated FA, and subsequent reaction
with oxygen, leads to the formation of peroxy radical.
In the next step, this radical can initiate a next peroxi-
dation reaction with another unsaturated FA and
finally is stabilised by PL hydroperoxide formation.
These primary oxidation products (PL hydroperoxides)
are characterised by low stability and can decompose
via monomolecular or bimolecular reactions [9] to
long-chain oxPLs containing hydroxy, polyhydroxy,
epoxy or keto groups [45]. The long-chain oxidation
products further undergo oxidative changes that lead
to the formation of short-chain oxPLs containing satu-
rated and unsaturated aldehydes, hydroxy-aldehydes,
carboxylic acids and hydroxy carboxylic acids as well

as furan derivatives [44]. In addition, volatile low
molecular weight compounds such as pentanal or
hexanal are formed as a result of C–C bond cleav-
age [45].

Sample preparation

The first stage of lipidomic studies requires the isolation
of lipid fractions from matrices in which these mole-
cules are usually strongly embedded. This process aims
also at the separation of nonlipid substances such as
proteins, sugars, and low molecular weight compounds
that could interfere with further steps of the analysis
[46]. We believe that the standardisation of the meth-
ods for lipid isolation is still an unaddressed problem,
which influences the use of the data for meta-analysis.
Lipidomic applications require a high yield of analyte
isolation, reproducibility, but also short preparation
time. In addition, the final extracts should be provided
in a form suitable to the instrumental techniques used
in the subsequent steps of analysis [33]. For example,
shotgun lipidomics, where lipid species are analysed by
MS and/or tandem MS after direct injection, is highly
dependent on the extract quality, since any nonlipid
substances and water contamination could led to sig-
nificant ion suppression and/or high chemical noise.
Consequently, this can result in reduced sensitivity and
inaccurate or irreproducible MS measurements [47]. The
techniques of initial sample preparation for PL analysis
include liquid–liquid extraction (LLE), protein precipita-
tion (PPT) and, more recent, solvent saving direct
immersion solid phase microextraction (DI-SPME),
which has attracted considerable attention [33,48,49].
Some enrichment of lipid fraction in PLs is possible
with the aid of solid phase extraction (SPE) procedures.
Sample preparation techniques used in the PL analysis,
examples of their application and information on the
required sample volumes, isolation time, cost, recov-
eries, lipid coverage, repeatability/reproducibility and
potential for their automation are presented in Table 1.

Sample collection and storage

PLs and especially their oxidised derivatives are very
unstable compounds; therefore sampling and storage
conditions are key factors affecting sample quality.
Since lipid degradation, for example resulting from
uncontrolled oxidation or hydrolysis, can occur within a
few seconds, the material should be protected as
quickly as possible. The preparation of analysed mater-
ial depends mainly on the origin and form of the sam-
ple. The isolation of lipid fractions from plant, animal
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and human tissues as well as solid food samples
requires usually quick freezing in liquid nitrogen and
grinding before the addition of organic solvents [65,66].
Samples derived from cell cultures must be first thor-
oughly washed from serum-borne lipids. Depending on
the further procedure used, the cells can be homoge-
nised [48] or more commonly the lipids are extracted
from the cell pellet directly by the addition of cold sol-
vents [65,67]. In turn, liquid samples, such as serum or
plasma as well as foodstuffs, e.g. milk, can be extracted
directly using cold solvents or following freezing and
storage [66,68]. The nonenzymatic lipid peroxidation
may occur even at �20 �C. Therefore, if immediate
extraction is not possible such samples should be
stored at �80 �C for a few months. Moreover, to avoid
oxidative modifications of lipids, the extraction solvent
systems are commonly enriched with antioxidants,
among which butylated hydroxytoluene (BHT) is most
frequently added [66]. However, it should be noted that
antioxidants may reduce oxidised lipid species, and
therefore they should not be added to samples in
which oxPLs are to be analysed [69]. Instead, other pro-
tectors, such as metal chelators (e.g. EDTA, EGTA or
DPTA) are used along with low temperature, nitrogen
atmosphere and protection from light [46,66].

Sometimes, there is a necessity to thaw the samples
several times to perform analysis of various parameters.
Hammad et al. determined the effect of freeze and
thaw cycles on the stability of SM(C16:0) in human
blood serum and plasma samples. The results showed
that the first and second freeze and thaw cycle do not
affect the level of this SM specie, while a statistically
significant change was observed after the third cycle
[70]. Therefore, a better solution may be to divide sam-
ples before freezing into smaller single-use portions to
avoid multiple freeze and thaw cycles, which will ensure
high sample quality for all planned analyses. Some
authors have also determined the effect of the anti-
coagulant type used for the preparation of plasma sam-
ples on PL concentration. The results obtained by
Gonz�alez-Covarrubias et al. indicated that among 80
endogenous lipids, the content of 71 species signifi-
cantly depended on two or all tested anticoagulants
(sodium citrate, potassium EDTA and lithium heparin)
[71]. Statistically significant differences between two
types of anticoagulants on PL recovery were observed
for the majority of PLs including LPC, LPE, PC, PE and
SM species, while variations among all three tested anti-
coagulants were found for LPC(16:0), PC(40:4), PE(36:3),
SM(d18:1/16:0) and plasmalogen form pPE (38:5), pPE
(36:5). Most importantly, for all PL species (only except

PC(40:2)), the extraction efficiency was the highest in
the case of potassium EDTA [71].

During sampling of human or animal biological
material such as blood, special should be also paid to
the effect of a circadian cycle on the variability in the
composition of individual lipid species, including PLs.
The human studies involving 20 healthy males identi-
fied in some of them, the circadian-regulated PC spe-
cies in the plasma [72]. For example, the peak
concentration levels in the evening were observed for
PC(32:2) and plasmalogen forms such as pPC(34:0),
pPC(34:1), pPC(34:2) and pPC(36:2). In addition, circa-
dian variation in LPC(16:0) and SM(d18:1/18:1) levels
were found. The studies carried out by Kasukawa et al.
also showed diurnal oscillations in LPC(16:0) as well as
PG(18:1/0:0) levels [73]. In turn, Aviram et al. indicated
changes in nuclear and mitochondrial lipidome in
mouse liver throughout the day and upon different
feeding regimens [74]. In the mentioned cell organelles,
222 lipid species belonging to different PL classes such
as CLs, lysocardiolipins (LCLs), LPEs, LPEs, PAs, PCs, PEs,
PGs, PIs, PSs and SMs were identified and quantified.
Among 152 lipids found in the nucleus and 217 lipids
in mitochondria, 34 and 31% of lipids, respectively,
showed diurnal oscillations. In both organelles, predom-
inant oscillating lipids were PC and PE species. In add-
ition, the results indicated that these oscillations in the
nucleus and mitochondria are antiphasic. Analysis of
the peak accumulation time for the various oscillating
PLs showed that the vast majority of nuclear lipids
peaked early in the light phase at zeitgeber time. In
contrast, most diurnal-regulated mitochondrial PLs
reached their maximum levels at the transition from
the light to the dark phase [74].

Another important factor that can affect the lipid
profile is food intake. As already mentioned, Aviram
et al. determined various feeding regimens and showed
that there is a significant difference between mice fed
ad libitum (described above) and exclusively during the
night. In the case of nucleus lipidome, the night-
restricted feeding led to an increase in the fraction of
oscillating PLs, whereas in mitochondria, its moderate
decrease was observed. Moreover, under night-
restricted feeding, the vast majority of oscillating PLs
accumulated in the nucleus at the beginning of dark
phase, whereas in mitochondria PLs peaked at the
beginning of light phase [74]. This contrasted with the
PL fluctuation observed for ad libitum fed mice, thus,
showed a significant effect of feeding regimens on lipi-
dome of individual cell organelles.

In sample preparation, an interesting observation
can be made in the case of the red blood cell (RBC)
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membrane lipidomic analysis, since it is well known
that the lifetime of these cells is around 4 months.
During this period, the RBCs come into contact with all
the body tissues. Consequently, their membrane PLs
can carry an important information related to nutri-
tional habits and metabolism. The isolation of mature
RBCs, whose characteristics (such as density gradient
and cell diameter) is well known, can be nowadays car-
ried out by robotics, thus avoiding tedious and impre-
cise manipulations [75]. Generally speaking, technical
and methodological aspects, especially in the case of
the preparation of biological samples such as RBCs,
should be thoroughly discussed among the scientific
community, working toward unification and standard-
isation of the procedures. This would be very important
for improving the analytical efficiency and establishing
calibrated parameters for metabolic evaluation.

