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A B S T R A C T

In recent years, lipid quantification gained importance. In most cases, this is achieved by spiking the lipid
mixture with deuterated standard lipids or lipid analogues that differ in chain length when compared with the
natural lipid components. Usually, conventional ESI is employed requiring sample amounts which are not always
available. Here, we evaluate the use of nano-ESI for accurate lipid quantification employing deuterated as well as
short- and odd-fatty acyl chain analogues. We compare ionisation efficiencies of various phosphatidylglycerol
species differing in fatty acyl chain length and saturation. While in our instrumental and experimental set-up
differences in ionisation could not be observed for lipids varying in the number of double bonds, short-chain
lipid species showed significantly higher intensities when compared with their long-chain analogues. To com-
pensate for these differences and enable accurate quantification using short-fatty acyl chain lipid standards, we
generated a calibration curve over a range of lipids with increasing chain length. We tested and evaluated the
application of this calibration curve by comparison with a deuterated and odd-chain standard lipid for quan-
tification of lipids in a mixture of known composition as well as a natural lipid extract. The different approaches
deliver comparable quantities and are therefore applicable for accurate lipid quantification using nano-ESI. Even
though generation of calibration curves might be more laborious, it has the advantage that peak overlap with
natural lipids is eliminated and broad peak distributions of deuterated standards do not have to be assessed.
Furthermore, it allows the calculation of response factors for long- or short-fatty acyl chain analogues when
using deuterated or odd-numbered standard lipids for absolute quantification.

1. Introduction

Lipids are involved in many biological processes in which they serve
as signalling, energy storage and membrane trafficking components.
Biological membranes further separate the cell or cellular compart-
ments from the outer environment thereby providing enclosed spaces
for specific function. The lipid bilayer of these membranes mainly
contains amphiphilic glycerophospholipids (often termed ‘phospholi-
pids’), which are composed of hydrophobic fatty acyl chains, a glycerol-
phosphate backbone and in most cases a polar, hydrophilic head group.
(Fahy et al., 2005, 2009) The head group defines the lipid class; ex-
amples are phosphatidylcholines, phosphatidylethanolamines, phos-
phatidylserines, phosphatidylglycerols (PG) and phosphatidylinositols.
Phosphatidic acid, in contrast, is composed of two fatty acyl chains and
glycerol-phosphate omitting the hydrophilic head group; it is therefore
an important intermediate in glycerophospholipid production.
(Athenstaedt and Daum, 1999) Each lipid class comprises various lipid

species differing in length and saturation of each fatty acyl chain.
(Yetukuri et al., 2008) In some cases, alkyl chains are linked by an ether
bond forming so-called ‘ether glycerolipids’ which represent a large
content of cell membranes in mammals and anaerobic bacteria.
(Paltauf, 1994) The various lipid species include lipid isomers which
have the same mass but differ in structure (e.g. PG 18:0_18:2 and PG
18:1/18:1) as well as lipid isobars which have the same nominal mass
but differ in exact masses (e.g. PC 32:0 and PS 32:1). (Yergey et al.,
1983)

In addition to phospholipids, sterols and sphingolipids are also
components of biological membranes. (Harayama and Riezman, 2018)
Sphingolipids are composed of a sphingoid base, an N-acyl chain and a
head group which defines the subclass (i.e. ceramides, sphingomyelins
or glycosphingolipids). Most sterols are derivatives of cholesterol. The
lipid composition of cellular membranes defines its biophysical prop-
erties such as thickness, (Sharpe et al., 2010) curvature (Cooke and
Deserno, 2006; McMahon and Boucrot, 2015) or protein-protein

https://doi.org/10.1016/j.chemphyslip.2019.05.007
Received 22 January 2019; Received in revised form 31 May 2019; Accepted 31 May 2019

⁎ Corresponding author.
E-mail address: carla.schmidt@biochemtech.uni-halle.de (C. Schmidt).

Chemistry and Physics of Lipids 223 (2019) 104782

Available online 06 June 2019
0009-3084/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/00093084
https://www.elsevier.com/locate/chemphyslip
https://doi.org/10.1016/j.chemphyslip.2019.05.007
https://doi.org/10.1016/j.chemphyslip.2019.05.007
mailto:carla.schmidt@biochemtech.uni-halle.de
https://doi.org/10.1016/j.chemphyslip.2019.05.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphyslip.2019.05.007&domain=pdf


(Milovanovic et al., 2015; Schafer et al., 2011) and protein-lipid
(Murray and Tamm, 2011; van den Bogaart et al., 2011) interactions.
The knowledge of its exact composition is therefore of particular im-
portance.

