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Experimental life sciences have two basic foundations: concepts and tools. The Neuromethods 
series focuses on the tools and techniques unique to the investigation of the nervous system 
and excitable cells. It will not, however, shortchange the concept side of things as care has 
been taken to integrate these tools within the context of the concepts and questions under 
investigation. In this way, the series is unique in that it not only collects protocols but also 
includes theoretical background information and critiques which led to the methods and 
their development. Thus it gives the reader a better understanding of the origin of the 
techniques and their potential future development. The Neuromethods publishing program 
strikes a balance between recent and exciting developments like those concerning new ani-
mal models of disease, imaging, in vivo methods, and more established techniques, includ-
ing, for example, immunocytochemistry and electrophysiological technologies. New 
trainees in neurosciences still need a sound footing in these older methods in order to apply 
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Neuromethods 
series has been a success since its first volume published through Humana Press in 1985. The 
series continues to flourish through many changes over the years. It is now published under 
the umbrella of Springer Protocols. While methods involving brain research have changed a 
lot since the series started, the publishing environment and technology have changed even 
more radically. Neuromethods has the distinct layout and style of the Springer Protocols 
program, designed specifically for readability and ease of reference in a laboratory setting.

The careful application of methods is potentially the most important step in the process 
of scientific inquiry. In the past, new methodologies led the way in developing new disci-
plines in the biological and medical sciences. For example, Physiology emerged out of 
Anatomy in the nineteenth century by harnessing new methods based on the newly discov-
ered phenomenon of electricity. Nowadays, the relationships between disciplines and meth-
ods are more complex. Methods are now widely shared between disciplines and research 
areas. New developments in electronic publishing make it possible for scientists that 
encounter new methods to quickly find sources of information electronically. The design of 
individual volumes and chapters in this series takes this new access technology into account. 
Springer Protocols makes it possible to download single protocols separately. In addition, 
Springer makes its print-on-demand technology available globally. A print copy can there-
fore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Canada� Wolfgang Walz 
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The “omics” technologies have significantly advanced our ability to sample a greater diver-
sity and large sample sets of biological molecules with broad-based analytical platforms. 
Metabolomics is one such technology. However, metabolomics analyses are limited by the 
lability of a large proportion of the biomolecular pool being sampled. Lipidomics is a spe-
cialized subfield of metabolomics, with research in this area expanding at a rapid rate. This 
includes basic and clinical research efforts. With regard to clinical studies, a large number 
of plasma lipids are significantly more stable than the majority of metabolites monitored in 
metabolomics studies. As a result, there are a number of potential lipid biomarkers that are 
under intense study in the fields of oncology, infectious diseases, neurology, and psychiatry. 
These are biomarkers of disease, of disease progression, and of disease response to therapy. 
In addition, biomarkers offer the potential to stratify patient subgroups and to define new 
molecular targets for therapeutic intervention.

Lipids are multifunctional in that they serve as energy stores, as structural biomolecules 
in membranes, and in signal transduction pathways. In addition there are highly specialized 
lipids that serve unique biological functions. For example plasmalogens are involved in 
membrane fusion, seminolipids in sperm function, and (o-acyl)-ω-hydroxy-fatty acids 
(OAHFA) as surfactants in tears, amniotic fluid, and sperm. Electrospray ionization high-
resolution mass spectrometry (ESI-HR-MS) is capable of sampling across the broad domain 
of these lipids utilizing direct-flow analyses and introduction of samples by chromatographic 
methods (HPTLC, uHPLC, SFC, CZE). Tandem mass spectrometry is also essential for 
validating the structures of monitored lipids. Several aspects of lipidomics analyses are wor-
thy of further discussion. First, oxidative stress that is associated with many disease sates can 
be monitored by quantitation of oxidized lipids. Second, lipid dynamics, with regard to 
signal transduction pathways, can be evaluated by characterization of the fatty acid substitu-
tions at sn-2 of glycerophospholipids. For example, if excessive arachidonic release occurs 
as a result of altered signal transduction, new fatty acid substitutions at sn-2 will be moni-
tored as a result of the tight coupling of deacylation-reacylation.

Within this volume are 16 detailed methods chapters. In addition, we have included 
two important review chapters. First, the excellent overview of lipidomics strategies by Dr. 
Griffiths puts the methods chapters in perspective. Similarly, the review of FT-ICR HR-MS 
by Dr. Emmett is essential since HR-MS for lipidomics is the new standard. Low resolution 
mass spectrometry with triple quadrupole instruments has generated a large amount of 
historical literature that unfortunately has a number of lipid miss-assignments due to mass 
errors of 50–300 ppm. FT-ICR provides the highest resolution available today and estab-
lishes the gold standard. The orbitrap mass spectrometer has resolution close to that of 
FT-ICR and a number of chapters in this volume discuss the use of this simpler (mainte-
nance wise) mass spectrometer.

Our volume spans: (1) The analyses of specific lipid classes (endocannabinoids, fatty 
aldehydes, phospholipids, and oxidized fatty acids and phospholipids); (2) The lipidomics 
analyses of cells (lymphocytes and oocytes); (3) Direct-flow and chromatographic methods 
(SFC, UHPLC, HPTLC, ion-mobility); (4) Derivatization methods for lipids (amines, 
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fatty aldehydes, and ketones); (5) TOF-SIMS imaging of lipids; and (6) Characterization of 
lipid transfer proteins. These chapters put individual lipidomics analyses in perspective in 
addition to supplying the critical experimental details required to conduct repeatable exper-
iments. With the increasing dominance of the orbitrap in lipidomics studies, representative 
tandem mass spectra of a large number of lipid classes obtained with the orbitrap have been 
included as a valuable reference source via on-line Electronic Supplementary Material 
(Chap. 2).

In summary, lipidomics is a fast-paced research field in which HR-MS and mass spec-
trometric lipid imaging are advancing our knowledge of lipid dynamics, cellular ultrastruc-
ture of lipid pools, and lipid alterations in disease. An exciting decade of research is ahead 
for this field.

Harrogate, TN, USA� Paul Wood 

Preface

http://dx.doi.org/10.1007/978-1-4939-6946-3_2


ix

Preface to the Series  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                 	 v
Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                          	 vii
Contributors  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 xi

  1	 Introduction and Overview of Lipidomic Strategies . . . . . . . . . . . . . . . . . . . . .                     	 1
William J. Griffiths and Yuqin Wang

  2	 Nontargeted Lipidomics Utilizing Constant Infusion High-Resolution  
ESI-Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 13
Paul Wood

  3	 Ultrahigh-Resolution Lipid Analysis with Fourier Transform  
Ion Cyclotron Resonance Mass Spectrometry . . . . . . . . . . . . . . . . . . . . . . . . . .                         	 21
Mark R. Emmett and Cheryl F. Lichti

  4	 MALDI-Imaging Mass Spectrometry of Brain Lipids . . . . . . . . . . . . . . . . . . . .                    	 45
Norelle C. Wildburger

  5	 Ion-Mobility Mass Spectrometry for Lipidomics Applications . . . . . . . . . . . . . .              	 61
Giuseppe Paglia, Bindesh Shrestha, and Giuseppe Astarita

  6	 In Vitro Assay to Extract Specific Lipid Types from Phospholipid  
Membranes Using Lipid-Transfer Proteins: A Lesson from the Ceramide  
Transport Protein CERT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 81
Kentaro Hanada and Toshihiko Sugiki

  7	 Quantification of Endogenous Endocannabinoids by LC-MS/MS . . . . . . . . . .          	 99
Mesut Bilgin and Andrej Shevchenko

  8	 Lipid Profiling by Supercritical Fluid Chromatography/Mass Spectrometry  . . . .    	 109
Takayuki Yamada and Takeshi Bamba

  9	 Mass Spectrometric Analysis of Lipid Hydroperoxides  . . . . . . . . . . . . . . . . . . .                   	 133
Tânia Melo, Elisabete Maciel, Ana Reis, Pedro Domingues,  
and M. Rosário M. Domingues

10	 Mass Spectrometric Determination of Fatty Aldehydes Exemplified  
by Monitoring the Oxidative Degradation of (2E)-Hexadecenal  
in HepG2 Cell Lysates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 147
Corinna Neuber, Fabian Schumacher, Erich Gulbins, and Burkhard Kleuser

11	 CE Analysis of Phospholipid Headgroups . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 159
Václav Matěj Bierhanzl, Martina Riesová, Gabriela Seydlová,  
and Radomír Čabala

12	 HPTLC-MALDI TOF MS Imaging Analysis of Phospholipids . . . . . . . . . . . . .             	 163
Tatiana Kondakova, Nadine Merlet Machour, and Cécile Duclairoir Poc

13	 Global UHPLC/HRMS Lipidomics Workflow for the Analysis  
of Lymphocyte Suspension Cultures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 175
Candice Z. Ulmer, Richard A. Yost, and Timothy J. Garrett

Contents



x

14	 Ambient Lipidomic Analysis of Brain Tissue Using Desorption  
Electrospray Ionization (DESI) Mass Spectrometry . . . . . . . . . . . . . . . . . . . . .                     	 187
Valentina Pirro, Alan K. Jarmusch, Christina R. Ferreira,  
and R. Graham Cooks

15	 Lipidomics Analyses of Oxygenated Metabolites of Polyunsaturated  
Fatty Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 211
Alexandra C. Kendall and Anna Nicolaou

16	 Derivatization of Fatty Aldehydes and Ketones: Girard’s Reagent T (GRT) . . . . .     	 229
Paul Wood

17	 Derivatization of Lipid Amines: Fluorenylmethyloxycarbonyl (FMOC) . . . . . . .      	 233
Paul Wood

18	 High-Resolution Mass Spectrometry of Glycerophospholipid  
Oxidation Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 237
Paul Wood

Index .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 	 243

Contents



xi

Giuseppe Astarita  •  Waters Corporation, Milford, MA, USA; Department of Biochemistry 
and Molecular and Cellular Biology, Georgetown University, Washington, DC, USA

Takeshi Bamba  •  Department of Biotechnology, Graduate School of Engineering, Osaka 
University, Suita, Osaka, Japan; Division of Metabolomics, Medical Institute of 
Bioregulation, Kyushu University, Fukuoka, Japan

Václav Matěj Bierhanzl  •  Faculty of Science, Department of Analytical Chemistry, 
Charles University in Prague, Prague, Czech Republic

Mesut Bilgin  •  MPI of Molecular Cell Biology and Genetics, Dresden, Germany; Unit  
for Cell Death and Metabolism, Center for Autophagy, Recycling and Disease, Danish 
Cancer Society Research Center, Copenhagen, Denmark

Radomír Čabala  •  Faculty of Science, Department of Genetics and Microbiology, Charles 
University in Prague, Prague, Czech Republic

R. Graham Cooks  •  Department of Chemistry and Center for Analytical Instrumentation 
Development, Purdue University, West Lafayette, IN, USA

M. Rosário M. Domingues  •  Department of Chemistry and QOPNA, Mass Spectrometry 
Centre, University of Aveiro, Campus Santiago, Aveiro, Portugal

Pedro Domingues  •  Department of Chemistry and QOPNA, Mass Spectrometry Centre, 
University of Aveiro, Aveiro, Portugal

Mark R. Emmett  •  Department of Biochemistry and Molecular Biology, University of Texas 
Medical Branch-Galveston (UTMB), Galveston, TX, USA; Department of Pharmacology 
and Toxicology, University of Texas Medical Branch-Galveston (UTMB), Galveston, TX, 
USA; Department of Radiation Oncology, University of Texas Medical Branch-Galveston 
(UTMB), Galveston, TX, USA; Mitchell Center for Neurodegenerative Diseases, University 
of Texas Medical Branch-Galveston (UTMB), Galveston, TX, USA; UTMB Cancer Center, 
University of Texas Medical Branch-Galveston (UTMB), Galveston, TX, USA

Christina R. Ferreira  •  Department of Chemistry and Center for Analytical 
Instrumentation Development, Purdue University, West Lafayette, IN, USA

Timothy J. Garrett  •  Department of Pathology, Immunology and Laboratory Medicine, 
College of Medicine, University of Florida, Gainesville, FL, USA

William J. Griffiths  •  Swansea University Medical School, Singleton Park, Swansea UK
Erich Gulbins  •  Department of Molecular Biology, University of Duisburg-Essen,  

Essen, Germany
Kentaro Hanada  •  Department of Biochemistry & Cell Biology, National Institute of 

Infectious Diseases, Tokyo, Japan
Alan K. Jarmusch  •  Collaborative Mass Spectrometry Innovation Center and Skaggs School 

of Pharmacy and Pharmaceutical Sciences, University of California, La Jolla, CA, USA
Alexandra C. Kendall  •  Manchester Pharmacy School, Faculty of Medical and Human 

Sciences, The University of Manchester, Manchester, UK
Burkhard Kleuser  •  Department of Nutritional Toxicology, Institute of Nutritional 

Science, University of Potsdam, Nuthetal, Germany
Tatiana Kondakova  •  Department of Microbiology, University of Illinois at Urbana-Champaign, 

Urbana, IL, USA

Contributors



xii

Cheryl F. Lichti  •  Department of Pharmacology and Toxicology, University of Texas 
Medical Branch-Galveston (UTMB), Galveston, TX, USA; Mitchell Center for 
Neurodegenerative Diseases, University of Texas Medical Branch-Galveston (UTMB), 
Galveston, TX, USA

Nadine Merlet Machour  •  UMR 6014 COBRA, Normandy Univ., Univ. Rouen, 
Evreux, France

Elisabete Maciel  •  Department of Chemistry and QOPNA, Mass Spectrometry Centre, 
University of Aveiro, Aveiro, Portugal; Department of Biology and CESAM, University  
of Aveiro, Campus Universitário de Santiago, Aveiro, Portugal

Tânia Melo  •  Department of Chemistry and QOPNA, Mass Spectrometry Centre, 
University of Aveiro, Aveiro, Portugal

Corinna Neuber  •  Department of Nutritional Toxicology, Institute of Nutritional Science, 
University of Potsdam, Nuthetal, Germany

Anna Nicolaou  •  Manchester Pharmacy School, Faculty of Medical and Human Sciences, 
The University of Manchester, Manchester, UK

Giuseppe Paglia  •  European Academy of Bolzano/Bozen, Center for Biomedicine,  
Bolzano, Italy

Valentina Pirro  •  Department of Chemistry and Center for Analytical Instrumentation 
Development, Purdue University, West Lafayette, IN, USA

Cécile Duclairoir Poc  •  Laboratory of Microbiology Signals and Microenvironment 
(LMSM) EA4312, Normandy Univ., Univ. Rouen, Evreux, France

Ana Reis  •  Department of Chemistry and QOPNA, Mass Spectrometry Centre, University 
of Aveiro, Aveiro, Portugal

Martina Riesová  •  Faculty of Science, Department of Analytical Chemistry, Charles 
University in Prague, Prague, Czech Republic; Institute of Forensic Medicine and 
Toxicology, General University Hospital in Prague, Prague, Czech Republic

Fabian Schumacher  •  Department of Nutritional Toxicology, Institute of Nutritional 
Science, University of Potsdam, Nuthetal, Germany; Department of Molecular Biology, 
University of Duisburg-Essen, Essen, Germany

Gabriela Seydlová  •  Faculty of Science, Department of Physical Chemistry,  
Charles University in Prague, Prague, Czech Republic

Andrej Shevchenko  •  MPI of Molecular Cell Biology and Genetics, Dresden, Germany
Bindesh Shrestha  •  Waters Corporation, Milford, MA, USA
Toshihiko Sugiki  •  Institute for Protein Research, Osaka University, Suita, Osaka, Japan
Candice Z. Ulmer  •  Department of Chemistry, University of Florida, Gainesville, FL, USA
Yuqin Wang  •  Swansea University Medical School, Singleton Park, Swansea, UK
Norelle C. Wildburger  •  Department of Neurology, Washington University School of 

Medicine, St. Louis, MO, USA
Paul Wood  •  Metabolomics Unit, Lincoln Memorial University, Harrogate, TN, USA
Takayuki Yamada  •  Department of Biotechnology, Graduate School of Engineering,  

Osaka University, Suita, Osaka, Japan
Richard A. Yost  •  Department of Chemistry, University of Florida, Gainesville, FL, USA; 

Department of Pathology, Immunology and Laboratory Medicine, College of Medicine, 
University of Florida, Gainesville, FL, USA

Contributors



1

Paul Wood (ed.), Lipidomics, Neuromethods, vol. 125,
DOI 10.1007/978-1-4939-6946-3_1, © Springer Science+Business Media LLC 2017

Chapter 1

Introduction and Overview of Lipidomic Strategies

William J. Griffiths and Yuqin Wang

Abstract

While analysis of the genome or proteome can be predictive of the fate of an organism, its metabolome is 
informative of the outcome of events on an organism. The metabolome can thus be regarded as closer to 
the actual phenotype than either the genome or proteome. Lipids represent a major component of the 
metabolome and their hydrophobic and amphipathic nature dictates their separate analysis from more 
water-soluble metabolites; hence, the discipline of lipidomics has emerged. In this short chapter, we will 
highlight the different strategies in lipidomics which have now reached maturity, i.e., shotgun and 
chromatography-based mass spectrometry approaches. We will discuss some of the newer technologies 
coming to the forefront e.g., the use of derivatization chemistry, and comment on exciting developments 
now being made in the lipidomic field, e.g., surface analysis and lipid imaging. Finally, we will comment 
on some of the dangers encountered using an “omics” approach in biochemical analysis.

Key words Lipidomics strategies, Analytical approaches, Lipid imaging

1  Introduction

Lipidomics can be defined as the quantitative identification of all 
lipids in an organism, tissue, fluid, or cell type. Lipids themselves 
are defined as hydrophobic or amphipathic small molecules that 
may originate entirely or in part by carbanion-based condensations 
of thioesters (e.g., fatty acyls) and/or by carbocation-based con-
densations of isoprene units (e.g., prenols, sterols) [1]. An older 
less exact definition of lipids, often found in general biochemistry 
texts, is naturally occurring compounds readily soluble in organic 
solvents. Lipids represent a major part of the metabolome [2]; 
however, the insolubility of many lipids in aqueous solutions dic-
tates their separate analysis from the more water-soluble compo-
nents of the metabolome. Although nuclear magnetic resonance 
(NMR) has been used wildly in metabolomic studies [3], mass 
spectrometry (MS) is the dominant technology in lipidomics. 
Historically, gas chromatography (GC)–MS was a major tool for 
lipid profiling studies [4, 5], but today this technology has been 
overtaken by the interfacing of desorption ionization techniques of 
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atmospheric pressure ionization (API) and matrix-assisted laser 
desorption/ionization (MALDI) with MS.  API, usually electro-
spray ionization (ESI) or atmospheric pressure chemical ionization 
(APCI), is often linked to a liquid chromatography (LC) system 
providing separation prior to MS analysis. MALDI is mostly per-
formed under vacuum and is not usually linked to LC separation, 
although MALDI can be performed from thin-layer chromatogra-
phy (TLC) plates. MALDI –MS imaging (MSI) is becoming an 
ever more adopted technology in lipidomics providing spatial 
information to lipid classes in tissues [6].

MS gives molecular weight information via measurement of the 
mass-to-charge ratio (m/z) of ionized species and many modern 
MS instruments are capable of providing mass accuracy at a level of 
0.001–0.002 m/z. This degree of mass accuracy allows m/z searches 
against, e.g., the Lipid Maps database of compounds http://www.
lipidmaps.org/ or through various commercial or open-source soft-
ware, e.g., XCMS, MZmine to identify ionized molecules [7–9]. 
Structural information is provided by performing tandem mass 
spectrometry (MS/MS) or multistage fragmentation (MSn) experi-
ments. Databases for identifications from MS/MS data are in exis-
tence, e.g., LipidBlast, MS-DIAL [10, 11], while the Lipid Maps 
website contains MS/MS spectra for over 500 lipids. While reliable 
annotations can be made from MS and MS/MS data, further con-
fidence of identification can be made by combining chromato-
graphic separation as in GC-MS and LC-MS. Definitive identification 
requires comparison of retention time, mass, and MS/MS fragmen-
tation with an authentic standard. A European group have provided 
a useful nomenclature to annotate lipids from MS data indicating 
the extent of structural certainty [12].

MS not only provides information for lipid identification, it 
can also be used for lipid quantification. Ideally, quantification is 
performed with the use of isotope-labeled standards added during 
sample preparation, or if these are not available via structurally 
related analogues. Avanti Polar Lipids http://avantilipids.com/ 
provide a large number of high-quality authentic standards impera-
tive for accurate quantification.

There are essentially two strategies in lipidomics analysis. There is 
the global “shotgun” approach developed by Han and colleagues in 
the USA [13] and by Shevchenko and coworkers in Europe [14], 
where the aim is to identify/quantify a maximum number of lipid 
compounds with a minimum amount of sample preparation. This 
was initially performed with direct-infusion ESI, but now more com-
monly chip-based nano-ESI is employed. The main disadvantage of 
shotgun lipidomics is its bias toward more abundant and readily ion-
ized lipids. This has been overcome by both Han and Schevchenko’s 
groups by clever use of derivatization chemistry. The alternative strat-
egy in lipidomics is the targeted approach where each class of lipids is 
analyzed one at a time (Fig. 1). This approach has been impressively 
exploited by the Lipid Maps consortium in the USA where different 

William J. Griffiths and Yuqin Wang
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groups have combined data for the lipidomic analysis of a pooled 
plasma sample, RAW 264.7 immortalized macrophage-like cell, and 
tissue, plasma, and urine from nonalcoholic fatty liver disease 
(NAFLD) includes steatosis, nonalcoholic steatohepatitis (NASH) 
patients [15–17]. The Lipid Maps consortium have posted their data 
and all protocols on their website http://www.lipidmaps.org/. The 
analytical methods used can also be found on this site and are pub-
lished in an issue of Methods in Enzymology [18].

2  Shotgun Lipidomics

The term shotgun lipidomics was coined by Han and Gross and 
the methodology was excellently reviewed in their 2005 publica-
tion [13]. In the succeeding decade shotgun lipidomics has been 
developed further and has been exploited by many other workers, 
but the fundamental concepts remain the same [19]. The idea is to 
perform a lipid extraction, usually using chloroform and methanol 
[13], or alternatively methyl-tert-butyl ether (MTBE) [20], and 
analyze the crude extract directly by ESI-MS/MS [13]. The scan-
ning protocols used depend on the mass spectrometer available, 
but the goal is always to identify and quantify as many lipid molec-
ular species as possible.

OH

O

Fatty Acyls: octadecanoic acid

OHO

O

HO

O

Glycerolipids: 1-octadecanoyl-2-(9Z-octadecenoyl)-sn-glycerol

O

O
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O O
N+

P
-O

O

O

Glycerophospholipids: 1-octadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine
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Sterol lipids: 7α-hydroxycholesterol

OH

Prenol lipids: 2E,6E-farnesol

Fig. 1 Six classes of lipids commonly analyzed in lipidomics studies
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Han and Gross performed their initial studies using tandem quad-
rupole instruments and designed their workflow to take advantage 
of the performance characteristics of these instruments [13]. As is 
evident from Fig. 1 different lipid classes have differing polarities. 
Han and Gross exploited this to perform “intra-source separation” 
where negative-ion ESI is utilized to preferentially ionize anionic 
lipids, e.g., glycerophosphates (PA), then upon the addition of a 
basic solution, often NH4OH or LiOH, weakly anionic lipids are 
analyzed, e.g., glycerolphosphoethanolamines (PE). By changing 
ion-source polarity to positive-ion mode, electrically neutral lipids, 
e.g., glycerophosphocholines (PC) become ionized as NH4

+ or Li+ 
adducts depending on the additive used. The optimum choice of 
additive is dependent on the exact design of ESI interface used. By 
using “intra-source separation” different classes of lipids can be tar-
geted in different scans, circumventing problems of completive ion-
ization and limitations of dynamic range, while exploiting the 
capability of the tandem quadrupole instrument to perform fast 
positive/negative switching. Han and Gross also developed a pro-
tocol they latter named “multidimensional mass spectrometry” 
(MDMS) [21]. The first (x) dimension consists of ESI-MS scans in 
both the positive- and negative-ion modes (also called survey scans) 
and the second (y) dimension consists of a progression of collision-
induced dissociation (CID) neutral-loss and precursor-ion MS/MS 
scans, again in both the positive- and negative-ion modes. Cross-
peaks between the two dimensions represent fragments of a particu-
lar precursor. Quantification is performed by the addition of internal 
standards during extraction, a least one standard for each class of 
lipid. On tandem quadrupole instruments MDMS provides a sensi-
tivity advantage over conventional product-ion scans (where the 
entire m/z range from the precursor ion downward is monitored), 
as time and sample is not wasted monitoring redundant fragment-
ions. Shotgun lipidomics exploiting “intra-source separation” and 
MDMS works very well for glycerolipids [22], glycerophospholip-
ids [13], and sphingolipids [23], but less well for other types of 
lipids that are difficult to ionize or are in low abundance. To over-
come this Han and colleagues have exploited a suite of derivatiza-
tion reactions [22, 24–26]. MDMS takes advantage of the ordered 
nature of lipid molecules (Fig. 1) which generally consist of a polar 
head group, a linker, and an aliphatic chain. In biology the number 
of different head groups is limited as is type of aliphatic chain. The 
nature of the lipid head group can often be established in a neutral-loss 
or precursor-ion scan, e.g., neutral loss of 87 Da [NHCH(CH2OH)
CO] is a characteristic of [M-H]− ions glycerophosphoserines (PS), 
a product ion scan for m/z 184 ([H2O3POC2H4N(CH3)3]+) is a 
characteristic of choline containing lipids (PC or phosphosphingolip-
ids), and the product-ion m/z 196 [CH2OCHCH2OPO3C2H4NH2]− 
is a characteristic of PE [13]. Precursor-ion scans in the negative-ion 
mode for [RCO2]−, or neutral-loss scans in the positive-ion mode 

2.1  Intra-Source 
Separation and MDMS
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for the loss of RCO2H, reveal fatty acid substituents [22]. Han and 
colleagues are able to scan for over 30,000 potential lipid molecular 
species and have identified as many as 2000 from a chloroform 
extract [27, 28]. Shotgun lipidomics is also performed on other 
types of mass spectrometer. When Q-TOF type instruments are uti-
lized following the recording of a survey scan (x-dimension), MS/
MS spectra are recorded for each m/z (y-dimension). Reconstructed-
ion chromatograms (RIC) can then be generated to match struc-
turally specific product ions with their precursors [29].

Shevchenko and colleagues in Dresden have developed a shot-
gun lipidomics approach, called “top-down lipidomics,” exploit-
ing the attributes of high-resolution mass spectrometers [14, 
30]. They have utilized Orbitrap mass spectrometers that not 
only give high resolving power (>100,000 full width at half max-
imum height) but also accurate mass measurements (<5 ppm). 
By accurately measuring the m/z of an ion its likely elemental 
composition can be determined, if not exactly, then down to 
only a few possibilities. This leads to lipid annotation, if not 
definitive identification. Identification can be made by recording 
an MS/MS spectrum and comparing it to an experimentally or 
theoretically derived spectrum in a database. Schevchenko and 
colleagues have developed a software to automate this process 
[31]. Top-down lipidomics is usually performed using auto-
mated chip-based nano-ESI infusion. Spectra can be recorded in 
about 1 min, allowing hundreds of samples to be analyzed in 1 
day. Quantification is performed by the addition of internal stan-
dards. As with the methods developed by Han and colleagues 
mentioned above, “top-down lipidomics” is biased, discriminat-
ing against low abundance and poorly ionized lipids. Again, to 
overcome this problem Shevchenko and colleagues have made 
use of clever derivatization chemistry [32].

While it is fair to say that in the era of ESI the dominant method-
ologies have been those developed by the groups, and colleagues, 
of Han and Schevchenko, in the preceding era dominated by fast 
atom bombardment (FAB)-MS and liquid secondary ionization 
mass spectrometry (LSIMS) similar methods were used for metab-
olite profiling, particularly for steroids and bile acids. FAB-MS 
and/or LSIMS have been extensively used to profile steroids and 
bile acids in urine [5, 33–35]. Steroids are usually excreted in urine 
as sulfate or glucuronide conjugates making them suitable for ion-
ization in the negative-ion mode, similarly the carboxylate group 
of bile acids facilitates negative-ion analysis. Bile acids may be con-
jugated with taurine or glycine and sulfuric, glucuronic acid, or 
other sugars, further encouraging negative-ion formation. For 
urine analysis bile acids or steroids are first extracted on a C18 or 
similar reversed-phase solid-phase extraction cartridge and the 

2.2  Top-Down 
Lipidomics

2.3  Shotgun 
Steroidomics
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methanol or ethanol eluate is suitable for analysis. Today, ESI-MS 
has replaced FAB-MS and LSIMS for steroid and bile acid analysis 
[34, 35].

While the classic shotgun lipidomics experiment involves direct 
infusion of a lipid extract, this can be modified by the up-stream 
inclusion of LC column offering some separation before ionization 
[36, 37]. The LC mobile phase must have a high organic content 
to provide for lipid solubility. The advantage provided by including 
a LC separation step to the shotgun format is that retention time 
information provides an extra dimension for analyte identification. 
In a 2010 study, Sandra et al. were able to detect over 1500 fea-
tures (retention time, m/z pairs) from a plasma lipid extract [38]. 
The inclusion of an LC step does have its disadvantages. Throughput 
is reduced as the LC separation will have a defined run time, cross-
contamination between injections is always a worry as is overload-
ing of the column and distorting quantitative measurements. It 
should also be remembered the cruder the sample the more likely 
the column will become blocked or its performance deteriorate.

3  Targeted Lipidomics

An alternative to the shotgun lipidomic approach is provided by 
targeted lipidomics, where each class of lipid is analyzed one by 
one, exploiting extraction and MS procedures specifically designed 
for the target class of analyte. This approach is the one adopted by 
the Lipid Maps consortium in the US http://www.lipidmaps.
org/. The extraction and MS procedures used to analyze each class 
of lipid are published in a special issue of Methods in Enzymology 
http://www.lipidmaps.org/resources/downloads/2007_meth-
ods_chapters.pdf [18]. The consortium have published their lipi-
domic analysis of the RAW 264.7 macrophage-like cell line in 
which they identified 229 lipid species including 163 glycerophos-
pholipids, 48 sphingolipids, 13 sterols, and 5 prenols [39]. 
Following stimulation by lipopolysaccharide Kdo2-lipid A, to 
mimic bacterial infection, and activation of TLR4, increases in the 
levels of ceramides and cholesterol precursors were noted. In a 
similar study of the human plasma lipidome more than 500 distinct 
lipid species were detected and quantified including 73 glycerolip-
ids, 160 glycerophospholipids, 204 sphingolipids, 76 eicosanoids, 
31 fatty acids, 8 prenols, and 36 sterols [15].

The idea of using derivatization chemistry to target specific func-
tional groups and enhance the analysis of compounds possessing 
these groups has been exploited in MS for decades [40]. This con-
cept is now gaining popularity in modern lipidomics. Wang et al. 
devised a derivatization method for the analysis of lipids with a 
4-hydroxyalkenal structure by exploiting the Michael reaction with 

2.4  LC-Shotgun 
Lipidomics

3.1  Targeted 
Lipidomics Exploiting 
Derivatization

William J. Griffiths and Yuqin Wang
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carnosine [25]. 4-Hydroxyalkenal species are peroxidation prod-
ucts of polyunsaturated fatty acids and serve as “toxic second 
messengers” in cellular systems. Following their derivatization, 
ionization in the positive ion-mode is enhanced and derivative-
specific fragment ions facilitate precursor-ion determination [25]. 
Han’s group also exploited derivatization chemistry for the analysis 
of fatty acids. In a one-step reaction the carboxyl group of the fatty 
acid is reacted with N-(4-aminomethylphenyl)pyridinium (AMPP) 
in the presence of a carbodiimide catalyst [26]. The AMPP reagent 
is positively charged; thus, the derivatized molecules give high ion 
currents upon ESI-MS analysis. An added advantage is that MS/
MS patterns of the derivatized molecules are structurally informa-
tive. The AMPP reagent was, in fact, first used by Bollinger et al. 
to aid in the ESI-MS analysis of eicosanoids [41]. Derivatization 
strategies have also been applied by Reid and colleagues to intact 
plasmalogen glycerophospholipids [42]. They targeted the 
O-alkenyl-ether double bond within plasmenyl ethers by derivatiza-
tion with iodine and methanol. The derivatized molecules show 
characteristic mass shifts and give informative fragment ions upon 
MS/MS.  They also derivatized amine-containing plasmalogens 
with 13C1-S,S′-dimethylthiobutanoylhydroxysuccinimide ester 
(13C1-DMBNHS) reagent prior to iodine and methanol addition. 
Again, derivatization provides a characteristic mass shift and infor-
mative fragment ions are forthcoming upon MS/MS.

We have developed a derivatization strategy for the analysis of 
sterols and steroids. Inspired by the use of the Girard hydrazine 
reagents by Shackleton et al. to enhance the ESI-MS ion-current 
for steroids possessing a carbonyl group [43] and the use of micro-
chemical reactions by Brooks and colleagues [44], we have devel-
oped a technology we call enzyme-assisted derivatization for 
steroid analysis (EADSA) [45–47]. Steroids, including sterols and 
bile acids, possessing an oxo group are derivatized directly with the 
Girard P (GP) hydrazine reagent, those with no oxo group but 
with a 3β-hydroxy-5-ene or 3β-hydroxy-5α-hydrogen structure are 
first treated with cholesterol oxidase to introduce a 3-oxo group 
and are then derivatized with the GP reagent, while steroids with a 
3α-hydroxy group are oxidized with 3α-hydroxysteroid dehydro-
genase to the 3-oxo equivalents and then derivatized with the GP 
reagent. Not only does GP derivatization enhance ionization in 
both ESI and MALDI, it also directs fragmentation in MS/MS. 
This technology is now being exploited by others [48, 49].

While most chemical derivatization reactions are performed 
prior to MS analysis. Derivatization can also be exploited within 
the mass spectrometer itself. Blanksby, Mitchell, and colleagues in 
Australia have developed a derivatization method they call OzID in 
which selected precursor ions are subjected to gas phase reaction 
with ozone in a linear ion-trap [50]. The resulting CID/OzID 
spectra are particularly valuable for determining sn-position and 
carbon double bond positions in glycerophospholipids.

Introduction and Overview of Lipidomic Strategies
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4  Surface Analysis and Mass Spectrometry Imaging

Modern mass spectrometry imaging (MSI) has been pioneered by 
Richard Caprioli and colleagues in Vanderbilt University [51]. His 
group has largely used MALDI-MSI for the imaging of proteins 
and peptides. In a MALDI-MSI experiment tissue surface is coated 
with matrix and the otherwise unadulterated sample analyzed by 
MALDI-MS.  By moving the MALDI plate relative to the laser 
beam mass spectra are recorded over the tissue. Modern systems 
give 10–50 μm lateral resolution and maps of specific ion abun-
dances can be generated to visualize the locations of defined mol-
ecules in a tissue slice. MALDI-MSI is particularly suitable for lipid 
analysis as the MALDI matrix appears to extract lipids from the cut 
surface. Murphy and colleagues have extensively used this technol-
ogy for lipid imaging [6]. While lipid imaging works very well for 
glycerophospholipids and other abundant lipids, it works less well 
for poorly ionized lipids. To overcome this derivatization chemis-
try can be exploited. This has been demonstrated by Andrew and 
colleagues for steroid analysis in brain [52].

Surface analysis can also be achieved using ESI via the tech-
nique desorption electrospray ionization (DESI) developed by 
Graham Cooks and colleagues in Purdue [53]. DESI generally 
provides lower lateral resolution than MALDI-MSI but avoids the 
necessity for matrix application.

5  Conclusions

Lipidomics has progressed over the last decade to a mature tech-
nology [54]. There are still major challenges ahead, e.g., in the 
localization of lipids to defined spatial regions, the observation of 
their temporal changes, and the analysis of lipids that may be minor 
in most situations and only become abundant after appropriate 
stimulation. There are also dangers for lipid analysis using an omics 
approach. The availability of metabolite and lipid databases has led 
to a careless use of the term identification. To an analytical chemist 
a compound is only identified when its chemical and physical prop-
erties exactly match those of an authentic standard. When only a 
single property, e.g., exact mass, is matched to a structure in a 
database, the term annotate is more appropriate. Care must also be 
taken when performing quantification. The gold standard for 
quantification is isotope dilution MS where an isotope labeled 
standard is added during analyte extraction. This may not always 
be possible in which case quantification is best performed against 
structural analogues. Finally, with respect to quantification, the 
analyst should be aware of the precision of their method by analysis 
of repeated quality control samples before claiming changes in ana-

William J. Griffiths and Yuqin Wang



9

lyte concentrations are a consequence of a biological pertebation. 
With these caveats in mind the future is bright.
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Chapter 2

Nontargeted Lipidomics Utilizing Constant Infusion  
High-Resolution ESI-Mass Spectrometry

Paul Wood

Abstract

High-resolution (<3 ppm mass error) ESI-mass spectrometric analyses of lipid extracts allow for the analysis 
of over 2700 individual lipids across 56 lipid subfamilies utilizing a 1 min constant infusion. This approach 
allows broad sampling of the lipidome while minimizing issues of lipid losses, of racemization with silica-
based supports, and of ghost effects that are associated with almost all chromatographic systems for lipids 
containing very-long-chain fatty acids. The issue of isobars must always be assessed carefully and can be 
managed by tandem mass spectrometry in some cases, by derivatization prior to direct infusion analyses, 
or via the use of chromatographic systems.

Key words High-resolution mass spectrometry, Lipid nomenclature, Tandem mass spectrometry

1  Introduction

Lipidomics platforms are incredibly valuable in that they allow 
investigators to interrogate precious clinical samples in addition to 
animal models of disease. This approach is utilized by investigators 
to examine biofluids and tissues from different disease populations 
and thereby determine which animal models are optimal for eval-
uating experimental treatment paradigms prior to clinical trials. 
This approach also is invaluable in establishing lipid biomarkers of 
disease, of disease progression (temporal axis), of the therapeutic 
response in patients, for defining patient subpopulations (patient 
stratification at the molecular level), and for defining new molecular 
therapeutic targets.

While lipidomics is a rapidly expanding sector of the “omics” 
technologies, it is essential to understand that the early work in this 
field was conducted with triple quadrapole mass spectrometers. 

Electronic supplementary material:  The online version of this chapter (doi:10.1007/978-1-4939-6946-
3_2) contains supplementary material, which is available to authorized users.

http://dx.doi.org/10.1007/978-1-4939-6946-3_2
http://dx.doi.org/10.1007/978-1-4939-6946-3_2
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Therefore, data was obtained with unit mass resolution (50–200 ppm 
mass error) resulting in the potential for miss-assignments of lipid 
identities. The introduction of commercial high-resolution mass 
spectrometers has provided the technology to correct potential 
errors and to further advance the field of lipidomics. In our 
Lipidomics Unit, we utilize high-resolution ESI-mass spectrome-
try [1] for the analysis of diverse clinical samples and samples from 
transgenic mouse models. In the case of Mild Cognitive Impairment 
(MCI) and Alzheimer’s disease, we have demonstrated abnormal 
accumulation of diacylcglycerols, early in the disease process, in 
brain tissue [1–3], CSF [1], and plasma [3, 4]. In addition, exam-
ining larger patient populations has allowed us to stratify these 
patient populations into at least three subgroups [5]. Similarly, we 
have demonstrated abnormal lipid metabolism in the myelin of 
brain samples obtained from subjects with schizophrenia and in a 
transgenic mouse model of this disease [6, 7]. Alterations of com-
plex lipids in gray matter also were detected in the brain samples 
obtained from subjects with schizophrenia [8].

2  Materials and Equipment

All organic solvents should be of LC-MS grade.

●● Internal standards are made up as 1 mM solutions in methanol 
and are stored at −20 °C. Chloroform and/or water are uti-
lized with lipids insoluble in methanol alone.

●● All standard solutions should be warmed to room temperature 
before removing aliquots for the internal standard cocktail, 
since some of the lipids precipitate at −20 °C.

●● Bromocriptine is included as an internal standard to monitor 
for potential mass axis drift and to evaluate isotopic resolution 
(Br81 = 49.3%). Bromocriptine can be monitored both in posi-
tive ESI and negative ESI.

●● The following is a table of the internal standards we use to ana-
lyze 100 μL samples of human plasma (nmoles = nanomoles of 
internal standard per 100 μL plasma):

Int. Std. Supplier nmoles Exact Mass [M+H]+

PtdC 28:0 [D54] Avanti 1 729.8257 730.8330

PtdC 32:0 [D62] Avanti 0.5 793.9337 794.9410

PtdC 34:1 [D31] Avanti 4 790.7720 791.7793

MAG 18:1 [D5] CDN 1 361.3240 362.3313

Cer [D31] Avanti 1 568.7070 569.7143

2.1  Internal 
Standards

(continued)

Paul Wood
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Bromocriptine Sigma 0.5 653.2213 654.2285

Bromocriptine-81 655.2192 656.2265

Int. Std. Supplier nmoles Exact Mass [M+NH4]+

DAG 36:2 [C3] Larodan 1 623.5480 641.5824

TAG 48:0 [D5] CDN 3 811.7677 829.8021

Int. Std. Supplier nmoles Exact Mass [M–H]−

PtdE 34:1 [D31] Avanti 1.2 747.7191 746.7119

PtdC 28:0 [D54] Avanti 0.5 687.7783 686.7710

PtdS 34:1 [D31] Avanti 4 791.0837 790.7011

PG 32:0 [D62] Avanti 0.25 784.8990 883.8917

PG 34:1 [D31] Avanti 0.5 779.7200 778.7127

Stearic acid [C18] CIL 0.15 302.3318 301.3246

Arachidonic acid [D7] Cayman 0.1 312.2905 311.2832

DHA [D5] Cayman 0.5 333.2716 332.2643

VLCFA 26:0 [D4] CDN 1.25 400.4218 399.4146

DC 16:0 [D28] CDN 1.5 314.3902 313.3829

Cholesterol sulfate [D7] Avanti 1 473.3556 472.3483

PA 34:1 [D31] Avanti 1 704.6763 703.6690

Bromocriptine Sigma 0.5 653.2213 652.21398

Bromocriptine-81 655.2192 654.2119

The infusion solvent is 80  mL 2 propanol  +  40  mL metha-
nol  +  20  mL chloroform  +  0.5  mL water containing 164  mg 
ammonium acetate.

The utility of the orbitrap mass spectrometer for direct infusion 
lipidomics studies was first reported by Schuhmann et al. [9]. The 
advantages of the Q Exactive (Thermo Fischer) for lipidomics 
analyses include:

	 1.	A benchtop quadrupole orbitrap mass spectrometer with a 
small footprint.

	 2.	High mass resolution (140,000).
	 3.	High mass accuracy (0.4–3 ppm).
	 4.	High sensitivity.
	 5.	Excellent stability (no mass axis drift over 24 h. experimental 

period, with over 3 years of instrument operation).
	 6.	Maintenance-free analyzer [8].

2.2  Infusion Solvent

2.3  Mass 
Spectrometer

Nontargeted Lipidomics Utilizing Constant Infusion High-Resolution ESI-Mass…
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3  Methods

	 1.	100 μL of biofluid is mixed with 1 mL of methanol containing 
the internal standard mixture and 1 mL of water [4].

	 2.	Next 2 mL of t-butylmethyether is added and the tubes capped 
and shaken vigorously at room temperature for 30 min using a 
Fisher Multitube Vortexer.

	 3.	The tubes are then centrifuged at 3000 × g for 15 min at room 
temperature.

	 4.	Next 1 mL of the upper organic lipid layer is transferred to a 
screw-top 1.5 mL microfuge tube and the samples dried for 
3.5 h in an Eppendorf Vacufuge.

	 5.	The samples are redissolved in 150 μL of the Infusion Solvent 
and the tubes centrifuged at 30,000  ×  g for 5  min in an 
Eppendorf Microfuge to precipitate any particulates.

	 6.	Note: This extraction procedure is not optimal for extraction 
of gangliosides.

	 1.	In the case of tissues [10] and cells, they are first sonicated in 
the methanol–water solution, as above, prior to the addition of 
the t-butylmethyether.

	 1.	The redissolved sample is infused into the ESI source at a flow 
rate of 5 μL/min.

	 2.	The sample is scanned first in Neg-ESI (180–1400 amu) mode 
for 0.5 min followed by Pos-ESI (200–1400 amu) mode for 
0.5 min.

	 3.	Both modes were set to scan at a resolution of 140,000.
	 4.	The syringe and infusion line are washed between infusions 

first with 1 mL of methanol and then 1 mL of hexane:ethyl 
acetate (3:2) to minimize memory effects.

For the high-resolution mass spectrometric data, the top 1000 
masses, using 200 amu windows, and their associated ion intensi-
ties are electronically transferred to an Excel spreadsheet. Within 
the spreadsheet is a list of 2689 lipids, their exact masses (five deci-
mals), and the scanned ion which is searched within the data table. 
If the calculated ppm mass error is determined to be ≤3 for the 
extracted anion or cation, then the ratio of the ion intensity to that 
of the assigned internal standard is calculated and added to the 
spreadsheet. The following is a list of the 56 lipid subclasses that 
we monitor via direct infusion analyses.

The following is a list of the 56 lipid subclasses that we monitor via 
direct infusion analyses.

3.1  Extraction 
of Biofluids

3.2  Extraction 
of Tissues and Tissue 
Culture Cells

3.3  Mass 
Spectrometric 
Workflow Analysis

3.4  Mass 
Spectrometric Data 
Reduction

3.5  Lipid Classes

Paul Wood
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The glycerophosphospholipid (GPL) subclasses and the associated 
ionization modes include:

	 1.	Diacyls
(a)	 Phosphatidylcholines (PtdC): [M+H]+

(b)	Phosphatidylethanolamines (PtdE): [M–H]−

(c)	 Phosphatidylserines (PtdS): [M–H]−

(d)	N-Acyl-Phosphatidylserines (NAPS): [M–H]−

(e)	 Phosphatidylinositols (PtdI): [M–H]−

(f)	 Phosphatidylglycerols (PtdG): [M–H]− and [M+H]+

(g)	Bis(monoacylglycero)phosphates (BMP): [M–H]− and 
[M+H]+

	 2.	Alkyl-Acyls (OA)
(a)	 OA-glycerophosphocholines: [M+H]+

(b)	OA-glycerophosphoethanolamines: [M–H]−

	 3.	Alkenyl-Acyls (Plasmalogens)
(a)	 Choline plasmalogens (PlsC): [M+H]+

(b)	Ethanolamine plasmalogens (PlsE): [M–H]−

	 4.	Lyso(Acyl)-GPL
(a)	 Lysophosphatidylcholines (LPC): [M+H]+
(b)	Lysophosphatidylethanolamines (LPE): [M–H]−
(c)	 Lysophosphatidylserines (LPS): [M–H]−
(d)	Lysophosphatidylinositols (LPI): [M–H]−
(e)	 Lysophosphatidylglycerols (LPG): [M–H]−
(f)	 Formyl-LPC: [M+H]+
(g)	Formyl-LPE: [M–H]−

	 5.	Lyso(Alkyl)-GPL
(a)	 Lyso-alkylphosphatidylcholines (LPCe): [M+H]+
(b)	Lyso-alkylphosphoethanolamines (LPEe): [M–H]−

	 6.	Lyso(Alkenyl)-GPL
(a)	 Lyso-alkenylphosphocholines (LPCp): [M+H]+
(b)	Lyso-alkenylphosphoethanolamines (LPEp): [M–H]−

The glycerol subclasses include:

	 1.	Monoacylglycerols (MAG): [M+H]+

	 2.	Diacylglycerols (DAG): [M+NH4]+

	 3.	Triacylglycerols (TAG): [M+NH4]+

3.5.1  Glycerophos-
pholipids

3.5.2  Glycerols

Nontargeted Lipidomics Utilizing Constant Infusion High-Resolution ESI-Mass…
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	 4.	TAG hydroperoxides: [M+NH4]+

	 5.	Alkylacylglycerols (EAG): [M+NH4]+

	 6.	Alkenylacylglycerols (VAG): [M+NH4]+

	 7.	Seminolipids (SEM): [M–H]−

The sphingolipid subclasses include:
	 1.	Sphingomyelins (SM): [M+H]+

	 2.	Galactosylceramides: [M–H]−

	 3.	Lactosylceramides: [M–H]−

	 4.	Ceramides (CER): [M+HCOO]−

	 5.	Ceramide-phosphoethanolamines (CER-PE): [M–H]−

	 6.	Phosphatidic acids (PA): [M–H]−

	 7.	Lysophosphatidic acids (LPA): [M–H]−

	 8.	Cyclic Phosphatidic acids (cPA): [M–H]−

	 9.	Sulfatides: [M–H]−

	10.	Cardiolipins: [M–2H]2−

The fatty acid subclasses include:

	 1.	Free fatty acids (FFA): [M–H]−

	 2.	Very-long-chain fatty acids (VLCFA): [M–H]−

	 3.	Hydroxy fatty acids (HFA): [M–H]−

	 4.	Dicarboxylic fatty acids (DC): [M–H]−

	 5.	Hydroxy dicarboxylic fatty acids (HDC): [M–H]−

	 6.	Dihydroxy dicarboxylic fatty acids (DHDC): [M–H]−

	 7.	Isoprenoids: [M–H]−

	 8.	Acyl-Carnitines: [M+H]+

	 9.	N-Acylserines: [M–H]−

	10.	O-Acyl-hydroxy fatty acids (OAHFA): [M–H]−

	11.	Cholesterol esters: [M+NH4]+

	12.	Cholesterol ester hydroperoxides: [M+NH4]+

	13.	Wax esters: [M+NH4]+

	 1.	Cholesterol sulfate: [M–H]−

	 2.	Neurosteroid sulfates: [M–H]− and [M–2H]2−

	 3.	Bile acid sulfates: [M–H]− and [M–2H]2−

	 1.	Mycolic acids: [M–H]−

3.5.3  Sphingolipids

3.5.4  Fatty Acids 
and Fatty Acid Derivatives

3.5.5  Sterol Sulfates

3.5.6  Bacterial Fatty 
Acids

Paul Wood
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4  Tandem Mass Spectrometric Analyses

High-resolution mass spectrometric analyses provide a large 
amount of accurate lipidomics data. In many cases, tandem mass 
spectrometric analyses are also required to validate structures and 
to distinguish isobars [11]. A useful list of MS2 spectra for different 
lipid classes generated with the Q-Exactive is included in Electronic 
Supplementary Material.
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Chapter 3

Ultrahigh-Resolution Lipid Analysis with Fourier Transform 
Ion Cyclotron Resonance Mass Spectrometry

Mark R. Emmett and Cheryl F. Lichti

Abstract

Global lipid analysis/profiling (lipidomics) is a rapidly expanding field that is a focal point of integrated 
omics (systems biology) studies of disease. Integrated omics is defined as the correlation of interdisciplinary 
technologies to interpret the molecular interactions within a biological organism, in response to gene/
chemotherapy or disease state, by monitoring and correlating: phenomics, genomics, transcriptomics, 
lipidomics, proteomics, PTM profiling, glycomics, metabolomics, and bioinformatics.

Key words FT-ICR, Ultrahigh-resolution mass spectrometry, Gangliosides, Ionization modes

1  Introduction

Lipidomic analysis is ground zero in integrated omics studies due 
to the high abundance of and rapid turnover of lipids in the 
biological system. Since lipids are not coded for at the genetic 
level, but instead are enzymatically derived, lipids are tightly linked 
to the proteins (enzymes) that are crucial to their synthesis and 
degradation. Lipids are the “window” to the transcriptomic (coding) 
and proteomic (functionality) systems of the biological organism. 
These systems are tightly linked and can be used to assemble pre-
dictive molecular biochemical pathways involved in the diseased 
state as compared to normal control. This interactive data is effi-
ciently used to intelligently design successive experiments, identify 
potential therapeutic targets and biomarkers, and rapidly enhance 
our knowledge of the molecular mechanisms involved in the initia-
tion and proliferation of disease.

Lipidomics is currently grouped in the field of metabolomics, 
although lipids play a much greater role in the biological system 
than just as a metabolite. Lipids are biochemically important for 
many reasons: lipids are important structural molecules maintaining 
the integrity of the cell membrane, lipids are energy storage mole-
cules, lipids are involved in cell adhesion, in cell/cell communication 
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as ligands/receptors, and as second messengers linked to cell 
cycle, proliferation, survival, and signal transduction. Lipids have 
been linked to many diseased states: cancer, neurodegeneration 
(i.e., Alzheimer’s, Parkinson’s, Huntington’s), and diabetes, to 
name a few [1, 2]. Glycosphingolipids are involved in several aspects 
of cancer proliferation, apoptosis, invasion, and metastasis [3].

The analysis of lipids is an analytical challenge due to their 
diverse structural nature. Most are amphipathic molecules with a 
polar head and nonpolar hydrocarbon tail, but others are highly 
nonpolar. The diversity of lipids skyrockets when one considers 
modifications such as degree of saturation, location of double 
bonds, and oxidations. It has been estimated that there are more 
than 180,000 possible combinations of phospholipids alone [4]! 
There is no “silver bullet” currently available for either extraction 
or analysis; their amphipathic nature makes both analysis and 
extraction equally challenging.

The focus of this book is on the analysis of biological lipids, the 
majority of which is performed by mass spectrometry (MS). That 
being said, there is still much work being performed utilizing thin-
layer chromatography (TLC)–even coupling TLC with MS [5]. 
Nuclear magnetic resonance (NMR) is also used for lipid analysis 
[6], although NMR sensitivity is much less than that of MS. There 
are many types of mass analyzers and ionization sources available 
for biological lipid analysis of which several will be presented. As 
with extraction methods, there is no single MS method/instru-
ment that can accomplish all analyses. Each method has limita-
tions, and the researcher must realize the benefits and limitations 
of the instrumentation available for their research. The emphasis of 
this chapter will be on the applications of ultrahigh-resolution mass 
analysis of lipids by Fourier transform ion cyclotron resonance 
mass spectrometry (FT-ICR MS).

2  Lipid Extraction

Extraction of lipids from biological samples is really the second 
step in the analysis of lipids. The first step is correct handling of the 
biological sample prior to extraction to limit degradation of the 
lipids in the sample. Rapid freezing of the sample should occur as 
soon as possible after harvest. This is easily done with samples har-
vested from animals or tissue culture, but sample handling is a fac-
tor that the researcher must take into consideration when dealing 
with postmortem samples. Assuming that the samples have been 
collected in a manner to limit degradation, tissues and bio-fluids 
(blood, urine, saliva, sputum, etc.) are very complex mixtures 
containing proteins, cells, metabolites, salts, carbohydrates, mucins, 
etc. and contain a multitude of lipid molecules with a wide range 
of polarity and concentrations [7]. Researchers working with brain 
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samples or tissue culture derived from brain [8, 9] have the easiest 
task because the brain is the most lipid abundant organ in the body 
[2]. Brain may have the highest concentrations of lipids, but lipids 
have been extracted and analyzed efficiently from a multitude of 
other sample types as reflected in several recent publications: cancer-
ous tissue [10], tissue culture [3], retina [1], cerebrospinal fluid 
(CSF) [9, 11], blood [12], exosomes [13], fish [14, 15], plants 
[16], algae [17, 18], and eukaryotic flagella [19]. This is by no 
means a complete list, but it demonstrates that lipids can be extracted 
and analyzed from most of all biological sources, and efforts are 
underway to analyze lipids on the single cell level [20].

There are basically two disciplines for the extraction of lipids 
from biological samples: solvent/solvent extraction and solid 
phase extraction (SPE). Within each of these disciplines, there are 
a multitude of variations. There is no one extraction method that 
guarantees extraction of all lipids in a biological sample due to the 
vast diversity of chemical composition, polarities, and size of lip-
ids. Review of extraction methodologies is beyond the scope of 
this chapter, thus a short summary will follow. For more detailed 
information, review Reis et al. [21], Wasntha et al. [22], and Lydic 
et al. [1] for solvent/solvent extractions and Bojko et al. [7] for 
SFE extraction. Raterink et al. [23] provide a short comparison of 
both extraction methods.

For solvent/solvent extractions there are three predominant 
methods: Bligh/Dyer [24], Folch [25], and MTBE [26], and 
multiple variations thereof. The first two utilize chloroform and 
methanol as their organic extraction solvents and achieve a phase 
separation with the addition of water. The third uses methyl tert-
butyl ether (MTBE) and methanol as the organic solvents with 
the addition of water to induce a phase change. Each of these 
protocols has its pros/cons, yet none seems to equally extract all 
lipids. The MTBE extraction has advantages of being less toxic 
than the first two and also allows the recovery of an intact protein 
pellet, which can be used to equate lipid levels back to total pro-
tein in the sample. In our lab, we predominately use a modifica-
tion of the Bligh/Dyer method because it yields more of the larger 
lipids such as gangliosides, which are a focus of our research, and 
it works well with small sample size (we routinely extract from 
20 μm thick mouse whole brain slices). The MTBE extraction is 
convenient, but in our hands it does not extract the larger ganglio-
sides as well as the Bligh/Dyer. In all solvent/solvent extractions it 
is a good idea to add 1 mM butylatedhydroxytoluene (BHT) to 
the extraction solvents to reduce oxidation of lipids during the 
extraction process.

SPE is a very attractive extraction method for lipids due to its 
ease of use and adaptation to automated high-throughput extrac-
tion and analysis. The main problem for global lipidomics is that 
SPE is highly selective for lipid classes and suffers from poor 

Ultrahigh-Resolution Lipid Analysis with Fourier Transform Ion Cyclotron Resonance…



24

recovery [7, 27, 28]. With that being said, SPE is the method of 
choice for targeted lipid analysis.

Finally, two other intriguing extraction methodologies that 
may hold great benefit are electromigration/electroelution [23] 
and supercritical fluid extraction (SFE) [29]. Electromigration 
extraction shows great promise because it pre-concentrates the 
analyte during the extraction procedure and is also amendable to 
automation. The majority of the publications to date have focused 
on extraction of small metabolites; the effectiveness of this method 
for lipid extraction is yet to be demonstrated. Due to the varying 
charges on lipid molecules, it makes logical sense that this extraction 
method would be most suited to targeted analysis. SFE holds great 
promise for extraction of lipids from biological samples. In SFE, 
supercritical gas (most often supercritical CO2) is used as the 
extraction solvent. Supercritical CO2 is considered to be a nonpo-
lar solvent, but it also has polar characteristics due to its large 
molecular quadrupole [30]. The polarity of the supercritical CO2 
can easily be increased with the addition of modifiers such as meth-
anol or other polar solvents, and thus both polar and nonpolar 
compounds can be extracted simultaneously. SFE is efficient and 
fast but have been hampered by high volume extraction vessels 
(1–24  mL and higher). Clever researchers have miniaturized the 
extraction vessel by performing SFE in an empty HPLC guard col-
umn [29]. A commercial vendor (Shimadzu Scientific Instruments, 
Inc.) has introduced an SFE vessel with a volume of 250  μL, 
which should be adequate for most biological extractions. The 
literature is sparse on the subject of SFE of lipids from biologicals; 
this is an area of research that holds great promise in lipid analysis 
and needs to be further explored.