Isolation of PL fractions

LLE is the most commonly applied extraction proced-
ure, appropriate for a wide range of apolar and polar
lipid compounds, including PLs. Best known is the
Folch’s method that was introduced in 1957. In this
protocol, chloroform/methanol (2:1 v/v) extraction mix-
ture is employed followed by washing the extract with
saline solution (0.9% NaCl or KCl) [76]. The main draw-
back of Folch’s method is the substantial consumption
of organic solvents, as it requires a 20-fold excess of
chloroform/methanol mixture over the sample volume.
Therefore, several alternative approaches were devel-
oped, among which the most commonly used is the
Bligh and Dyer method [77]. The extraction yield of
these two methods is similar for samples containing
less than 2% w/w lipid fraction. However, for samples
richer in lipid content, the recovery of total lipid frac-
tion by the Bligh and Dyer method can be even 50%
lower than in the Folch’s procedure [78]. The disadvan-
tage of both methods is the use of a toxic solvent –
chloroform. Therefore, in some studies, the less toxic
replacement – dichloromethane, which provides similar
extraction efficiency as the Folch’s method, is used [79].
Nevertheless, to avoid toxic solvents, other extraction
methods have gained popularity in lipidomic studies in
recent years. An example of such approach is the
method introduced in 2008, which employs the mixture
of methyl tert-butyl ether (MTBE) and methanol (1.5:1 v/
v) followed by washing the extract with water added at
a 5:1 v/v ratio [53]. In contrast to chloroform and
dichloromethane, MTBE organic phase is lighter than
water and constitutes the upper layer in this two-phase
system. However, the MTBE extract contains quite a

large amount of water, which requires a longer time to
evaporate the solvent under a stream of nitrogen and
results in more sodium adducts in comparison with
extraction using chloroform along with possible ion
suppression and/or high chemical noise (especially in
the case of shotgun MS) [47]. Another chloroform-free
protocol for the lipidomic approach is the butanol–me-
thanol (BUME) method. This protocol includes an initial
extraction of lipids using butanol/methanol mixture (3:1
v/v) followed by extraction using heptane/ethyl acetate
(3:1 v/v). Then, the phase separation is induced by add-
ition of 1% aqueous acetic acid [56]. Initially, the BUME
method was used to isolate lipids from plasma samples,
but then it was developed to extend the possibilities of
its use in a variety of biological samples such as tissues
and cultured cells [47]. Both mentioned chloroform-free
methods are characterised by comparable lipid extrac-
tion efficiency, while the organic phase of the BUME
method contains less water than the organic phase in
the case of the MTBE method [56]. In addition, it should
be noted that both these methods (MTBE and BUME)
were developed to their suitability for automation of PL
and other lipid analysis. Another extraction solvent sys-
tem proposed to isolate lipids from biological fluids
and tissues is hexane/2-propanol mixture (3:2 v/v).
Plasma can serve as an example of the application of
this method. In this case, the solvent mixture is added
to the sample in a ratio of 8:1, followed by vigorous
mixing and transfer to an ultrasound bath for 5min.
Then, an aqueous solution of Na2SO4 is added, the
upper hexane phase is transferred to a new tube and
the bottom phase is re-extracted with a new portion of
hexane/2-propanol mixture (3:2 v/v). After pooling both
extract portions, the solvent is evaporated [80].

The extraction efficiency of individual lipid classes,
including PLs and LPLs, using most of the above-
described methods has been tested on the example of
human LDL (Figure 3) [51]. The LC-MS/MS technique
was employed for qualitative and quantitative analysis
of isolated lipids using five different solvent extraction
protocols: Folch, Bligh and Dyer, acidified Bligh and
Dyer, MTBE/methanol and hexane/2-propanol. The
qualitative analysis enabled to identify more than 350
different lipid species belonging to 19 subclasses. It was
found that the solvent composition had a small effect
on the extraction of major lipid classes, such as TAGs
and cholesterol esters, while the extraction of less
abundant lipids was strongly dependent on the solvent
system used (Figure 3). Based on these results, it can be
stated that the acidified Bligh and Dyer protocol was
the most efficient method for extraction of PLs
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including, PCs, SMs, PEs and LPCs, while the Folch’s
method allowed the highest recovery of PIs [51].

In addition to the classic lipid extraction methods
described above, alternative techniques are used to
shorten the extraction time and to reduce solvent con-
sumption. Among them, microwave-assisted extraction
(MAE) and ultrasound-assisted extraction (UAE) can be
distinguished, wherein the latter is more commonly used
for the lipid extraction from biological and food samples
[60]. In the case of MAE, microwave energy is used to
increase temperature and pressure during extraction.
However, it should be noted that the generated heat
could lead to the degradation of thermally labile lipids.
For this reason, some authors suggest that MEA parame-
ters require careful optimisation to allow high extraction
efficiency of targeted lipid analytes. For example, it has
been found the temperature of 60 �C and time of 10min

were optimal conditions during the extraction of yeast
lipids, including various PL classes (PAs, CLs, PEs, SMs, PSs
and PIs) [61]. In turn, ultrasonic energy used during UAE
facilitates mass transfer between two immiscible phases,
which increases extraction efficiency and reproducibility.
The studies carried out by Pizarro et al. have shown that
a combination of MTBE-based extraction method with
UAE technique resulted in the detection of 30% more
lipid species in human blood samples compared to the
classical LLE method with MTBE [59]. Moreover, the
advantage of UAE technique is the ability to control the
temperature during extraction. For example, the low tem-
perature of the samples during extraction can be simply
maintained by an ice bath, which makes this technique
attractive for thermally labile lipids.

Another sample preparation strategy for lipidomic
studies, which is widely used for biological fluids such

Figure 3. The extraction efficiency of individual lipid classes using five different solvent extraction protocols: Folch (1), Bligh and
Dyer (2), acidified Bligh and Dyer (3), MTBE/methanol (4) and hexane/2-propanole (5). The graphs show the intensity in counts
per second (cps). TAG: triacylglycerol; CE: cholesterol ester; PC: phosphatidylcholine; SM: sphingomyelin; PE: phosphatidylethanol-
amine; Cer: ceramide; FA: fatty acid; PI: phosphatidylinositol; LacCer: lactosyl ceramide; LAA: lipoamino acid; CS: cholesterol sul-
phate; Lyso-PC: lysophosphatidylcholine. Reprinted with permission from [51].
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as blood plasma [62,81] involves protein removal by
precipitation. This technique is also useful in the ana-
lysis of metabolites occurring in food samples, such as
cow and goat milk [82]. This approach involves protein
removing from the samples by the addition of a water-
miscible solvent such as acetonitrile, methanol, ethanol
or 2-propanol, which in contrast to LLE technique leads
to the formation of a monophasic system. If the con-
centration of analytes in the sample is high enough for
the detection method used, the sample can be directly
injected after protein precipitation (PPT) [65]. Sarafia
et al. compared 4-PPT methods using different water-
miscible solvents (methanol, acetonitrile, 2-propanol
and mixture of 2-propanol/acetonitrile (1:2 v/v)) with
LLE methods employing four different solvent systems
(methanol combined with chloroform, dichloromethane
or MTBE as well as isopropanol with hexane). The
results indicated that protein removal was more effi-
cient using PPT technique than LLE. Especially, 2-pro-
panol appeared to be the most suitable solvent for
human blood plasma enabling a broad coverage and
recovery of lipids, including PC, PE, PS, PG, LPC and SM
classes [62]. Another report showed that recovery val-
ues for PC, PE and PI species were almost equivalent for
methanol, ethanol and 2-propanol. Slightly higher
recoveries of some LPC species were observed for
methanol, which also proved to be the best for all
tested LPI species [83].

Apolar lipids such as TAGs, cholesterol and its esters,
which are present in fractions obtained following total
lipid extraction or protein precipitation, can interfere
with further steps of PLs analysis. Therefore, apolar lip-
ids can be selectively removed using SPE technique, in
which columns containing silica gel as the stationary
phase are commonly used. Initially, apolar lipids are
eluted with hexane and diethyl ether, while PLs that
remain bound to stationary phase are subsequently
eluted with methanol followed by the mixture of
chloroform, methanol and water. This approach allows
almost a complete recovery of the PLs [68,84].

To best of our knowledge, there are no specific meth-
ods or protocols for selective isolation of oxPLs from bio-
logical and food samples. Currently, the sample
preparation prior to the analysis of PLs modified by oxi-
dation includes conventional techniques such as LLE
[66,85,86] and PPT [63]. Commonly, chloroform-based
methods are still preferred in the case of oxPLs extrac-
tion, most likely due to the effective isolation of a wide
range of lipids, including oxidised derivatives [25]. The
influence of additional factors such as ultrasound or
microwave treatment on the extraction efficiency of oxi-
dised lipids has not yet been determined. Therefore, due

to the low concentration level of oxPLs in total lipid
extract obtained by means of LEE or PPT techniques, the
preconcentration of samples may be required.
Alternatively, the separation of the oxidised species from
unoxidised and neutral lipids present in the sample can
be achieved already at the sample preparation stage.
Both of these challenges can be overcome using the SPE
technique. For example, this technique was used to tar-
geted analysis and quantification of plasma oxPL species
recognised as molecules with potential diagnostic value
in acute inflammation, cardiovascular disease and ath-
erosclerosis [63]. For this purpose, the micro-SPE (lSPE)
method employing C18-modified silica gel spin-columns
was tested. After loading the lipid extract, the columns
were washed with methanol/0.2% formic acid (70/30 v/
v) to remove salts and the majority of hydrophilic species
such as LPCs. Then, oxPCs were mainly eluted with
methanol/0.2% formic acid (82:18 v/v), while nonoxidised
PLs were subsequently eluted with methanol/0.2% for-
mic acid (98:2 v/v). Finally, 2-propanol washout removed
residual lipids such as TAGs, after the reconstituted col-
umns were ready again for further use. The recovery of
oxPC species in the fraction enriched with oxidised deriv-
atives was around 70–75% [63,64]. Another tested strat-
egy of oxPL enrichment consisted in the application of
surface functionalised nanoparticles [87]. This method
involves a derivatisation with a bifunctional reagent con-
taining both a hydrazide group for hydrazone formation
with aldehyde-containing oxPLs and a thiol moiety ena-
bling subsequent trapping with nanoparticles. After the
washing step, the trapped analytes are quantitatively
released from the nanoparticle surface as a result of
transamination with hydroxylamine. Then the released
oxime-derivatives of the carbonyl-containing oxPLs are
analysed. So far, this approach was applied to prepare
an enriched extract of oxPCs from samples such as
human plasma with recoveries up to 90% [87].

