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An automated shotgun lipidomics platform for high
throughput, comprehensive, and quantitative analysis of blood
plasma intact lipids
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Blood plasma has gained protagonism in lipidomics studies due to its availability, uncomplicated
collection and preparation, and informative readout of physiological status. At the same time, it is also
technically challenging to analyze due to its complex lipid composition affected by many factors, which
can hamper the throughput and/or lipidomics coverage. To tackle these issues, we developed a
comprehensive, high throughput, and quantitative mass spectrometry-based shotgun lipidomics
platform for blood plasma lipid analyses. The main hallmarks of this technology are (i) it is
comprehensive, covering 22 quantifiable different lipid classes encompassing more than 200 lipid
species; (ii) it is amenable to high-throughput, with less than 5 min acquisition time allowing the
complete analysis of 200 plasma samples per days; (iii) it achieves absolute quantification, by inclusion of
internal standards for every lipid class measured; (iv) it is highly reproducible, achieving an average
coefficient of variation of <10% (intra-day), approx. 10% (inter-day), and approx. 15% (inter-site) for
most lipid species; (v) it is easily transferable allowing the direct comparison of data acquired in different
sites. Moreover, we thoroughly assessed the influence of blood stabilization with different anticoagulants
and freeze-thaw cycles to exclude artifacts generated by sample preparation.

Practical applications: This shotgun lipidomics platform can be implemented in different laboratories
without compromising reproducibility, allowing multi-site studies and inter-laboratory comparisons.
This possibility combined with the high-throughput, broad lipidomic coverage and absolute
quantification are important aspects for clinical applications and biomarker research.
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1 Introduction
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it carries the lipids incorporated into lipoproteins over the

Lipidomics is the systematic study of pathways and networks
of cellular lipids by profiling and understanding the role of
lipids in biological systems [1]. Blood plasma is widely used in
lipidomics studies mainly due to its availability. Furthermore,
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circulatory system from the intestine and liver to all the tissues
in the body [2]. Because this fluid has access to peripheral
tissues, and its lipoproteins exchange lipids with them, its
lipid composition should contain a detailed picture of the
individual metabolic state [3, 4]. This makes plasma a prime
target for diagnostic research but at the same time very
challenging due to its compositional complexity [5].

In order to establish reliable lipid diagnostic biomarkers,
one needs to dissect the many factors affecting the plasma
lipidome which are not necessarily disease-related, e.g.,
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different genetic backgrounds, diet, gender, age, and life
style [6—11]. This creates a severe problem and often plasma
lipidomics studies are either performed in a high-throughput
manner but targeting only a subset of the lipidome [12] or
they cover the whole lipidome for a small sample set [5]. In
lipidomics methodologies, like in other omics techniques,
there is an inverse correlation between a method’s through-
putversus lipidomic structural elucidation and coverage [13].
The most comprehensive plasma lipidomic coverage avail-
able, offered by the LipidMaps consortium [5], is achieved by
the combination of multiple analytical set-ups running in
different laboratories [14] which greatly reduces the through-
put and feasibility. On the other hand, one-step chromatog-
raphy-based approaches offer improved throughput at the
expense of lower lipidomic coverage [15-19]. Nowadays, the
available shotgun lipidomics methodologies offer the highest
throughput. This is achieved by direct infusion of the
extract without previous chromatographic separation with
the drawbacks of not providing details about lipid molecular
species [20] or limited lipidomic coverage [21].

In this paper, we developed a high throughput mass
spectrometry (MS)-based shotgun lipidomics platform that
offers quantitative and extended lipidomic coverage down to
the molecular lipid species level for systematic lipidomic
profiling of large populations. Our platform achieves unpre-
cedented acquisition speed (5 min per acquisition, allowing
the analysis of 200 samples per day per MS instrument
including sample preparation) combined with high lipidomic
coverage (22 quantifiable lipid classes encompassing more
than 200 lipid species) in a single acquisition. In order to
achieve this performance, we optimized the sample prepara-
tion, MS acquisition, and lipid identification approaches. All
sample preparation steps were automatized for increased
throughput and precision. On the instrumentation side,
we took advantage of the configuration of the quadrupole-
Orbitrap hardware that allows fast polarity switching, safe
precursor selection for MSMS fragmentation analysis, and
high mass accuracy and resolution. The combination of these
features allows for obtaining multiple complementary MS
scans in the same acquisition that enabled us to cover the full
spectrum of intact lipids. The increase in sample number and
spectral complexity (inclusion of MSMS spectra) greatly
inflates the information to be processed. To handle this, we
developed a new approach for individual molecular species
identification and quantification. Lipid species from high
resolution MS spectrum are identified and quantified followed
by deconvolution of these lipid species into the different
lipid molecular species using the corresponding tandem MS
fragments.

In addition to the high coverage and throughput, this
technology is also very robust. We observed very small
technical variation within the same day, between different
days of acquisition and between different acquisition sites.
We present, for the first time, a technology so robust that it
can be implemented in other laboratories without any
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compromise in precision. These are important features
required in clinical diagnostics screens. Moreover, we assess
the impact of sample collection and storage on the plasma
lipidome stability.

2 Materials and methods
2.1 Chemicals

Water, propan-2-ol, and methanol were purchased from
Fischer Scientific. Methyl tert-butyl ether, chloroform,
ammonium bicarbonate, and ammonium acetate were
purchased from Sigma—Aldrich. All chemicals were analytical
grade. Synthetic lipid standards were purchased from Avanti
Polar Lipids, Larodan Fine Chemicals, and Sigma—Aldrich.

