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a b s t r a c t

There are numerous reports demonstrating the heterogeneous spatial distributions of lipids throughout
biology using mass spectrometry imaging (MSI). However, despite these and the biological significance of
lipid alterations there remains a surprising lack of understanding regarding the underlying origins of the
spatial distributions detected with MSI. With the rapid improvements in analytical capabilities of MSI
instrumentation, it is now at the point that these biological questions can begin to be addressed. In this
review we focus on (i) work providing insight into the biochemical origins of lipid spatial distributions,
with an emphasis on the role of localised enzymatic processes in determining lipid compositions; (ii) use
of stable isotope labelling to spatially-resolve the kinetics of lipid synthesis; and (iii) current challenges
faced by the lipid MSI community and new analytical methods to overcome them. Combined, these
topics highlight the added biological information that can be acquired from the MSI of lipids.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

The continuous and rapid improvements in mass spectrometry
(MS) technology is strongly correlated with the increased appre-
ciation and understanding of the critical and complex roles per-
formed by lipids in biology [1,2]. While the ever-improving
resolving power and structural elucidation capabilities of MS-based
lipidomics have shed light onto the sheer complexity of the lip-
idome, both with respect to compositional and structural varia-
tions, significant analytical challenges are still faced [3]. To date, the
majority of lipidomics studies are performed on extracts following
sample homogenization. While these approaches have proven
immensely valuable they necessitate the loss of information
regarding the spatial context of a lipid in a heterogeneous tissue or
cell. As a consequence, information relating to the local microen-
vironment in which a lipid is present is sacrificed, and significant,
but highly localised, lipid alterations may be diluted beyond the
detection limit in the extract.

Over the last decade, mass spectrometry imaging (MSI) has
emerged as a powerful analytical method to probe the spatial dis-
tributions of many lipid classes throughout biological tissues [4,5].
. Ellis).
A key advantage of MSI over other imaging modalities is the ability
to perform unlabelled imaging of many molecules in parallel,
facilitating simultaneous detection of numerous lipid species hav-
ing distinct mass-to-charge values. From a lipidomics standpoint
one can thus think of MSI as performing a MS1-level shotgun lip-
idomics experiment at each pixel. This can be achieved using a
variety of desorption/ionisation methods, with Matrix-Assisted
Laser Desorption/Ionisation (MALDI) [5], Secondary Ion Mass
Spectrometry (SIMS) [6] and Desorption Electrospray Ionisation
(DESI) [7] representing the most popular approaches.

Lipids present a highly promising class of molecules to study by
MSI, due to both the high abundance and ionisation efficiency of
many lipid species, and their implications in many biological pro-
cesses. Furthermore, unlike other molecular classes like proteins,
lipids have arguably the most straightforward sample preparation
procedures, making their detection often reproducible and robust.
By exploiting the untargeted nature of MS, it is possible to inves-
tigate changing lipid profiles throughout different tissues and cell
types. Heterogeneity in lipid profiles is observed in virtually all MSI
studies, highlighting the many and specific roles performed by in-
dividual lipid species, and the valuable information obtainable from
their spatial distributions. This has led to the emergence of MSI as a
potentially powerful diagnostic tool, capable of identifying tissue-
type changes in lipid composition and making diagnostic pre-
dictions based on localised lipid composition [8]. To illustrate,
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Abbreviations

AA-CL Arachidonic acid containing lipids
DAG Diacylglyceride
DESI Desorption electrospray ionization
ESI Electrospray ionization
FTICR Fourier-transform ion cyclotron resonance
GalCer Galactosylceramide
h.p.i Hours post-infection
HBV Hepatitis B virus
LC Liquid Chromatography
MAG Monoacylglyceride
MALDI Matrix-assisted laser desorption/ionization
MS/MS Tandem mass spectrometry
MS Mass spectrometry

MSI Mass spectrometry imaging
MUL Monounsaturated lipids
OzID Ozone-induced dissociation
PA Phosphatidic acid
PC Phosphatidylcholine
PE Phosphatidylethanolamine
PI Phosphatidylinositol
PS Phosphatidylserine
SCD1 Stearoyl-CoA desaturase-1
SIMS Secondary ion mass spectrometry
SM Sphingomyelin
SMS2 Sphingomyelin synthase 2
TAG Triacylglyceride
TOF Time-of-flight
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changes in local lipid compositions have been shown to enable
differentiation of brain tumor sub-types [9] and the mapping of
spatially-dependent chemical alterations in liver disease [10], while
lipid profiles also show much promise for real-time annotation of
tissue types during surgery [11,12]. This latter approach is typical of
many lipid MSI studies that seek to determine the alterations in
global profiles throughout different tissue regions without neces-
sarily needing to know the identity or implications of the detected
lipids. However, to understand the biological meaning behind MSI
data, identification of the lipid species is required.