3  Mass Spectrometry Analysis

After an extraction of global lipids, the sample contains a complex 
mixture of compounds of diverse polarities, molecular weights 
(many that are isobaric or isomeric), and modifications. As an 
example, consider the ganglioside family, which consists of lipids 
with highly varied polar sugar head groups coupled to a nonpolar 
ceramide tail that is also highly variable (length of ceramide tail, 
degree of and location of saturation, and extent of modification, 
i.e., oxidations). The complexity of gangliosides makes them a 
challenge to analyze by MS. The sugar head group is often capped 
with a negatively charged sialic acid, which affects ionization. 
Additionally, the multiple branching of the sugar head groups 
results in many structural isoforms that often cannot be distin-
guished by MS or MS/MS methodology. Due to the complexity of 
the sample, there are many options in the MS analysis of lipids. 
Raterink [23] summed it up in his metabolomics review, “no single 
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analytical technique covers the entire spectrum of the human 
metabolome; various complementary analytical platforms (e.g., gas 
chromatography-MS [GC/MS], liquid chromatography-MS 
[LC/MS], capillary electrophoresis-MS [CE/MS] and/or direct 
infusion-MS) should be employed in order to improve metabolite 
coverage and identification power.” This same mentality applies to 
complex lipid analysis and will be expanded to include: ionization 
type, direct infusion or separation prior to ionization, MS instru-
mentation type (low or high resolution), MS/MS fragmentation 
types, and high-resolution data analysis. Each of these areas will be 
discussed in this section.

There are a wide variety of ionization modes available in MS. 
Some are mostly specific to the particular MS instrumentation, 
e.g., electron impact ionization (EI) in GC/MS and matrix-assisted 
laser desorption (MALDI) in many time of flight (TOF) MS instru-
ments. Each ionization mode has advantages and drawbacks, 
and there is no single ionization mode that accomplishes all goals. 
The researcher is limited to what is available in his/her laboratory 
and must utilize that ionization mode to its fullest potential.

EI is the major ionization technique used when coupling a GC 
to a MS. EI is an efficient technique for ionization of molecules in 
the gas phase and is therefore highly suitable for molecules eluting 
from a GC column. In a nutshell, the eluted molecules pass through 
a high energy electron beam (~70 eV) that strips an electron from 
the molecule, resulting in a positively charged radical ion. EI also 
results in significant fragmentation of the analyte, which can be 
beneficial for known compounds that are in a library, but can 
make interpretation of EI spectra of complex unknowns extremely 
difficult. For GC separation, analytes need to be volatile to make 
it through the GC column, so most compounds need to be deriva-
tized prior to injection. The long carbon tails and increased molec-
ular weight of many lipids limit their ability to be eluted from GC 
columns; therefore, GC/MS is primarily limited to smaller lipid 
compounds.

MALDI ionization [31, 32] was introduced as a “soft” ionization 
technique. MALDI utilizes a “matrix” that is mixed with or applied 
to the sample. The sample is hit with a laser beam, and the matrix 
absorbs the majority of the energy of the laser and ionizes. The 
laser beam desorbs both the analyte and ionized matrix into the gas 
phase, where the ionized matrix transfers a charge to the analyte, 
forming an ion for MS analysis. MALDI can be interfaced to a 
variety of mass analyzers of varying resolutions. MALDI has the 
benefit of being highly tolerant of salts in the sample and has been 
used extensively for MALDI imaging [33] (primarily of lipids), 
which provides localization of specific lipid ions produced from a 
tissue slice. In this technique, the MALDI matrix is applied to 
the tissue, and individual laser shots are made incrementally across 
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the tissue sample. A mass spectrum is collected at each spot, and 
the multiple spectra are assembled to reveal a molecular ion image 
of the tissue. It is important to note that interpretation of MALDI 
and MALDI imaging results for biological lipids should be per-
formed carefully due to the loss of labile sialic acid residues during 
the MALDI ionization process [34]. It is anticipated that smaller 
beam size lasers (not yet available) will allow imaging at the single 
cell level. Recent efforts by Muddiman’s group [20], using an 
oversampling technique with a hybrid MALDI-electrospray source 
(IR-MALDIESI), generated data that predicts the identification of 
cholesterol at the single cellular level.

Electrospray ionization (ESI) was introduced by John Fenn’s 
group in 1985 [35]. Since this ionization mode is operated at atmo-
spheric pressure, it allowed the convenient interfacing of LC to 
MS. Even more importantly, ESI produced multiply charged ions, 
which had the effect of greatly extending the mass range of all MS 
systems to which it was interfaced. Since MS systems monitor the 
mass-to-charge ratio (m/z) of ions, rather than simply monitoring 
mass, ESI truly allowed the analysis of large biomolecules for the 
first time. Due to the significance of this advancement, John Fenn 
shared the Nobel Prize in Chemistry in 2002 for the invention of 
ESI. The advent of low-flow ESI techniques (micro-ESI [36] and 
nano-ESI [37]) revolutionized biological mass spectrometry due to 
the increase in sensitivity by multiple orders of magnitude as com-
pared to conventional ESI.  The increased sensitivity is due to 
increased ionization efficiency, which is the result of enhanced 
desolvation of the smaller charged droplets produced by low-flow 
ESI and elimination of sheath flow and/or sheath gas. The only real 
difference between micro-ESI and nano-ESI is that, with micro-
ESI, the flow through the capillary emitter is pumped (syringe 
pump, HPLC pump, air pressure, etc.); whereas with true nano-
ESI, flow rate is dependent on the potential applied to the emitter 
tip [38, 39]. Most often in micro-ESI, voltage is applied to the 
solvent, and the spray is generated from a nonconductive capillary 
emitter tip. The nonconductive tip eliminates arcing in the negative 
ion mode, thus eliminating the need for scavenging gases such as 
O2 or SF6 and allows for easy switching between positive and nega-
tive ion modes. The majority of lipid analysis with MS is performed 
with low-flow ESI sources.

Other atmospheric sources that have major applications in 
lipid analysis (and can readily interface LC to the MS), but tend to 
be underutilized are: atmospheric pressure chemical ionization 
(APCI) and atmospheric pressure photoionization (APPI). APCI 
is based on an original design by Horning [40] in which the sol-
vent is infused at high flow through a heated inlet and passed 
through a corona discharge for ionization (in the presence or 
absence of reagent gas). Henion later utilized APCI for efficient 
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LC-MS/MS applications [41]. A major advantage of APCI for 
lipid analysis is the increased ionization efficiencies of nonpolar 
compounds. APPI [42] is especially applicable for ionization of 
nonpolar compounds and is underutilized in nonpolar lipid analy-
sis. In APPI, a high energy photon is absorbed by either the ana-
lyte or the solvent, which causes the ejection of an electron, 
resulting in the production of a radical cation (M•+). This radical 
cation can then donate a proton to the analyte, producing a stable 
cation [M+H]+. Negative ions can also be produced by creating an 
abundance of thermal electrons. An advantage of APPI is that it 
does not suffer from ion suppression to the same extent as ESI or 
APCI [43]. It is important to note that APPI produces both stable 
and radical cations, which complicates mass spectral analysis. For a 
review on the comparison of ESI, APCI, and APPI for lipid analy-
sis, consult Imbert et al. 2012 [44]. In summary, ESI is optimal for 
polar lipid analysis, but has diminished response on nonpolars. 
APCI has better response on nonpolar lipids than ESI and APPI 
has the best response on nonpolar lipids, but fails on polar lipid 
analysis.

Finally, there are ionization sources that combine lipid extrac-
tion with ionization and interfacing to the MS. Costello’s group 
reported on two commercially available systems for extracting gan-
gliosides from TLC plates, the CAMAG TLC interface (CAMAG 
Scientific, Inc.) and the liquid extraction surface analysis (LESA, 
Advion BioSciences) [5]. Both systems performed well for extrac-
tion and analysis of gangliosides from TLC plates. Desorption elec-
trospray ionization (DESI) [45] has recently been demonstrated to 
lift lipids directly from human esophageal adenocarcinoma tissue 
samples for MS analysis [10].

In summary, there are many ionization modes available for 
biological lipid analysis. There is no one ionization method that 
has a stable response across all lipid polarities, so the researcher 
must compromise based on what source is available. If multiple 
sources are available and the extraction is a dual phase extraction 
such as the Bligh/Dyer, it would be advisable to use ESI analysis 
for the aqueous phase extraction and APCI and APPI analysis for 
the chloroform phase. Currently, ESI is the most common and 
versatile ionization source used in lipid analysis. Thus, the remain-
der of the discussions in this chapter will focus mainly on ESI 
applications. The next question is, should the analysis be performed 
in positive (pos.) or negative (neg.) ion mode? For global lipid 
analysis, neg. ion mode has been demonstrated to have superior 
sensitivity in lipid analysis [8, 27, 46]. However, for targeted lipid 
analysis, pos. ion analysis may provide optimal results for the lipid 
class of interest. If time and MS duty cycle permits, both pos. and neg. 
ion analysis would be preferred.
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There are two major methods for performing MS analysis on 
extracted lipid samples: direct infusion (shotgun) and sample sepa-
ration (capillary electrophoresis [CE], LC, or supercritical fluid 
chromatography [SFC]) prior to MS analysis. Shotgun analysis is 
attractive due to the ease and speed of analysis and its generation 
of much smaller data sets. Addition of a chromatographic step 
prior to MS analysis requires additional equipment/expertise, adds 
time and complication to the analysis, and produces large data sets. 
There are pro/cons to each method and the method of choice 
boils down to what the researcher is trying to achieve in their 
analysis.

Direct infusion of lipid extracts is appealing due to the simplic-
ity of the analysis, making shotgun lipidomics the method of choice 
in many research labs [9, 47–50]. The solvent/solvent biological 
lipid extractions produce extremely complex mixtures, and direct 
infusion of these mixtures necessitates analysis with high-resolution 
MS to help distinguish overlapping ions. Even with the highest 
resolution MS available, there are factors that must be considered 
when dealing with such a complex mixture. One often overlooked 
factor in the ESI-MS analysis of complex biological mixtures is 
that, as complexity of the sample increases, there is a competition 
for charge to be transferred to the analytes that are dissolved in the 
charged droplet produced by the low-flow ESI source. The charges 
on the droplet are finite and will be transferred to the ions that will 
most readily accept that charge. Thus, in a very complex biological 
sample, some analytes will rarely (if ever) pick up a charge and 
become ions. This ion suppression is a well-known complication 
in the ESI analysis of complex mixtures [51]. Reduction of the 
complexity of the sample is critical to achieve ionization of the 
maximum number of components in the complex biological mix-
ture. This is the major reason that some form of separation prior to 
ionization is necessary in order to observe the most complete lipid 
profile of complex biological samples.

Figure 1 illustrates the importance of sample separation (in this 
case liquid chromatography) in the analysis of a complex biological 
lipid sample [8]. The goal of these experiments was the develop-
ment of a method to extract and relatively quantify gangliosides 
from glioma tissue culture. Lipids were extracted by a modified 
Bligh/Dyer, and the extracted biological sample (aqueous phase) 
was spiked with four ganglioside standards: GM1 (d18:1/16:0), 
GM2 (d18:1/16:0), GM2 (d18:1/18:0), and GM3 (d18:1/16:0). 
The sample was directly infused and ionized by micro-ESI into a 
14.5 T FT-ICR MS. The lower spectrum shows the response for 
the spiked ganglioside standards in the biological background with 
constant infusion. In the broadband spectrum, GM2 and GM3 are 
the only standards seen at low levels in the biological lipid back-
ground. The lower right inset spectrum shows a zoomed spectrum 
in the m/z mass range of 1425–1650; no GM1 standard is seen 
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above the biological background. Also note that only 12 endoge-
nous components (features) were detected in the 1425–1650 m/z 
mass range when the extract was constantly infused. The upper 
spectrum in Fig.  1 shows the signal response for the same 
ganglioside-spiked biological extract sample after nano-LC frac-
tionation over a 50 μm i.d. ×8 cm nano-LC column, packed in-
house with phenyl-hexyl resin (Phenomenex, Torrance, CA). To 
assemble the lower full spectrum, all of the chromatographic spec-
tra were summed to produce one spectrum for presentation pur-
poses. Even with the summing, it is easy to see the benefit of 
chromatographic separation because all of the spiked ganglioside 
standards are now readily apparent above the biological baseline. 
The upper inset of the zoomed 1425–1650 m/z mass range shows 

Fig. 1 Comparison of Constant Infusion vs. LC/MS of Biological Lipids. Lower Spectrum: Constant infusion of 
the aqueous phase of a Bligh/Dyer extraction of glioma cell culture after drying down and resuspension in 
80% MeOH, 10 mM Ammonium Acetate. Sample spiked with GM1 (d18:1/16:0), GM2 (d18:1/16:0), GM2 
(d18:1/18:0), and GM3 (d18:1/16:0) standards and directly infused by negative ion micro-ESI into a 14.5 T 
FT-ICR MS. Only GM2 and GM3 standards are detected in the biological lipid background. Lower Right Inset 
Spectrum: Zoomed spectrum m/z range of 1425–1650, no GM1 standard is seen above the biological back-
ground and only 12 endogenous components (features) were detected in the 1425–1650 m/z mass range 
with direct infusion. Upper Spectrum: Response of the above ganglioside spiked biological extract after nano-
LC fractionation over a 50  μm i.d.  ×  8  cm nano-LC column in-house packed with phenyl-hexyl resin 
(Phenomenex, Torrance, CA). The full spectrum represents the sum of all chromatographic spectra to produce 
one spectrum for presentation purposes. Note the increased response of the ganglioside standards (including 
GM1) above the biological background after nano-LC separation. Upper Right Inset Spectrum: Zoomed spec-
trum m/z range of 1425–1650, after nano-LC separation, GM1 (d18:1/16:0) standard is the largest component 
in the m/z range and endogenous components increased from 12 components with constant infusion to 262 
components after nano-LC separation
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the previously undetected GM1 (d18:1/16:0) standard as the 
largest component in that m/z range. After nano-LC separation, 
the number of components in the 1425–1650  m/z mass range 
increased from 12 components with direct infusion to 262 compo-
nents with nano-LC separation.

The above example illustrates the importance of lipid sample 
fractionation prior to MS analysis. The next question is what type 
of separation prior to MS analysis is best: SPE, GC, CE, LC, or 
SFC? SPE was discussed above as being more suited for targeted 
analysis; thus, it would be great for direct infusion analysis. GC was 
also discussed above as being best suited for smaller lipid molecules. 
CE is an intriguing option due to the low sample volumes needed 
and the separation efficiency afforded by CE.  Interfacing CE to 
MS is not trivial, especially if the interface uses the sheathless design 
that is necessary for maximum sensitivity [52]. CE/MS analysis is 
still not mainstream and thus will not be discussed in depth; the 
basics of interfacing CE to MS can be found in a review by Maxwell 
and Chen [53].

LC is the primary separation technique used in the MS analysis 
of biological lipids, and there are many good references on the 
subject. Cajka and Fiehn recently published an extensive review on 
LC/MS of lipids [27]. The first consideration is what format LC 
to interface to MS: conventional, microbore or nano-LC. The LC 
configuration and flow rate will be dictated by the ion source avail-
able on the researcher’s MS instrument. The highest sensitivity 
comes from nano-LC, but headaches such as column plugging, 
dead volumes, poor connections, and limited options of available 
resins (unless columns are packed in-house) accompany improved 
sensitivity.

The resin selection options for lipid analysis are vast. Biological 
lipid mixtures are a chromatographic challenge because the com-
ponents range from very nonpolar to amphipathic. The most com-
mon resin used in lipid analysis is a reversed-phase (C-18 or C-8) 
resin [27], and this is reflected in the majority of the literature. 
Other resins employed in the literature are normal phase resins 
such as silica and hydrophilic interaction liquid chromatography 
(HILIC). Like all other aspects discussed previously, the selection 
of LC resin depends on speed of separation, family of lipid to be 
analyzed, size of lipid, etc. There is a vast array of resins available, 
but few researchers try resins other than those in the mainstream. 
C-18 resin is suitable for smaller lipids such as phospholipids, but 
will tightly bind lipids with long carbon tails. For example, gan-
gliosides will often bind irreversibly to the resin, making C-18 
unacceptable for ganglioside analysis. A good alternative is phenyl-
hexyl resin (used in Fig. 1), which interacts primarily through π–π 
interactions. Phenyl-hexyl has good retention and release of a wide 
variety of biological lipids ranging from small sulfatides, phospho-
lipids, and gangliosides up to C48. We have experimented with a 
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new pentafluorophenyl (F5) resin (Phenomenex) that should have 
increased π–π interactions, resulting in better retention. As 
expected, retention was better–so much so that recovery was 
reduced. F5 resin has potential, but elution conditions need to be 
optimized. Schrader’s group recently reported a silver ion (Ag+)/
silica resin that also has strong π interactions [54]. This resin was 
used for the separation of asphaltenes, but it may also find use in 
the separation of biological lipids.

The lipid chromatography described in Fig. 1 was performed 
on the aqueous phase from the Bligh/Dyer extraction. Efficient 
chromatography of the nonpolar phase is a major challenge. The 
optimal separation method for these nonpolar lipids would be 
SFC, which is easily interfaced to MS. The supercritical CO2 mobile 
phase will keep the nonpolar lipids in the solution, yet supercritical 
CO2 also has polar characteristics that can be further increased by 
the addition of modifiers such as methanol. Thus, SFC has the 
capacity for the greatest range of lipids of any chromatographic 
technique. The capacity of SFC to handle polar compounds has 
been demonstrated by its use in the separation of highly polar pep-
tide fragments in hydrogen/deuterium exchange experiments 
[55]. The Bamba [56–58] and Taylor groups [59] lead the field in 
SFC separations of lipids. Refer to Dr. Bamba’s chapter in this 
book for more information on SFC/MS of lipids.

All MS instrumentation performs the same basic function, which is 
to determine the mass of chemical analytes. Instruments vary in 
mass accuracy and resolution, ionization modes, sensitivity, ability 
to perform MSn, detection modes, and duty cycle. There is no one 
MS instrument that outperforms all others; they each have their 
pros and cons. If you ask a researcher, “What is the best MS instru-
ment?”, you will get a wide range of answers, and most often their 
instrument of choice will be the instrument that is in their lab 
(which is the correct answer). The researcher is limited to the 
instrumentation that he/she has available to them, and it is up to 
them to use that particular instrumentation to its fullest potential 
in their research.

Mass accuracy and resolution are MS litmus tests. Mass accu-
racy is most often defined in parts per million (ppm) or parts per 
billion (ppb). A MS instrument that is experimentally accurate out 
to four decimal places on a molecular ion that has a m/z of 1000 
has a mass accuracy of 1 ppb. Resolution, on the other hand, is the 
ability to resolve two closely placed peaks. Resolution is defined as 
the full width of a spectral peak at half-maximum peak height 
(RP = m/∆m). Example: a peak at m/z of 500 (m) and has a peak 
width at half height of 0.1 (∆m), then 500/0.1 = 5000 resolution. 
Instruments that have high mass resolution also have higher mass 
accuracy if the MS is calibrated correctly. Instrument calibration is 
crucial; just because an instrument has high resolution does not 
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necessarily mean that it has high mass accuracy. A typical quadrupole 
or ion trap has resolution of ~1000 and unit mass accuracy (1 Da), 
while time of flight instruments range from ~10,000 to 50,000 
resolution. In this chapter, high-resolution instruments will be 
defined as those with resolution >100,000, which include Orbitrap 
and ultrahigh-resolution FT-ICR MS instruments. What the quad-
rupole, ion trap, and TOF instruments lack in mass accuracy and 
resolution, they make up in scan speed, which is much faster than 
the FT-MS instruments.

Both Orbitrap and FT-ICR MS instruments are Fourier 
transform (FT) instruments and detect ions based on their orbital 
frequencies in a trap. These detection modes are nondestructive, 
unlike electron multipliers in other mass spectrometers, which 
amplify the signal after the ion hits the detector. The nondestruc-
tive detection in the FT-ICR MS has unique benefits that will be 
discussed below. High-resolution lipid analysis with an Orbitrap 
will be addressed by Dr. Wood in another chapter in this book. 
The following is a discussion of the application of ultrahigh-
resolution FT-ICR MS to lipid analysis.

FT-ICR MS was coinvented by Alan G.  Marshall and Mel B. 
Comisarow in 1974 [60]. FT-ICR MS instruments are the highest 
mass accuracy and highest resolution mass spectrometers available. 
These MS instruments utilize a high homogeneity magnetic field 
generated by a superconducting magnet. The ICR cell (an ion 
trap) is centered in the homogeneous magnetic field inside the 
super conducting magnet. In layman’s terms, ions are generated 
outside the magnetic field, transferred into the field by ion guides 
(usually multipoles), and trapped in the ICR cell, in the high mag-
netic field and in high vacuum. Once trapped in the homogenous 
magnetic field, the ions will initiate their own cyclotron orbit 
within the stable magnetic field. The cyclotron frequency is related 
to the m/z of the ion. The ions are excited by a resonant excitation 
pulse, which pushes them closer to the detection plates of the ICR 
cell. Ions induce a charge on the detection plates of the ICR cell 
which is detected and collected as image current. The resulting 
data is then Fourier transformed to a frequency spectrum, which is 
mathematically converted to a m/z spectrum. This unique fre-
quency-based detection system enables the unparalleled high mass 
accuracy and high resolution of FT-ICR MS. Mass accuracy is typi-
cally in parts per billion (ppb), and resolution can be several mil-
lion depending on scan speed, FT-ICR cell design, and magnetic 
field. The most comprehensive review on FT-ICR MS theory, 
functions, and applications is authored by Marshall, Hendrickson 
and Jackson [61] and is commonly referred to as “The Primer.” It is 
important to note that the performance parameters of FT-ICR MS 
scale with increased magnetic field. Some parameters increase 
linearly with increasing magnetic field (resolving power, scan speed) 
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and others increase quadratically with increasing magnetic field 
(upper mass limit, ion trapping time, number of ions trapped). 
Thus, as magnetic field increases so does the performance of the 
FT-ICR MS.  Commercially available systems range in magnetic 
field strengths from 7 to 15 Tesla (T). The highest performance 
instrument to date is the 21T FT-ICR MS at the National High 
Magnetic Field Lab (NHMFL) in Tallahassee, FL [62].

The strength of high resolution, high mass accuracy MS is in 
its ability to distinguish overlapping peaks in a complex mixture 
(e.g., monoisotopic peak or adducted peak of one compound 
overlapping with the 13C isotope of another compound). Complex 
lipid mixtures contain many isobaric species (same nominal mass, 
but different chemical compositions) and there are several exam-
ples of the identification of isobaric lipid species with an Orbitrap 
[14, 50]. As an example, Schwudke et al. demonstrate the resolu-
tion of PS 36:2 and PC 36:1, which differs in mass by 726 mDa, 
on a high-resolution Orbitrap. This mass difference is easily 
resolved by FT-ICR MS. It should be noted that spectra can be 
greatly complicated by modifications and adducts often seen in bio-
logical phospholipids. For example, the monoisotope of PG (40:10) 
and the monoisotope of doubly oxidized PI (30:0) differ by only 
5.9  mDa. Adduction of phospholipids by sodium or acetate can 
result in mass differences below 2 mDa between monoisotopic and 
13C isotopes of some phospholipid species.

The value of ultrahigh-resolution FT-ICR MS is readily apparent 
in the analysis of glycosphingolipids, which have many small mass 
isobaric species [3]. The smallest mass difference between two 
non-adducted monoisotopic glycosphingolipids (GSL) is 7.4 mDa, 
e.g., GD2 (d18:1/14:0) vs. SGPG (d18:1/26:2). Adducted GSLs 
(usually with sodium and acetate) greatly complicate the spectrum, 
as in the sodium adduct of GM3 (d18:1/22:0) and non-adducted 
GM3 (d18:1/24:3), which only differ by 2.4 mDa. The mass dif-
ference of the 13C isotopes vs. the monoisotope of another GSL is 
even tighter, 1.6 mDa for the second 13C isotope of 3-sulfogluc-
uronylparagloboside (d18:1/26:3) and the monoisotope of GD2 
(d18:1/14:0)]. Only high-field, ultrahigh-resolution FT-ICR MS 
has the ability to resolve and identify phospholipid and glycosphin-
golipid compositions based solely on accurate mass measurement.

Another advantage of ultrahigh-resolution FT-ICR MS to aid 
in the identification of compounds is its ability to resolve isotopic 
fine structure. The monoisotopic peak of a compound is composed 
of the most abundant natural isotope for each atom that makes up 
its chemical composition (1H, 12C, 14N, 16O, 32S, etc.), but each of 
these atoms also has at least one naturally abundant stable isotope 
(2H [0.015%], 13C [1.1%], 15N [0.36%],17O [0.04%], 18O [0.2%], 
33S [0.76%], 34S [4.22%]). Due to the 4.22% natural abundance of 
the 34S isotope, ultrahigh-resolution FT-ICR MS can easily split 
the 13C2 isotope and the 34S isotope (difference of 10.9 mDa) in an 
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ion that contains a sulfur atom. This verifies the presence of sulfur 
in the molecule without performing MS/MS. Shi et al. used the 
13C2 isotope and the 34S isotope split to determine the number of 
sulfur atoms in a 16 kDa protein [63]. The potential value of iso-
topic fine structure afforded by ultrahigh-resolution FT-ICR MS is 
demonstrated in Fig. 2, which shows the spectrum of S-methyl-L-
cysteine. The inset of Fig. 2 shows a zoomed spectrum of the first 
13C1 isotope on a 35 mDa m/z range. Note that the 13C1 isotopic 
peak is actually composed of four baseline resolved peaks. The first 
peak (from left to right) corresponds to the chemical composition 
of S-methyl-l-cysteine, but contains one 15N, the second peak con-
tains one 33S, the third peak is the actual 13C containing peak, and 
the fourth peak contains one 2H. This data was collected with an 
LC compatible scan speed on a 12T Bruker Solarix FT-ICR MS 
equipped with an ultrahigh-resolution dynamically harmonized 
ParaCell™ ICR cell. Just utilizing the sub-ppm mass accuracy of 
ultrahigh-resolution FT-ICR MS, elemental composition can most 

Fig. 2 Isotopic Fine Structure of S-Methyl-L-Cysteine. Full Spectrum: Spectrum 
of S-methyl-l-cysteine (C4H9NO2S). Data collected at a LC compatible scan speed 
on a Bruker Solarix 12T FT-ICR MS equipped with an ultrahigh-resolution dynam-
ically harmonized ParaCell™ ICR cell. Exact mass of [M+H]+ is 136.04267, 
experimental mass accuracy of 73 ppb. Spectrum shows [M−H]− monoisotopic 
peak, the 13C1 and 13C2 isotope peaks. Zoom Inset: Zoomed spectrum of the first 
13C1 isotope on a 35 mDa m/z range. The 13C1 isotopic peak is actually composed 
of four baseline resolved peaks (illustrating isotope fine structure). The natural 
isotope abundances are: 15N-0.36%, 33S-0.76%, 13C-1.1%, and 2H-0.015%. 
Exact mass, isotopic fine structure spacing, and abundances can be used to 
unambiguously assign elemental composition
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often be identified based solely on mass, but due to the large num-
ber of possible atomic configurations for a given nominal mass this 
is not always the case. By using the heteroatom content of the ion, 
the nominal spacing of the isotopes, the abundances of the isotopic 
peak, along with the ppb accurate mass, elemental composition can 
be assigned unambiguously without MS/MS [64].

Even with ppb mass accuracy and isotopic fine structure capa-
bilities of ultrahigh-resolution FT-ICR MS, identification of true 
structural isomers (two compounds with the exact same elemental 
composition) requires MS/MS to aid in the determination of 
structural assignment. FT-ICR MS excels in MS/MS capabilities, 
some of which are unique to FT-ICR MS instrumentation. The 
nondestructive detection of ions in the FT-ICR trap allows ions to 
be detected in the cell, then fragmented in the FT-ICR cell (by a 
variety of fragmentation techniques), and the fragment ions are 
detected at ultrahigh-resolution. A fragment ion can be isolated, 
fragmented again and the fragment ions detected again. The MSn 
capabilities of FT-ICR MS are limited by ion number and time of 
the MSn experiments. This is a unique capability of FT-ICR MS in 
the realm of high-resolution instruments. Orbitraps have no capa-
bility to fragment ions once they are trapped in the Orbitrap. Most 
FT-ICR MS instruments have several options for MS/MS both 
prior to introducing the ions to the FT-ICR cell (external MS/
MS) and after the ions are trapped (internal MS/MS). External 
MS/MS options are: post-source decay, collision-induced dissocia-
tion (CID), and electron transfer dissociation (ETD). Internal 
MS/MS options are: sustained off resonance irradiation (SORI), 
infrared multiphoton dissociation (IRMPD), electron capture 
dissociation (ECD), electron detachment dissociation (EDD), and 
electron-induced dissociation (EID). Combinations of these 
MS/MS techniques (external and internal) are routinely used in 
biological lipid analysis because the different techniques often pro-
duce unique fragmentation patterns. McFarland et  al. demon-
strated the different fragmentation of the ganglioside GM1 by 
comparing IRMPD and ECD on the positive ion of GM1 and 
IRMPD and EDD on the negative ion of GM1 [65].

The importance of multiple MS/MS fragmentation techniques 
(one unique to FT-ICR MS) in the analysis of biological lipids is 
demonstrated in Figs. 3–5 [66]. In the global lipid analysis of a 
glioma cell line, a highly abundant singly deprotonated negative 
ion of what was thought to be asialo-GM1 was preliminarily identi-
fied with low ppb mass accuracy. External CID in a low-resolution 
ion trap (hybrid instrument that coupled an ion trap to a 14.5 T 
FT-ICR MS) revealed that the ion was in fact either iGg4 or Gb4. 
Figure 3 shows the structure of the polar sugar head groups of 
asialo-GM1 and iGb4/Gb4 gangliosides. The sugar head group 
contains the same sugar residues in both, but in a different sequence 
in asialo-GM1 vs. iGb4/Gb4. This posed a new problem, because 
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the difference between iGb4 vs. Gb4 is the sugar linkage between 
the two galactose residues in the center of the polar sugar head 
group: iGb4 has a 1–3 linkage and Gb4 has a 1–4 linkage. In order 
to determine the sugar linkage, a MS/MS fragmentation technique 
was needed that efficiently caused cross-ring cleavages. This was 
complicated because the ion was a singly deprotonated negative 
ion, thus EDD was not an option (EDD necessitates multiply 
charged ions). To accomplish this, a technique developed in the 
Amster group, electron-induced dissociation (EID) [67] for dis-
sociation of singly deprotonated ions, was utilized. EID conditions 
were first optimized on a Gb4 (d42:0) standard; the EID MS/MS 

Asialo-GM1 
(18:1/18:0)
Ganglioside

HNO

OH

O

Glucose
Galactose

GalNac

HN
O

OH

O

iGb4/Gb4 
(18:1/18:0)
Ganglioside

Fig. 3 Structures of Asialo-GM1 and iGb4/Gb4 Gangliosides. Both gangliosides contain the same composition 
of sugars in their head groups, but each have a different carbohydrate sequence in their head groups, thus 
their monoisotopic masses are identical

CID MS2 spectrum of
precursor ion m/z = 
1335.8520
iGb4/Gb4 (d42:2)

400 600 800 1000 1200 m/z

971.1

809.1
[Cer - H]-

647.1
1133.0
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N-acetylhexosamine

Fig. 4 MS/MS of [M−H]− m/z 1335.852 Ion. MS/MS verifies that the biological 
lipid negative ion at m/z 1335.852 is either iGb4 or Gb4 and not asialo-GM1
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spectrum is shown in the middle panel of Fig. 5. The upper panel 
shows the cross ring cleavages generated by the EID fragmenta-
tion. The 3,5A3 fragment in the sugar head group is the definitive 
fragment needed to determine that the linkage is 1–4 (Gb4) 
and not 1–3 (iGb4). The bottom panel shows the spectrum of 
the biological lipid sample extracted from the glioma cell lines. 
The aqueous phase of the modified Bligh/Dyer extraction from the 
glioma cell line was dried down and reconstituted in 80% methanol/
H2O with the addition of 10  mM NH4OAc and separated by 
nano-LC (Eksigent 1D system) in an 50 μm i.d. ×8 cm column 
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Fig. 5 Electron-Induced Dissociation (EID) MS/MS Verification of Gb4 Ganglioside. Upper panel: Cross ring 
cleavages in the sugar head group generated by the EID fragmentation. The 3,5A3 fragment is the definitive 
fragment needed to determine that the linkage is 1–4 (Gb4) and not 1–3 (iGb4). Upper Spectrum: EID fragmen-
tation spectrum of Gb4 (d42:0) standard. Lower Spectrum: EID fragmentation validation of Gb4 (d34:1) gan-
glioside in U373 glioma cells. Modified Bligh/Dyer aqueous phase biological extract from U373 glioma cells 
separated by nano-LC over a phenyl-hexal 50 μm i.d. × 8 cm column. Column eluent ionized by negative ion 
micro-ESI interfaced to a Bruker 9.4 T FT-ICR MS. Parent ion was “peak parked” at 25 nL/min. Spectrum 
shows EID fragmentation spectrum of the parent ion with the “diagnostic” 3,5A3 fragment (s/n ~10:1) verifying 
a 1–4 linkage between the two galactose residues in the sugar head group, thus verifying that the biological 
lipid was in fact Gb4 and not iGb4
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(New Objective) with self-packed phenyl-hexyl resin (Phenomenex). 
The gradient was flowed at 400 nL/min, and the eluent was flowed 
directly from the column into the micro-ESI source in negative ion 
mode. When the mass corresponding to the biological Gb4/iGb4 
(d34:1) started to elute, the nano-LC was “peak parked” at 25 nL/
min. Peak parking allowed plenty of time to isolate the ion in the 
external quadrupole and pass to the ICR cell for the accurate mass 
determination of the parent and subsequent EID fragmentation. 
The bottom spectrum shows the full EID spectrum of the biologi-
cal with the characteristic 3,5A3 fragment (s/n ~10:1), verifying a 
1–4 linkage between the two galactose residues in the sugar head 
group and thus, confirming that the biological lipid was in fact 
Gb4 and not iGb4. The above example illustrates the power of the 
unique MS/MS capabilities of FT-ICR MS and their application to 
lipidomics.

Of course not every peak in a spectrum can be fragmented, 
thus once an ion has been identified by MS/MS a Kendrick Mass 
Scale can be used [68] to determine other ions that belong to the 
same lipid family based on exact mass of those ions. The Kendrick 
mass scale will be discussed in depth in the final section of this 
chapter. Even with all of the powers of ultrahigh-resolution FT-ICR 
MS and MSn, there are still some lipid isomers that just cannot be 
distinguished. Ion mobility shows great promise to aid in the 
determination of these isomers, but to date there is no commercial 
vendor interfacing ion mobility to a FT-ICR MS.

4  Data Analysis

Data analysis in lipidomics is still in somewhat early stages, so many 
laboratories use customized, in-house tools for analysis of lipid 
data. However, increased interest in global lipidomics experiments 
has resulted in the development of commercial tools to facilitate 
data analysis (review: [69]). Most of these tools are not designed 
specifically for FT-ICR MS data, but they can be used for ultrahigh-
resolution data.

For quantitative studies, commercial products designed for 
metabolomics, including Progenesis QI (Nonlinear Dynamics) 
and Elements (Proteome Software), can be used for lipidomic 
studies. SimLipid (Premier Biosoft International) is a commercial 
tool designed specifically for lipidomics. MS instrument vendors 
also have custom, proprietary software packages for the analysis of 
lipidomics data. Open source, lipid-specific software tools include 
ALEX ([70], designed specifically for data files from Thermo 
instruments) and LipidXplorer [71]. The open-source proteomics 
tool Skyline [72, 73] was recently adapted for use with lipid data 
[74]. For quantification, these tools rely on MS1-level extracted 
ion chromatograms of intact lipid species, and relative 
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quantification is based upon a peak area ratio between the same 
species in different experimental conditions (normal vs. diseased, 
for example). Fragmentation spectra are used to assign the specific 
lipid species being quantified.

A critical component of both qualitative and quantitative stud-
ies is the identification of lipids. Tools for the identification of lip-
ids use general metabolite databases such as the Human 
Metabolome Database (HMBD, [75, 76]), METLIN [77] and 
ChemSpider [78, 79], or lipid-specific databases such as Lipid 
MAPS Structure Database (LMSD, [80]) and LipidBlast [81]. Of 
these databases, HMDB is unique for its inclusion of fragmentation 
spectra from FT-ICR MS, but it is limited to human metabolites. 
Database searching is integrated into Progenesis QI and Elements, 
and the user can choose between several of the tools described 
above. In the case of SimLipid, identification is also integrated. 
However, relative quantification is based upon peak area relative to 
an added internal standard.

Assignment of lipid species in FT-ICR MS data is greatly 
facilitated by sub-ppm mass error. Due to the high resolving 
power and high mass accuracy, it is often possible to elucidate 
molecular formulas. However, this is not sufficient for the identi-
fication of isomeric species with the same molecular formula but 
different structures. In these cases, it is essential to obtain MS/MS 
(fragmentation) spectra.

The Kendrick mass scale [68] takes advantage of the high reso-
lution of the FT-ICR MS and provides a method for extrapolation 
of structure for higher order lipid species. For this scale, the meth-
ylene group (–CH2–) is arbitrarily assigned a value of 14.000 
(erroneously attributed to the mass of nitrogen in Jones et  al., 
2004 [82]). Kendrick masses are calculated by multiplying the 
IUPAC mass by 14.000 and dividing by 14.01565 (the exact mass 
of a methylene group), and the Kendrick mass defect is calculated 
by subtracting the nominal Kendrick mass from the exact Kendrick 
mass [83]. The Kendrick mass scale was originally used in the field 
of petroleomics [83] and was later shown to have great utility in 
the analysis of lipidomics data [3]. Due to similarities in hetero-
atom composition, lipids that fall into the same functional class 
have the same Kendrick mass defect. Therefore, for a series of mea-
sured mass values, when a plot is generated with nominal Kendrick 
mass on the x-axis and the corresponding Kendrick mass defect on 
the y-axis, species in the same class fall on a horizontal line. Within 
these species, those that fall within a series based upon increasing 
numbers of methylene groups will differ in mass by a multiple of 14. 
Species that differ by a degree of unsaturation (i.e., a ring or a 
double bond) will differ in mass by two. Researchers can take 
advantage of these known patterns to map proposed identifications 
on lipid species for which a MS/MS spectrum has not been 
obtained.

Ultrahigh-Resolution Lipid Analysis with Fourier Transform Ion Cyclotron Resonance…



40

5  Conclusions

Ultrahigh-resolution FT-ICR MS has several advantages for lipid 
identification: unparalleled accurate mass, ultrahigh-resolution, 
isotopic fine structure, and multiple unique MS/MS fragmenta-
tion capabilities. That being said, there are also shortcomings of 
the technique. As with high-resolution Orbitrap analysis, scan 
times tend to be slow; the higher the resolution, the slower the 
scan times. FT-ICR MS scan times can be decreased by going to 
higher magnetic fields and have also decreased with the introduc-
tion of the dynamically harmonized ICR cell. The slower scan 
times result in a reduction of the number of MS/MS scans that can 
be performed in an LC time scale. Capitalizing on sub-ppm accu-
rate mass and using the Kendrick Mass Scale analysis compensates 
for the smaller number of MS/MS scans in a chromatographic run 
of biological lipids. There is also a large maintenance issue with an 
FT-ICR MS.  The researcher needs to understand the care and 
maintenance of a high-field superconducting magnet. Finally, an 
experienced mass spectrometrist trained in FT-ICR MS is needed 
to efficiently extract the potential of this high-end analytical instru-
ment. Ultrahigh-resolution FT-ICR MS is truly unequalled in the 
absolute determination of biological lipids and there are new capa-
bilities being developed on these instruments all the time. The best 
scenario would be to have access to not only ultrahigh-resolution 
FT-ICR MS, but also utilize complementary lower resolution 
instruments in your lipid research as well.

Acknowledgments

The authors would like to acknowledge Huan He and Alan 
G. Marshall, at the NSF Funded FT-ICR Facility at the NHMFL, 
Tallahassee, FL for access to all the instruments in that facility and 
acquisition and analysis of the data in Figs. 1, 3, and 4. Thanks are 
given to Franklin E. Leach and Jonathan Amster at University of 
Georgia–Athens, Athens, GA for access to their 9.4 T FT-ICR MS 
and expertise in acquiring the data for Fig. 5 (Huan He was also 
crucial to this experiment). Finally, the authors would like to 
acknowledge Brooke L. Barnette and Shinji K. Strain at University 
of Texas Medical Branch-Galveston, Galveston, TX, for the helpful 
review of this manuscript.

References

	 1.	Lydic TA, Busik JV, Reid GE (2014) A mono-
phasic extraction strategy for the simultaneous 
lipidome analysis of polar and nonpolar retina 
lipids. J Lipid Res 55(8):1797–1809

	 2.	Wood PL (2012) Lipidomics of Alzheimer’s dis-
ease: current status. Alzheimers Res Ther 4(1):5

	 3.	He H et  al (2011) High mass accuracy and 
resolution facilitate identification of glyco-

Mark R. Emmett and Cheryl F. Lichti



41

sphingolipids and phospholipids. Int J  Mass 
Spectrom 305(2–3):116–119

	 4.	Fahy E et al (2005) A comprehensive classifi-
cation system for lipids. J  Lipid Res 46(5): 
839–861

	 5.	Park H, Zhou Y, Costello CE (2014) Direct 
analysis of sialylated or sulfated glycosphingolip-
ids and other polar and neutral lipids using 
TLC-MS interfaces. J Lipid Res 55(4):773–781

	 6.	Soares AF, Lei H, Gruetter R (2015) 
Characterization of hepatic fatty acids in mice 
with reduced liver fat by ultra-short echo time 
1H-MRS at 14.1 T in  vivo. NMR Biomed 
28(8):1009–1020

	 7.	Bojko B et al (2014) Solid-phase microextrac-
tion in metabolomics. Trends Anal Chem 
61:168–180

	 8.	He H et al (2007) Method for lipidomic analysis: 
p53 expression modulation of sulfatide, ganglio-
side, and phospholipid composition of U87 
MG glioblastoma cells. Anal Chem 79(22): 
8423–8430

	 9.	Wood PL et al (2015) Non-targeted lipidomics 
of CSF and frontal cortex grey and white mat-
ter in control, mild cognitive impairment, and 
Alzheimer’s disease subjects. Acta 
Neuropsychiatr 27(5):270–278

	10.	Abbassi-Ghadi N et al (2016) A comparison of 
DESI-MS and LC-MS for the lipidomic profil-
ing of human cancer tissue. J  Am Soc Mass 
Spectrom 27(2):255–264

	11.	Colsch B et  al (2015) Lipidomic analysis of 
cerebrospinal fluid by mass spectrometry-based 
methods. J Inherit Metab Dis 38(1):53–64

	12.	Milman BL et al (2015) Comparative determi-
nation of fatty acid composition of low-
molecular components of blood plasma by three 
mass spectrometry techniques: the ‘old-new’ 
exercise in lipidomics. J  Anal Chem 70(14): 
1601–1613

	13.	Lydic TA et al (2015) Rapid and comprehensive 
‘shotgun’ lipidome profiling of colorectal cancer 
cell derived exosomes. Methods 87:83–95

	14.	Granafei S et  al (2015) Identification of iso-
baric lyso-phosphatidylcholines in lipid extracts 
of gilthead sea bream (Sparus aurata) fillets by 
hydrophilic interaction liquid chromatography 
coupled to high-resolution Fourier-transform 
mass spectrometry. Anal Bioanal Chem 
407(21):6391–6404

	15.	Martano C et  al (2015) Rapid high perfor-
mance liquid chromatography-high resolution 
mass spectrometry methodology for multiple 
prenol lipids analysis in zebrafish embryos. 
J Chromatogr A 1412:59–66

	16.	Bromke MA et al (2015) Liquid chromatogra-
phy high-resolution mass spectrometry for 
fatty acid profiling. Plant J 81(3):529–536

	17.	He H et al (2011) Algae polar lipids character-
ized by online liquid chromatography coupled 
with hybrid linear quadrupole ion trap/Fourier 
transform ion cyclotron resonance mass spec-
trometry. Energy Fuel 25(10):4770–4775

	18.	Sudasinghe N et  al (2015) Temperature-
dependent lipid conversion and nonlipid com-
position of microalgal hydrothermal 
liquefaction oils monitored by Fourier trans-
form ion cyclotron resonance mass spectrome-
try. Bioenergy Res 8(4):1962–1972

	19.	Serricchio M et al (2015) Flagellar membranes 
are rich in raft-forming phospholipids. Biol 
Open 4(9):1143–1153

	20.	Nazari M, Muddiman DC (2015) Cellular-
level mass spectrometry imaging using infrared 
matrix-assisted laser desorption electrospray 
ionization (IR-MALDESI) by oversampling. 
Anal Bioanal Chem 407(8):2265–2271

	21.	Reis A et al (2013) A comparison of five lipid 
extraction solvent systems for lipidomic studies 
of human LDL. J Lipid Res 54(7):1812–1824

	22.	Wasntha T, Rupasinghe T (2013) Lipidomics: 
extraction protocols for biological matrices. In: 
Roessner U, Dias AD (eds) Metabolomics 
tools for natural product discovery: methods 
and protocols. Humana Press, Totowa, NJ, 
pp 71–80

	23.	Raterink R-J et al (2014) Recent developments 
in sample-pretreatment techniques for mass 
spectrometry-based metabolomics. Trends 
Anal Chem 61:157–167

	24.	Bligh EG, Dyer WJ (1959) A rapid method of 
total lipid extraction and purification. Can 
J Biochem Physiol 37(8):911–917

	25.	Folch J, Lees M, Sloane Stanley GH (1957) A 
simple method for the isolation and purifica-
tion of total lipides from animal tissues. J Biol 
Chem 226(1):497–509

	26.	Matyash V et  al (2008) Lipid extraction by 
methyl-tert-butyl ether for high-throughput 
lipidomics. J Lipid Res 49(5):1137–1146

	27.	Cajka T, Fiehn O (2014) Comprehensive anal-
ysis of lipids in biological systems by liquid 
chromatography-mass spectrometry. Trends 
Anal Chem 61:192–206

	28.	Zhao YY et al (2014) Ultra-performance liquid 
chromatography-mass spectrometry as a sensi-
tive and powerful technology in lipidomic 
applications. Chem Biol Interact 220: 
181–192

	29.	Uchikata T et al (2012) High-throughput phos-
pholipid profiling system based on supercritical 
fluid extraction-supercritical fluid chromatogra-
phy/mass spectrometry for dried plasma spot 
analysis. J Chromatogr A 1250:69–75

	30.	Williams JR, Clifford AA, al-Saidi SH (2002) 
Supercritical fluids and their applications in 

Ultrahigh-Resolution Lipid Analysis with Fourier Transform Ion Cyclotron Resonance…



42

biotechnology and related areas. Mol 
Biotechnol 22(3):263–286

	31.	Karas M, Hillenkamp F (1988) Laser desorp-
tion ionization of proteins with molecular 
masses exceeding 10000 daltons. Anal Chem 
60(20):2299–2301

	32.	Tanaka K et  al (1988) Protein and polymer 
analyses up to m/z 100 000 by laser ionization 
time-of-flight mass spectrometry. Rapid 
Commun Mass Spectrom 2(8):151–153

	33.	Caprioli RM, Farmer TB, Gile J  (1997) 
Molecular imaging of biological samples: local-
ization of peptides and proteins using MALDI-
TOF MS. Anal Chem 69(23):4751–4760

	34.	Juhasz P, Costello CE (1992) Matrix-assisted 
laser desorption ionization time-of-flight mass 
spectrometry of underivatized and permethyl-
ated gangliosides. J  Am Soc Mass Spectrom 
3(8):785–796

	35.	Whitehouse CM et  al (1985) Electrospray 
interface for liquid chromatographs and mass 
spectrometers. Anal Chem 57(3):675–679

	36.	Emmett MR, Caprioli RM (1994) Micro-
electrospray mass spectrometry: ultra-high-
sensitivity analysis of peptides and proteins. 
J Am Soc Mass Spectrom 5(7):605–613

	37.	Wilm MS, Mann M (1994) Electrospray and 
Taylor-Cone theory, Dole's beam of macro-
molecules at last? Int J  Mass Spectrom Ion 
Process 136(2–3):167–180

	38.	Hendrickson CL, Emmett MR (1999) 
Electrospray ionization Fourier transform ion 
cyclotron resonance mass spectrometry. Annu 
Rev Phys Chem 50:517–536

	39.	Sparkman OD (2000) Mass spectrometry 
desk reference. Global View Publishing, p. 8, 
ISBN: 0-9660813-2-3.

	40.	Carroll DI et al (1974) Subpicogram detection 
system for gas-phase analysis based upon 
atmospheric-pressure ionization (Api) mass-
spectrometry. Anal Chem 46(6):706–710

	41.	Henlon JD, Thomson BA, Dawson PH (1982) 
Determination of sulfa drugs in biological-fluids 
by liquid-chromatography mass-spectrometry 
mass-spectrometry. Anal Chem 54(3):451–456

	42.	Baim MA, Eatherton RL, Hill HH (1983) Ion 
mobility detector for gas chromatography with 
a direct photoionization source. Anal Chem 
55(11):1761–1766

	43.	Syage JA, Short LC, Cai SS (2008) Atmospheric 
pressure photoionization—the second source for 
LC-MS? LCGC North Am 26(3):286–296

	44.	Imbert L et al (2012) Comparison of electro-
spray ionization, atmospheric pressure chemical 
ionization and atmospheric pressure photoion-
ization for a lipidomic analysis of Leishmania 
donovani. J Chromatogr A 1242:75–83

	45.	Takats Z et al (2004) Mass spectrometry sam-
pling under ambient conditions with desorp-
tion electrospray ionization. Science 
306(5695):471–473

	46.	Levery SB (2005) Glycosphingolipid structural 
analysis and glycosphingolipidomics. Methods 
Enzymol 405:300–369

	47.	Almeida R et  al (2015) Comprehensive lipi-
dome analysis by shotgun lipidomics on a 
hybrid quadrupole-orbitrap-linear ion trap 
mass spectrometer. J Am Soc Mass Spectrom 
26(1):133–148

	48.	Casanovas A et  al (2014) Shotgun lipidomic 
analysis of chemically sulfated sterols compro-
mises analytical sensitivity: recommendation 
for large-scale global lipidome analysis. Eur 
J Lipid Sci Technol 116(12):1618–1620

	49.	Schuhmann K et al (2011) Bottom-up shotgun 
lipidomics by higher energy collisional dissoci-
ation on LTQ Orbitrap mass spectrometers. 
Anal Chem 83(14):5480–5487

	50.	Schwudke D et al (2011) Shotgun lipidomics 
on high resolution mass spectrometers. Cold 
Spring Harb Perspect Biol 3(9):a004614

	51.	Jessome LL, Volmer DA (2006) Ion suppres-
sion: a major concern in mass spectrometry. 
LCGC North Am 24:83–89

	52.	Hofstadler SA et  al (1996) Analysis of single 
cells with capillary electrophoresis electrospray 
ionization Fourier transform ion cyclotron res-
onance mass spectrometry. Rapid Commun 
Mass Spectrom 10(8):919–922

	53.	Maxwell EJ, Chen DDY (2008) Twenty years 
of interface development for capillary 
electrophoresis-electrospray ionization-mass 
spectrometry. Anal Chim Acta 627(1):25–33

	54.	Molnárné Guricza L, Schrader W (2015) New 
separation approach for asphaltene investiga-
tion: argentation chromatography coupled 
with ultrahigh-resolution mass spectrometry. 
Energy Fuel 29(10):6224–6230

	55.	Emmett MR et  al (2006) Supercritical fluid 
chromatography reduction of hydrogen/deu-
terium back exchange in solution-phase 
hydrogen/deuterium exchange with mass 
spectrometric analysis. Anal Chem 78(19): 
7058–7060

	56.	Bamba T et  al (2012) Metabolic profiling of 
lipids by supercritical fluid chromatography/
mass spectrometry. J  Chromatogr A 1250: 
212–219

	57.	Bamba T et  al (2008) High throughput and 
exhaustive analysis of diverse lipids by using 
supercritical fluid chromatography-mass spec-
trometry for metabolomics. J  Biosci Bioeng 
105(5):460–469

Mark R. Emmett and Cheryl F. Lichti



43

	58.	Lee JW et al (2013) Simultaneous profiling of 
polar lipids by supercritical fluid chromatogra-
phy/tandem mass spectrometry with methyla-
tion. J Chromatogr A 1279:98–107

	59.	Ashraf-Khorassani M et al (2015) Ultrahigh per-
formance supercritical fluid chromatography of 
lipophilic compounds with application to syn-
thetic and commercial biodiesel. J Chromatogr 
B Analyt Technol Biomed Life Sci 983:94–100

	60.	Comisaro MB, Marshall AG (1974) Fourier-
transform ion-cyclotron resonance spectros-
copy. Chem Phys Lett 25(2):282–283

	61.	Marshall AG, Hendrickson CL, Jackson GS 
(1998) Fourier transform ion cyclotron reso-
nance mass spectrometry: a primer. Mass 
Spectrom Rev 17(1):1–35

	62.	Hendrickson CL et al (2015) 21 tesla Fourier 
transform ion cyclotron resonance mass spec-
trometer: a national resource for ultrahigh res-
olution mass analysis. J Am Soc Mass Spectrom 
26(9):1626–1632

	63.	Shi SD-H, Hendrickson CL, Marshall AG (1998) 
Counting individual sulfur atoms in a protein by 
ultrahighresolution Fourier transform ion cyclo-
tron resonance mass spectrometry: experimental 
resolution of isotopic fine structure in proteins. 
Proc Natl Acad Sci 95(20):11532–11537

	64.	Emmett MR et al (2014) Integrative biological 
analysis for neuropsychopharmacology. 
Neuropsychopharmacology 39(1):5–23

	65.	McFarland MA et al (2005) Structural charac-
terization of the GM1 ganglioside by infrared 
multiphoton dissociation, electron capture dis-
sociation, and electron detachment dissocia-
tion electrospray ionization FT-ICR MS/
MS. J Am Soc Mass Spectrom 16(5):752–762

	66.	Kroes RA et  al (2010) Overexpression of 
ST6GalNAcV, a ganglioside-specific alpha2,6-
sialyltransferase, inhibits glioma growth 
in  vivo. Proc Natl Acad Sci U S A 
107(28):12646–12651

	67.	Wolff JJ et  al (2008) Electron-induced disso-
ciation of glycosaminoglycan tetrasaccharides. 
J Am Soc Mass Spectrom 19(10):1449–1458

	68.	Kendrick E (1963) A mass scale based on 
Ch2=14.0000 for high resolution mass spec-
trometry of organic compounds. Anal Chem 
35(13):2146–2154

	69.	Hartler J et al (2013) Bioinformatics tools and 
challenges in structural analysis of lipidomics 
MS/MS data. Brief Bioinform 14(3):375–390

	70.	Husen P et al (2013) Analysis of lipid experi-
ments (ALEX): a software framework for analy-
sis of high-resolution shotgun lipidomics data. 
PLoS One 8(11):e79736

	71.	Herzog R et al (2012) LipidXplorer: a software 
for consensual cross-platform lipidomics. PLoS 
One 7(1):e29851

	72.	MacLean B et  al (2010) Skyline: an open 
source document editor for creating and ana-
lyzing targeted proteomics experiments. 
Bioinformatics 26(7):966–968

	73.	Schilling B et al (2012) Platform-independent 
and label-free quantitation of proteomic data 
using MS1 extracted ion chromatograms in 
skyline: application to protein acetylation and 
phosphorylation. Mol Cell Proteomics 
11(5):202–214

	74.	Peng B, Ahrends R (2016) Adaptation of sky-
line for targeted lipidomics. J  Proteome Res 
15(1):291–301

	75.	Wishart DS et  al (2013) HMDB 3.0–the 
human metabolome database in 2013. Nucleic 
Acids Res 41(Database issue):D801–D807

	76.	Wishart DS et  al (2007) HMDB: the human 
metabolome database. Nucleic Acids Res 
35(Database issue):D521–D526

	77.	Smith CA et al (2005) METLIN: a metabolite 
mass spectral database. Ther Drug Monit 
27(6):747–751

	78.	Little JL et al (2012) Identification of "known 
unknowns" utilizing accurate mass data and 
chemspider. J  Am Soc Mass Spectrom 
23(1):179–185

	79.	Pence HE, Williams A (2010) ChemSpider: an 
online chemical information resource. J Chem 
Educ 87(11):1123–1124

	80.	Sud M et  al (2007) LMSD: LIPID MAPS 
structure database. Nucleic Acids Res 
35:D527–D532

	81.	Kind T et al (2013) LipidBlast in silico tandem 
mass spectrometry database for lipid identifica-
tion. Nat Methods 10(8):755–758

	82.	Jones JJ et al (2004) Strategies and data analy-
sis techniques for lipid and phospholipid chem-
istry elucidation by intact cell MALDI-FTMS. J 
Am Soc Mass Spectrom 15(11):1665–1674

	83.	Hughey CA et al (2001) Kendrick mass defect 
spectrum: a compact visual analysis for 
ultrahigh-resolution broadband mass spectra. 
Anal Chem 73(19):4676–4681

Ultrahigh-Resolution Lipid Analysis with Fourier Transform Ion Cyclotron Resonance…



45

Chapter 4

MALDI-Imaging Mass Spectrometry of Brain Lipids

Norelle C. Wildburger

Abstract

Advances in mass spectrometry (MS) over the past two decades have made MS an invaluable tool for the 
detection and characterization of biomolecules. One such biomolecule, lipids, is an important, but often 
times challenging species to analyze. Here, we describe the matrix-assisted laser desorption/ionization 
imaging mass spectrometry (MALDI-IMS) of lipids and glycolipids from mammalian brain in an untar-
geted and high-throughput approach. 

Key words MALDI-IMS, brain, Shotgun lipidomics, Cryo-sectioning, Sublimation, ITO slides, Mass 
spectrometry

1  Introduction

Lipids are unique biomolecules with dual structural and function 
roles in biological systems. Lipids are crucial to the maintenance of 
cellular structure through the plasma membrane and critical deter-
minants of membrane fluidity, which impacts cell signaling micro-
domains (e.g., lipid rafts or glycosynapses) [1] and membrane 
permeability. Functionally, lipids may serve as signal transduction 
molecules derived from cleavages or remodeling of structural 
membrane lipids (e.g., DAG synthesis via enzymatic cleavage of 
PIP2 or dephosphorylation of phosphatidic acid; Kennedy path-
way) [2, 3].

The multifaceted and diverse roles of lipids in biological sys-
tems highlight the importance of analyzing and monitoring lipids 
and their metabolism. For instance, alterations in lipid metabolism 
frequently accompany diseases and disorders such as cancer, 
Alzheimer’s disease (AD), and schizophrenia [4–9] in addition to 
well-characterized changes in proteins (e.g., amyloid-beta and tau 
in AD). This becomes imperative in the brain, which contains the 
highest lipid content compared to any other organ in the body and 
which has subregions that can be defined by a specific lipid type.