The conventional sample preparation methods, LLE
and combined liquid–liquid extraction and solid phase
extraction (LLE-SPE) are based on manual lipid isolation.
These methods are overly time consuming to be
employed for routine analyses of many samples, which
is commonly required in lipidomic studies [48].
Therefore, there has been recently a growing interest in
direct immersion solid phase microextraction (DI-SPME)
for the study of lipid compounds, including PLs. DI-
SPME technique is based on adsorption of analytes on
the surface of thin glass or quartz fibre coated with a
specific sorbent. Silica-based sorbents modified with
C18 groups are often used for lipidomic applications
[48,49,88]. When the analyte concentrations reach dis-
tribution equilibrium between the fibres surface and
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the sample matrix, the coated fibres are immersed in
purified water to remove sample residues. Then, lipid
compounds are desorbed by immersion of the fibres in
the organic or aqueous organic solvent [48,49]. The pre-
pared extract can be then analysed using LC-MS or shot-
gun MS. Current DI-SPME devices are available with a
fully automated 96-well plate systems that allow simul-
taneous extractions of many samples at the same time
[48]. Among the advantages of the DI-SPME technique
are the shorter sample preparation time, lower use of
organic solvents (especially toxic chloroform) and smaller
sample volume, which is particularly important for scarce
material such as clinical samples [49].

To summarise this chapter, special attention should
be paid to the fact that sample preparation is on the
one hand very important to generate high quality lipi-
domic data sets. On the contrary, it should be noted
that there is no universal method for isolation of PLs
and their oxidised derivatives from different sources.
The Folch’s, Bligh-Dyer and Matyash extraction meth-
ods were originally developed to the specific matrices,
such as brain tissue, fish muscle, Escherichia coli, and
their direct application to other types of samples may
not provide satisfactory extraction efficiency and lipid
coverage. For this reason, it seems necessary to opti-
mise the isolation condition, such as a solvent system,
the ratio of the sample amount to the solvent volume
or the effect of additional factors such as ultrasounds.
Particular care must be taken during optimising the iso-
lation of oxPLs that are characterised by relatively high
polarity and may be lost upon standard procedures
dedicated to lipid isolation.

Separation of PL

Thin layer chromatography

Thin layer chromatography (TLC) is a relatively simple
and inexpensive technique [89] for quick separation of
different PL classes. This technique can provide prelim-
inary information about PL composition and the pres-
ence of oxidised species (e.g. PL hydroperoxides),
thereby helping to properly choose more advanced
analytical approaches. The silica gel coated high per-
formance TLC (HPTLC) plates are most commonly
employed in PL analysis, which allows not only separ-
ation of individual PL classes, such as PAs, PCs, PEs and
PIs, but also products of their hydrolysis, including
LPAs, LPCs, LPEs and LPIs [90].

In contrast to analytical HPTLC, preparative TLC is
characterised by high capacity and allows separation of
larger amounts of analytes (10–1000mg) [91]. Therefore,
the latter technique can be applied to the isolation of

individual PL classes for further analysis, e.g. using GC.
After chromatographic separation, the compounds of
interest can be extracted from the respective areas of
the preparative plate with the aid of organic solvents,
e.g. chloroform/methanol mixture (1:2 v/v) [92].

The main components of the mobile phase used in
one-dimensional TLC (1D TLC) separation of PL classes
are chloroform, methanol and water. The mobile phase
composition can be adjusted depending on the variety
of PL classes present in the samples by adding organic
solvents (e.g. acetone, methyl acetate, 2-propanol, trie-
thylamine, ethanol) and modifiers (e.g. acetic acid,

Figure 4. 1D HPTLC chromatogram of soy lecithin (left) and
HT-29 cell (right) phospholipids separated on silica gel plate
using a mobile phase composed of chloroform/methanol/
acetic acid/acetone/water (35:25:4:14:2 v/v/v/v/v) and visual-
ized with molybdenum reagent. The soy lecithin was dissolved
in chloroform at a concentration of 5mg/mL. The lipid fraction
extracted from HT-29 cells using Bligh and Dyer method was dis-
solved in chloroform/methanol mixture (2:1 v/v) at a concentration
of 20mg/mL. The samples were applied onto TLC plate in a vol-
ume of 40lL as 8-mm bands. LPCs: lysophosphatidylcholines;
SMs: sphingomyelins; PCs: phosphatidylcholines; LPEs: lysophos-
phatidylethanolamines; PSs: phosphatidylserines; PIs: phosphatidyli-
nositols; PEs: phosphatidylethanolamines; PAs: glycerophosphates;
PGs: phosphatidylglycerols; un: unknown.
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ammonia) [90]. An example of commonly used 1D TLC
system that allows the analysis of samples with a diver-
sified composition of PL classes is a mixture of chloro-
form, methanol, acetic acid, acetone and water
(35:25:4:14:2 v/v/v/v/v). This solvent system enables sep-
aration of LPCs, SMs, PCs, LPIs, LPEs, PSs, PIs, PEs, PAs,
PGs and CLs [92,93]. In our research, we employed this
chromatographic system to determine the composition
of PL classes in both biological samples (lipid fraction
isolated from HT-29 cells) and food product (soy leci-
thin) (Figure 4). However, it should be indicated that
native and oxidised species belonging to the same PL
class tend to coelute during 1D TLC separation using
silica gel coated plates. Nevertheless, the detection of
oxPLs among their native counterparts is possible by
means of specific derivatising reagents, as described at
the end of the section.

For very complex PL composition, it is recommended
to use two-dimensional TLC (2D TLC) with higher reso-
lution capability. In the first dimension, PL classes are
separated using a solvent mixture with higher elution
strength. A typical mobile phase used at this stage con-
sists of chloroform, methanol and 28% ammonia solu-
tion (60:35:8 v/v/v). After chromatogram development
and drying of the plate, PL classes are further separated
in the second dimension at a 90� angle from the first
run. In this case, the mobile phase with lower elution
strength (e.g. chloroform, acetone, methanol, acetic acid
and water (50:20:10:10:5 v/v/v/v)) is employed [94,95].
Despite the significant improvement in chromatographic
resolution, a major disadvantage of 2D TLC is the limit of
one sample analysis per plate, whereas nearly two dozen
of samples can be applied in a single 1D TLC run [89].

The key factor to achieve high resolution and repro-
ducibility are the experimental conditions in the

developing chamber. Therefore, it is recommended that
the chamber should be homogenously saturated for
given durations (at least 20min). Similarly, humidity
must be controlled to maintain adequate stationary
phase activity, which plays an important role in the sep-
aration of PL classes on the silica plate [90]. These com-
binations can be fulfilled with the use of automatic
developing chambers e.g. delivered by CAMAG,
Switzerland.

Once PL separation by means of TLC technique, the
next step is their detection with nonspecific or specific
derivatising agents. Among the latter, PL-specific
reagents [96] or reagents interact with individual
hydrophilic groups of PLs [92], such as choline, etha-
nolamine or serine, can be distinguished (Table 2). TLC
technique may also be useful for the detection and
identification of oxPLs such as hydroperoxide deriva-
tives. The presence of PL hydroperoxides, e.g. in heat-
treated food samples or oxidatively challenged cul-
tured cells, can be detected following spraying the
plate with a solution of dimethyl-p-phenylenediamine
(DMP) or tetramethyl-p-phenylenediamine, which
results in purple staining of oxidised moieties [69,102].
For example, in our research, we applied the HPTLC
technique with DMP-visualisation to monitor the kinet-
ics of lipoxygenase-catalysed peroxidation of egg yolk
phospholipid fraction (Figure 5) [104]. The HPTLC pro-
files revealed the differences in the rate of PL hydro-
peroxides formation and degradation between PC and
PE classes caused by the varied composition of FAs in
their structures.

It is important to limit the sample exposure to
atmospheric oxygen throughout the oxPLs analysis to
avoid uncontrolled oxidation [69]. Our experience indi-
cates that the most sensitive step in which uncontrolled

Table 2. Derivatisation reagents used to visualise PL following TLC separation.
Derivatisation reagent Specificity Analyte appearance Reference

Acetic aqueous solution of copper
(II) sulphate

Organic compounds Black spots/bands [97]

Primulin solution Lipid compounds Fluorescent spots/bands
(kex/em¼ 312/605 nm

[94]

Dittmer-Lester reagent (with further
modifications)

PLs Blue spots/bands on a
white background

[96,98]

Malachite green reagent PLs Bright green spots/bands on an
orange background

[99]

2,4-dinitrophenylhydrazine Plasmalogens Yellow-orange spots/bands on a
white background

[100,101]

Dragendorff reagent Choline-containing PLs (LPCs,
PCs, SMs)

Orange-red spots/bands [92]

Ninhydrin Free amino group-containing PLs
(LPEs, LPSs, PEs,PSs)

Red–violet spots/bands [92]

N,N-Dimethyl-p-phenylenediamine
dihydrochloride

PL hydroperoxides Purple spots/bands [69]

N,N,N0,N0-Tetramethyl-p-
phenylenediamine

PL hydroperoxides Purple spots/bands [102]

Schiff’s reagent PLs with aldehyde moiety Red–violet spots/bands [103]
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PL oxidation can occur is the application of samples
onto TLC plates. Therefore, it is recommended to apply
the samples using manual or automatic TLC applicator
fitted with a nitrogen cover shield [69,102].

Liquid chromatography

The most widely analytical tool used for the identifica-
tion and quantitative analysis of PLs present in bio-
logical, pharmaceutical or food samples is liquid
chromatography (LC). The employment of normal
phase LC (NPLC) and hydrophilic interaction liquid chro-
matography (HILIC) enables the separation of individual
PL classes according to their hydrophilic group struc-
ture [41,46,68,105]. In turn, reverse phase LC (RPLC)
ensures the separation of PL species belonging to the
same class but differ in their FA composition. Individual
PL classes can be separated in terms of the length and
unsaturation degree of FAs, and also by the type and
degree of oxidative modification of FAs present within
the PL structure [41,46,105–107].