Lipidomics is a relatively young and fast-growing section of the
omics technologies mostly applying mass spectrometry (MS) for the
identification and quantification of a cellular lipidome. The identifica-
tion of lipids by tandem MS is based on diagnostic fragment ions
characteristic for the lipid class and species. (Schuhmann et al., 2012,
2011) There are two strategies commonly followed for lipid identifi-
cation; first, direct infusion of the sample into the mass spectrometer
(so-called ‘shotgun’ experiments), (Han and Gross, 2005) and second,
separation of the lipids by liquid chromatography prior to MS analysis
(LC–MS). (Cajka and Fiehn, 2014; Danne-Rasche et al., 2018) In early
studies, one major drawback of shotgun lipidomics was strong ion
suppression and the missing separation of isobaric species. However,
the development of sensitive, high mass accuracy instrumentation
nowadays allows the analysis of complex lipid mixtures including iso-
baric species in single shotgun experiments. (Schwudke et al., 2011)

Over the last decade, quantification of the lipidome gained im-
portance and is often playing a role in clinical studies. (Shevchenko and
Simons, 2010) Quantification in general is divided into two categories:
First, relative quantification comparing the amounts of analytes across
samples and thereby delivering a relative change mostly in form of a
quantitative ratio and, second, absolute quantification yielding absolute
amounts and concentrations of analytes in a sample. In lipidomics,
quantification is usually performed by spiking the sample of interest
with a suitable standard lipid corresponding to the class of interest. This
standard lipid often contains deuterated fatty acyl chains causing a
mass shift in the MS spectra. (Inloes et al., 2018) Similar to quantitative
proteomics, the deuterated standard lipid features the same physico-
chemical properties as the natural analogues and, by spiking accurate
amounts, allows obtaining quantitative values of the natural lipids from
MS intensities. (Brugger et al., 1997; Lehmann et al., 1997) However, a
shift in retention time during chromatographic separation has to be
considered for deuterated lipids when compared with their endogenous
analogues making shotgun approaches employing high-resolution in-
strumentation more favourable for these experiments.

A similar approach is the application of short- or long-fatty acyl
chain analogues which, due to their different composition, also show a
mass difference in the MS spectra. (Brugger et al., 1997) Similar to
deuterated standard lipids they are added in known amounts followed
by intensity-based quantification of lipids with natural chain length
belonging to the same lipid class. Natural lipids in almost all animals
contain mostly even-numbered fatty acyl chains. (Quehenberger et al.,
2010) The addition of lipids containing odd-numbered fatty acyl chains
therefore represents another possibility to obtain quantitative values
based on the intensities within a lipid class. (Brugger et al., 1997;
Koivusalo et al., 2001) One exception, however, is the lipidome of ru-
minant species which contains a large amount of odd-numbered fatty
acyl chains in comparison with non-ruminant species. (Devle et al.,
2012) In this case, deuterated standard lipids are the preferred choice.

In general, approaches utilising either deuterated standards or
short-/long-/odd-fatty acyl chain analogues assume that the head group
defines the response in the mass spectrometer while the fatty acid chain
does not affect the ionisation process. However, there is evidence that
the hydrophobicity, i.e. the length and saturation of the fatty acyl chain
moiety, affects the ionisation efficiency and therefore the total intensity
of the phospholipids. (Koivusalo et al., 2001) This evidence is based on
conventional electrospray ionisation (ESI) at higher flow rates and at
varying concentrations, while a comprehensive evaluation in nano-ESI
is still missing. The application of nano-ESI, however, has the following
advantages; smaller droplets of higher charge are produced facilitating
the desolvation and ionisation process and thereby tolerating higher
salt concentrations. (Juraschek et al., 1999; Wilm, 2011; Wilm and
Mann, 1996) Importantly, smaller sample amounts are required which

is of particular interest when studying crucial biological questions
where samples are limited. Recently, the application of nano-ESI during
LC–MS was optimised. (Danne-Rasche et al., 2018) Here, we compare
the feasibility and accuracy of intensity-based lipid quantification using
either deuterated standard lipids or short-/odd-fatty acyl chain analo-
gues in nano-ESI MS. We further tested these approaches for quantifi-
cation of a lipid mixture with known composition as well as a natural
lipid extract.