Paul Wood (ed.), Lipidomics, Neuromethods, vol. 125,
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Yet, lipidomic analysis has lagged behind proteomic analysis. 
The challenge lies in the fact that lipids are hydrophobic (e.g., 
ceramides) or amphipathic in nature—containing both hydropho-
bic and hydrophilic regions. Even the more “hydrophilic” glyco-
lipids containing a polar sugar head group [10, 11] are challenging 
due to their hydrophobic hydrocarbon chains. This makes tradi-
tional nLC-MS/MS (with resin-based separations) challenging 
and impractical for many lipid classes. Compounding this is the 
high structural similarity among lipid classes and lack of database 
or de novo search mechanisms for their rapid identification creat-
ing an analytical bottleneck.

However, lipid analysis has been particularly successful with 
matrix-assisted laser desorption/ionization (MALDI). With 
advances in mass spectrometry technology, it is now possible to 
couple lipidomic profiling with in  situ localization in biological 
samples, circumventing the need for lengthy extractions, which 
can result in significant sample loss, tedious derivation steps, lipid 
class biases, and loss of spatial organization information. The result 
is the generation of molecular–histological maps from the localiza-
tion and identification of lipid biomolecules based on mass-to-
charge ratio (m/z).

Here, we detail a MALDI-IMS protocol for untargeted or 
shotgun lipidomics of up to 200 lipids in brain tissue when no a 
priori knowledge is available (i.e., hypothesis-generating) in a 
given sample set comparing, for example, control vs disease or 
treated vs untreated. MALDI-IMS is followed by the confirmation 
of select m/z assignments by MS/MS, which yields chemical infor-
mation used to derive lipid structure. We also emphasize through-
out this protocol rigor in sample preparation and data acquisition 
for optimized downstream data analysis. To further support  
lipid findings from MALDI-IMS and MS/MS experiments, 
orthogonal validation with ESI-MS/MS is recommended; see 
Chap. 2 “High-Resolution Lipidomics with the Orbitrap” and 
Chap. 3 “High-Resolution Lipidomics with FT-ICR.”

2  Materials

Prepare all solutions using LC-MS grade water (J.T. Baker) and 
analytical grade reagents. Prepare and store all reagents at room 
temperature unless indicated otherwise. Diligently follow all waste 
disposal regulations when disposing waste materials. Dispose of all 
biological material as biological waste.

Follow all institutional, state, and federal regulations on the care 
and use of research animals.

	 1.	 Anesthesia: ketamine/xylazine solution (200 mg of ketamine 
and 20 mg of xylazine in 17 mL of saline) for mice [12] and 
isofluorane for rats [13].

2.1  Animals 
and Dissection 
Components

Norelle C. Wildburger
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	 2.	 Rodent and small animal guillotine for decapitation, if per-
forming analysis on rats.

	 3.	 Timer.
	 4.	 Dewar of liquid nitrogen: Approximately 1 liter is recom-

mended for processing four to six animals.
	 5.	 Solid metal block: We typically use a metal heating block 

inverted, so the flat side faces up.
	 6.	 Aluminum foil.
	 7.	 Styrofoam box: Use a thick-walled Styrofoam box that will fit 

the metal block. Liquid nitrogen will also be placed in the 
Styrofoam box, but not so much as to submerge the metal 
block (Fig. 1).

	 8.	 Glass or plastic petri dishes.
	 9.	 Conical tubes and tube rack: We use 50 mL conical tubes for 

rats and 15 mL conical tubes for mice for storing brain mate-
rial at −80 °C.

	10.	 Cryostat or access to a cryostat capable of making 10 μm slices 
consistently.

	11.	 Razor blades.
	12.	 Optional: Artists brush for small sections

Fig. 1 Sublimation apparatus setup contained within a chemical fume hood

MALDI-Imaging Mass Spectrometry of Brain Lipids
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	13.	 Conductive indium tin oxide (ITO)-coated glass slides 
(#237001; Bruker Daltonics, Bremen, Germany) (see Note 1).

	14.	 Microscope slide box.
	15.	 −80 °C freezer.

	 1.	LC-MS grade acetonitrile (J.T. Baker, Philipsburg, NJ).
	 2.	 LC-MS grade water (J.T. Baker, Philipsburg, NJ).
	 3.	 TFA (Pierce, Rockford, IL): Use to make a 0.1% (v/v) aque-

ous TFA solvent with LC-MS grade water.
	 4.	 Sonicating water bath.
	 5.	 Peptide calibration standard I (#206195; Bruker Daltonics, 

Bremen, Germany): Dissolve in 125 μL 0.1% TFA in LC-MS 
grade water. The various peptides and their m/z values are 
listed in Table 1. Make 3 μL aliquots in Eppendorf Lobind 
microcentrifuge tubes to prevent polymer contamination and 
sample loss. Store at −80 °C for up to 2 years.

	 6.	 50 mM ammonium acetate solution: Weigh 192.7  mg of 
highest purity ammonium acetate (Sigma Chemical Company, 
St. Louis, MO, USA) and add LC-MS grade water to a total 
volume of 50 mL (see Note 2). For best results make fresh 
daily and chill at 2–8 °C.

	 7.	 2,5-dihydroxybenzoic acid (DHB) (Sigma Chemical 
Company, St. Louis, MO, USA) (see Note 3): Weigh out 
500 mg of DHB in a 15 mL conical tube and keep sealed and 
in the dark until use; DHB is light sensitive.

	 8.	 α-Cyano-4-hydroxycinnamic acid (HCCA) (Bruker Daltonics, 
Bremen, Germany) (see Note 4): HCCA power is stored at 
−20 °C. Matrix [approximately the amount that fits on the tip 
of a micro-spatula] is placed in a Eppendorf Lobind microcen-
trifuge tube and resuspended in 14 μL 0.1% TFA solvent and 

2.2  MALDI-IMS 
Sample Preparation 
Components

2.2.1  Follow all MSDS 
Safety Information 
for Chemicals 
and Reagents

Table 1  
Peptide calibration standards

Peptide Monoisotopic [M + H]+ Average [M + H]+

Angiotensin II 1046.5418 1047.19

Angiotensin I 1296.6848 1297.49

Substance P 1347.7354 1348.64

Bombesin 1619.8223 1620.86

ACTH clip 1-17 2093.0862 2094.43

ACTH 18-39 2465.1983 2466.68

Somatostatin 3147.471 3149.57

Norelle C. Wildburger
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7 μL acetonitrile and sonicated in a water bath for 15 min. 
This process produces a super-saturated solution of HCCA. 
Next, briefly spin the tube on a desktop centrifuge to pellet 
the bulk of the matrix. An ideal supernatant solution will still 
be somewhat opaque. The supernatant is used in a 50/50 
mixture with the calibration standard. Matrix is made fresh 
daily.

	 9.	 MALDI target holder; MTP TLC Adapter (#255595; Bruker 
Daltonics, Bremen, Germany) for 75 × 50 mm glass slides or 
MTP Slide Adapter II (#235380; Bruker Daltonics, Bremen, 
Germany) for two 75 × 25 × 0.9 mm glass slides.

	10.	 Sublimation apparatus (Fig. 2) (see Note 5): Sublimation 
apparatus consists of the following components.

	 (a)	 Hot plate.
	 (b)	Glass dish with sand.
	 (c)	 Cable temperature measuring transducer.
	 (d)	Vacuum pump.
	 (e)	 Vacuum gauge.
	 (f)	 Cold trap.

Place Brain 
here 

Metal 
block

Liquid 
Nitrogen
level

Styrofoam 
Box

A

B

Fig. 2 Schematic of liquid nitrogen vapor freezing. (a) Diagram indicating appropriate liquid nitrogen levels 
relative to metal block. (b) Image of real liquid nitrogen vapor freezing setup

MALDI-Imaging Mass Spectrometry of Brain Lipids
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	 (g)	Ice.
	 (h)	Liquid nitrogen.
	 (i)	 Outer vessel.
	 (j)	 Inner vessel.
	11.	 Copper tape.
	12.	 Vacuum desiccator for sample dehydration and drying.
	13.	 Desiccant box for sample storage.
	14.	 Black poster board cut to match the shape and dimensions of 

the MTP Slide Adapter II when locked.

	 1.	Glass petri dish.
	 2.	 Hematoxylin.
	 3.	 Eosin.
	 4.	 Water: Ultrapure water (purified deionized water to attain a 

sensitivity of 18 MΩ cm at 25 °C).
	 5.	 Ethanol: Graded series of 100%, 95%, and 70% made with 

ultrapure water.
	 6.	 Xylene: All the steps using xylene must be performed in a 

chemical fume hood.
	 7.	 Staining jars or dishes: Coplin jar or otherwise for graded eth-

anol series, hematoxylin, eosin, and xylene.
	 8.	 Light microscope.
	 9.	 Optional: Microscope slides (Superfrost™ Plus). Use only if 

you want to stain (e.g., H&E) serial adjacent sections of brain 
tissue rather than the slices taken for MALDI-IMS (i.e., H&E 
staining of tissue after MALDI-IMS).

	10.	 Coverslips.
	11.	 DPX Mounting media (Sigma Chemical Company, St. Louis, 

MO, USA).
	12.	Slide box.

	 1.	MALDI-TOF/TOF mass spectrometer (Ultraflex extreme, 
Bruker Daltonics, Bremen, Germany).

	 2.	FlexControl 3.4 software (Bruker Daltonics, Bremen, Germany).
	 3.	FlexImaging 3.0 software (Bruker Daltonics, Bremen, 

Germany).
	 4.	FlexAnalysis 3.0 software (Bruker Daltonics, Bremen, 

Germany).
	 5.	Computer to operate MALDI-TOF/TOF with high-resolu-

tion scanner attached.

2.3  Optical Imaging 
Supplies

2.4  Analytical 
Equipment 
and Supplies

Norelle C. Wildburger
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3  Methods

Carry out all the procedures at room temperature unless otherwise 
specified.

Mice: anesthetize animals by intraperitoneal injection of ketamine/
xylazine solution (200 mg of ketamine and 20 mg of xylazine in 17 
mL of saline) at a dosage of 0.15 mg/10 g body weight and sacrifice 
by CO2 inhalation [12]. Rats: anesthetize with isofluorane followed 
by decapitation with the rodent and small animal guillotine [13].

	 1.	 On a glass petri dish, rapidly remove the brain in under 3 min. 
Use the timer to ensure you are within this range to prevent 
lipid alterations due to prolonged exposed at room tempera-
ture. Alternatively, the dissection petri dish can be placed on 
ice for the procedure, particularly if the duration is increased 
due to micro-dissection of brain subregions.

	 2.	 Place the dissected brain on the center of a square piece of alu-
minum foil and place on the metal block inside the Styrofoam 
box with liquid nitrogen (the liquid nitrogen should not sub-
merge the block) (see Fig. 2). Close the lid of the Styrofoam 
box and set the time to 2 min. The liquid nitrogen vapor will 
rapidly freeze the brain tissue. Frozen tissue will be paler in 
color than unfrozen tissue. Avoid liquid nitrogen touching the 
tissue, as it will cause the sample to fracture and break.

	 3.	 Once the tissue is completely frozen remove aluminum foil 
from the Styrofoam box and place the tissue in a conical tube 
and keep in the dewar of liquid nitrogen until finished with all 
dissections.

	 4.	 After dissections are complete, transfer the conical tubes from 
liquid nitrogen dewar to a −80 °C freezer for storage until 
sectioning (see Note 6).

	 5.	 Ensure the cyrostat is set to −20 °C.
	 6.	 For sectioning tissue, remove a tube with sample from the 

-80oC and equilibrate for 2 h in the cryostat to −20 °C.
	 7.	 Take ITO slides and with the correct side (ITO side, see Note 

1) facing up,  use a silver sharpie mark three to four corners of 
the slide with X’s, T’s, and/or L’s. This ensures 1) the slide is 
correctly oriented, but 2) more importantly, will serve as refer-
ence points for teaching the MALDI software at the sample 
position. Important: Keep these marking close to the edges 
of the slide.

	 8.	 Place in slides in the cryostat to chill.
	 9.	 Next, with a razor blade carefully cut a flat edge in the 

brain. For example, for sectioning rostral to caudal, cut at 

3.1  Tissue 
Dissection 
and Sectioning

MALDI-Imaging Mass Spectrometry of Brain Lipids
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the cerebellum to create a flat surface to mount the brain on 
the sample holder with a droplet of water. Once the water 
freezes and the sample is stable, add additional droplets of 
water around the cerebellum to secure the brain.

	10.	 Mount the sample holder onto the chuck and use the cryostat 
to make 10 μm slices (see Note 7) [14].

	11.	 Carefully pick up the tissue slice with a brush and place on an 
ITO slide (keeping it within the cryostat). Use the brush to 
unfold the tissue. When ready carefully remove the slide from 
the cryostat and warm to room temperature to thaw-mount 
the tissue (see Note 8). Be mindful of changes in tissue orien-
tation when transferring to ITO slide.

	12.	 Section and mount all biological samples and their technical 
replicates in a block randomized fashion (see, Oberg and Vitek, 
2009 [15]).

	13.	 Place all ITO slides with tissue samples in the slide box and 
wrap with saran wrap to prevent frost buildup on tissue slides 
during -80 °C freezer storage.

	14.	Store in −80 °C until MALDI-IMS analysis. Samples can be 
stored in −80 °C for up to a year before detrimental effects on 
quality of MALDI-IMS data.

	 1.	Remove the sample slide to analyze from the slide box in the 
−80 °C freezer.

	 2.	 Let the slide equilibrate to room temperature (~15 min).
	 3.	 Dry the slice in the vacuum desiccator for 1 h.
	 4.	 Wash each tissue slice on the slide three times with chilled 50 

mM ammonium acetate. Apply the solution, covering the 
entire tissue, and aspirate carefully with a pipette or by placing 
the slide on an incline and tapping onto a Kimwipe. Using 
vacuum aspiration may be deleterious to the slice. For one 
wash of a sagittal section of a mouse brain, 60 μL of 50 mM 
ammonium acetate is used.

	 5.	 Dry the slice under vacuum for 3 h.
	 6.	 Place the adapter upside-down on a table or lab bench and 

retract the beige colored retaining tabs on either side.
	 7.	 Place the slide into the adaptor with the tissue side facing 

down, gently lowering. Protruding screws on the front of the 
adapter prevent the tissue from contacting the surface.

	 8.	 Push the beige colored retaining tabs toward the center to 
lock the slide into place. The slide will be flush with the holder 
and the tissue to be imaged will face outward (i.e., the same 
side as adaptor name and product number).

	 9.	 Place the black poster board cutout behind the slide. This will 
enhance the image contrast when acquiring a JPEG or TIFF 
image in the scanner.

3.2  Sample 
Preparation 
for MALDI-IMS

Norelle C. Wildburger
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	10.	 Place the adapter in the scanner facedown. Protruding screws 
on the front of the adapter prevent the tissue from contacting 
the surface.

	11.	 Acquire a moderate resolution JPEG or TIFF image and save. 
Important: this must be done before matrix sublimation.

	12.	 While the slide is still in the adapter, take a plastic lid from a 
96-well plate (will numbered columns and lettered rows) and 
place over the adapter. Draw or transfer coordinates of the tis-
sue on the slide to the plastic lid. This will aid in finding the 
sample inside the instrument. Important: this must be done 
before matrix sublimation.

	13.	 Place the temperature sensing cable underneath the outer 
chamber of the sublimation apparatus and set the hotplate so 
that the temperature measuring transducer readout is 120 
°C. With our setup, a hotplate setting of 186 °C produces 120 
°C reading of the outer chamber.

	14.	 Open inlet to the pump (#1), and close the outlet (#2) (see Fig. 2).
	15.	 Using copper tape, tape the slide (without the adapter) to the 

bottom of the inner chamber of the sublimation apparatus so 
that the tissue faces downward into the outer chamber (Fig. 2). 
Important: place the copper tape around the periphery of the 
glass slide making sure to cover the reference points for teach-
ing (i.e., “X’s, T’s, and/or L’s”; see Subheading 3.1, step 8).

	16.	 Place the DHB matrix in the bottom of the outer chamber 
and distribute evenly.

	17.	 Place liquid nitrogen in the dewar of the cold trap and tighten 
into place.

	18.	 Place the inner chamber into the outer chamber and attach 
tubing to the cold trap. Ensure that the O-ring is undamaged 
and in place.

	19.	 Place ice in the opening atop the inner chamber. This is done 
last so that the sample does not build up condensation.

	20.	 Turn on the vacuum and keep the vent partially open. If open 
too much the vacuum will not pump down.

	21.	 Once the vacuum reaches 200 mTorr start the timer for 5 min.
	22.	 After 5 min: close the vent, turn off the vacuum, close inlet to 

the pump (#1), and open the outlet (#2) (see Fig. 2).
	23.	 Relieve the negative pressure by slowly opening the vent. 

Detach tubing from cold trap to inner chamber, remove the 
inner chamber, discard ice, and remove slide from the bottom 
of the inner chamber.

	24.	 Taking a 3 μL aliquot of peptide calibration standard I, mix 
50/50 (v/v) with prepared HCCA supernatant solution 
(Subheading 2.2.1, item 7), and place 1 μL spots in triplicate 

MALDI-Imaging Mass Spectrometry of Brain Lipids
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on an un-sublimated portion of the slide. Use the silver sharpie 
to mark three spots next to the calibration standard spots to 
aid in localization within the MALDI.

	25.	Place the slide in the dessicant box to dry the calibration spots.

The following steps describe MALD-IMS acquisition using a 
Ultraflex extreme MALDI-TOF/TOF mass spectrometer (Bruker 
Daltonics, Bremen, Germany). However, these steps may be gen-
erally applicable to other MALDI instruments and software.

It is the experimenter’s responsibility to ensure the appropriate 
controls (positive and negative) are included in each sample set as 
well as the appropriate number of biological and technical repli-
cates, based on power analysis, to derive statistically significant and 
meaningful conclusions.

	 1.	 Place slide in the adapter as described above (Subheading 3.2, 
steps 6–8).

	 2.	 Load the adaptor containing the slide into the MALDI.
	 3.	 Open both FlexImaging and FlexControl.
	 4.	 In FlexControl, create a new sequence, and define the raster 

width.
	 5.	 Upload the JGEP or TIFF image of the slide taken in 

Subheading 3.2, step 11.
	 6.	 Using the polygon tool, define your region-of-interest (ROI) 

on the tissue. This can be the whole tissue itself or a subregion 
within the tissue. A ROI defines the area which spectra will be 
acquired and processed. Important: the order you define 
your tissue ROIs is the order of data acquisition. Block ran-
domize your selections to counter any instrumental drift that 
may skew sample results (e.g., if all normal tissues were run 
first, then all diseased tissues) [15].

	 7.	 Next teach the instrument the sample reference points made 
in Subheading 3.1, step 8. This primarily consists of switching 
to FlexControl, searching for the first prominent reference 
mark in the live video feed of your sample slide, adjusting the 
position so that it is under the cross-hairs (see Note 9) and 
switching back to FlexImaging and selecting the same mark 
(also under cross-hairs). Repeat this procedure two more 
times. A minimum of three reference points is required.

	 8.	 In FlexControl load the appropriate imaging method. In our 
studies, we use a mass range spanning 300–1600 m/z and all 
lipid imaging is acquired in reflectron mode. Instrument set-
tings vary based on instrument setup and selected mass range. 
These settings are more numerous than can be adequately 
described in this chapter; consult the instrument user manual 
for detailed instrument parameters and settings. Nonetheless, 
the most important parameters to optimize are acceleration 

3.3  MALDI-IMS

Norelle C. Wildburger
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voltage (IS1), laser power, pulsed ion extraction (PIE), detec-
tor settings, and matrix suppression. These parameters should 
be optimized prior to sample data acquisition.

	 9.	 Move to the calibration standard spotted on the target. Use 
the silver markings as a guide to their location.

	10.	 Calibrate the instrument using the cubic enhanced method 
starting at 200 ppm and successively decreasing to 20 ppm 
saving the method each time. Seven calibration standards are 
required. Reject any calibrant that deviates by ±10 ppm. If 
imaging low molecular weight species (i.e., < 500 m/z), it is 
advisable to include calibration on the DHB (matrix) ions to 
improve signal standard deviation in the low mass range. 
Adjust laser energy to maximize signal and resolution. 
Important: the instrument must be calibrated every time the 
adapter is inserted or removed from the instrument.

	11.	 Move to a location on the edge of your tissue using the plate 
lid made in Subheading 3.2, step 12 as a guide and optimize 
the laser power. Save the method once again.

	12.	 Click autoexecute to start data acquisition (see Note 10).
	13.	 Once complete, images can be displayed of lipids based on 

their m/z and site localization (Fig. 3).

Fig. 3 MALDI-IMS of rat pup 17 days post-natal. Lipid ion images of sagittal sections of P17 rat pup (left) with 
corresponding heat maps of lipid ion intensity in situ (right). m/z’s 906.4, 834.6, 857.6, and 1544.7 (top to 
bottom). Note the regional differences in lipid localization. m/z 1544.7, a likely glycolipid due to its high mass, 
is absent in the caudal portion of the brain, while 906.4 is enriched in the white matter of the cerebellum (Arbor 
vitae) but not in the gray matter

MALDI-Imaging Mass Spectrometry of Brain Lipids
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There are a number of tools available for the analysis of MALDI-
IMS data. msIQuant [16] is a freely available software package 
developed at the Uppsala University. Limitations to this are pri-
marily based on computational power of lab computers. 
Commercially available software includes those developed by 
ImaBiotech (Quantinetix™) and ClinProTools from Bruker 
Daltonics. Alternatively, imaging data may be normalized to the 
total ion current (recommended) and exported to Excel or R for 
analysis of lipid abundances with the statistical test appropriate for 
the experimental question at hand. All spectra should be processed 
with the same baseline subtraction and peak picking protocols. 
Lipid assignments, based on mass-to-charge ratio within a given 
tolerance (typically ±0.5 Da), are made through the LIPID 
Metabolites and Pathways Strategy Database (LipidMaps http://
www.lipidmaps.org) [17, 18].

After data analysis in Subheading 3.4 is complete, confirm the 
identification of significantly differentially expressed lipid(s).

	 1.	Prepare for MS/MS acquisition by calibrating the instrument 
as described in Subheading 3.3, step 10.

	 2.	Collect spectra of interest in reflectron mode. Save and send to 
FlexAnalysis.

	 3.	In FlexAnalysis, select the lipid of interest and add to “MS/MS 
list.”

	 4.	In FlexControl select the LIFT method and select your lipid 
m/z value.

	 5.	Collect parent ion spectra.
	 6.	Begin collection of fragment ions from the parent. Adjusting 

the laser power may be necessary. If the instrument is equipped 
with an external gas supply, use collision-induced dissociation 
(CID) fragmentation for best results.

	 7.	Save the spectrum and manually annotate. Use only those frag-
ment ion peaks with signal-to-noise (S/N) ratio > 3 (see Notes 
11 and 12).

	 1.	When MALDI-IMS acquisition is complete, remove adapter 
from instrument and remove the slide from the adapter.

	 2.	 In a glass petri dish pour 100% ethanol and gently lower the 
matrix covered slide into the dish and gently swirl. The matrix 
will dissolve and lift off the tissue (~15–30 s). If necessary 
repeat a second time to ensure all the matrix particles are 
removed. Important: tissue can easily be damaged in this step 
if care is not taken. A microscope can also be useful to observe 
complete matrix removal.

3.4  MALDI-IMS Data 
Analysis

3.5  MS/MS 
Experiments

3.6  Optical 
Imaging (optional)

Norelle C. Wildburger
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	 3.	 Using staining jars, place the slide in a series of 95% ethanol, 
70% ethanol, and ultrapure water for 30 s each.

	 4.	 Stain with hematoxylin for 3 min.
	 5.	 Wash with the following for 30 s each: ultrapure water, 70% 

ethanol, and 95% ethanol.
	 6.	 Stain with eosin for 1 min.
	 7.	 Wash with the following for 30 s each: 95% ethanol and 100% 

ethanol.
	 8.	 Fix with xylene for 2 min. Important: this step must be per-

formed in a fume hood.
	 9.	 Lay out to dry in the fume hood. Once dry, use mounting 

media to adhere coverslips.
	10.	 Using a light microscope, image the tissue and/or ROI within 

the tissue.
	11.	 Store slides in a slide box, kept at room temperature.

4  Notes

	 1.	 The ITO slides are light sensitive and must be kept in the dark. 
Also we have noticed in our experience that wrapping loose 
glass slides in Parafilm or any other similar material will leach 
polymer onto the slides and affect MS signal intensity and 
S/N. In addition, the slides are coated with ITO on only one 
side. Once receiving the slides, it is advisable to place a tick 
mark in permanent ink across the tops of the all slides within 
the box to demarcate the ITO-coated from uncoated side. 
Conductivity can be tested with a multimeter.

	 2.	 Through extensive testing 50 mM ammonium acetate was 
found to be the best wash buffer for brain tissue for a broad 
spectrum of lipids in an untargeted lipidomics approach based 
on overall signal intensity and S/N. However, this is not to say 
that for a more focused lipidomics approach (e.g., phospholip-
ids, specifically) that alternative wash buffers would be more 
ideal.

	 3.	 Since the process of sublimation will purify DHB, low purity 
matrix may be purchased. Importantly, DHB does not undergo 
decomposition under sublimation conditions (i.e., reduced 
pressure and elevated temperature) [19].

	 4.	 HCCA is purchased at the highest purity available. The pep-
tide calibration standard is mixed 50/50 (v/v) with the matrix 
and spotted on the ITO sample slide. HCCA is not sublimated 
onto the slide and thus not purified like DHB (see Note 3).

MALDI-Imaging Mass Spectrometry of Brain Lipids
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	 5.	 The glassware component of the sublimation apparatus in Fig. 1 
was custom made, but all other components were purchased 
through scientific vendors. Sublimation is the choice method 
for applying matrix to the sample because (1) low-grade 
matrix, and thus less expensive matrix can be purchased (see 
Note 4), (2) minimal sample handling, and importantly (3) 
consistent matrix coverage across the tissue. Even deposition 
of matrix is crucial in MALDI-IMS as topological inconsisten-
cies in matrix coverage will bias lipid signal intensity and S/N 
across different regions.

	 6.	 We use fresh frozen tissue so that we may perform imaging 
in both positive and negative ion modes. Most embedding 
resins (e.g., OCT) are rich in polymer components, which 
ionize readily and due to their abundance and ionization 
efficiency cause ion suppression making positive ion mode 
imaging impossible, but does not preclude negative ion 
mode. Some tissues, like spinal cord for instance, must be 
embedded in order to perform cryo-sectioning. However, 
gelatin and ice have proven to be MALDI-friendly embed-
ding media [20].

	 7.	 Based on the work of Sugiura et al., we performed tissue thick-
ness optimization for MALDI-IMS.  We found that 10 μm 
slices for brain resulted in the best peak intensity and S/N 
[14]. It is important to optimize this prior finalizing the imag-
ing protocol.

	 8.	 A simpler alternative is to invert a warm slide over the sold tis-
sue sample and thaw-mount it to the surface of the warm slide. 
In this approach, a layer of ice remains on the cryostat sample 
platform. This may contain analytes of interest that may be 
lost in this process [20].

	 9.	 The purpose of using X’s, T’s, and/or L’s as reference marks 
is that each of these letters has a sharp 90° or 45° angle that is 
especially prominent and ideal for teaching the instrument 
sample slide position. Move the cross-hair to these angles for 
optimal instrument teaching.

	10.	 The length of data acquisition is primarily determined by the 
(1) the lateral resolution specified, (2) the size of the tissue or 
ROI to be image, and (3) number of samples per slide to be 
imaged. As the instrument will rapidly accumulate matrix 
debris, which may adversely affect sample results, it is advisable 
not to have long acquisition times.

	11.	 Confirmatory identification can also be performed on a stan-
dard of the lipid species of interest for side-by-side comparison 
of the biological species and standard.

Norelle C. Wildburger
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	12.	 To complement MALDI-IMS and provide orthogonal valida-
tion, replicate biological samples may be processed by solvent: 
solvent extraction for targeted or untargeted lipidomics  
by ESI-MS/MS as previously described [12]. See Chap. 1 
“High-Resolution Lipidomics with the Orbitrap” and Chap. 2 
“High-Resolution Lipidomics with FT-ICR.”
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Chapter 5

Ion-Mobility Mass Spectrometry for Lipidomics 
Applications

Giuseppe Paglia, Bindesh Shrestha, and Giuseppe Astarita

Abstract

Among lipidomics’ major challenges, there is the molecular complexity of the lipidome. State-of-the-art 
technology, such as ion mobility (IM) spectrometry, is a promising new tool for supporting lipidomics 
research. IM is a gas-phase electrophoretic technique that enables the separation of ions in the gas phase 
according to their charge, shape, and size. IM separation, which occurs on a time scale of milliseconds, is 
compatible with modern mass spectrometers with microsecond scan speeds. Thus, IM-mass spectrometry 
(MS) can be integrated into conventional lipidomics MS workflows to improve separation and enhance 
peak capacity, spectral clarity, and fragmentation specificity. Furthermore, IM allows for the determination 
of the collision cross section (CCS), an orthogonal physicochemical measure that can be used, together 
with accurate mass and fragmentation information, to increase the confidence of lipid identification. 
In recent years, the expanding sophistication of hardware and software products has enabled IM-MS to 
perform an increasingly important role in traditional lipidomic approaches. In this chapter, we present 
IM-MS procedures for lipidomics research.

Key words IM, Lipid, Collision cross section, Drift time, Travelling-wave IM

1  Introduction

Lipid identification remains the most challenging step in a lipido-
mic workflow because of the chemical complexity of the lipidome 
[1–7]. In recent years, ion mobility (IM) technologies have sup-
ported lipidomic applications [8–16]. IM is a gas-phase electro-
phoretic technique that enables the separation of ions within an 
ion-mobility cell, a chamber filled with a buffer gas, like nitrogen, 
to which an electrical field is applied [17, 18]. The time required 
for lipid ions to migrate through the IM separation cell – the drift 
time  – depends mostly on the frequency of collisional events 
between the ions and the buffer gas. Thus, drift time values are 
directly related to the shape, size, and charge of the lipid ions, as 
well as to the nature of the buffer gas (Fig. 1).
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The IM separation occurs on a timescale of milliseconds, 
making it suitable for coupling with mass spectrometry (MS), in 
which the detection usually occurs in microseconds. Three IM-MS 
technologies are currently commercially available: drift-time ion-
mobility spectrometry (DTIMS), traveling-wave IM spectrometry 
(TWIMS), and differential-mobility spectrometry, the last of which 
is known also as field–asymmetric IM spectrometry (FAIMS). 
Comprehensive reviews addressing in detail the various IM tech-
niques have been presented by Kanu et al. [17] and Lapthorn et al. 
[18]. By plotting mobility versus mass, it is possible to differentiate 
lipids from other classes of biomolecules such as peptides, carbohy-
drates, and oligosaccharides [19–21]. Lipid classes and subclasses fall 
into distinct trend lines on a m/z-mobility plot, facilitating the 
feature annotation of unknown lipid structures [11, 20, 22–25].

In recent years, exploiting both hardware and software 
advances; IM-MS has been increasingly used in traditional lipido-
mic approaches (Fig. 1). In this chapter, we provide experimental 
protocols on TWIM-MS from the perspective of our laboratory’s 
experience in the field.

Fig. 1 Ion-mobility (IM) mass spectrometry (MS) can be used with traditional lipidomic approaches, such as 
chromatography, e.g., liquid chromatography (LC–IM–MS) and direct analysis. Independently of the inlet source 
and the ionization mode, lipid ions are separated before MS detection by their drift time, which is determined 
by their charge, size, and shape. Drift-time information can be converted to collision cross section (CCS), a 
measure of the shape of molecules. CCS provides an additional coordinate for identifying and increasing the 
signal-to-noise ratio

Giuseppe Paglia et al.
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2  Materials

	 1.	Liquid chromatography system such as an ACQUITY UPLC® 
I-Class System (Waters Corporation, Milford, Massachusetts, 
USA) (see Note 1).

	 2.	Desorption Electrospray Ionization (DESI) Source (Prosolia 
Inc., Indianapolis, Indiana, USA).

	 3.	MS system: an IM time-of-flight mass spectrometer. For exam-
ple, TWIMS-MS instruments including a SYNAPT High 
Definition Mass Spectrometry (HDMS).

	 4.	Cryostat (e.g., CM3050 S, Leica Buffalo Grove, Illinois, 
USA).

	 1.	Natural lipids and lipid extracts (Avanti Polar Lipids, Alabaster, 
Alabama, USA).

	 2.	Poly-DL-alanine (Sigma-Aldrich, St. Louis, Missouri, USA; 
cat # p9003).

	 3.	CCS Major mix calibration solution (Waters, part number 
186008113).

	 4.	LCMS QCRM mix (Waters, part number 186006963).
	 5.	Ion Mobility System Suitability LipidoMix® Kit (Avanti Polar 

Lipids, cat # 791500).
	 6.	Carboxymethylcellulose sodium salt (Sigma-Aldrich; cat # 

C4888).
	 7.	Leucine encephalin (Sigma-Aldrich).
	 8.	Sodium Formate (Sigma-Aldrich).
	 9.	Acetic acid (Sigma-Aldrich).
	10.	Ammonium acetate (Sigma-Aldrich).
	11.	Solvents: isopropanol (IPA), methanol and acetonitrile 

(Thermo Fisher Scientific, Somerset, New Jersey, USA). Use 
only HPLC grade or better solvents.

	 1.	UPLC column: Charged Surface Hybrid (CSH™) C18 
(2.1 × 100 mm) 1.7 μm (Waters).

	 2.	Standard microscope glass slides (75 × 25 mm; e.g., VWR cat 
# 490013).

	 3.	Glass tubes with caps including a Teflon-covered liner.
	 4.	Gases. Routinely, IM measurements are made using nitrogen 

(N2). Nevertheless, IM resolution can be optimized using other 
gases. The SYNAPT G2-Si and SYNAPT G2-S instruments can 
be used with 12 different IM gasses. Table  1 describes the 
expanded list of IM gases. In all cases, the gas purity must be at 

2.1  Equipment

2.2  Reagents

2.3  Supplies

Ion-Mobility Mass Spectrometry for Lipidomics Applications
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least 99.5%. Note that some gasses can require the use of 
specialized regulators, handling, or safety considerations.

	 1.	MassLynx (Waters) is used to acquire data for the SYNAPT 
HDMS system.

	 2.	Progenesis® QI (Nonlinear Dynamics, Newcastle, UK) or 
UNIFI® (Waters) is used for processing and analyzing IM 
information for both qualitative and quantitative applications.

	 3.	DriftScope™ software (Waters) is used to extract regions of 
interest for different molecules on the basis of selective drift-time 
extraction of mass spectra.

	 4.	HDI® Imaging Software (Waters) is used for DESI 
experiments.

3  Methods

	 1.	Ensure IM settings are correct for your lipid samples. Prepare 
a fresh standard solution in isopropanol and use it for the opti-
mization of IM settings. Several lipid extracts sample are com-
mercially available from Avanti Polar. Select the lipid extracts 
that best fit your need and use it as system-suitability standards 
to confirm visualization and separation of the wide range of 
lipid classes present in biological samples. Use glass tubes with 
caps that include a Teflon-covered liner, to avoid leaching con-
taminants into organic solutions.

	 2.	Directly infuse the relevant lipid mixture at the rate of 5 μL/min, 
adjusting IM parameters to control IM separation [26]. We 
suggest starting the optimization process by using the param-
eters presented in Tables 2 and 3. Then, ensure that all lipid 
masses fit in the IM separation window by adjusting the 
following parameters: IMS wave velocity and IMS wave Height 
cell. By increasing or decreasing these two parameters you can 
expand or narrow the drift-time distribution profile.

2.4  Software

3.1  IM-MS 
Parameters: Setting 
and Optimization

Table 1  
Supported IM gases on SYNAPT HDMS instruments

Nitrogen (N2) Neon (Ne)

Argon (Ar) Nitrogen dioxide (NO2)

Carbon Dioxide (CO2) Nitrogen oxide (NO)

Carbon Monoxide (CO) Nitrous oxide (N2O)

Helium (He) Oxygen (O2)

Hydrogen (H2) Sulfur hexafluoride (SF6)

Giuseppe Paglia et al.
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After ionization, lipid ions cross the IM separation cell before MS 
detection. On the basis of the characteristic time required for a 
lipid ion to cross the IM separation cell (i.e., the drift time), it is 
possible to calculate the rotationally averaged collision cross 
sections (CCS), a physicochemical property, which is related to the 
lipid’s charge, size, and shape, as well as the nature of the gas used 
in the IM cell.

3.2  Acquiring 
Information 
for Collision Cross 
Sections

Table 2  
Representative MS settings

Polarity
Flow rate  
(μL/min)

Cone Source Desolvation Desolvation Cone

Voltage (V) Temperature  (°C) Temperature (°C) Gas flow (L/h) Gas flow

ES+ 400 30 110 450 450 20

ES− 400 40 110 500 500 20

Polarity EDC delay Optic MS Lock mass Lock mass
Coefficient Mode scan rate Solution Flow rate (μL/min)

ES+ 1.58 Resolution 0.2 Scan/s Leucine encephalin 
(2 μg/mL)

15

ES− 1.58 Resolution 0.2 Scan/s Leucine encephalin 
(2 μg/mL)

15

Table 3  
Representative TWIMS settings for SYNAPT HDMS systems

Polarity

Triwave DC

Trap DC IMS DC Transfer DC

Entrance
Bias Trap DC Exit Entrance Helium 

cell DC
Helium 
exit

Bias Exit Entrance
Exit

ES+ 3 45 0 0 25 35 −5 3 0 4 15

ES− 3 45 0 0 25 35 −5 3 0 4 15

Polarity

Gas controls Triwave

IMS gas 
(nitrogen) 
(mL/min)

Helium cell 
(mL/min)

Trap IMS Transfer

Wave 
velocity 
(m/s)

Wave 
height 
(V)

Wave 
velocity 
(m/s)

Wave 
height 
(V)

Wave 
velocity 
(m/s)

Wave 
height  
(V)

ES+ 90 180 311 6 600 40 220 4

ES− 90 180 311 6 600 40 220 4

Ion-Mobility Mass Spectrometry for Lipidomics Applications
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CCS values can be automatically calculated from drift-time data 
by means of informatics solutions [27, 28]. Lipids can be annotated 
for both accurate masses and CCS values, thus creating a searchable 
database for lipidomics applications to increase the confidence of 
lipid identification and reducing the number of false positives [29]. 
Indeed, CCS values are independent of chromatographic condi-
tions and analytical matrix, which might cause significant variations 
in retention times [28].

	 1.	Set the instrument in Mobility TOF and wait for at least 1 h 
before acquiring CCS information. This step will ensure to 
obtain a stable CCS calibration.

	 2.	In MassLynx open Intellistart and select CCS calibration. Next, 
prepare polyAla at the concentration of 10 μg/mL (alterna-
tively you can use CCSMajor Mix solution) and infuse the solu-
tion at a flow rate of 5 μL/min. Check that the beam is stable 
and that the all single charged polyAla oligomers [23, 28] are 
present. Then use Intellistart for acquiring calibration data 
automatically (see Note 2).

	 3.	When acquiring data from real samples, CCS values will be 
automatically derived from the CCS calibration curve using 
informatics products such as Progenesis® QI or UNIFI (Waters 
Corporation) [27, 28]. The difference between reference CCS 
and experimental CCS values (ΔCCS) can be used as a contri-
bution to the identification score for lipids.

Historically, chromatographic separation has been used to maxi-
mize lipid separation prior to MS detection. For example, reversed-
phase UPLC has been extensively used to separate lipid species, 
mostly according to their hydrophobicity [30–33]. Yet even the 
most advanced chromatographic technique cannot completely sep-
arate the wide array of lipids in biological samples, an insufficiency 
that is exacerbated when short chromatographic runs are needed 
to increase throughput [34]. Because chromatographic separations 
occur in seconds and IM separations in milliseconds, IM can be 
efficiently coupled to chromatography, providing an additional 
degree of separation and increasing peak capacity as well as the 
specificity of lipid identification (Fig. 1) [8–10, 34–37].

	 1.	Prepare mobile phases A and B.
(a)	 Mobile phase A: 10 mM ammonium formate with 0.1% 

formic acid in 40:60 (v/v) acetonitrile/water.
(b)	Mobile phase B: 10 mM ammonium formate with 0.1% 

formic acid in 10:90 (v/v) acetonitrile/isopropanol.
	 2.	Insert the column in the column compartment and set the 

column temperature at 55 °C, the flow rate at 0.4 mL/min, 
the injection volume at 5 μL, and the autosampler temperature 
at 10 °C.

3.3  Lipidomics 
by LC-IM-MS

3.3.1  UPLC Preparation

Giuseppe Paglia et al.
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	 3.	Set the gradient condition. Gradient: Initial conditions started 
with 40% B and immediately a linear gradient from 40% to 43% 
B in 2 min. In the following 0.1 min, the percentage of mobile 
phase B was increased to 50%. Over the next 9.9 min, the gra-
dient was further ramped to 54% B, and the amount of mobile 
phase B was increased to 70% in 0.1 min. In the final part of 
the gradient, the % B was increased to 99% in 5.9 min. The 
eluent composition returned to the initial conditions in 
0.1 min, and the column was equilibrated, under the initial 
conditions, for 1.9 min before the next injection. The total run 
time was 20.0 min.

	 4.	Equilibrate the column running the gradient four times with-
out injecting any sample.

The use of IM-MS improves the data-independent acquisition 
(MSE) process for identifying lipids in complex mixtures. Indeed, 
the incorporation of IM in the MSE process allows a new acquisi-
tion mode, which is named HDMSE. In HDMSE, co-eluting lipid 
precursor ions can be separated by ion-mobility before fragmenta-
tion, resulting in cleaner MS/MS product-ion spectra (Fig. 2) 
[8, 9, 12, 38, 39]. Furthermore, during a HDMSE experiment 
the precursor ions and the product ions are drift-time aligned, 
this provides additional information for data deconvolution. 

3.3.2  Data-Independent 
Acquisition Coupled 
with IM

Fig. 2 Schematic visualization of acquisition using data-independent acquisition (MSE) and MSE coupled with 
IM (HDMSE). Combined with IM separation, fragmentation offers unique capabilities to increase specificity and 
confidence in identifying complex lipid structures Reproduced with permission from [25], © 2015, Springer

Ion-Mobility Mass Spectrometry for Lipidomics Applications
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These cleaner MS/MS spectra facilitated lipid identification by 
increasing specificity and reducing false-positive assignments [8, 9, 
12, 38, 39] (Fig. 2) (see Note 3).

	 1.	Perform instrument performance checks, according to the 
manufacturer’s guidelines.

	 2.	Select the HDMSE and set the parameters of the two distinct 
functions (Fig. 2).

	 3.	Function 1 uses low collision energy and therefore acquires 
information relative to the precursor ions. Use the parameter 
reported in Tables 2 and 3. We suggest setting collision energy 
in the trap cell and the transfer cell at 5 eV.

	 4.	Function 2 uses high-collision energy and therefore acquires 
information relative to the fragment ions. Use the parameter 
reported in Tables 2 and 3. We suggest setting collision energy 
in the trap cell at 5 eV and ramping the collision energy from 
20 to 40 eV in the transfer cell

	 1.	Perform a lipid extraction procedure. Different procedures are 
available in the literature. They are based on type of sample 
(tissue, cells, plasma, etc.) or selected lipids of interest [40].

	 2.	Prepare CCS QC standard solution by diluting LCMS QCRM 
mix 1:100 using 10% acetonitrile. Ensure precise CCS mea-
surements by running the QC prior to sample analysis. 
Alternatively, the LipidoMix from Avanti can be used to deter-
mine the IM system suitability.

	 3.	Prepare “pooled QC” samples by pooling a small aliquot of 
lipid extracts from individual samples. Thus, combine aliquots 
of 10 μL from each extracted sample.

	 4.	Prepare a sample list. Include samples in a randomized order, 
a “pooled QC sample” and a CCS QC standard solution 
(see Note 4).

	 5.	Inject pooled QC samples ten times, to stabilize the UPLC-
IM-MS system.

	 6.	Run the samples.
	 7.	Use the pooled QC samples and CCS QC standard solution to 

verify the reproducibility of the analysis, and thus, evaluate 
retention time, intensity, and mass accuracy, and confirm that 
CCS (N2) measurements fall within 2% of expected values.

In a typical UPLC-IM-MS lipidomic experiment, a list of lipid 
annotations is automatically generated. The list includes, as molecu-
lar identifiers, CCS values as well as retention-time and mass (m/z) 
values [8, 23, 28, 41, 42]. Commercially available software, includ-
ing Progenesis QI or UNIFI software, can be used to process and 

3.3.3  Sample Analysis

3.3.4  Data Processing 
and Analysis

Giuseppe Paglia et al.
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analyze TWIM-MS information, automatically deriving CCS 
values from the calibration curve.

Following is a typical procedure for searching CCS information:

	 1.	Search lipids by matching experimentally derived CCS values 
against CCS databases [28]. Databases containing CCS for 
several lipid species are available in the literature [23, 28].

	 2.	The difference between reference CCS (contained in the data-
base) and experimental CCS values (ΔCCS) contributes to the 
identification score, in addition to accurate masses, isotopic 
pattern, and retention times. Fragmentation spectra can be 
analyzed in HDMSE mode.

	 3.	Lipids can be searched by selecting a ΔCCS less than that of a 
given threshold as tolerance parameters [23, 27, 28].

	 4.	Filter and score identifications when querying the database 
with CCS information to reduce the number of false positives 
and negatives [28].

MS imaging provides detailed spatial distribution of lipid species in 
biological tissues. Lipids are prominent features in MS imaging spec-
tra of biological tissues under most desorption ionization sources, 
including matrix-assisted laser desorption ionization (MALDI) 
[9, 43] and desorption electrospray ionization (DESI) [44–46].

Lipids are localized across the surface of a sample in different 
compositions and concentrations. MS imaging makes possible 
topographic mapping of the lipid content of tissue sections with-
out performing any type of extensive sample preparation, such as 
lipid extraction. In a typical MS imaging experiment, a focused 
excitatory beam (e.g., a laser or charged-solvent droplets) scans 
along all spatial axes of a tissue section [9, 47, 48]. Upon impact, 
lipid ions are desorbed and ionized from the sample surface and 
then sampled by a mass spectrometer.

The addition of IM to traditional MS imaging experiments 
allows separation of the lipid ions of interest from the interfering 
background before MS detection, resulting in a relatively improved 
signal-to-noise ratio and lipid localization (Fig. 3). In addition to 
accurate mass value, the characteristic CCS value associated with 
each desorbed lipid ion can be searched against databases, to support 
lipid identification [9]. Various desorption ionization techniques 
have been combined with M-MS for lipids imaging, among them 
matrix-assisted laser desorption ionization (MALDI) [9, 49] desorp-
tion electrospray ionization (DESI) (Figs. 1 and 3) and laser abla-
tion electrospray ionization (LAESI) [50] (see Note 5).

Storage, chemical processing, and quality of tissue sectioning affect 
the quality of MS imaging results. The following tissue-processing 
procedure is recommended for obtaining optimal sections for 
DESI imaging:

3.4  Lipidomics 
Imaging by IM-MS

3.4.1  Tissue Preparation 
for Lipidomics Imaging
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	 1.	For tissue sections, use fresh or flash frozen tissue stored at 
−80 °C (see Note 6).

	 2.	Prepare 2.5% CMC solution in deionized water.
	 3.	Add a few drops of CMC at the bottom of the cryomold 

(see Note 7).
	 4.	Mount the specimen on the drop of CMC in the desired 

orientation (e.g., coronal or sagittal) (see Note 8).

Fig. 3 Brain Porcine Lipid Extract analysis performed by UPLC-HDMSE platform in positive mode. The first panel 
is the mass chromatogram, the second panel represents a 2D plot retention time vs drift time, while the third 
panel is 2D plot drift time vs m/z

Giuseppe Paglia et al.
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	 5.	Completely cover the tissue with CMC and snap freeze it.
	 6.	Remove the CMC block and attach the block to the sample 

mount of a cryostat (e.g., CM3050 S, Leica Buffalo Grove, IL) 
using a couple of drops of CMC.

	 7.	Typical for DESI imaging tissues are sectioned, between 10 
and 20 μm in thickness. Sectioning can be done at approxi-
mately −22 °C.

	 8.	Store tissue sections in an airtight, labeled slide holder placed 
inside a −80 °C freezer until further use.

	 9.	Remove frozen tissue sections, transfer them to a vacuum 
desiccator, and allow about half hour to defrost them. Avoid 
condensation (see Note 9).

DESI-MS has been employed to detect lipid species from biological 
samples, including biofluids, mammalian tissue sections, microbial 
colonies, and cell cultures [51–54]. In DESI, lipids are desorbed 
and ionized from a sample surface by pneumatically assisted elec-
trospray at atmospheric pressure or ambient conditions. To obtain 
DESI images, mass spectra are collected in a series of coordinates or 
pixels, which are later rendered into false-color images according to 
the intensity of ions. A motorized stage with a sample is moved, in 
two dimensions, to obtain mass spectrum at each pixel.

A schematic of a DESI ion source appears in Fig. 4. Briefly, 
it depicts the side-view of an electrospray emitter with pneumatic 
gas flow assembly on a three-dimensional, translational stage. The 
DESI ion source is mounted atop a two-dimensional, translational 
stage in front of an ion transfer capillary of a mass spectrometer. 
The DESI emitter and MS-inlet capillary are kept stationary. The 
spatial resolution of the DESI image depends on electrospray 
impact and size and the speed of acquisition (step velocity).

Optimizing the DESI source is critical for obtaining a robust 
and stable signal. Ideally, signal optimization should be performed 
using reference samples as close as possible to samples of interest. 
For instance, for tissue sections, optimize signal on adjacent serial 
sections.

	 1.	Tune the mass spectrometer according to its manufacturer’s 
instructions.

	 2.	Optimize the DESI ion source (Prosolia) parameters listed in 
Table  4 for each set of samples by monitoring their signal 
intensity. Initially, optimize the MS signal by analyzing a spot 
drawn using a fine, red marker containing the rhodamine 6G 
dye (m/z 443) on a glass microscope slide.

	 3.	Electrospray composition for DESI imaging depends on the 
analyte of interest and the tissue type. A typical composition 
of 98% methanol with 0.1% acetic acid (v/v) is recommended 

3.4.2  DESI Optimization
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as a starting point for DESI-imaging method development 
(see Note 10).

	 4.	Set and adjust the nebulizing gas pressures, solvent flow rate, 
and applied voltage. Recommended initial settings for optimi-
zation appear in Table 4.

Fig. 4 Shown are (a) schematic of DESI ion source. Briefly, incidence angle of electrospray emitter (α), angle 
of ion collection capillary (β), height difference between emitter and ion collection capillary (he), distance 
between the emitter and MS inlet capillary (d), distance between ion-collection capillary and sample surface 
(hs). The electrospray emitter offset is given by (Δe). (b) Representative two-dimensional plot (drift time vs m/z) 
from a positive-ion DESI-TWIMS-MS analysis of a portion of a coronal section of mouse brain; (c and d) repre-
sentative selection of lipid spectra isolated by specific drift times: 99, 101, and 107 bins
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	 5.	Geometrically align the DESI electrospray ion source, as shown 
in Fig. 4. Adjust the electrospray incidence angle (α), angle of 
ion collecting inlet capillary (β), distance between emitter and 
sample surface (he+ hs), distance between the electrospray 
emitter and MS inlet capillary (d), distance between ion collec-
tion capillary and sample surface (hs). Start with recommended 
values provided in Table 4 (see Note 11).

	 1.	CCS calibration can be performed using DESI or, separately, 
using electrospray ionization as previously described.

	 2.	Before imaging, scan an optical image of the specimen on the 
slide using a regular flatbed scanner. The optical image is used 
to define an area of DESI-MS imaging.

	 3.	The translation stage used in imaging is controlled by the man-
ufacturer’s software, such as HDI Imaging software (Waters). 
Stages are programmed to raster in successive rows creating a 
two-dimensional image (see Note 12).

	 4.	Select the area of imaging, define pixel sizes (equal value for 
x and y is recommended), input desired stage scan speed 
(e.g., 100  μm per second) and line spacing (e.g., 100  μm) 
between rows (see Note 13).

	 5.	To obtain data in IM mode, ensure that the scan speed is not 
set lower than 0.3 spectrum per second; the recommended 
setting is 1 scan per second.

	 6.	Acquire IM-MS imaging data. After the DESI-imaging data 
acquisition concludes, put the mass the spectrometer in Standby 
mode, stop the nitrogen gas flow, and turn off syringe pump.

3.4.3  DESI Imaging 
with IM

Table 4  
Recommended DESI imaging settings

Settings Positive ion mode Negative ion mode

Electrospray voltage 5000 V 4250 V

Solvent flow rate 2 μL per minute

Nebulizing gas pressure 4.5 bar

MS scan rate 1 scan per second

Electrospray incidence angle (α) 75°

Ion collection capillary angle (β) 5°

Emitter tip to sample surface distance (d) 2 mm

Emitter tip to ion collection capillary distance (he) 6 mm

Ion transfer capillary orifice to surface (hs) ~1 mm

Offset of electrospray emitter (Δe) 0.5 mm
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	 7.	Process mass-spectral data. Ions can be rendered on the basis 
of m/z ratio and drift times. Other analyses include hierarchal 
clustering of ions, which groups related ions, and spatial 
correlation analysis, which shows all other ions with similar or 
opposite spatial distribution.

	 8.	Extract lipids present in selected drift-time regions using 
Driftscope software.

4  Notes

	 1.	As an alternative, normal-phase chromatography, hydrophilic 
interaction chromatography (HILIC), and supercritical fluid 
chromatography (SFC) can be used to separate lipid classes 
according to their polarity [34, 55–59].

	 2.	When poly-DL-alanine is used as the calibrant species in both 
ES+ and ES−, calibration can be performed using oligomers, 
from n = 3 to n = 11, covering a mass range from 231 Da to 
799 Da and a CCS mobility range from 151 Å2 to 306 Å2 in 
ES+ and from 150 Å2 to 308 Å2 in ES−.

	 3.	IM-MS experiments might add selectivity to the separation 
and detection of structural isomers, isobars, and conformers 
[60–64]. Derivatization methods and alternative ion-mobility 
gases have both been used to maximize the separation of iso-
baric and isomeric lipid species by IM-MS [14]. The derivatiza-
tion increases the CCS of the isomers, affecting the interactions 
of the lipid ion with the drift gas and thus improving their sepa-
ration in the ion-mobility cell. In addition, IM gases of different 
polarizabilities, as well as changes in the pressure of these gases, 
have also been used to separate lipid isomers [14, 65, 66].

	 4.	If a manual CCS calibration is required, you might include three 
injection of poly-DL-alanine or CCS Major mix calibration 
solution for CCS calculations.

	 5.	Real-Time IM-MS.  For a high-throughput fingerprinting of 
biological samples, various ambient ionization MS (AIMS) 
techniques allow the rapid sampling and ionization of lipids 
directly from solid or liquid samples, without prior sample 
treatment [67–69].

	 6.	If the tissue is frozen, allow it to reach the temperature (e.g., 
approximately −20  °C) of cryomicrotome before beginning 
sectioning.

	 7.	The size cryomold and volume of CMC depends on the size of 
the tissue.

	 8.	Label the orientation of the tissue on the mold before 
starting.
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	 9.	Leaving fresh tissue sections in a desiccator too long will cause 
flaking, because of excessive drying, and can result in analyte 
delocalization.

	10.	Load a generous volume of electrospray solvent, to last the 
total time of the DESI imaging run.

	11.	The instrumental interlock should automatically turn off the 
high voltage while accessing the micromanipulators during 
DESI source adjustments. Yet, it is a good and recommended 
practice to put the mass spectrometer in its Standby mode.

	12.	Refer to the software instruction for procedure for setting up a 
DESI imaging experiment.

	13.	Scan speed and spacing between lines (i.e., total number of 
lines) affects the total time of MS imaging. The true pixel 
size is slightly larger than the affected area, because of the 
spreading of spray.
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Chapter 6

In Vitro Assay to Extract Specific Lipid Types 
from Phospholipid Membranes Using Lipid-Transfer 
Proteins: A Lesson from the Ceramide Transport  
Protein CERT

Kentaro Hanada and Toshihiko Sugiki

Abstract

Several mechanisms deliver specific lipid types from one organelle to another in cells. Two distinct mechanisms 
exist for inter-organelle lipid trafficking in eukaryotic cells: vesicular and non-vesicular. Lipid-transfer proteins 
(LTPs) that catalyze the inter-membrane transfer of lipids play pivotal roles in non-vesicular systems. As a 
key biochemical feature, LTPs extract a specific lipid type from membranes in vitro. This chapter describes 
two assay systems to assess the lipid extraction activity of the ceramide transport protein CERT from 
membranes under cell-free conditions: one is a conventional assay system using radioactive lipid ligands, 
while the other is a more recently developed assay system using surface plasmon resonance. These methods 
are applicable to other LTPs.

Key words Lipid-transfer proteins, Lipid extraction, Membranes, Ceramide, CERT, START domain, 
Surface plasmon resonance

1  Introduction

Lipids are the major constituents of all cell membranes and play 
dynamic roles in organelle structures and functions. In eukaryotic 
cells, an organelle in which a lipid type is synthesized is often different 
from the site at which that lipid exerts its functions. Thus, cells utilize 
various systems to deliver specific lipid types to their appropriate 
destinations. Two distinct mechanisms exist for inter-organelle lipid 
trafficking in eukaryotic cells: vesicular and non-vesicular. Many 
lipid-transfer proteins (LTPs) have been shown to play pivotal roles 
in the non-vesicular mechanisms identified to date [1, 2].

As depicted in the nomenclature, LTPs catalyze the inter-
membrane transfer of lipids in  vitro, and, in many cases, LTP-
mediated transfer may occur in the absence of biological energy such 
as ATP. Therefore, LTPs are capable of transferring lipids between 
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different membranes until an equilibrated state is reached. 
However, the LTP-mediated inter-organelle transport of lipids 
appears to be coupled with the consumption of biological energy 
such as ATP in living cells [3, 4], thereby leading to unidirectional 
lipid transport. During the inter-membrane transfer of lipids, the 
energetically highest barrier process is the most likely to extract a 
hydrophobic molecule (lipid) from a hydrophobic environment 
(membrane) into an aqueous phase (the cytosol in cells) [5, 6]. 
Therefore, as a key biochemical feature, LTPs are capable of 
extracting a specific lipid type from membranes in vitro.