Despite the ever-increasing utility of lipid MSI as an (bio)
analytical technique, it is remarkable that there exists little
knowledge as to why lipids exhibit different spatial distributions
throughout tissues or with a change of biochemical state (e.g.,
disease). In many MSI studies, accurate mass and tandem mass
spectrometry (MS/MS) are performed to identify some of the
observed lipids. However, due in part to a general lack of under-
standing regarding the roles of individual lipid species in biology, it
has been difficult to interpret lipid spatial distributions in terms of
biological processes. To move beyond simply visualising altered
spatial distributions, it is becoming increasingly important to un-
derstand the biochemical origin of lipid MSI results. This would
enable researchers to place images into a biological context and
understand both the cause and consequence of spatially altered
lipid compositions. With advances in sensitivity, spatial resolution,
and chemical specificity, MSI technology is now at the point where
it can begin to address these paramount questions. In this review,
we describe MSI work focusing not only on lipid spatial distribu-
tions, but also on beginning to elucidate the underlying processes
giving rise to lipid MSI data. We also describe advances in MSI
technology that provide new opportunities for MSI including vis-
ualising local synthesis kinetics, improved lipidome coverage and
sensitivity along with critical analytical challenges that must be
addressed to enable imaging of structurally-defined lipid species.

2. Analytical methods for MSI

In this section we briefly describe relevant analytical aspects of
the key desorption/ionisation techniques used for lipid MSI.

2.1. MALDI

MALDI is the most prominent method used for lipid MSI. It of-
fers high sensitivity for many important lipid classes and can be
coupled to most mass analysers, enabling both high mass accuracy
and structural analysis via MS/MS of detected lipids. The
requirement for a matrix requires careful consideration in regards
to sample preparation, especially if high spatial resolution is
required. Further details of MALDI-MSI sample preparation are
provided in Refs. [13,14]. The classes of lipids detected can be
somewhat tuned via matrix selection; however, in most cases
positive-ion mode spectra are dominated by phosphatidylcholine
(PC) and sphingomyelin (SM), while negative-ion spectra are
dominated by acidic phospholipids and sphingolipids (e.g., sulfa-
tides) [5]. Although termed a “soft” approach, MALDI can still result
in some in-source fragmentation which can lead to erroneous
assignment of detected ions as endogenous lyso lipids, phospha-
tidic acid (PA), dehydrated diacylglycerides (DAG) or free fatty
acids that may readily form following phospholipid fragmentation.
Commercial MALDI MSI instruments now offer throughput
approaching 40 pixels/second and spatial resolutions down to
10 mm, while experimental instruments now approach one
micron [15].

2.2. SIMS

SIMS offers the highest spatial resolution of any MSI technique.
Using traditional atomic ion beams, spatial resolutions as low as
several hundred nanometers have been achieved for lipid imaging
[6,16]. However, the resulting high energy desorption/ionisation
process results in severe fragmentationmeaning intact lipid species
are barely observed, making true lipidome imaging and interpre-
tation difficult. This has been partly addressed with application of
soft cluster sources such as C60

þ that offer softer ionisation condi-
tions and enable detection of intact lipid species [6]. When
deployed on instruments enabling continuous beam operation
spatial resolutions as low as 300 nm have been reported [17]. More
recently, gas cluster ion beams (e.g., Ar4000 clusters) have further
improved the analytical capability of SIMS for lipid MSI [18]. These
offer the softest ion generation conditions of any SIMS approach,
but are to-date limited to spatial resolutions in the low micron
range and can still result in greater fragmentation compared to
MALDI [18]. Thus, consideration of these effects is essential to avoid
misinterpretation of fragment ions as biologically significant lipids.
Nonetheless, the ability to generate intact lipid ions from tissues
has led to the development of SIMS identification approaches using
both MS/MS and high mass resolution systems [19e21].