2. Materials and methods

2.1. Lipids

The following lipid standards were employed:
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG

16:0_18:1) (dissolved in Chloroform),
1-palmitoyl-d31-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]

(PG 16:0(d31)_18:1) (dissolved in Chloroform),
1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG

16:0_18:2) (dissolved in Chloroform),
1-stearoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG

18:0_18:1) (dissolved in Chloroform),
1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 18:0/

18:0) (lyophilized),
1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 18:1/18:1)

(dissolved in Chloroform),
1,2-dilinoleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 18:2/

18:2) (dissolved in Chloroform),
1,2-dilinolenoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 18:3/

18:3) (dissolved in Chloroform),
1,2-dihexanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 6:0/6:0)

(lyophilized),
1,2-dioctanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 8:0/8:0)

(lyophilized),
1,2-didecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 10:0/

10:0) (dissolved in Chloroform),
1,2-dilauroyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 12:0/12:0)

(lyophilized),
1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 14:0/

14:0) (lyophilized),
1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG 16:0/

16:0) (lyophilized),
1,2-diheptadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (PG

17:0/17:0) (lyophilized),
1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol)

(PG 12:0_13:0) (dissolved in Methanol),
1-palmitoyl-2-docosahexaenoyl-sn-glycero-3-phospho-(1′-rac-gly-

cerol) (PG 16:0_22:6) (dissolved in chloroform)
L-α-phosphatidylglycerol (Egg, Chicken) (egg PG) (dissolved in

Chloroform).
All lipid standards were purchased from Avanti Polar Lipids Inc.

(Alabaster, USA). Aliquots of defined concentration were prepared from
lipids available in chloroform followed by evaporation of the solvent
under a stream of nitrogen. Lipids available as powder (lyophilized)
were first dissolved in chloroform followed by preparation of aliquots
and evaporation of the solvent. Lipid concentrations were confirmed by
phosphate analysis.

The lipid shorthand nomenclature proposed by Liebisch et al.
(2013) was used throughout the manuscript. Accordingly, phospholi-
pids are abbreviated by their lipid class followed by number of C-
atoms:number of double bonds (e.g. PG 34:1). If the fatty acids and the
sn-position are known, they are listed as sn1/sn2. If the sn-position is
unknown, the fatty acyl chains are separated by “_” (e.g. PG 16:0_18:1).
As the mass spectrometric techniques employed in this study do not
provide insights into the sn-position of the various lipid species, we
have used the latter notation unless the sn-positions are unambiguous.
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2.2. Chemicals

All solvents were purchased at Sigma-Aldrich (St. Louis, USA) and
were at least HPLC grade. Other chemicals were also purchased at
Sigma-Aldrich with highest purity available.

2.3. Lipid quantification using deuterated or short-fatty acyl chain
analogues

Stock solutions of lipids were prepared as described above. For lipid
quantification, 1mmol of each lipid were dissolved in chloroform and
diluted with methanol and water to a final concentration of 10 μM in
70% (v/v) methanol, 25% (v/v) water, 5% (v/v) chloroform (final
volume 100 μl). All lipids were analysed by direct infusion on a Q
Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo
Fisher Scientific, Bremen, Germany) equipped with a Nanospray Flex
ion source (Thermo Fisher Scientific, Bremen, Germany). 2–3 μl were
loaded into a borosilicate offline emitter coated with gold/palladium
(Thermo Fisher Scientific). In our source set-up, the flow-rate was es-
timated to be 100–150 nl/min.

MS settings were: capillary voltage, -2 to 2.8 kV; capillary tem-
perature, 250 °C; resolution, 70.000; RF-lens level, 60. Mass spectra
were recorded in negative ion mode with the following parameters:
max injection time, 100ms; automated gain control, 2·106; microscans,
1. MS scan range was 150-1000 m/z. For quantification, scans of ap-
prox. 3 min. were accumulated. Peak areas were then integrated over
four isotopic peaks obtained in the mass spectra. Lipids were quantified
by calculating abundance ratios from these peak areas.

2.4. Lipid quantification of lipid species with overlapping isotope
distribution

When isotope distributions of lipid species with varying number of
double bonds overlapped, we made use of the theoretical isotope pat-
tern of lipids and first extracted isotope distributions for each lipid
species in the defined m/z range (i.e. the overlapping m/z area). Here,
the total peak intensity is the sum of all peak intensities of individual
lipid species. The sum of the peak intensities of each m/z value con-
sequently results in the experimentally observed mass spectrum. Next,
peak areas were integrated over four isotopic peaks and the various

lipid species were quantified by calculating abundance ratios. The
quantification workflow is shown in Figure S1A. Extracting the isotope
distributions for all lipid species in the m/z region allows calculating
the relative proportion of each individual lipid species (Figure S1B).