2.2 Sample collection and preparation

For plasma isolation, blood was collected and centrifuged
(2000%xg, 10min) and the supernatant was collected [22].
Prior to extraction, the plasma was diluted 1:50 v/v by mixing
15 pL of it with 735 pL of 150 mM ammonium bicarbonate
aqueous solution, aliquoted, and stored at —80°C. Since we
use 1pL of blood plasma per extraction, this dilution is
required to minimize the error arising from handling low
volumes of liquid. The whole procedure was finished in 2h
after blood collection. It was used to prepare the reference
samples, where plasma from three healthy, unfasted donors
was combined in equivolumetric ratios separated in batches
according to the anticoagulant used. For all analysis, except
the comparison of anticoagulants, the plasma derived from
EDTA-stabilized blood samples was used and all samples
measured were coming from the same batch of reference
samples.

For the anticoagulation comparison, blood was collected
into S-Monovette EDTA K3, sodium citrate, and lithium—
heparin (all Sarstedt) anticoagulant vacutainers (each donor
donated blood to all three containers) according to the
producer’s manual. The data were corrected for the initial
dilution of blood by citrate (blood to citrate 10:1 ratio; v/v).

In the freeze and thaw assessment, the samples were
prepared as described above and were thawed at 4°C for 2 h,
mixed by vortexing, and frozen by placing back at —80°C
for 24 h. One freeze and thaw cycle was performed on a daily
basis and immediately after all cycles were completed
samples were extracted and analyzed.

2.3 Lipid extraction

The lipid extraction (adapted from Matyash et al. [23]) was
carried out in high grade polypropylene deep well plates.
Fifty microliters of diluted plasma (50%) (equivalent of 1 pLL
of undiluted plasma) was mixed with 130 pLL of ammonium
bicarbonate solution and 810 pLL of methyl tert-butyl ether/
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methanol (7:2, v/v) solution was added. Twenty-one
microliters of internal standard mixture was pre-mixed with
the organic solvents mixture. The internal standard mixture
contained: 50 pmol of lysophasphatidylglycerol (LPG) 17:1,
50 pmol of lysophosphatic acid (LPA) 17:0, 500 pmol of
phosphatidylcholine (PC) 17:0/17:0, 30 pmol of hexosylcer-
amide (HexCer) 18:1;2/12:0, 50 pmol of phosphatidylserine
(PS) 17:0/17:0, 50 pmol of phosphatidylglycerol (PG) 17:0/
17:0, 50 pmol of phosphatic acid (PA) 17:0/17:0, 50 pmol of
lysophposphatidylinositol (ILPI 17:1), 50 pmol of lysophos-
phatidylserine (LLPS) 17:1, 1 nmol cholesterol (Chol) D6,
100 pmol of diacylglycerol (DAG) 17:0/17:0, 50 pmol of
triacylglycerol (TAG) 17:0/17:0/17:0, 50 pmol of ceramide
(Cer) 18:1;2/17:0, 200 pmol of sphingomyelin (SM) 18:1;2/
12:0, 50pmol of lysophosphatidylcholine (LPC) 12:0,
30pmol of lysophosphatidylethanolamine (LPE) 17:1,
50pmol of phosphatidylethanolamine (PE) 17:0/17:0,
100 pmol of cholesterol ester (CE) 20:0, 50pmol of
phosphatidylinositol (PI) 16:0/16:0. The plate was then
sealed with a teflon-coated lid, shaken at 4°C for 15 min,
and spun down (3000g, 5min) to facilitate separation of
the liquid phases and clean-up of the upper organic phase.
Hundred microliters of the organic phase was transferred
to an infusion plate and dried in a speed vacuum
concentrator. Dried lipids were re-suspended in 40 L
of 7.5mM ammonium acetate in chloroform/methanol/
propanol (1:2:4, v/v/v) and the wells were sealed with an
aluminum foil to avoid evaporation and contamination
during infusion. All liquid handling steps were performed
using Hamilton STARIlet robotic platform with the Anti
Droplet Control feature for organic solvents pipetting.

2.4 MS data acquisition

Samples were analyzed by direct infusion in a QExactive
mass spectrometer (Thermo Fisher Scientific) equipped with
a TriVersa NanoMate ion source (Advion Biosciences). Five
microliters were infused with gas pressure and voltage set to
1.25 psi and 0.95 kV, respectively. The delivery time was set
to 4min and 55 s with contact closure delay of 20 s to avoid
initial spray instability. Polarity switch from positive to
negative mode was set at 135 s after contact closure. Samples
were analyzed in both polarities in a single acquisition.
The MS acquisition method starts with positive ion mode
by acquiring the m/z 402—412 in MS +mode at R,,;. — 200 =
140 000 to monitor the [Chol +NH,"]" ion for 12s. All
individual scans in every segment are the average of 2 micro-
scans. Automatic gain control (AGC) was set to 5 x 10° and
maximum ion injection time (IT) was set to 200 ms. Then we
scan the m/z 550-1000 in MS + (R,,,;s— 200 = 140 000) with
lock mass activated at a common background (m/z=
680.48022) for 18s. AGC was set to 10° and IT was set to
50 ms. This is followed by a MSMS + (R,,,z— 200 = 17 500)
data independent analysis triggered by an inclusion list for
105s. The inclusion list contains all the masses from 500.5
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to 999.75 with 1Da intervals. AGC was set to 10° and
IT was set to 64 ms. The isolation width was set to 1.0 Da,
first mass of MSMS acquisition was 250 Da and normalized
collision energy was set to 20%. Both MS+ and MSMS+- data
are combined to monitor SE, DAG, and TAG ions as
ammonium adducts. After polarity switch to negative ion
mode, a lag of 15s before acquisition was inserted to allow
spray stabilization. Then, we scan for the m/z 400—-650 in
FTMS — (R,,,/s—200=140 000) for 15s with lock mass
activated at a common background (m/z=529.46262) to
monitor LPG, LPA, LPI, LPS, and LPE as deprotonated
anions and LPC and LPC O- as acetate adducts. AGC was set
to 10° and IT was set to 50 ms. We then scan the m/z 520-940
in FTMS — (R,,,/; — 200 =140 000) for 15s with lock mass
activated at a common background (m/z=529.46262).
AGC was set to 10° and IT was set to 50 ms. Finally, we
scan MSMS- (R,,s—200=17 500) by data independent
analysis triggered by an inclusion list for 90 s. This inclusion
list contains all the masses from 590.5 to 939.5 with 1Da
intervals. AGC was set to 10° and I'T was set to 64 ms. Isolation
width was set to 1.0 Da, first mass of MSMS acquisition was
150Da, and normalized collision energy was set to 35%.
Both MS and MSMS data were combined in order to monitor
PC, PC O-, HexCer, Cer, SM as acetate adducts and PS,
PG, PA, PE, PE O-, and PI as deprotonated anions.