Not all biochemically annotated LTPs participate in the inter-
membrane transport of lipids in cells. For example, the yeast Sec14 
protein, which has been identified as a phospholipid-transfer pro-
tein, appears to use its lipid ligands as functional modulators, not 
transport substrates of the protein [7]. Furthermore, the physio-
logical function of intra-lysosomal sphingolipid activator proteins, 
which mediate inter-membrane sphingolipid transfer in vitro, is to 
transfer specific sphingolipids from the lysosomal membrane to 
soluble hydrolases in order to facilitate the degradation of sphingo-
lipids in the lumen of lysosomes [8]. Such “apparent LTPs” may 
also exhibit lipid-extracting activity in vitro. Hence, cell-free assay 
systems to assess the ability of proteins to extract specific lipid types 
from membranes with rational expandability may represent an 
important basic tool in the molecular biology of lipids.

We herein described two assay systems to assess the lipid 
extraction activity of the ceramide transport protein CERT, a typi-
cal LTP, from membranes under cell-free conditions: one is a con-
ventional assay system using radioactive lipid ligands [9], while 
the other is a more recently developed assay system using surface 
plasmon resonance (SPR) [10]. Although the principle and proce-
dure of the conventional system are simple, its expansion to vari-
ous lipid types may be practically limited by the availability of 
radioactive lipids. However, this limitation was overcome by the 
recently developed system, in which the release of lipid molecules 
from a phospholipid membrane matrix is monitored as a loss in 
weight from the matrix set on an SPR sensor. In addition, the types 
of lipids extracted from the matrix are confirmed by a mass 
spectrometry (MS) analysis of the out-flow fluid of the SPR assay. 
Therefore, investigators may select one of the two systems or others 
based on the purpose of the experiments and also the availability of 
materials.

2  Materials

The water used is deionized water purified by the Milli-Q system 
(Merck Millipore). The chemical reagents used are of analytical 
grade.

Kentaro Hanada and Toshihiko Sugiki
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	 1.	The Escherichia coli (E. coli) BL21 (DE3) strain for the 
expression of hexahistidine (His6)-tagged human CERT or its 
derivatives: E. coli BL21 (DE3) cells are transfected with the 
pET-28a(+) plasmid (Novagen), in which the cDNA coding 
the CERT protein or its derivatives (CERT∆ST is a START 
domain-deleted CERT while ST CERT is a construct of the 
START domain only) is inserted in-frame by a heat shock 
method, and transformed as a bacterium resistant to kanamycin 
(25 μg/mL).

	 2.	Luria-Bertani (LB) broth containing kanamycin: A stock solu-
tion of kanamycin (50 mg/mL; sterilized by filtration) is added 
to pre-autoclaved LB broth (trypeptone 10  g, yeast extract 
5 g, and NaCl 5 g in 1 L of water) at a final concentration of 
25 μg/mL. Store at room temperature.

	 3.	1 M Isopropyle-1-thio-β- d -galactopyranoside (IPTG): The 
stock solution of 1 M IPTG is stored at −20 °C.

	 4.	E. coli lysis buffer: E. coli lysis buffer consists of 25 mM Tris–
HCl (pH  7.4), 1% Triton X-100, 1  mM orthovanadic acid, 
50 mM sodium fluoride, 5 mM sodium pyrophosphoric acid, 
2.5  mM 2-mercaptoethanol, 0.27  M sucrose, and protease 
inhibitors (one tablet of EDTA-free Complete™ protease 
inhibitor cocktail, Roche Diagnostics, per 50 mL) [see Note 1]. 
Prepare freshly before use or store at −20 °C and use within 
~2 weeks.

	 5.	Probe-type sonicator: Model W-225R, Heat Systems manufac-
tured by Ultrasonics Inc. or its functional equivalent.

	 6.	Ultracentrifuge, rotor, and tube: Centrifuge machine, Himac 
CS120EX (HITACHI Engineering Machine, Co., Ltd); 
centrifugation rotor, S100AT5; centrifugation tube, 4 mL 
polycarbonate tube (4PC); or their functional equivalents.

	 7.	TALON® metal affinity resin: TALON® metal affinity resin, a 
cobalt ion chelate resin (Clontech, Co., Ltd) is used for the 
affinity chromatography of His6-tagged CERT.

	 8.	TALON®-equilibration buffer (TEB): TEB consists of 50 mM 
sodium phosphate buffer (pH 7.0) and 0.3 M NaCl [see Note 2]. 
Store at 4 °C (after autoclaving for long storage).

	 9.	Imidazole stock solution: The stock solution of 1 M Imidazole 
is stored at 4 °C.

	10.	Dialysis bag and buffer: The cellulose ester membrane manu-
factured by Spectrum Laboratories Inc. is used as a dialysis bag. 
The membrane is prewashed as described in the manufacturer’s 
manual. The prewashed membrane is stored in 0.1% (w/v) 
NaN3 at 4  °C, and thoroughly rinsed with water before use. 
The dialysis buffer is 10 mM Tris–HCl (pH 7.4) containing 
0.25  M sucrose, or 10  mM Tris–HCl (pH  7.4) containing 
0.15 M NaCl.

2.1  Purification 
of Recombinant CERT 
and Its Derivatives 
from Bacterial 
Cultures

Assay for the Lipid Extraction Activity from Membranes
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	11.	Protein quantification: The bicinchoninic acid protein (BCA) 
protein assay kit (Thermo Scientific) or its equivalent is used 
for protein quantification.

	 1.	Nonradioactive lipids: Egg yolk phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE) are from Avanti-Polar Lipids. 
Synthesized phospholipids (e.g., sn-1-palmitoyl-2-oleoyl-PC 
and -PE) may be used as alternatives.

	 2.	Radioactive lipids: [Palmitoyl-1-14C] N-palmitoyl-d-erythro-
sphingosine (55 mCi/mmol), [oleoyl-1-14C]dioleoyl-rac-glycerol 
(55  mCi/mmol), [cholinemethyl-14C]sphingomyelin (55 mCi/
mmol), [dipalmitoyl-1-14C] l-α-dipalmitoylphosphatidylcholine 
(55  mCi/mmol), and d-erythro -[3-3H]sphingosine (20  Ci/
mmol) are from American Radiolabeled Chemicals. [1α,2α(n)-
3H]cholesterol (49  Ci/mmol) is from Amersham Bioscience. 
These lipids are solved in volatile organic solvents.

	 3.	Buffers.
Buffer 1: 20 mM Hepes/NaOH buffer (pH 7.4) contain-

ing 50 mM NaCl and 1 mM EDTA. Store at 4 °C (or at −20 °C 
for long storage).

Buffer 2: 50 mM Hepes/NaOH buffer (pH 7.4) containing 
100 mM NaCl and 0.5 mM EDTA.

	 4.	Microfuge tubes: Polypropylene 1.5 mL microfuge tubes with 
a safe-lock are from Eppendorf AG.

	 5.	Bath-type sonicator: Model 2210 manufactured by Branson, 
Co., Ltd. or its functional equivalent.

	 6.	Ultracentrifuge, rotor, and tube: We use the following set to 
precipitate phospholipid membranes by ultracentrifugation: 
centrifuge machine, Himac CS120EX (HITACHI Engineering 
Machine, Co., Ltd); centrifugation rotor, RP100AT3; centrif-
ugation tube, 0.23 mL polycarbonate tube (0.23PC); or their 
functional equivalents.

	 7.	Nitrogen gas: Nitrogen gas in a bomb with an adjuster.
	 8.	Chemical hood: Organic solvents are handled in a chemical hood.

	 1.	Nonradioactive lipids: Purified 1-palmitoyl-2-oleoyl-phospha-
tidylcholine (POPC), 1-palmitoyl-2-oleoyl-phosphatidyletha-
nolamine (POPE), and 1-palmitoyl-2-oleoyl-phosphatidylserine 
(POPS) are purchased in powder form from Avanti-Polar 
Lipids, and N-palmitoylsphingosine (C16-ceramide) is from 
Biomol International.

	 2.	Organic solvent: Chloroform/methanol mixture (1:1 [v/v]). 
It can be stored at −30 °C in an explosion-proof freezer.

	 3.	Pyrex® glass test tubes (16 × 100 mm, 11 mL) with polytetra-
fluoroethylene (Teflon™)-lined screw caps are from IWAKI 
Pyrex.

2.2  Extraction 
of Lipids 
from Phospholipid 
Membranes by CERT: 
Conventional Assay 
Using Radioactive 
Lipid Ligands

2.3  Extraction 
of Ceramide 
from Phospholipid 
Membranes 
by the START Domain 
of CERT: Assay Using 
SPR
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	 4.	Solutions:
(a)	 Milli-Q water.
(b)	20  mM 3-[(3-cholamidopropyl)dimethylammonio]pro-

panesulfonate (CHAPS): Store in a dark place at room 
temperature.

(c)	 SPR running buffer: 10  mM Hepes/NaOH buffer 
(pH 7.3) containing 100 mM NaCl and 5 mM TCEP/
HCl [see Note 3].

(d)	20 mM sodium hydroxide (NaOH) is prepared by diluting 
1 M NaOH stock solution with Milli-Q water. It can be 
stored at room temperature for a year.

(e)	 0.1 mg/mL bovine serum albumin (BSA) solution is pre-
pared prior to starting the SPR experiments by diluting 
2  mg/mL BSA stock solution (purchased from Nacalai 
Tesque, Inc.) with the SPR running buffer.

The SPR running buffer and 0.1 mg/mL BSA solutions 
are prepared prior to the start of SPR experiments; however, 
the former can be stored at 4 °C for several months. All the 
solutions applied to the SPR machine are pre-filtrated by passing 
them through a filter membrane (pore size: 0.22 μm), and also 
degassed by sonicating the filtrated solutions in the containers 
placed in a bath-type sonicator under reduced pressure with 
suction.

	 5.	Microfuge tubes: Polypropylene 1.5 mL microfuge tubes with 
a safe-lock are from Eppendorf AG.

	 6.	Glass vials: Flat-bottom and clear glass liquid scintillation vials 
with screw caps [see Note 4].

	 7.	Mini-Extruder: All components, which are polycarbonate 
membranes (pore size: 50 nm), filter-supporting rough mem-
branes, syringe holding/heating block, Teflon™-based mem-
brane supporter and outer cases to fix the complex of 
membrane/Teflon™ modules, two gastight syringes (1000 μL) 
along with Teflon™-tipped plungers, and others are available 
as a kit from Avanti-Polar Lipids.

	 8.	Constant-temperature incubator: Panasonic MIR-162 or its 
functional equivalent is needed in order to maintain the tempera-
ture of the syringe holding/heating block of the Mini-Extruder 
at 37 °C during this process [see Note 5].

	 9.	Dried nitrogen gas [see Note 6]: In order to moderate and finely 
adjust the output gas flow speed, other accessories such as a 
gas-pressure regulator, pressure-proof hard tube, and adequate 
needle (briefly, a disposable Pasteur glass pipette is acceptable) 
are also necessary.

	10.	Sample lyophilizer with vacuum/freeze drying: EYELA 
FD0830 and the external vacuum pump TAITEC GCD-136XA, 
or comparable products.

Assay for the Lipid Extraction Activity from Membranes
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	11.	−80 °C deep-freezer: Panasonic MDF-DU300H or its com-
parable product.

	12.	SPR equipment: Experimental procedures using BIACORE 
2000 or 3000 (GE Healthcare) are described in this study. High-
end models such as Biacore T100 or S51 can be alternatives.

	13.	Sensor chip for SPR: L1 Sensor chips (GE Healthcare).

	 1.	Standard lipid: C16-ceramide is purchased in powder form from 
Biomol International.

	 2.	Organic solvents:
(a)	 Chloroform/methanol mixture (1:2 [v/v]). It can be 

stored at room temperature or at −30 °C in an explosion-
proof freezer.

(b)	Hexane/ethanol/2-propanol (98.7:1:0.1 [v/v]). It is 
prepared prior to use. When used for HPLC, the organic 
solvent is pre-filtrated by passing it through a PVDF mem-
brane (pore size: 0.22 μm) and also degassed by vacuuming 
it for ~10 min (long-term vacuuming is avoided in order to 
prevent over-volatilization of the organic solvent).

	 3.	Pyrex® glass test tubes (16 × 100 mm, 11 mL) with Teflon™-
lined screw caps are from IWAKI Pyrex.

	 4.	HPLC system:
(a)	 NanoSpace SI-2 (Shiseido Co., Ltd) or its comparable 

product.
(b)	Capcell Pak CN column (solid resin particles with a diam-

eter of 5  μm, which have cyano groups, are filled in a 
2.0 × 250 mm column) or its comparable cyano-bonded 
normal phase LC column.

	 5.	MS system:
(a)	 LCQ Advantage mass spectrometer (ThermoFisher 

Scientific Inc.) or its comparable electrospray-ionization 
(ESI)-MS equipment.

(b)	Evaporative light-scattering detector (ELSD) (Varian Inc.) 
or its comparable product.

3  Methods

Recombinant His6-tagged human CERT or its derivatives are 
expressed in E. coli and then purified by affinity chromatography. 
In order to prevent unwanted proteolysis and dephosphorylation, 
protease inhibitors and phosphatase inhibitors are included in buffers 
during the purification process. All manipulations are conducted 
on ice or 4 °C unless otherwise noted.

2.4  Confirmation 
of Lipid Types 
Extracted in the SPR 
Assay System 
by High-Performance 
Liquid 
Chromatography 
(HPLC) and MS

3.1  Purification 
of Recombinant CERT
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	 1.	E. coli cells for the expression of His6-tagged CERT or its 
derivatives are cultured at 37 °C in LB broth containing kana-
mycin until cell turbidity reaches 0.6 in absorbance at a wave-
length of 600 nm.

	 2.	When absorbance reaches 0.6, the culture is cooled to ~25 °C 
in a water bath, supplemented with IPTG at a final concen-
tration of 250 μM, and further cultured at 25 °C overnight 
[see Note 7].

	 3.	E. coli cells are harvested by centrifugation (1400 × g, 15 min).
	 4.	After the removal of the supernatant, the precipitated cells are 

suspended in the E. coli lysis buffer.
	 5.	The cell suspension (5 mL of which is dispensed into a 15 mL 

plastic tube) is frozen at −80 °C, thawed at room temperature, 
and sonicated eight times for 20  s at 1 min intervals with a 
probe-type sonicator at a 24 W output [see Note 8].

	 6.	After high-speed centrifugation of the sonicated cell lysate 
(100,000 × g, 1 h), the supernatant fraction is collected.

	 7.	During centrifugation of the cell lysate, TALON® resin (~2 mL 
of the bed volume for a typical experiment) is pre-equilibrated 
with TEB in a conical 50 mL tube. After brief centrifugation at 
a low speed (500 × g, 5 min), the supernatant buffer is removed. 
Pre-equilibrated TALON® resin is stored on ice or at 4 °C.

	 8.	The collected supernatant fraction (~25 mL) is transferred to a 
50 mL conical tube containing 2 mL of TALON® metal affin-
ity resin pre-equilibrated with TEB.

	 9.	After capping, the tube is repeatedly inverted with a rotary 
shaker for 1 h.

	10.	After brief centrifugation at a low speed (1000 × g, 3 min), the 
supernatant buffer is removed [see Note 9].

	11.	The precipitated TALON® resin is suspended with 20 mL of a 
wash buffer (TEB supplemented with 10 mM imidazole).

	12.	After low speed centrifugation (1000 × g, 3 min), the superna-
tant buffer is removed.

	13.	Steps 10 and 11 are repeated two more times for washing.
	14.	The precipitated resin is transferred to a disposable column, 

and washed with 20 mL of the wash buffer.
	15.	The resin in the column is washed with 20 mL of the wash 

buffer.
	16.	Four milliliters of an elution buffer (TEB supplemented with 

0.15 M imidazole) is added to the column, and the eluent is 
collected.

	17.	The eluent is dialyzed against 500  mL of dialysis buffer for 
~1 h, and substituted with 1 L of the buffer overnight.

Assay for the Lipid Extraction Activity from Membranes
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	18.	The dialyzed sample is collected, dispensed into 1.5 mL 
microfuge tubes, and stored at –80 °C. By using a small volume 
(10–20 μL) of the collected sample, its protein concentration is 
determined with a BCA protein assay kit using BSA as the 
standard.

This section describes an assay for the CERT-mediated extraction 
of radioactive ceramide from artificial phospholipid membrane 
vesicles. The principle of this assay is simple, as depicted in Fig. 1: 
When phospholipid membrane vesicles containing a trace amount 
of radioactive ceramide are centrifuged, ceramide is almost com-
pletely precipitated accompanied by membrane vesicles. However, 
when CERT is present, ceramide is released from the membrane 
vesicles and allocated to the supernatant fraction accompanying 
CERT, while phospholipid membrane vesicles are completely pre-
cipitated. The radioactivity of the supernatant fraction is a measure 
of the amount of ceramide extracted from the membranes by 
CERT. This assay is applicable to other lipid types if other radioac-
tive lipid types are used instead of ceramide (Fig. 2) [see Note 10]. 
In order to estimate the background release of lipids, negative control 
experiments without proteins MUST be performed. In addition, 
we routinely conduct another control experiment with CERT∆ST, 
in which the lipid-transfer START domain is deleted, to determine 
“lipid-transfer domain”-dependent activity (Fig. 2).

	 1.	On the day of the assay, lipid membrane vesicles consisting of 
PC, PE, and [palmitoyl-1-14C] N-palmitoyl-d-erythro-sphingosine 

3.2  CERT-Mediated 
Extraction of Various 
Lipid Types 
from Phospholipid 
Membranes: 
Conventional Assay 
Using Radioactive 
Lipid Ligands

Fig. 1 Schematic diagram of the lipid extraction assay using radioactive ligand-
embedded phospholipid vesicles
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([14C]ceramide) (800:200:3, [mol/mol]) are prepared by mild 
sonication as described below. Since 50 μg of lipid vesicles is 
used per assay under standard assay conditions, the investigator 
determines the amount of vesicles to be prepared.

	 2.	Appropriate amounts of organic stock solutions of PC, PE, and 
[14C]ceramide at a final molar ratio of 800:200:3 are placed in 
a 1.5 mL microfuge tube, and the mixture is dried by spraying 
nitrogen gas.

	 3.	Buffer 1 is added to the dried lipid mixture so that the concen-
tration becomes 2.5 mg /mL.

	 4.	The supersonic treatment is gently performed using a bath-
type sonicator. The supersonic treatment is performed at 
25 °C, and the procedure involving the supersonic treatment 
for 3 min, the vortex for 30 s, and the supersonic treatment for 
3 min is performed in this order. The lipid membrane prepared 
in this manner is maintained at 25 °C until used in the ceramide 
extraction reaction (step 6).

	 5.	Purified CERT or its derivatives are used as the protein sample. 
Vehicle buffer is added without proteins for a protein-free 
background control. Under standard conditions, the amount 
of protein corresponding to 450  pmol (which is a twofold 

∆

Fig. 2 Substrate specificity of lipid extraction from phospholipid vesicles by CERT. CERT extracts ceramide from 
the phospholipid membrane in a START domain-dependent manner. The domain structures of CERT and 
CERT∆ST, and chemical structures of lipid ligands are shown. The data presented were published in Ref. 9
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molar equivalent amount of ceramide contained in the donating 
membrane) is adjusted to 30 μL using buffer 2 in a 0.23 mL 
ultracentrifugation tube.

	 6.	The reaction is initiated by adding 20  μL of phospholipid 
membranes containing [14C]ceramide [see Note 11].

	 7.	This mixture is incubated at 37 °C for 30 min.
	 8.	The mixture is centrifuged at 50,000 × g for 30 min at 4 °C 

and the phospholipid membrane is precipitated.
	 9.	The supernatant is retrieved carefully by pipetting, and trans-

ferred into a scintillation counting vial.
	10.	After the addition of the scintillation cocktail (e.g., 2 mL of 

ACSII, GE), the radioactive activity of 14C in the supernatant 
fraction is counted using a liquid scintillation counter.

	11.	Protein-dependent extraction activity is determined after 
subtracting the background control value.

	12.	The difference between the full-size CERT and START 
domain-deleted CERT∆ST is the index of lipid-extracting 
activity via the START domain (Fig. 2).

We also developed a novel assay method for the CERT-mediated 
extraction of natural ceramide from phospholipid membranes, in 
which the release of lipid molecules from a phospholipid matrix is 
measured as a loss in weight from the matrix set on an SPR sensor 
(Fig. 3) [10]. This section describes details of the assay for C16-
ceramide extraction from a PC/PE matrix by the START domain 
of CERT. This assay system is widely applicable to other types of 
LTPs and lipid ligands [see Note 12].

On the day prior to starting the SPR experiment:

	 1.	POPC, POPE, POPS, and C16-ceramide are dissolved in chlo-
roform/methanol (1:1 [v/v]) and these lipids are mixed in a 
glass vial to a final composition of 73.2:18.6:3.20:5.00 (molar 
ratio) of POPC:POPE:POPS:C16-ceramide [see Note 13].

	 2.	The organic solvents are removed by flash drying a nitrogen 
gas stream onto the glass vial in order to make a thin lipid cake 
on the inner wall of the vial [see Note 14].

	 3.	Residual organic solvents are thoroughly removed by over-
night evaporation with a vacuum/freeze dryer [see Note 15].

	 4.	The syringe holding/heating block of the Mini-extruder is 
placed in a 37 °C incubator to be pre-warmed before liposome 
preparation [see Note 16].

On the day to starting the SPR experiment:
	 5.	After finishing evaporation, 500 μL of pre-warmed (37  °C) 

vehicle buffer is added to the vial, and the lipid cake is resuspended 
by gentle back and forth rocking.

3.3  CERT START 
Domain-Mediated 
Extraction of Ceramide 
from Phospholipid 
Membranes: Assay 
Using SPR

3.3.1  Preparation 
of Liposomes
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	 6.	The atmosphere in the vial is substituted with dry nitrogen gas. 
The vial is tightly capped with a screw plug, shielded from light 
by wrapping with aluminum foil, and incubated at 37 °C for 
~1 h with occasional gentle agitation. Consequently, the lipids 
are hydrated, and large multi-lamellar lipid vesicles (LMV) are 
formed [see Note 17].

	 7.	LMV are disrupted and converted to roughly downsized vesi-
cles by repeatedly freeze-thawing the sample several times 
(freezing at −80 °C or flash freezing with liquid nitrogen while 
thawing at 37 °C) [see Note 18].

	 8.	During this incubation, assemble the Mini-Extruder according 
to manufacturer’s instructions (http://www.avantilipids.com/
index.php?option=com_content&view=article&id=185&Ite
mid=193), and set it on the pre-warmed syringe holding/heat-
ing block of the Mini-extruder in the 37 °C incubator until the 
formation of LMV is completed in step 7 [see Note 19].

	 9.	The lipid suspension in the vial is transferred into a gastight 
syringe. LMV are then converted into small unilamellar vesicles 
(SUV) by membrane extrusion with the Mini-Extruder in 
accordance with the manufacturer’s instructions (http://
www.avantilipids.com/index.php?option=com_content&view
=article&id=533&Itemid=297).

	10.	The SUV suspension is transferred from the gastight syringe 
into a new empty vial. The atmosphere in the vial is replaced 

m
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Fig. 3 Schematic diagrams of the SPR-based ceramide extraction assay method. This approach allows the 
ceramide extraction activity of LTPs and the lipid membrane-LTPs association constant (KA) to be determined 
individually. The data presented were published in ref. 10
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with dry nitrogen gas, and the vial is capped tightly with a 
screw plug and shielded by aluminum foil wrapping. It can be 
stored in a dark place at room temperature (e.g., in the drawer 
of a bench) until the start of SPR experiments [see Note 20].

	 1.	The surface of the L1 sensor chip is equilibrated with aqueous 
solution by shedding Milli-Q water at a flow rate of 5 μL/min 
between several hours and overnight.

	 2.	The L1 sensor chip is further equilibrated by shedding SPR 
running buffer at a flow rate of 5 μL/min until the baseline of 
its sensorgram become stable.

	 3.	The surface of the L1 sensor chip is cleaned by a short pulsing 
(~1 min) injection of 20 mM CHAPS [see Note 21] solution 
three to four times at a flow rate of 5 μL/min. The surface is 
then washed by shedding SPR running buffer for 30–60 min 
without detergents [see Note 22].

	 4.	The liposome suspension is diluted to a 1/10 concentration 
(to be ~1 mM of liposomes with respect to the phospholipid 
concentration) with SPR running buffer. Liposomes are immo-
bilized on the surface of one channel of the L1 sensor chip by 
injecting ~500 μL of the diluted liposome suspension at a flow 
rate of 5 μL/min for 60–90  min until the SPR sensorgram 
baseline reaches a plateau level. In typical experiments, when 
the surface of the normal L1 sensor chip is filled with immobi-
lized phospholipid membranes, an increase in resonance units 
(RUs) up to 8000–10,000 is observed.

	 5.	After further washing the surface of the phospholipid mem-
branes attached on the sensor chip by shedding SPR running 
buffer for ~30 min, 20 mM NaOH is injected two times in a 
pulsing manner (~1  min injection period) at a flow rate of 
5 μL/min to remove lipid debris nonspecifically bound to the 
phospholipid membranes.

	 6.	After washing the phospholipid membrane surface by further 
shedding SPR running buffer for ~30  min, BSA solution 
(0.1  mg/mL) is injected over the phospholipid membrane 
surface at a flow rate of 5 μL/min for 30 min of the injection 
period in order to coat the residual hydrophobic surfaces of the 
L1 sensor chip. When liposomes are successfully embedded 
on the L1 sensor chip, a small increase (~20–100 RU) in the 
sensorgram baseline is observed. Essentially, the same proce-
dures are performed for the chip coated with ceramide-free 
phospholipid membranes. As a blank reference, the hydropho-
bic surface of the “noncoated” L1 sensor chip is similarly 
coated by injecting BSA solution (0.1 mg/mL).

	 7.	Purified CERT for testing (in our published study, we mainly 
used the START domain of CERT for testing [10]) is injected 
at a flow rate of 30 μL/min for ~2.5 min until the sensorgram 

3.3.2  SPR Experiments
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reaches a plateau level, and the shedding of SPR running buffer 
is continued for ~2.5 min. When C16-ceramide exists on immo-
bilized phospholipid membranes, a gradual decrease in the SPR 
sensorgram signal is observed during the injection of CERT 
along with the release of ceramide from the immobilized phos-
pholipid membrane by CERT (Fig. 3).

	 8.	After finishing the SPR experiments, phospholipid membranes 
immobilized on the L1 sensor chip are removed by flushing 
20 mM CHAPS and followed by an injection of isopropanol in 
a short pulsing manner (1–2-min injection periods) at a flow 
rate of 5 μL/min. This causes a marked decrease in the sensor-
gram baseline to almost baseline levels because of the almost 
complete removal of lipid membranes from the chip surface.

	 9.	Regarding regeneration, the surface of the L1 sensor chip is 
washed sufficiently by shedding SPR running buffer at a flow 
rate of 5 μL/min for 30–60 min typically.

	10.	The same procedures described above from Subheading 3.3.2, 
steps 3–9 are repeated using different concentrations of CERT 
proteins, which are prepared by serial dilutions in a protein 
concentration range of 0.1–400 μM (Fig. 3) [see Note 23].

	11.	The ceramide extraction activity of CERT can be determined 
by plotting the drop width of the final plateau RU values 
against the concentrations of input CERT (Fig. 3) [10].

	12.	As a control, essentially the same experiments are also per-
formed for ceramide-free phospholipid membranes formed on 
the sensor chip. As expected, the CERT-dependent decrease in 
the SPR sensorgram baseline does not occur in the ceramide-
free control experiments [see Note 24]. Instead, a slight 
increase in the sensorgram signal is observed, which represents 
the binding of CERT to ceramide-free membranes. Thus, the 
control experiment provides information on the binding affinity 
(association constant, KA) of CERT for ceramide-free PC/PE 
phospholipid membranes [10].

	 1.	In order to collect CERT proteins that have interacted with 
ceramide-embedded membranes on the L1 sensor chip, the out-
flow fluid is retrieved from the SPR equipment in accordance 
with the SPR manufacturer’s instructions [see Note 25].

	 2.	Lipids in the out-flow fluid collected are extracted using an 
organic solvent system [11]: This step is performed at room 
temperature. Three milliliters of chloroform/methanol (1:2 
[v/v]) is added to 0.8  mL of the SPR out-flow fluid in a 
Pyrex® glass tube [see Note 26], mixed by swirling for 3 min 
[see Note 27], and maintained for ~10 min. After the addition 
of 1 mL of chloroform and 1 mL of 0.5% (w/v) NaCl to the tube, 
the resultant mixture is mixed well by swirling, and subjected 
to low-speed centrifugation (1500  ×  g, 5  min) for phase 

3.3.3  HPLC-MS Analyses
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separation. After the removal of the upper phase (aqueous 
phase) by gentle aspiration or pipetting, the lower phase 
(organic phase) is retrieved with a glass pipette into a glass 
tube, and dried under a nitrogen-gas stream in a fume hood.

	 3.	The ceramide molecules are purified and concentrated by 
performing normal-phase column chromatography with the 
HPLC system as described below: A Capcell Pak CN column is 
equilibrated with hexane/ethanol (99:1 [v/v]). The flow rate 
of the mobile phase is constant (1 mL/min) during all of these 
chromatographic procedures. Following equilibrium of the 
solid phase, the lipid sample extracted from the out-flow fluid 
of the SPR assay is injected into the column, and the solid phase 
is then washed by shedding the mobile phase for 30 min. After 
additional washing of the column with hexane/ethanol/2-
propanol (98.7:1:0.1 [v/v]) for 10 min, it is followed by run-
ning the solvent with a gradually increasing concentration of 
2-propanol from 0.1 to 0.3% [v/v] within 10 min. The elution 
of ceramide molecules is accomplished by isocratic shedding 
hexane/ethanol/2-propanol (98.7:1:0.3 [v/v]) solution for 
10 min, and the eluates are directly introduced into ESI-MS 
with an ELSD [see Note 28] (Fig. 4) [10].

4  Notes

	 1.	EDTA and higher concentrations of 2-mercaptoethanol are 
incompatible with the TALON® metal affinity resin.

	 2.	Moderate-to-high concentrations of salts abrogate nonspecific 
ionic interactions between molecules. Furthermore, inorganic 

Fig. 4 Mass spectra of the lipid fraction extracted from the CERT START domain in the flow-out fraction of the 
SPR assay. The retrieved CERT START domains were interacted with ceramide-free (left panel) or ceramide-
embedded (right panel) phospholipid membranes. The data presented were published in Ref. 10
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phosphate may weakly interact with the cobalt ion of the 
TALEN® resin, and improve the nonspecific binding of biologi-
cal components to the resin. Thus, we routinely use 50 mM 
sodium phosphate buffer (pH 7.0) containing 0.3 M NaCl as 
the basal buffer in TALEN® resin chromatography.

	 3.	When TCEP is dissolved in aqueous solution, the pH value of 
the solution markedly decreases to ~2.5. After TCEP is dis-
solved, readjust pH to the desired value prior to use.

	 4.	An eggplant-shaped glass flask with a similar volume to the 
glass vials is also acceptable.

	 5.	When the block is heated using a hot plate without an incuba-
tor, a thermometer needs to be inserted into the well of the 
block, and its temperature monitored to ensure that the desired 
temperature of the block is maintained.

	 6.	Although the purity grade of the nitrogen gas may not be 
crucial, we recommend >99.5 % purity to prevent the oxidization 
of lipids.

	 7.	When the recombinant protein is aggregated, the temperature 
of the overnight culture may be set to 18 °C because hydro-
phobic interactions, which are often the main cause of protein 
aggregation, may be weakened under lower temperature 
conditions.

	 8.	The sample may be precentrifuged at 1400 × g for 15 min in 
order to precipitate unbroken cells before high-speed centrifu-
gation. At this stage, the size of the pellet needs to be smaller 
than that of the harvested cells. Large pellets suggest the exis-
tence of many unbroken cells. A longer sonication time and/or 
higher power input may improve the efficiency of lysis. 
However, stronger sonication conditions often increase the 
inactivation of proteins of interest.

	 9.	The input and supernatant fractions may be restored in order to 
check the efficient binding of His6-tagged CERT. Ideally, His6-
tagged proteins detectable in the input fraction need to be almost 
absent in the TALON®-unbound supernatant fraction.

	10.	Several exceptional modifications are made to the assay for the 
extraction of PC; 0.3 μg of donor vesicles consisting of egg 
yolk PC, PE, and [dipalmitoyl-1-14C] l-α-dipalmitoyl PC 
(195:65:65, [mol/mol]) are incubated with 600  pmol of 
purified CERT or CERT∆ST.

	11.	The final concentration of phospholipids becomes 1 mg/mL, 
and [14C]ceramide is contained at ~0.3 mol% against the total 
phospholipid amount.

	12.	This assay system relies on the detection of weight changes in 
the phospholipid matrix set on the SPR sensor. If LTP mole-
cules continue to bind to the matrix, even after flushing with 
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an analyte-free buffer, the bound LTP will interfere with the 
detection of lipid release as a loss in weight from the matrix. 
Thus, LTPs that transiently interact with the phospholipid 
matrix are the most suitable for this assay system.

	13.	At the beginning, stock solutions of 50 mg/mL POPC, POPE, 
and POPS and 5 mg/mL C16-ceramide are prepared in glass test 
tubes by dissolving with chloroform/methanol (1:1 [v/v]) and 
100 % chloroform, respectively. These individual stock solutions 
are capped tightly with screw plugs, light-shielded by aluminum 
foil wrapping, and stored in a dark place at −20 to 30 °C. 
The lipid mixture to be used is prepared by taking the adequate 
dose of each stock solution into an empty glass vial as ~10 mM 
(given that all lipids are dissolved in 0.5 mL of aqueous buffer) 
of the total lipid concentration. When ceramide-free liposomes 
are prepared in reference experiments, the C16-ceramide is 
replaced by POPC to be 78.2:18.6:3.2 (molar ratio) of 
POPC:POPE:POPS.  The lipid composition of the liposome 
needs to be modified depending on the characteristics/function 
of the target protein or purpose of the experiments.

	14.	In a fume food, by rotating the vial around the direction of the 
long axis while maintaining the incline of the glass vial at ~45°, 
the lipid solution is spread onto the inside wall of the glass vial. 
During lipid spreading, the solvent is gradually evaporated by 
flushing a dry nitrogen gas stream into the thin-layered lipid 
solution to make a thin lipid cake. This drying process needs to 
be performed slowly with occasional adjustments of the rota-
tion speed, output flow volume of the nitrogen gas stream, the 
hitting point of the gas, and the frequency of gas flushing.

	15.	The mouth of the vial is wrapped with parafilm, and a few pin-
holes are added using a needle. Residual organic solvent in the 
vial is evaporated with a vacuum/freeze dryer. During this 
interval, the vial is light-shielded by wrapping with aluminum 
foil. The complete removal of residual organic solvent is essential 
for the formation of stable liposomes.

	16.	This step can be omitted when a hot plate is used to heat the 
syringe holding/heating block.

	17.	Lipid hydration and the formation of LMV need to progress 
above the gel-liquid crystalline transition temperature. It varies 
depending on the lipid composition of the desired liposome.

	18.	Iterative freezing and thawing improve the homogeneity of 
small lipid particles generated by extrusion; however, liposomes 
may be formed even if this step is omitted.

	19.	Although the manufacturer’s manual instructs the use of Filter 
Supports (roughing filters) as “two by two,” we routinely use 
them as “one by one” for economic reasons, and have not 
encountered any issues specifically caused by this usage format. 
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However, we identified other issues for the Mini-extruder: if 
petty clearances exist between the O-rings and polycarbonate 
membrane, they severely reduce the efficiency of liposome for-
mation. Thus, the following points are considered helpful for 
successful extrusion: (1) the polycarbonate membrane needs 
to be placed on one side of the internal support to prevent 
wrinkles, (2) when the other side of the internal support is 
placed onto the polycarbonate membrane in order to sandwich 
the polycarbonate membrane, wrinkles on the polycarbonate 
membrane need to be prevented, and (3) avoid twisting the 
polycarbonate membrane between the internal supports when 
tightening the retainer nut of the outer case.

	20.	It is preferable to prepare liposomes immediately prior to starting 
experiments in order for them to be as fresh as possible.

	21.	40 mM Octyl- d -glucoside can be used as an alternative to 
20 mM CHAPS.

	22.	Residual detergents interfere with liposome immobilization on 
the chip, resulting in drifts/gradual decreases in the sensor-
gram baseline and the disqualification of experiments.

	23.	The range of protein concentrations needs to be considered 
depending on the solubility or strength of the lipid extraction 
activity of individual target LTPs.

	24.	If CERT gains the ability to extract PC or PE, a drop in the 
baseline will be observed in the assay using ceramide-free PC/
PE membranes. When an amino-acid substitution mutant of 
the START domain of CERT was assayed in a previous study, a 
marked drop was observed in the baseline even under ceramide-
free conditions, suggesting that the mutation broadened the 
substrate specificity of CERT, and mutated CERT gained the 
ability to extract PC and/or PE [10].

	25.	In order to collect a sufficient amount of ceramide, we repeated 
this retrieval step ~20 times.

	26.	Glassware, not plasticware, MUST be used when samples are 
treated with organic solvents. Polystyrene is not tolerant to chlo-
roform. Although polypropylene is apparently tolerant to chloro-
form, we do not use any plasticware in this experimental step 
because organic solvents often extract various ingredients from 
polypropylene ware, which may interfere with the MS analysis.

	27.	At this point, the mixture has a one-phase appearance. If phase 
separation occurs, the addition of several drops (~0.1–0.2 mL) 
of methanol may ameliorate this issue.

	28.	The spray and capillary voltages are set to 6  kV and 40  V, 
respectively. Mass spectra are collected by a scanning range of 
520–700 m/z every 0.2 s while maintaining the temperature 
of the ionization source at 300 °C, and these spectra are then 
merged.
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Chapter 7

Quantification of Endogenous Endocannabinoids 
by LC-MS/MS

Mesut Bilgin and Andrej Shevchenko

Abstract

Here, we describe the LC-MS/MS quantification of 46 molecules representing five major classes of endoge-
nous endocannabinoids and endocannabinoid-related compounds in human blood serum and its lipoprotein 
fractions.

Key words Endocannabinoids, Endocannabinoid-related compounds, Lipoproteins, LC-MS/MS 
quantification, Multiple reaction monitoring

1  Introduction

Endocannabinoids (EC) are physiological ligands of CB1 and CB2 
cannabinoid receptors and important signaling molecules acting in 
the central and peripheral nervous system. EC are involved in a 
variety of neurophysiological processes and also implicated in met-
abolic and cardiovascular diseases [1]. Body fluids (blood plasma) 
or tissues contain EC in the range of several nM or pg per mg of 
tissues, respectively [2]. Bona fide EC comprise arachidonic acid or 
arachidonic alcohol moieties conjugated to a polar head group, 
such as ethanolamine (anandamide and virodhamine), glycerol 
(2-arachidonoylglycerol and noladin ether), or dopamine 
(N-arachidonoyl dopamine). Molecules structurally related to gen-
uine EC (often termed endocannabinoid-related compounds or 
ERC) comprise other fatty acid/fatty alcohol moieties or different 
polar head groups, such as amino acids [3]. ERC are less potent 
ligands of cannabinoid receptors. However, they are involved in 
numerous biological processes through binding to other receptors 
or membrane proteins [4].

Because of their low abundance and structural variability, the 
quantification of endogenous EC and ERC is challenging. EC are 
typically recovered by the liquid-liquid extraction and quantified 
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by LC-MS/MS in multiple reaction monitoring (MRM) mode. 
MRM quantification relies on the mass transition between intact 
protonated precursor ions and polar head group fragments (Fig. 1) 
[5, 6]. Collision-induced dissociation also yields acylium ions of 
corresponding fatty acid moieties. However, they are relatively low 
abundant and their detection is prone to background interference. 
Nevertheless, they could be used as quantifiers for 1-acyl and 
2-acylglycerols and could also serve as useful qualifiers for other 
ERC support the assignment of their chromatographic peaks [7]. 
Despite its apparent technical simplicity, MRM LC-MS/MS could 
be error-prone and lead to inconsistent quantification of EC. 
Spontaneous isomerization of 2-acylglycerols into 1-acylglycerols; 
biased losses of some molecules or even EC classes; interference 
with chemical background and matrix suppression [8] are among 
most common factors compromising the robustness of measure-
ments. Here, we present an optimized LC-MS/MS method that 
enables the detection and quantification of 46 molecular species 
from five major EC and ERC classes in human blood serum and its 

Fig. 1 Quantification of endocannabinoids by MRM LC-MS/MS. (a) Quantification workflow that includes one-step 
liquid–liquid extraction followed by microflow LC-MS/MS analysis using a triple quadrupole mass spectrom-
eter. EC extracts are loaded, concentrated, and desalted on 2 μL reversed phase precolumn and then eluted to 
the analytical column. (b) Chemical structures of protonated molecular ions of major EC classes (proton is 
shown at the arbitrary position for illustration purposes only). R stands for a hydrocarbon moiety typically 
comprising 16–22 carbon atoms and 0–6 double bonds. (c) Characteristic fragment ions used in the MRM 
detection of EC. In contrast to NAE, NASer and NAGly 1- and 2- AG are detected using acylium ions of their fatty 
acid moieties produced by neutral loss of their glycerol head group
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individual lipoprotein (Lpp) fractions. With minor adjustments, 
the same method could be used for EC quantification in other 
model organisms such as Drosophila [9].

2  Materials and Standards

Prepare all buffers using LC-MS grade solvents and store them 
at 4 °C. The internal standard mixture (ISM) should be stored 
at −80 °C. Perform all operations and store materials (plasticware 
and glassware) as well as small equipment (pipette, cylinders, 
centrifuge, and vortex mixer) at 4 °C in a cold room.

Acronyms for endocannabinoid classes: 1-AG, 1-acylglyc-
erol; 2-AG: 2-acylglycerol; NAE: N-acylethanolamine; NAGly: 
N-acylglycine; NASer: N-acylserine. Individual molecules are 
annotated by their classes and the number of carbon atoms and 
double bonds in their fatty acid moieties. Acronyms of synthetic 
standards additionally contain the number of deuterium atoms 
(d) in their polar head groups.

Lipoproteins: VLDL, LDL, HDL, and the plasma fraction devoid 
of all lipoproteins were obtained by ultracentrifugation basically as 
described in [10]. Biological materials were stored at −80 °C and 
kept on ice prior to extraction.

	 1.	10× Internal Standard Mixture (10×-ISM): d4-N-acylethanolamine 
16:0 (600  nM); d4-N-acylethanolamine 18:2 (1915  nM); 
d8-N-acylethanolamine 20:4 (1461 nM); d8-N-acylglycine 20:4 
(4000 nM); d8-2-acylglycerol 20:4 (3602 nM) and d5-1-acylglyc-
erol 20:4 (4000 nM) in acetonitrile. Store at −80 °C (see Note 1).

	 2.	1× Internal Standard Mixture (1×-ISM;): dilute 10×-ISM 
10-times with acetonitrile. Store at −80 °C (see Note 2).

	 1.	Organic phase: ethyl acetate: n-hexane: formic acid 
(9:1:0.1(v/v)). Mix 18 mL of ethyl acetate, 2 mL of n-hexane, 
and 200 μL of formic acid in 20 mL cylinder (see Note 3).

	 2.	Water phase: water: formic acid (10:0.1 (v/v)). Mix 20 mL 
water and 200 μL formic acid (see Note 3).

	 3.	Resolving buffer: water: acetonitrile: iso-propanol: formic acid 
(6:3.6:0.4:0.1 (v/v)). Mix 12 mL of water, 7.2 mL of acetonitrile, 
800 μL of iso-PrOH, and 200 μL of formic acid (see Note 3).

	 1.	Solvent A: aqueous formic acid (10:0.1 (v/v)). Mix 1  L of 
water and 1 mL of formic acid.

	 2.	Solvent B: acetonitrile: iso-propanol: formic acid (9:1:0.1 
(v/v)). Mix 900 mL of acetonitrile, 100 mL iso-propanol, and 
1 mL formic acid.

2.1  Blood Serum 
and Lipoprotein 
Fractions

2.2  Mixtures 
of Internal Standards

2.3  Extraction 
Solvents

2.4  Eluent for LC-
MS/MS Analysis
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3  Methods

Quantification workflow is shown in Fig. 1; all operations should 
be carried out at 4 °C unless specified otherwise.

	 1.	Mix 750  μL of ethyl acetate-n-hexane-formic acid 
(9:1:0.1(v/v)), the sample of 500 μL of blood serum (or lipo-
protein fractions, or water in control experiments), 50 μL of 
1×-ISM, and 12.5 μL of 25 μM PF3845 in 2 mL Eppendorf 
tube (see Note 4).

	 2.	Vortex the tube for 30 s and centrifuge at 14,000 g for 10 min.
	 3.	Incubate the tube on dry ice for 10 min and collect the upper 

(organic) phase into a new 1.5 mL Eppendorf tube (see Note 5).
	 4.	Dry down the extract in a vacuum centrifuge. Typically, it takes 

ca 30 min at the set temperature of 37 °C (see Note 6).
	 5.	Redissolve dried extract in 85  μL of water: acetonitrile: 

iso-propanol: formic acid mixtures (6:3.6:0.4:0.1, (v/v)) and 
vortex for 30 s (see Note 7).

	 6.	Clean up the reconstituted extract by centrifuging for 5 min at 
14,000 g, collect supernatant, and transfer it into new 1.5 mL 
Eppendorf tube. Again, spin it down for 5 min at 14,000 g and 
transfer 85 μL into 300 μL glass vial for LC–MS/MS analysis 
(see Note 8).

Chromatography is performed on a micro LC 110 system 
(Agilent Technologies, Santa Clara CA) interfaced online to a 
triple-quadrupole mass spectrometer TSQ Vantage (Thermo 
Fisher Scientific, Waltham MA) (see Note 9).

	 1.	Columns: A trap column C4; inner volume of 2  μL from 
(Optimize Technologies, Oregon City OR) is directly coupled 
to 0.5  mm ID × 150  mm analytical column (5 μm Zorbax 
C18) from Agilent Technologies (see Note 10). The column 
was maintained at 40  °C using LC1290 Infinity thermostat 
(Agilent Technologies) (see Note 11).

	 2.	Samples were kept at 4  °C and 40  μL was injected using 
G1377A autosampler (Agilent Technologies) featured with 
40 μL loop and Peltier cooling (see Note 12).

	 3.	Once samples loading was completed and gradient elution was 
carried out at the flow rate of 20 μL/min (see Note 13) using 
the following profile: 0 min, 40% B; 0–5 min, 40% B; 5–7 min, 
40–66.4% B; 7–13 min, 66.4–73% B; 13–15 min, 73–95% B; 
15–19 min, 95% B; 19–20 min, 95–40% B; 20–24 min; 40% B 
(isocratic) (see Note 14).

	 4.	For detecting NAE, NASer and NAGly MRM relies on the 
mass transition from protonated [M + H]+ precursor ions to the 

3.1  Liquid-Liquid 
Extraction

3.2  LC-MS/MS 
Analysis
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fragments of polar head groups. Contrarily, 1- and 2-acylglycerols 
are detected via acylium fragments because their polar head 
group (glycerol) is eliminated as a neutral fragment (Fig. 1). 
Key MRM settings, such as collision energy (CE) and S-lens 
voltage, were optimized by the direct infusion of 0.5 μM solu-
tions of standards of each EC / ECR class. Transfer capillary 
temperature was 275 °C and the ion isolation width of Q1 ana-
lytical quadrupole was 0.7 amu (see Note 15). Mass transitions, 
CE, and S-lens voltages for most common EC/ERC are 
provided in Table 1.

Table 1  
Mass transitions and instrument settings for MRM analysis of major endocanabinoids on a Vantage 
triple quadrupole mass spectrometer

Internal 
standarda Analyte

MRM transition Collision energy S-lens

Precursor ion (m/z) Product ion (m/z) (eV) (V)

NAE 16:1 298.3 62.1 16 96

NAE 16:0 300.3 62.1 16 96

d4-NAE 16:0 304.3 62.1 16 96

NAE 18:2 324.3 62.1 16 102

NAE 18:1 326.3 62.1 16 102

NAE 18:0 328.3 62.1 16 102

d4-NAE 18:2 328.3 66.1 16 102

NAE 20:5 346.3 62.1 19 108

NAE 20:4 348.3 62.1 19 108

NAE 20:3 350.3 62.1 19 108

NAE 22:6 372.3 62.1 19 108

NAE 22:5 374.3 62.1 19 108

NAE 22:4 376.3 62.1 19 108

d4-NAE 20:4 356.3 62.1 19 108

1-AG 16:1 329.3 237.3 10 78

1-AG 16:2 331.3 239.3 10 78

1-AG 18:2 355.3 263.3 11 80

1-AG 18:1 357.3 265.3 11 80

1-AG 18:0 359.3 267.3 11 80

1-AG 20:5 377.3 285.3 15 96

1-AG 20:4 379.3 287.3 15 96

1-AG 20:3 381.3 289.3 15 96

(continued)
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(continued)

Internal 
standarda Analyte

MRM transition Collision energy S-lens

Precursor ion (m/z) Product ion (m/z) (eV) (V)

1-AG 22:6 403.3 311.3 15 96

1-AG 22:5 405.3 313.3 15 96

1-AG 22:4 407.3 315.3 15 96

d5-1-AG 20:4 384.3 287.3 15 96

2-AG 16:1 329.3 237.3 10 78

2-AG 16:2 331.3 239.3 10 78

2-AG 18:2 355.3 263.3 11 80

2-AG 18:1 357.3 265.3 11 80

2-AG 18:0 359.3 267.3 11 80

2-AG 20:5 377.3 285.3 15 96

2-AG 20:4 379.3 287.3 15 96

2-AG 20:3 381.3 289.3 15 96

2-AG 22:6 403.3 311.3 15 96

2-AG 22:5 405.3 313.3 15 96

2-AG 22:4 407.3 315.3 15 96

d8-2-AG 20:4 387.3 295.3 15 96

NAGly 16:1 312.3 76.1 13 84

NAGly 16:0 314.3 76.1 13 84

NAGly 18:2 338.3 76.1 17 90

NAGly 18:1 340.3 76.1 17 90

NAGly 18:0 342.3 76.1 17 90

NAGly 20:4 362.3 76.1 19 96

NAGly 22:6 374.3 76.1 19 96

d8-NAGly 20:4 370.4 76.1 19 96

NASer 16:1 342.3 106.1 15 96

NASer 16:0 344.3 106.1 15 96

NASer 18:2 368.3 106.1 17 102

NASer 18:1 370.3 106.1 17 102

NASer 18:0 372.3 106.1 17 102

NASer 20:4 392.3 106.1 19 108

NASer 22:6 416.3 106.1 19 108

d8-NAGly 20:4 370.4 76.1 19 96
aInternal standards used for LC-MS/MS quantification of specified endogenous molecules (shown in rows above the 
corresponding deuterated standard)
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	 5.	The detected molecules were quantified by comparison of the 
abundances of their extracted-ion-chromatogram (XIC) peaks 
with peak of corresponding internal standards (Fig. 2; Table 1). 
If possible, use several internal standards per each quantified 
class to control for matrix interference (see Note 16).

4  Notes

	 1.	10×-ISM is prepared in a 2 mL screw cap glass vial in acetonitrile. 
It is important to use glass since even at −80 °C long storage 
of the stock solution in plasticware increases the abundance of 
peaks of chemical background. Using acetonitrile as a solvent 
at low (−80 °C) temperature prevents spontaneous isomeriza-
tion of 2-acylglycerols into 1-acylglycerol. Formic acid also 
halts the isomerization; however, here it is undesirable because 
of partial cleavage of EC. It is practical to make fresh aliquots 
of standards (1×-ISM) by diluting the same concentrated stock 
(10×-ISM). It reduces biased losses of individual standards 
and improves the quantification consistency within large 
batches of samples.

	 2.	1×-ISM is prepared in a 2 mL screw cap glass vial with aceto-
nitrile and stored at −80 °C.

	 3.	Formic acid prevents spurious isomerization of 2-acylglycerols 
into 1-acylglycerols.

Fig. 2 Overlay of XIC of endogenous NAE from blood serum and the three deuterated 
standards spiked into the sample prior to EC extraction. XIC were obtained by the 
method of MRM on a Vantage triple quadrupole mass spectrometer. At the inset RT 
stands for retention times and ID for the identity of chromatographic peaks

Quantification of Endogenous Endocannabinoids by LC-MS/MS
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	 4.	PF3845 is an inhibitor of fatty acid amide hydrolase (FAAH) 
that otherwise could rapidly cleave EC.

	 5.	Extraction solvent separates into two phases, a water (lower) 
phase and an organic (upper) phase. Keeping extracted sam-
ples on dry ice for 10 min only freezes the water phase and 
leaves clean organic (upper) phase that is easy to collect.

	 6.	Do not leave samples in the vacuum centrifuge longer than 
necessary; otherwise, chemical background increases prob-
ably due to continuous extraction of plasticizers from tube 
walls.

	 7.	Keep Eppendorf tubes at 4 °C before adding resolving buffer – 
this helps to decrease chemical background.

	 8.	Spinning down several times and transferring the sample solution 
to a new tube minimizes the risk of clogging injection needle, 
capillaries, and columns and leads to stable reproducible 
chromatography.

	 9.	Columns with smaller inner diameter decrease the volume of 
chromatographic peaks and improve the sensitivity. However, 
we load substantial volumes of organic extracts and therefore 
nanoflow columns may lack necessary adsorption capacity 
compared to columns for microflow LC.

	10.	Using trap column increases loading capacity, supports faster 
loading and online desalting. Note that, while loading sample 
onto the precolumn effluent should be directed to waist, but 
not into the analytical column.

	11.	High column temperature improves the separation efficiency 
and symmetry of chromatographic peaks.

	12.	Samples should be kept at 4 °C to prevent them from drying 
down. It is also important to experimentally determine the 
actual injection volume since organic solvents differ by their 
density and viscosity. Variable injection volume leads to poor 
quantification consistency.

	13.	Flow rate should be optimized considering the diameter of 
particles and the inner diameter of the chromatographic 
column.

	14.	The elution gradient starts with 40% of solvent B that matches 
the composition of resolving buffer. Loading starts at the zero 
time point and between 0 and 4 min the trap column effluent 
is directed to waste. After 4 min the trap column is switched 
in-line to the analytical column.

	15.	These settings are instrument-dependent.
	16.	In the absence of matrix interference the quantification of 

NAE 16:0 and NAE 16:1 using d4-NAE18:2 or d8-NAE 20:4 
should be consistent. In case of discordant determinations the 
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sample preparation protocol should be reexamined to identify 
the major sources of chemical interference and reduce the 
quantification bias. It is always recommended to use internal 
standards most closely resembling chemical structures of 
quantified analytes.
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Chapter 8

Lipid Profiling by Supercritical Fluid  
Chromatography/Mass Spectrometry

Takayuki Yamada and Takeshi Bamba

Abstract

Supercritical fluid chromatography (SFC) is a promising separation technique for comprehensive lipid 
profiling, or lipidomics. SFC facilitates superior high-throughput separation as compared to liquid chro-
matography (LC), and can be applied for the simultaneous profiling of diverse lipids with a wide range of 
polarities due to the physicochemical properties of its mobile phase. To date, analytical methods for fatty 
acyl, glycerolipid, glycerophospholipid, sphingolipid, sterol lipid, and prenol lipid profiling using SFC 
coupled to mass spectrometry (MS) have been developed. Hundreds of different molecular species have 
been identified from biological samples by combining SFC/MS and bioinformatics tools. In addition, 
SFC can be connected directly with supercritical fluid extraction (SFE), which is suitable for the efficient 
recovery of hydrophobic compounds that are susceptible to photolytic degradation and oxidation. Online 
SFE-SFC/MS can be utilized for the high-throughput analysis of the redox status of coenzyme Q10 (CoQ10), 
and phospholipids in dried plasma spots (DPS). These techniques have potential applications in the 
high-throughput screening of a large number of samples, in biomarker discovery, and in the elucidation of lipid 
metabolism mechanisms based on the functions of individual lipid molecular species.

Key words Lipidomics, Supercritical fluid chromatography, Mass spectrometry, Supercritical fluid 
extraction

1  Introduction

A supercritical fluid (SCF) is any substance at a temperature and 
pressure above its critical point (Fig. 1). SCFs have higher diffusivity 
and lower viscosity than liquids (Table 1); therefore when an SCF is 
used as the mobile phase during chromatography, efficient separa-
tion can be achieved more quickly than in liquid chromatography 
(LC). In other words, a lower height equivalent to a theoretical plate 
(HETP) can be obtained at a higher mobile phase flow rate in super-
critical fluid chromatography (SFC) than in LC. Supercritical carbon 
dioxide (SCCO2) has frequently been utilized as a mobile phase for 
SFC because SCCO2 has low toxicity, is non-flammable, and is 
chemically inert; it also has a relatively low critical point as compared 
to other substances. Notably, the use of CO2 as the principal 
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component of the mobile phase decreases the consumption of 
organic solvents, making SFC a “green” separation technique. In 
addition, the polarity of SCCO2 is as low as n-hexane [1]; therefore, 
hydrophobic compounds have good solubility in SCCO2. Moreover, 
the polarity of the mobile phase in SFC can be adjusted by adding 
organic solvents such as methanol and acetonitrile, as modifiers or 
co-solvents. Thus, SFC is suitable for the simultaneous separation 
of hydrophobic compounds with varying polarities. As such, lipids 
from several different categories defined by the Lipid Metabolites 
and Pathways Strategy (LIPID MAPS) consortium [2] have been 
the main target of supercritical fluid chromatography/mass spec-
trometry (SFC/MS) analysis [3, 4].

Typically, SFC is divided into two configurations: open tubular 
capillary column SFC and packed column SFC. Open tubular cap-
illary column SFC was introduced in the 1980s. In this variation, 
SCCO2 is typically employed as the mobile phase, and the elution 
strength is controlled by temperature and pressure ramps. Although 
open tubular capillary column SFC provides high-resolution 
separation coupled with flame ionization detection (FID), the 

Fig. 1 Pressure-temperature phase diagram of CO2. Reproduced from Ref. [4] with 
permission

Table 1  
Physical properties for gas, supercritical fluid, and liquid

Type of fluid
Volumetric mass 
density (g cm−3) Viscosity (cP)

Diffusivity 
(cm−2·s−1)

Gas 10−3 10−2 0.2

Supercritical state 0.5 5 × 10−2 5 × 10−4

Liquid 1 1 10−5

Reproduced from Ref [4] with permission
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modifiers that can be added to SCCO2 are limited, thus restricting 
the application to highly hydrophobic compounds. On the other 
hand, packed column SFC was first introduced as a technique for 
preparative isolation in the 1990s. The advantage of preparative 
SFC is the low cost to remove solvents after isolation because CO2 
evaporates naturally at room temperature. Notably, preparative SFC 
has been utilized for the isolation of chiral compounds. Recently, 
packed column SFC instruments for mass spectrometric analysis 
were introduced along with packed columns with various stationary 
phases, and a number of applications have been reported.