3. Results and discussion

3.1. Lipid quantification using deuterated standard lipids

To achieve accurate lipid quantification and, at the same time, un-
ambiguous identification of lipid species including their isobars, we
employed a Q Exactive plus mass spectrometer. This mass spectrometer
provides high mass accuracy and resolution, and therefore allows direct
infusion of even complex lipid mixtures. To establish a platform for the
analysis of lipids from limited sample amounts, we employed nano-ESI
instead of conventional ESI. We first evaluated the fragmentation
characteristics of several lipid classes and found that comparable
fragment ions were observed as published previously for conventional
ESI shotgun experiments (data not shown). (e.g. Schuhmann et al.,
2011; Han and Gross, 2005; Godzien et al., 2015; Han and Gross, 1995)

Before establishing PG quantification, we evaluated possible in-
source fragmentation in our experimental set-up. We found that in-
tensities of fragment ions were<5% when compared with the pre-
cursor ion and therefore assume that accurate quantification of PG li-
pids is possible in an acceptable range of error. In a first experiment, we
spiked a PG species (PG 16:0_18:1) with the same amount of its deut-
erated analogue (i.e. PG 16:0(d31)_18:1) and subsequently analysed the
lipid mixture in nano-ESI shotgun experiments. The two lipid species
were observed at m/z 747.52 (PG 16:0_18:1) and m/z 777.71 (PG
16:0(d31)18:1) with isotopic peak distributions characteristic for nat-
ural as well as deuterated lipid species (Fig. 1A). Of note, the deuterated
lipid shows a broader isotope distribution than non-deuterated lipids
caused by incomplete deuteration of the fatty acyl chain. We calculated
the intensity ratio of the two lipids by integrating their peak areas
(Methods). The observed ratio of 1.10 ± 0.1 is close to the theoretical
value of 1.00 showing the potential of using deuterated standard lipids
for quantification.

We next studied the effect of chain length and saturation, i.e. the
number of double bonds, on this intensity-based quantification ap-
proach. For this, we employed a lipid species containing a C2-unit

Fig. 1. Quantification of PG lipids using a
deuterated standard lipid, namely PG
16:0(d31)_18:1. Three different PG species
were spiked with PG 16:0(d31)_18:1 in equal
amounts. Intensity ratios were then obtained
from integrated peak areas. (A) PG 16:0_18:1,
(B) PG 18:0_18:1, (C) PG 16:0_18:2. (D)
Linearity of quantification was assessed.
Various mixing ratios ranging from 1:10 up to
100:1 were mixed and observed ratios were
plotted against theoretical ratios. For all lipid
species linear regression was observed
(R2>0.997). Absolute intensities of accumu-
lated mass spectra: 1.13E+09 (A),
6.26E+ 08 (B), 1.09E+ 09 (C). Note that re-
lative abundance ratios were used for quanti-
fication.
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longer fatty acyl chain with the same number of double bonds (PG
18:0_18:1) (Fig. 1B) as well as a standard lipid containing the same fatty
acyl chains but an additional double bond (PG 16:0_18:2) (Fig. 1C).
Both lipid species were spiked with equal amounts of the deuterated
standard lipid (PG 16:0(d31)_18:1) and analysed as described. Intensity
ratios of 0.9 ± 0.1 for PG 18:0_18:1 versus PG 16:0(d31)_18:1 and
1.0 ± 0.2 for PG 16:0_18:2 versus PG 16:0(d31)_18:1 were calculated
from obtained peak areas, respectively. For both lipids, intensity ratios
close to the theoretical value were obtained showing that an additional
double bond or C2-unit in the fatty acyl chain only minimally affect
intensity-based quantification.

Linearity of this approach was then tested for the three PG species
employed here. For this, the three lipids were spiked with the deuter-
ated standard (PG 16:0(d31)_18:1) in varying mixing ratios ranging
from 1:10 up to 100:1 (Fig. 1D). Measured intensity ratios for all three
lipids correlate well with the spiked ratios as revealed by linear re-
gression analysis (R2> 0.997). Employing deuterated lipid standards
for quantification of similar lipid species therefore represents a pro-
mising application over a wide concentration range. However, as ob-
served in the respective mass spectra (Fig. 1A–C), a broader peak dis-
tribution of the deuterated lipid has to be considered when integrating
peak areas for quantification.