2.3. DESI

DESI is the most widespread ambient ionisation technique used
for lipid MSI [22]. DESI facilitates MSI at atmospheric pressure
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without the need for an external matrix. It is a soft ionisation
method (similar to ESI), enabling detection of a broad range of lipid
classes with minimal fragmentation. Additionally, it can be coupled
to a variety of mass analysers enabling high mass resolution and
MS/MS for lipid identification. The typical spatial resolution is
100e250 mm, which is sufficient to resolve many distinct tissue
regions characterised by different lipid compositions [23]. A unique
aspect of DESI is the ability to perform in-situ derivatisation during
the desorption/ionisation step, which can enable detection of
poorly ionised lipid classes such as cholesterol [24].

3. Applications of MSI to localised lipid biochemistry

Many lipid MSI studies have focused on elucidating the altered
lipid metabolism within cancers. In a MALDI MSI study utilizing
Fourier Transform Ion Cyclotron Resonance (FTICR) MSI of lipids
detected from six different types of cancer (breast, lung, colorectal,
esophageal, gastric, and thyroid), Guo et al. observed elevated
signals of monounsaturated lipids (MUL) in cancerous tissues [25].
All six cancer types across more than 100 different patients
demonstrated a conserved set of lipid alterations, including PCs
32:1, 34:1, and 36:1 showing elevated signals in cancerous tissue
relative to their saturated analogues. Interestingly, different can-
cers were found to overexpress specific MUL relative to others. For
example, the PC(32:1):PC(32:0) ratio was increased in all cancer
types except thyroid cancer, whereas the PC(36:1):PC(36:0) ratio
was elevated in all cancers except colorectal cancer (Fig. 1a).
Concomitantly, polyunsaturated lipids, notably PC and phospha-
tidylinositol (PI) 38:4, exhibited a marked decrease in concentra-
tion in several of the cancers. The source of these significant lipid
alterations was determined by studying the associated expression
of enzymes related to lipid synthesis [25]. A significant elevation in
expression of fatty acid synthase, stearoyl-CoA desaturase-1 (SCD1),
and choline kinase a in the cancers was observed and correlated
well with observed MSI data (Fig. 1b), suggesting lipid distribu-
tions were the result of localised enzymatic processes [25]. This
correlates well with the understanding that SCD1 is the key
enzyme of the rate limiting step in the synthesis of mono-
unsaturated fatty acids [26]. Similar SCD1 mediated alterations in
monounsaturated PC lipids relative to saturated analogues have
also been reported using MSI in breast cancer [27] and, tentatively,
in lymphoma [28]. In addition to changes in (un)saturation,
negative-ion mode MALDI MSI has shown sulfatides to be elevated
in ovarian cancers [29]. Intriguingly, the increased sulfatide levels
were not homogenous within the tumor, but instead localised to
the tumor epithelium. Sulfatide levels were strongly correlated
with a significant increase in both galactolsylceramide (GalCer)
synthase (11-fold) and galactose-3-O-sulfotransferase 1 (3.5-fold)
relative to normal ovarian stromal tissue, both of which are
involved in sulfatide synthesis [29]. This provides a probable
insight into the underlying biochemical origin of spatially-resolved
sphingolipid metabolism.