2.5 Data analysis and post-processing

All data were analyzed with an in-house developed lipid
identification software based on LipidXplorer [24, 25]. All
Molecular Fragmentation Query Language queries used in
this work are available and can be found in Supplementary
Material 1. Tolerance for MS and MSMS identification was
set to 2ppm in scans where we have lock mass activated
and 8 ppm when lock mass was not available. Data post-
processing and normalization were performed using an in-
house developed data management system. Data visual-
ization, linear regression (linear least squares method), and
correlation (two-tailed Pearson correlation) calculations were
performed on Prism 6.0e software (GraphPad Software, Inc.).

3 Results and discussion

3.1 Optimization of sample preparation for
automation

Automation is essential in order to handle large number of
samples because it increases the speed and throughput of the
method, makes it more cost-efficient, and most importantly
it improves reproducibility [26] (see section 3.5). To this
end, we chose the Hamilton Robotics STARIet system. It
allows pipetting of wide volume ranges (1-1000 L) at high
precision with the Anti Droplet Control function limiting
organic phase dripping from pipette tips.
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Remarkably, most lipidomics studies still use one of
almost 60 years old classical extraction protocols at times
with minor modifications [27, 28]. More recently, Matyash
et al. [23] introduced a new high throughput oriented
extraction procedure where chloroform is replaced by
methyltert-butyl ether (MTBE). This extraction achieves
high recovery of multiple lipid classes with several important
advantages [23]. MTBE, compared to chloroform, is non-
toxic and non-carcinogenic. The organic lipid-containing
phase remains on top of the aqueous phase, reducing the
water-soluble contaminants during extract collection. All
these factors put together greatly facilitate automated sample
handling procedures.

For this study, we defined the optimal time of MTBE-
based lipid extraction at which maximum lipid recovery is
achieved. To this end, a mixture containing standards
representing the most abundant lipid classes was added
post-extraction to blood plasma lipids extracted for different
times. Surprisingly, we observed that in less than 2 min,
equilibrium is reached for all lipid classes tracked (Fig. S1).
However, the recovery was more reproducible after 5 min. For
this reason, we decided that extracting for 15 min is the best
compromise between extraction reproducibility and speed.

3.2 Lipid detection, identification, and quantification

The quadrupole-Orbitrap configuration allows multiple
possibilities for lipid identification. Besides the consecutive
acquisition in both positive and negative ion mode [20],
some lipids can be detected by a top-down approach where
the unambiguous identification is possible due to the high
resolution of the detector, relying solely on the precursor
mass accuracy [29]. In order to increase the identification
specificity, it can also be combined to a bottom-up approach
by introducing fragmentation experiments made possible
by the presence of the quadrupole. Moreover, this bottom-up
approach allows additional structural elucidation which
enables molecular lipid species identification [30, 31].

To date, molecular lipid species identification and
quantification required multiple rounds of long tandem MS
acquisitions in order to obtain the statistics for an accurate
measurement. To bypass this and decrease the acquisition
time, we propose a new approach that takes advantage of the
Q-Orbitrap features. Firstly, from the FTMS high-resolution
spectrum, we normalize the de-isotoped (type I and II)
intensity of the monoisotopic peak of an endogenous species to
the de-isotoped (type I and II) intensity of the monoisotopic
peak of the standard of the same class to obtain absolute
quantification at the species level:

I(lip spec)yg

I(lip std)ys < P std]

[lip spec] =

where the concentration of a given lipid species [lip spec]
is given by the ratio of its de-isotoped monoisotopic intensity

© 2015 The Authors. European Journal of Lipid Science and Technology Published by Wiley-VCH Verlag GmbH & Co. KGaA

Automated shotgun lipidomics for blood plasma analysis 1543

(I(lip spec)pms) to the added lipid standard de-isotoped
monoisotopic intensity (I(lip std)pys) multiplied by the
concentration of the lipid standard [lip std]. After
quantification at the species level, the amounts of all x
molecular phospholipid species with overlapping sum
compositions, can then be deconvoluted from the » acyl
anions fragmentation information contained in the tandem
MS data, as follows:

I(FAu)msms + {(FA2) msms

> I(FA)sws

=1

[mol spec], = x [lip spec]

where the concentration of a given molecular species x,
[mol spec],, is given by the sum of the intensities of its
complementary acyl anions FA,; and FA,,, divided by the
sum of the intensities of # acyl anions from all other isobaric
lipid molecular species present in the same MSMS scan,
which corresponds to the molar fraction of each lipid
molecular species. With this approach, we circumvent the
need for multiple cycles of MSMS in order to achieve
accurate quantification greatly reducing the time of
acquisition.