3.2. Assessing the effects of fatty acyl chain unsaturation

Having assessed the effect of small changes in the fatty acyl chain
composition, we set out to evaluate major variations such as higher
numbers of double bonds (zero up to six double bonds). In previous
studies, acyl chain saturation was found to have a significant effect on
the instrument response in ESI experiments, however, this diminished
with progressive dilution. (Koivusalo et al., 2001) We assessed the ef-
fect of unsaturation in our instrumental and experimental set-up em-
ploying nano-ESI and a water-containing solvent system (i.e. 70% (v/v)
Methanol, 25% (v/v) Water, 5% (v/v) Chloroform). For this, we com-
pared four lipid species, namely PG 18:0/18:0, PG 18:1/18:1, PG 18:2/
18:2 and PG 18:3/18:3. These four lipid species were mixed in equal
amounts and analysed by shotgun analysis (Methods). Due to the ad-
dition of two double bonds per lipid species, their isotope envelopes do
not overlap in their mass spectra allowing for unambiguous comparison
of their peak areas (Fig. 2A). Indeed, the four lipids were obtained at m/
z 765.47 (PG 18:3/18:3), m/z 769.50 (PG 18:2/18:2), m/z 773.54 (PG
18:1/18:1) and m/z 777.57 (PG 18:0/18:0) showing the full isotope
distribution for each lipid (Fig. 2A).

As the four lipid species used here contain the same number of
carbon atoms in both fatty acyl chains (i.e. two C18-fatty acyl chains)
and only differ in the number of double bonds, their intensities can
directly be compared and possible effects can be attributed to acyl chain
saturation rather than fatty acyl chain length. In contrast to previous
studies, (Koivusalo et al., 2001) the intensities of all four species were
comparable in this mass spectrum at fairly high lipid concentration (10
μM total lipid concentration). The average relative intensities varied for
all four species between 84 and 100% in three independent replicates
(Fig. 2A, panel ii). These differences originate most likely from mixing
errors. We next analysed the same lipid mixture at lower concentration
(1 μM and 0.1 μM total lipid concentration) as well as differing mixing
ratios (not shown). In all cases, observed intensities reflected the mixing
ratios.

We further tested two other lipids with overlapping isotope dis-
tribution, namely PG 16:0_18:2 and 16:0_18:1. These two lipids were
mixed in equal amounts at different total lipid concentration (Fig. 2B).
As before, after applying our quantification strategy described (Figure
S1), we find that both lipids show comparable intensities (Fig. 2B).

We conclude that the number of double bonds (up to six in these
examples) does not affect the ionisation efficiency in our experimental
set-up. Possible explanations are the generation of smaller nano-ESI
droplets or the water-containing solvent system used here. Unsaturated

lipids are expected to have a higher surface activity than their saturated
analogues, however, as no differences were observed in our measure-
ments, we assume that these differences are within the error range and
therefore unnoticed in our measurements.

3.3. Quantification using short-fatty acyl chain lipid analogues

We next varied the fatty acyl chain length. For this we chose sig-
nificantly shorter fatty acyl chains such as hexanoyl chains (C6) up to
naturally abundant fatty acyl chains such as oleoyl chains (C18). By
choosing PG lipids which differ by C2-units we obtained a complete
series of lipid species ranging from PG 6:0/6:0 up to PG 18:0/18:0. We
also included one odd-numbered fatty acyl chain lipid, namely PG
17:0/17:0.

These eight lipid species were mixed in equal amounts (resulting in
a total lipid concentration of 10 μM) and analysed by shotgun lipi-
domics. We found that lipid species with shorter fatty acyl chains
showed significantly higher intensities in the mass spectra when com-
pared with the lipid species containing longer fatty acyl chains
(Fig. 3A). To avoid effects of ion suppression when analysing the
complete series of lipid species, we also spiked every individual lipid
species with the deuterated standard lipid used above (i.e. PG
16:0(d31)_18:1) and analysed them separately (Figure S2). None-
theless, when comparing the relative intensities of each lipid species
with the deuterated standard, we obtained intensity differences in the
same range as for the analysis of all lipid species in the same experiment
(Figure S2 and Fig. 3).