MALDI MSI of both liver and kidney tissues sourced from wild
type and sphingomyelin synthase 2 (SMS2) deficient mice fed both a
normal (ND) and high fat (HFD) diets has shed further light onto
alterations in sphingolipid metabolism [8]. SMS2 is a key enzyme
involved in the conversion of ceramides into SM. In all mice,
potassiated SM(d18:1/16:0) was localised at the border of the renal
cortex and medulla. In contrast, [SM(d18:1/22:0)þK]þ was local-
ised in the medulla, with lower levels observed in the SMS2-
knockout mice [8]. Moreover, [SM(d18:1/24:0)þK]þ and
[SM(d18:1/24:1)þK]þ were localised in the renal cortex and
exhibited reduced levels upon high fat diet and SMS2 deficiency,
thus pointing to a role of SMS2 in region-specific SM synthesis in
the kidney.
Enzymatic processes can also lead to the production of bioactive
lipids that propagate the effects of disease/infection. In this context,
several MSI studies have focused on the local synthesis and con-
version of arachidonic acid containing lipids (AA-CLs). Scott et al
[30] showed the breakdown of AA-CLs upon Francisella novicida
infections in mice using MALDI TOF MSI and MALDI FTICR MSI. The
infectionwas spatially visualised throughout mouse spleens via the
infection-specific Lipid A molecule, which was distributed
throughout the red pulp and detected from 36 h post-infection
(h.p.i.) (Fig. 2a). Spatial alterations in the host lipidome were also
detected, and revealed a high initial abundance of PI(16:0/20:4) in
the white pulp. At 48 h.p.i., a drastic decrease in PI(16:0/20:4) was
observed and associated with the onset of sepsis and breakdown of
the white pulp followed by necrosis at 60 h.p.i (Fig. 2b) [30]. Similar
reductions in other AA-CLs were also observed and confirmed with
quantitative LC-MS/MS (Fig. 2cef). The decrease in AA-CLs was
shown to be the outcome of AA detachment from phospholipids via
an increased activity of cytosolic phospolipase-A2 in the infection
(Fig. 2g). Critically, this release of AAwas associatedwith significant
elevation in cycloxegenase-2 (Fig. 2h), leading to the formation of
the highly inflammatory eicosanoid prostaglandin E2 (quantified
by LC-MS/MS). This dramatic and rapid generation of inflammatory
eicosanoids is a major contributor to the lethality of the infection.
Furthermore, 3D-MSI using high-throughput MALDI TOF was used
to generate a 3D model of the host-pathogen lipid interface via the
distribution of infection- and host-specific lipids [30]. Similar
breakdown products from AA-CLs have also been implicated in
nonalcoholic fatty liver disease. In a MALDI MSI study by Hall et al.
distinct zonation of PC and SM lipids in nonalcoholic fatty liver
tissues was observed. This zonation was subsequently lost
following progression to nonalcoholic steatohepatitis [10]. AA-CL
signals, in particular [PC(36:4)þK]þ and [PC(38:4)þK]þ, were
elevated in zone 3 of the liver and strongly correlated with the
location of lysophosphatidylcholine acyltransferase 2, a key enzyme
involved in phospholipid remodelling and the creation of AA-CLs,
using immunohistochemistry. Moreover, proinflammatory eicosa-
noids were again observed and associated with release of free AA
from phospholipids following the action of cytosolic phospholipase
A2 and arachidonate 15-lipoxygenase enzymes [10]. The importance
of AA-CL's has also resulted in their spatial alterations being
observed in several other MSI studies, including a MALDI MSI study
detailing elevated levels of [PI(18:0_20:4)-H]- at the outer edges of
colorectal cancers [31]. In another study, a logarithmic decrease in
AA-CLs signals was observed from the base to the top of colon
crypts and again correlated with local expression of various en-
zymes involved in lipid synthesis, breakdown, and metabolism
[32]. Other examples of altered AA-CL distributions include an ag-
gregation of AA-containing PC lipids near the site of spared nerve
injuries, which correlated with microglia activation [33], and an
observed gradient of AA-containing PCs in the axons of mice neu-
rons, with enriched levels observed within the axon and a
proximal-to-distal abundance gradient detected [34].

Non-polar lipids, such as triacylglycerides (TAGs), have also
been studiedwithMSI. In one SIMS study, a Bi3þ ion beamwas used
to probe intestinal absorption of dietary fat in mice, via analysis of
their duodenums after different digestion times following force
feeding with cholesterol-enriched sunflower oil [35]. Comparisons
of peak ratios following different digestion times revealed selective
alterations in certain lipid species. For example, peak ratios of C18-
containing monoacylglyceride (MAG), DAG, and TAG signals
increased with digestion time. Spatially, lipid signals corresponding
to those species present at high levels in the oil (C18:2 and C18:1)
increasedmostly in the enterocytes (likely present as cytosolic lipid
droplets), while C18:0, C16:1 and C16:0 carboxylate signals
decreased in the lamina propria [35]. Isolation of cytosolic lipid