Phospholipids display variable but in general efficient
fragmentation that allows the elucidation of the fatty acid
composition [31], but other lipid classes can be more difficult
to assess. For example, because triacylglycerides contain
combinations of three fatty acids, this makes the assignment
of molecular lipid species without chromatographic separa-
tion and MS" type of experiments virtually impossible [32].
Also, the fragmentation of sphingolipids is very inefficient
and not suitable for structure elucidation. The most notable
case is sphingomyelin. It presents only one abundant
phosphocholine fragment in positive mode that does not
give any additional structural information. Conversely, in
negative ion mode there is a fragment corresponding
to the loss of the amide-linked fatty acid allowing the
molecular lipid species elucidation but it cannot be used for
identification due to its low intensity. In Table 1, we present a
strategy to identify each lipid class and the level of structural
detail that can be achieved.

3.3 Optimal sample amount determination for blood
plasma lipid extraction

One of the biggest challenges of comprehensive lipid analysis
is the huge dynamic range of lipid abundances observed in
biological samples like blood plasma. Chromatographic
techniques minimize the ion suppression effect of highly
abundant lipid species by resolving the different lipids in a
temporal dimension [33]. This allows for extracting a wide
range of sample amounts that to some extent can be tuned for
the detection of low abundant species.

In a shotgun lipidomics approach, sample infusion is
continuous and the acquisition is done simultaneously for all
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Table 1. Mode of acquisition and identification (see section 2.4 for details), structural detail, optimal sample amounts and their r?, dynamic
range, its quantification slopes and their r?, LOQ for every lipid class (see Figs. S1 and S3 for additional information)

Lipid class

Mode of identification

Structural detail

Sample amount linear range
(uL sample)/linearity (+?)

Dynamic range (uM)  Slope/Linearity @)

CER Neg FTMS Species

CHOL Pos FTMS Molecular species
DAG Pos FTMS + MSMS Molecular species
HEXCER Neg FTMS Species

LPA Neg FTMS Molecular species
LPC, LPC O- Neg FTMS Molecular species
LPE, LPE O- Neg FTMS Molecular species
LPI Neg FTMS Molecular species
LPS Neg FTMS Molecular species
PA Neg FTMS + MSMS  Molecular species
PC Neg FTMS + MSMS Molecular species
PC O- Neg FTMS Species

PE Neg FTMS + MSMS  Molecular species
PE O- Neg FTMS Species

PG Neg FTMS + MSMS Molecular species
PI Neg FTMS + MSMS  Molecular species
PS Neg FTMS + MSMS  Molecular species
CE Pos FTMS + MSMS Molecular species
SM Neg FTMS Species

TAG Pos FTMS + MSMS* Species

0.2-20/0.9997 0.05-250 0.9776/0.9980
0.2-20/0.9935 20-5000 1.045/0.9969
0.2-20/0.9968 0.5-500 0.9271/0.9995
-® 1.5-150 0.9636/0.9953
b 0.25-250 0.9874/0.9990
1.0-20/0.9860 2.5-250 1.017/0.9999
0.2-20/0.9925 0.15-150 0.9818/0.9980
1.0-20/0.9992 0.25-250 0.9794/0.9975
b 1-250 0.9831/0.9977
_b 1-250 1.022/0.9967
0.2-2.0/0.9998 5-2500 1.101/0.9919
0.2-2.0/1.0000 5-2500 1.101/0.9919
0.2-20/0.9980 1-250 1.035/0.9981
0.2-20/0.9988 1-250 1.035/0.9981
-® 0.25-250 0.9467/0.9953
0.2-20/0.9965 0.25-250 0.9498/0.9997
b 0.25-250 0.9460/0.9973
0.2-20/0.9976 2-500 0.9001/0.9969
0.2-20/0.9936 0.4-1000 0.9554/0.9970
0.2-20/0.9965 1-250 1.025/0.9832

#Although MSMS was used to increase the confidence of identification, we could not assign molecular species for the TAG (see text for

details).
®Not measurable in this reference sample.

the different lipid classes, which makes it more susceptible to
ion suppression [34]. To minimize this, the fine tuning of the
sample amount to be extracted is of paramount importance
for shotgun-based experiments [21]. We extracted different
sample amounts together with fixed amounts of internal
standards in order to determine the minimum and maximum
amounts that give reliable lipid compositions. We observed
that most lipid classes give a linear response over two orders
of magnitude of sample amount (0.2-20 pL) (Fig. S2).
Importantly, we observe a consensual sample range (1—
2 L), which provides a satisfying compromise between
lipidomic coverage and sensitivity, and where reproducibility
is the highest (Table 1 and Fig. S1). It is important to note
that this amount is optimized for healthy individuals and
needs to be carefully assessed in metabolically challenged
conditions where the concentration of specific lipid classes
such as triglycerides in blood can increase significantly. This
sample amount corresponds to a final sample dilution in the
infusate of 1/320 to 1/160 which is in agreement with a
previous study for the optimal sample amount for shotgun
lipidomics experiments [21].

For quantification, we used one internal standard per
lipid class. These internal standards were chosen based on
two criteria: first, its absence in plasma samples and second,
its similarity to the structure and properties (e.g., extraction
recovery and ionization efficiency) of the analytes. This
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approach is valid due to the fact that the recovery and
ionization efficiency of different lipid species within a lipid
class is predominantly dependent on their charged head
group while their differential acyl chains only minimally
alter their ionization at low lipid concentrations [35, 36]
(Fig. S3). Two notable exceptions are present in the SM
profile. SM 42:1;2 apparent relative decrease with sample
amount increase is explained by a small background peak of
a similar overlapping mass observed already in the blank
samples. Importantly, this effect is only significant at
very low sample amounts and its impact at the optimal
sample amount is minimal. For SM 34:1;2, we observed a
relative increase up to 15% in its proportion across the two
orders of magnitude of sample amount. Although this is a
significant difference, it is not observed in other SM
species. This effect is most likely related to differential
matrix effects introduced by variable amounts of plasma
sample extracted and its impact is irrelevant when we fix the
sample amount.