To allow quantification using short-fatty acyl chain analogues, we
made use of the intensity differences observed for the series of lipids
with different chain length and generated a calibration curve by ex-
ponentially fitting observed intensities (Fig. 3B). This calibration curve
should in principle allow the calculation for response factors of any
lipid species in the range employed here (i.e. PG 6:0/6:0 up to PG 18:0/
18:0). To test this hypothesis, we employed three mixed acyl chain li-
pids which were not used to establish the calibration curve, namely PG
12:0_13:0, PG 16:0_18:1 and PG 16:0_22:6. All lipids were mixed in
equal amounts (10 μM total lipid concentration) with the shortest fatty
acyl chain variant (PG 6:0/6:0) which showed the highest relative in-
tensity of all lipids. The relative intensities of the lipids were then
compared with the theoretical values of the calibration curve corre-
sponding to their number of carbon atoms. Indeed, the relative in-
tensities showed values close to the predicted values (Figure S3).

3.4. Quantification of a lipid mixture with known composition using a
deuterated standard lipid and short-/odd-fatty acyl chain analogues

Having evaluated the quantification of lipids using a similar deut-
erated lipid analogue as well as having established a calibration curve
enabling the application of short-fatty acyl chain analogues, we set out
to quantify a lipid mixture of known composition. For this, we prepared
a mixture containing five PG species in known quantities: PG 16:0/16:0
(1 μM), PG 16:0_18:1 (1 μM), PG 18:1/18:1 (2 μM), PG 18:0_18:1 (1
μM) and PG 18:0/18:0 (1.2 μM). We spiked this lipid mixture with three
standard lipids, namely PG 6:0/6:0, PG 17:0/17:0 and PG 16:0(d31)
_18:1, each at 1 μM concentration. The spectrum shows all lipid species
at reasonable intensities (Fig. 4A).

Following the strategies described above, we were able to quantify
the five PG lipids. For comparison, we also quantified the spiked PG
17:0/17:0 standard when using PG 6:0/6:0 or PG 16:0(d31)_18:1 for
quantification. The obtained quantities are close to the theoretical va-
lues for all quantification strategies (Fig. 4B). Importantly, when using
short-chain lipid analogues for intensity-based quantification without
applying the established calibration curve, quantitative values differed
significantly (Figure S4) highlighting the need of a calibration curve
compensating for differences during MS measurements and allowing
the calculation of response factors in the range of the calibration curve.
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Using PG 17:0/17:0 and PG 16:0(d31)_18:1 allows quantification of
PG species by simply comparing observed peak intensities while short-
chain analogues require further data processing by applying the

established calibration curve. Nonetheless, short-fatty acyl chain ana-
logues can successfully be employed for quantification when the cali-
bration curve reflects the instrument response (Fig. 4). Of note, as

Fig. 2. The effect of number of double bonds
on lipid ionisation. Two series of PG species
differing in the number of double bonds were
employed: (A) PG 18:3/18:3 (m/z 765.47), PG
18:2/18:2 (m/z 769.50), PG 18:1/18:1 (m/z
773.54) and PG 18:0/18:0 (m/z 777.57) and
(B) PG 16:0_18:2 (m/z 745.52) and 16:0_18:1
(m/z 747.50). (A) Mass spectrum of a 1:1:1:1
mixture of all four PG species (10 μM total lipid
concentration). Due to the increment of two
double bonds per species the observed isotope
distributions do not overlap in the mass spec-
trum. Mass spectra of the same lipid mixture at
1 μM (green) and 0.1 μM (red) are shown. Of
note, the intensity range for diluted samples is
not scaled (panel i). The lipid mixture was
analysed in several replicates (n= 3) The
average relative intensities for all four species
are plotted. PG 18:2/18:2 displayed highest
intensities in all measurements. Intensities of
the other lipids are shown relative to PG 18:2/
18:2 (panel ii). (B) Mass spectrum of a 1:1
mixture of two PG species (10 μM total lipid
concentration). Due to the increment of one
double bond, the observed isotope distribu-
tions overlap in the mass spectrum. Mass
spectra of the same lipid mixture at 1 μM
(green) and 0.1 μM (red) are shown. Of note,
the intensity range for diluted samples is not
scaled (panel i). The lipid mixture was ana-

lysed in three replicates (n= 3) The average relative intensities of the two species are plotted. PG 16:0_18:2 showed highest intensities. Intensities of PG 16:0_18:1 is
shown relative to PG 16:0_18:2 (panel ii). Absolute intensities of accumulated mass spectra: 3.28E+ 07 (A), 2.46E+07 (B). Note that relative abundance ratios were
used for quantification.