Fig. 1. Elevated levels of monounsaturated lipids observed in various cancers by MALDI MSI at 200 mm pixel size. (A) MALDI MSI data of four different PC lipid species acquired from
thyroid, gastric, lung, esophageal, colorectal and breast cancers. Optical images of H&E stained tissue sections of the six different cancers are provided above the corresponding MSI
data. Cancerous areas are circled with a red dotted line and adjacent normal tissue with a blue dotted line. (B) Altered lipid compositions of cancers is also correlated with elevated
levels in the expression of Stearoyl-CoA Desaturase 1 (SCD1), and Choline Kinase a (CKa) and Fatty Acid Synthase (FASN), eluding to the critical relationship between localised lipid
compositions revealed by MSI and enzyme processes (Image adapted with permission from Ref. [25]).
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droplets was performed, with the neutral lipid composition of lipid
droplets determined with gas-liquid chromatography. Activity of
acyl-transferase enzymes within the lipid droplets was also
detected (MAG acyl transferase 2 and DAG acyl transferase 2), in
addition to other enzymes including acyl-coenzyme A, cholesterol
acyltransferase and adipose triglyceride lipase. This suggests that the
SIMS MSI data, which showed localised uptake of dietary lipids,
may be rationalised via enzymatic-drivenmetabolic processes [35].

MSI has also been used to study lipid metabolism in plant seeds.
Using MALDI MSI, Horn et al. described the acyl-chain de-
pendencies of lipid distribution in the oil seeds of Camelina sativa
[36]. As an example, 18:2 containing lipids, such as PC(16:0_18:2)
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and PC(18:2/18:2), were enriched within the embryonic axis rela-
tive to cotyledons. In contrast, PC lipids containing 18:3 or 20:1
chains were enriched in the cotyledons relative to the embryonic
axis. A variety of genetically engineered oil seeds, which were
enriched in 16:0, 18:1 and 18:2 fatty acids, were produced via
interference in the enzymatic synthesis of FAs and subsequently
studied with MALDI MSI. In 16:0-enriched seeds, PC(16:0_18:2)
revealed a relatively homogenous distribution, in stark contrast to
the wild-type seeds [36]. Moreover, even with 16:0 making up 40%
of the available fatty acid pool, little of the fully saturated PC and
TAGs (i.e., PC(32:0) or TAG(48:0) were observed, suggesting the
presence of a metabolic bottleneck in the generation of fully satu-
rated PC and TAGs. For genetically engineered seeds enriched with
70% 18:1, PC(18:1/18:1) showed a heterogeneous distribution, be-
ing elevated in the cotyledons while polyunsaturated PC lipids
were relatively increased in the embryonic axis. These results
suggested an incomplete suppression of fatty acid desaturase 2,
with it being more active in the embryonic axis. In the context of
genetically engineering oil compositions, this could infer an upper
limit of 18:1 accumulation determined by compartmentalization.
Such effects can only be visualised with imaging methodologies,
with this study in particular demonstrating the analytical potential
of using altered lipid compositions to infer localised enzymatic
processes.

Finally, in some cases one can take advantages of the fact that
positive-ion mode lipid MSI often results in the simultaneous
observation of multiple adducts for a given lipid species (e.g.,
[MþH]þ, [MþNa]þ and [MþK]þ). As a result heterogeneity in the
local chemical matrix (both endogenous (e.g, salt) and that intro-
duced upon application of the MALDI matrix) can significantly alter
the mass spectra acquired from a given position, even for tissue
areas with identical lipid compositions. It is thus imperative that
changes in adduct ratios are not mistakenly interpreted as altered
lipid compositions. However, changes in sodiated and potassiated
ion ratios can potentially provide insight into altered activity of
Naþ/Kþ-ATPase activity. For example, using MALDI MSI, a relative
increase in [MþNa]þ ion signal of PC(16:0_18:1) compared to
[MþK]þ ion has been observed at the site of traumatic brain injury
[37], while altered PC Naþ/Kþ ratios have also been observed in
livers following hepatitis B virus (HBV) infected livers with HBV-
mediated regeneration defects [38].