In conclusion, we obtain identical lipid species profiles at
different sample concentrations, confirming the assumption
that ionization within a lipid class is not lipid species specific
for the sample amounts tested allowing to express the
quantities in molar amounts. This observation allows us to
conclude that, for the optimal sample amount, all lipid
species measured within a lipid class have similar response
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factors enabling absolute quantification with a single stand-
ard addition per lipid class.

3.4 Method dynamic range and limit of quantification

Different lipid classes exhibit different extraction, ionization,
and fragmentation efficiencies, so the limit of quantification
(LOQ) and dynamic ranges are lipid class-specific. In order
to determine all these parameters, we added different
amounts of each lipid class standard to the fixed optimal
plasma sample amount (1 pL) and we recorded how the
signal acquired correlates with the standard amount added.
The LOQ was defined by the minimum concentration at
which the slope and the correlation coefficient () are not
significantly compromised and the variation of the standard
intensity is below 20%. The summary of the results obtained
can be found in Table 1 and Fig. S3. We observed that the
lipid classes showing a higher LOQ (>1 pM) correspond to
abundant lipid classes in plasma (e.g., Chol, SE, and TAG);
therefore, a higher detection limit should not have a
significant impact on their species. Interestingly, they are
all acquired in positive ion mode as an ammonium adduct, so
an increase in the ammonium acetate concentration in the
MS-infusion mixture can potentially improve their detection
sensitivity, if required. On the other hand, anionic lipids that
are usually acquired in negative ion mode, exhibit LOQs
down to 50 nM. We conclude that the absence or low number
of lipid species identified in some classes such as HexCer,
LPA, LPS, and PA is due to their low abundance in this
particular sample rather than low sensitivity for these lipid
classes.

3.5 Assessment of the method reproducibility

Reproducibility is the ability to obtain similar results by the
same researcher on different days and/or by someone else
working independently. In this work, we aimed at max-
imizing method reproducibility by automation of most of the
sample preparation, extraction, data acquisition and, to some
extent, lipid identification, and post-processing of the data.
In order to make a thorough assessment of the
reproducibility of our method, we performed a systematic
series of experiments where we aliquoted the same reference
sample 540 times across six independent 96-well plates.
Three of these plates (270 aliquots in total) were subjected on
three different days (90 aliquots per day) to extraction and
analysis in one laboratory and the other three plates were
processed similarly in another laboratory. Both sites used
identical platforms for the sample processing and analysis.
Since every sample is an aliquot of the same batch of plasma
(see section 2.2), the variation observed across different
acquisitions, accurately reflects the intra-plate variation
(variation within the same day of acquisition), inter-day
variation (variation on different days of acquisition), and
inter-site variation (variation between different sites).

© 2015 The Authors. European Journal of Lipid Science and Technology Published by Wiley-VCH Verlag GmbH & Co. KGaA
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It is important to note that in analytical methods, there is
usually an inverse correlation between lipid amount present
in the sample and the coefficient of variation [21]. Because
different lipid species can range in amounts by several orders
of magnitude, one has to assess how the amount affects the
reproducibility of a given molecular lipid species. To assess
method variation, we sorted the lipids by abundance and
divided the data in quartiles and averaged the coefficient of
variation within each quartile (Fig. 1A and Table 2).

We observed that the coefficient of variation indeed
correlates inversely with the lipid amount but importantly we
still obtain low CVs when the plates are processed on
different days and in different laboratories (Table 2 and
Fig. 1B). It is important to note that, although the first
and second quartiles correspond to half the number of
lipid species analyzed, when taking in consideration their
amounts, they correspond to 98% of the lipidome and they
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Figure 1. (A) Correlation between coefficients of variation and
average lipid concentrations from 270 individual measurements
performed on three different days. The dashed lines separate the
quartiles according to lipid concentration (see Table 2 for additional
information). (B) Pearson correlation plot of averaged concen-
trations determined at the two sites. Every point represents the
average concentration of lipid species measured from 270
independent acquisitions. Correlation coefficient (r) is given.
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Table 2. Averaged coefficients of variation within the different lipid concentration quartiles obtained on the same day (intra-plate), on
different days (inter-day), and in different sites (inter-site) (see Fig. 1 for additional information)

Variation analysis

Quartile  Range of concentrations (WM)  No. of species  Coverage (mol%) Intra-plate CV (n=3) Inter-day CV  Inter-site CV
First 16-2500 56 93.1 6.6+1.1 10.5 11.6
Second 5-16 56 4.8 9.5+0.91 12.8 14.6
Third 1.5-5 56 1.7 12.3+1.0 15.5 18.7
Fourth 0.05-1.5 56 0.4 16.8+0.2 19.8 22.3
can be measured with CVs lower than 15% on average even
when acquired at different sites. For the third and fourth
quartiles, the least abundant species, we can also conclude
that the higher CV can be attributed to their intrinsic low 19000 =8 EDTA M Citrate W8 Heparin A
abundance and not to any irreproducibility bias.

100
3.6 Effect of anticoagulants and freeze-thaw cycles
on blood plasma lipidomes 10
From the sample collection to spectral acquisition, there are 3.1

several steps that might affect the state of the sample and as
a consequence alter the final result. During the sample
collection, it is necessary to add anticoagulants to the blood
sample when plasma preparation is considered. However,
throughout the literature, different anticoagulants have been
used indiscriminately without any verification of the impact
that they might have on the lipid analysis, though it is known
that they can influence multiple parameters of blood [37]. To
assess if different anticoagulants used for blood stabilization
affected the plasma lipidome, we compared plasma samples
derived from blood stabilized with the three most commonly
used substances: EDTA, citrate, and heparin. All samples,
regardless of the anticoagulant used, yielded remarkably
comparable lipidomes, with Pearson correlation coefficients
exceeding 0.999 and had almost identical lipid class profiles
(Fig. 2). Interestingly, we observed that citrate containing
samples display systematically lower lipid amounts when
compared to samples containing other anticoagulants. This
is due to the fact that citrate in vacutainers is present as
an aqueous solution and is mixed with the blood during
drawing, therefore, diluting it. Although we corrected for
the dilution to the best of our ability, we did not manage
to retrieve results identical to the other anticoagulants.
This has been observed previously [38], which makes us
conclude that citrate should be avoided if possible due
to the introduction of uncertainty in the sample volume
determination.