SCFs can also be utilized as extraction solvents. Hydrophobic 
compounds can be efficiently extracted by supercritical fluid extrac-
tion (SFE) due to the diffusivity and hydrophobicity of SCCO2. 
Notably, SFE has been adopted for the extraction of fatty acids, 
carotenoids, and fat-soluble vitamins (FSVs) [5–7]. Recently, it was 
reported that SFE could be applied for hydrophilic metabolites by 
increasing the ratio of the modifier during extraction [8]. In addition, 
by coupling SFE and SFC/MS analysis (Fig. 2), a variety of com-
pounds can be extracted and analyzed continuously in a short amount 
of time without photolytic degradation and oxidation. For example, 
it has been demonstrated that online SFE-SFC/MS is particularly 
useful for the analysis of antioxidant compounds.

This chapter focuses on the applications of SCF-related tech-
nologies including SFC and SFE in the field of lipidomics. The cur-
rent status of novel analytical methods based on SFC/MS and online 
SFE-SFC/MS is discussed, as well as their advantages and drawbacks.

2  SFC/MS Methods for Various Lipid Categories

Fatty acyls include fatty acids and their functional variants such as 
alcohols, aldehydes, amines, and esters [2]. It is well known that 
fatty acids impact the regulation of many metabolic processes. 
There are various types of fatty acids with different carbon chain 

2.1  Fatty Acyls
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Fig. 2 Schematic diagram of online SFE-SFC/MS system. Reproduced from Ref. [32] with permission
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lengths (number of carbon atoms), degrees of unsaturation 
(number of double bonds), and double bond configurations (posi-
tion and cis/trans). Therefore, analytical techniques for the precise 
identification and accurate quantification of individual molecular 
species from crude mixtures are required.

Conventionally, gas chromatography/mass spectrometry 
(GC/MS) or liquid chromatography/mass spectrometry (LC/
MS) has been utilized to profile fatty acids. In GC/MS analysis, 
isomeric fatty acids with different double bond configurations can 
be separated, but complicated and time-consuming hydrolysis and 
derivatization processes are required prior to analysis. In LC/MS 
analysis, free fatty acids can be analyzed without hydrolysis or 
derivatization, but separation of isomeric molecular species with 
double bonds in different positions using LC is difficult.

SFC complements GC and LC for the separation of fatty acids 
because it facilitates the separation of individual molecular species 
with different double bond configurations without the need to 
prepare derivatized fatty acids [9]. Using an octadecylsilyl (ODS) 
column with methanol modifier containing 0.1% (v/v) formic acid, 
isomeric fatty acid species were successfully separated (Fig.  3). 
Notably, the ODS column was a non-endcapped column, and formic 
acid was added to methanol in order to decrease the interaction 
between analytes and free silanol groups in the stationary phase.

Fig. 3 Extracted ion chromatogram showing the separation of isomeric free fatty acid molecular species based 
on the chain position of the double bonds. Reproduced from Ref. [9] with permission
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Free fatty acids can be analyzed simultaneously with other 
classes of lipids including glycerolipids, glycerophospholipids, 
sphingolipids, and sterol lipids [10]. Notably, addition of ammo-
nium acetate instead of ammonium formate or formic acid was 
favored for the highly sensitive detection of free fatty acids in elec-
trospray ionization mass spectrometry (ESI MS) [11].

Since fatty acids constitute a basic lipid structure, the enhanced 
separation of fatty acids will contribute to the improved separation 
of molecular species in other lipid categories.

Glycerolipids are composed of several classes of neutral lipids includ-
ing acylglycerols and glycosylated acylglycerols [2]. These neutral 
lipids serve as a source of energy through the β-oxidation of fatty 
acids, as the hydroxyl groups of glycerol are esterified with fatty acids.

SFC/MS facilitates superior high-throughput analysis of 
glycerolipids as compared to LC/MS.  Triacylglycerols (TAGs), 
diacylglycerols (DAGs), monoacylglycerols (MAGs), monogalac-
tosyldiacylglycerols (MGDGs), and digalactosyldiacylglycerols 
(DGDGs) can be analyzed simultaneously with other lipid catego-
ries including glycerophospholipids, sphingolipids, and sterol lip-
ids [12, 13]. With reversed-phase columns such as octadecylsilyl 
(ODS) and phenyl columns, lipid molecular species are separated 
based on carbon chain length and degree of unsaturation in their 
fatty acyl moieties [14]. Specifically, regioisomeric TAGs with the 
same fatty acid moiety in different positions on the glycerol back-
bone can be resolved using a C30 column with a shorter analysis 
time than in LC (Fig. 4) [15]. In addition, normal-phase columns 

2.2  Glycerolipids

Fig. 4 MRM chromatograms of six regioisomeric TAG pairs in palm and canola 
oils. (a) TAG 18:0/18:1/18:0, (b) TAG 18:0/18:0/18:1, (c) TAG 18:0/18:1/16:0, 
(d) TAG 18:0/16:0/18:1, (e) TAG 18:0/18:3/16:0, (f) TAG 18:0/16:0/18:3, (g) TAG 
16:0/18:1/16:0, (h) TAG 16:0/16:0/18:1, (i) TAG 16:0/18:2/16:0, (j) TAG 
16:0/16:0/18:2, (k) TAG 16:0/18:3/16:0, (l) TAG 16:0/16:0/18:3. Reproduced from 
[15] with permission
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Fig. 5 Base peak ion (BPI) chromatogram of triacylglycerols and diacylglycerols in a lipid extract of cow milk 
fat. (1) TAG 4:0/6:0/16:0, (2) TAG 6:0/6:0/16:0, (3) TAG 4:0/10:0/14:0, (4) TAG 6:0/10:0/14:0, (5) TAG 
4:0/10:0/16:0, (6) TAG 4:0/8:0/18:1, (7) TAG 6:0/10:0/16:0, (8) TAG 4:0/12:0/16:0, (9) TAG 4:0/10:0/18:1, (10) 
TAG 6:0/12:0/16:0, (11) 4:0/14:0/16:0, (12) TAG 4:0/12:0/18:1, (13) TAG 6:0/14:0/16:0, (14) TAG 4:0/16:0/16:0, 
(15) TAG 4:0/14:0/18:1, (16) TAG 6:0/16:0/16:0, (17) TAG 4:0/16:0/18:0, (18) TAG 4:0/16:0/18:1, (19) TAG 
6:0/18:0/16:0, (20) TAG 6:0/16:0/18:1, (21) TAG 4:0/18:0/18:1, (22) TAG 4:0/18:1/18:1, (23) TAG 16:0/16:0/10:0, 
(24) TAG 16:0/8:0/18:1, (25) TAG 6:0/18:1/18:1, (26) TAG 10:0/16:0/18:0, (27) TAG 12:0/16:0/16:0, (28) TAG 
16:0/10:0/18:1, (29) TAG 18:0/8:0/18:1, (30) TAG 14:0/16:0/16:0, (31) TAG 16:0/12:0/18:1, (32) TAG 
10:0/18:1/18:1, (33) TAG 16:0/16:0/16:0, (34) TAG 16:0/14:0/18:1, (35) TAG 16:0/14:0/18:2, (36) TAG 
16:0/16:0/18:0, (37) TAG 18:1/16:0/16:0, (38) TAG 18:1/14:0/18:1, (39) TAG 16:0/16:0/18:2, (40) TAG 
18:0/16:0/18:0, (41) TAG 18:0/16:0/18:1, (42) TAG 16:0/18:1/18:1, (43) TAG 18:1/16:0/18:2, (44) TAG 
18:0/18:0/18:1, (45) TAG 18:1/18:1/18:0, (46) TAG 18:1/18:1/18:1, (47) TAG 18:1/18:0/18:2, (48) TAG 
18:1/18:1/18:2, (49) TAG 18:1/18:2/18:2, (50) DAG 16:0/16:0 and/or DAG 14:0/18:0, (51) DAG 16:0/18:0, (52) 
DAG 16:0/18:1, (53) DAG 14:0/16:0, (54) DAG 16:0/16:0 and/or DAG 14:0/18:0, (55) DAG 16:0/18:0, (56) DAG 
16:0/18:1. Reproduced from Ref. [16] with permission

such as silica and 2-ethylpyridine (2-EP) columns can also be uti-
lized for TAG analysis. Since TAGs are highly hydrophobic, they 
are not retained in normal-phase LC, resulting in poor separation 
of individual molecular species. On the other hand, TAGs can be 
separated based on their fatty acyl moieties using a 2-EP column in 
SFC (Fig. 5) [16]. In this method, TAGs with long carbon chain 
on their fatty acyl moieties exhibit longer retention times (RTs). 
This is similar to the case of reversed-phase columns. On the other 
hand, when the degree of unsaturation in fatty acyl moieties 
increases, RTs become longer. The elution order is opposite that of 
reversed-phase columns. In biological systems, the degree of 
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unsaturation usually increases with the increased number of carbon 
chain length on fatty acyl moieties (the major fatty acid species 
are FA 18:0, FA 20:4, FA 22:6 among others); therefore, many 
molecular species in biological samples co-elute when a reversed-
phase column is used. As such, 2-EP columns provide favorable 
selectivity for resolving TAGs from crude mixtures from biological 
samples.

SFC/MS can also be utilized for the determination of chloro-
propanol fatty acid esters, which are structural analogs of acylglyc-
erols [17]. SFC/MS facilitates the high-throughput separation 
of mono-, di-, and tri-esters, which are difficult to separate using 
LC. This analytical method has potential applications in the detailed 
profiling of chloropropanol fatty acid esters in edible oils.

Glycerolipids include highly hydrophobic molecular species, 
and therefore are difficult to separate and elute using reversed-
phase LC. Thus, SFC is a powerful tool for the characterization of 
glycerolipids.

Glycerophospholipids contain a phosphate group esterified on the 
glycerol backbone [2]. They are the major components of cell 
membranes and occasionally function as signal transducers. There 
are numerous molecular species generated by the combination of 
substructures, namely the polar head groups and fatty acyl moi-
eties. These species exhibit a wide range of polarities depending on 

2.3  Glycerophos-
pholipids

PG

Non-derivatization TMS derivatizationBA

PA

PI

LPC

LPE

LPG

LPA

LPI

SM

SIP

0 2.5 7.5 12.55 0 2 4 6 8 min10 15

Fig. 6 MRM chromatograms of polar lipids in a mixture of standard samples 
with and without trimethylsilyl (TMS) derivatization. Reproduced from Ref. [18] 
with permission
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their constituents. Therefore, analytical methods that allow for the 
detection of a variety of molecular species are essential for the char-
acterization of glycerophospholipids.

Major classes of glycerophospholipids are consisted of phos-
phatidylcholine (PC), phosphatidylethanolamine (PE), phosphati-
dylserine (PS), phosphatidylglycerol (PG), phosphatidylinositol 
(PI), and phosphatidic acid (PA). Among them, PCs, PEs, and 
PGs exhibit good peak shapes, while PSs, PIs, and PAs exhibit 
tailing without derivatization in SFC/MS. The poor peak shapes 
can be improved by derivatization, primarily via hydroxyl group 
silylation [18] or phosphate methylation [19] (Figs.  6 and 7). 
Derivatization of polar functional groups decreases the unfavorable 
hydrophilic interactions between analytes and the stationary 
phase of the column, and enhances the solubility in the SCCO2 
mobile phase. These derivatization methods also improve the limit 
of detection.

Two chromatographic separation modes can be applied for 
glycerophospholipid profiling. With a normal-phase column, glyc-
erophospholipid molecular species are separated based on their 
polar head groups (Fig.  8); however, with a reversed-phase col-
umn, molecular species are resolved based on their fatty acyl 
moieties (Fig.  9) [12, 20]. In addition, with a polar-embedded 
ODS column, glycerophospholipids can be separated based on 
their polar head groups and fatty acid moieties (Fig.  10), thus 

Fig. 7 MRM chromatograms of polar lipids in a mixture of standard samples with 
and without methylation. Reproduced from Ref. [19] with permission
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enabling the precise identification and accurate quantitation of 
individual molecular species [13].

Also, oxidized glycerophospholipids can be analyzed by SFC/MS. 
Phospholipids in cell membranes are oxidized by oxidative stress, 
and as a result, a variety of molecular species with different func-
tional groups such as hydroxides, epoxides, and hydroperoxides 
are produced, as well as a large number of structural and positional 
isomers are included. Therefore, analytical techniques for the char-
acterization of such various structural analogs are crucial. Isomeric 
oxidized PCs have been successfully separated using SFC equipped 

Fig. 8 BPI chromatograms and two-dimensional (2D) displays obtained from SFC/MS analysis of a standard 
mixture using a cyano column. (1) TAG, (2) DAG, (3) MGDG, (4) DGDG, (5) PA, (6) PC, (7) PE, (8) PG, (9) PI,(10) 
PS, (11) LPC, (12) SM, (13) Cer, and (14) cerebroside (CB). Reproduced from Ref. [12] with permission
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with a 2-EP column [21]. The separation was attributed to the 
interactions between the positively charged ethylpyridine groups 
of the stationary phase and negatively charged oxidized PCs. 

Fig. 9 BPI chromatograms and 2D displays obtained from SFC/MS analysis of a standard mixture using an 
ODS column. (1) TAG, (2) DAG, (3) MGDG, (4) DGDG, (5) PA, (6) PC, (7) PE, (8) PG, (9) PI, (10) PS, (11) LPC, (12) 
SM, (13) Cer, and (14) CB. Reproduced from Ref. [12] with permission
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Notably, positional isomers of PC epoxides, which could not be 
resolved in previous studies using LC/MS, can be separated using 
SFC/MS (Fig. 11), enabling the identification of individual molec-
ular species.

Although SFC was considered to be unsuitable for compounds 
possessing polar head groups, the use of stationary phases modified 
with polar functional groups and derivatization methods have 
negated such concerns. Previous studies demonstrated that SFC/MS 
can facilitate the simultaneous profiling of glycerophospholipids 
with a wide range of polarities as well as the highly resolved separation 
of structural analogs.

Sphingolipids are biomolecules derived from a common backbone 
composed of long-chain sphingoid bases [2]. The attachment of a 
variety of N-acyl chains, sugar moieties, and phospho-containing 
polar head groups enhances the structural diversity and complexity, 
resulting in several classes: sphingoid bases, ceramides (Cers), 
phosphosphingolipids, and glycosphingolipids. These species are 
involved in cellular signaling. Therefore, analytical platforms for 
the simultaneous determination of sphingolipids are required.

To date, SFC/MS has been applied for the analysis of sphingoid 
bases, ceramides, phosphosphingolipids, and glycosphingolipids. 
Similar to glycerophospholipids, several subclasses of phosphosphin-
golipids including sphingosine-1-phosphate (So1P), sphinganine-1-
phosphate (Sa1P), and ceramide-1-phosphate (Cer1P) exhibit 

2.4  Sphingolipids

Fig. 10 Extracted ion chromatograms obtained from SFC/MS analysis of a lipid standard mixture using a 
polar-embedded ODS column. Reproduced from Ref. [13] with permission
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tailing without derivatization. However, the peak shapes and sensi-
tivity can be improved with silylation or methylation (Figs. 6 and 7) 
[18, 19]. Additionally, glycosylated molecular species are also impor-
tant target compounds in the analysis of sphingolipids. Gangliosides 
have higher polarities than glycerophospholipids and phosphosphin-
golipids because they possess several saccharide units attached to 
ceramide. They could be analyzed using SFC coupled to chemical 
ionization mass spectrometry [22]. Ganglioside subclasses and 
ceramide heterogeneity were well resolved using a phenyl column and 
CO2/methanol mobile phase.

Sphingolipids are an important class of species in lipidome 
analysis, and several SFC/MS methods have been developed for 
the simultaneous profiling of major lipid categories in biological 
systems including glycerolipids, glycerophospholipids, and sterol 
lipids along with sphingolipids [12, 13, 20]. Notably, SFC can also 
be applied for the subclass profiling of various sphingolipids pos-
sessing phosphates or saccharides.

SFC/MS has been applied for the analysis of cholesterols and bile 
acids. These sterol lipids are related to digestion, fat solubilization, 
and regulation of triglyceride and glucose metabolism.

Free cholesterol (FC) and cholesterol esters (CEs) can be ana-
lyzed with other lipids including glycerolipids, glycerophospholip-
ids, and sphingolipids [13, 20]. It was demonstrated that several 
CE molecular species that were not identified using reversed-phase 
LC/MS methods could be detected from mouse plasma using 
SFC/MS [13], indicating that SFC/MS is more sensitive than 

2.5  Sterol Lipids

Fig. 11 MRM chromatograms of positional isomers of PC epoxides. Reproduced from Ref. [21] with permission
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reversed-phase LC/MS due to the efficient desolvation of the 
mobile phase (CO2 and methanol) in the ESI source. Highly 
hydrophobic metabolites elute only by methanol in SFC equipped 
with a reversed-phase column, while more hydrophobic solvents 
such as 2-propanol and acetone, which are not suitable for ESI, are 
required to elute such compounds in reversed-phase LC.

SFC/MS can be used for the simultaneous profiling of bile 
acids and their conjugates of varying polarities [23]. When an 
amide column was used with a methanol/water (95:5, v/v) modifier 
with 0.2% (w/v) ammonium formate and 0.1% (v/v) formic acid, 
25 bile acids eluted with good peak shapes. Furthermore, 24 bile 
acids were successfully quantified in the analysis of rat serum.

The advantages of SFC have also been demonstrated in the 
analysis of sterol lipids. SFC facilitates the retention and elution of 
various metabolites with a wide range of polarities in a single chro-
matographic run. Moreover, structural analogs including isomers 
are well resolved within a short time using SFC.

Carotenoids, which are classified as C40 isoprenoids, are one of the 
main target analytes in SFC/MS.  Carotenoids are hydrophobic 
antioxidant compounds, and are responsible for oxidative stress. 
Because of the numerous isomers and structural analogs, chromato-
graphic separation plays a key role in carotenoid profiling [24]. 
With an end-capped polymeric ODS column, isomers were effec-
tively separated, demonstrating that SFC is suitable for high-
throughput carotenoid profiling. Another advantage was observed 
in the detection sensitivity in MS.  As compared to conventional 
reversed-phase LC/MS methods, the developed SFC/MS method 
exhibited higher sensitivity in ESI-MS due to the difference in the 
eluent between reversed-phase LC and SFC (Table  2), which 
enabled the detection of less abundant oxidized carotenoids [25].

SFC/MS was used for the metabolic profiling of β-cryptoxantin 
(βCX) and its fatty acid esters (βCXFAs), which are carotenoids 
[26]. Using this method, βCX and βCXFAs from citrus fruits were 

2.6  Prenol Lipids

Table 2  
Comparison of limit of detections (LODs) of β-carotene

Instruments LOD (fmol) Mobile phase solvents Reference

LC-DAD 2000 AcCN/MeOH/CH2Cl2 [42]

LC-MS (APCI) 1000 MeOH/MTBE [43]

LC-MS (ESI) 900 AcCN/MeOH/CH2Cl2 [44]

SFC-MS (ESI) 64 SCCO2/MeOH [24] 

SFC-MS/MS (ESI) 0.093 SCCO2/MeOH [25]
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detected with a simple sample preparation method (extraction by 
acetone) [27].

The utility of SFC/MS was also highlighted in the analysis of 
polyprenol [28, 29]. The chain length and geometric isomerism of 
polyprenols from a rubber-producing plant were successfully ana-
lyzed using SFC [28]. Additionally, excellent separation of 
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Fig. 12 BPI chromatogram of long-chain polyprenols in E. ulmoides leaves. 
The numbers represent degrees of polymerization for polyprenol homologs. 
Reproduced from Ref. [29] with permission

Fig. 13 MRM chromatograms of FSVs and WSVs. (1) A acetate, (2) A palmitate, (3) D2, (4) α-tocopherol, (5) 
K2, (6) K1, (7) α-tocopherol acetate, (8) β-carotene, (9) nicotinamide, (10) Nicotinic acid, (11) Pyridoxine, (12) 
D-pantothenic acid, (13) Biotin, (14) Thiamine, (15) Riboflavin, (16) B12, (17) VC. Reproduced from Ref. [30] 
with permission
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polymer-like long-chain polyprenols was achieved using a phenyl 
column and tetrahydrofuran modifier (Fig.  12) [29]. SFC/MS 
exhibited higher chromatographic resolution than LC in the 
characterization of polyprenols.

Moreover, the simultaneous analysis of fat-soluble vitamins 
(FSVs) and water-soluble vitamins (WSVs) was achieved by 
unifying SFC and LC, in “unified chromatography” [30]. In this 
method, an ODS column without end-capping was utilized, and 
hydrophobic and hydrophilic vitamins were retained by ODS 
groups and/or residual silanol groups on the stationary phase. By 
careful optimization of the analytical conditions, including the 
composition of the modifier, additives, and column size, all targeted 
vitamins eluted in a single run (Fig. 13). The gradient elution from 
almost 100% CO2 to 100% modifier enabled the simultaneous analysis 
of FSVs and WSVs with a wide logP range of −2.11 to 10.12.

Compared with LC/MS, SFC/MS exhibits remarkable 
advantages in chromatographic resolution and detection sensitivity 
in the analysis of prenol lipids. Additionally unified chromatography 
has enabled simultaneous profiling of hydrophobic and hydrophilic 
vitamins.

3  Online SFE-SFC/MS Methods

There are several practical applications of online SFE-SFC/MS in 
lipid profiling. Although online SFE-SFC/MS facilitates high-
throughput analysis with continuous extraction and chromato-
graphic separation, detailed investigations of the analytical conditions 
are required during method development because high-efficiency 
extraction can result in poor chromatographic separation. The details 
are described below.

A remarkable application is the highly accurate redox status 
analysis of coenzyme Q10 (CoQ10) [31]. CoQ10 is an enzyme cofac-
tor classified as a prenol lipid [2], and exists in two forms: a reduced 
form (ubiquinol-10) and an oxidized form (ubiquinone-10). CoQ10 
plays an important role in the mitochondrial respiratory chain, and 
the ratio of those two forms (redox status) of CoQ10 is correlated 
with several diseases. Therefore, accurate analysis of CoQ10 redox 
status is crucial in clinical studies. The reduced form (ubiquinol-10) 
is recovered with higher efficiency using online SFE-SFC/MS as 
compared with the conventional method including offline extrac-
tion and SFC/MS analysis (Fig. 14). Thus, the reduced form can be 
extracted without oxidation using online SFE-SFC/MS.

Another application is high-throughput profiling of phospho-
lipids in dried plasma spots (DPS) [32]. DPS testing is a blood 
sampling method, used for biomarker screening and diagnosis; 
notably, it is inexpensive and the tested samples are easy to store. 
In addition, DPS analysis can be combined with online extraction 
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for rapid and simple screening. As such, a practical analytical platform 
for phospholipid profiling based on online SFE-SFC/MS and DPS 
was developed [32]. The major difficulty was the optimization of 
extraction conditions to obtain good chromatographic peak shapes. 

Fig. 14 Extracted ion chromatograms of ubiquinone-10 and ubiquinol-10 in the pho-
tosynthesis bacterium, Rhodobium marinum A501 obtained by offline extraction 
(using hexane) or online extraction. Reproduced from Ref. [31] with permission
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Fig. 15 Extracted ion chromatograms of phospholipid molecular species with different ratios of CO2 and methanol 
in extraction

Takayuki Yamada and Takeshi Bamba



125

The targeted lipid classes were PCs, PEs, and sphingomyelins (SMs) 
including their lyso-forms; they were extracted with high efficiency 
when the ratio of the modifier (methanol) was increased during the 
extraction. However, the extraction conditions produced broad 
chromatographic peaks (Fig. 15) because the extracted molecular 
species were not retained in the column during extraction. 
Therefore, extraction conditions with a lower ratio of the modifier 
were needed to obtain good peak shapes (Fig. 15). A PC HILIC 
column was employed because the target phospholipids were 
strongly retained, and isobaric PCs and SMs could be separated 
successfully. Using the optimized method, more than 130 molecu-
lar species were detected from DPS within 20 min, which included 
extraction and separation. In addition, the extraction efficiency in 
SFE is significantly higher than in Bligh and Dyer’s method [33], 
which is a frequently used liquid-liquid extraction (LLE) method 
(Fig. 16).

As stated above, online SFE-SFC/MS is eminently suitable for 
the high-throughput analysis of thermally labile and oxidizable 
hydrophobic compounds. It is expected that the use of online 
SFE-SFC/MS can be expanded to the profiling of other labile 
compounds including hydrophilic metabolites.

4  SFC/MS in Lipidome Analysis of Biological Samples

The aforementioned SFC/MS methods have been applied for the 
lipidomic profiling of biological samples from blood plasma [13, 18], 
liver [19, 21], brain [20], soybeans [14], and plant leafs [12]. 
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Fig. 16 Comparison of peak areas for each phospholipid molecular species in 
mouse plasma between SFE (filled bars) and LLE (open bars). Reproduced from 
Ref. [32] with permission
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Several hundreds of molecular species were identified from lipid 
extracts of each sample. SFC/MS is capable of simultaneous profiling 
of various lipid classes including fatty acids, acylglycerols, 
phospholipids, sphingolipids, glycolipids, and cholesterols (Figs. 17 
and 18) [12, 13, 20].

Various types of MS can be selected for SFC/MS analysis 
depending on the objective of the study. For example, a time of 
flight mass spectrometer (TOF MS) or an Orbitrap Fourier 
transform mass spectrometer (Orbitrap-FT MS) is suitable for 
non-targeted or global analysis in which a variety of molecular spe-
cies are detected using full scanning and product ion scanning with 
high mass accuracy and resolution [13, 16, 20]. This approach 
aims at fingerprinting and screening molecular species of interest 
without any biological hypotheses. For “focused” profiling, pre-
cursor ion scanning and neutral scanning in triple quadrupole mass 
spectrometry (QqQ MS) are employed for the specific detection of 
preselected target lipid classes [32]. When using multiple reaction 
monitoring (MRM) mode in QqQ MS, targeted molecular species 
can be detected with high sensitivity and selectivity, meaning 
that low-abundance molecular species can be quantified accurately 
[17, 19, 21, 23, 25, 26].

Data processing software for LC/MS analysis such as Lipid 
Search [34, 35], LipidBlast [36, 37], MRM-DIFF [38], and 
MS-DIAL [39] is available for SFC/MS analysis [10, 13] because 
common mass spectrometers are used in LC/MS and SFC/MS. 
These bioinformatics tools enable the precise identification and 
accurate quantification of individual lipid molecular species from 
complex raw MS data in a short amount of time. By coupling 
online SFE-SFC/MS analysis and automated lipid identification 
software, procedures for lipidome analysis including extraction, 
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Fig. 17 2D map of lipids in mouse plasma obtained by the SFC/MS analysis of a total lipid extract using a polar-
embedded ODS column. Reproduced from Ref. [13] with permission
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separation, detection, identification, and quantitation can be car-
ried out within 30 min [32], while it takes several days using con-
ventional methods including LLE, LC/MS analysis, and manual 
data processing.

A typical application in pathological and physiological research 
is lipidome analysis of plasma lipoprotein fractions in myocardinal 
infarction-prone rabbits using the developed SFC/MS platform 
[10]. In this study, plasma and its lipoprotein collected from normal 
and Watanabe heritable hyperlipidemic (WHHLMI) rabbits were 
analyzed individually, and specific alterations in the lipid profiles in 
each lipoprotein fraction were revealed (Fig.  19). In particular, 
elevated levels of bioactive lipids including ether-linked phospholip-
ids and ω-6 fatty acid-containing phospholipids in WHHLMI 

Fig. 18 BPI chromatograms obtained by SFC/MS analysis of (a) a lipid standard mixture and (b) a total lipid 
extract of porcine brain using a silica column. Reproduced from Ref. [20] with permission
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Fig. 19 Heat map charts showing the ratio of levels of lipid molecular species in the low-density lipoprotein 
(LDL) fraction to those in the very low-density lipoprotein (VLDL) fraction in WHHLMI rabbits. Reproduced from 
Ref. [10] with permission
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rabbits were observed. Therefore, this lipidomics approach based on 
SFC/MS analysis is expected to be a useful tool for in-depth patho-
genic studies on coronary artery diseases.

As mentioned above, SFC/MS is suitable for the high-
throughput analysis of a large number of samples, and is expected 
to be a powerful tool in many research fields including plant, animal, 
food, and medical studies.

5  Conclusions and Future Perspectives

The applications of SFC/MS in lipidome analysis were reviewed here. 
SFC/MS provides remarkable benefits including rapid separation of 
various metabolites with diverse polarities, highly resolved separation 
of structural analogs, and highly sensitive detection in MS due to the 
sharp chromatographic peaks and efficient desolvation of the mobile 
phase. Online coupling of SFC and SFE should also be noted.

However, several issues remain to be solved. First, detailed 
mechanisms of retention, separation, and elution in SFC should be 
elucidated and some efforts have been put forth toward that end 
[40]. Previous studies have revealed great differences in the selec-
tivity between SFC and LC. However, the reason why the differ-
ence occurs is still unclear, and there are no established procedures 
for method development. Second, studies on how to connect col-
umns with different stationary phases in tandem are crucial for the 
simultaneous analysis of various compounds. Combining several 
columns is another advantage in SFC, where the column inlet pres-
sure is low due to the low viscosity of the mobile phase. Interestingly, 
the selectivity varies depending on the order of the connected col-
umns [41]. Therefore, it is expected that structural analogs can be 
separated by coupling several columns, and the number of analytes 
retained on the columns will increase. Although it has been dem-
onstrated that various compounds can be analyzed using a single 
column with mobile phases with a range of polarities, combining 
several columns would be essential to analyze real lipidomes or 
metabolomes in a single run.
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Chapter 9

Mass Spectrometric Analysis of Lipid Hydroperoxides

Tânia Melo, Elisabete Maciel, Ana Reis, Pedro Domingues, 
and M. Rosário M. Domingues

Abstract

Lipids are biomolecules prone to oxidative modifications. In the brain and central nervous system lipids 
are rich in unsaturated lipids, thus being preferential target for oxidative modifications. Lipid hydroperox-
ides are the primary products of lipid oxidation, and have been detected in neurodegenerative and neuro-
logical disorders. Mass spectrometry-based analytical approaches are nowadays recognized as valuable 
tools for the identification and quantification of lipid hydroperoxides in specific lipid classes, essential to 
understand their role in disease onset and progression. Here, we describe the most popular procedure for 
the lipid extracts from tissues, quantification of total phospholipid content, and quantification of the total 
content in lipid hydroperoxides. The interpretation of the electrospray mass spectra and tandem mass 
spectra of lipid hydroperoxides is also explained, exemplified for the case of cardiolipin hydroperoxides 
molecular species.

Key words Lipid peroxidation, Mass spectrometry, Cardiolipin, Neurodegeneration, Electrospray, 
FOX II assay, Oxidative lipidomics

1  Introduction

Lipids in brain and central nervous system enriched in polyunsatu-
rated fatty acids are particularly susceptible to oxidation. Many 
reports describe the increase of lipid peroxidation associated with 
inflammatory events in neurodegenerative disease (such as 
Alzheimer, Parkinson) [1–4], autoimmune diseases that affect ner-
vous system (such as multiple sclerosis) [5, 6], or other neurologi-
cal disorders (such as schizophrenia and depression) [7–9]. This 
enhances the interest for measuring lipid oxidation in these physio-
pathological conditions.

Lipid hydroperoxides (LOOH) are the primary products of 
lipid oxidation in living systems, and can arise from enzymatic cata-
lyzed oxidation, via lipoxygenases, or by non-enzymatic systems by 
reaction with reactive oxygen species, particularly hydroxyl radical 
(•OH) [10, 11]. They can decompose in reactive aldehydes such as 
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malonaldehyde (MDA), thiobarbituric acids (TBA), or 4-hydroxy-
nonenal (4-HNE) that are commonly used to estimate lipid oxida-
tion in disease conditions [11]. However, some of these carbonyl 
compounds can also arise from sugar or protein decomposition 
making them an unsuitable marker of lipid peroxidation. 
Monitoring of LOOH in fluids and tissues is a more reliable and 
suitable marker to estimate on the role of lipid peroxidation in the 
progression and modulation of neurodegenerative and neurologi-
cal disorder.

Spectrophotometric methods, such as FOX II assay or ELISA 
screening kits, can be used to measurement of lipid hydroperox-
ides, but lack more specific information on the nature of lipid 
hydroperoxides. Mass spectrometry (MS)-based approaches 
have been used to identify LOOH in free fatty acids [12–14], 
phospholipids such as phosphatidylcholines [15–17], phosphati-
dylethanolamine [18] and cardiolipin (CL) [19–21], glycosphin-
golipids [22], cholesterol and cholesteryl esters [23, 24], and 
triglycerides [25].

The development of MS-based approaches assisted (off-line 
Thin layer chromatography (TLC)-MS and offline high-
performance liquid chromatography (HPLC)-MS) or coupled to 
chromatographic methods (online LC-MS) for the identification 
and quantification of LOOH, have been used with success to 
detect specific lipid hydroperoxides molecules in vitro and in vivo. 
Moreover, lipid hydroperoxides, especially cardiolipin hydroperox-
ides, have been identified by mass spectrometry-based approaches 
in substantia nigra and plasma of a model of Parkinson’s disease 
[4], in a mouse model of Alzheimer disease [26], in traumatic 
brain injury [19], in cerebral ischemia-reperfusion [27], in rat cor-
tical neurons during staurosporine-induced apoptosis [28], and in 
a model of depression [9].

The identification of lipid hydroperoxides by mass spectrome-
try requires the interpretation of mass spectra data and the identi-
fication of specific fragmentation pathways. Due to the inexistence 
of commercially available specific standards this fragmentation has 
been proposed based on finding of biomimetic models using lipo-
somes [16–18, 29, 30], namely typical losses of 32 (−O2) or 34 
amu (H2O2) that confirm the presence of hydroperoxide moiety, as 
shown for phosphatidylcholines [16, 17, 29], CL [30], phosphati-
dylethanolmanie [18], and glycosphingolipids hydroperoxides 
[22] and the presence of oxidized carboxylate anion product ions 
[RCOO+2O]− [18, 19, 21, 30, 31]. The identification of phos-
pholipid hydroperoxides from in vivo experiments is usually based 
on the separation of phospholipids class by TLC followed by the 
analyses by MS and MS/MS, as we will report in this chapter for 
the identification of CL hydroperoxides in brain lipid extracts from 
an animal models of depression [9]. In brain, CL is particularly 
rich in PUFA and its location in the mitochondria, the organelle 
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with high production of ROS, makes CL a target for ROS attack. 
Analysis of CL hydroperoxides started with the preparation of 
tissue homogenates followed by lipid extraction by the Bligh and 
Dyer methodology [32] and phospholipid phosphorus determina-
tion [33]. The presence of LOOH in the total lipid extract is 
confirmed by the quantification using FOX assay II.

Phospholipid classes were fractionated by TLC and CL spots 
that were extracted from silica and the CL extracts were analyzed 
by electrospray (ESI) mass spectrometry in negative-ion mode. 
The ESI-MS spectrum of CL species from the brain of the animal 
models of depression group showed a decrease in relative abun-
dance of the CL [M−2H]2− ions at m/z 737.5 and 749.6, and the 
increase of ions at m/z 761.7 and 773.6 attributed to the forma-
tion of CL hydroxy-hydroperoxy oxidation products (+3O), from 
the above-described CL species, respectively. The presence of CL 
hydroperoxides was confirmed by MS2 and MS3 analysis using 
collision-induced dissociation (CID) as an activation technique of 
doubly charge ions ([M−2H]2−).

2  Material

	 1.	Centrifuge (Mixtasel Centrifuge, JP Selecta, Spain).
	 2.	Vortex (Velp Scientifica, QLABO LDA, Portugal).
	 3.	Pyrex glass cultures tubes with screw-cap (O.D. × L 16 mm × 

100 mm, wall thickness 1.8 mm, thread size 15 mm, cap) 
(Sigma-Aldrich Química, S.L., Portugal).

	 4.	Amber glass vial, screw top, volume 2 mL, thread 8–425, O.D. 
× H × I.D. 12 mm × 32 mm × 4.6 mm (Supelco, Sigma-Aldrich 
Química, S.L., Portugal).

	 5.	Screw cap, solid top with PTFE liner 12 mm, for use with 2 
mL vial (Supelco, Sigma-Aldrich Química, S.L., Portugal).

	 1.	Chloroform (HPLC grade, VWR Chemicals, Portugal).
	 2.	Methanol (HPLC grade, Fisher Scientific, UK).
	 3.	Milli-Q water (Millipore Synergy, Merck Millipore, Portugal).
	 4.	2,6-di-tert-butyl-p-hydroxytoluene (BHT) (Sigma-Aldrich 

Química, S.L., Portugal).

	 1.	Fume hood certified to use HClO4.
	 2.	Heating block to achieve 180 °C (Stuart, Reagent 5, Portugal).
	 3.	Vortex (Velp Scientifica, QLABO LDA, Portugal).
	 4.	Water Bath (Precisterm, JP Selecta, Spain).
	 5.	Microplate reader (Multiskan Go, Thermo Scientific, USA).

2.1  Extraction 
of Lipids

2.1.1  Equipment

2.1.2  Reagents 
and Supplies

2.2  Determination 
of Phospholipid 
Phosphorus

2.2.1  Equipment

MS Analysis of LOOH
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	 6.	Pyrex glass cultures tubes with screw-cap (O.D. × L 16 mm × 
160 mm, wall thickness 1.8 mm, thread size 15 mm, cap) 
(Sigma-Aldrich Química, S.L., Portugal).

	 7.	96-well plates—Microtiter plate in PS with 96-wells flat-
bottom 86 × 128 mm (Nuova Aptaca, Italy).

	 1.	Perchloric acid, HClO4, 70% (Chem-Lab, Belgium).
	 2.	Milli-Q water (Millipore Synergy, Merck Millipore, Portugal).
	 3.	2.5% (w/v) Ammonium Molybdate (Panreac, Spain)—aque-

ous solution.
	 4.	10% (w/v) Ascorbic Acid (VWR Chemicals, Portugal)—aque-

ous solution.
	 5.	NaH2PO4.2H2O (Riedel-de Haën AG, Switzerland).

	 1.	Thin-layer chromatography developing glass tanks with lids 
(Sigma-Aldrich Química, S.L., Portugal).

	 2.	 TLC silica gel 60 plates (2.5 × 20 cm) with concentration 
zone (Merck, Germany).

	 3.	 Oven (Heraeus, Geprufle Sicherneit, Emílio de Azevedo 
Campos).

	 4.	 Spray for primuline solution (Merck, Germany).
	 5.	 UV lamp (Camag, Izasa Scientific, Portugal).
	 6.	 Micro Centrifuge 1–14 (Sigma-Aldrich, Reagente 5, Portugal).
	 7.	 Ultrasonic Bath (JP Selecta, Spain).
	 8.	 Syringe-driven filter unit nonsterile PTFE 0.45 μm × 4 mm, 

Millex®-H, Millipore (Merck Millipore, Portugal).
	 9.	 Syringe 1 mL (Hamilton, Supelco, USA).
	10.	 Amber glass vial, screw top, volume 2 mL, thread 8–425, 

O.D. × H × I.D. 12 mm × 32 mm × 4.6 mm (Supelco, Sigma-
Aldrich Química, S.L., Portugal).

	11.	Screw cap, solid top with PTFE liner 12 mm, for use with 2 
mL vial (Supelco, Sigma-Aldrich Química, S.L., Portugal).

	 1.	Chloroform (HPLC grade, VWR Chemicals, Portugal).
	 2.	Methanol (HPLC grade, Fisher Scientific, UK).
	 3.	Ethanol (Panreac, Spain).
	 4.	Triethylamine (Acros Organics, Belgium).
	 5.	Milli-Q water (Millipore Synergy, Merck Millipore, Portugal).
	 6.	Acetone (HPLC Grade, Sigma-Aldrich, S.L., Portugal).
	 7.	Primuline (Sigma-Aldrich Química, S.L., Portugal).
	 8.	Phospholipids standards: 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine—(C14:0)2-PE; 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine (sodium salt)—(C14:0)2-PS; 

2.2.2  Reagents 
and Supplies

2.3  Separation 
of Phospholipids by 
TLC

2.3.1  Equipment

2.3.2  Reagents 
and Supplies
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1,2-dimyristoyl-sn-glycero-3-phosphocholine—(C14:0)2-PC; 
1,2-dipalmitoyl-sn-glycero-3-phospho-(1′-myo-inositol)—
(C16:0)2-PI; 1,2-dimyristoyl-sn-glycero-3-phosphate (sodium 
salt)–(C14:0)2-PA; N-oleoyl-D-erythro-sphingosylpho-
sphorylcholine—(d18:1/18:1)-SM; 1,2-dimyristoyl-sn-
g l y c e r o - 3 - p h o s p h o - ( 1 ′ - r a c - g l y c e r o l ) 
(sodium salt)—(C14:0)2-PG, 1-stearoyl-2-hydroxy-sn-
glycero-3-phosphocholine—(C18:0)-LPC; 1,1′,2,2′-tetramy-
ristoyl CL (ammonium salt)—(C14:0)4-CL (Avanti Polar 
Lipids, Instruchemie B.V., Netherland).

	 9.	Boric Acid (BDH Chemicals Ltd., England).

	 1.	Vortex (Velp Scientifica, QLABO LDA, Portugal).
	 2.	Microplate reader (Multiscan Go, Thermo Scientific, USA).
	 3.	Eppendorf tubes (F.L. Medical, Italy).
	 4.	96-well plates—Microtiter plate in PS with 96-wells flat-

bottom 86 × 128mm (Nuova Aptaca, Italy).

	 1.	Methanol (HPLC grade, Fisher Scientific, UK).
	 2.	Milli-Q water (Millipore Synergy, Merck Millipore, Portugal).
	 3.	Xylenol Orange (Fluka, Sigma-Aldrich Química, S.L., Portugal).
	 4.	2,6-di-tert-butyl-p-hydroxytoluene (BHT) (Sigma-Aldrich 

Química, S.L., Portugal).
	 5.	Sulfuric Acid 96% (Farmitalia-Carlo Eba, Laborspirit, Lda, 

Portugal).
	 6.	(NH4)2Fe(SO4)2.6H2O (Iron (II) Ammonium Sulfate 

Hexahydrate) (Merck, Germany).

	 1.	Linear ion trap mass spectrometer (ThermoFinnigan, San Jose, 
CA, USA).

	 2.	Xcalibur operating system (V2.0).

	 1.	Methanol (HPLC grade, Fisher Scientific, UK).
	 2.	Chloroform (HPLC grade, VWR Chemicals, Portugal).
	 3.	250 μL syringe for direct infusion (Hamilton, Supelco, USA).

3  Methods

Total lipids were extracted by Bligh and Dyer procedure [32].

	 1.	 Combine 1 mL of brain tissue homogenates with 3.75 mL of 
a mixture of chloroform and methanol at a ratio 1:2 (v/v).

	 2.	 Add 0.1 mg/mL of BHT to the solvents (seeNote 1).
	 3.	 Vortex and keep on ice for 30 min (seeNote 2).

2.4  Assay of Lipid 
Hydroperoxides 
by FOX II

2.4.1  Equipment

2.4.2  Reagents 
and Supplies

2.5  Analysis 
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by MS
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	 4.	 Add 1.25 mL of chloroform and vortex for 1 min.
	 5.	 Add 1.25 mL of Milli-Q water and vortex for 1 min.
	 6.	 Centrifuge for 5 min at 100 x g.
	 7.	 Collect lower phase to a new tube.
	 8.	 Add 1.88 mL of chloroform to the aqueous phase and vortex 

for 1 min.
	 9.	 Centrifuge for 5 min at 100 x g.
	10.	 Collect lower phase and join together with the previous one.
	11.	 Evaporate solvent under a stream of nitrogen.

	12.	Dissolve lipid extracts by adding 300 μL of chloroform and 
vortex.

Total lipid phosphorus in lipid extracts is determined spectro-
photometrically in accordance with the protocol of Bartlett and 
Lewis [33].

	 1.	Pipet 10 μL of lipid extracts into pyrex glass test tubes.
	 2.	Evaporate solvent to dryness with a nitrogen stream.
	 3.	Add 70% perchloric acid (650 μL) to each tube, and heat to 

180 °C for 45 min.
	 4.	After cooling, add 3.3 mL of Milli-Q H2O to each tube, and 

vortex.
	 5.	Add 500 μL of 2,5% (w/v) of ammonium molybdate to each 

tube, and vortex.
	 6.	Add 500 μL of 10% (w/v) of ascorbic acid to each tube, and 

vortex.
	 7.	Heat to 100 °C for 5 min.
	 8.	After cooling, pipet 200 μL of supernatant to 96-well plates 

and measure the absorbance of supernatant at 800 nm using a 
microplate reader (seeNote 3). The total amount of phospho-
rus of each sample is derived from comparison with the stan-
dard curve constructed with known amount of NaH2PO4 
(0.1–2 μg of phosphorus) (seeNote 4) [34].

Lipid hydroperoxides are determined by Ferrous Oxidation-
Xylenol Orange (FOX) II assay (seeNote 5) [35].

	 1.	Pipet 50 μL of total lipid extract (seeNote 6) to Eppendorf 
tubes.

	 2.	Add 950 μL of the FOX II reagent containing 100 μM xylenol 
orange, 250 μM (NH4)2Fe(SO4)2.6H2O, 25 mM H2SO4, and 
4 mM BHT in methanol with water at the ratio of 9:1 (v/v) 
(seeNote 7).

	3.	 Vortex well and incubate for 30 min, at room temperature, in 
the dark.

3.2  Determination 
of Phospholipids 
in Lipid Extracts

3.3  Assay of Lipid 
Hydroperoxides 
Determination  
by FOX II
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	4.	 Pipet 200 μL of supernatant to 96-well plates and measure the 
absorbance at 560 nm using a microplate reader.

	5.	 Determine the concentration of the lipid hydroperoxides 
against H2O2 standards with concentrations ranging from 0.0 
to 0.4 mM (Fig. 1).

The phospholipid classes present in lipid extracts are separated by 
TLC.

	 1.	 Wash plates with mixture of chloroform and methanol at the 
ratio 1:1 (v/v) prior to application and separation of phospho-
lipids by TLC. Let the plates dry in the fume hood for 15 min.

	 2.	 Spray plates with 2.3% (w/v) boric acid in ethanol. Let the 
plates dry in the hood for 15 min.

	 3.	 Activate plates by heating at 100 °C for 30 min in the oven to 
remove all traces of water.

	 4.	 Apply lipid extracts (30 μg of phospholipid) (seeNote 8) and 
authentic phospholipid standards (10 μg of phospholipid) to 
plate (2.5 × 20 cm). Dry TLC plates with a nitrogen stream to 
remove the excess of solvents.

	 5.	 Develop the plates with a solvent system consisting of chlorof
orm:methanol:H2O:triethylamine (30:35:7:35, v/v/v/v) 
(seeNote 9).

	 6.	 Reveal the phospholipid spots by spraying the TLC plates with 
primuline (50 μg/100 mL acetone: water 80/20 (v/v)) (see-
Note 10).

	 7.	 Visualize the phospholipid spots by using UV lamp (λ = 254 
nm) and identify by comparison with authentic phospholipid 
standards (Fig. 2a).

	 8.	 Scrape the phospholipid spots into pyrex glass test tubes.
	 9.	 For phosphorus determination—scrape the phospholipid 

spots individually into each pyrex glass test tube and estimate 
the amount of phospholipid phosphorus as described in Sect. 
3.3 (seeNotes 3 and 4) (Fig. 2b).

	10.	 For mass spectrometry analysis—scrape the phospholipid spots 
of each class together into pyrex glass test tubes.

	11.	 Add 2 mL of mixture of chloroform and methanol at a ratio of 
1:2 (v/v).

	12.	 Vortex for 2 min.
	13.	 Put samples in ultra-sounds bath for 1 min.
	14.	 Centrifuge at 100 x g for 5 min.
	15.	 Transfer the supernatant to a new glass tube.
	16.	 Wash the pellet by repeating the previous steps.

3.4  Separation 
of Phospholipids by 
TLC

MS Analysis of LOOH
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	17.	 Join the supernatants together and add 1.3 mL of chloroform 
and 2.4 mL of water.

	18.	 Centrifuge at 100 x g for 5 min.
	19.	 Transfer the organic lower phase to a new glass tube.
	20.	 Evaporate the solvent to dryness with a stream of nitrogen.
	21.	 Resuspend in 100 μL of chloroform and vortex.
	22.	 Filter the sample to an amber vial using syringe-driven filter 

unit nonsterile PTFE 0.45 μm × 4 mm (see Note 11).
	23.	 Evaporate the solvent to dryness with a stream of nitrogen and 

dissolve the phospholipids in 100 μL of chloroform.

CL hydroperoxides were identified and characterized by ESI-MS 
and MS2 after TLC separation using LXQ with Xcalibur operating 
system.

	 1.	CL is prepared for ESI-MS analysis by direct infusion for 
acquisition of ESI mass spectra at a flow rate of 8 μL/min by 
mixing 40 μL of CL extract in chloroform after TLC in 100 μL 
of methanol.

	 2.	Operate the electrospray probe at a voltage of 4.7 kV in 
negative-ion mode.

	 3.	Maintain the source temperature at 275 °C and sheath gas flow 
rate at 8 units.

3.5  Identification 
of Cardiolipin 
and Cardiolipin 
Hydroperoxides 
by TLC-ESI-MS 
and MS2

Fig. 1 Lipid hydroperoxide content. Lipid hydroperoxides are the primary prod-
ucts of lipid oxidation and total content in lipid hydroperoxides was assessed 
using FOX II assay. This method is based on the oxidation of ferrous ions, by 
hydroperoxides in acid environment, forming ferric ions that are detected using 
xylenol orange through the formation of a blue–violet complex with an absorp-
tion maximum at 560 nm [35]. We found a statistically significant increase of 
lipid hydroperoxides in the total lipid extracts from brain of animal model of 
depression, indicating that lipid oxidation occurred in consequence of the stress 
stimuli. This figure was reproduced from [9] with permission from Elsevier
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	 4.	Perform MS analysis using isolation width of 1 m/z, three 
microscans with maximum injection time 10 ms. For MS2 anal-
ysis, maximum injection time is 100 ms and use collision-
induced dissociation (CID) as an activation technique (Q = 
0.25).

	 5.	Use full-range zoom (200–2000 m/z) for the MS analysis of 
CL (see Note 12). Identify CL either as singly ([M−H]−) or 
doubly charged ([M−2H]2−) ions in the full mass spectrum. 
Select [M−2H]2− ions to perform MS2 analysis of CL hydro-
peroxide derivatives (Fig. 3). Identification was confirmed by 
the comparison with the fragmentation pattern of a CL hydro-
peroxide standard—tetra linoleoyl CL hydroperoxide (Fig. 4). 
Typical fragments are represented in Scheme 1.

4  Notes

	 1.	 Lipid extraction has to be performed using BHT and on ice to 
minimize the risk of oxidation of phospholipids.

	 2.	 During the 30  min incubation, vortex samples occasionally 
(every 10 min).
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Fig. 2 Thin-layer chromatography (TLC) of total lipid extracts and relative content of phospholipid classes from 
brain of animal model of depression. (a) Typical lipid profile extracted from brain of animal model of depres-
sion. Cardiolipin class was identified by comparison with pure and authentic cardiolipin standard applied in the 
same TLC plate. (b) The phospholipid relative content (%) of each class observed in the TLC plate was deter-
mined and a significant decrease in cardiolipin levels was observed for brain of animal model of depression. 
This figure was reproduced from [9] with permission from Elsevier
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	 3.	 For TLC samples, scrape the phospholipid spots into pyrex 
glass test tubes and follow the described protocol. However, 
before measuring the absorbance of supernatant, transfer 1 
mL of sample from pyrex glass tubes to eppendorf tubes, cen-
trifuge for 5 min at 750 x g, and pipet 200 μL of supernatant 
to 96-well plates and measure the absorbance of supernatant 
at 800 nm using a microplate reader.

	 4.	 The total phospholipid amount can be assessed by multiplying 
the phosphorus amount value by 25, which is derived by divid-
ing the molecular weight of a phospholipid (average value, 
≈770) by the molecular weight of phosphorus, 31.

Fig. 3 Characterization of cardiolipin hydroperoxide derived from brain of animal model of depression by 
ESI-MS. (a) MS2 spectrum of [M−2H]2− ions at m/z 773.6 allowed the identification of carboxylate anion at m/z 
311.3 (C18:2+2O) and 295.2 (C18:2+O or/and C18:1+2O–H2O). (b) MS3 analysis of ions at m/z 311.3 showed 
diagnostic product ions at m/z 293.2, 171.1, and 223.1. Ions at m/z 293.2 are formed due to loss of water from 
cardiolipin hydroperoxide (CL-OOH) derivative. In fact, loss of water from hydroperoxides during the MS2 frag-
mentation is a very common process [30, 36]. (c) Ions at m/z 171.1 and 223.1 confirm the presence of hydro-
peroxide derivative in C-9 and C-13, respectively
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	 5.	 FOX II assay was developed based on the ability of reduction 
of ferrous ions (transition metal) by LOOH and reaction of 
ferrous ions with xylenol orange forming a stable colored 
complex that can be measured at 560 nm.

	 6.	 FOX II assay is performed in total lipid extract instead in TLC 
lipid spots because at least 50 μg of phospholipid is needed.

	 7.	 The FOX II reagent (100 mL) is prepared by dissolving 
9.8 mg of (NH4)2Fe(SO4)2.6H2O and 139 μL of H2SO4 in 5 
mL of water. Then, add 88.2 mg of BHT, 7.2 mg of xylenol 
orange, and 45 mL of methanol. Mix all together and add 
more 45 mL of methanol and 5 mL of water.

	 8.	 Apply three spots of lipid extracts (30 μg of phospholipid) to 
perform phospholipid phosphorus determination in each 
phospholipid class and apply four spots of lipid extracts (30 μg 
of phospholipid) for mass spectrometry analysis.

	 9.	 Plates should be developed until 1 cm from the top.
	10.	 Prepare the staining solution by dissolving the primuline pow-

der in water and then add the acetone volume.
	11.	 Before filtering each sample, wash the syringe with 1 mL 

methanol. Put the filter and wash again with 1 mL methanol. 
The filter should be used only once.

	12.	Identification and characterization of lipid hydroperoxides is a 
complex challenge due to their relatively low abundance and 
instability. Additionally, overlapping of nonmodified lipid spe-
cies with the same m/z value can occur.

Fig. 4 MS2 spectrum of [M−2H]2− ions at m/z 739.5 of tetra linoleoyl cardiolipin hydroperoxide (cardiolipin 
standard) showing the most important diagnostic product ions. The proposed structure for these ions is also 
represented

MS Analysis of LOOH
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Chapter 10

Mass Spectrometric Determination of Fatty Aldehydes 
Exemplified by Monitoring the Oxidative Degradation 
of (2E)-Hexadecenal in HepG2 Cell Lysates

Corinna Neuber, Fabian Schumacher, Erich Gulbins, 
and Burkhard Kleuser

Abstract

Within the last few decades, liquid chromatography-mass spectrometry (LC-MS) has become a preferred 
method for manifold issues in analytical biosciences, given its high selectivity and sensitivity. However, the 
analysis of fatty aldehydes, which are important components of cell metabolism, remains challenging. 
Usually, chemical derivatization prior to MS detection is required to enhance ionization efficiency. In this 
regard, the coupling of fatty aldehydes to hydrazines like 2,4-dinitrophenylhydrazine (DNPH) is a com-
mon approach. Additionally, hydrazones readily react with fatty aldehydes to form stable derivatives, which 
can be easily separated using high-performance liquid chromatography (HPLC) and subsequently detected 
by MS. Here, we exemplarily present the quantification of the long-chain fatty aldehyde (2E)-hexadecenal, 
a break-down product of the bioactive lipid sphingosine 1-phosphate (S1P), after derivatization with 
2-diphenylacetyl-1,3-indandione-1-hydrazone (DAIH) via isotope-dilution HPLC-electrospray 
ionization-quadrupole/time-of-flight (ESI-QTOF) MS. Moreover, we show that the addition of N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC hydrochloride) as a coupling agent 
allows for simultaneous determination of fatty aldehydes and fatty acids as DAIH derivatives. Taking 
advantage of this, we describe in detail how to monitor the degradation of (2E)-hexadecenal and the con-
current formation of its oxidation product (2E)-hexadecenoic acid in lysates of human hepatoblastoma 
(HepG2) cells within this chapter.

Key words (2E)-hexadecenal, (2E)-hexadecenoic acid, Sphingosine 1-phosphate, Derivatization, 
DAIH, EDC, Isotope-dilution, HPLC-ESI-QTOF

1  Introduction

Sensitive and selective detection of low-abundant compounds is a 
fundamental challenge in biological sciences. For quite some time, 
LC-MS has become an indispensable tool to face this challenge. 
While MS has undergone huge technological developments within 
the last decades that ensured an improvement of the overall analytical 
performance, analyte-related limitations remained. Due to the 



148

chemical nature of certain compound classes, insufficient ion yields 
are achieved by ESI frequently used in LC-MS setups. So it is the 
case for fatty aldehydes. These lipid metabolites with a chain length 
of at least 12 carbon atoms exert a variety of biological functions. 
In Lepidoptera species some fatty aldehydes are characterized as sex 
pheromones [1]. Further, retinal (retinaldehyde) is essential for 
animal vision [2]. But, in general, fatty aldehydes are central prod-
ucts of various cellular pathways. For instance, in plasmalogens, a 
specific group of glycerophospholipids, fatty aldehydes are bound 
to a glycerol backbone via a vinyl ether linkage at sn-1 position. 
The interest in fatty aldehyde analysis emerged in the last decades, 
since the role of plasmalogens in disorders like Alzheimer’s dis-
ease [3], ischemia [4], and multiple sclerosis [5] became obvious. 
An impaired oxidative metabolism of fatty aldehydes is also asso-
ciated with a pathologic situation known as the Sjögren-Larsson 
syndrome [6].

A general analytical challenge while subjecting fatty aldehydes 
to mass spectrometric detection is the low ionization efficiency and 
insufficient fragmentation. In this regard, fatty aldehydes with con-
jugated diene systems serve as exceptions. Using electron ioniza-
tion (EI), which is a hard ionization technique, and MS coupling, 
characteristic fragmentation patterns and high sensitivity were 
observed [7]. However, also unconjugated fatty aldehydes are sus-
ceptible for sensitive MS detection due to the reactivity of the car-
bonyl function that enables coupling to nucleophilic derivatization 
agents [8]. First attempts involved the conversion of fatty alde-
hydes to thermally stable dimethyl acetal (DMA) derivatives in an 
acidified methanolic milieu [9]. Coupling of gas chromatography 
(GC) with EI-MS consequently showed characteristic fragment 
ions for DMA derivatives to be [M−31]+ due to the loss of a 
methoxy group and ions with a mass-to-charge ratio (m/z) of 75 
(due to [CH(OCH3)2]+). Another prominent derivatization 
reagent is O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine hydro-
chloride (PFBHA). Under mild buffered conditions at room tem-
perature stable pentafluorobenzyl oximes (PFBOs) are formed. 
Analysis of the oximes is done using GC and GC-MS [10].