4. Adding temporal data: Visualizing local lipid dynamics in
tissues

Despite the vast potential of MSI to study alterations in localised
lipid compositions throughout tissues, it is still blind to a critical
aspect of lipid biochemistry; that of the dynamic nature of in-vivo
lipid synthesis and turnover. A powerful approach to access this
dynamic information lies in stable isotope labelling, as employed in
flux-based lipidomics studies [39]. By incorporating stable isotopes
involved in lipid synthesis into a biological environment, their
uptake into various lipids can be detected with MSI. Although the
use of stable isotope labelling combined with MSI has found suc-
cess in SIMS, in particular nano-SIMS which enables sub-cellular
imaging of isotopic enrichments, these studies are limited by the
extensive fragmentation induced by the desorption/ionisation step
(e.g., detection of CH� or CN�) meaning only global enrichments
can be measured. It is only recently that soft-ionisation MSI
methods been deployed to study lipid dynamics of intact (and thus
identifiable) lipid species.

Two studies have applied MSI to study the kinetics of phos-
pholipid synthesis following D2O administration [23,40]. In both
studies, drinking water was enriched with 8% D2O, resulting in the
incorporation of deuterium into newly synthesised lipids. In the
study by Louie et al., mice containing breast tumors were provided
access to 8% D2O drinking water for 5 days prior to sacrifice and
collection of breast tumor tissue. Analysis of tissue was performed
using nanostructured initiator mass spectrometry, which can be
viewed as an alternative to MALDI that does not require the
sample be coated in an organic matrix, but where the nano-
structured surface itself acts as the matrix. The resulting per-pixel
TOF spectra provided both lipid compositions (mostly PC lipids)
and information regarding local synthesis via the shifted isotope
profiles [40]. Distributions of a variety of unlabelled PC lipids are
provided in Fig. 3 (row 1 and 4) revealing heterogeneous endog-
enous lipids throughout the tumor tissue. Interestingly, MSI of the
corresponding deuterium enriched lipid signals (Fig. 3 row 2 and
5) and fractional enrichment values representing the ratios of
labelled:unlabelled lipid species (Fig. 3 row 3 and 6) reveal
different ion distributions suggesting area of highest lipid con-
centrations are not necessarily the areas of highest synthesis
rates. These data likely reflect tissue and cell-type specific varia-
tions in lipid flux. In a similar study performed with DESI and rat
brain tissue, subtle regio-specific alterations in the synthesis of
several lipids, including PS(40:6) and PI(38:4) were observed [23].
For example, faster synthesis of PS(40:6) was detected in the ce-
rebral cortex and the septal nucleus. In contrast, PI(38:4) revealed
the highest turnover in the corpus callosum, where the overall
concentration is lowest, providing evidence for either rapid
degradation/conversion or redistribution throughout the brain. A
potential disadvantage of D2O labelling is the high probability that
a given lipid species can possess a distribution in the number of
deuterium atoms. In the absence of sufficient mass resolution, this
can potentially result in isobaric overlaps and masking of signals
related to low-abundance lipid species. In an alternative
approach, d3-palmitate was used to study the kinetics of PC lipid
synthesis within neurons cultured in a compartmentalised system
[41]. Using high spatial resolution MALDI MSI (6 mm pixel size),
the incorporation of labelled palmitate could be visualised across
individual neurons. The most abundant labelled lipid signals
corresponded to PC(32:0) containing two d3-palmitate acyl
chains. Applying d3-palmiate to the loading side of the culture,
labelled d6-PC(32:0) was observed around the cell body and also
within the neurites along the microgroove regions of the culture.
When d3-palmiate was only added to the distal side, d6-PC(32:0)
was only enriched in the tips of the neurites [41], suggesting that
transport of newly synthesised lipids from the distal side
throughout the neuron is restricted.