Separation of PLs into classes

The structure and chemical properties of PLs enable
their separation into individual classes by means of
NPLC. For this purpose, columns with a length of
100–250mm packed with unmodified silica gel [41,92]
or modified silica gel with diol groups [108,109] with a

grain diameter of 3–5 mm are commonly used. At the
beginning of the gradient elution, a mobile phase with
a low eluting strength, usually composed of a mixture
of chloroform and methanol [41,110] or hexane and 2-
propanol [93,108] is employed. The proportion of the
component with stronger eluting strength (methanol or
2-propanol depending on the solvent system used) is
then increased throughout the elution. Typical mobile
phase additives used are ammonium formate, ammo-
nium acetate, acetic acid, triethylamine or ammonia
[33,41,92,108–110]. The volume of water in the mobile
phase is usually between 0.5 and 3% v/v [33]. To be
precise, such a chromatographic system is termed
aqueous NPLC (ANPLC). For example, the ANPLC system
was used to the characterise rat brain PLs using a silica
gel column and a mobile phase composed of chloro-
form, methanol, acetic acid, triethylamine and water in
gradient elution that allowed for the separation of 8-PL
classes including: PGs, CLs, PIs, PEs, PCs, PAs and SMs,
as well as PSs, the class characteristic for brain tis-
sues [41].

In recent years, HILIC has become an increasingly
popular technique for the analysis of PL composition.
The most commonly used columns are 100–150mm
long with a diameter of 2–4.6mm, packed with either
unmodified silica gel [104,105] or modified with diol
[111] or amine groups [110]. The mobile phase is usu-
ally a mixture of acetonitrile and water [68,105,111].
During the analysis, the water content increases usually
up to 40% v/v ensuring a stronger elution strength in
the HILIC system [112,113]. The appropriate pH of the
mobile phase is obtained by adding 0.1–0.2% v/v for-
mic acid, 5–10-mM ammonium acetate or 20-mM
ammonium formate [33].

In the case of HILIC, the typical analysis time ranges
from 15min for isocratic analyses [114] up to 60min in
gradient elution, where even the separation of positional
isomers of individual PL classes, such as LPEs or LPCs, can
be observed (Figure 6) [115,116]. Unfortunately, this
approach is sometimes insufficient for lipidomic studies.
Therefore, there is a constant search for faster lipid separ-
ation methods that can be successfully coupled with MS.
Modern LC-MS methods are based on the use of shorter
columns (e.g. 50mm) with small particle size (subtwo mm
particles) at ultrahigh-pressures (up to 1300 bars), which
leads to fast analysis and obtaining narrow chromato-
graphic peaks (even less than a few seconds) [117]. The
application of the fast LC-MS method in the lipidome
study of Eimeria falciformis sporozoites and Toxoplasma
gondii tachyzoites allowed for the separation of PGs, PIs,
PEs, inositol phosphorylceramides, ethanolamine phos-
phorylceramides, PSs, phosphatidylthreonines, PCs and

Figure 5. 1D HPTLC chromatograms of hen egg yolk PL frac-
tion extracted with methanol: (a and b) profiles of native PL
classes visualised with acidic copper sulphate solution and
molybdenum reagent, respectively; (c) DMP-visualised profiles
of native (0min) and enzymatically oxidised PL classes after 10,
20, 30, 60, 90, and 120min of the soybean LOX 1-catalyzed
reaction. LPCs: lysophosphatidylcholines; SMs: sphingomyelins;
PCs: phosphatidylcholines; LPEs: lysophosphatidylethanolamines;
PIs: phosphatidylinositols; PEs: phosphatidylethanolamines; PGs:
phosphatidylglycerols; TAG: triacylglycerols. Reprinted with per-
mission from [104].
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SMs in a run time of 3.5min [118]. Another technique ena-
bles comprehensive lipidomic analysis within a very short
time is ultrahigh-performance supercritical fluid chroma-
tography (UHPSFC). This technique coupled with MS has
been successfully applied in the study of total lipid extract
of the porcine brain and allows detection of close to 30
nonpolar and polar lipid classes, including PLs in a run
time of 6min [119].

However, attention should be paid to the fact that dur-
ing the one-dimensional separation of PL classes, native
and oxidised species belonging to the same class tend to
coelute [41]. Therefore, it seems necessary to reseparate
the fractions of individual PL classes by means of another
chromatographic system, as shown in the next sections.

Separation of individual PL species

As mentioned above, RPLC supports the separation of
individual PL class species according to the length and
unsaturation degree of FA chains present in the PL
structure as well as in the terms of the type and degree

of their oxidative modification [46,105,106]. For this
purpose, standard chromatographic columns with a
length of 150–250mm packed with silica gel modified
with C18 groups, less frequently C8 and C30, are used.
The mobile phase is composed of solvents such as
acetonitrile, isopropanol, tetrahydrofuran, methanol or
water, while the modifiers include ammonium acetate
or choline chloride [105,120]. The analysis time in the
RPLC technique ranges from 15min [106] up to 80min
for untargeted analysis for comprehensive characterisa-
tion of lipids present in the samples [105]. In the case
of PL species analysis by means of LC-MS, the fast sep-
aration method employing short columns with the
length of 50mm with small particle size (e.g. 1.7 mm) is
becoming more and more popular. For example, the
application of the fast LC-MS/MS method enables a
comprehensive untargeted lipidomic analysis of oxi-
dised PL species in human embryonic kidney cell line
HEK293 as well as primary mouse peritoneal macro-
phages [85]. This example shows that despite the use
of tandem MS, prior separation of lipids is highly rec-
ommended for quantitative analysis of oxPLs, which is
caused by their large diversity and generally low abun-
dance in biological and food samples [43]. Additionally,
this approach allows the identification of oxidised spe-
cies based on two independent parameters: the m/z
values and differences in the retention time [25].

The oxidation of unsaturated FAs present in the
structures of PLs decreases their hydrophobicity com-
pared to the native counterparts. Consequently, in the
RP mode, the retention time of PL molecules depends
on the degree of FA oxidation. A higher oxidation
degree shortens the elution time of the modified com-
pounds [66,86,107,121]. Separation of oxPLs from their
native counterparts can also be achieved by means of
HILIC [122]. Among the advantage of such approach,
the authors mention better chromatographic separation
compared to the RP method developed by them and
less ionisation suppression effects [122].

Two-dimensional liquid chromatography

As mentioned above, PLs consist a large number of
individual compounds that differ in both the structure
of the hydrophilic group and the FA composition in
the lipophilic fragment. Therefore, their complete
separation by means of one-dimensional LC (1D-LC) is
practically unachievable. The development of chroma-
tographic techniques over the past decade contributed
to an increase of interest in the analysis of PL fraction
by two-dimensional LC (2D-LC).

To fully understand the application of 2D LC in a
comprehensive analysis of PLs, its various types have

Figure 6. HILIC-MS chromatogram of lipid classes represented by
standards containing oleic acid on a Spherisorb Si column
(250� 4.6mm, 5 mm) with a gradient elution using a mobile phase
composed of acetonitrile and 5-mM aqueous ammonium acetate
and ESI-MS detection in positive (A) and negative (B) ion mode. TG:
triacylglycerol; Chol: cholesterol; CE: cholesteryl ester; FA: fatty acid;
PG: phosphatidylglycerol; 2-LPG: 2-lysophosphatidylglycerol; 1-LPG:
1-lysophosphatidylglycerol; PI: phosphatidylinositol; CA: cardiolipins;
LPI: lysophosphatidylinositol; pPE: phosphatidylethanolamine plas-
malogen; PE: phosphatidylethanolamine; 2-LPE: 2-lysophosphatidy-
lethanolamine; 1-LPE: 1-lysophosphatidylethanolamine; pPC:
phosphatidylcholine plasmalogen; PC: phosphatidylcholine; SM:
sphingomyelin; 2-LPC: 2-lysophosphatidylcholine; 1-LPC: 1-lysophos-
phatidylcholine. Reprinted with permission from [105].
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been briefly characterised. Based on the number of
peaks analysed, two different strategies to implement
2D-LC technique are available. In the case of compre-
hensive 2D-LC (LC� LC), all analytes that are eluted
from the first dimension (1D) column are injected onto
the second dimension (2D) column. Thus, all peaks
eluted from the 1D column are fully sampled. In the
case of heart-cutting 2D-LC (LC-LC), analytes eluted as
one or few peaks are selected and a fraction of a given
peak or peaks is collected and then injected onto the
2D column [123]. In addition, based on temporal imple-
mentation, three types of 2D-LC are available: online,
offline or stop-and-go, also known as stop-flow [124].
During online analysis, the eluate from the 1D column is
collected in the loop and after filling it, the fraction is
immediately injected onto the 2D column. In this case,
the 2D analysis time is limited to the collection time of
the fractions from the 1D column. Therefore, this
approach is confined to very short chromatographic
columns (e.g. 10mm) during the 2D separation [125]. In
the offline approach of 2D-LC technique, 1D column elu-
ates are collected manually or with fraction collectors
and the fractions are stored. When needed, the mobile
phase from the 1D fractions can be evaporated, and the
analytes can be redissolved in the solvent compatible
with the 2D system [105,116]. Additionally, this
approach allows to concentrate samples. Comparing
both schemes, the online approach is clearly faster and
can be fully automated, while the offline system enables
a higher resolving power as a result of using longer col-
umns during 2D separation [124]. In the case of the
stop-flow mode, the 1D and 2D analysis are carried out
rotationally. During 1D separation, the eluate is col-
lected in the loop [106]. After loop filling, the 1D pump
is interrupted, while the eluate collected in the loop is
reinjected onto 2D column. Once 2D separation is com-
pleted, the 1D pump is restarted and the 1D separation
is continued until the loop is filled again. The cycles are
repeated as often times as required [106,124].