In a given study, it might be useful to re-analyze the same
sample in order to obtain additional information. As it is
often assumed, freeze-thawing cycles might influence sample
and analyte properties: in this particular case, the lipids. We
evaluated how freezing and thawing affected the plasma

© 2015 The Authors. European Journal of Lipid Science and Technology Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 2. Effect of anticoagulants on the blood plasma lipidome
analysis. (A) Lipid class profile comparison of plasma collected with
EDTA, citrate, and heparin as anticoagulants. Averaged values
are shown with error bars depicting standard deviation of 27
independent experiments for each anticoagulant. (B) Pearson
correlation of the lipids species quantified. Every point represents
the average concentration of lipid species calculated from 27
independent experiments for each condition. Correlation coeffi-
cients (r) versus EDTA are given.
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Figure 3. Effect of the number of freeze and thaw cycles on the
plasma lipidome. (A) Lipid class profile of the same sample frozen
and thawed up to 10 times. (B) Double bond profile of the same
sample frozen and thawed up to 10 times. Averaged values are
shown with error bars depicting standard deviation of five
experiments per freeze and thaw cycle.

lipidome by performing 10 freeze-thaw cycles prior to
extraction. We did not detect any significant systematic
alterations in lipid levels, nor in molecular species compo-
sition of lipid classes that could be correlated to the number
of freeze and thaw cycles (Fig. 3A). More importantly, we did
not observe any decrease in the unsaturation level of fatty
acids present in lipids, which would be a sign of oxidation of
polyunsaturated fatty acids (Fig. 3B). These results corrob-
orate previous observations [39, 40]. It is worth to mention
that the definition of the maximum number of freeze and
thaw cycles without sample damage is still controversial [41].
We believe that the controversy might be related more to the
specific conditions of freeze-thaw cycles in different studies
than to the number of cycles performed. With this in mind,
instead of claiming that one can perform 10 freeze and
thaw cycles without sample degradation, we would rather

© 2015 The Authors. European Journal of Lipid Science and Technology Published by Wiley-VCH Verlag GmbH & Co. KGaA
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emphasize that thawing the samples at 4°C as quickly as
possible, should allow for at least 10 cycles without sample
degradation as has been shown in this study. Taken together,
these results provide guidelines for consistent sample
collection, storage, and re-acquisition. However, although
the effects of sample collection and freeze-thawing on the
plasma lipidome were ruled out, other factors leading to
degradation of lipids cannot be excluded. For instance, it is
known that physical stress imposed on leukocytes during
blood drawing may activate them (especially when hemolysis
occurs that might take place in blood from anemic patients)
and induce the arachidonic acid cascade, which in turn can
influence the plasma lipidome [5]. However, as these effects
potentially appear during sample collection, their influence
on the measured lipidome is beyond the reach of the
methodology described here.

4 Conclusions and future perspectives

We have established a fully automated, high throughput
shotgun-based lipidomics method for systematic screening of
plasma samples. Currently, this is the most comprehensive
MS-based lipidomics method from a single acquisition, and
most importantly, it is quantitative and highly reproducible.
More important than speed and reproducibility is accuracy.
We sampled the literature in order to compare our data with
the results obtained in studies providing quantitative data
and similar lipidomic coverage to ours [5, 20, 21, 42-44]. We
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s ]
= ]
1004
] |'|” ”
" L] T T T L] T T L] T
S SHY SN
G R R R R g R R R R R R
LR LG T A N N
Q Q° QY (R4 s s Q s . o US N (N
LA I A R LAl LA AIG A
o oY of oF of oY oF oY oF oF oY oY 9
EXR S SN SN SN G S SR N i S
NIRRT SAPIN\ T SN SN\ SR\
F L O T ®
X Q! \g(’ VLT & DA
Lipid class

Figure 4. The main lipid classes’ amount distribution described
in literature [5, 20, 21, 42—-44] compared with this study.
Medians of average for control samples reported in these
papers are presented. Error bars denote minimal and maximal
values (range). Note that not all classes were analyzed in every
study.
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observed that our data fit the range of values observed in
literature, with the exception of TAG and SM (Figs. 4 and
S5). These discrepancies are most likely related to the
increase in chylomicron content in the plasma that we used
from unfasted donors. Chylomicrons are known to transport
lipids from the intestine and an increase in TAG content
should be expected in unfasted subjects, since they are the
most TAG enriched lipoproteins particles present in
plasma [45].

To the best of our knowledge, for the first time for an
omics-type analytical technology, we showed high method
precision not only on different days but also in different
laboratories. The implications of these are twofold. First, it
means that this technology can be easily implemented in
different sites without compromising data reproducibility
and second, it facilitates direct integration of data between
different laboratories, allowing multi-site studies for higher
throughput, if required.

We believe this method paves the way for making
lipidomics an accessible and indispensable tool not only in
biological basic research, but also for clinical diagnostics
and nutrition by offering unprecedented throughput and
accuracy.

The authors would like to thank to Andrej Shevchenko for
feedback on the paper. This study was supported by Nestlé Institute
of Health Sciences and the Klaus Tschira Foundation.

Conflict of interest statement: MAS, RH, AV, CK, KS, JLS
have paid employment at Lipotype GmbH and NC, DM-R, MM
have paid employment at Nestlé Institute of Health Sciences S.A.
This does not alter the authors’ adherence to all policies on sharing
data and materials.