Today, soft ionization techniques, like ESI, atmospheric pressure 
chemical ionization (APCI), and matrix-assisted laser desorption 
ionization (MALDI), are most common in mass spectrometry lab-
oratories. In particular, ESI has become the most popular ioniza-
tion technique. It has the advantage of LC compatibility and 
generation of protonated or deprotonated molecular ions of polar 
to moderate polar small molecules or high-molecular weight com-
pounds. Consequently, manifold chemical derivatization reagents 
for the LC-MS detection of aldehydes were established. Among 
those, hydrazines are preferred coupling reagents for fatty alde-
hydes. For instance, the prominent DNPH (Brady’s reagent) 
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readily reacts with carbonylic compounds at room temperature 
in acidic media by forming stable 2,4-dinitrophenylhydrazones 
[11, 12]. Those hydrazones are usually separated by reversed phase 
(RP)-HPLC and characterized via ultraviolet (UV) or fluorescence 
detection or by mass spectrometry after negative ionization. Also 
hydrazones itselves can be effective derivatization reagents for fatty 
aldehydes. For instance, it was shown that DAIH readily reacts 
with fatty aldehydes, exemplarily shown for the derivatization of 
(2E)-hexadecenal and detection via HPLC-ESI-QTOF MS [13]. 
As a special feature, the addition of EDC as a coupling agent allows 
for simultaneous detection of fatty aldehydes and fatty acids as 
DAIH derivatives [14]. This finding is of importance for the 
conduction of oxidative metabolism studies of fatty aldehydes. In 
general, aldehydes are reactive compounds that readily form Schiff 
base products with amino groups of cellular macromolecules like 
proteins [15, 16] and DNA [17, 18]. Substituted aldehydes, like 
α-chlorofatty aldehydes [19], or α,β-unsaturated aldehydes (e.g., 
4-hydroxy-trans-2,3-nonenal [20]) can be further attacked by cel-
lular nucleophiles (e.g., glutathione) away from the carbonyl func-
tion. To prevent cell damage, aldehydes are rapidly detoxified for 
instance by oxidation via intracellular aldehyde dehydrogenases 
(ALDH) into their corresponding acids. It was shown that (2E)-
hexadecenal, formed after irreversible degradation of the sphingo-
lipid S1P by S1P lyase, can be further oxidized to (2E)-hexadecenoic 
acid by the fatty aldehyde dehydrogenase ALDH3A2 (known as 
FALDH) [21]. The protocol presented herein is suitable to answer 
the question, to what extent (2E)-hexadecenal is endogenously 
oxidized to (2E)-hexadecenoic acid in vitro. Therefore, lysed 
HepG2 cells were incubated with (2E)-hexadecenal over a period 
of 60 min under physiological conditions. At defined time points 
samples were taken and extracted using a modified protocol pub-
lished by Püttmann et al. [22]. For quantification of the monitored 
fatty aldehyde and its corresponding fatty acid, we used the isotope-
dilution approach, which is considered to be the gold standard for 
unambiguous quantification of various types of analytes in biologi-
cal samples [23]. Hence, stable-isotope labeled (2E)-hexadecenal 
(d5) and hexadecanoic acid (d5) were added as internal standards. 
The dry extracts were derivatized using DAIH and EDC prior to 
mass spectrometric analysis using HPLC-ESI-QTOF.

2  Materials

All chemicals and solvents used were of highest available purity or 
LC-MS grade, respectively. All glassware for extraction was rinsed 
with ethanol prior to use to avoid contamination with exogenous 
sources of fatty acids (see Note 1).

Mass Spectrometry of Fatty Aldehydes
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	 1.	Cell pellets contained 2 × 106 HepG2 cells in each Eppendorf 
tube and were stored at −80 °C.

	 2.	Potassium phosphate buffer: 100 mM, pH 7.4.
	 3.	Ultrasonic homogenizer: Sonoplus UW2070 (Bandelin, 

Berlin, Germany).
	 4.	Water bath: Grant JB1 (Grant Instruments, Cambridge, UK).
	 5.	Vortex mixer: Vortex Genie 2 (Scientific Industries, New York, 

USA).
	 6.	(2E)-hexadecenal (Avanti Polar Lipids, Alabaster, USA): 

Prepare a 408 μM working solution in ethanol. Store at −20 °C 
(see Note 2).

	 7.	For investigation of the oxidative degradation of (2E)-hexadecenal 
(d5) (results not presented herein; for additional information 
see Neuber et al. [14]): Prepare a 408 μM working solution of 
(2E)-hexadecenal (d5) (Avanti Polar Lipids, Alabaster, USA) in 
acetonitrile. Store at −20 °C (see Notes 2 and 3).

	 8.	1.5 mL screw-capped glass vials.

	 1.	Internal standard mixture A: Prepare a mixture of (2E)-
hexadecenal (d5) and hexadecanoic acid (d5) (Sigma Aldrich, 
Schnelldorf, Germany) with a concentration of 20 μM each in 
ethanol. Store at −20 °C (see Note 2).

	 2.	Alternative internal standard mixture B for monitoring the oxi-
dative degradation of (2E)-hexadecenal (d5): Prepare a 20 μM 
mixture of pentadecanal (Sigma Aldrich, Schnelldorf, 
Germany) and heptadecanoic acid (Sigma Aldrich, Schnelldorf, 
Germany) in ethanol. Store at −20 °C (see Note 2).

	 3.	Solvents used for extraction: Water, n-heptane, Dole solution 
(isopropanol/n-heptane/2  M phosphoric acid (40:10:1, 
v/v/v)). Store at 4 °C.

	 4.	1.5  mL screw-capped glass vials and 400  μL glass 
micro-inserts.

	 5.	Vortex mixer: Vortex Genie 2 (Scientific Industries, New York, 
USA).

	 6.	Centrifuge: Biofuge fresco (Heraeus Holding GmbH, Hanau, 
Germany).

	 7.	Savant SpeedVac Concentrator (Thermo Fisher Scientific, 
Dreieich, Germany).

For a set of 50 samples prepare the following reagents in glass tubes:

	 1.	DAIH solution: Dissolve 1.5  mg DAIH (Sigma Aldrich, 
Schnelldorf, Germany) in 2  mL acetonitrile. Sonicate for 
15 min in a water bath before adding 0.5 mL ethanol. Store on 
ice until use (see Note 4).

2.1  Cell Lysis 
and Incubation 
with (2E)-Hexadecenal

2.2  Extraction

2.3  Derivatization
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	 2.	EDC solution: Dissolve 119.9 mg EDC hydrochloride (Sigma 
Aldrich, Schnelldorf, Germany) in 2.5 mL 3% ethanolic pyri-
dine (dilute 75 μL pyridine with 2425 μL ethanol) to yield a 
250 mM solution. Store on ice until use (see Note 5).

	 3.	Further required solvents: Ethanol, water.
	 4.	Ultrasonic water bath: Sonorex RK100H (Bandelin, Berlin, 

Germany).
	 5.	Thermomixer comfort and 2.0 mL Safe-lock tubes (Eppendorf 

AG, Hamburg, Germany).
	 6.	1.5 mL screw-capped glass vials.

	 1.	Agilent 1200 LC system coupled to an Agilent 6530 QTOF 
MS (both from Waldbronn, Germany) (see Note 6).

	 2.	Eluent A: Water; eluent B: Methanol containing 0.01% ammo-
nium hydroxide.

	 3.	Separation column: ZORBAX Eclipse XDB-C18 (4.6 × 50 mm, 
1.8 μm) (Agilent, Waldbronn, Germany).

	 4.	Guard column: ZORBAX Extend-C18 (2.1 × 12.5 mm, 5 μm) 
(Agilent, Waldbronn, Germany).

3  Methods

Cell material was stored on ice during sample preparation.

	 1.	Resuspend a cell pellet in 500  μL ice-cold potassium phos-
phate buffer.

	 2.	Sonicate the cell solution three times for 20  s on ice, while 
waiting 30 s between each sonication step (see Note 7).

	 3.	Transfer the whole cell lysate into a 1.5 mL screw-capped glass 
vial.

	 4.	Preheat the whole cell lysate for 5 min in a 37 °C water bath 
before adding 10  μL (2E)-hexadecenal working solution 
(or add 10 μL of (2E)-hexadecenal (d5) working solution for 
studying the oxidative metabolism of the labeled aldehyde 
instead) and vortex briefly.

	 5.	Before starting the incubation with the aldehyde at 37  °C, 
2 μL of a test substance (e.g., modifier of the fatty aldehyde-to-
acid metabolism such as an inhibitor of aldehyde dehydroge-
nases) in ethanol can be added to the sample (if so, add 2 μL 
ethanol also to control samples). Otherwise add 2 μL of potassium 
phosphate buffer.

	 6.	Over a period of 60 min and at defined time points, 10 μL of 
the cell lysates are taken for extraction.

2.4  Mass 
Spectrometry

3.1  Cell Lysis 
and Incubation 
with (2E)-Hexadecenal
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Extraction is done on ice. All solutions are stored on ice prior to 
use.

	 1.	10 μL of incubated cell lysate is placed in a 1.5 mL glass vial 
and filled up with 90 μL water.

	 2.	Immediately add 500 μL Dole solution and 5 μL internal stan-
dard mixture A for incubation with (2E)-hexadecenal or 5 μL 
alternative internal standard mixture B for incubation with 
(2E)-hexadecenal (d5) (see Note 8).

	 3.	Vortex 30  s before adding 200  μL n-heptane and 300  μL 
water. Again thoroughly vortex for 30 s.

	 4.	It follows a 10 min incubation step on ice.
	 5.	The extracts are centrifuged at 400 × g (4 °C) for 5 min.
	 6.	200 μL of the upper organic phase is transferred into a 400 μL 

micro-insert and evaporated to dryness under reduced pressure.

	 1.	Dried extracts were dissolved in a mixture of 25 μL ethanol, 
50 μL DAIH solution, 50 μL EDC solution, and 75 μL water 
(see Note 9).

	 2.	Place the micro-inserts containing the redissolved extracts in 
2.0 mL Safe-lock Eppendorf tubes half-filled with water and 
preheated to 80 °C. Lock the tubes.

	 3.	Heat the derivatization mixture for 15  min at 80  °C. The 
underlying chemical reactions are depicted in Fig.  1. Let 
the samples cool down for at least 1 h at room temperature 
(see Note 10). Place the micro-inserts in new 1.5 mL screw-
capped glass vials. The derivatized samples should be stored at 
4 °C until analysis (see Note 11).

	 1.	For analyzing levels of derivatized (2E)-hexadecenal and 
(2E)-hexadecenoic acid using HPLC-ESI-QTOF MS, the fol-
lowing instrumental conditions were chosen.

	 1.	Separation column: C18 phase, the column temperature was set 
to 30 °C.

	 2.	Injection volume: 10 μL, the temperature of the autosampler 
was set to 4 °C.

	 3.	Flow rate: 0.9 mL/min.
	 4.	Eluent A: Water; eluent B: Methanol containing 0.01% ammo-

nium hydroxide (Tables 1 and 2).

	 1.	Precursor ions, fragment ions, and optimized collision energies 
for the selected reaction monitoring (SRM) of DAIH deriva-
tives of fatty aldehydes and acids investigated are as follows 
Table 3.

The product ion mass spectra of derivatized (2E)-hexadecenal 
and (2E)-hexadecenoic acid are presented in Fig. 2.

3.2  Extraction 
of (2E)-Hexadecenal 
and (2E)-
Hexadecenoic Acid

3.3  Derivatization 
of (2E)-Hexadecenal 
and (2E)-
Hexadecenoic Acid

3.4  Mass 
Spectrometry

3.4.1  LC Conditions

3.4.2  Settings of the MS/
MS Detector
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	 2.	(2E)-hexadecenal and (2E)-hexadecenal (d5) co-eluted at 
8.3 min. (2E)-hexadecenoic acid and hexadecanoic acid (d5) 
co-eluted at 1.9  min. A representative SRM chromatogram 
showing the signals of derivatized (2E)-hexadecenal, (2E)-
hexadecenoic acid, and their corresponding internal standards 
is given in Fig. 3.

	 3.	For quantification, peak areas of the analytes were normalized to 
those of their corresponding internal standards. The obtained 

Fig. 1 Chemical reactions underlying the simultaneous derivatization of the fatty aldehyde (2E)-hexadecenal 
and its oxidized metabolite (2E)-hexadecenoic acid using DAIH and EDC

Mass Spectrometry of Fatty Aldehydes
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ratio was divided by the slope of an external calibration curve 
(see Note 12).

	 4.	A typical time course of the oxidative degradation of (2E)-
hexadecenal and the concurrent formation of (2E)-
hexadecenoic acid in HepG2 cell lysates is shown in Fig. 4.

4  Notes

	 1.	Do not use siliconized material. The contamination of samples 
with hexadecanoic acid is enormous and impedes accurate fatty 
acid analysis.

Table 1  
Gradient elution program for LC separation of derivatized (2E)-hexadecenal, 
(2E)-hexadecenoic acid, and their stable-isotope labeled internal 
standards

Time (min) Eluent A (%) Eluent B (%)

0 15   85

3   0 100

12   0 100

12.1 15   85

18 15   85

Table 2  
Settings of the AJS (Agilent Jet Stream) ESI source for simultaneous detection 
of DAIH derivatives of (2E)-hexadecenal and (2E)-hexadecenoic acid

Parameter Setting/value

Ionization mode Negative (ESI-)

Drying gas temperature 350 °C

Drying gas flow 9 L/min of nitrogen

Sheath gas temperature 400 °C

Sheath gas flow 9 L/min of nitrogen

Nebulizer pressure 22 psi

Capillary voltage 4000 V

Nozzle voltage 250 V

Fragmentor voltage 200 V

Skimmer voltage 65 V

Octopol voltage 750 V

Corinna Neuber et al.
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Fig. 2 Product ion mass spectra of derivatized (2E)-hexadecenal (upper spectrum) and (2E)-hexadecenoic acid 
(lower spectrum). The chemical structures of the analyzed DAIH derivatives and the fragmentations utilized for 
SRM are given in the insets. MS/MS parameters: ESI-, collision energies: as given in Table 3

Fig. 3 Combined SRM chromatograms of DAIH derivatives of (2E)-hexadecenoic acid and (2E)-hexadecenal (upper 
chromatogram), and their stable-isotope labeled internal standards hexadecanoic acid (d5) and (2E)-hexadecenal 
(d5) (lower chromatogram). All compounds were analyzed in the same run with each peak set 100%

Mass Spectrometry of Fatty Aldehydes
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	 2.	All aldehyde and fatty acid stock solutions are stable for at least 
1 year when stored at −20 °C.

	 3.	(2E)-hexadecenal (d5) can also be solved in ethanol and stored 
at −20 °C.

	 4.	DAIH is applied as solution close to the saturation level. If DAIH 
seems to be not completely dissolved, an extended sonification 
is recommended.

	 5.	Prepare ethanolic pyridine solution under the fume hood.
	 6.	The presented methodology for analysis of derivatized fatty 

aldehydes and fatty acids using an Agilent HPLC-ESI-QTOF 
instrument can be easily transferred to an equivalent HPLC-
ESI-triple quadrupole machine like the Agilent 6490 Triple 
Quad LC/MS with iFunnel technology (from Waldbronn, 
Germany).

Fig. 4 Time course of the oxidation of (2E ) -hexadecenal added to HepG2 cell 
lysates to (2E )-hexadecenoic acid after incubation at 37 °C. 100% correspond to 
4 pmol of extracted and derivatized (2E )-hexadecenal injected into the LC-MS 
system. Quantification was performed using the isotope-dilution SRM approach. 
Data of two separate extractions (and subsequent derivatizations) from the same 
cell lysate are presented

Table 3  
Settings of the MS/MS detector for simultaneous quantification of 
(2E)-hexadecenal and (2E)-hexadecenoic acid derivatives using 
isotope-dilution SRM

DAIH derivative of
Precursor ion 
[M–H]− (m/z)

Fragment ion 
[M–H]− (m/z)

Collision 
energy (V)

Fatty aldehydes
(2E)-hexadecenal 573.3487 249.2336 24
(2E)-hexadecenal (d5) 578.3800 254.2650 24

Fatty acids
(2E)-hexadecenoic acid 589.3436 395.2704 30
hexadecanoic acid (d5) 596.3906 402.3174 30

Corinna Neuber et al.
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	 7.	Always protect ears during sonification.
	 8.	Recovery rate is higher the faster the Dole solution is added.
	 9.	For derivatization of only (2E)-hexadecenal the addition of 

EDC hydrochloride can be omitted. In this case, dissolve the 
dried extract in 50 μL acetonitrile and add 182.5 μL DAIH 
solution and 17.5 μL 2 M HCl. Place the micro-inserts in new 
1.5  mL screw-capped glass vials and cool the samples for 
15 min at 4 °C prior to LC-MS analysis.

	10.	Incubation for 1  h at room temperature is recommended. 
While the derivatization reaction for fatty acids is completed 
after 15  min at 80  °C, it may happen that the aldehyde 
derivatization is not finished. Longer incubations at 80  °C 
come along with decreasing aldehyde-DAIH yields. But incu-
bation at room temperature works well.

	11.	Derivatized samples are stable for up to 3 days when stored at 
4 °C.

	12.	The limit of detection for (2E)-hexadecenal and (2E)-
hexadecenoic acid was found to be 33  fmol and 69  fmol per 
injection using 4.5% fatty acid-free bovine serum albumin in 
phosphate buffered saline as a matrix. The limit of quantification 
was estimated to be 99 fmol per injection for (2E)-hexadecenal 
and 207 fmol per injection for (2E)-hexadecenoic acid. Method 
validation showed good intra- and interday precision [14].
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Chapter 11

CE Analysis of Phospholipid Headgroups

Václav Matěj Bierhanzl, Martina Riesová, Gabriela Seydlová, 
and Radomír Čabala

Abstract

The capillary electrophoresis method has been developed for the analysis of phospholipid polar headgroups. 
The method consists in splitting the phospholipid samples by regioselective enzyme that cleaves the bond 
between polar headgroup and glycerol. The presented capillary electrophoresis method operates in basic pH 
where all the phosphoesters are negatively charged and their mobilities are different enough to allow their 
separation. Separation electrolyte needs to be defined by ionic strength to give repeatable results. Despite low 
absorbance of phosphoesters UV detection is more sensitive than the contactless conductometry one.

Key words Capillary electrophoresis, Phosphoesters, Phospholipid headgroups, Phospholipids

1  �Introduction

Phosphoesters are a heterogenous group of esters of phosphoric 
acid which correspond to phospholipid classes (phosphoethanol-
amine, phosphoserine, etc.). They can be yielded from organic 
tissues by cleaving the phospholipids with phospholipase C, which 
splits the bond between phosphoester and the glycerol backbone. 
Phosphoesters are anions so they can be separated by the differences 
of their electrokinetic mobilities. The first attempts of electropho-
retic analyses of phosphoesters are connected with amino acid 
research [1] where phosphoserine was determined [2]. Several 
other single phosphoester [3] were analyzed by different capillary 
electrophoresis mostly nitrogen containing phosphoesters [4]. 
Nevertheless, these methods were heterogenous, targeted only to 
few phosphoester analytes. Because phosphoesters almost do not 
absorb ultraviolet neither visible spectra [5], they were tested with 
conductometry detection, indirect UV detection [6] or with 
derivatization of fluorescent agent [7–9]. Finally, despite low 
absorbance of phosphoesters, the UV detection showed up to be 
more sensitive method than conductometry for a presented 
method for the analysis of this group [10].
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2  �Materials

Prepare a Li/CHES buffer of 0.1  M CHES and 0.06 LiOH 
concentration. Use LiOH × H2O as a stable Li+ salt. Buffer solu-
tion should have about pH 10. Do not adjust the pH and use 
LiOH only (Fig. 1). Avoid NaOH or any other sodium ions. Avoid 
all hygroscopic materials also.

Prepare stock standards of phosphoesters (phosphoglycerol, 
phosphoethanolamine, phosphoserine) of 1 mg/mL. Use separa-
tion electrolyte (diluted 1:10 with distilled water) as a solvent. Use 
it as a diluent for making the calibration solutions.

Separation capillary should be of noncoated silica with 75 μm 
diameter, 59 cm length, and 50 cm effective length to obtain suf-
ficient resolution and the runtime of cca 20 min when using sepa-
ration voltage of 20 kV. In case of different voltage the length of 
capillary needs to be scaled to the same intensity of electric field.

Apparatus used for the analyses should have the autosampler, 
high voltage source that maintains the constant voltage in the range 
of 15 to 35  kV and the UV detector (or PDA/DAD detector). 
Combined detector of UV and CCD is optionable.

Prepare 1 M NaOH and 1 M HCl solutions for cleaning.

3  �Method

Calibration row of three to five points should cover the interval of 
one or two orders of magnitude, typically 0.1 to 1 mg/mL.
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Fig. 1 Separation of phospholipid headgroups by capillary electrophoresis: (1) phosphoethanolamine, (2) phos-
phoserine, (3) phosphoglycerol, (4) phosphate. Separation electrolyte: 0.1  mol/L CHES, 0.06  mol/L LiOH; 
Separation voltage 20 kV; Capillary diameter 75 μm, 50 cm effective length, and 59 cm total length; Detection 
wavelength 205 nm
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Separation capillary should be conditioned with separation 
electrolyte 10–15  min. It should be flushed with separation 
electrolyte 3 min before every run.

Separation capillary should be purged with 1 M NaOH and 
1 M HCl after the run. Capillary has to be flushed (at least 3 min) 
with distilled water after every NaOH/HCl purging. Distilled 
water flushing of separation capillary is necessary to avoid crystal-
lization of buffer or other salts.

Detection needs to be carried out at 205  nm wavelength 
(negative polarity).

Temperature of detection can be 20  °C or 25  °C (ambient 
temperature), but it is better to be defined to obtain better repro-
ducibility of migration times.

Separation voltage should be set at 20 kV. Resolution between 
phosphoserine and phosphoglycerol must be 1.5 and more for the 
most concentrated point of calibration curve. Otherwise, intensity 
of electric field needs to be lowered.
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Chapter 12

HPTLC-MALDI TOF MS Imaging Analysis of Phospholipids

Tatiana Kondakova, Nadine Merlet Machour, and Cécile Duclairoir Poc

Abstract

Phospholipids are major and essential functional components of all living cells playing fundamental roles 
in cellular metabolism and homeostasis. At molecular level, these cell compounds function as a barrier 
between the cell and its modifying environment and play an essential role in cell adaptation to environmen-
tal stressors. In the human body, phospholipids play a role of key metabolites in many pathways, either in 
health or in disease. However, because of the development of genomics and proteomics tools at the end of 
the twentieth century, these essential for all living cells molecules remain to be investigated in more detail. 
In this effort, we adopted a protocol, using MALDI-TOF MS Imaging coupled to HPTLC, to screen a 
large number of phospholipid classes in a short span of time. This method set the stage for future studies 
aimed at better defining the diversity and roles of phospholipids in all living cells.

Key words Lipidomics, Phospholipids, Mass spectrometry imaging, HPTLC MALDI TOF MSI

1  Introduction

Despite an excessive development of proteomics and genomics 
tools caused by the emergence of molecular biology techniques at 
the end of the twentieth century, there is also a growing interest in 
the analysis and identification of lipids [1]. All living cells, prokary-
otic, as well as eukaryotic contain a myriad of lipids, whose roles 
are still poorly studied. Although a considerable diversity of lipid 
structures exists, most predominant are phospholipids (PLs) [2]. 
PLs are described as acylated derivatives of sn-glycerol-3-phosphate 
typically composed of two fatty acid chains, a glycerol unit, and a 
phosphate group linked to a polar head group [3].

PLs are the major components of all the biological membranes 
contributing to their biochemical and biophysical properties [2, 4, 
5]. In mammalian cells, PLs play several roles, being often key 
metabolites in many pathways, either in health or in disease. The 
changes in membrane PLs’ structure and composition are corre-
lated to several diseases such as diabetes [6, 7], and Alzheimer’s 
disease [8, 9]. The roles of PLs are especially remarkable in domains 
of neurology, neuro-oncology, and psychiatry. Recently, the PLs’ 
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contribution in depression and anxiety disorders [5], as well as in 
synaptic communication [10], was proposed. In this way, the roles 
of PLs in bacteria–host interactions should also be taken into 
account because of the possible correlation of the human micro-
biota effect on the brain function [11], and multiple strategies 
used by bacteria to exploit eukaryotic PLs [2, 12, 13].

Altogether, these investigations encouraged development of 
lipidomics and metabolomics (i.e., analysis of endogenous bio-
molecules, generally <2000 Da, in complex biological matrices) 
[14]. Mass spectrometric tools, including Matrix-Assisted Laser 
Desorption Ionization Time-Of-Flight Mass Spectrometry 
(MALDI TOF MS), are some of the most robust analytical 
methods that provide structural data for complex biological 
matrices [15, 16]. The use of MALDI TOF MS for the PLs 
analysis helps to overcome many problems related to the com-
plexity and diversity of the biological extracts, and appears as 
one of the most convenient methods to realize a complete PL 
screening [17, 18].

Here, we describe an analytical method for the PLs’ study 
based on the direct coupling High Performance Thin Layer 
Chromatography (HPTLC) to MALDI TOF MS Imaging. This 
technique, adapted for the analysis of bacterial lipids, appears as a 
universal [15, 19], rapid, and globally cheap method for the PLs 
screening in all living cells. Together with another lipidomic tech-
niques, which can be found in this volume of the Series, these 
protocols should be useful to explore the PL composition, local-
ization, and role(s) in both eukaryotic and prokaryotic cells and, 
thus, better assess the PLs functions either in health or in disease, 
elucidating, among others, the role(s) of PLs in host–parasite 
and/or host–symbiont interactions.

2  Materials

	 1.	Extraction solution A: CHCl3/CH3OH (1/2, v/v). Mix 
solution for ~1 min using vortexer to obtain the homogenous 
mixture (see Note 1).

	 2.	Chloroform (see Note 1).
	 3.	Water (see Note 2).
	 4.	Centrifuge.

	 1.	Elution system: CHCl3/CH3-CH2OH/H2O/N(CH2-CH3)3 
(35/35/7/35, v/v/v/v) (see Notes 1 and 3).

	 2.	HPTLC silica gel 60 plates F254 (75 × 50 mm, on aluminum 
backs) obtained from Merck (Darmstadt, Germany).

2.1  Phospholipid 
Extraction

2.2  High-
Performance Thin-
Layer Chromatography 
(HPTLC)
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	 3.	TLC chambers (e.g., TLC TANK 80 × 120 mm from Fisher 
Scientific SAS).

	 4.	Primuline dye: 0.05% solution in CH3-CO-CH3/H2O, (8/2, 
v/v) (see Note 1).

	 1.	DHB matrix solution: 200  g/L 2,5-dihydroxybenzoic acid 
(DHB) in C2H3N/0.1% trifluoroacetic acid (TFA), (90/10, 
v/v) [19] (see Notes 1 and 4). 10 mL volume is recommended 
for coating of one HPTLC plate.

	 2.	TLC MALDI target from Bruker Daltonics (Bremen, 
Germany).

	 3.	Time-of-flight mass spectrometer (e.g., Autoflex III from 
Bruker Daltonics, Bremen, Germany).

	 4.	TLC MALDI software (e.g., v. 1.1.7.0 from Bruker Daltonics, 
Bremen, Germany).

	 5.	Peptide Calibration Standard II from Bruker Daltonics 
(Bremen, Germany).

	 6.	MALDI Imaging software (e.g., FlexImaging software v. 2.1., 
Bruker Daltonics, Bremen, Germany).

3  Methods

The quickest and simplest method to extract PLs from living cells 
has been described by Bligh and Dyer [20] (Fig. 1). This proce-
dure could be applied to all biological materials (i.e., fish muscle 
[20], mitochondria [21], protozoa [22], and bacteria [23, 24]) 
and can be carried out in approximately 10 min. Briefly, a purified 
PL extract is obtained by homogenization of samples with a mix-
ture of chloroform and methanol (CHCl3/CH3OH) in such pro-
portions that a miscible system is formed with the water in sample. 
Additional dilution with chloroform and water separates the 
homogenate into two layers, among which the lower chloroform 
layer contains PLs.

	 1.	To a 1 g sample (see Notes 5 and 6) add 3 mL of the extraction 
solution A and vortex during 3 min.

	 2.	Add 1 mL of chloroform and vortex during 1 min.
	 3.	Add 1 mL of water (see Note 2) and vortex during 3–5 min.
	 4.	Centrifuge the mixture 10 min at 3000 × g to allow the forma-

tion of the two phases (i.e., upper aqueous phase and lower 
chloroform phase).

	 5.	Record the lower chloroform layer in another glass tube (see 
Note 7) using a Pasteur pipette.

2.3  HPTLC-MALDI 
TOF Analysis

3.1  Phospholipid 
Extraction

Direct Read-out of HPTLC Using MALDI TOF for Study of Phospholipids
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	 6.	Evaporate chloroform under N2 stream (see Note 8).
	 7.	Measure the total lipid weight.
	 8.	Store the extracted lipids at −20°C under N2 atmosphere (see 

Note 9).

High-Performance Thin-Layer Chromatography (HPTLC) is the 
simplest and well-known technique used in our work to separate 
individual PL species before MS and Post Source Decay (PSD) 
analyses (Fig. 1). We routinely use HPTLC silica gel 60 plates F254, 
which allow PLs’ separation according to their polar head groups 
(HGs) and are adapted to the future MALDI analyses. Our stan-
dard procedure is described below:

	 1.	Wash HPTLC plate using elution system. For this, put the 
plate in a TLC chamber containing by a few mL of elution 
system and do the solvent system migration up to the top of 
the HPTLC plate (see Note 1).

	 2.	Activate the HPTLC plate at 110 °C during 2 h (see Note 10).
	 3.	To previously extracted PLs add chloroform in such a quantity 

to obtain the total PLs concentration ~1.5 mg/mL.

3.2  High-
Performance Thin-
Layer Chromatography 
(HPTLC)

Fig. 1 Scheme illustrating the general HPTLC-MALDI TOF MSI method of phospholipid analysis. After extraction 
(a), phospholipids (PL) are separated on HPTLC plate (b) and detected using primuline spray (c), conducting to 
calculation of PL spots’ retention factors (Rf) (d). MS analysis (e) of PL spots is directly performed on HPTLC 
plate in TLC MALDI software allowing the direct PDS analyses of each PL m/z (f) and PL identification (g). 
MALDI MS Imaging cartography of PL spots (h) is performed to study the PL distribution on HPTLC plate (i) 
according to their m/z, confirming PL identification

Tatiana Kondakova et al.
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	 4.	Spot 100 μL of lipid extract on the HPTLC plate by spotting 
of 2 μL 50 times (see Note 11).

	 5.	Separate PL spots using CHCl3/CH3-CH2OH/H2O/
N(CH2-CH3)3 (35/35/7/35, v/v/v/v) as running separation 
solution (see Note 1) (Fig. 1b).

	 6.	Remove HPTLC plate from the TLC chamber and dry the 
plate for 15 min using the chemical hood.

	 7.	Spray primuline dye on HPTLC plate and dry for 15  min 
under chemical hood (Fig. 1c).

	 8.	Visualize PL spots by UV fluorescence at 365 nm (see Note 12) 
(Figs. 3a and 4a).

	 9.	Calculate the retention factors (Rf) of PL spots. For Rf calculation 
we usually use the Sweday JustTLC software (v. 4.0.3, Lund, 
Sweden) (Fig. 1d).

After separation on HPTLC plate, PLs are directly analyzed by 
MALDI TOF MS using TLC MALDI target (Fig.  2a). The 
hyphenated HPTLC-MALDI approach requires the uniform 
coverage of the TLC lanes with MALDI matrix and allows direct 
MS and PSD analyses of PLs previously separated on HPTLC plate 
(Fig. 1e and f). The mass spectrometric information is subsequently 
read out automatically using TLC software, allowing the screening 
of one sample in about 5 min. MALDI plate movement along the 
chromatographic lanes is driven by the standard movement 
mechanics of the MALDI ion source without additional robotic 
requirements. The quick analysis of PLs’ MS spectra is also possible 
thanks to an interactive MALDI Chromatogram. MALDI MS 

3.3  HPTLC-MALDI 
TOF Analysis

Fig. 2 HPTLC-MALDI coupling. (a) Scheme of TLC-MALDI adapter target. Orange and purple lines indicate the 
position of chromatographic line. (b) TLC-MALDI setup dialog

Direct Read-out of HPTLC Using MALDI TOF for Study of Phospholipids
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Imaging (Fig. 1h), designed for MS analysis of tissue, is also a good 
method for mapping individual PL species distribution in HPTLC 
plates, completing analysis.

	 1.	Fill glass Petri dish with DHB matrix (200  mg/mL in 
C2H3N/0.1% TFA (90/10, v/v)) (see Note 4).

	 2.	Submerge the plate in the reservoir and remove it immediately 
(typical immersion time: 1 s).

	 3.	Lay the plate on a clean surface and dry it in two steps.
First step: Dry the plate with a very gentle airstream (e.g., 

use airstream close to a fume hood window) around 2  min 
until the surface becomes matt.

Second step: Dry the HPTLC plate with a hair-dryer in a 
stream of cold air vertically from above for about 90 s.

	 4.	Repeat matrix application and drying procedure. This time 
hold the plate on the opposite edge and blow in the second 
step for 4 min (see Notes 13 and 14).

	 5.	Insert the HPTLC plate into the dedicated adapter target 
(e.g., TLC MALDI target from Bruker Daltonics, Bremen, 
Germany) (Fig. 2a).

	 6.	Put the HPTLC plate with the target in the desiccator for a few 
minutes (see Note 15).

Automatic MALDI TOF calibration is performed in two steps.

	 1.	External calibration of the apparatus is performed daily in 
FlexControl software using the DHB matrix peaks and the 
Peptide Calibration Standard II (ref 822570, Bruker Daltonics, 
Bremen, Germany) covering a mean mass range between 200 
and 3500 Da (see Note 16).

	 2.	Internal calibration was performed to calibrate the acquired 
spectra in TLC MALDI software and made using two DHB 
matrix peaks at 171.2 m/z and 273.0 m/z.

	 1.	Using TLC MALDI software, delimit the position of PL spots 
and define the number of laser shoots per point (we routinely 
use 200 laser shoots per point). Specify the distance between 
points (1 mm) (Fig. 2b).

	 2.	Adjust the voltage characteristics and laser power in FlexControl 
software (see Note 17). The extraction voltages are 19.50 and 
17.30 kV. The reflector voltages are 21 and 9.40 kV. All spectra 
are acquired in positive reflector mode using delayed extraction.

	 3.	Adjust the laser power about 30% above threshold to have a 
good signal-to-noise ratio. A major strength is needed to 
desorb lipids from silica [25].

3.3.1  HPTLC-MALDI TOF 
Coupling

3.3.2  Calibration

3.3.3  MALDI TOF 
Analysis
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	 4.	Start an automatic spectra acquisition using TLC MALDI 
software. Obtained by this technique MALDI chromatogram 
enables the rapid (about 5 min) MS analysis of each sample 
(Fig.  3c). Y-axis corresponds to the chromatographic line 
(PL spots) (Fig.  4d) and X-axis presents MS peak intensity 
(increasing m/z) (Fig.  4c). To eliminate most of the DHB 
matrix peaks, only m/z from 500 to 2000 were studied.

	 5.	Select and analyze the m/z of PL spots according to the peaks’ 
intensity showing on the right of TLC MALDI software and 
the MS spectra of each PL spot showing at the top of the win-
dow (Fig. 4c and d).

	 6.	In order to identify the PLs, PSD spectra are acquired as previ-
ously described [26]. The precursor ions are isolated using a time 
ion selector. The fragment ions are refocused onto the detector by 
stepping the voltage applied to the reflectron in appropriate incre-
ments. It is done automatically by using the “FAST” (“fragment 
analysis and structural TOF”) subroutine of the FlexAnalysis soft-
ware (see Note 17). The obtained MS and PSD spectra are then 
identified using the LIPID MAPS database.

Fig. 3 HPTLC-MALDI TOF MSI analysis. (a) Primuline staining of separated lipids on a HPTLC plate. (b) HPTLC 
MS readout. X- and y-axis correspond to the m/z values and the lipid spots respectively. The MS peaks’ intensity 
is presented by red-to-yellow scale. (c) HPTLC-MALDI MSI analysis of identical HPTLC plate. According MS and 
PSD analyses, PL spots are reconstructed by color-labeling according to their m/z

Direct Read-out of HPTLC Using MALDI TOF for Study of Phospholipids
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	 1.	Using FlexImaging software define a polygon measurement 
region as the HPTLC line of each sample from the PL extract 
depot to the solvent front.

	 2.	Acquisition method settings: we recommend averaging 500 
single laser shots for each mass spectrum (raster width 200 μm). 
Multiple additions of single position acquisition run (every 40 
shots) are employed to obtain a minimal spectrum intensity 
scale of 104 ion counts. The obtained spectra are automatically 
smoothed and baselined to limit the background noise. The 
voltage characteristics and laser power are stetted as previously 
described (see Sect. 3.3.3).

	 3.	Start spectra acquisition.
	 4.	After the end of spectra acquisition, edit the mass filters for PLs 

according to their m/z identified previously (see Sect. 3.3.3) 
(Figs. 3b and 4b).

3.3.4  HPTLC-MALDI TOF 
Imaging

Fig. 4 HPTLC-MALDI TOF MS analysis of phosphatidylglycerol (PG). PG [16:0/18:1] with observed m/z 793.5, 
corresponding to PG [M + 2Na]+, is shown as an example. (a) Primuline straining of separated lipids on a 
HPTLC plate. Rf of PG spot = 0.62 ± 0.03 (blue circle). (b) HPTLC-MALDI MSI analysis of identical HPTLC plate, 
showing the PG spot (m/z 793.5, rose spot in blue circle). (c) MS spectrum of Rf = 0.62 allows identification of 
of PG at m/z 793.5 (blue dashed line). (d) Extracted ion chromatogram showing the intensity of PG peak at m/z 
793.5. The (c) and (d) data are combined in the MALDI Chromatogram

Tatiana Kondakova et al.
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4  Notes

	 1.	All chemicals are of the highest commercially available purity 
and used without any further purification. Solutions are best 
prepared in advance and conserved at room temperature.

	 2.	We recommend using ultrapure HPLC grade water.
	 3.	Elution system should be colorless and transparent.
	 4.	DHB is selected as a MALDI matrix because of high signal 

strength and the absence of matrix adduct peaks. PSD analysis 
with DHB matrix allows the cleavage of phosphate-glycerol bond 
and induces the loss of the hydrophilic head group, i.e., 
[M-HG + H]+, characteristic of each lipid class. This loss is caused 
by a positive charge localized on the phosphate group [27].

	 5.	For phospholipid extraction, we routinely use lyophilized sam-
ples. However, Blight and Dyer’s method is also adapted for 
samples, containing 80 ± 1% water and 1% lipids [20].

	 6.	For tissues’ study, we highly recommend homogenizing the 
sample before lipid extraction.

	 7.	A small volume of the chloroform layer must be let with 
aqueous phase. We usually prefer to lose a few microliters of 
chloroform phase rather than risking contaminating PL stocks.

	 8.	Chloroform evaporation is necessary to unsure (1) the same 
volume in each lipid sample and (2) the correct condition for 
PLs’ storage. Diluted in chloroform PLs are easer oxidized 
during storage than dried ones.

	 9.	The usual PLs’ storage time is about 6 months.
	10.	“Activation” is evaporating the water in the silica. The silica gel 

is hygroscopic, so it adsorbs water vapor from the air and 
becomes hydrated. This hydration in turn, can alter chroma-
tography and interaction of solvent system with sample.

	11.	All analyses are done in triplicate. We routinely spot three PL 
extracts on the same HPTLC plate analyzing three replicates at 
the same time.

	12.	Primuline binds noncovalently to the apolar fatty acyl residues 
of lipids and does not affect a subsequent MS analysis [28].

	13.	With two dips you get a mass occupancy of about 5 mg/cm2. 
To date, good results have been achieved by dip-coating twice. 
Every additional coating requires longer drying time and more 
repetitions can cause bleeding between the separated bands.

	14.	After the matrix coating the HPTLC plate should look smooth 
and flat. If the surface looks rough and blistered either the 

Direct Read-out of HPTLC Using MALDI TOF for Study of Phospholipids



172

organic solvent concentration in the matrix solution was too 
low or the drying process was not quick enough.

	15.	Desiccation of the HPTLC plate is likely to quickly create a 
vacuum in mass spectrometer.

	16.	We usually do the external calibration just before starting 
HPTLC-MALDI analysis. Thus, 1  μL of the Peptide 
Calibration Standard II is directly spotted on the TLC MALDI 
target and coated by the 1 μL DHB matrix.

	17.	The system utilizes an Autoflex III mass spectrometer equipped 
with a laser OptibeamTM Nd/YAG (355 nm) with 200-Hz 
tripled-frequency (Bruker Daltonics, Bremen, Germany).
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Chapter 13

Global UHPLC/HRMS Lipidomics Workflow for the Analysis 
of Lymphocyte Suspension Cultures

Candice Z. Ulmer, Richard A. Yost, and Timothy J. Garrett

Abstract

Untargeted cellular lipidomics workflows should include key steps on sample handing, cell rinsing, lipid 
extraction, reconstitution solvents, and parameters for UHPLC/HRMS analysis. The challenge with 
implementing a comprehensive lipidomics workflow is that many of these individualized protocols have 
not been standardized or optimized within the metabolomics/lipidomics field. The UHPLC analysis of 
lipid extracts provides a platform to analyze many lipid species, eliminating the spectral overlap and decon-
volution issues present in direct infusion experiments. The combination of UHPLC with high-resolution 
mass spectrometry (HRMS) enhances the ability to resolve, profile, and identify multiple lipid species that 
encompass a large dynamic range (Bird et al Anal Chem 83(3):940–949, 2010; Wang et al Rapid Commun 
Mass Spectrom 28(20):2201, 2014). This work describes a global lipidomics protocol aimed at detecting 
polar and nonpolar lipid species from lymphocyte suspension cultures by UHPLC/HRMS analysis in posi-
tive and negative ionization modes.

Key words Lipidomics, Lymphocyte suspension cells, Sample preparation, Folch lipid extraction, 
UHPLC/HRMS

1  Introduction

Lipidomics, a rapidly advancing subset of metabolomics, is the 
study of lipid metabolism and function within a biological system 
[1–4]. Lipidomic studies provide insight into elucidating drug 
mechanisms [5–8], better understanding disease etiology [4, 9], 
and developing biomarkers for a biological system [10–13]. The 
general aim of untargeted lipidomic studies is to extract and ana-
lyze all lipid species specific to a biological sample in an unbiased 
manner, regardless of the chemical diversity.

Untargeted workflows for lymphocyte suspension cultures 
should include: sample handling (e.g., collection, enzymatic 
quenching, and storage conditions), cell washing, pre-data acqui-
sition normalization, metabolite and/or lipid extraction, reconsti-
tution, and parameters for UHPLC/HRMS data acquisition. 
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Unfortunately, sample preparation is a major source of variation in 
untargeted lipidomics studies. Standardized sample preparation 
protocols for untargeted cellular lipidomics studies have not been 
optimized as these procedures should be organism-dependent and 
cell-structure dependent (adherent or suspension) [14].

The most common methods for cell quenching coupled to MS 
analysis include a buffer-free aqueous solution containing an 
organic solvent or a buffered aqueous solution containing a vola-
tile salt [15]. Either quenching solution can be maintained at an 
extreme cold or hot temperature to halt enzymatic activity, decrease 
the uptake of components in the extracellular medium, and slow 
down the secretion of metabolites/lipids. Additionally, quenching 
can be achieved by centrifugation at a low temperature between 1 
and 5 °C. In the latter case, the quenching step can be combined 
with the cell washing procedure during centrifugation. The cell 
washing buffer solution should maintain the integrity of the cellu-
lar membrane, have electrospray ionization (ESI) compatibility, 
and preserve the metabolite recovery/yield. Unfortunately, cell 
rinsing solutions for the mass spectrometric analysis of suspension-
cultured mammalian cells are not consistent and many are not 
optimal for ESI-LC-MS. Ammoniated cell washing buffers should 
be used during the cell rinsing step, as shown in Fig. 1, for their 
volatility, compatibility with ESI, and limited intracellular metabo-
lite leakage.
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Fig. 1 Extracted ion chromatogram of endogenous lipids, (a) lysophosphatidylcholine 16:0 and (b) phosphati-
dylethanolamine 36:2 for each rinsing solution (0.3% ammonium formate, 0.3% ammonium acetate, 0.9% 
NaCl, 1 M PBS, 100 mM HEPES). More polar lipids were substantially affected by the presence of HEPES and 
nonvolatile salts in the cell rinsing solvent. Cell rinsing steps should be performed using an ammoniated cell 
washing buffer solution

Candice Z. Ulmer et al.



177

Common choices for pre or post-data acquisition normaliza-
tion of cell extracts include total cell count, protein concentration, 
or DNA concentration. Research has shown each method individ-
ually or combined (cell count normalization pre-data acquisition 
and protein/DNA normalization post-data acquisition) to provide 
great linearity in normalizing metabolomic datasets [16].

Many lipid liquid-liquid extraction solvent systems have been 
evaluated for extraction efficiency. No single extraction and/or 
separation method for untargeted lipidomics studies exists because 
lipids encompass a broad physical/chemical spectrum, ranging in 
properties such as acidity, stability, and polarity [16]. Nevertheless, 
the Folch method is considered the gold-standard and for the pur-
pose of this work, is the most suitable to untargeted lipidomics 
studies of lymphocytes [14, 17]. This work presents an optimized 
lipidomics sample handling and sample preparation methodology 
for the untargeted UHPLC/HRMS analysis of lipids in lympho-
cyte suspension cells.

2  Materials

Prepare all solutions using LC/MS grade solvents. Store cell wash-
ing buffer in a refrigerator and cell pellets in temperatures at 
−80  °C or below. Triacylglyceride lipid standards (TG 
15:0/15:0/15:0 and TG 17:0/17:0/17:0) were purchased from 
Sigma-Aldrich (St. Louis, MO). Exogenous lysophosphatidylcho-
line (LPC 17:0 and LPC 19:0), phosphatidylcholine (PC 17:0/17:0 
and PC 19:0/19:0), phosphatidylethanolamine (PE 15:0/15:0 
and PE 17:0/17:0), phosphatidylserine (PS 14:0/14:0 and PS 
17:0/17:0), and phosphatidylglycerol (PG 14:0/14:0 and PG 
17:0/17:0) lipid standards were purchased from Avanti Polar 
Lipids (Alabaster, Al). All lipid standards were dissolved prior to 
the analysis in 1:2 (v/v) chloroform:methanol (CHCl3:MeOH) to 
make a 1000 ppm stock solution and a working 100 ppm standard 
mix was then prepared by diluting the stock solution with the same 
solvent mixture. All analytical grade solvents (formic acid, chloro-
form, and methanol) were purchased from Fisher-Scientific 
(Fairlawn, NJ). All mobile phase solvents were Fisher Optima LC/
MS grade (acetonitrile, isopropanol, and water).

	 1.	Lymphocyte suspension cells: 1 × 106 cells (see Note 1).
	 2.	Cell rinsing solution: deionized water with 0.3% ammonium 

formate (see Note 2).

	 1.	Lipid standard mix stock solution (100  ppm in 
chloroform:methanol 1:2 (v/v)): LPC 17:0 and LPC 19:0, PC 
17:0/17:0 and PC 19:0/19:0, PE 15:0/15:0 and PE 

2.1  Suspension Cell 
Handling (Media 
Removal and Storage)

2.2  Lipid Extraction

Global UHPLC/HRMS Lipidomics Workflow for the Analysis of Lymphocyte Suspension…
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17:0/17:0, PS 14:0/14:0 and PS 17:0/17:0, and PG 
14:0/14:0 and PG 17:0/17:0, TG 15:0/15:0/15:0 and TG 
17:0/17:0/17:0

	 2.	Extraction solvents: methanol (2  mL), chloroform (4  mL), 
water (1.5 mL). Each solvent is added separately during the 
extraction process.

	 3.	Re-extraction solvent: chloroform/methanol (2:1, v/v). To 
prepare a stock solution, mix 5 mL of methanol and 10 mL of 
deionized water (see Note 3).

	 1.	C18 column (75 × 2.1 mm, 1.9 μm) (see Note 4).
	 2.	Reconstitution solvent: 100% isopropanol.
	 3.	Solvent A: acetonitrile:water (60:40, v/v) with 10 mM ammo-

nium formate and 0.1% formic acid.
	 4.	Solvent B: isopropanol:acetonitrile:water (90:8:2, v/v) with 

10 mM ammonium formate and 0.1% formic acid (see Note 5).
	 5.	LC/MS analysis was performed with a Dionex Ultimate 3000 

UHPLC system coupled to a Q Exactive™ hybrid quadrupole-
orbitrap mass spectrometer operated in HESI-positive and 
negative ion mode.

3  Methods

The purpose of the cell washing step is to remove the culture media 
or extracellular components present in the cell matrix. The pres-
ence of these components (inorganic salts, anions, etc.) may mask 
the instrument signals for lipids and potentially cause ion suppres-
sion in the electrospray ionization process [14, 15].

	 1.	Centrifuge the cell suspension from the culture dish/flask in a 
15 mL conical tube at 311 × g for 5 min at 4 °C to pellet the 
lymphocyte cells. Discard the supernatant (see Note 6).

	 2.	Wash cell pellet by adding 1 mL of the ice-cold cell rinsing 
solution directly to the pellet.

	 3.	Centrifuge at 311  ×  g for 5  min at 4  °C.  Discard the 
supernatant.

	 4.	Repeat steps 2 and 3 two more times (see Note 7).
	 5.	Obtain a 5 μL aliquot for protein and/or DNA normalization 

measurements (see Note 8).
	 6.	Store the lymphocyte cell pellet at −80 °C or lower or perform 

the lipid extraction for LC/MS analysis (see Note 9).

Carry out the Folch lipid extraction procedure for lymphocyte cells 
with the samples and organic solvents kept on ice. Avoid having 
samples exposed to room temperature for more than 5  min. 

2.3  UHPLC/MS 
Analysis of Lipid 
Extracts

3.1  Suspension Cell 
Handling (Media 
Removal and Storage)

3.2  Lipid Extraction
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Perform the Folch lipid extraction in the same 15 mL conical tube 
in which the cells were collected.

	 1.	Spike in 15 μL of the 100 ppm lipid standard mix into cell pellet 
(see Note 10).

	 2.	Add ice-cold methanol (2 mL) and chloroform (1 mL) directly 
to the cell pellet (see Note 11).

	 3.	Vortex and incubate the sample on ice for 30 min (see Note 12).
	 4.	Add ice-cold water (1.5 mL), vortex, and incubate the sample 

on ice for 10 min (see Note 13).
	 5.	Centrifuge cells at 311 × g for 5 min at 4 °C to clearly separate 

the aqueous and organic layers (see Note 14).
	 6.	Transfer the lower phase (organic layer) to a separate 5 or 

15 mL conical tube using a glass pipette.
	 7.	Add the re-extraction solvent (1 mL) to the aqueous layer, vor-

tex, and centrifuge at 311 × g for 5 min at 4 °C (see Note 15).
	 8.	Combine the organic layers.
	 9.	Dry down the organic layer under nitrogen at 30 °C. For these 

studies, a MultiVap 118 nitrogen dryer (Organomation 
Associates, Inc.) was used (see Note 16).

Carry out all procedures at room temperature unless otherwise 
specified.

	 1.	Reconstitute the dried lipid extract from the organic layer with 
50 μL of isopropanol, vortex and centrifuge to mix.

	 2.	Transfer lipid extracts to LC vials with 200 μL conical glass 
inserts.

	 3.	Separation was performed using a Supelco Analytical Titan 
C18 column (2.1 × 75 mm, 1.9 μm) equilibrated at 30 °C with 
Solvents A and B as mobile phases (see Note 16).

	 4.	The gradient used included 32% B at 0 min, 40% B at 1 min, a 
hold at 40% B until 1.5 min, 45% B at 4 min, 50% B at 5 min, 
60% B at 8 min, 70% B at 11 min, and 80% B at 14 min at a 
flow rate of 0.5 mL/min (see Note 17).

	 5.	Autosampler was maintained at 5  °C.  The injection volume 
was 5 μL.

	 6.	The following MS conditions employed for positive (negative) 
ion mode are included: spray voltage, 3.5 (3.5) kV; sheath gas, 
30 (25) arbitrary units; sweep gas, 1 (0) arbitrary units; auxiliary 
nitrogen pressure, 5 [15] arbitrary units; capillary temperature, 
300 (250)°C; HESI auxiliary gas heater temperature 350 
(350)°C, and S-lens RF, 35 (35) arbitrary units. The instrument 
was set to acquire in the mass range of most expected cellular 
lipids and therefore m/z 100–1500 was chosen with a mass reso-
lution of 70,000 (defined at m/z 200) (see Note 18).

3.3  UHPLC/HRMS 
Analysis of Lipid 
Extracts

Global UHPLC/HRMS Lipidomics Workflow for the Analysis of Lymphocyte Suspension…
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	 7.	Assess mass accuracy, instrument variability, and extraction 
reproducibility using exogenous lipid standards that were 
spiked into samples (see Notes 19 and 20).

4  Notes

	 1.	At least 3–5 × 106 cells are needed for the LC/MS analysis of 
the lipid extracts to obtain an instrument signal response high 
enough for quantitation. Working with less than 1 × 106 cells 
in a cell pellet will result in lower lipid sensitivity. As a general 
sample collection guideline, 3 × 106 Jurkat T lymphocyte cells 
will yield 1  ×  107–1  ×  108 peak intensity on the Thermo 
Q-Exactive (with the following parameters: 100 μL reconstitu-
tion and 5 μL injection) for most phospholipids. The smaller 
the cell size, the higher the cell count required for LC/MS 
analysis. Pooling multiple batches of lymphocyte cells will 
increase the overall yield.

	 2.	An ammoniated cell washing buffer (ammonium formate or 
ammonium acetate) with concentrations as high as 150 mM 
can be used as a rinsing solvent. Ammonium formate (40 mM 
or 0.3%) was used for all studies. Ammoniated cell washing 
buffers maintain the cellular integrity and are compatible with 
mass spectrometric analysis [14, 18].

	 3.	Scale the stock solution of the re-extraction solvent depending 
on the number of samples. Because 1  mL of the extraction 
solvent is added to the aqueous layer, the volume suggested 
can be applied to 15 samples. Centrifuge sample again after 
adding the re-extraction solvent to assist in the separation of 
the aqueous and organic layers.

	 4.	Employing a UHPLC column with an appropriate LC system 
enables faster analytical run times without compromising over-
all separation and performance.

	 5.	Water was added to mobile phase B which was originally com-
posed of isopropanol:acetonitrile (90:10, v/v) to aid in the dis-
solution of 10 mM ammonium formate, resulting in the final 
composition of isopropanol:acetonitrile:water (90:8:2, v/v).

	 6.	Before centrifugation, normalize samples to the cell concentra-
tions using cell count if available. This step should be performed 
prior to sample preparation (cell washing or lipid extraction).

	 7.	During the last washing step, reconstitute the cells in the rins-
ing solution in order to obtain an aliquot for the protein and/or 
DNA measurements. At this point, cells can also be aliquoted 
into predetermined amounts prior to lipid extraction.

	 8.	The interpretation of cellular metabolomics data is dependent 
on the normalization method applied as variations introduced 
during sample collection, sample preparation, and/or instru-

Candice Z. Ulmer et al.
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mental analysis are inevitable. DNA and protein can be used as 
a means to normalize data post-data acquisition if cell count 
information is not provided for pre-data acquisition normal-
ization [16]. However, a minimum of 0.5–1  ×  106 cells 
(5  μL aliquot dissolved in cell washing buffer) should be 
used to acquire accurate DNA and/or protein measurements 
for normalization. For these studies, protein concentrations 
were quantified by fluorescence using a Qubit Protein Assay 
(Quant-iT Protein Assay Kit, Thermo Fisher Scientific) per-
formed on a Qubit 3.0 Fluorometer. For post-data acquisition 
normalization to protein levels, the integrated peak area for 
each feature within a sample was divided by the respective pro-
tein concentration.

	 9.	Cells should be stored as a cell pellet at −80  °C until analysis. 
Perform the lipid extraction on the same day as the data acquisition 
to avoid oxidation or nonenzymatic degradation of lipid species.

	10.	Sonicate the lipid internal standard mix (with heat) to ensure 
dissolution of the lipids in the stock solvent before spiking into 
the sample. Use a repeater pipette to avoid variation and allow 
for equal aliquots to be spiked into all samples.

	11.	A minimum of 2 mL of methanol is needed to effectively lyse 
and extract the intracellular components from one million lym-
phocyte cells. Butylated hydroxytoluene (1  mM BHT) in 
methanol can be substituted for 100% methanol to minimize 
oxidation of various lipid species. Mix the solvent vigorously to 
break up the cell pellet. Be sure to use a conical tube that is 
compatible with chloroform (e.g., polypropylene or glass).

	12.	Vortex every 2–3 min during the lipid extraction to ensure 
mixing of the solvents and total lysis of the lymphocyte sus-
pension cells.

	13.	The addition of water aids in the separation of the aqueous 
(upper) and organic (lower) layers.

	14.	The protein content from the lymphocyte cells is located 
between the aqueous and organic layers.

	15.	The aqueous layer from this extraction step can be isolated via 
centrifugation, stored in a 15 mL conical tube, and analyzed 
for metabolomic analysis after reconstitution in water with 
0.1% formic acid.

	16.	Cell lipid extracts reconstituted with isopropanol should be 
analyzed on the same day or soon after to prevent lipid oxidation 
and/or degradation during storage.

	17.	The organic solvents used should be of LC/MS grade. Mobile 
phases can be stored at room temperature.

	18.	Under these UHPLC conditions, the isomeric separation of 
lysoglycerophospholipids can be observed in positive ion mode 
as shown in Fig. 2. The LPC with the fatty acid tail in the sn-2 

Global UHPLC/HRMS Lipidomics Workflow for the Analysis of Lymphocyte Suspension…
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position of the glycerol backbone has a lower ion intensity and 
elutes first due to a weaker hydrophobic interaction of the 
branched acyl chain with the C18 stationary phase [19–21].

	19.	Lipid extracts can be analyzed in negative ion mode to aid in 
the detection and MS/MS identification of lipid species which 
preferentially ionize in this mode. The same LC method is 
used for positive and negative ion modes with only a few modi-
fications of the source condition. Polarity ion switching can be 
employed to increase the throughput of data analysis by reduc-
ing the instrument resolution to 35,000 (defined at m/z 200). 
Table 1 provides a list of the most abundant lipid species and 
adducts detected in positive and negative ion modes for T cells. 
Triacylglyceride (TG) and diacylglyceride (DG) species are 
detected as an ammoniated adduct in positive ion mode.