Fig. 3. Calibration curve for quantification using short-
fatty acyl chain analogues. A series of PG species with
varying fatty acyl chain length was employed ranging from PG
6:0/6:0 up to PG 18:0/18:0. PG 17:0/17:0 was also included.
(A) All lipids were mixed in equal amounts (10 μM total lipid
concentration) and analysed in the same mass spectrum
(n= 6). Absolute intensity of the accumulated mass spectrum:
8.92E+07. Note that relative abundance ratios were used for
generation of the calibration curve. (B) A calibration curve
and equation was obtained from exponential fitting of the
relative intensities.
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shown above, deuterated standard lipids show a broader isotope dis-
tribution and integration of peak areas has to be adjusted.

We also prepared two other lipid mixtures containing the same PG
lipids albeit at different quantities. Again, the obtained quantities agree
well among the different quantification strategies (Fig. 4C).

3.5. Quantification of a natural lipid mixture (egg PG) using a deuterated
standard lipid and short-/odd-fatty acyl chain analogues

Having evaluated lipid quantification using deuterated lipid stan-
dards as well as short-/odd-fatty acyl chain analogues, we now set out
to apply these approaches to a sample from natural sources. For this we
employed egg PG, a lipid mixture of several PG species extracted from
chicken egg. The lipid mixture was spiked with (i) PG 6:0/6:0 and PG
8:0/8:0 (not shown), (ii) PG 17:0/17:0 and (iii) PG 16:0(d31)_18:1, the
deuterated standard lipid used above. The respective mass spectrum
shows peak distributions for the three spiked lipids standards as well as
several PG species of which PG 16:0_18:2, PG 16:0_18:1, PG 18:0/18:0,
PG 18:1/18:1, PG 18:1_18:2 and PG 18:2/18:2 are most abundant

(Fig. 5A).
For all detected lipid species, peak areas were determined as de-

scribed (Methods). For overlapping species, i.e. PG 16:0_18:2 and PG
16:0_18:1 as well as PG 18:0/18:0, PG 18:1/18:1, PG 18:1_18:2 and PG
18:2/18:2, theoretical isotope distributions were first calculated to
allow determination of individual peak areas (see Methods and Figure
S1 for details). All PG species were quantified by comparing the peak
areas of the individual species with those obtained for the deuterated
and the odd-numbered standard lipids (Fig. 5B). In addition, the various
species were also quantified by making use of the calibration curve
established above using the short-chain analogue PG 6:0/6:0 or PG 8:0/
8:0 (Fig. 5B). In all cases, similar quantitative values were obtained and
the absolute amounts of the individual lipid species reflect the in-
tensities observed in the mass spectrum (Fig. 5). Our comparison
therefore shows that the three quantification approaches followed here
are comparable when analysing natural lipid extracts. Again, when
employing short-chain lipid analogues for lipid quantification without
applying the established calibration curve, quantities differed sig-
nificantly from the obtained values (Figure S5).

Fig. 4. Quantification of a lipid mixture with known composition using a deuterated standard lipid as well as odd- and short-fatty acyl chain analogues.
(A) Mass spectrum observed. The five PG lipids as well as PG 6:0/6:0 (yellow), PG 17:0/17:0 (green) and PG 16:0(d31)/_18:1 (red) were observed. The total lipid
concentration is 9.2 μM resulting from individually spiked lipid species. Absolute intensity of accumulated mass spectrum: 2.85E+07. Note that relative abundance
ratios were used for quantification. (B) The lipids were quantified by comparing integrated peak areas of standard lipids versus mixed PG lipids (panels i and ii). The
calibration curve was applied to compensate for differences in intensities between short-fatty acyl chain analogues and natural lipid species (iii). (C) Quantification of
a lipid mixture with 8.25 μM (i) and 9 μM (ii) total lipid concentration.
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An important aspect when quantifying lipid extracts from biological
samples is, however, the choice of the extraction method. Different
extraction protocols employing methanol and chloroform, (Bligh and
Dyer, 1959; Folch et al., 1957) hexane and isopropanol (Hara and
Radin, 1978) or methanol and methyl-tert-butyl ether (Matyash et al.,
2008) are available and have been compared for lipidomic studies.
(Reis et al., 2013) While all procedures delivered comparable results for
predominant lipid classes, the choice of extraction method is more
important for low abundant lipid classes such as PIs and should care-
fully be considered. (Han et al., 2006) In addition, differences in ex-
traction of lipid species differing in fatty acyl chain length have to be
considered when spiking samples from natural sources with standard
lipids before extraction.