References

[1] Wenk, M. R., The emerging field of lipidomics. Nat. Rev.
Drug Discov. 2005, 4, doi: 10.1038/nrd1776.

[2] Jonas, A., Philips, M. C., Biochem. Lipids Lipoproteins Membr.
Elsevier Science, 2008. pp. 507-531, doi: 10.1016/B978-
044453219-0.50019-2.

[3] Puri, R., Duong, M., Uno, K., Kataoka, Y., Nicholls, S. J.,
The emerging role of plasma lipidomics in cardiovascular
drug discovery. Expert Opin. Drug Discov. 2012, 7, 63-72.

[4] Quehenberger, O., Dennis, E. A., The human plasma
lipidome. N. Engl. §. Med. 2011, 365, 1812-1823.

[5] Quehenberger, O., Armando, A. M., Brown, A. H., Milne,
S. B, et al., Lipidomics reveals a remarkable diversity of
lipids in human plasma. ¥. Lipid Res. 2010, 51, 3299-3305.

[6] Draisma, H. H., Reijmers, T. H., Meulman, J. J., van der
Greef, J., et al., Hierarchical clustering analysis of blood
plasma lipidomics profiles from mono- and dizygotic twin
families. Eur. J. Hum. Gener. 2013, 21, 95-101.

[7] Hyotylainen, T., Bondia-Pons, I., Oresi¢, M., Lipidomics in
nutrition and food research. Mol. Nutr. Food Res. 2013, 57,
1306-1318.

© 2015 The Authors. European Journal of Lipid Science and Technology Published by Wiley-VCH Verlag GmbH & Co. KGaA

Eur. J. Lipid Sci. Technol. 2015, 7117, 1540-1549

[8] Ishikawa, M., Maekawa, K., Saito, K., Senoo, Y., et al.,
Plasma and serum lipidomics of healthy white adults shows
characteristic profiles by subjects’ gender and age. PLoS
ONE 2014, 9, €91806.

[9] Jackson, K. G., Poppitt, S. D., Minihane, A. M., Post-
prandial lipemia and cardiovascular disease risk: Interrela-
tionships between dietary, physiological and genetic
determinants. Atherosclerosis 2012, 220, 22-33.

[10] Lietz, M.,Berges, A., Lebrun, S., Meurrens, K., etal., Cigarette-
smoke-induced atherogenic lipid profiles in plasma and vascular
tissue of apolipoprotein E-deficient mice are attenuated by
smoking cessation. Atherosclerosis 2013, 229, 86-93.

[11] Lohner, S., Fekete, K., Marosvolgyi, T., Decsi, T., Gender
differences in the long-chain polyunsaturated fatty acid
status: Systematic review of 51 publications. Ann. Nuir.
Mezab. 2013, 62, 98-112.

[12] Forouhi, N. G., Koulman, A., Sharp, S. J., Imamura, F.,
et al., Differences in the prospective association between
individual plasma phospholipid saturated fatty acids and
incident type 2 diabetes: The EPIC-InterAct case-cohort
study. Lancet Diabetes Endocrinol. 2014, 2, 810-818.

[13] Fuhrer, T., Zamboni, N., High-throughput discovery metab-
olomics. Curr. Opin. Biotechnol. 2015, 31, 73-78.

[14] Brown, H. A., Lipidomics and Bioactive Lipids: Mass-
Spectrometry-Based Lipid Analysis, vol. 432, 2007, ISBN:
9780080554884.

[15] Pizarro, C., Arenzana-Ramila, 1., Pérez-del-Notario, N.,
Pérez-Matute, P., Gonzélez-Sdiz, J.-M., Plasma lipidomic
profiling method based on ultrasound extraction and liquid
chromatography mass spectrometry. Anal. Chem. 2013, 85,
12085-12092.

[16] Yamada, T., Uchikata, T., Sakamoto, S., Yokoi, Y., et al.,
Supercritical fluid chromatography/orbitrap mass spectrom-
etry based lipidomics platform coupled with automated lipid
identification software for accurate lipid profiling. ¥
Chromatogr. A 2013, 1301, 237-242.

[17] Stibiger, G., Pittenauer, E., Belgacem, O., Rehulka, P.,
et al., Analysis of human plasma lipids and soybean lecithin
by means of high-performance thin-layer chromatography
and matrix-assisted laser desorption/ionization mass spec-
trometry. Rapid Commun. Mass Spectrom. 2009, 23, 2711—
2723.

[18] Ding, J., Sorensen, C. M., Jaitly, N., Jiang, H., et al.,
Application of the accurate mass and time tag approach in
studies of the human blood lipidome. ¥. Chromatrogr. B 2008,
871, 243-252.

[19] Sandra, K., Pereira, A. dos S., Vanhoenacker, G., David, F.,
Sandra, P., Comprehensive blood plasma lipidomics by
liquid chromatography/quadrupole time-of-flight mass spec-
trometry. ¥. Chromatogr. A 2010, 1217, 4087-4099.

[20] Schuhmann, K., Almeida, R., Baumert, M., Herzog, R.,
et al., Shotgun lipidomics on a LTQ Orbitrap mass
spectrometer by successive switching between acquisition
polarity modes. ¥. Mass Spectrom. 2012, 47, 96-104.

[21] Heiskanen, L. A., Suoniemi, M., Ta, H. X., Tarasov, K.,
Ekroos, K., Long-term performance and stability of
molecular shotgun lipidomic analysis of human plasma
samples. Anal. Chem. 2013, doi: 10.1021/ac401857a.