Table 1  
Most abundant lipid species and adducts detected for mammalian lipid extracts by UHPLC-HRMS in 
positive and negative ion modes

Lipid class Abbreviation

Ion detected

Positive mode Negative mode

Cardiolipin CL − [M−H]−, [M−2H]−2

Cholesteryl (steryl) ester CE [M + NH4]+ −

Ceramide (N-acylsphingosine) Cer [M + H]+ −

Glucosylceramide GlcCer [M + H]+ −

Ceramide 1-phosphate CerP [M + H]+ [M−H]−

Diacylglyceride DG [M + NH4]+ −

Lysophosphatidylethanolamine LPE [M + H]+, [M + Na]+ [M + HCO2]−

Lysophosphatidylcholine LPC [M + H]+, [M + Na]+ [M + HCO2]−

Lysophosphatidylinositol LPI − [M−H]−

Phosphatidylcholine PC [M + H]+, [M + Na]+ [M + HCO2]−

Phosphatidylethanolamine PE [M + H]+, [M + Na]+ [M−H]−

Phosphatidylglycerol PG [M + H]+, [M + Na]+, 
[M + NH4]+

[M−H]−

Phosphatidylserine PS [M + H]+, [M + Na]+ [M−H]−

Phosphatidylinositol PI [M + H]+, [M + NH4]+ [M−H]−

Sphingomyelin SM [M + H]+ −

Triacylglyceride TG [M + NH4]+ −

In bold are the lipid adducts most commonly found in T cells

Global UHPLC/HRMS Lipidomics Workflow for the Analysis of Lymphocyte Suspension…
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	20.	The lipid standards chosen elute throughout the chromatogram 
and the concentration chosen (15 ppm) has a similar magnitude 
to the peak area of endogenous lipids. Fig. 3 shows a UHPLC-
HRMS total ion chromatogram lipid elution profile of a T cell 
lipid extract acquired in positive ion mode.

Acknowledgment

This work was supported by the Southeast Center for Integrated 
Metabolomics (SECIM) – NIH Grant #U24 DK097209.

References

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (min)

0

10

20

30

40

50

60

70

80

90

100 Supelco Analytical Titan C18 column (2.1 x 75 mm, 1.9 µm particle size) 
• Solvent A: 60/40 ACN/H2O w/ 0.1% formic acid and 10 mM amm. formate  
• Solvent B: 90/8/2 IPA/ACN/H2O w/ 0.1% formic acid and 10 mM amm. formate 

• 500 µL/min flow rate 

TG 

LPC, LPE

Re
la

tiv
e 

Ab
un

da
nc

e

 
Cer, GlcCer, DG, PA, PE, PC, PG, SM 

PG, PS, PI 

NL: 3.73 E9 

Fig. 3 Total ion chromatogram of the reverse-phase endogenous lipid elution profile for extracted Jurkat 
T lymphocyte cells in positive ion mode using a Supelco Analytical Titan C18 column

	 1.	Bird SS, Marur VR, Sniatynski MJ et al (2010) 
Lipidomics profiling by high resolution LC-MS 
and HCD fragmentation: focus on character-
ization of mitochondrial cardiolipins and 
monolysocardiolipins. Anal Chem 83(3)940–
949. doi:10.1021/ac102598u

	 2.	Wang M, Huang Y, Han X (2014) Accurate mass 
searching of individual lipid species candidates 
from high-resolution mass spectra for shotgun 
lipidomics. Rapid Commun Mass Spectrom 
28(20)2201–2210. doi:10.1002/rcm.7015

	 3.	De la Luz-Hdez K (2012) Metabolomics and 
mammalian cell culture. In: Roessner U (ed) 
Metabolomics. InTech Rijeka, Croatia, pp 1–17

	 4.	Blanksby SJ, Mitchell TW (2010) Advances in 
mass spectrometry for lipidomics. Annu Rev 
Anal Chem (Palo Alto Calif) 3:433–465. 

doi:10.1146/annurev.anchem.111808. 
073705

	 5.	Wenk MR (2005) The emerging field of lipido-
mics. Nat Rev Drug Discov 4(7)594–610

	 6.	Vihervaara T, Suoniemi M, Laaksonen R 
(2014) Lipidomics in drug discovery. Drug 
Discov Today 19(2)164–170. doi:10.1016/j.
drudis.2013.09.008

	 7.	Dehairs J, Derua R, Rueda-Rincon N et  al 
(2015) Lipidomics in drug development. Drug 
Discov Today Technol 13:33–38. 
doi:10.1016/j.ddtec.2015.03.002

	 8.	Marechal E, Riou M, Kerboeuf D et  al (2011) 
Membrane lipidomics for the discovery of new 
antiparasitic drug targets. Trends Parasitol 
27(11)496–504. doi:10.1016/j.pt.2011.07.002

Candice Z. Ulmer et al.

http://dx.doi.org/10.1021/ac102598u
http://dx.doi.org/10.1002/rcm.7015
http://dx.doi.org/10.1146/annurev.anchem.111808.073705
http://dx.doi.org/10.1146/annurev.anchem.111808.073705
http://dx.doi.org/10.1016/j.drudis.2013.09.008
http://dx.doi.org/10.1016/j.drudis.2013.09.008
http://dx.doi.org/10.1016/j.ddtec.2015.03.002
http://dx.doi.org/10.1016/j.pt.2011.07.002


185

	 9.	Meikle PJ, Wong G, Barlow CK et  al (2014) 
Lipidomics: Potential role in risk prediction and 
therapeutic monitoring for diabetes and cardio-
vascular disease. Pharmacol Ther 143(1)12–23. 
doi:10.1016/j.pharmthera.2014.02.001

	10.	Zhou X, Mao J, Ai J et al (2012) Identification 
of plasma lipid biomarkers for prostate cancer by 
lipidomics and bioinformatics. PLoS One 7(11)
e48889. doi:10.1371/journal.pone.0048889

	11.	Hinterwirth H, Stegemann C, Mayr M (2014) 
Lipidomics: quest for molecular lipid biomark-
ers in cardiovascular disease. Circ Cardiovasc 
Genet 7(6)941–954. doi:10.1161/
CIRCGENETICS.114.000550

	12.	Zhao YY, Cheng XL, Lin RC (2014) 
Lipidomics applications for discovering bio-
markers of diseases in clinical chemistry. Int 
Rev Cell Mol Biol 313:1–26. doi:10.1016/
B978-0-12-800177-6.00001-3

	13.	Zhao Y, Cheng X, Lin R et al (2015) Lipidomics 
applications for disease biomarker discovery in 
mammal models. Biomark Med 9(2)153–168. 
doi:10.2217/bmm.14.81

	14.	Ulmer CZ, Yost RA, Chen J  et  al (2015) 
Liquid chromatography-mass spectrometry 
metabolic and lipidomic sample preparation 
workflow for suspension-cultured mammalian 
cells using jurkat T lymphocyte cells. 
J  Proteomics Bioinform 8(6)126–132. 
doi:10.4172/jpb.1000360

	15.	Dietmair S, Timmins NE, Gray PP et al (2010) 
Towards quantitative metabolomics of mam-
malian cells: Development of a metabolite 
extraction protocol. Anal Biochem 404(2)155–
164. doi:10.1016/j.ab.2010.04.031

	16.	Silva LP, Lorenzi PL, Purwaha P et al (2013) 
Measurement of DNA concentration as a nor-
malization strategy for metabolomic data from 
adherent cell lines. Anal Chem 85(20)9536–
9542. doi:10.1021/ac401559v

	17.	Reis A, Rudnitskaya A, Blackburn GJ et  al 
(2013) A comparison of five lipid extraction 
solvent systems for lipidomic studies of human 
LDL.  J Lipid Res 54(7)1812–1824. 
doi:10.1194/jlr.M034330

	18.	Berman ES, Fortson SL, Checchi KD et  al 
(2008) Preparation of single cells for imaging/
profiling mass spectrometry. J  Am Soc Mass 
Spectrom 19(8)1230–1236. doi:10.1016/j.
jasms.2008.05.006

	19.	Lee JY, Min HK, Moon MH (2011) 
Simultaneous profiling of lysophospholipids 
and phospholipids from human plasma by 
nanoflow liquid chromatography-tandem 
mass spectrometry. Anal Bioanal Chem 
400(9)2953–2961. doi:10.1007/s00216-011- 
4958-7

	20.	Onorato JM, Shipkova P, Minnich A et  al 
(2014) Challenges in accurate quantitation of 
lysophosphatidic acids in human biofluids. 
J Lipid Res 55(8)1784–1796. doi:10.1194/jlr.
D050070

	21.	Granafei S, Losito I, Palmisano F et  al 
(2015) Identification of isobaric lyso-
phosphatidylcholines in lipid extracts of gilthead 
sea bream (Sparus aurata) fillets by hydrophilic 
interaction liquid chromatography coupled to 
high-resolution Fourier-transform mass spec-
trometry. Anal Bioanal Chem 407(21)6391–
6404. doi:10.1007/s00216-015-8671-9

Global UHPLC/HRMS Lipidomics Workflow for the Analysis of Lymphocyte Suspension…

http://dx.doi.org/10.1016/j.pharmthera.2014.02.001
http://dx.doi.org/10.1371/journal.pone.0048889
http://dx.doi.org/10.1161/CIRCGENETICS.114.000550
http://dx.doi.org/10.1161/CIRCGENETICS.114.000550
http://dx.doi.org/10.1016/B978-0-12-800177-6.00001-3
http://dx.doi.org/10.1016/B978-0-12-800177-6.00001-3
http://dx.doi.org/10.2217/bmm.14.81
http://dx.doi.org/10.4172/jpb.1000360
http://dx.doi.org/10.1016/j.ab.2010.04.031
http://dx.doi.org/10.1021/ac401559v
http://dx.doi.org/10.1194/jlr.M034330
http://dx.doi.org/10.1016/j.jasms.2008.05.006
http://dx.doi.org/10.1016/j.jasms.2008.05.006
http://dx.doi.org/10.1007/s00216-011-4958-7
http://dx.doi.org/10.1007/s00216-011-4958-7
http://dx.doi.org/10.1194/jlr.D050070
http://dx.doi.org/10.1194/jlr.D050070
http://dx.doi.org/10.1007/s00216-015-8671-9


187

Chapter 14

Ambient Lipidomic Analysis of Brain Tissue Using 
Desorption Electrospray Ionization (DESI) Mass 
Spectrometry

Valentina Pirro, Alan K. Jarmusch, Christina R. Ferreira, 
and R. Graham Cooks

Abstract

Desorption electrospray ionization (DESI) is a spray-based ambient ionization method for mass spectrom-
etry (MS) which generates ions in native atmospheric conditions (e.g., pressure and temperature). Ambient 
ionization allows in situ analysis of unmodified biological samples by eliminating analyte extraction and 
separation steps before MS analysis. DESI-MS has been extensively used to analyze organ tissues both in 
humans and in vertebrate animals, focusing on the detection of small molecules (e.g., oncometabolites, 
xenobiotic drugs, hormones, etc.) and lipids.

DESI-MS lipidomic analysis workflow involves (1) detection of lipids from intact biological material, 
(2) detection and identification of lipids in complex mixtures, and (3) discrimination between similar lip-
ids, e.g., isomeric lipids. DESI-MS can provide lipid profiles using a relatively fast and simple workflow in 
which low-resolution single-stage mass spectra are recorded during 2D or 3D image analysis (i.e., mapping 
the distribution of lipids within the sample). Such DESI-MS lipid profiles include many classes of lipids, 
such as phosphatidylcholines (PC), triacylglycerols (TGs), free fatty acids (FFAs), phosphatidylethanol-
amines (PEs), phosphatidylinositols (PIs), phosphatidylserines (PSs), diacylglycerols (DGs), ubiquinone, 
and cholesterol derivatives (e.g., cholesterol sulfate and cholesterol esters). Depending on the mass spec-
trometer used, there is the additional possibility of obtaining structural information of lipids via MSn, and 
molecular formulae via high resolution mass spectrometry (HRMS). Focusing on the analysis of human 
brain, here we summarize the DESI-MS experimental workflow for tissue analysis, data collection, and 
processing using low and high-resolution mass spectrometers, emphasizing the strategies for structural 
identification of lipids.

Key words DESI-MS, Reactive DESI, Ambient mass spectrometry, Multidimensional MS scan, Exact 
mass measurement, Lipid, Biopsy, Tissue section, Human brain, Mouse brain
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1  Introduction

Ambient ionization coupled to mass spectrometry (MS) refers to 
the generation of ions from unmodified samples outside the 
vacuum system of the mass spectrometer (e.g., under native tem-
perature and pressure), followed by ion transfer and analysis in the 
MS system [1–3]. No sample handling and analysis speed are pri-
mary advantages of ambient ionization [4]. Desorption electro-
spray ionization (DESI) is the first ambient method that was 
reported over a decade ago. Since then, the ambient methods have 
expanded into a large portfolio with more than a dozen reported 
methods [3, 5]. DESI is an experiment, in which a spray of charged 
solvent is directed onto a sample (e.g., thin tissue section or smear, 
a dried biofluid spot) with a spot size that typically ranges between 
50 and 200 μm. A thin liquid film is formed on the sample surface, 
dissolving soluble compounds, and when subsequent droplets 
impact the surface, they sputter smaller secondary droplets con-
taining compounds derived from the surface. The secondary drop-
lets are sampled by the mass spectrometer, and gas-phase ions are 
generated via electrospray-like mechanisms. 2D DESI-MS imaging 
experiments are performed by rastering the sample under the spray 
spot in a controlled fashion [6].

DESI has been applied for the detection of diverse molecules, 
including small metabolites [7], drugs [8], chemical agents [9], 
and lipids [10] in human and animal tissue organs, cell pellets, 
biofluids, oocytes, and embryos. Physicochemical properties of the 
target molecules affect the conditions to be used for the DESI-MS 
analysis, both in terms of choice of DESI solvent and modality of 
ion acquisition for the MS system (e.g., positive or negative ioniza-
tion mode, single or multistage MS). The capabilities of DESI for 
tissue and microscopic samples (such as oocytes and preimplanta-
tion embryos) analysis have been significantly improved by the use 
of nondestructive (or histologically compatible) solvent systems 
that allow chemical information to be obtained, while preserving 
sample morphology for subsequent histochemical or other identi-
fications [11]. Specifically for embryo analysis, histologically com-
patible solvents such as dimethylformamide—acetonitrile 
(DMF—ACN, 1:1 v/v) can be used to gently extract the lipids 
from microscopic oocytes and embryos, while providing signal for 
many seconds so that mass spectra can be accumulated and aver-
aged to generate a representative lipid profile [12–14]. For tissue 
analysis, samples analyzed by histologically compatible DESI-MS 
can be stained with hematoxylin and eosin (H&E) after analysis, 
enabling direct correlation between molecular and morphological 
information [15].

Lipidomic studies are of interest for tissue and embryonic anal-
ysis because lipids play essential roles in cells as signaling molecules, 
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membrane components, and energy stores, and changes in lipid 
metabolism are associated with cell differentiation and with a num-
ber of diseases including cancer, diabetes, and obesity [16]. 
Exploring how lipids are regulated is the key to understanding 
biological pathways, organogenesis, and developmental processes 
occurring in a biological system. To date, DESI has been used to 
study prostate [17], bladder [18], kidney [19], gastrointestinal 
[20], lymphoma [21], pancreatic, breast, and brain cancers. 
Specifically for brain, the lipid patterns recorded by DESI allowed 
differentiation of normal dura matter from meningioma, pituitary, 
and glioma cancers [22]. Lipid differences have been explored 
among glioma subtypes, grades, and tumor cell concentrations 
(i.e., relative percentage of tumor compared with parenchyma) 
[23, 24]. Normal gray matter is comprised of glia and unmyelin-
ated neurons; DESI negative mass spectra are dominated by phos-
phatidylserine PS(40:6), with predominant acyl chains 18:0 (stearic 
acid) and 22:6 (docosahexaenoic acid), as attributed by high-
resolution (HR) MS and low-resolution MSn data. Positive ion 
mode data show greater abundance of potassiated adducts of phos-
phatidylcholines (PCs). Normal white matter is characterized by 
PS(18:1_18:0) and sulfatides, the detection of which correlates 
with the increased presence of myelinated neurons, and increased 
abundance of potassiated and sodiated adducts of galactosylce-
ramides, which are the principal glycosphingolipids in brain tissue. 
Mass spectra showing mixtures of all these lipids are common in 
normal brain samples, reflecting the typical parenchyma composi-
tion that is a mixture of glial cells, unmyelinated and myelinated 
neurons [22]. Cancerous tissue has a drastic reduction of those 
lipids in the DESI positive and negative spectra but increased 
abundance of phosphatidylinositol PI(18:0_20:4), as well as the 
chlorinated and sodiated adducts of PCs. Such an increase is con-
sistent with 1H NMR data [25] and can be related to the role of 
PCs in cell proliferation which is increased in cancer [26]. 
Interestingly, changes in the relative abundance of chlorinated, 
potassiated, and sodiated adducts for the same lipids occur repro-
ducibly between normal and cancerous tissues. The measured dif-
ferences could be due to either altered concentration of the 
adducting species (e.g., cations) in the tissue, different concentra-
tions of the lipids themselves, or matrix effects that cause differ-
ences in the ionization efficiency. Note, for example, that lipids can 
aggregate depending on their concentration, hydrophobicity, etc., 
and this phenomenon can affect ionization. Squalene, ubiquinone 
(coenzyme Q10), several triacylglycerols (TGs), and diacylglycer-
ols (DGs) have been detected by DESI-MS in human and mouse 
brain tissue (unpublished data). Cytosolic lipids play an essential 
role for energy storage and mitochondrial activity (e.g., coenzyme 
Q10 is a fundamental electron carrier in the mitochondrial respira-
tory chain) and are known to be altered with metabolic diseases, 
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including cancer [27]. Note that lipid changes detected by 
DESI-MS are downstream metabolic consequences of upstream 
events (gene expression and protein activity) and are also affected 
by degradation, turnover, and de novo synthesis. The exploratory 
DESI-MS imaging studies on frozen mouse and human brain tis-
sue sections contributed to the general knowledge of the biochem-
istry of normal brain and its alteration in cancer [22–24]. Such 
studies have paved the way for the development of a rapid intraop-
erative DESI-MS analysis of fresh brain tissue smears, which might 
serve as a molecular-based cancer diagnostic tool [22].

Here, we describe and comment on the procedure of perform-
ing lipidomic analysis of brain tissue by DESI-MS. DESI condi-
tions and materials are listed. The classes of lipids detected using 
different solvent systems are described as well as procedures to 
identify the lipid structures using low-resolution MSn via low-
energy collision-induced dissociation (CID), and HRMS.  The 
present work is limited to the analysis of lipids in brain tissue by 
DESI-MS and is not intended to be comprehensive from a lipido-
mic point of view; however, the DESI-MS methodology presented 
here is applicable to the analysis of other organs and types of bio-
logical samples.

2  Materials

Reagents should be at least analytical grade (ideally MS grade) and 
prepared daily at room temperature unless otherwise stated. 
Chemicals should be used as received without further purification. 
The solutions for the DESI spray are usually prepared in glass vials 
and sonicated for a few minutes before usage, paying attention not 
to have contact between the solvent and the vial cap. Vials and 
tubes that leach plasticizers, polymers, and coating materials based 
on the solved used should be avoided. Please follow chemical and 
biohazard waste disposal regulations after sample analysis.

	 1.	Snap-frozen human brain tissue and mouse brain specimens 
(see Note 1).

	 2.	Fresh human brain biopsy tissue (see Note 2).

	 1.	Superfrost® Plus microscope glass slides (see Note 3).
	 2.	Black marker (see Note 4).
	 3.	Glass vials, e.g., Kimble® 60910L-1 Clear Glass Sample Vial 

with Phenolic Cap & Rubber Liner, O.D. x Height: 15 × 
45 mm.

	 4.	Acetonitrile (ACN).
	 5.	Dimethylformamide (DMF).

2.1  Samples

2.2  Materials 
and Reagents
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	 6.	Silver nitrate, AgNO3 (see Note 5).
	 7.	Compressed nitrogen.
	 8.	Smearing device (see Note 6).
	 9.	H&E staining reagents. The description of the H&E proce-

dure is beyond the scope of this chapter. For further informa-
tion, see refs. 6, 22.

	 1.	DESI-spray, DESI source, and moving stage (see Note 7).
	 2.	Mass spectrometers (data presented here were acquired using 

the Exactive Orbitrap mass analyzer and LTQ low-resolution 
linear ion trap of Thermo Scientific (San Jose, CA)). The only 
modifications to the instruments were the installation of a cus-
tom DESI source, which included a source override adapter, 
an external cable for the application of the high voltage, and 
an extended stainless-steel ion transfer capillary (total length, 
180 mm, inner diameter, 0.02″, outer diameter, 1/16″, length 
protruding from the MS vacuum system, ~87.5 mm). 
Swagelok stainless-steel fittings were used to connect the cap-
illary with the threaded MS inlet. The 1/16″ Swagelok fit-
tings were machined so that the capillary can be placed all the 
way through the fitting and secured on one side with a ferrule 
and metal nut.

	 1.	Ultra-Low Temperature Freezer (−80 °C).
	 2.	Cryotome; optical cutting temperature (OTC) compound; 

low-profile disposable microtome blades and paintbrushes (see-
Note 8 and ref. 6 for additional details).

	 3.	Desiccator (see Note 9).
	 4.	Syringe pump and compatible glass syringes (see Note 10).
	 5.	Caliper.

3  Methods

The detailed procedure on how to prepare tissue sections for 
DESI-MS analysis is reported in [6]. Briefly:

	 1.	Place the frozen brain tissue on the sample holder of the cryo-
tome using minimal amount of OCT.

	 2.	Cut the tissue into 5–15 μm sections. Optimize the cryotome 
temperatures following standard protocols for brain tissue.

	 3.	Collect tissue section using a paintbrush and place it on the 
microscope glass slide avoiding folding or cracking the tissue, 
and paintbrush effects.

	 4.	If DESI-MS analysis is not immediately performed, place the 
glass slides with samples in a slide box and store it at −80 °C 
until analysis.

2.3  Mass 
Spectrometry 
Instrumentation

2.4  Other 
Instrumentation

3.1  Frozen Sample 
Handling
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	 1.	Place the fresh brain biopsy tissue (about 10–50 mm3) on the 
microscope glass slide, preferably in the center of the slide, 
close to the labeling area.

	 2.	Position the smear device on the glass slide and smear the tis-
sue across the entire surface of the glass, by gently pressing 
down while holding the slide on a hard surface (see Notes 11 
and 12). Smear multiple times if necessary and avoid leaving 
aggregates of tissue on the slide; irregular height of the excess 
material could damage the DESI spray or contaminate the 
extended inlet capillary during analysis. An example of a tissue 
smear is shown in Fig. 1.

	 3.	If DESI-MS analysis is not immediately performed, place the 
glass slides with samples in a slide box and store it at −80 °C 
until analysis.

	 1.	Spray solution for conventional DESI-MS analysis in negative 
and positive ion mode ionization: DMF—ACN (1:1, v/v) (see-
Note 13).

	 2.	Spray solution for reactive DESI-MS analysis in positive ion 
mode ionization: ACN with 3.0–5.0 ppm silver nitrate (see-
Notes 14 and 15).

	 1.	Optimize the DESI spray to obtain a small slightly elliptical 
and stable spray spot. See refs. 6, 13 for additional details on 
how to build and optimize a DESI spray.

	 2.	Direct the DESI spray onto the top of a glass slide and opti-
mize the spray orientation (e.g., incident angle, distance 
between the spray tip and the sample surface, distance between 
the spray tip and the MS inlet) to obtain maximum and stable 
signal intensity, and a small sampling spot [6]. Typical condi-
tions used are: incident angle, 52°; tip-to-source distance, 
about 2 mm; tip-to-inlet distance, about 4 mm (see Note 16).

	 3.	Optimize the flow rate of the DESI spray solvent system and 
pressure of the nitrogen gas. For conventional DESI analysis 

3.2  Fresh Sample 
Handling

3.3  DESI Spray 
Solvent Preparation

3.4  DESI-MS 
Optimization

Fig. 1 (a) Image of a 3D printed device used to smear fresh brain tissue across a microscope glass slide. (b) 
DESI-MS interface with custom slide holder for rapid intraoperative analysis of freshly resected human brain 
tissue smears. (c) Brain tissue smeared with a 3D printed device and H&E stained after DESI-MS analysis
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using DMF—ACN (1:1, v/v), the flow rate is usually between 
0.7 and 1 μL/min. For reactive DESI analysis using ACN 
doped with AgNO3, the flow rate is usually between 4 and 6 
μL/min. Nitrogen gas is commonly set to values between 150 
and 170 PSI. These parameters should be altered on the man-
ufacturer’s tolerances as well as the solvent used and other 
conditions.

	 4.	Optimize capillary temperature and high voltage applied to the 
syringe needle. Common values are 275 °C and 4.5–5 kV, 
respectively, for both positive and negative ion mode 
ionization.

	 5.	Tune the mass spectrometer using an analytical standard, ide-
ally the molecule of interest or one having a similar mass-to-
charge (m/z) ratio. The tuning procedure optimizes ion optics 
and transmission quadrupoles or hexapoles (depending on the 
instrument) potentials to maximize ion transmission (see Note 
17). Tuning can also be done with an alternative ionization 
technique, such as nanoelectrospray ionization.

	 6.	Optimize injection time and the number of microscans to pro-
duce a stable and high-quality MS signal intensity throughout 
the mass range of interest, without space charging (deviation 
in ion trajectories which impact ion m/z values and resolution 
in the mass spectra. This phenomenon is most noticeable in 
ion trap instruments that confine large numbers of ions in a 
small volume). This is important, especially if DESI-MS images 
are run with the automatic gain control (AGC) set off.

	 1.	For the analysis of frozen samples, remove the glass slide con-
taining the samples from the freezer and place it in the vacuum 
desiccator for a few minutes, until all visible water has been 
removed. Conversely, fresh tissue smears can be analyzed 
immediately by DESI-MS.

	 2.	When running a DESI-MS image, measure the sample with a 
caliper to calculate the area to be imaged. Position the glass 
slide under the DESI spray on the moving stage optimized as 
described above. Start MS analysis and data acquisition. All 
these steps have been thoroughly described in reference [6]. 
When rapidly analyzing tissue smears, researchers can acquire 
either a DESI-MS image of the whole smear or a portion of it, 
or acquire just a couple of scan lines across the tissue, to recover 
an average mass spectrum representative of the smear. 
Preliminary DESI imaging data proved that the act of smear-
ing is sufficient to homogenize the tissue [21, 22]. An over-
view of the whole experimental workflow of DESI-MS imaging 
of tissue sections versus a rapid DESI-MS analysis of tissue 
smears is illustrated in Fig. S1.

3.5  DESI-MS 
Analysis
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	 3.	When using nondestructive solvent systems (see Note 18), the 
same tissue section or smear can be analyzed multiple times 
using different DESI-MS conditions (e.g., different solvent 
systems or ionization mode) [22, 28, 29], so that a broader 
range of lipid classes can be detected (see Note 19). The mov-
ing stage can be automatically reset to the origin position after 
the first image or when the rapid DESI-MS analysis is com-
pleted, in order to have superimposable spatial information, 
provided that the duty cycle of both analyses is kept the same.

	 4.	Once the MS data acquisition is complete, mass spectra can be 
visualized using the instrument software, like XCalibur for 
Thermo Scientific instruments. Representative DESI-MS spec-
tra for normal human gray and white matter, glioma tissue, 
and the ion images of a human brain biopsy specimen for lipids 
PS(40:6) and PS(36:1) (respectively, deprotonated ions of m/z 
834.5 and 788.5) are illustrated in Fig.  2. Raw files can be 
exported as different file formats (e.g., excel and text) or con-
verted with open source software (e.g., into mzXML files with 
protewizard MS converter—http://proteowizard.source-
forge.net—or hdr files with Analyze 7.5 which is required by 
Biomap). DESI images can be visualized with the software 
Biomap (http://www.maldi-msi.org). Ref. 6 describes in 
detail each step necessary to import and analyze the data. 
Other software also implements specific imaging tools for the 

Fig. 2 (a) DESI-MS spectra in negative ion mode for human normal gray matter (green, N = 223), normal white 
matter (blue, N = 66), and gliomas (red, N = 158). Copyright from Jarmusch et al. Proc Natl Acad Sci U S A. 
(2015) 113:1486–1489. (b) DESI-MS ion images for ions of m/z 834.5 (top) and 888.5 (bottom) from a human 
brain frozen tissue section. The different distribution of the ions within the tissue is associated with the fact 
that the tissue is predominantly from gray matter (i.e., higher intensity of 834.5), with two small pockets of 
white matter (i.e., higher intensity of 888.5), as confirmed by histopathology
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analysis of MS data (e.g., MSiReader, Matlab, Mathworks, 
http://www4.ncsu.edu/~dcmuddim/msireader.html) [30]. 
For tissue smears, the mass spectra can be averaged by selecting 
across multiple scans acquired over time, and the data exported 
as a list of m/z values and ion abundances. Information on how 
to visualize and process DESI-MS (imaging) data is beyond 
the scope of this chapter. Several articles report extensive infor-
mation on how lipid profiles collected by DESI-MS are ana-
lyzed with pattern recognition methods [12, 20, 22, 23, 28, 
29, 31]. For the sake of simplicity, here we will focus on lipid 
attributions based on low-resolution and low-energy CID MSn 
and HRMS measurements.

The use of a correct and updated nomenclature system when anno-
tating lipids detected by MS is fundamental to allow for universal-
ity in literature and database searches, and to ease exchange of 
information, especially considering the number of lipid classes and 
subclasses, and the fact that lipids exist in a variety of isobaric, 
structural isomeric, and stereoisomeric forms. Several publications 
[32, 33] and online sources (e.g., http://www.lipidmaps.org/
data/classification/LM_classification_exp.php) describe a com-
prehensive classification system for lipids. Efforts have also been 
made in creating and standardizing a practical shorthand notation 
of lipids structures derived from MS approaches that enables cor-
rect and concise reporting of data [34]. Briefly, a shorthand anno-
tation for lipids will show (1) an acronym to identify the lipid class 
(e.g., PC for phosphatidylcholine), (2) the number of carbons and 
unsaturations (C:U) of the lipid components, such as fatty acids, 
either as total sum (e.g., PI(36:1)) or listing the individual con-
stituents (e.g., PC(18:1_18:0)), (3) specific notations and symbols 
when isomeric (e.g., sn-positional isomers, double-bond isomers) 
and stereoisomeric information (e.g., cis, trans) is known (e.g., 
PC(16:0/18:1, n-9, cis)). Essentially, the MS analysis determines 
the level at which a lipid can be determined. This differs greatly 
with the type of MS instrumentation and methodology adapted 
(e.g., an MS/MS low-resolution mass spectrometer coupled with 
chromatography versus shotgun HRMS; use of derivatization sys-
tems prior to MS analysis, etc.). Table S1 shows an example of how 
the nomenclature can be refined as the MS analysis becomes more 
and more structurally specific.

	 1.	Collect the product ion-scans DESI-MSn data [12] (see Note 
21) from one or more precursor ions of interest by isolating 
each ion sequentially using the scan mode settings in the mass 
spectrometer software (see Note 22). Data can be acquired by 
spotting a small area of a tissue section or smear and averaging 
scans over time, or by recording an entire DESI-MS/MS 
image to visualize spatial distributions of product ions (see 
Note 23). A precursor ion can be of interest because (1) it 

3.6  Lipid Attribution

3.6.1  Nomenclature 
and Structural Resolution

3.6.2  Low-Resolution 
and Low-Energy CID MSn 
Fragmentation  
(SeeNote 20)
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relates to an expected compound, (2) it has been targeted a 
priori, or (3) it appears discriminatory between classes of sam-
ples, e.g., ions present only in the mass spectra of normal white 
matter or normal gray matter samples (Fig. 2).

	 2.	After isolation of the target precursor ion, select CID as the 
type of fragmentation and increase the collision energy in a 
stepwise fashion—from low to moderate to high—to observe 
product ions. The amount of collision energy required to 
observe ion fragmentation is related to the stability of the ion. 
Product ions of greater intensity are indicative of more ther-
modynamically stable structures which result from breaking 
weaker bonds in the precursor ion. It is common practice to 
choose conditions that retain 5–10% relative abundance of the 
precursor ion, while yielding product ions with stable intensi-
ties and consistent ratios between them. The Mathieu q param-
eter can be optimized as well in the same manner.

	 3.	If abundant products are detected in the MS2 experiment, an 
additional isolation and fragmentation step can be performed 
(just proceeding as described above) to collect MS3 sequential 
product ions (● → ● → ○) [12] and gain further structural 
information.

	 4.	When performing ambient MS analysis on unaltered tissue sec-
tions and smears, it is common to detect lipids as chlorinated 
[M+Cl]− (negative ion mode), sodiated [M+Na]+ and potassi-
ated [M+K]+ (positive ion mode) adducts, together with 
deprotonated [M–H]−and protonated [M+H]+ molecular spe-
cies, due to the endogenous presence of chlorine, sodium, and 
potassium in brain. In other cases, the formation of adducts is 
achieved by doping the DESI spray with specific metals or 
salts, e.g., reactive DESI experiments with silver nitrate. The 
presence of adducting species can provide additional informa-
tion for lipid identification by MSn [35–39] (see Note 24). For 
example, isotopic peaks can be seen in the full scan mass spec-
tra (e.g., [M+35Cl]− and [M+37Cl]− with a relative intensity 
ratio of approximately 3:1; [M+107Ag]+ and [M+109Ag]+ with a 
1:1 relative intensity ratio) and they can be isolated and frag-
mented individually to provide confirmatory structural infor-
mation. Indeed, the fragment ions retaining the adducting 
species should be similar but shifted in mass-to-charge (m/z) 
values when fragmenting the lighter compared to the heavier 
isotope adducts.

	 5.	Collect the product ion scan of the precursor ions of interest 
and average several scans over time. Compute the neutral losses 
by subtracting the m/z value of the observed product ions 
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from that of the precursor ion or another product. Be aware 
that CID spectra can show product ions coming from multiple 
isobaric species fragmented simultaneously, as no separation of 
molecules occurs before DESI-MS analysis, which makes lipid 
identification more challenging.

	 6.	To further confirm lipid annotations based on low-energy CID 
DESI-MSn data, pure analytical standards can be purchased 
and analyzed under the same conditions, or literature as well as 
database spectra can be compared with the experimental 
results.

	 1.	In our laboratory, it is common practice to collect DESI-
HRMS data to complement the MSn results and increase our 
confidence in lipid identification. DESI-HRMS experiments 
use the same conditions as described above and settings of the 
MS system are optimized in order to get high-quality signal 
(e.g., injection time, tuning, resolving power, etc.). Calibration 
of the HR mass spectrometer should be performed before any 
data are collected. DESI-HRMS data are usually acquired 
positioning a tissue section or smear under the DESI spray and 
averaging signal over time; however, DESI-HRMS imaging 
experiments can be performed as well [40].

	 2.	Collect the spectra and visualize the average scan with the 
XCalibur software. Record the m/z values with four to five 
decimal digits.

	 3.	Input the measured mass into the search function of the LIPID 
MAPS or METLIN databases (see Note 25). Select the toler-
ance for the mass error in ppm (see Notes 26 and 27) and the 
charge state (e.g., positive or negative). Several molecular spe-
cies and adducts can be selected to limit the search, but this 
information is not necessarily known or foreseeable. The pat-
tern of peaks detected in HRMS could be indicative of multi-
ply charged ions or isotopic ions; such evidence can guide the 
search as well. Also, if the DESI spray has been doped with 
specific metals (e.g., Li) or salts (e.g., ammonium acetate), cor-
responding adducting species can be selected to ease the 
search. This search will provide a list of possible molecular for-
mulae (see Note 28).

	 4.	Copy a molecular formula of interest into the XCalibur func-
tion and plot the theoretical isotopic distribution for further 
confirmation (see Fig. 3 and Note 29). This step is important 
especially when complex isotopic patterns are detected, as for 
the case of silver nitrate adducts. Chemical formulae with non–
matching isotopic patterns can be excluded (Fig. S2).

3.6.3  Full-Scan 
High-Resolution Mass 
Measurements
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	 5.	To further confirm lipid annotations based on HRMS data, 
pure analytical standards can be purchased and analyzed under 
the same DESI-HRMS conditions, or literature data as well as 
database or theoretical spectra can be compared with the 
experimental results.

	 6.	The resolving power of the HR mass spectrometer might not 
be high enough to completely deconvolute peaks in the mass 
spectra. Convolution of peaks has been frequently seen in reac-
tive DESI-HRMS experiments with silver nitrate because of 
the peculiar isotopic pattern of the molecular species [M+Ag]+ 
and [M+Ag2NO3]+. Also, several TGs, DGs, CEs are endoge-
nously present in the brain tissue and they can differ by only 2 
m/z units from one another for the presence of one unsatura-
tion more or less. As an example, Fig. 4 shows DESI-HRMS 
spectra of ubiquinone and ubiquinol as pure standards and in a 
mixture as detected from a pellet of breast cancer cell line. 

Fig. 3 (a) Screenshot of METLIN simple search function. (b) List of possible lipid identifications based on the 
search function for the experimental mass measurement of m/z 885.54861 (deprotonated ion, error in mass 
< 5 ppm), all matching the chemical formula C47H83O13P. (c) Comparison between the experimental isotopic 
distribution for the ion m/z 885.54861 and the theoretical isotopic distribution for deprotonated lipid ions with 
chemical formula C47H82O13P
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Data have been acquired with ACN doped with silver nitrate. 
Molecular species are [M+Ag2NO3]+. Ubiquinol is the reduced 
form of ubiquinone. The mitochondria energy production sys-
tem is based on the exchange of electrons between ubiquinone 
and ubiquinol and the balance between these two molecular 
species is required for the correct cell functioning. DESI-
HRMS spectra have been acquired with different resolving 
powers using the same Orbitrap mass spectrometer (Thermo 
Scientific). Only with the highest resolving power, the pres-

Fig. 4 (a) Isotopic distribution of pure standard of ubiquinone detected by DESI-HRMS as silver nitrate adduct 
[M+Ag2NO3]+ using an Orbitrap mass spectrometer with FT resolution of 30,000. (b) Isotopic distribution of 
pure standard of ubiquinol detected by DESI-HRMS as silver adduct [M+Ag2NO3]+ using an Orbitrap mass 
spectrometer with FT resolution of 30,000. (Acceptc) Isotopic distribution of ubiquinone and ubiquinol detected 
in mixture from a breast cancer cell line by DESI-HRMS using an Obitrap mass spectrometer with FT resolution 
of 30,000. The inset shows the zoomed-in area for the peak around m/z 1142.5 with FT resolution of 100,000
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ence of both ubiquinone and ubiquinol is evident from the 
partially resolved peaks that share a common isotopic pattern. 
For lower resolving power, the presence of both molecules can 
be inferred in the breast cancer cells because of the altered 
ratios of ion intensities between the isotopic peaks as compared 
to those of the pure standards.

	 1.	Use HRMS data to obtain a list of possible molecular formu-
lae. The peaks detected can help in understanding if ions are 
multiply charged, or if they contain atoms conferring specific 
isotopic profiles, as shown for example in the case of silver 
nitrate adducts detected in positive ion mode (Fig.  4). This 
evidence can help filter out chemical formulae associated with 
an experimental mass measurement (Fig. S2).

	 2.	Considered alone, full-scan HRMS can help in distinguishing 
isobaric species (see Note 30), but is not enough to assign a 
structure to an ion, considering that lipids exist in a variety of 
structural isomeric and stereoisomeric forms (Fig. 3b). Low-
energy CID (see Note 31) MSn data provide great help in nar-
rowing down the possible chemical structures and significantly 
increase confidence in the lipid identification, even though not 
necessarily reaching the “structurally defined” level (Table S1). 
Several articles and books provide guidance in interpreting 
MS/MS data for specific lipid classes detected as positive and 
negative ions, deprotonated and protonated species, reactive 
species, etc. [35, 41, 42]. There are also online resources such 
as METLIN (https://metlin.scripps.edu) fragment search. 
Briefly, searching for fragments or neutral losses that result 
from common structural motifs, such as the polar headgroups 
of specific lipid classes (e.g., phosphocholine or phosphoetha-
nolamine), is an efficient way to start interpreting low-energy 
CID MS/MS data. Common neutral losses and product ions 
indicative of specific lipid classes are listed in [35, 41] (see Note 
32). In negative ion mode, the fatty acid residues of most com-
plex lipids (e.g., glycerophospholipids, TGs) can be also 
detected in the lower mass range (about m/z 200–350). This 
information helps eliminate some of the possible combinations 
of fatty acids giving a specific sum of carbon atoms and unsatu-
rations. See, for example, the product ion scan for the deprot-
onated ions m/z 788.5 and 885.5 (Fig.  5). The HR 
measurements, the neutral loss [M−H−87]− (loss of phospha-
tidylserine [35]), and the product ion of m/z 241 (i.e., cyclic 
anion of inositol phosphate [35]), respectively, for the two 
ions, would suggest PS(36:1) and PI(38:4). For the ion of m/z 
788.5, the unique fragments at m/z 281.3, 283.3 are indica-
tive of PS(18:0_18:1) among all possible combinations of fatty 

3.6.4  Structural 
Identification of Lipids
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acids (at least this is the only combination detected by 
DESI-MS/MS). For the ion of m/z 885.5, the fragments at 
m/z 283.3 and 303.3 are indicative of PI(18:0_20:4). This 
result is not surprising as most mammalian cell membranes 
include as major constituents PI species containing arachido-
nate [35]. Note that even carbon chains FAs should be consid-
ered predominant and more likely to occur in eukaryotic 
samples, while odd carbon chain lengths are uncommon. Also, 
the fatty acyl residues of complex lipids detected by DESI-MS/
MS are complementary in information to that of free FAs 
detected in full-scan DESI-MS, as the soft DESI ionization 
method does not normally give in-source lipid fragmentation.

	 3.	MS/MS fragments can be listed into the LIPID MAPS soft-
ware (http://www.lipidmaps.org/tools/), specifying ion 
intensities for precursor and product ions, and the charge state 
for the precursor ion, to attempt lipid identification.

	 4.	Positive and negative ions detected for the same lipids (e.g., PCs 
as chlorinated and potassiated adducts) can be complementary 
to each other and increase confidence in the identification.

Fig. 5 (a) Product ion scan of the ion m/z 788.5 acquired from a human brain tissue section by DESI-MS/MS 
using a low-resolution linear ion trap and low-energy CID. The neutral loss [M−H−87]− is indicative of the PS 
class. Peaks at m/z 281 and 283 correspond to [RCOO]− ions of oleic and stearic acids, suggesting the identi-
fication PS(18:0_18:1). Peaks at m/z 417 and 419 correspond to the losses of stearic and oleic acid from 
[M−H−87]− respectively. (b) Product ion scan of the ion of m/z 885.5 acquired from a human brain tissue 
section by DESI-MS/MS using a low-resolution linear ion trap and low-energy CID. Peaks at m/z 283.3 and 
303.3 correspond to [RCOO]− ions of stearic and arachidonic acids, suggesting the identification PI(18:0_20:4). 
Ion of m/z 581.3 corresponds to the loss of arachidonic acid from [M−H]−
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	 5.	Additional structural information to distinguish lipid isomers 
may be found in MSn data, but caution is necessary not to 
over-interpret the experimental evidence, especially when 
using direct MS methods for mixture analysis. For example, 
the relative intensity between MS2 and MS3 fragments (using 
the same experimental conditions) might be different between 
sn-positional isomers for energetic differences [35–39, 41, 
42]. Reactive experiments (e.g., Li cathionization) can help in 
distinguishing double-bond isomers [35]. Stereoisomeric 
information is not usually recovered from MSn data instead.

	 6.	Of course, coupling MSn with orthogonal techniques can pro-
vide additional information for lipid identification. For exam-
ple, chromatography coupled with MS is a leading technique 
to deconvolute mixtures of molecules and increase the specific-
ity of the MS analysis; however, these solutions are beyond our 
interest and are not feasible for direct and rapid analysis of 
complex samples, as is sought by DESI.  Ion mobility is  an 
attractive alternative as isomers and stereoisomers can have dif-
ferent cross-sections and ion mobility, and they can be sepa-
rated in time before MS detection [43, 44]. The coupling of 
DESI and ion mobility MS has been investigated to detect 
multiply sialylated ganglioside species, directly from the murine 
brain tissue. Poly-sialylated gangliosides were imaged as multi-
ply charged ions using DESI, while they were clearly separated 
from the rest of the lipid classes based on their charge state 
using ion mobility [45].

4  Notes

	 1.	 The tissue should be frozen as promptly as possible after col-
lection to avoid deleterious effects, e.g., physical damage, 
morphological distortions, and chemical alteration due to 
enzymatic activity, oxidation, etc. Snap freezing with liquid 
nitrogen is necessary because slow freezing will cause damage 
to tissue morphology due to ice crystal formation. Indeed, by 
snap freezing the water remains in a vitreous form rather than 
forming crystals that expand when solidified.

	 2.	 Microsurgical resection of brain tissue is the primary treat-
ment option for brain tumors. Biopsy is typically used to 
remove brain tissue. The amount of sample used to prepare 
tissue smears for DESI-MS analysis is <50 mm3.

	 3.	 The use of clean glass is generally preferred to reduce back-
ground signal and limit contamination due to extraction of 
polymers or other coating materials; however, Superfrost® 
Plus slides are commonly used because they have increased 
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retention of tissue sections and background observed is 
minimal.

	 4.	 Large-point Sharpie® markers are recommended. Color the 
back side of the glass slide after the tissue section has been 
thaw-mounted so that the DESI spray spot can be seen while 
optimizing and running DESI-MS experiments. The colored 
side of the glass slide faces the stage sample holder and not the 
spray [6].

	 5.	 Silver nitrate should be of high purity. Reduction to silver 
metal and formation of silver nanoparticles will occur over 
time with exposure to air and light. This should be avoided as 
it results in MS signal instability, increased background, and 
reduced efficiency in cationization. It is recommended to pre-
pare a 3.0–5.0 ppm solution of AgNO3 in ACN by serial dilu-
tion, daily, and to sonicate each solution for a couple of 
minutes before transferring aliquots of solvent.

	 6.	 Smears are commonly prepared for cytological diagnosis. 
Fresh tissue is spread thinly and unevenly across a microscope 
slide, usually with another glass slide, to obtain a cellular 
monolayer that can be stained for histopathology or cytology. 
A disposable customized 3D printed device is proposed as a 
more efficient smearing device for DESI-MS analysis, because 
it is designed to smear the tissue along a glass slide with a fixed 
width, so that the same rastering program for the DESI mov-
ing stage (i.e., area to be analyzed) can be used for all samples. 
The biopsy can be smeared with a greater thickness and more 
homogenously, both of which are beneficial for MS signal 
intensity and stability. Details on the design of the 3D printed 
device are reported in [22].

	 7.	 Commercial DESI sources are available from Prosolia Inc., 
Indianapolis (http://www.prosolia.com/).

	 8.	 OCT should be used to attach the sample to the holder of the 
cryotome. Complete embedding of the tissue into OCT 
should be avoided, because the polymer components of the 
OCT are readily ionized in the positive ion mode.

	 9.	 Frozen tissue sections or smears need to be dried before 
DESI-MS analysis if stored at −80 °C to remove frozen con-
densation. If a desiccator is not available, samples can be sim-
ply left at room temperature until dry.

	10.	 Most commercial mass spectrometers are equipped with a 
syringe pump. Compatible glass syringes are recommended to 
deliver the solvent system. Syringes of 250 or 500 μL are 
appropriate for the flow rates usually adopted in a DESI-MS 
experiment. Ideally, the syringe should be filled with enough 
solvent to run an entire set of DESI images.
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	11.	 Avoid applying excessive force while smearing the tissue; too 
much force may completely destroy the cell and render cytol-
ogy after DESI-MS analysis impractical.

	12.	 Preliminary results showed that the act of smearing sufficiently 
homogenizes the tissue, which allows one to acquire ions 
using DESI just by rastering a few times across the tissue smear 
and then averaging the MS scans, so obtaining a representative 
mass spectrum for each sample. Correlation analysis performed 
on DESI-MS data collected on tissue sections and smears pre-
pared from the same specimens confirmed that the chemical 
information recorded in both cases is similar. Hence, the diag-
nostic ions detected by DESI-MS imaging on frozen tissue 
sections are maintained when analyzing fresh tissue smears 
[21, 22].

	13.	 The main lipid classes detected by DESI-MS in brain tissue as 
negative ions are fatty acids (FAs), dimers of fatty acids that are 
formed as gas-phase ions during the desorption/ionization 
step, and membrane glycerophospholipids such as phosphati-
dylinositols (PIs), phosphatidylcholines (PCs), and phosphati-
dylserines (PSs). Main lipid classes detected in positive ion 
mode in brain tissue are PCs, phosphatidylethanolamine 
(PEs), sphingomyelins (SMs).

	14.	 Reactive DESI experiment involves chemical derivatization 
performed simultaneously with ionization to generate a more 
favorable form of the analyte. Online derivatization has several 
advantages that are beneficial for ambient ionization, includ-
ing (1) increased ionization efficiency and minimized ion sup-
pression in complex biological matrices, and (2) enhanced 
chemical specificity to distinguish structural isomers or recover 
detailed structural information, e.g., double bond positions in 
lipids or peptide and protein characterization. The use of 
AgNO3 in the DESI spray allows one to obtain lipid silver 
adducts whose ionization efficiency is greatly enhanced [28].

	15.	 Using reactive DESI-MS with silver cationization, several cho-
lesterol esters (CEs), TGs, DGs, ubiquinone, and squalene 
have been detected in human and mouse brain tissue, zebraf-
ish, bovine, porcine, and mouse oocytes and embryos [12, 
16]. Lipid silver adducts are easily recognized by the charac-
teristic 1:1 abundance ratio of the 107Ag:109Ag isotopes. The 
adduction with silver confers a characteristic isotopic pattern 
that can be used to ease identification, even in low-resolution 
full-scan MS (Fig. S3b). The ions have been attributed mainly 
to the molecular species [M+Ag]+ and [M+Ag2NO3]+. For a 
few compounds, both molecular species can be simultaneously 
detected (e.g., ubiquinone), and their relative ratio in terms of 
ion intensity can be changed to favor either one species by 
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simply increasing ([M+Ag2NO3]+&gt;[M+Ag]+) or decreasing 
([M+Ag]+&gt;([M+Ag2NO3]+) the concentration of silver 
nitrate in ACN.

	16.	 Different solvent systems may require a different geometry of 
the DESI spray to have optimal spot size, signal intensity, and 
stability. Once the DESI spray is optimized for a specific sol-
vent system, it is recommended to run all samples under the 
same experimental conditions to minimize analytical variabil-
ity. It is common practice in our laboratory to build a DESI 
sprayer for each solvent system.

	17.	 Negative and positive ion mode spectra are typically acquired 
using normal MS scan speeds; however, when working with 
ACN doped with silver nitrate, increased scan speeds are nec-
essary to avoid space charge effects. The alternative scan types 
that improve mass resolution (e.g., enhanced scan) allow bet-
ter deconvolution of the isotopic pattern of the silver [M+Ag]+ 
and silver nitrate [M+Ag2NO3]+ adducts and lead to overall 
higher signal-to-noise (Fig. S3).

	18.	 Both DMF—ACN and pure ACN doped with AgNO3 are his-
tologically compatible solvents [11]. The term refers to spray 
solvents that do not cause morphological damage to the tis-
sue. The mechanism behind DESI-MS is a spot-by-spot micro-
extraction of molecules from the sample. The extraction 
process occurring with morphologically friendly solvents is 
comparable to the fixative procedures commonly used in his-
tology for morphological examination: lipids are removed 
whereas the intracellular and extracellular structures stained in 
the histochemical treatment are preserved.

	19.	 Different types of multi-block data acquired by DESI-MS 
analysis have been already presented in the literature:

	 (a)	� same solvent system (DMF—ACN, 1:1 v/v) used to acquire 
MS data over two mass-to-charge ranges (m/z 80–200 and 
m/z 700–1000), in order to detect small metabolites, such as 
lactic acid, ascorbic acid, N-acetyl-aspartic acid, and glycero-
phospholipids, respectively [22].

	(b)	� same m/z range (700–1000) and solvent system (DMF—
ACN, 1:1 v/v) used to acquire MS data in negative and 
positive ion modes to detect different classes of glycerophos-
pholipids [46].

	 (c)	� different mass ranges (m/z 700–1000 and 600–1400, respec-
tively in negative and positive ion modes) and different solvent 
systems (DMF–ACN, 1:1 v/v, and ACN doped with AgNO3, 
respectively) in order to detect glycerophospholipids as nega-
tive ions and TGs, DGs, ubiquinone, squalene, and CEs as 
positive ions [28, 29].
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	20.	Linear ion traps are examples of low-resolution mass analyzers 
(mass resolving power m/Δm = 1000) capable of MSn 
fragmentation.

	21.	Product ion scan (● → ○) is an MS scan of one dimension in 
which a precursor ion is isolated in the ion trap, fragmented, 
and all products carrying the residual charge are subsequently 
detected. It provides detailed information on a single ion and 
the neutral molecule from which it is a surrogate [12].

	22.	Typical settings are: collision energy, CE = 0 a.u. for initial 
isolation, CE = 15–35 a.u. for fragmentation (note that a.u. 
refers to a manufacture unit but the CE values can be con-
verted into eV); isolation width = m/z 1.7; Activation q = 0.25; 
activation time = 30 ms. Low-energy CID MS/MS has the 
advantage to be relatively reproducible in the fragments 
obtained for a specific compound; however, different instru-
ments and different settings for the same instrument (e.g., CE 
value) can change the relative ion intensity between 
fragments.

	23.	Low-resolution DESI-MS/MS images of product ions 
detected for a precursor ion can reveal different spatial distri-
butions of isobaric compounds within the sample. Indeed, iso-
baric (even isomeric) compounds can fragment following 
different pathways, thus producing selective products. Spatial 
differences between isobaric species cannot be appreciated 
when acquiring the nominal masses only in low-resolution full-
scan DESI-MS images.

	24.	For example, low-energy CID is not effective in locating sites 
of unsaturation because of the high dissociation energy 
involved in cleaving a C=C bond or even an allylic C–C bond. 
Several approaches have been proposed to tackle this problem: 
(1) chemical derivatization that either cleaves the bond, as in 
ozonolysis, or converts C=C bond into functional groups (e.g., 
alkylthiolation and methoxymercuration) that can be more 
easily fragmented by low-energy CID; (2) photochemical 
Patterno’-Buchi reaction; (3) use of more energetic dissocia-
tion mechanisms, e.g., high-energy CID (keV), which can 
favor charge remote fragmentation, or radical directed disso-
ciation and metastable-atom activation dissociation [35–39].

	25.	https://metlin.scripps.edu/metabo_search_alt2.php. 
Additional free online resources for searching lipid exact masses 
or candidate formulas are LIPID MAPS (http://www.lipid-
maps.org/) and Human Metabolome Database (HMDB, 
http://www.hmdb.ca/).

	26.	The mass error expressed as ppm is calculated as (Measured 
mass—Monoisotopic Exact Mass)/Monoisotopic Exact Mass* 
1e6. The free program IsoPro 3.1 (https://sites.google.com/
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site/isoproms/) is recommended for calculating the monoiso-
topic masses. Simply, click on the element of interest and copy 
the monoisotopic mass.

	27.	Errors <5 ppm are usually considered acceptable for identifica-
tion. However, the stringency applied by the ppm mass error 
tolerance is dictated by the performance of the instrument 
used to collect the data.

	28.	Be aware that the chemical formula of a compound of interest 
might simply not be listed in a database. A software might help 
in figuring out possible formulae based on the high-resolution 
mass measurements. See, for example, the online software 
Molecular Formula Calculator (https://nationalmaglab.org/
user-facilities/icr/icr-software). Type the exact mass measure-
ment of the target peak, select the possible charge state and the 
maximum mass error in ppm. The software will list possible 
chemical formulae. The computation can be supported by 
specifying to the software which atoms are likely to be present 
in the structure.

	29.	The software IsoPro 3.1 can be also used to simulate the isoto-
pic distribution of candidate formulas. Click on each atom 
present in the candidate molecular formula and specify its 
number (e.g., 59 atoms of carbons), and then select “calcu-
late” and “distribution” or “display” to see the peaks list or 
visualize the spectrum, respectively. Note that in the parameter 
window, one can change the resolving power, the peak shape 
(Gaussian vs. Lorentzian), the ionization, and the charge state. 
Also LIPID MAPS offers a tool to predict structure and isoto-
pic distribution profiles for a lipid ion of interest. Choose the 
functional groups and the ion type from the menu options. 
The software will return the exact mass and the molecular for-
mula as well (http://www.lipidmaps.org/tools/structure-
drawing/masscalc.php).

	30.	In MS, isobaric species are atomic or molecular species with 
the same nominal mass but different exact masses.

	31.	Low-energy CID gives rise to predominantly charge-driven 
fragmentation processes, ideal for acyl chain and lipid class 
identification [35].

	32.	Product ion scan is the most efficient way of collecting MS/
MS or MSn (i.e., sequential product ion scan) data for the iden-
tification of target ions (one precursor ion by one) using ion 
traps. Neutral losses (○ → ○) and precursor scans (○ → ●) 
[12] are very effective scans to simultaneously search for classes 
of lipids sharing common structural motifs in triple quadrupole 
MS systems. These scans can be indirectly reconstructed in time 
with ion traps by running a consecutive series of product scans 
and exploring the MS/MS data domain, as shown in Fig. S4. 
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However, the time necessary to collect such an MS/MS data 
domain can be as long as a few minutes, depending on the 
injection time set for each product scan and the range of pre-
cursor ions to be screened, and therefore is not ideal for a 
DESI-MS experiment based on a localized micro-extraction 
phenomenon.
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Chapter 15

Lipidomics Analyses of Oxygenated Metabolites 
of Polyunsaturated Fatty Acids

Alexandra C. Kendall and Anna Nicolaou

Abstract

Prostanoids and hydroxy fatty acids derived from polyunsaturated fatty acids are widely recognized as mediators 
of inflammatory and homeostatic processes in the body. Accurate identification and quantification of these 
lipid mediators can aid in understanding of lipid metabolism in different tissues under different physiological 
and pathological conditions, potentially leading to biomarker discovery and identification of therapeutic 
targets, as well as providing support for the efficacy of novel therapies. The protocol outlined here describes 
the extraction of these lipids from a range of biological samples (including solid tissues, biological fluids, 
and cell culture media), their semi-purification by solid-phase extraction, and their analysis by reverse-phase 
ultra-performance liquid chromatography coupled to electrospray ionization tandem mass spectrometry. 
This provides highly sensitive and specific quantitative analysis of bioactive lipid species.

Key words Solid-phase extraction, Ultra-performance liquid chromatography, Electrospray ionization, 
Triple quadrupole mass spectrometry, Eicosanoids

1  Introduction

Oxygenated metabolites of polyunsaturated fatty acids (PUFA) 
can act as potent mediators of inflammation, as well as performing 
crucial roles in tissue homeostasis [1, 2]. Metabolism of the 
20-carbon PUFA arachidonic acid (AA; 20:4n-6), eicosapentae-
noic acid (EPA; 20:5n-3), and dihomo-γ-linolenic acid (DGLA; 
20:3n-6) by cyclooxygenase (COX) enzymes produces pros-
tanoids—members of the eicosanoid family that includes prosta-
glandins, thromboxanes, and prostacyclins (Fig.  1). These 
20-carbon PUFA can also be metabolized by lipoxygenase (LOX) 
or cytochrome P450 (CYP) enzymes, to generate a range of 
hydroxy- and epoxy- fatty acid eicosanoid species. Additionally, 
LOX or CYP metabolism of the 18-carbon linoleic acid (LA) and 
α-linolenic acid (ALA; 18:3n-3), or the 22-carbon docosahexae-
noic acid (DHA; 22:6n-3) generates octadecanoids or docosanoids, 
respectively [3]. Additionally, transcellular metabolism allows for 
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the step-wise synthesis of further lipid mediators, starting with 
LOX-metabolism by one cell type, then transport to another cell 
type for metabolism by a different LOX enzyme. This generates 
complex lipid mediators such as lipoxins and resolvins [4].