Due to the high resolving power of 2D-LC, it is suc-
cessfully used in the field of lipid science. For instance,
the application of online comprehensive normal pha-
se� reverse phase 2D LC (NP� RP 2D-LC) method
enabled the identification of 721 lipid compounds in a
sample isolated from rat peritoneal surface layer,
among which numerous PLs differing in the structure
of hydrophilic group as well as FA composition were
distinguished [125]. The offline approach of 2D-LC tech-
nique is also commonly used in the analysis of lipids,
especially PLs. The advantage is that longer chromato-
graphic columns used during 2D ensure higher reso-
lution of, assuming the use of the same particle size of

stationary phase and eluent flow rate. Therefore, the
offline system can be successfully employed during
untargeted analyses for comprehensive characterisation
of lipid fractions in food and biological samples. The
application of offline HILIC-RP 2D-LC system in the ana-
lysis of hen egg yolk, soybeans or porcine brain tissue
allowed for the identification of over 150 different lipid
compounds. Among them, numerous PLs have been
detected, including various PL classes (PGs, PIs, CLs, PEs,
PCs and SMs), their lyso forms (LPGs, LPIs, LPEs and
LPCs) as well as PE and PC plasmalogen forms possess-
ing vinyl ether fatty alcohols at the sn-1 position of the
glycerol backbone [105].

An important advantage of the LC� LC techniques is
the separation of native PLs from their oxidised deriva-
tives within individual PL classes [41]. This goal was
accomplished by means of 1D separation of PLs using
NP mode and collection of fractions corresponding to
individual PL classes. Then, the mobile phase was
evaporated under a stream of nitrogen, the analytes
were dissolved in the appropriate solvent and individ-
ual PL classes were subsequently analysed in the
second dimension using the RP mode [41].

The third mentioned 2D-LC approach that can be
implemented for the PL analysis is the stop-flow system.
An example of the application of the stop-flow compre-
hensive 2D-LC method is the analysis of PLs present in
cow’s milk and plasma samples. For this purpose, a loop
holding a volume of 100 mL, which provided 1-min collec-
tion of eluate from the 1D HILIC column was employed.
After filling the loop, the collected fraction was injected
directly onto the RP column. The 2D analysis ensured the
separation of molecular species differing in the length
and degree of unsaturation of FAs present in diacyl moi-
eties. The application of the stop-and-go HILIC� RP 2D-
LC method enabled separation of 6-PL classes (PIs, PEs,
PSs, PCs, SMs and LPCs) in the first dimension and deter-
mination of up to 16 individual species differing in FA
composition (Figure 7) [106]. Nevertheless, one of the dis-
advantages of stop-and-go implementation is the
extended time of the analysis, which can last up to 6h
[126]. In addition, the analytes that are present for such a
long time in the 1D column may diffuse even though the
mobile phase flow is stopped. Consequently, this leads to
weakening of the 1D resolving power [124].

Detection of PL

Basic detectors coupled with LC used in
PL analysis

In the case of native PL analysis, spectrophotometric
detectors are practically unusable due to the lack of
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groups in their structures with characteristic wave-
length absorption. Therefore, absorption in the
190–210 nm range results from the presence of double
bonds as well as some functional groups, such as carb-
oxyl, phosphate and amine [127] is occasionally used
[97]. However, the extinction coefficient is strongly
dependent on the unsaturation degree of FAs within PL
structure, which makes the quantitative analysis practic-
ally impossible [128].

In contrast to native molecules, the spectrophotomet-
ric detectors can be successfully applied for the analysis
of oxPLs. The homolytic hydrogen atom abstraction from
the methylene group of PUFAs that occurs during oxida-
tion as a result of electron rearrangement leads to the
formation of conjugated dienes [9]. This structure exhib-
its the characteristic absorption at the wavelength
around 230nm. Therefore, LC coupled with spectro-
photometric detector set at 232–234nm is used for the
detection of numerous primary (hydroperoxides) and

secondary (epoxides, alcohols and ketones) products of
PL oxidation [121,129,130]. We applied this approach
during RP analysis of PE and PC fractions obtained by
HILIC fractionation of enzymatically oxidised PLs isolated
from hen egg yolk, as shown in Figure 8(d,e) [104].
However, it should be noted that the application of LC-
UV-MS approach, where low sample concentrations are
exposed to high UV doses in a detector cell may have
served impact on the structure of analytes [131]. Such
alterations can be particularly probable in the case of
analysis of unstable lipid oxidation products such as
oxPLs and consequently lead to the generation of arte-
fact signals in the MS spectrum.

Fluorescence detectors are another type of detectors
sometimes coupled with LC during PL analysis. In this
case, a precolumn or postcolumn derivatisation of analy-
tes is necessary. A number of nonspecific and specific
derivatising reagents can be employed. For example, 1-
dimethylaminonaphthalene-5-sulfonyl chloride or

Figure 7. Enlargement of the HILIC� RPLC-MS contour plot of the glycerophosphatidylcholine molecular species of plasma (left),
along with the corresponding 2D raw data (right). The 1D separation was carried out on an Ascentis Express HILIC column
(150� 2.1mm, 2.7 mm) with a gradient elution using mobile phase composed of acetonitrile/10-mM aqueous ammonium formate
(90/10) and acetonitrile/methanol/10-mM aqueous ammonium formate (55:35:10). The 2D separation was carried out on an
Ascentis Express C18 column (150� 4.6mm, 2.7 mm) with a gradient elution using mobile phase composed of isopropanol/10-
mM ammonium formate/tetrahydrofuran (55:30:15) and acetonitrile. Reprinted with permission from [106].

FREE RADICAL RESEARCH 17

P
o

b
ra

no
 z

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


succinimidyl 2-naphthoxyacetate is used for precolumn
derivatisation of PL molecules with the primary amino
group, such as PEs and PSs. In the case of PAs, an
example of a precolumn derivatising reagent is 3-(9-
anthroyl) diazo-2-propene [132]. For postcolumn derivati-
sation, the most common are nonspecific probes that
form noncovalent complexes with the hydrophobic frag-
ment of PL molecules, but also with other lipid com-
pounds such as TAGs. The formation of the complex leads
to a rapid increase of probe fluorescence, upon the
change of the environment from hydrophilic to hydro-
phobic. An example of such nonspecific postcolumn
probes are 1,6-diphenyl-1,3,5-hexatriene (DPH) or 2,5-

bis(5-tert-butyl-benzoxazol-2-yl)thiophene
(BBOT) [120,133].

The type of detectors widely used for the qualitative
and quantitative analysis of lipids, including PLs, is aero-
sol detectors such as evaporative light scattering
detector (ELSD) and charged aerosol detector (CAD). In
this type of detectors, the eluate is nebulised in an inert
gas stream resulting in the formation of a primary aero-
sol, which then flows into the drying tube, where the
mobile phase is evaporated off [134]. In the case of
ELSD, the resulting secondary aerosol is transferred into
the detection chamber, where the beam of light crosses
the cloud of analyte and the scattering of light is

Figure 8. HPLC-CAD chromatogram of the hen egg yolk PLs obtained during the separation in the HILIC mode (A). CAD-HPLC
chromatograms obtained during separation in the RP mode for oxidised and nonoxidised PE (B) and PC (C) species formed after
60min of soybean LOX-1 catalysed reaction. HPLC-DAD chromatograms obtained during separation in the RP mode for oxidized
PE (D) PC (E) species formed after 60min of soybean LOX-1 catalysed reaction. TAGs: triacylglycerols; FAs: fatty acids; PGs: phos-
phatidylglycerols; PIs: phosphatidylinositols; PEs: phosphatidylethanolamines; LPEs: lysophosphatidylethanolamines; PCs: phospha-
tidylcholines; SMs: sphingomyelins; LPCs: lysophosphatidylcholines. Reprinted with permission from [104].
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measured by a photomultiplier. During analysis using
CAD, the dried particles collide with a stream of posi-
tively charged gas (e.g. nitrogen), which forces the
transfer of the charge onto the analyte molecules.
Finally, the particles are transported via ion trap to the
collector, where their charge is measured by an elec-
trometer. The most known disadvantage of ELSD is the
narrow range of analyte concentration for which the
linear response of the detector is achieved. A similar
disadvantage is observed also for CAD, yet the linear
response range is still approximately 10 times broader
[134]. Additionally, ELSD response is also depended on
ionic strength and thus its application may cause some
difficulties during gradient elution program.

Despite these facts, aerosol detectors are widely
used, especially in the field of food science and food
industry, where in-depth PL analysis using advanced
technologies is not always necessary. Both ELSD and
CAD have been successfully applied in the analysis of
food samples such as milk [68,84] or egg yolk (Figure
8(a)) [104,135]. In our experiments, we applied CAD to
profiling of oxPE and oxPC species formed during lipox-
idase-catalysed peroxidation of egg yolk PL fraction
(Figure 8(b,c)) [104]. During the separation of the frac-
tions of individual PL classes in RP mode, CAD enabled
monitoring of both oxidised and nonoxidised PLs,
which is not possible using DAD (Figure 8(d,e)).

