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ARTICLE INFO ABSTRACT
Article history: Mass spectrometry is now an indispensable tool for lipid analysis and is arguably the driving force in the
Received 11 September 2012 renaissance of lipid research. In its various forms, mass spectrometry is uniquely capable of resolving the
Received in revised form 19 March 2013 extensive compositional and structural diversity of lipids in biological systems. Furthermore, it provides
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Available online xxxx the ability to accurately quantify molecular-level changes in lipid populations associated with changes in

metabolism and environment; bringing lipid science to the “omics” age. The recent explosion of mass
spectrometry-based surface analysis techniques is fuelling further expansion of the lipidomics field. This
is evidenced by the numerous papers published on the subject of mass spectrometric imaging of lipids in
Ambient ionization recent years. While imaging mass spectrometry provides new and exciting possibilities, it is but one of
Mass spectrometry imaging the many opportunities direct surface analysis offers the lipid researcher. In this review we describe
Thin-layer chromatography the current state-of-the-art in the direct surface analysis of lipids with a focus on tissue sections, intact
cells and thin-layer chromatography substrates. The suitability of these different approaches towards
analysis of the major lipid classes along with their current and potential applications in the field of lipid
analysis are evaluated.
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1. Introduction

Technological developments, particularly those in the field of
mass spectrometry, have been central to the rapid growth in the
field of lipidomics [1,2]. The ultimate goal of lipidomics is to quan-
titatively describe all lipids within a cell and their associated func-
tions [3]. However, the extensive structural diversity observed in
lipid populations poses a significant challenge to this endeavor.
For example, variations in common structural motifs observed in
mammalian lipids (i.e., headgroup structure, chain length and de-
gree of unsaturation in fatty acyl chains and the degree of sphingo-
lipid glycosylation) have led to estimates of over 180,000 possible
lipid structures in nature [4]. Moreover, isomeric variants arising
due to alterations in double bond position, backbone substitution
of fatty acyls, and stereochemistry, further increase the number
of possible lipid structures. Thus comprehensive analysis of biolog-
ical lipids requires analytical techniques possessing: (i) a high level
of molecular specificity that allows one to differentiate the many
molecular lipid structures invariably present in any lipid extract;
and (ii) the ability to provide detailed structural information on
the individual lipids present in a given system.

The excellent sensitivity and molecular specificity offered by
modern mass spectrometry has made it arguably the method of
choice for lipid analysis. No other analytical method allows for
both the simultaneous and differential detection of individual lipid
variants and acquisition of the detailed structural information that
is required by the lipid researcher. Mass spectrometric analysis of
lipids is traditionally achieved following lipid extraction from a
sample (typically tissue or cells) and analysis by infusion-based
electrospray ionization (ESI), with or without prior chromato-
graphic separation. During ESI the sample solution is infused
through a small capillary that has a high voltage applied (3-5 kV)
[5]. This results in a charged spray being emitted from the capil-
lary, which, following solvent evaporation assisted by a nebulizing
gas, produces intact gas-phase lipid ions that then enter the mass
spectrometer for analysis. Once transferred into the mass spec-
trometer, lipid ions can be subjected to tandem mass spectrometry
(MS/MS), primarily through collision-induced dissociation (CID).
CID analysis readily allows the identification of a range of struc-
tural motifs, such as headgroup structure and the length and de-
gree of unsaturation of fatty acid chains [6,7]. These approaches
have been invaluable for the structural, qualitative and quantita-
tive analysis of lipids and form the foundation of most lipidomic
workflows. For an in-depth discussion on the field of lipidomics
and the role of mass spectrometry in lipid research please see ref-
erences [1,8].

In recent years there has been a plethora of new mass spec-
trometry approaches developed that provide direct surface analy-
sis capabilities. These approaches allow direct detection of lipids
from surfaces that are typically encountered in lipid analysis, such
as tissue sections and intact cells, without prior extraction. Fur-
thermore, many of these approaches can also be coupled with
additional analytical techniques such as thin-layer chromatogra-
phy (TLC), a popular method used for the separation of complex li-
pid extracts on a silica gel surface [9]. Perhaps the most powerful
capability of these methods in regards to lipid analysis however,
is their ability to acquire position-correlated spectra that allow
the spatial distribution of lipids within a sample to be visualized
(so-called mass spectrometry imaging or MSI). Thus surface analy-
sis can provide complementary information to that typically ob-
tained by infusion-ESI of biologically derived lipid extracts. Most
notably, surface analysis can elucidate the spatial distribution(s)
of lipids within a sample, complementing quantitative analysis
on lipid extracts from the same source.

Regardless of the approach, there are three requirements for
successful and efficient mass spectrometric surface analysis,
namely: (i) desorption of desired analytes from the surface by
the interaction of a sampling probe with the surface (e.g., spray, la-
ser, or plasma); (ii) ionization of desorbed analytes (note that some
lipids, such as certain classes of phospholipids, are already charged
and do not require post-desorption ionization); and (iii) analysis of
the gas-phase analyte ions in the mass spectrometer. Crucially, the
energy deposited during the desorption and ionization events
determines the structure of the detected ions (i.e., fragments or in-
tact molecules). Fortunately, for most (but not all) surface analysis
methods, ionization is generally “soft”. This means intact ions (e.g.,
[M+H]", [M+alkali]", [M-H]~) are the dominant ionic products. This
is advantageous as the lack of fragmentation occurring during
“soft” ionization produces easy-to-interpret spectra. For further
structural information (e.g., headgroup and fatty acid composition)
these ions can then be subjected to collision-induced dissociation
(CID) [6].

Traditional mass spectrometry surface analysis methods in-
clude matrix-assisted laser desorption ionization (MALDI) [10,11]
and secondary ion mass spectrometry (SIMS) [12]. Both methods
have been used extensively for lipid analysis with great success, al-
beit with different capabilities. Importantly, in their conventional
forms, MALDI and SIMS require desorption and ionization be per-
formed in vacuo. This can complicate sample introduction and re-
quires that the sample be resistant to modification in the vacuum
environment (e.g., dehydration of untreated tissue samples can
lead to deformation, which may introduce artifacts). As a result,
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