[22] Tammen, H., Schulte, I., Hess, R., Menzel, C., et al.,
Peptidomic analysis of human blood specimens: Compar-
ison between plasma specimens and serum by differential
peptide display. Proteomics 2005, 5, 3414-3422.

www.ejlst.com



Eur. J. Lipid Sci. Technol. 2015, 7117, 1540-1549

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

© 2015 The Authors. European Journal of Lipid Science and Technology Published by Wiley-VCH Verlag GmbH & Co. KGaA

Matyash, V., Liebisch, G., Kurzchalia, T. V., Shevchenko,
A., Schwudke, D., Lipid extraction by methyl-tert-butyl
ether for high-throughput lipidomics. J. Lipid Res. 2008, 49,
1137-1146.

Herzog, R., Schwudke, D., Schuhmann, K., Sampaio, J. L.,
et al., A novel informatics concept for high-throughput
shotgun lipidomics based on the molecular fragmentation
query language. Genome Biol. 2011, 12, R8.

Herzog, R., Schuhmann, K., Schwudke, D., Sampaio, J. L.,
et al., LipidXplorer: A software for consensual cross-
platform lipidomics. PLoS ONE 2012, 7, e29851.

Tarasov, K., Stefanko, A., Casanovas, A., Surma, M. A.,
et al., High-content screening of yeast mutant libraries by
shotgun lipidomics. Mol. Biosyst. 2014, 10, 1364-1376.

Folch, J., Lees, M., Stanley, G. H. S., A simple method for
the isolation and purification of total lipides from animal
tissues. . Biol. Chem. 1957, 226, 497-509.

Bligh, E. G., Dyer, W. J., A rapid method of total lipid
extraction and purification. Can. ¥. Biochem. Physiol. 1959,
37,911-917.

Schwudke, D., Hannich, J. T., Surendranath, V., Grimard,
V., et al.,, Top-down lipidomic screens by multivariate
analysis of high-resolution survey mass spectra. Anal. Chem.
2007, 79, 4083-4093.

Ejsing, C. S., Duchoslav, E., Sampaio, J., Simons, K., et al.,
Automated identification and quantification of glycerophos-
pholipid molecular species by multiple precursor ion
scanning. Anal. Chem. 2006, 78, 6202—6214.

Ekroos, K., Chernushevich, I. V., Simons, K., Shevchenko,
A., Quantitative profiling of phospholipids by multiple
precursor ion scanning on a hybrid quadrupole time-of-
flight mass spectrometer. Anal. Chem. 2002, 74, 941-949.

Lisa, M., Hol¢apek, M., Characterization of triacylglycerol
enantiomers using chiral HPLC/APCI-MS and synthesis of
enantiomeric triacylglycerols. Anal. Chem. 2013, 85, 1852—
1859.

Bird, S. S., Marur, V. R., Sniatynski, M. J., Greenberg,
H. K., Kristal, B. S., Lipidomics profiling by high-resolution
LC-MS and high-energy collisional dissociation fragmenta-
tion: Focus on characterization of mitochondrial cardiolipins
and monolysocardiolipins. Anal. Chem. 2011, 83, 940-949.

Han, X., Yang, K., Gross, R. W., Multi-dimensional mass
spectrometry-based shotgun lipidomics and novel strategies

Automated shotgun lipidomics for blood plasma analysis

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

(43]

(44]

(45]

1549

for lipidomic analyses. Mass Spectrom. Rev. 2012, 31, 134—
178.

Koivusalo, M., Haimi, P., Heikinheimo, L., Kostiainen, R.,
Somerharju, P., Quantitative determination of phospholipid
compositions by ESI-MS: Effects of acyl chain length,
unsaturation, and lipid concentration on instrument
response. J. Lipid Res. 2001, 42, 663—-672.

Yang, K., Han, X., Accurate quantification of lipid species by
electrospray ionization mass spectrometry—Meets a key
challenge in lipidomics. Metabolites 2011, 1, 21-40.

Vaught, J. B., Blood collection, shipment, processing, and
storage. Cancer Epidemiol. Biomarkers Prev. 2006, 15, 1582—
1584.

Gonzalez-Covarrubias, V., Dane, A., Hankemeier, T.,
Vreeken, R. J., The influence of citrate, EDTA, and heparin
anticoagulants to human plasma LLC-MS lipidomic profiling.
Metabolomics 2013, 9, 337-348.

Paltiel, L., Renningen, K. S., Meltzer, H. M., Baker, S. V.,
Hoppin, J. A., Evaluation of freeze thaw cycles on stored
plasma in the biobank of the norwegian mother and child
cohort study. Cell Preserv. Technol. 2008, 6, 223-230.

Matthan, N. R., Ip, B., Resteghini, N., Ausman, L. M.,
Lichtenstein, A. H., Long-term fatty acid stability in human
serum cholesteryl ester, triglyceride, and phospholipid
fractions. . Lipid Res. 2010, 51, 2826-2832.

Hammad, S. M., Pierce, J. S., Soodavar, F., Smith, K. J.,
et al., Blood sphingolipidomics in healthy humans: Impact of
sample collection methodology. . Lipid Res. 2010, 51,3074~
3087.

Zhou, X., Mao, J., Ai, J., Deng, Y., et al., Identification of
plasma lipid biomarkers for prostate cancer by lipidomics
and bioinformatics. PLoS ONE 2012, 7, e48889.

Stegemann, C., Pechlaner, R., Willeit, P., Langley, S. R.,
et al., Lipidomics profiling and risk of cardiovascular disease
in the prospective population-based bruneck study. Circu-
lation 2014, 129, 1821-1831.

Meikle, P. J., Wong, G., Tsorotes, D., Barlow, C. K., et al.,
Plasma lipidomic analysis of stable and unstable coronary
artery disease. Arterioscler. Thromb. Vasc. Biol. 2011, 31,
2723-2732.

Wood, P., Imaichi, K., Knowles, J., Michaels, G., Kinsell,
L., The lipid composition of human plasma chylomicrons. 7.
Lipid Res. 1964, 5, 225-231.

www.ejlst.com