Mass spectrometry

In recent years, shotgun MS, TLC-MS and LC-MS have
become the key analytical techniques used in the field
of lipid science. The application of low-energy ionisa-
tion techniques, such as ESI and MALDI, has revolution-
ised the use of MS in the analysis of labile biomolecules
including PLs and especially product of their oxidation
[43]. Consequently, these techniques paved the way to
the development of modern lipidomics and oxidative
lipidomics [46]. However, the analysis of oxPLs is still a
big challenge and so far there is a lack of universal
methods to analyse them in a wide range of molecular
masses and different concentration levels [25].

The shotgun MS, in which ESI is generally employed
[136], is mainly used in targeted analysis aimed at
detecting a set of selected compounds. However, direct
injection of a complex mixture of compounds may
reduce the ionization efficiency, especially those that
are present in a low concentration such as oxPLs [137].
Therefore, as mentioned earlier, this approach is not
recommended in the analysis of PL oxidation products
[43] or at least the use of high-resolution MS (the
details of the technique are given in this section) is

indicated [25]. Direct injection of the complex sample
into low-resolution instruments can limit the isolation
of low-abundant ions (e.g. oxPLs ions), which are neces-
sary for tandem mass spectrometry experiments [25].

There are also some limitation in the application of
MALDI technique in the analysis of PLs and particularly
oxPLs in complex samples, which is due to the fact that
this technique is not compatible with online separation
techniques needed to minimalise analyte suppression
effects and to increase the dynamic range of detection
[43,64]. Although some reports indicate the application
of this technique in native and oxidised PL studies, but
these reports often concern model substances rather
than complex samples. For example, the MALDI-TOF MS
method was used to determine the effect of model PL
oxidation on the kinetics of digestion catalysed by
phospholipase A2 [138]. A helpful solution in the case
complex samples can be the separation of lipids of
interest (e.g. oxidised species) already at the sample
preparation stage followed by their analysis using
MALDI. An example of such a sample preparation tech-
nique is lSPE, as described earlier [64].

Another approach in the MS analysis of PLs involves
their initial separation by means of HPTLC technique
followed by direct PLs extraction from appropriate
chromatogram zones of the plates and their injection
into a mass spectrometer. This can be achieved by the
application of TLC-MS Interface, e.g. delivered by
CAMAG, Switzerland, as shown in the study of hypo-
chlorous acid-induced oxidation products of PC(C16:0/
C18:1) [139]. Alternatively, PLs separated by HPTLC
technique can be directly loaded from the plate into
the mass spectrometer using ionisation techniques
such as MALDI or desorption electrospray ionisation
(DESI). For example, the application of TLC coupled
with MALDI-TOF MS device enabled the comprehensive
characterisation of PLs isolated from hen egg yolk [140]
and porcine brain [141]. The detection of individual PL
classes was possible even for analytes occurring at lev-
els less than 1% of the total PL fraction (e.g. PIs in hen
egg yolk), which corresponded to the detection limit of
about 400 pmol [140]. Moreover, previous studies
employing normal phase TLC technique coupled with
MALDI-TOF MS revealed that FA composition within
individual PL classes affected their position within the
band corresponding to a respective class. The PE and
PC species containing shorter and more unsaturated
acyl residues were characterised by lower retention fac-
tor (Rf) values [142]. In turn, LC coupled with MS detec-
tion is usually associated with the employment of ESI;
less common is atmospheric pressure chemical ionisa-
tion (APCI).
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In the analysis of native and oxidised PLs, low-energy
ionisation techniques such as MALDI or ESI are com-
monly used. These techniques do not allow imparting
enough quantities of energy onto the subject molecule
to induce fragmentation in the ion source in opposition
to hard ionisation techniques, where in-source ion frag-
mentation takes place introducing complexity to the
MS spectrum and difficulty to molecule identification.
Considering the above, acute identification of PL spe-
cies, which despite the different FA composition and
various oxidative modifications have exactly the same
molecular mass, is difficult to achieve even using high-
resolution MS. For example, the structural isomers of
PC(C16:0/20:4) with one hydroperoxide group or two
hydroxy groups are characterised by the same molecu-
lar mass (m/z 814.6, [MþH]þ). For this reason, tandem
mass spectrometry (MS/MS), where controlled ion frag-
mentation is achieved e.g. by collision-induced dissoci-
ation (CID), is a powerful tool in the analysis of native
and oxidised PLs in complex samples. The MS/MS tech-
nique ensures the fragmentation of ions selected in the
first mass analyser as a result of a collision with an inert
gas in the collision cell. In the next step, fragmented
ions are analysed in the second mass analyser [143]. On
the one hand, interpretation of MS/MS spectra is a big
challenge, but, on the other hand, this approach pro-
vides unique information on the structure of molecules
particularly useful in the identification of structural and
positional isomers. In the case of oxidised species, the
correct interpretation of MS/MS spectrum can contrib-
ute to the in-depth structural characterisation including
the position of oxidised acyl chain in glycerol moiety,
the side of modification along the unsaturated acyl
chain as well as the nature of oxidation group(s)
[144,145]. Moreover, some authors proposed the
application of ozone-induced dissociation coupled with
MS/MS to examine the double-bound localisation in
positional isomers. For example, Deeley et al. used
this technique to distinguish PL plasmalogens,
which allowed to find the following 1-O-alkyl PE and PS
species in human lens: pPE(16:0/9Z-18:1), pPE(11Z-18:1/
9Z-18:1), pPE(18:0/9Z-18:1), pPS(16:0/9Z-18:1), pPE(11Z-
18:1/9Z-18:1), and pPE(18:0/9Z-18:1) [146].

As a result of parent ions fragmentation and analysis
of generated fragment ions, it is possible to identify FAs
in the sn-1 and sn-2 positions of individual PL species
[42,147]. For example, shotgun MS/MS method was
employed to identify the long-chain oxidation products
of PCs that differed in length and unsaturation degree of
FA present in the sn-2 position of glycerol [148]. In the
case of complex biological samples, high-resolution MS/
MS analysis of PLs and especially oxidise species is

preceded by separation by means of fast LC. For
example, application of LC-MS/MS method enabled both
qualitative and quantitative analysis of oxidised species
of individual PL classes in mouse primary macrophages.
The total amounts of oxPCs, oxPEs and oxPIs per one
million cells were 1180.3, 936.5 and 80.7 fmol, respect-
ively [85]. The MS/MS technique has also been used in
the analysis of short-chain oxPLs formed as a result of
cleavage of the unsaturated FA including carbonyl prod-
ucts, such as saturated and unsaturated aldehydes,
hydroxy-aldehydes, carboxylic acids, and hydroxy car-
boxylic acids esterified to glycerol back-
bone [144,145,148].

In the field of lipid science, various types of mass analy-
sers can be employed. Generally, the mass analysers can
be divided into low-resolution quadrupole (Q), linear ion
trap (IT) and high-resolution instruments embracing time-
of-flight (TOF), quadrupole time-of-flight (Q-TOF) or triple
quadrupole (QqQ). The latter are characterised by mass
resolving power (determined at full width half-height
maximum) higher than 10,000 [149] and are definitely
more popular in lipidomic studies [33]. However, each of
them has some advantages and drawbacks concerning
the qualitative and quantitative analysis of lipids. For
example, QqQ are commonly used for quantification of
native and oxidise PLs. In turn, for the structural character-
isation of unknown lipids, high-resolution MS such as TOF
based mass analysers or Fourier transform ion cyclotron
resonance (FTICR) are widely employed [43]. Moreover,
modern high-resolution instruments equipped with fast
scan speeds and polarity switching, like some Orbitrap
instruments, are highly recommended for detecting of
low-abundant oxidised PL species in both positive and
negatively ion mode with high throughput [25]. However,
high-resolution MS/MS instruments, which do not allow
simultaneous scanning in positive and negative ion mode
during the analysis, are also successfully used in the ana-
lysis of oxPL. For example application of linear ion trap
(LTQ) – Orbitrap mass spectrometer equipped with an
electrospray ion source enabled the identification of 46
oxidised PC species in oxidised LDL [122].

In addition to untargeted analysis of native and
oxidised PLs, targeted strategies are commonly used
in lipidomic studies. In the case targeted analysis of
choline-containing PL classes, such as PCs and SMs, the
most popular approach is precursor ion scanning (PIS)
for m/z 184 in the positive ion mode [25,150]. This
approach takes advantage of the high intensity
observed for product ion (fragment) at m/z 184 corre-
sponding to protonated ion ([MH]þ) of the polar head,
in this case, choline. For other PL classes, PIS or neutral
loss scanning (NLS) acquisition modes can be
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conducted [151]. Exemplary parameters applied during
exploratory analysis of PLs present in human serum for
individual classes are as follows: PE, NLS 141Da (posi-
tive ion mode); PS, NLS 185Da (positive ion mode); PA,
NLS 98Da (positive ion mode); PG, NLS 172Da (positive
ion mode); and PI, PIS m/z 241Da (negative ion mode)
(Figure 9) [150]. In turn, multireaction monitoring
(MRM) experiments are commonly used e.g. for screen-
ing known oxPLs [152]. The advantage of a targeted
approach is higher resolution and better sensitivity
[150]; however, a limited range of native and oxidised
PL species screened in each acquisition cycle is the
main drawback. Therefore, during multiple PL classes’
analysis, several injections can be necessary, which in
consequence can require a larger sample volume [25].

Ion mobility spectrometry

The differentiation of PL isomers is often difficult even
using ESI-MS/MS technique. For this reason, another
technique – ion mobility spectrometry (IMS) – is more
useful in some applications. So far, this technique has
been successfully used in the analysis of PL species of
individual classes differ in the structures of acyl chains,
but it has been not applied to the study of oxidative
modifications along the unsaturated FA chain [153]. In
general, similar to mass spectrometry, the first stage
involves ionisation of the analytes. Then, the generated
ions are introduced into the analyser, where they are
differentiated based on the mobility within a pressur-
ised chamber under the influence of an electric field.

