Trends in Analytical Chemistry 61 (2014) 192-206

Trends in Analytical Chemistry

journal homepage: www.elsevier.com/locate/trac

Contents lists available at ScienceDirect

Comprehensive analysis of lipids in biological systems by liquid
chromatography-mass spectrometry

Tomas Cajka, Oliver Fiehn *

@ CrossMark

UC Davis Genome Center-Metabolomics, University of California, Davis, 451 Health Sciences Drive, Davis, CA 95616, USA

ARTICLE INFO

Keywords:

Acylglycerol

Biological system
Comprehensive analysis
Extraction method
Global lipidomic profiling
LC-MS

Lipidomics

Liquid chromatography-mass spectrometry
Metabolomics
Phospholipid

ABSTRACT

Liquid chromatography-mass spectrometry (LC-MS)-based lipidomics has undergone dramatic devel-
opments over the past decade. This review focuses on state of the art in LC-MS-based lipidomics, covering
all the steps of global lipidomic profiling.

By reviewing 185 original papers and application notes, we can conclude that current advanced LC-
MS-based lipidomics methods involve:

(1) lipid extraction schemes using chloroform/MeOH or methyl tert-butyl ether (MTBE)/MeOH, both
with addition of internal standards covering each lipid class;

(2) LC separation of lipids using short microbore C18 or C8 columns with sub-2-um or 2.6-2.8-um (fused-
core) particle size with analysis time <30 min;

(3) electrospray ionization in positive- and negative-ion modes with full spectra acquisition using
high-resolution MS with capability to MS/MS.

Phospholipids (phosphatidylcholines, phosphatidylethanolamines, phosphatidylinositols,
phosphatidylserines, phosphatidylglycerols) followed by sphingomyelins, di- and tri-acylglycerols, and
ceramides were the most frequently targeted lipid species.
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1. Introduction

Since its introduction in 2003 [1], lipidomics has emerged as one
of the most promising research fields as a result of advances in mass
spectrometry (MS). Direct infusion (shotgun) techniques were prev-
alent in the beginning of lipidomics research due to their relative
simplicity of operation, fast analysis, and possibility to detect various
lipid classes within a single run. In most cases, these methods used
tandem MS in a class-specific or targeted way, so detection and sub-
sequent identification of unknowns were impossible. This was
followed by rapid progress in liquid-chromatography (LC) separa-
tion and computational methods [2-4]. The popularity of LC-MS-
based methods can be explained by several advantages over direct
infusion techniques, such as more reliable identification of indi-
vidual lipid species, even at trace levels, separation of isomers and
isobars, or reduced ion-suppression effects. In addition, current LC
instruments permit more effective separation, and reduce analy-
sis time and solvent consumption [5,6]. Currently, direct infusion-
MS(/MS) and LC-MS(/MS) methods are reported in the scientific
literature in almost equal ratio, while complementary techniques
and their combinations, such as gas chromatography (GC), thin-
layer chromatography (TLC) and nuclear magnetic resonance (NMR),
are less frequently used in lipidomics (Fig. 1).

LC-MS-based lipidomic analyses (Fig. 2) typically start with ex-
traction of the lipids from the biological sample followed by LC
separation, which can be performed based on lipid species [e.g.,
reversed-phase LC (RPLC)] or classes [e.g., normal-phase LC (NPLC)].
Once chromatographically separated, the molecules enter the ion
source where they undergo ionization followed by detection of par-
ticular ions using a mass analyzer. This can be conducted in an
untargeted (full spectra acquisition), class-specific (product-ion scan-
ning, precursor-ion scanning or neutral-loss scanning) or targeted
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Fig. 1. Number of original papers published over 11 years dedicated to lipidomics
and different instrumental platforms. Scopus (www.scopus.com) and Web of Knowl-
edge (www.webofknowledge.com) databases used for citation analysis.

(multiple-reaction monitoring) way [7]. The data handling repre-
sents a post-acquisition phase, which is focused on identification
and (semi)-quantification of detected lipids, followed by statisti-
cal analysis if the primary focus of the study is to distinguish groups
of samples.

For this article, we reviewed 185 original LC-MS-based lipidomics
papers and application notes published over the past decade (see
references in Supplementary material, Tables S1 and S2). All the
aspects, such as sample extraction, LC separation and MS detec-
tion are discussed in subsequent sections of this review. Since our
primary focus was on the analysis of complex lipid mixtures in
various biological systems, we omitted those papers dedicated to
only a single lipid class (e.g., triacylglycerols or fatty acids).

2. Sample extraction

In general, lipidomics applications require sample-preparation
methods that are fast, reproducible, and able to extract a wide range
of analytes with different polarities, and that, at the same time, are
compatible with the instrumental technique. Analytical strate-
gies, which allow for increased coverage of metabolites determined
in one sample, are therefore desirable [8,9]. In addition, samples may
be available in only limited amounts, posing practical require-
ments to develop efficient, sample-saving experimental procedures.
The reviewed studies were focused mainly on the analysis of lipids
in plasma or serum, followed by animal tissues, cells, and plant
tissues (Fig. 3A). Generally, 1-100 mg of tissue or 10-100 uL of
biofluids (plasma/serum) per analysis were required in the reports
reviewed here. Other matrices, which were less frequently studied,
applied lipidomics to apicoplasts, microsomes, mitochondria, lipo-
protein particles, milk, oxidized oils, Drosophila, microalgae,
mesenteric lymph, cerebrospinal fluid, placental microvesicle, sy-
novial fluid, tear samples, sebum, hetapocyte lipid droplets, urine,
and solid fecal material (see references in Supplementary materi-
al, Table S1). Several sample-preparation methods were applied to
biological samples with the goal of improving overall lipid cover-
age, including liquid-liquid extraction (LLE), organic solvent
precipitation, and solid-phase extraction (SPE) [10].

Introduced more than 70 years ago by Folch et al. [11] and Bligh-
Dyer [12] (Fig. 3B), most lipidomics studies still rely on these general
extraction procedures, often in modified versions. The Folch method
employs roughly a 20-fold excess of a mixture of chloroform/
MeOH (2:1, v/v) for the extraction, while the Bligh-Dyer method
is also based on a mixture of chloroform/MeOH (1:2, v/v), but uses
a subsequent addition of 1 volume of chloroform and 1 volume of
water. As a less toxic alternative, chloroform was replaced with
dichloromethane (DCM) in some studies.

In 2008, Matyash et al. [13] introduced a novel sample-extraction
procedure employing methyl tert-butyl ether (MTBE). The method
involves addition of MeOH and MTBE (1.5:5, v/v) to the sample and
phase separation is induced by adding water. The advantage of MTBE
extraction over conventional two-phase chloroform-containing
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