While enzyme-linked immunosorbent assays (ELISAs) exist for 
individual lipid species, these are limited by antibody availability 
and cross-reactivity [5]. Gas-chromatography (GC) linked to mass 
spectrometry (MS) is another option, although the need to deriva-
tize compounds makes it unsuitable for some of the more thermally 
labile lipid species [6]. Because of these limitations, analysis of bio-
active lipid mediators by liquid chromatography coupled to tandem 
mass spectrometry with electrospray ionization (LC/ESI-MS/MS) 
is the gold standard in accurate quantification [7]. The technology 
has high sensitivity and specificity, and the wide availability of 
commercially available standards, as well as deuterated internal 
standards, allows for accurate quantification. Thus, LC/ESI-MS/
MS has become a potent tool to measure the in vitro, ex vivo, or 
in vivo production of bioactive lipid mediators from PUFA [8].

LA 18:2n-6 DGLA 20:3n-6 AA 20:4n-6

ALA 18:3n-3 EPA 20:5n-3 DHA 22:6n-3

∆6 desaturase, 
elongase ∆5 desaturase

∆6 desaturase, 
elongase, 

∆5 desaturase

elongases, 
∆4 desaturase, 

peroxisomal
β-oxidation

COXCOX

COX

LOX/CYP

LOX/CYPLOX/CYPLOX/CYP

1-series PGs
and TXs

2-series PGs,
TXs and PGI

3-series PGs,
TXs and PGI

e.g. HOTrEs e.g. HEPEs,
RvEs, EpETEs

e.g. HDHAs,
RvDs, EpDPEs

e.g. HETEs, 
EETs, LTs

e.g. HETrEs

Omega-6 PUFA:

Omega-3 PUFA:

LOX/CYP

e.g. HODEs, 
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COX

COOH
COOHCOOH

COOH COOH
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Fig. 1 Schematic outline of the production of prostanoids and hydroxy fatty acids from the omega-6 polyunsaturated 
fatty acids (PUFA) linoleic acid (LA), dihomo-γ-linolenic acid (DGLA) and arachidonic acid (AA), and the omega-3 
PUFA α-linolenic acid, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) by cyclooxygenase (COX), 
lipoxygenase (LOX), and cytochrome P450 (CYP) enzymes
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The assay we describe here allows for the extraction, analysis, 
and quantification of 79 prostanoids and hydroxy fatty acids from 
a range of biological fluids and tissues. The combined extraction of 
prostanoids and hydroxy fatty acids in an acidified methanol solu-
tion, followed by semi-purification by solid-phase extraction (SPE), 
produces a cleaner biological extract, with reduced matrix effects 
that may otherwise cause ion suppression [9, 10]. We use ultra-
performance liquid chromatography (UPLC), which allows for 
high-throughput analysis, and we separate the analysis into two 
different LC/ESI-MS/MS assays, totaling just 10.8 min per sam-
ple. By analyzing the prostanoids and hydroxy fatty acids sepa-
rately, we reduce co-elution of compounds and therefore improve 
assay specificity. ESI is the preferred ionization method for eico-
sanoids and related species, forming negative ion species (M-H−) 
immediately post-elution from the column, reducing the risk of 
thermal decomposition [8]. Using commercially available stan-
dards of each compound, we have identified unique fragmentation 
patterns and/or retention times, which permit accurate identifica-
tion of compounds by multiple reaction monitoring (MRM), 
including isobaric or co-eluting species [9, 10]. We use deuterated 
internal standards for normalization between injections, and pro-
duce calibration lines using the commercially available standards 
for accurate quantification.

2  Materials

Prepare all solutions using ultrapure water (resistivity of 18 MΩ cm 
at 25 °C). Analytical grade reagents should be used for lipid extrac-
tion. UPLC grade reagents should be used for liquid chromatog-
raphy. Prepare and store all reagents at room temperature. Waste 
materials including solvents and biological samples should be dis-
posed of according to local regulations.

	 1.	1 ml Dounce homogenizer with tight-fitting pestle (Wheaton; 
Fisher Scientific, Loughborough, UK).

	 2.	Blade homogenizer with 10 mm diameter shaft (Ystral X10/25; 
Scientific Instrument Centre, Winchester, UK).

	 3.	Glass syringes (10 μl, 50 μl, 100 μl, 250 μl, 500 μl).
	 4.	SPE vacuum manifold (Phenomenex).
	 5.	Solvent drying cabinet with nitrogen supply.
	 6.	Amber glass vials (2 ml) with 200 μl conical glass inserts and 

8 mm screw caps with PTFE septa.
	 7.	Sealing film (Parafilm®; Fisher Scientific, Loughborough, UK).

2.1  Equipment

Lipidomic Analyses of PUFA Metabolites
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	 8.	Waters Acquity UPLC pump with autosampler coupled to 
ESI triple quadrupole TQ-S mass spectrometer (Waters, 
Wilmslow, UK).

	 9.	C18 column (Acquity UPLC BEH, 1.7 μm, 2.1  ×  50  mm; 
Waters, Wilmslow, UK).

	 1.	The following standards for the prostanoid assay were obtained 
from Cayman Chemicals (Ann Arbor, MI, USA): prostaglan-
din E1 (PGE1), PGD1, 6-keto PGF1α, 13,14-dihydro-15-keto 
PGE1, 13,14-dihydro-15-keto PGF1α, PGF1α, PGD2, PGE2, 
15-keto PGE2, 13,14-dihydro PGE1, 13,14-dihydro PGF2α, 
13,14-dihydro PGF1α, 13,14-dihydro-15-keto PGF2α, PGF2α, 
8-isoprostane PGF2α, PGF3α, Δ12-PGJ2, PGJ2, thromboxane B2 
(TXB2), TXB3, 15-deoxy-Δ12,14-PGJ2, 13,14-dihydro-15-keto 
PGE2, PGD3, PGE3.

	 2.	The following standards for the hydroxy fatty acid assay were 
obtained from Cayman Chemicals (Ann Arbor, MI, USA): 
9-hydroxyoctadecadienoic acid (HODE) 13-HODE, resolvin 
D1 (RvD1), RvD2, maresin1 (MaR)1, protectin DX (PDX), 
11-hydroxydocosahexaenoic acid (11-HDHA), 4-HDHA, 
7-HDHA, 10-HDHA, 13-HDHA, 14-HDHA, 17-HDHA, 
20-HDHA, RvE1, leukotriene B4 (LTB4), 14,15 dihydroxye-
icosatrienoic acid (14,15-DHET), 11,12-DHET, 8,9-DHET, 
5,6-DHET, 5(6) epoxyeicosatrienoic acid (5(6)-EET), 
11(12)-EET, 14(15)-EET, 8(9)-EET, 5-oxo-eicosatetraenoic 
acid (5-oxo-ETE), 15-hydroxyeicosatrienoic acid (15-
HETrE), 5 hydroxyeicosatetraenoic acid (5-HETE), 8-HETE, 
9-HETE, 11-HETE, 12-HETE, 15-HETE, 20-HETE, 5 
hydroxyeicosapentaenoic acid (5-HEPE), 8-HEPE, 9-HEPE, 
11-HEPE, 15-HEPE, 18-HEPE, 12-HEPE, 9 hydroxyocta-
decatrienoic acid (9 HOTrE), 13 HOTrE, 19(20) dihydroxy-
docosapentaenoic acid (DiHDPA), 9(10) epoxyoctadecenoic 
acid (EpOME), 12(13) EpOME, 9(10) dihydroxyoctadece-
noic acid (DiHOME), 12(13) DiHOME, 9 oxooctadecadie-
noic acid (OxoODE), 13 OxoODE, 5(15) 
dihydroxyeicosatetraenoic acid (DiHETE), 8(15) DiHETE, 
19(20) epoxydocosapentaenoic acid (EpDPE), 16(17) 
EpDPE, trans epoxyketooctadecenoic acid (EKODE).

	 3.	Ethanol (HPLC grade; Fisher Scientific, Loughborough, UK).
	 4.	Cryogenic storage boxes for 2 ml glass vials.

	 1.	The following deuterated standards were obtained from 
Cayman Chemicals (Ann Arbor, MI, USA): PGB2-d4, 
12-HETE-d8, 8(9)EET-d11, 8,9-DHET-d11.

	 2.	Ethanol (HPLC grade; Fisher Scientific, Loughborough, UK).
	 3.	Cryogenic storage boxes for 2 ml glass vials.

2.2  Reagents 
and Supplies

2.2.1  Standard Solutions 
for Quantification

2.2.2  Internal Standard 
Cocktail
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	 1.	Dissecting equipment (tweezers, scissors).
	 2.	Glass Pasteur pipettes.
	 3.	Flat-bottomed 10 ml wide-neck glass extraction tubes with lids.
	 4.	Round-bottomed 10 ml glass extraction tubes with lids.
	 5.	pH indicator strips.
	 6.	15% methanol solution.
	 7.	HCl (0.1 M or 1 M).

	 1.	Methanol, hexane, methyl formate (Sigma-Aldrich, Poole, UK).
	 2.	STRATA™ SPE cartridges (C18-E, 500 mg, 6 ml; Phenomenex, 

Macclesfield, UK).

	 1.	Mobile phase A: Water with 0.02% acetic acid. Measure 1  l 
water into a clean 1 l Duran bottle. Remove 200 μl water using 
a pipette and discard. Add 200 μl acetic acid to the bottle. Mix 
thoroughly (see Note 1).

	 2.	Mobile phase B: acetonitrile with 0.02% acetic acid. Take a 
2.5 l bottle of UPLC-grade acetonitrile. Remove 500 μl aceto-
nitrile from the bottle using a pipette and discard. Add 500 μl 
acetic acid to the bottle. Mix thoroughly (see Note 2).

	 3.	Seal wash: methanol:water (50:50 v/v). Measure 500 ml metha-
nol in a 1 l measuring cylinder. Make up to 1 l with water. Transfer 
to a 1 l Duran bottle and mix thoroughly (see Note 3).

	 4.	Shutdown solvent: 100% acetonitrile (see Note 4).

3  Methods

	 1.	Lipid standards as purchased are provided at various concen-
trations in solution in an organic solvent (usually methyl ace-
tate or ethanol).

	 2.	Working solutions of 10 ng/μl should be prepared from each 
lipid standard by adding the appropriate volume of stock solu-
tion to a 2 ml amber vial, and making the volume up to 1 ml 
with ethanol. These will be used to construct the calibration 
cocktail.

	 3.	Both stock and working solutions should be flashed with 
nitrogen and sealed with sealing film, before storage at −80 °C 
(see Note 5).

	 1.	10 ng/μl working solutions of each internal standard should 
be prepared as in Sect. 3.1.1.

	 2.	To make a 1 ng/μl internal standard cocktail, add 100 μl of 
each internal standard to a clean 2 ml amber glass vial.

2.2.3  Biological Sample 
Preparation

2.2.4  Solid-Phase 
Extraction

2.2.5  UPLC/ESI-MS/MS

3.1  Standard 
Solutions

3.1.1  Stock and Working 
Solutions (Preparation 
and Storage)

3.1.2  Internal Standard 
Cocktail
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	 3.	Make up to 1 ml with ethanol and seal with an 8 mm screw cap 
and sealing film.

	 4.	Store at −20 °C for up to 3 months.

	 1.	A 100 pg/μl standard cocktail for prostanoids and a separate 
100 pg/μl standard cocktail for hydroxy fatty acids are made 
from the appropriate 10 ng/μl working solutions.

	 2.	10 μl of each standard (working solution 10 ng/μl) is trans-
ferred to a clean 2 ml amber vial using a glass syringe.

	 3.	The solution is made up to 1 ml with ethanol, resulting in a 
final concentration of 100 pg/μl of each standard. The cocktail 
can be stored at −80 °C for up to 6 months.

	 4.	Calibration lines for the prostanoid assay and the hydroxy fatty 
acid assay are made in the same way, but using the two differ-
ent 100 pg/μl standard cocktails. The calibration lines are pre-
pared by series dilution to give concentrations of 10 pg/μl, 
5 pg/μl, 2.5 pg/μl, 1.25 pg/μl, 0.625 pg/μl, 0.313 pg/μl, 
and 0.156 pg/μl. Label 2 ml amber vials appropriately and add 
a 200 μl conical glass insert to each vial (see Note 6).

	 5.	Add 180 μl ethanol to the 10 pg/μl vial, add 100 μl to all other 
vials. Take 20 μl of the appropriate standard cocktail to the 
10 pg/μl vial, mix with the ethanol (using the glass syringe), 
and then transfer 100 μl to the 5 pg/μl vial and mix with the 
ethanol. Continue transferring 100 μl and mixing down the 
dilution series until the lowest concentration. Discard 100 μl 
from this vial after mixing, so that each vial contains 100 μl.

	 6.	Add 20 μl of the internal standard cocktail (see Sect. 3.1.2) to 
each vial (so that each vial now contains 120 μl).

	 7.	Dry down the contents of each vial under a stream of nitrogen.
	 8.	Add 100 μl ethanol to each vial and mix thoroughly. Seal the 

vials with an 8 mm screw cap with a PTFE insert.
	 9.	Calibration lines can be stored for up to a week at −20 °C, 

and a fresh calibration line should be prepared for each 
experiment.

In principle, process samples as quickly as possible and on ice. 
Collect samples on ice, aliquot and freeze as soon as possible. Do 
not add any preservatives. Store at −80 °C, avoiding freeze/thaw 
cycles. If transport is necessary, this should be done on dry ice.

	 1.	Plasma (prepared from EDTA tubes) or serum should be ali-
quoted (500 μl) in cryogenic vials, and stored at −80 °C. This 
avoids freeze/thaw cycles, and if larger volumes are needed it 
is better to pool small aliquots than risk having to freeze/thaw 
larger ones.

3.1.3  Calibration Lines 
for Quantification

3.2  Collection 
and Storage 
of Biological Samples

3.2.1  Plasma and Serum
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	 1.	Cell culture media is collected from a known number of cells; 
the required number of cells will depend on their ability to 
produce lipid mediators. Typically, cells are grown in T25 or 
T75 flasks, and when they reach 80% confluency, the culture 
media is removed and replaced with 5 or 10 ml (T25 and T75, 
respectively) fresh media for the cells to undergo treatment. At 
the end of the treatment, the media is collected in 15 ml poly-
propylene vials and stored at −80 °C (see Note 7). Cells should 
be counted to give an estimate of the number of cells that 
contributed lipids to the media. Alternatively, lipid concentra-
tions can be normalized against the protein content of cells.

	 1.	Tissue samples (20–200 mg) should be snap-frozen as soon as 
possible after collection to avoid enzymatic lipid degradation 
post-harvesting. Samples should then be stored at −80 °C.

Solvent extraction should be performed on ice, keeping the sam-
ples out of direct light. Solutions should be prechilled on ice. We 
use glass tubes/pipettes/syringes wherever possible to avoid leach-
ing of plasticizers into the solvent, and to minimize adhesion of the 
lipids to the tubes.

	 1.	Defrost the samples on ice.
	 2.	Transfer the sample to a flat-bottomed glass extraction tube by 

pipette, measuring and taking note of the sample volume 
(see Note 8).

	 3.	Dilute the sample to a volume of 4 ml with water.
	 4.	Add 700  μl methanol to make a 15% (v/v) methanol 

solution.
	 5.	Add internal standard cocktail (20 μl of the prepared 1 ng/μl 

cocktail prepared in Sect. 3.1.2).
	 6.	Mix the solution gently and leave on ice, in the dark for 15 min.
	 7.	Centrifuge (5 min, 4 °C, 1500 × g).
	 8.	Transfer the clear supernatant to a clean, prechilled, glass tube.
	 9.	Acidify the supernatant to pH 1.7 using 0.1 M HCl (see Note 9).
	10.	Immediately apply the acidified sample to the conditioned SPE 

cartridge (see Sect. 3.4).

	 1.	Defrost the sample on ice.
	 2.	Transfer the sample to a flat-bottomed glass extraction tube by 

pipette, measuring and taking note of the sample volume.
	 3.	Add sufficient methanol to make a 15% methanol solution 

(e.g., 10  ml media will require the addition of 1.77  ml 
methanol).

3.2.2  Cell Culture Media

3.2.3  Solid Tissue 
Samples

3.3  Biological 
Sample Preparation

3.3.1  Plasma or Serum 
Samples

3.3.2  Cell Culture Media
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	 4.	Add internal standard cocktail (20 μl of the prepared 1 ng/μl 
cocktail prepared in Sect. 3.1.2).

	 5.	Mix the solution gently and leave on ice, in the dark for 
15 min.

	 6.	Centrifuge (5 min, 4 °C, 1500 × g).
	 7.	Transfer the clear supernatant to a clean, prechilled, glass tube 

(see Note 10).
	 8.	Acidify the supernatant to pH 1.7 using 1 M HCl (see Note 11).
	 9.	Immediately apply the acidified sample to the conditioned SPE 

cartridge (see Sect. 3.4).

	 1.	Defrost sample on ice (see Note 12).
	 2.	Transfer sample to ice-cold mortar of a Dounce homogenizer 

using tweezers.
	 3.	Add 1 ml ice-cold 15% methanol to the mortar and, using the 

tight-fitting pestle, perform 15 up/down strokes and 15 rotational 
strokes to homogenize the sample.

	 4.	Using a glass Pasteur pipette, transfer the sample to a clean 
flat-bottomed glass vial.

	 5.	Repeat steps 3–4 twice more, so that a total of 3 ml has been 
used and transferred to the glass tube (see Note 13).

	 6.	Add internal standard cocktail (20 μl of the prepared 1 ng/μl 
cocktail prepared in Sect. 3.1.2).

	 7.	Mix the solution gently and leave on ice, in the dark for 30 min 
(see Note 14).

	 8.	Centrifuge (5 min, 4 °C, 1500 × g).
	 9.	Transfer the clear supernatant to a clean, prechilled, glass tube 

and retain the pellet for protein content analysis (see Note 15).
	10.	Acidify the supernatant to pH 1.7 using 0.1 M HCl.
	11.	Immediately apply the acidified sample to the conditioned SPE 

cartridge (see Sect. 3.4).

	 1.	Defrost sample on ice (see Note 12).
	 2.	Mince tissue using dissection scissors into a flat-bottomed 

extraction tube containing 3 ml ice-cold 15% methanol.
	 3.	Homogenize tissue using a blade homogenizer inserted into 

the tube, using 3 × 3 s pulses (see Notes 16 and 13).
	 4.	Add internal standard cocktail (20 μl of the prepared 1 ng/μl 

cocktail prepared in Sect. 3.1.2).
	 5.	Mix the solution gently and leave on ice, in the dark for 60 min 

(see Note 14).
	 6.	Centrifuge (5 min, 4 °C, 1500 × g).

3.3.3  Soft Tissue 
Samples (e.g., Brain, 
Kidney, Liver)

3.3.4  Tough Tissue 
Samples (e.g., Skin, 
Muscle, Cornea)
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	 7.	Transfer the clear supernatant to a clean, prechilled, glass tube 
and retain the pellet for protein content analysis (see Note 15).

	 8.	Acidify the supernatant to pH 1.7 using 0.1 M HCl.
	 9.	Immediately apply the acidified sample to the conditioned SPE 

cartridge (see Sect. 3.4).

	 1.	Label and attach the required number of SPE cartridges to the 
SPE vacuum manifold, making sure any unused ports are 
closed and there is a waste bucket underneath the cartridges 
for waste solvent collection.

	 2.	Activate the cartridges with 6 ml 100% methanol, followed by 
6 ml water, under a gentle vacuum (approximately 3 mmHg) 
(see Note 17).

	 3.	Close the tap under each cartridge as soon as the last of the 
water has flowed through (see Note 18).

	 1.	Transfer the acidified samples onto the conditioned cartridges 
using glass Pasteur pipettes, opening the tap under each 
cartridge as it is filled.

	 2.	Let the sample flow through the SPE cartridges in a dropwise 
manner with the vacuum switched off (see Note 19).

	 3.	Take care not to allow any air to pass through the cartridge 
sorbent and close the tap under each cartridge as soon as the 
last of the sample has flowed through.

	 4.	Wash all the cartridges sequentially with 15% methanol solution 
(6 ml), water (6 ml), and hexane (6 ml) under a low vacuum, 
letting the eluate run into the waste and closing the tap under 
each cartridge as the last of the solvent runs through in each 
stage (see Notes 20 and 21).

	 5.	Turn off the vacuum and remove the waste bucket from the vac-
uum manifold, replacing it with clean, round-bottomed glass tubes 
positioned under each SPE cartridge in a rack (see Note 22).

	 6.	Elute the lipids with methyl formate (6 ml) (see Note 23).
	 7.	Remove the tubes from the vacuum manifold and transfer to 

the drying apparatus.

	 1.	Evaporate the methyl formate from the lipid extracts under a 
gentle stream of nitrogen (see Note 24).

	 2.	Add 100 μl ethanol to each sample tube, vortex to ensure the 
entire inner surface is coated, and centrifuge briefly (10  s, 
3000 × g, 4 °C).

	 3.	Using a glass syringe, transfer the lipid extract to a 200 μl conical 
glass insert inside a 2 ml amber vial. Cap with an 8 mm screw 
cap with a PTFE septum. Seal with sealing film and store at 
−20 °C for analysis within 1 week.

3.4  Solid-Phase 
Extraction

3.4.1  SPE Cartridge 
Conditioning

3.4.2  SPE of Lipid 
Extracts

3.5  Sample 
Reconstitution 
and Preparation 
for UPLC/ESI-MS/MS 
Analysis

Lipidomic Analyses of PUFA Metabolites



220

	 1.	Condition the column by running UPLC solvents A and B at 
a ratio of 50:50 and at a flow rate of 0.6 ml/min for at least 
1 h. At the same time, put the MS into operate mode for at 
least 1  h. Check that there is a stable back pressure on the 
UPLC and clean baseline on the MS.

	 2.	Set the autosampler to 8 °C and add sample vials to the autos-
ampler plates, setting up a sample list with appropriate vial 
positions.

	 3.	Program the gradient profiles (MassLynx™ LC Inlet method 
file) as in Table 1 (prostanoid assay) and Table 2 (hydroxy fatty 
acid assay).

	 4.	Program the MS Method files (MassLynx™ method page) 
using the MRM, cone voltage, and collision energy settings 
listed in Tables 3 and 4. Ensure the run times match the run 
times in the appropriate LC method. Set the dwell time to auto 
dwell.

	 5.	Set the MassLynx™ Tune page for each assay with the settings 
below in Table 5.

	 6.	Check that the API and collision gases are switched on.

3.6  UPLC/ESI-MS/MS

Table 1  
LC gradient for prostanoid assay (flow rate 0.6 ml/min)

Time (min) Solvent A (%) Solvent B (%)

0.0 80 20

0.5 80 20

0.6 60 40

2.5 60 40

4.0 35 65

4.1 80 20

5.8 80 20

Table 2  
LC gradient for hydroxy fatty acid assay (flow rate 0.6 ml/min)

Time (min) Solvent A (%) Solvent B (%)

0.0 75 25

3.0 20 80

3.2 75 25

5.0 75 25
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	 7.	Load the LC Inlet method for the prostanoid assay—the solvent 
ratio and flow rate should change to the starting conditions of 
the prostanoid LC method.

	 8.	Program the sample list with the appropriate MS Method, LC 
Inlet, and Tune files. Give each standard and sample a 3 μl 
injection volume (see Note 26).

Table 3  
Multiple reaction monitoring (MRM) transitions for prostanoid assay

Compound MRM
Cone 
voltage (V)

Collision 
energy (eV)

Indicative retention 
time (min)

PGD1 353 > 317 12 12 1.33

PGE1 353 > 317 12 12 1.28

6-keto PGF1α 369 > 163 12 24 0.99

13,14-dihydro-15-keto PGF1α 355 > 193 20 30 1.62

PGF1α 355 > 311 14 24 1.17

13,14-dihydro PGE1 355 > 337 18 16 1.40

13,14-dihydro-15-keto PGE1 353 > 335 12 14 1.69

PGB2-d4 337 > 179 12 20 2.06

PGD2 351 > 271 24 16 134

PGE2 351 > 271 24 16 1.25

15-keto PGE2 349 > 113 14 20 1.40

13,14-dihydro PGF2α 355 > 311 14 24 1.32

13,14-dihydro-15-keto PGF2α 353 > 113 10 26 1.69

PGF2α 353 > 193 12 24 1.18

8-iso PGF2α 353 > 193 12 24 1.10

PGJ2 333 > 271 14 16 1.99

Δ12-PGJ2 333 > 271 14 16 2.03

15-deoxy-Δ12,14-PGJ2 315 > 271 12 14 3.90

TXB2 369 > 169 18 18 1.11

13,14-dihydro PGF1α 357 > 113 4 32 1.37

13,14-dihydro-15-keto PGE2 351 > 333 12 12 1.57

TXB3 367 > 169 16 14 1.03

PGD3 349 > 269 10 16 1.18

PGE3 349 > 269 10 16 1.13

PGF3α 351 > 193 2 22 1.08
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Table 4  
Multiple reaction monitoring (MRM)transitions for hydroxy fatty acid assay (see Note 25)

Compound MRM Cone voltage (V) Collision energy (eV)
Indicative retention 
time (min)

9-HODE 295 > 171 16 16 2.47

13-HODE 295 > 195 2 18 2.49

15-HETrE 321 > 303 2 14 2.68

5-HETE 319 > 115 14 14 2.75

8-HETE 319 > 155 10 14 2.66

9-HETE 319 > 123 16 14 2.71

11-HETE 319 > 167 14 14 2.61

12-HETE 319 > 179 20 14 2.66

12-HETE-d8 327 > 184 20 16 2.64

15-HETE 319 > 175 4 14 2.54

20 HETE 319 > 245 4 14 2.31

5(6)-EET 319 > 191 4 10 3.03

8(9)-EET 319 > 155 10 14 2.66

11(12)-EET 319 > 167 14 14 2.61

14(15)-EET 319 > 175 4 14 2.54

5-HEPE 317 > 115 16 12 2.46

8-HEPE 317 > 155 26 12 2.38

9-HEPE 317 > 149 20 14 2.42

11-HEPE 317 > 167 12 12 2.35

12-HEPE 317 > 179 28 12 2.39

15-HEPE 317 > 175 8 14 2.33

18-HEPE 317 > 215 12 14 2.24

5,6-DHET 337 > 145 8 16 2.33

8,9-DHET 337 > 127 8 16 2.22

11,12-DHET 337 > 167 2 18 2.14

14, 15-DHET 337 > 207 18 16 2.04

5-oxo-ETE 317 > 203 14 18 2.94

LTB4 335 > 195 12 14 1.87

RvE1 349 > 195 14 16 0.81

RvD1 375 > 141 18 12 1.39

(continued)
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Table 4
(continued)

Compound MRM Cone voltage (V) Collision energy (eV)
Indicative retention 
time (min)

RvD2 375 > 175 2 22 1.26

4-HDHA 343 > 101 8 12 2.80

7-HDHA 343 > 141 6 14 2.68

10-HDHA 343 > 153 2 16 2.61

11-HDHA 343 > 193.87 2 12 2.65

13-HDHA 343 > 193.15 2 12 2.58

14-HDHA 343 > 161 12 14 2.61

17-HDHA 343 > 201 14 14 2.55

20-HDHA 343 > 241 2 12 2.48

PDX 359 > 206 18 16 1.81

MaR1 359 > 177 16 16 1.82

9 OxoODE 293 > 185 14 18 2.66

13 OxoODE 293 > 113 16 20 2.58

9 HOTrE 293 > 171 20 16 2.23

13 HOTrE 293 > 195 12 16 2.26

9(10) EpOME 295 > 171 16 16 2.88

12(13) EpOME 295 > 195 2 18 2.83

Trans EKODE 309 > 209 16 10 2.30

9,10 DiHOME 313 > 201 16 20 1.98

12,13 DiHOME 313 > 183 16 20 1.91

8(9) EET-d11 330 > 155 14 12 2.96

8,9 DHET-d11 348 > 127 16 24 2.21

HXA3 335 > 273 16 12 2.29

5,15 DiHETE 335 > 115 12 12 1.82

8,15 DiHETE 335 > 155 22 16 1.76

16(17) EpDPE 343 > 233 14 12 2.87

19(20) EpDPE 343 > 285 18 12 2.79

19,20 DiHDPA 361 > 273 18 16 2.04
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	 9.	At the end of the run, program a gradient from the end conditions 
of the last injection up to 100% mobile phase B. Then switch to 
100% shutdown solvent and flush through the column for at 
least 30 min, to remove any acid from the column. The column 
can then be removed from the UPLC and stored.

	 1.	TargetLynx™ (a part of MassLynx™ Software; Waters, Elstree, 
UK) can be used to construct calibration lines of each compound 
from the calibration standards that were run. It normalizes the 
peak area of each compound against the peak area of the appro-
priate internal standard (PGB2-d4 for the prostanoid assay, 8(9)
EET-d11 for EETs, 8,9-DHET-d11 for DHETs, and 
12-HETE-d8 for all other hydroxy fatty acids) to provide a 
“response”. The response value is then plotted against the known 
concentration of each calibration standard and calibration lines 
are calculated by the least squares regression method.

	 2.	The samples are processed in the same way, generating a 
“response” for each compound in each sample. The concentra-
tion corresponding to this response is then calculated and the 
software provides a table of the concentration of each compound 
in each extract (as pg/μl of extract injected).

3.7  Data Analysis

Table 5  
MS Tune page settings for prostanoid and hydroxy fatty acid assays

Setting Prostanoid assay
Hydroxy fatty acid 
assay

Capillary voltage (kV) 3.1 1.5

Source temperature (°C) 150 150

Desolvation temperature (°C) 500 600

Cone gas flow (l/h) 150 150

Desolvation gas flow (l/h) 1000 1000

LM 1 resolution 2.9 2.9

LM 2 resolution 2.8 2.8

HM 1 resolution 14.5 14.5

HM 2 resolution 14.7 14.7

Ion energy 1 1.0 1.0

Ion energy 2 0.9 0.9

MS mode entrance 1.0 1.0

MS mode exit 1.0 1.0
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	 3.	Concentrations can then be multiplied by 100, to give the 
total amount in each sample (pg) and then normalized against 
sample volume (for liquid samples) or tissue wet weight or 
protein content (for solid tissue samples) (see Note 27).

4  Notes

	 1.	The aqueous mobile phase should be made up fresh every 
24–48 h to reduce the risk of microbial growth. We prefer not 
to vacuum filter the mobiles phases as this may introduce bac-
terial contamination.

	 2.	We find that it is best to make mobile phase B in the original 
solvent bottle, since this minimizes the risk of introducing con-
tamination, or measuring errors.

	 3.	It is advisable to make up the seal wash a few hours in advance, 
since the exothermic reaction between methanol and water 
warms the solution and causes bubbles to form, which may 
elude removal by the degasser.

	 4.	Different columns require flushing with different solvents for 
storage—always check the manufacturer’s recommendations. 
Additionally, in our system we use the seal wash as the weak 
needle wash and mobile phase B as the strong needle wash, but 
again, this may vary depending on column requirements and 
manufacturer’s recommendations.

	 5.	Check the manufacturer’s recommendations on the stability of 
compounds in different storage conditions.

	 6.	Compounds should be analyzed within the linear range of the 
assay. If high or low concentrations are being measured and 
this cannot be resolved by sample dilution, extra calibration 
lines should be prepared at the high/low range of the assay.

	 7.	Whenever possible, we treat cells in serum-free media, to avoid 
matrix effects, and remove the problem of lipid mediators that 
are present in the serum. Additionally, many cell culture media 
include lipid mediators as growth supplements—all media to 
be used should be examined for this and avoided if possible. 
Blank, unconditioned media should always be analyzed along 
with the conditioned media collected from cells, in order to 
subtract any amounts of mediators already present in the 
media.

	 8.	Flat-bottomed tubes are used for the initial step since it aids the 
pelleting of any protein during the later centrifugation step.

	 9.	We find that three to four drops of 0.1 M HCl are sufficient for 
a plasma/serum samples ≤1 ml. After adding the acid, mix the 
solution with a glass pipette, then take one drop and apply it to 
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a pH indicator strip. If the sample is not sufficiently acidic, 
more acid can be added and this process repeated.

	10.	If there is no visible pellet following centrifugation there is no 
need to transfer the supernatant to a clean tube.

	11.	Since cell culture media is well buffered it requires a stronger 
acid for acidification.

	12.	We find it useful to record the wet weight of the tissue sample, 
which can be used for normalization if this is preferable to 
protein content. The sample tube should be weighed before 
and after removing the tissue.

	13.	It is important to clean the homogenizer thoroughly between 
samples, using water and ethanol, to avoid cross-contamination 
of lipid mediators.

	14.	Solid tissue requires a longer incubation in the solvent than 
liquid samples.

	15.	We are not providing the protocol for protein content analysis 
here, since it uses a standard Bradford assay [11]. We recommend 
following the manufacturer’s instructions.

	16.	It is important to keep the tube on ice as much as possible during 
homogenization to prevent the sample from overheating. 
Also, be sure to carefully remove any tissue trapped in the 
homogenizer to the sample tube between pulses and at the 
end, so that no tissue is lost.

	17.	Since each cartridge holds approximately 6 ml and accuracy is 
not important, we find it easiest to use wash bottles filled with 
each SPE solvent, and fill up the SPE cartridges rather than 
measuring out each solution for each cartridge.

	18.	The cartridges should be conditioned no more than 10 min 
before the acidified samples are ready.

	19.	If needed, a low vacuum can be used for highly viscous samples.
	20.	The hexane will require a stronger vacuum than the other 

solvents.
	21.	These washes are to remove unbound and water-soluble mate-

rial (15% methanol and water, respectively), and hexane 
removes the water from the cartridges prior to lipid elution 
with methyl formate.

	22.	We use round-bottomed tubes for this step since they assist 
evaporation of the solvent.

	23.	Initially, a high vacuum will be required to clear the hexane, then 
a low vacuum is required for the methyl formate. We recom-
mend applying a high vacuum, closing each tap once the solvent 
starts moving more quickly (indicating that the hexane has 
cleared), then switching to a low vacuum once all cartridges 
are clear of hexane. Finally, a high vacuum can be applied at the 
end to clear the last of the eluate from the cartridges.

Alexandra C. Kendall and Anna Nicolaou
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	24.	We use a drying manifold with a blunt-tipped stainless-steel 
needle directing a flow of nitrogen into each sample tube. The 
stage supporting the sample tube rack can be raised and the 
flow of nitrogen adjusted as the solvent evaporates.

	25.	PDX and MaR1 both appear in the transition of the other and 
cannot be separated by retention time. This means that a peak 
appearing in either transition could be either compound or a 
combination of both.

	26.	We run several blanks (ethanol) first to condition the system 
and check we have a clean baseline. Blanks should also be run 
between samples to allow monitoring of any carry-over. Start 
the run with the calibration line so you can check the quality of 
the LC and MS and identify any problems easily, then program 
calibration standards at random intervals throughout the run, 
to allow confirmation of retention times when processing sam-
ples. We run samples in batches of 5–6, running the prostanoid 
assay first, then the hydroxy fatty acid. This minimizes the 
amount of time that samples could evaporate following pierc-
ing of the vial in the autosampler before both assays have been 
run. Due to slight differences in the LC protocols between the 
two assays, we program two blank injections of the new assay 
after each switch. We run duplicate injections for each calibra-
tion standard and sample as technical repeats.

	27.	Some deuterated internal standards contain a small proportion 
of non-deuterated compound. This proportion should be esti-
mated by the analysis of the internal standard on its own, and 
subtracted from the calculated amount.
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Chapter 16

Derivatization of Fatty Aldehydes and Ketones:  
Girard’s Reagent T (GRT)

Paul Wood

Abstract

In lipid metabolism and during oxidative stress, a number of fatty aldehydes are generated. Detection and 
quantitation of these reactive aldehydes is optimally achieved by trapping them with a derivatization 
reagent. In this chapter, we present Girard’s Reagent T (GRT) that is a robust agent for derivatizing alde-
hydes and ketones and provides a derivative that is highly charged for accurate ESI quantitation. GRT is a 
quaternary amine with a reactive hydrazine group that derivatizes aldehydes and ketones to form 
hydrazones:

R N R C N N– – – – – – – – – –CHO NH NH CO CH CH NH CO CH CH+ ( ) ® = ( )2 2 3 3 2 3 3

The aldehydes or ketones are augmented in mass by 113.09528 after derivatization with GRT and the 
[M+H]+ ions of these derivatives are monitored in ESI. In this chapter, we describe the use of GRT for 
quantitating fatty aldehydes (Johnson, Rapid Commun Mass Spectrom 21:2926–2932, 2007) ketosterols 
(Johnson, Rapid Commun Mass Spectrom 21:2926–2932, 2007; Johnson, Rapid Commun Mass 
Spectrom 19:193–200, 2005; Crick et al., Biochem Biophys Res Commun 446:756–761, 2014), and lipid 
oxidation products like formyl lysophosphatidylcholine (Fuchs et al., Lipids 42:991–998, 2007).

Key words Fatty aldehydes, Girard’s reagent T, Amniotic fluid

1  Introduction

There are a number of reagents that are useful for derivatizing, and 
thereby stabilizing, reactive aldehydes and ketones. In the case of 
mass spectrometric analyses utilizing ESI, it is important to intro-
duce a charged moiety to improve sensitivity in quantitative experi-
ments. GRT is such a robust and useful reagent [1–3].

2  Materials and Equipment

	 1.	Reagent: 20 mg. Girard’s reagent T per mL of methanol.
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	 2.	Infusion solvent: 80  mL of 2 propanol  +  40  mL metha-
nol + 20 mL chloroform + 0.5 mL water containing 164 mg 
ammonium acetate.

	 3.	Stable isotope internal standards: [2H5]hexadecanal and 
[2H5]hexadecenal are purchased from Avanti Polar Lipids.

	 4.	Mass spectrometer: Q Exactive (Thermo Fisher).

3  Methods

	 1.	For biofluids, 100 μL are mixed with 1 mL of methanol con-
taining the internal standard mixture and 1 mL of water. In the 
case of tissues and cells, they are sonicated in the methanol–
water solution.

	 2.	Next 2 mL of t-butylmethyether (MTBE) are added and the 
tubes capped. They are next shaken vigorously at room tem-
perature for 30 min using a Fisher Multitube Vortexer.

	 3.	The tubes are then centrifuged at 3000 × g for 15 min at room 
temperature.

	 4.	Next 1 mL of the upper organic lipid layer is transferred to a 
screw-top 1.5 mL microfuge tube and the samples dried for 
3.5 h in an Eppendorf Vacufuge.

	 5.	The samples are redissolved in 150 μL of the Infusion Solvent 
and the tubes centrifuged at 30,000  ×  g for 5  min in an 
Eppendorf Microfuge to precipitate any particulates.

	 1.	For more polar metabolites we utilize acetonitrile/methanol 
(AM; 8:1) as the extraction solvent. We utilize 1 mL of AM per 
0.1 mL of plasma or 30–40 mg of tissue. Biofluids are mixed 
with the solvent while tissues are sonicated.

	 2.	Next the samples are centrifuged at 30,000 × g for 30 min at 
4 °C.

	 3.	For abundant aldehydes, 0.1  mL of the supernatant can be 
reacted directly with an equal volume of the reagent or can be 
dried by vacuum centrifugation prior to derivatization.

	 1.	To the dried extract in 1.5  mL screw-top microvials, add 
0.1 mL of reagent and 20 μL of acetic acid and heat at 70 °C 
for 30 min with shaking (Eppendorf Mutitube Heater).

	 2.	The samples are then dried by vacuum centrifugation prior to 
dissolution in the infusion solvent.

Samples are infused at 5 μL/min and analyzed via positive ion ESI 
(<3 ppm mass error).

3.1  Extraction 
(MTBE)

3.2  Extraction (AM)

3.3  Derivatization

3.4  High-Resolution 
Mass Spectrometric 
Analysis

Paul Wood
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The dominant ions observed with MS2 are [M-59.0735]+ and 
[M-87.0684]+ which correspond to [M–N(CH3)3]+ and [M–
CO–N(CH3)3]+ losses from the GRT, respectively [4, 5].

For the high-resolution mass spectrometric data, the top 1000 
masses, for a 200–300 amu window, and their associated ion intensi-
ties are transferred to an Excel spreadsheet. Within the spreadsheet is 
a list of aldehydes, their exact masses (five decimals), and the scanned 
ions for the GRT derivatives which are searched within the data table. 
If the calculated ppm mass error is determined to be ≤3 for the 
extracted ion, then the ratio of the ion intensity to that of the assigned 
internal standard is calculated and added to the spreadsheet. An 
example of data obtained with this method is presented in Table 1.

3.5  Tandem Mass 
Spectrometry

3.6  Mass 
Spectrometric Data 
Reduction

Table 1 
GRT-reactive lipids extracted from 100 μL equine amniotic fluid

Lipid Exact Derivative [M+H]+ Observed ppm

Int. Std.

[5H2]Hexadecanal 245.2767 359.3793 359.3784 0.83

Aldehydes

Acrolein 56.0262 170.1288 170.1287 0.53

4-HNE 156.1150 270.2176 270.2171 0.46

Hexadecanal 240.2453 354.3479 354.3475 0.37

Octadecanal 268.2766 382.3792 382.3790 0.21

Neurosteroids

Pregnenolone 316.2402 430.3428 430.3426 0.20

Allopregnanolone 318.2559 432.3584 432.3583 0.19

Formyl Lipids

Formyl LPC 14:1 493.2804 607.3830 607.3817 1.33

Formyl LPC 16:1 521.3118 635.4143 635.4127 1.64

Formyl LPC 18:6 539.2648 653.3674 653.3659 1.47

Formyl LPE 16:1 479.2648 593.3674 593.3660 1.40

Formyl LPE 18:1 507.2961 621.3987 621.3970 1.68

Formyl LPE 20:6 525.2492 639.3517 639.3511 0.61

Formyl LPE 22:5 555.2961 669.3987 669.3972 1.45

4-HNE, 4-hydroxynonenal; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; Ppm, parts per mil-
lion mass error

Derivatization of Fatty Aldehydes and Ketones: Girard’s Reagent T (GRT)
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4  Conclusion

GRT is a robust reagent that generates stable and sensitive deriva-
tives of aldehydes and keto lipids.
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Chapter 17

Derivatization of Lipid Amines: 
Fluorenylmethyloxycarbonyl (FMOC)

Paul Wood

Abstract

Analysis of lipid remodeling can be achieved by monitoring the lyso metabolites of ethanolamine glycero-
phospholipids. However, mass spectrometric analyses cannot distinguish between alkenyl and alkyl lyso-
glycerophosphoethanolamines without chromatography. In this chapter, we describe the use of 
fluorenylmethyloxycarbonyl chloride (FMOC) to distinguish these isobars by direct infusion and MS2. 
FMOC is a useful reagent for derivatizing the free amine group of lipid ethanolamines (Han et al., J Lipid 
Res 46:1548–1560, 2005):

R O Fluren R O Fluren– – – – – – – – – –NH Cl CO CH NH CO CH2 2 2+ ®

The amine-containing lipids are augmented in mass by 222.06808 after derivatization with FMOC and 
the [M-H]− ions of these derivatives are monitored in ESI. In this chapter, we describe the use of FMOC 
for quantitating ethanolamine plasmalogens, lysophosphatidylethanolamines (LPE), alkenyl-LPEs, and 
alkyl-LPEs.

Key words Lipid amines, FMOC

1  Introduction

Lipid remodeling at sn-2 of glycerophospholipids is a dynamic 
process [1, 2].

2  Materials and Equipment

	 1.	Reagent: 2 mg. FMOC.Cl per mL of chloroform.
	 2.	Catalyst: 1% ammonium acetate (Note: in several published 

studies of lipid derivatization with FMOC, a catalyst was not 
included. Without the catalyst, derivatization is only 50% com-
plete while with the catalyst >99% derivatization is achieved).

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwjb0q_Yo8jKAhWLNz4KHRKpDvgQFggcMAA&url=https://en.wikipedia.org/wiki/Fluorenylmethyloxycarbonyl_chloride&usg=AFQjCNHjGggI02QSbcpJpv4tFNX-CctrTA&sig2=KHjJVFHWcDwImRhZOTErtw&bvm=bv.112454388,d.cWw
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	 3.	Infusion Solvent: 80  mL of 2 propanol  +  40  mL metha-
nol + 20 mL chloroform + 0.5 mL water containing 164 mg 
ammonium acetate.

	 4.	Internal Standard: Lyso PE 13:0 is purchased from Avanti 
Polar Lipids.

	 5.	Mass Spectrometer: Q Exactive (Thermo Fisher).

3  Methods

	 1.	For biofluids, 100 μL is mixed with 1 mL of methanol contain-
ing the internal standard mixture and 1 mL of water. In the 
case of tissues and cells, they are sonicated in the methanol–
water solution.

	 2.	Next 2  mL of t-butylmethyether (MTBE) is added and the 
tubes capped. They are next shaken vigorously at room tem-
perature for 30 min using a Fisher Multitube Vortexer.

	 3.	The tubes are then centrifuged at 3000 × g for 15 min at room 
temperature.

	 4.	Next 1 mL of the upper organic lipid layer is transferred to a 
screw-top 1.5 mL microfuge tube and the samples dried for 
3.5 h in an Eppendorf Vacufuge.

	 5.	The samples are redissolved in 150 μL of the Infusion Solvent 
and the tubes centrifuged at 30,000  ×  g for 5  min in an 
Eppendorf Microfuge to precipitate any particulates.

	 1.	To the dried extract in 1.5  mL screw-top microvials, add 
0.1 mL of reagent and 20 μL of 1% ammonium acetate prior 
to heating at 40  °C for 15  min with shaking (Eppendorf 
Multitube Heater). The base catalysis is essential for complete 
conversion of ethanolamine lipids to their FMOC derivatives.

	 2.	The samples are then dried by vacuum centrifugation prior to 
dissolution in the infusion solvent.

Samples are infused at 5 μL/min and analyzed via negative ion ESI 
(<3 ppm mass error).

In tandem analyses, the dominant MS2 ion with:

	 1.	LPEs and ethanolamine plasmalogens is the anion of the acyl-
fatty acid substituent.

	 2.	Alkenyl LPEs is 196.03748 (glycerophosphoethanolamine—H2O), 
resulting from the loss of FMOC and the alkenyl substituent.

	 3.	Alkyl LPEs is 140.0113 (phosphoethanolamine).

3.1  Extraction

3.2  Derivatization

3.3  High-Resolution 
Mass Spectrometric 
Analysis

3.4  Tandem Mass 
Spectrometry

Paul Wood
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For the high-resolution mass spectrometric data, the top 1000 
masses, for 200–300 amu windows, and their associated ion inten-
sities are electronically transferred to an Excel spreadsheet. Within 
the spreadsheet is a list of FMOC derivatives, their exact masses 
(five decimals), and the scanned ions for the derivatives which are 
searched within the data table. If the calculated ppm mass error is 
determined to be ≤3 for the extracted ion, then the ratio of the ion 
intensity to that of the assigned internal standard is calculated and 
added to the spreadsheet (Tables 1, 2, and 3).

3.5  Mass 
Spectrometric Data 
Reduction

Table 1 
MS2 of the FMOC derivatives of lysophosphatidylethanolamines (LPE)

LPE Exact FMOC [M-H]− Product @ 25 [M-H]−

LPE 13:0 (Int Std) 411.2386 632.2994 213.1860

LPE 16:0 453.2855 674.3463 255.2329

LPE 16:1 451.2699 672.3307 253.2173

LPE 18:0 481.3168 702.3776 283.2642

LPE 18:1 479.3012 700.3620 281.2486

LPE 18:2 477.2855 698.3463 279.2329

LPE 18:3 475.2699 696.3307 277.2173

LPE 20:4 501.2855 722.3463 303.2329

LPE 22:6 525.2855 746.3463 327.2329

MS2 at 10 results in the loss of FMOC (−222.06808) while at 25 the product is the acyl fatty acid substituent

Table 2 
MS2 of the FMOC derivatives of alkenyl-lysophosphatidylethanolamines (LPEp)

LPEp Exact FMOC [M-H]− Product @ 25 [M-H]−

LPEp 16:0 437.2906 658.3514 196.0374

LPEp 16:1 435.2749 656.3357 196.0374

LPEp 18:0 465.3219 686.3827 196.0374

LPEp 18:1 463.3062 684.3670 196.0374

LPEp 18:2 461.2905 682.3513 196.0374

LPEp 18:3 459.2748 680.3356 196.0374

LPEp 20:4 485.2904 706.3512 196.0374

LPEp 22:6 517.3532 738.4140 196.0374

MS2 at 10 results in the loss of FMOC (−222.06808) while at 25 the product is the loss of FMOC and the plasmenyl 
substituent
Note: in the case of the FMOC derivatives of alkyl-LPE, MS2 at 10 results in the loss of FMOC (−222.06808) while at 
25 the product is ethanolamine (140.0113)

Derivatization of Lipid Amines: Fluorenylmethyloxycarbonyl (FMOC)
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4  Conclusion

FMOC is a robust reagent that generates stable and sensitive deriv-
atives of amine-containing lipids allowing the determination of 
both alkyl and alkenyl lysoglycerophospho-ethanolamines via 
direct infusion and MS2 analyses.
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Table 3 
MS2 of the FMOC derivatives of alkenyl-acyl glycerophosphoethanolamines (ethanolamine 
plasmalogens; PlsE)

PlsE Exact FMOC [M-H]− Product @ 25 [M-H]−

PlsE 16:0/16:0 675.5203 896.5811 255.2329

PlsE 16:0/18:0 703.5516 924.6124 283.2642

PlsE 16:0/18:1 701.5359 922.5967 281.2486

PlsE 16:0/18:2 699.5203 920.5811 279.2329

PlsE 16:0/18:3 697.5046 918.5654 277.2173

Pls E 16:0/20:4 723.5203 944.5811 303.2329

PlsE 16:0/22:6 747.5203 968.5811 327.2329

MS2 at 10 results in the loss of FMOC (−222.06808) while at 25 the product is the sn2 fatty acyl substituent
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Chapter 18

High-Resolution Mass Spectrometry 
of Glycerophospholipid Oxidation Products

Paul Wood

Abstract

Oxidation of lipids occurs in vivo with oxidative stress and during storage of biological samples, even at 
−80 °C. In this chapter, we demonstrate that the oxidation products of phosphatidylcholines include an 
aldehyde (sn-2 unsaturated fatty acyl substituent), an acid (sn-2 unsaturated fatty acyl substituent), the 
associated lysophosphatidylcholine, and a hydroperoxide (Fuchs et  al., Lipids 42:991–998, 2007; Hui 
et al., Anal Bioanal Chem 403:1831–1840, 2012).

Key words Lipid oxidation, Hydroperoxides, Lipid acids, Lyso lipids, Lipid aldehydes

1  Introduction

By utilization of diacyl and alkenyl-acyl glycerophospholipids as 
model lipids, we determined which oxidation products are gener-
ated after oxidation for 24 h at room temperature [1, 2].

2  Materials and Equipment

	 1.	Lipids: phosphatidylcholine 18:0/22:6, choline plasmalogen 
18:0/22:6, phosphatidylethanolamine 18:0/22:6, and etha-
nolamine plasmalogen 18:0/22:6 (Avanti Polar Lipids).

	 2.	Infusion Solvent: 80  mL of 2 propanol  +  40  mL metha-
nol + 20 mL chloroform + 0.5 mL water containing 164 mg 
ammonium acetate.

	 3.	Mass Spectrometer: Q Exactive (Thermo Fisher).
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3  Methods

	 1.	1 nanomole of lipid was dried in a 1.5 mL microtube and left 
open to the air at room temperature overnight.

	 2.	Next the sample was dissolved in infusion solvent.
	 3.	The tubes are then centrifuged at 30,000 × g for 5 min in an 

Eppendorf Microfuge to precipitate any particulates.
	 4.	In the case of ethanolamine phospholipids, the lyso lipids as 

well as the parent lipids can be derivatized with FMOC (Chap. 
17) and monitored via direct infusion.

Samples are infused at 5 μL/min and analyzed via positive ion ESI 
(<3 ppm mass error).

The extracted ions for the parent lipid, the aldehyde, the acid, the 
hydroperoxide, and the lyso lipid were monitored. As Presented in 
Tables 1 and 2, the relative ion intensities were different for diacyl 
vs. alkenyl-acyl glycerophospholipids. Table 3 presents the FMOC 
derivatives of the lysophosphatidylethanolamines generated during 
lipid oxidation, while Table 4 lists the FMOC derivatives of the 
parent ethanolamine plasmalogens.

4  Conclusion

Monitoring the aldehyde and acid metabolites of glycerophospho-
lipids is a robust method to monitor lipid oxidation. The hydro-
peroxide is a sensitive biomarker of plasmalogen oxidation, while 
acid metabolites are useful for monitoing oxidation of diacyl glyc-
erophospholipids. The relative contributions of in vivo vs. sample 
storage conditions complicate interpretation of the data without 
well-matched controls.
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Table 1 
Oxidation products of phosphatidylcholine 18:0/22:6

High-Resolution Mass Spectrometry of Glycerophospholipid Oxidation Products
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Table 2 
Comparison of the oxidation products of phosphatidylcholine 18:0/22:6 (PtdC), choline plasmalogen 
18:0/22:6 (PlsC), phosphatidylethanolamine 18:0/22:6 (PtdE), and ethanolamine plasmalogen 
18:0/22:6(PlsE)

Lipid Aldehyde Acid Lyso Hydroperoxide

PtdC 40:6 100 66.4 11.5 7.8

PlsC 40:6 29.5 9.6 1.0 100

PtdE 40:6 13.1 89.5 100 33.5

PlsE 40:6 5.8 46.9 64.6 100

The listed values are relative intensities

Table 3 
MS2 of the FMOC derivatives of alkenyl-lysophosphatidylethanolamines (LPEp). MS2 at 10 results in the 
loss of FMOC (−222.06808) while at 25 the product is the loss of FMOC and the plasmenyl substituent

LPEp Exact FMOC [M−H]− Product @ 25 [M−H]−

LPEp 16:0 437.2906 658.3514 196.0380

LPEp 16:1 435.2749 656.3357 196.0380

LPEp 18:0 465.3219 686.3827 196.0380

LPEp 18:1 463.3062 684.3670 196.0380

LPEp 18:2 461.2905 682.3513 196.0380

LPEp 18:3 459.2748 680.3356 196.0380

LPEp 20:4 485.2904 706.3512 196.0380

LPEp 22:6 517.3532 738.4140 196.0380

Note: in the case of the FMOC derivatives of alkyl-LPE, MS2 at 10 results in the loss of FMOC (−222.06808) while at 
25 the product is C5H12NO5P (anion of 196.0380)

Table 4 
MS2 of the FMOC derivatives of alkenyl-acyl glycerophosphoethanolamines (ethanolamine 
plasmalogens; PlsE)

PlsE Exact FMOC [M-H]− Product @ 25 [M-H]−

PlsE 16:0/16:0 675.5203 896.5811 255.2329

PlsE 16:0/18:0 703.5516 924.6124 283.2642

PlsE 16:0/18:1 701.5359 922.5967 281.2486

PlsE 16:0/18:2 699.5203 920.5811 279.2329

PlsE 16:0/18:3 697.5046 918.5654 277.2173

Pls E 16:0/20:4 723.5203 944.5811 303.2329

PlsE 16:0/22:6 747.5203 968.5811 327.2329

MS2 at 10 results in the loss of FMOC (−222.06808) while at 25 the product is the sn2 fatty acyl substituent

Paul Wood
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Lipid extraction
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equipment��������������������������������������������������������������135
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metabolomics�����������������������������������������������������������������21
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structural molecules�������������������������������������������������������21
sub-ppm mass error�������������������������������������������������������39
tissues and bio-fluids�����������������������������������������������������22
transcriptomic and proteomic systems���������������������������21

Lipidomics��������������������������������������������������������� 111, 125, 129
defined�����������������������������������������������������������������������������1
cell quenching method������������������������������������������������176
drug mechanisms���������������������������������������������������������175
endogenous lipids��������������������������������������������������������176
Folch method��������������������������������������������������������������177
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Lipid Maps consortium���������������������������������������������������3
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organism-and cell-structure dependent�����������������������176
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sample preparation�������������������������������������������������������176
shotgun steroidomics���������������������������������������������������5–6
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diacyl and alkenyl-acyl glycerophospholipids��������������237
FMOC derivatives�������������������������������������������������������240
high-resolution mass spectrometric analysis����������������238
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method������������������������������������������������������������������������238
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Lipid-transfer proteins (LTPs)
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conventional assay system����������������������������������������������82
developed assay system��������������������������������������������������82
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organelle structures and functions���������������������������������81
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Liquid nitrogen vapor freezing method�������������������������������49
Liquid secondary ionization mass spectrometry  

(LSIMS)����������������������������������������������������������5, 6
Liquid chromatography (LC)��������������������������������������������109
LODs. See Limit of detections (LODs)
LOOH. See Lipid hydroperoxides (LOOH)
LTPs. See Lipid-transfer proteins (LTPs)
Lymphocyte suspension cells�������������������������������������177, 181
Lyso lipids�������������������������������������������������������������������������238
Lysophosphatidylethanolamines (LPE)����������������������������235

M

MALDI-imaging mass spectrometry (MALDI-IMS)
analytical equipment and supplies���������������������������������50
animals and dissection components�������������������������46–48
biological systems����������������������������������������������������������45
data analysis�������������������������������������������������������������������56
diseases and disorders����������������������������������������������������45
experiments�������������������������������������������������������������������56
“hydrophilic” glycolipids������������������������������������������������46
molecular–histological maps������������������������������������������46
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signal transduction molecules����������������������������������������45
tissue dissection and sectioning�������������������������������51–52
ultraflex extreme MALDI-TOF/TOF��������������������������54

MALDI ionization��������������������������������������������������������������25
MassLynx Software�������������������������������������������������������������64
MDMS. See Multidimensional mass spectrometry (MDMS)
Methyl tert-butyl ether (MTBE) extraction�����������������������23
Milli-Q system��������������������������������������������������������������������82
Modern mass spectrometry imaging (MSI)��������������������������8
MRM. See Multiple reaction monitoring (MRM) mode
MRM chromatograms����������������������������������������������116, 122
MSI. See Modern mass spectrometry imaging (MSI)
MS imaging

brain porcine lipid extract analysis���������������������������69, 70
DESI optimization��������������������������������������������������71–74
desorption ionization sources����������������������������������������69
tissue preparation�����������������������������������������������������69–71
topographic mapping, lipid content�������������������������������69
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