Figure 9. Separation of PL classes by HILIC-UPLC. Multiplex analysis of mixture of PL class standards (A) and human serum (B)
using PIS and NLS in positive and negative ion mode. Top panel shows HILIC chromatographic separation and mass spectrometric
detection of PL classes by either precursor m/z 184, 241, and 264 or neutral loss m/z 141, 172, 185, and 98. Middle panel shows
NLS m/z 141 in positive ion mode specific for PE and LPE. Bottom panel shows summed mass spectral (MS) data from NLS m/z
141 in positive ion mode shown indicated in grey above. Inset: magnification from m/z 762 to m/z 774. PG: phosphatidylglycerol;
PI: phosphatidylinositol; PE: phosphatidylethanolamine; LPE: 1-lysophosphatidylethanolamine; PC: phosphatidylcholine; PA: phos-
phatidic acid; SM: sphingomyelin; LPC: lysophosphatidylcholine. Reprinted with permission from [150].
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The main difference between IMS and MS is the fact
that the measurement of the ion drift time occurs
within a pressurised chamber, while the measurement
of m/z ratio takes place in the absence of gas. The
mobility of ion through the chamber depends mainly
on the frequency of the collision between ion and neu-
tral gas. Therefore, the ion mobility of a compound
under ideal experimental conditions depends on its size
and shape [154]. In addition, the IMS is usually coupled
with mass spectrometry (IMS-MS) and enables full dif-
ferentiation of ions tacking into account size, shape,
mass and charge [33]. Identification of individual com-
pounds is carried out based on m/z ratio and drift time
(usually expressed in milliseconds) [155]. The applica-
tion of ESI-IMS-MS technique in phospholipidomic
research enables the differentiation of PL species of
individual class that differ in the position of the acyl
chain present in the structure (regioisomers). Therefore,
this approach eliminates the need to use regiospecific
enzymes such as phospholipase A1 and A2 to determine
the position of the FAs in PL structure. Furthermore, the
ESI-IMS-MS technique makes it possible to separate PL
class species that differ in localisation of the double
bound in the structure of acyl chain as well as the con-
formation of double bound (cis-trans isomers).

Another technique used in the analysis of PLs is
MALDI-IMS-MS, which enables a fast (hundreds of
microseconds) analysis of complex mixtures of PLs. The
changes in drift times of PLs result from differences in
acyl chain length and degree of unsaturation and the
nature of the hydrophilic group [156]. In addition, previ-
ous studies indicate that formation of alkali PL adducts,
formed upon the addition of LiCl, NaCl, KCl or CsCl to
the matrix, leads to a significant shift towards lower col-
lision cross sections in comparison with protonated PL
species with a similar m/z. Consequently, the shift in
the mobility of ions produced by alkali cationisation is
observed, which is particularly evident in the case of
caesium ion. Therefore, the addition of caesium salt to
the matrix allows the identification of PL species, which
otherwise would not be observed [156]. Exemplary
overlay of two-dimensional MALD-IM-MS plots obtained
for rat brain PLs with and without caesium ion is shown
in Figure 10.

Data analysis by means of bioinformatic tools

One of the main challenges for lipidomics and foodo-
mics, in particular for MS-based approaches, is compu-
tational and bioinformatic requirements for handling a
large amount of data generated during analysis. A typ-
ical workflow in lipidomics begins with sample

preparation followed by data acquisition, processing of
raw lipid data set and lipid identification using data-
bases such as LIPID MAPS (http://www.lipidmaps.org)
[157]. Another important step in lipidomic data analysis
is the application of appropriate chemometric methods,
which allow for the selection of key molecules (discrimi-
nators) that characterise a specific phenotype. For this
purpose, classical statistical tests such as ANOVA meth-
ods, principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA) are com-
monly used [158]. Moreover, for complex lipid data
sets, generated e.g. during untargeted lipidomics ana-
lysis using two-dimensional chromatography coupled
with MS, a combination of multiway methods, such as
multivariate curve resolution (MCR) can be applied
[158]. Recently, the regions of interest multivariate
curve resolution (ROIMCR) procedure, which enables
compressing and processing LC-MS data, was employed
in lipid standards analysis, including PLs. This approach
consists of a preliminary selection of the regions of
interest of the LC-MS data followed by their throughout
chemometric analysis [159]. The bioinformatic analysis
includes also the interpretation of observed lipid
changes in the biochemical context, which is known as
a pathway analysis. An example of a database providing
lipid metabolic pathway information is Kyoto
Encyclopaedia of Genes and Genomes (KEGG) (https://
www.genome.jp/kegg).

The experimental strategy used to acquire MS data
affects data processing and information interpretations.
Therefore, different bioinformatic lipid tools can be
employed for the analysis of shotgun and LC-MS data

Figure 10. Overlay of two 2D MALDI-IMS-MS plots of rat
brain phospholipids. The analysis was carried out directly from
the brain tissue, on which matrix solution (2,5-dihydroxyben-
zoic acid) without and caesium was deposited. Reprinted with
permission from [156].
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[160,161]. Among bioinformatic tools, approaches using
reference libraries followed by spectrum similarity
searches can be distinguished. Examples of such tools
are MassBank (https://massbank.eu/MassBank/), Human
Metabolome Database (http://www.hmdb.ca/), which
contain both MS and MS/MS spectra of various metabo-
lites, including PLs. In addition, MassBank enables incorp-
oration of self-created reference spectra [160].
Nevertheless, the lipid identification rate using these
databases is usually low, due to the limited amount of
empirically generated MS/MS spectra [162]. Therefore,
bioinformatic tools based on in silico generated tandem
MS spectra, such as LipidBlast (http://fiehnlab.ucdavis.
edu/projects/LipidBlast) [162], are employed in lipidomic
studies. In this approach, the identification of lipids is
obtained by fitting experimental fragment m/z values
with simulated library m/z values using in silico fragmen-
tation libraries. Another open sources software with in
silico generated libraries is LipidMatch (http://secim.ufl.
edu/secim-tools/lipidmatch/) [163], which was intro-
duced in 2017 and includes over 500,000 lipid species,
across over 60 lipid categories, including PLs.
Furthermore, LipidMatch includes a list of potential
oxidised FAs (both long- and short-chain) that can be
incorporated in the structure of lipids. In turn, the open-
source software tool entirely dedicated to the prediction
and identification of oxPLs is LPPtiger (https://home.uni-
leipzig.de/fedorova/software/lpptiger/) [164], which was
proposed in 2017. The LPPtiger workflow uses three
unique algorithms: in silico oxidation, theoretical CID
fragmentation and multiscore-based identification. In
this way, the software can predict oxidised lipids in a
given lipidome and identify corresponding predicted
structures. A powerful bioinformatic tool is also
LipidSearch (Thermo Fisher Scientific, Waltham, MA),
which can be used for the analysis of a large amount of
MS data obtained for both shotgun and LC-MS
approaches. This software enables automatic identifica-
tion and relative quantification of cellular lipids [161]. In
addition, a number of other bioinformatic tools such as
Greazy [165], LipidView (formerly LipidProfiler) [166] or
LipidXplorer [167] are used for MS data processing dur-
ing PL analysis.

Although the use of the bioinformatics tools men-
tioned above seems to be an invaluable step during
lipid analysis, the databases may still be incomplete
regarding the tandem MS spectra of oxPLs, which can
limit their identification. In addition, it should also be
noted that oxPLs are usually less abundant and conse-
quently may generate MS/MS spectra with a lower sig-
nal to noise ratio. Therefore, the analytical approaches
developed should include specific selection criteria, e.g.

isotopic envelope, for more efficient identification of
oxPLs even in samples with a low ratio of oxidised to
native PLs [25].

Imaging techniques

Mass spectrometry imaging

From the biological point of view, apart from the con-
tent of individual lipid species, their distribution in a
given biological system may be even more important.
Therefore, there is a growing interest in imaging techni-
ques such as mass spectrometry imaging (MSI). This
label-free technique enables for studying in situ localisa-
tion, structure characterisation and relative quantifica-
tion of multiple lipids in biological samples. The spatial
mapping of the distribution of cellular or tissue lipids is
achieved as a result of MS data acquisition from the
defined pixels of the sample followed by processing of
lipid MS data set [168]. The analysis efficiency depends
on several parameters such as the MS instrument con-
figuration, number of shots fired per pixel, the distance
between pixels or the data acquisition rate [169]. One
of the most commonly used ionisation techniques
coupled with MSI are MALDI and DESI, which enable
direct lipid analysis on the sample surface without
time-consuming and laborious extraction steps requires
for ESI [153].