4. Conclusion

In this study we assessed MS-based lipid quantification using nano-
ESI. We evaluated and compared the application of deuterated lipid
standards as well as short- and odd-fatty acyl chain analogues. We
found that the length of the fatty acyl chain significantly effects the
ionization efficiency, however, these differences can be compensated
for by employing a calibration curve generated from lipid species with
varying chain length. Differences in fatty acyl chain saturation were not
observed in our experimental set-up. In nano-ESI, differences in in-
strument response were independent on the concentration employed
(Figure S6). In conventional ESI, however, differences in ionization
efficiency were observed for both, lipids differing in fatty acyl chain
length and saturation. (Koivusalo et al., 2001; Han et al., 2006) These

effects were concentration dependent and diminished with progressive
dilution. One possible explanation for these differences is that release of
ions in ESI and nano-ESI depends on droplet fission and compounds
with higher surface activity have a better chance to be transferred to the
next generation droplet. (Schmidt et al., 2003) Larger initial droplets as
observed in ESI require higher number of fission events allowing
compounds differing in surface activity being transferred in parallel
fission cascades. Dilution of samples can therefore diminish effects of
surface activity. For smaller droplets, as observed in nano-ESI, surface
activity is more relevant causing differences in ion intensity for lipids
with varying fatty acyl chain length. Due to the relatively small size of
droplets, dilution of samples does not eliminate these effects in the
comparably short fission cascades. Therefore, differences in instrument
response remain when analysing diluted samples using nano-ESI. Sur-
prisingly, differences in ionization efficiency were not observed for li-
pids differing in saturation of fatty acyl chains. We assume that the
differences in surface activity are comparably small and the differences
in ionization lie within the range of error. This agrees well with the
small differences in instrument response observed for PG species with
longer fatty acyl chains (i.e. PG 14:0/14:0, PG 16:0/16:0, PG 17:0/17:0
and PG 18:0/18:0). To test this hypothesis, PG species with un-
saturated, short fatty acyl chains (if available) should be evaluated.

Using short-fatty acyl chain lipids and generating a calibration
curve for quantification of lipids when using nano-ESI, rather than
spiking deuterated or odd-fatty acyl chain analogues, has the following
advantages: (i) Isotope distributions of the standard lipid and the
naturally found lipids do not overlap; (ii) Isotope envelopes of deuter-
ated standard lipids, which can differ depending on the degree of

Fig. 5. Quantification of lipids in egg PG using a deuterated standard lipid as well as odd- and short-fatty acyl chain analogues. (A) Mass spectrum obtained
from egg PG. Various PG species were observed in the mass spectrum. The lipid extract was spiked with PG 6:0/6:0 (yellow), PG 8:0/8:0 (not shown), PG 17:0/17:0
(green) and PG 16:0(d31)/_18:1 (red). All standard lipids were spiked in equal amounts (i.e. 10 μM each). Absolute intensity of the accumulated mass spectrum:
1.11E+ 08. Note that relative abundance ratios were used for quantification. (B) The lipids were quantified by comparison of the integrated peak areas of natural
lipids versus those of standard lipids. The calibration curve was applied to compensate for differences in intensities between short-fatty acyl chain analogues (PG 6:0/
6:0 and PG 8:0/8:0) and natural lipid species.
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deuteration, do not need to be evaluated; (iii) Odd-fatty acyl chain li-
pids might be components of the natural lipid extract/mixture and
would be overlooked when spiking odd-fatty acyl chain analogues.
However, the instrument response might differ for the various MS
systems available and the calibration curve needs to be generated for
every individual system. In addition, the calibration curve should be
recorded for the concentration range of the lipids under investigation.
Nonetheless, generating a calibration curve as suggested in this study
provides insights into the instrument response of every individual
system and allows calculation of response factors. These prove parti-
cularly helpful when quantifying lipids from natural sources using
standard lipids with defined chain length which do not cover the full
range of available lipid species. In these cases, response factors will
enable quantification of short or long fatty acyl chain analogues.

Previous studies almost exclusively employed PC lipids in positive
ion mode to study the effects of ionization and instrument response.
Here, we used PG lipids; mainly because the complete lipid series
ranging from PG 6:0/6:0 up to 18:0/18:0 is commercially available at
reasonable purity. This includes odd-chain analogues as well as lipids
that differ in fatty acyl chain saturation. In addition, PG lipids are best
analyzed in negative ion mode which is often applied in lipidomic
analyses of phospholipids. Employing PG for a systematic evaluation of
the different quantification approaches therefore contributes to the
established workflows and applications. Nonetheless, these experiments
should be repeated for other lipid classes and species to characterize the
full spectrum of naturally occurring lipids. This venture, however,
clearly depends on the availability of pure standard lipids.
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