The MALDI-MSI technique has proved to be a power-
ful tool in PL analysis of animal and human tissues such
as brain, colon, heart or liver [168] as well as cultured
cells [170]. Moreover, tracking changes in the cellular
and tissue distribution of PLs enabled selection of
molecular features most indicative of a given disease
state, and, consequently, can provide insight into dis-
ease prediction and monitoring of its progression. An
example of this approach was the monitoring of PL
changes in the brain of a mouse model of Alzheimer’s
disease associated with the development of this dis-
order. As a result of disease progression, changes in the
distribution of various lipid species including PCs, SMs,
PIs and LPCs were observed. The lipid remodelling
included several regions of the mouse brain such as
frontal cortex, hippocampus and subiculum [171].
Another application of MSI technique in lipidomics is to
study changes in the PL distribution between normal
and cancerous tissues, which may be useful in clinical
practice to identify tumour margins after surgical resec-
tion. This approach was tested on an example of gastric
cancer operations in direct comparison with margin
assessment by frozen-section histopathology [172]. The
statistical analysis indicated that distribution disorder of
CL(10-[18:2/18:2],30[18:2/18:2]), PE(36:1) and PS(36:1) is a
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diagnostic feature for distinguishing normal gastric tis-
sue from benign and malignant tumour tissues [172].
Differences in the PL distribution were also observed
between normal liver tissue and colon cancer liver
metastasis, where mainly the increase of SM(16:0) in the
case of cancerous tissue was observed [173]. The PL
imaging technique also enables discrimination of
tumour subtypes and grades. For example, the DESI-MS
technique was used for rapid classification of human
brain tumours, where differences in PS and PI species
were mainly observed [174]. In turn, air flow-assisted
ionisation (AFAI) MSI technique allowed for molecular
distinguishing of breast invasive ductal carcinoma and
breast ductal carcinoma in situ. Changes in the abun-
dance of four ions corresponding to PL species (m/z
706.5, PC(30:0); m/z 718.6, PC(32:0) or PE(35:0); m/z
724.5, PE(34:1); and m/z 730.5, PC(32:2)) were observed
between tumour subtypes as well as depending on
grade of breast cancer (Figure 11) [175].

Additional exciting application of MSI technique is
spatial imaging of oxPLs in tissues, which can contrib-
ute to advanced understanding of pathogenesis and
progression of numerous diseases. In order to investi-
gate the distribution of oxPLs in the spinal cord tissue
from the lumbar region of adult rats, the high-selective
MALDI MSn imaging technique has been used. The
application of the mentioned technique allowed for
identification and localisation of short-chain products of
PL oxidation such as PC(18:0/9:0 COOH) and PC(16:0/
11:0 COOH) [176]. The MS-based imaging was also used
to identify and determine the distribution of oxPL in
mouse organs such as brain, kidney and liver [177].
Moreover, the effect of different sample storage condi-
tions on the formation of oxPLs was determined. The
imagining experiments indicated that global formation
of oxidised species, such as PC(16:0/9:0 COOH), PC(16:0/
11:0 CHO) and PC(16:0/11:0 COOH), across the tissue
was observed within 24 h under ambient conditions. It
was also shown that PL oxidation is inhibited if the
samples are stored at �80 �C under nitrogen atmos-
phere [177].

Confocal imaging technique

The analytical techniques described above can be
coupled to the investigation of the lipid maps in cells.
In many cases, changes in the composition of PLs in
cells due to nutritional overload or oxidative stress
translate into biophysical changes in cellular mem-
branes. Recently, it was shown that the fluorescent
probe laurdan can be used in confocal imaging to fol-
low alterations in the fluidity of the plasma membrane

and insulin granule membranes in insulin secreting
beta cells exposed to high glucose and/or high palmitic
acid concentrations (Figure 12) [178]. Laurdan, which
incorporates into the lipid phase in membranes,
changes emission intensity in a way correlating with
the biophysical state of its environment. Its excited-
state relaxation is independent of the head-group type
in PLs, but is sensitive to the degree of saturation of FA
moieties present in PLs and freedom of mobility of
water molecules in the membrane bilayer. It was shown
before that high glucose and/or high palmitic acid incu-
bations activate phospholipase A2 and induced PLs
remodelling in beta cells by exchanging polyunsatur-
ated FA and introducing saturated FA and monounsatu-
rated FA [179,180], which led to significant changes,
predominantly in the fluidity of the membrane of insu-
lin granules.

Also, the real-time quantitative analysis of cellular
lipid maps by confocal spectral imaging of intracellular
micropolarity was performed [181]. For this purpose,
the solvatochromic and lipophilic probe Nile red, which
shifts its emission spectrum from yellow to red when
the degree of polarity of the lipid environment
increases, was used. The adapted spectral phaser ana-
lysis helped to determine pixel-by-pixel the degree of
lipid polarity, and to mapp insulin secreting beta cells
to provide accurate representations of the proportion
of nonpolar, polar and highly polar lipids in the cells
and created a topographical image of the cellular distri-
bution of the various classes of lipids in the plasma
membrane, insulin granules and lipid droplets in
the cells.

Fluorescence probes have also been used in the
study of membrane lipid oxidation using fluorescence
and confocal microscopy. An example of such probe is
C11-BODIPY581/591, which is an FA analogue with emis-
sion maximum in the red range of the visible spectrum.
The previous research using living rat-1fibroblasts
showed that the fluorescent probe is distributed het-
erogeneously throughout cellular membranes, with pre-
dominant localisation in the perinuclear region of the
cell. The probe was not specific for any particular
organelle, such as mitochondria, peroxisomes, lyso-
somes and Golgi apparatus, while lower probe incorp-
oration was observed for rat-1fibroblast plasma
membrane [182]. As a result of free radical-induced oxi-
dation of butadienyl moiety of the probe, the fluores-
cence emission maximum shifts from 595 nm (red
fluorescence) to 520 nm (green fluorescence) [182].
Therefore, the C11-BODIPY581/591 is widely used in the
study of lipid oxidation of model membrane systems as
well as cellular membrane lipid damage, e.g. caused by
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Figure 11. AFAI-MSI of samples of low-grade breast ductal carcinoma in situ (A and C) and high-grade breast invasive ductal car-
cinoma (B and D). Positive ion mode AFAI-MSI ion images of two samples showing the distribution of m/z 706.5 corresponding
to PC(30:0) (A1, B1), m/z 718.6 corresponding to PC(32:0) or PE(35:0) (A2, B2), m/z 724.5 corresponding to PE(34:1) (A3, B3) and
m/z 730.5 corresponding to PC(32:2) (A4, B4). Negative ion mode AFAI-MSI ion images of sample two samples showing the distri-
bution of m/z 295.2, corresponding to FA(18:2) (C1, D1), m/z 311.2 corresponding to octadecanoids (C2, D2), m/z 327.2 corre-
sponding to FA(22:6) (C3, D3) and m/z 329.2 corresponding to FA(22:5) (C4, D4). Lower magnification images with expanded
views of an adjacent haematoxylin and eosin (H&E) stained section are shown in (E). Reprinted with permission from [175].
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oxidative stress. The application of mentioned fluores-
cent probe revealed that the membrane oxidation of
lymphoma cells leads to increase of human secreted
phospholipase A2 activity, which contributes to the
explanation of the mechanism of thapsigargin induced
cell apoptosis [183]. The previous research indicated
also that C11-BODIPY581/591 was exclusively sensitive to
free radical species formed as a result of hydroperox-
ides breaking-down, but not to hydroperoxides per se
[182]. In contrast to C11-BODIPY581/591, Liperfluo
responds only to membrane lipid hydroperoxides. This
probe reduces (phospho)lipid hydroperoxides to their
hydroxy-homologues, which results in the formation of
highly fluorescence product – LiperfluoOx – with an
emission maximum at 535 nm [184]. Similar to C11-
BODIPY581/591 fluorescence probe, Liperfluo can be
used to living cell imaging. An example of such
approach is the use of Liperfluo in the study of cell fer-
roptosis. The results obtained with redox lipidomics,
reverse genetics, bioinformatics and systems biology
showed that only PEs present in the endoplasmic
reticulum associated compartments underwent

oxidation with the specificity toward two fatty acyls:
arachidonic: arachidonoyl and adrenoyl [185].

The use of such probes in confocal imaging is com-
plementary to the lipidomic analysis of the various
classes of lipids in cells, and in particular PLs, and can
synergistically enhance lipid research from cellular to
subcellular levels.

Conclusion

The development of advanced analytical techniques,
which has taken place in recent years, has significantly
contributed to a better understanding of the biological
role of PLs in the functioning of cells, tissues, organs
and the whole organism. This has materialised due to a
comprehensive analysis of the endogenous PL species
in biological samples that aim at their identification as
well as monitoring of their concentration, oxidative
modification and cellular distribution. The important
aspect is the characterisation of exogenous PLs (includ-
ing oxidative derivatives) delivered with food, which
may affect the functioning of the human body. From

Figure 12. Effects of nutrient overload on membrane fluidity in insulin secreting beta cells. INS-1E cells expressing the m-cherry
protein in insulin granules were used, as explained in [178]. (A) The cells were grown at 11-mM glucose (G11) and treated with
500mM palmitic acid. Images were collected before the addition of palmitic acid and 16 h later. The upper images are of
Laurden emission and the lower images depict m-cherry emission (labelling insulin granules). Membrane fluidity is represented in
terms of ratio of emission intensities by using the Generalised Polarisation (GP) value. The GP ranges from 1 (very fluid-purple) to
p1 (very gel-like-orange). M-cherry labels insulin granules, which have spherical shapes of about 0.5–1-mm diameter. (B) GP val-
ues of plasma membrane in cells incubated with increasing glucose concentration for 32 h. Scale bar is 10mm. Reprinted with
permission from [178].
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the biological point of view, the composition of PL
classes, the abundance and position of FAs present in
PL molecules, the position and conformation of unsat-
urated carbon atoms within them as well as oxidative
modifications may alter cell functions due to structural
and modified signalling pathways. Fortunately, the con-
stantly developing analytical techniques enable the
identification and quantitation of numerous PL mole-
cules differing in the structure in ever-shorter time.
Nevertheless, it should be noted that the advanced
approaches are often preceded by the application of
standard techniques for initial characterisation of lipid
fraction in tested samples, especially in the case of the
food industry, where the access to advanced equip-
ment is not always warranted.
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