The above reports have only just begun to scratch the surface of
the possibilities enabled by kinetic-MSI coupled with isotope
labelling, and it is certain to become a rapidly growing area for MSI
in the near future, providing a window into a thus far hidden
dimension of biochemical information. It is likely that to fully
exploit isotope labelling high mass resolving power MSI will be
required to resolve (insofar as is possible with current high
resolving power MSI instruments) isobaric ions that will inevitably
be present due to both the diversity of naturally generated lipids
and those enriched with stable isotopes (i.e., to resolve [PC(34:1)þ
H]þ containing 2� deuterium or carbon-13 atoms from mono-
isotopic and [PC(34:0)þH]þ). Regarding enrichment sensitivity,
with current MSI technology it is reasonable to expect the ability to
detect and image enrichment factors of ~1% for many species in a
single pixel, which is roughly an order of magnitude higher than
required with current extract-based methods (e.g., those based on
lipid extraction from homogenised tissue) [42]. With further im-
provements in sensitivity and dynamic range, isotope labelling
strategies will provide a powerful toolbox for studying a diverse
array of cell- and tissue-specific lipid synthesis and conversions
processes.
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Fig. 3. Use of isotope stable isotope labelling combinedwithMSI to reveal the kinetics of lipid synthesis withinmouse breast tumor (deuterium labelling via heavywater consumption
in this example). (Row 1, 4) MALDI MSI data (50 mm pixel size) revealing distributions of various unlabelled (pre-existing) lipids (lipid species annotated above the corresponding
column). (Row 2, 5) MALDI MSI data revealing distributions of deuterium enriched (newly synthesised) lipid species. (Row 3, 6) Ratio images of labelled:unlabelled lipid species
showing relative synthesis rates of various lipids in each pixel (higher intensity equates to faster synthesis and/or slower turnover). Image used with permission from Ref. [40].
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5. Current analytical challenges and future opportunities in
lipid MSI

Lipid MSI has seen a dramatic improvement in both analytical
capabilities and biological applications in the last two decades, yet
there are still significant hurdles that must be addressed to enable
both broad imaging of lipid classes and of well-defined lipid mol-
ecules. By large, these issues arise from the vast number of different
lipid molecules present in biology. To illustrate, while some lipid
classes (e.g., PC and SM in positive ionmode) possess relatively high
ionisation efficiencies, other important lipid classes (such as sterols
and prostaglandins) are notoriously difficult to ionise with current
MSI approaches. Moreover, the complexity of the lipidome in-
troduces significant suppression effects such that the presence of
certain lipid classes can impair the detection of others [43].
Fig. 2. Influence of enzymatic degradation and conversion on MALDI MSI analysis (75 mm p
spatial distribution of deprotonated lipid A detected at a nominal m/z 1665 at various times p
20:4) detected at m/z 885.6. With increasing time post-infection, the increasing levels of infe
and a loss of tissue structure. (CeF) Quantitative LC/MS of a variety of arachidonic acid co
Changes in host lipid composition are correlated with increased expression of Cytosolic Phos
in the release of arachidonic acid from host lipids and their conversion into proinflammato
Lipidome complexity is partly addressed with the emergence of
high mass resolution/accuracy MSI using FTICR or Orbitrap analy-
sers. Such approaches facilitate sum-compositional assignment of
detected lipid species, but provide little structural information
beyond this (e.g., composition of individual fatty acyl chains). Laser-
induced post-ionisation (MALDI-2) is as promising approach to
address the typically low ionisation efficiencies of some lipid
classes [44,45]. Combined with a high resolution mass analyser
(Orbitrap), MALDI-2 has demonstrated improvements in lipidome
coverage for MALDI MSI, with up two-orders of magnitude
improvement in signal intensity for a variety of lipid classes
possible. For example the dramatic improvement for protonated
GalCer and PE lipids in positive-ion mode is shown in Fig. 4, while
in negative ion mode large increases in deprotonated signals of a
variety of acidic lipid species (e.g., PE, PS, PI, PA and GalCer) are
observed [44,45]. Other approaches to improve lipid coverage have
ixel size) of Francisella novicida infected mice spleen. (A) MALDI TOF MSI revealing the
ost-infection (0e60 h). (B) Corresponding spatial distribution of deprotonated PI(16:0/
ction-specific Lipid A is correlated with a dramatic reduction in PI(16:0/20:4) intensity
ntaining lipids. All exhibit a decrease in concentration with progression of infection.
pholipase 2 (G) and Cyclooxygenase 2 (Prostaglandin G/H Synthase 2) (H), which results
ry prostaglandin E2, respectively. Image adapted with permission from Ref. [30]).



Fig. 4. Enhancement of MSI sensitivity for a variety of lipid species using laser-induced postionisation coupled with MALDI MSI (MALDI-2 MSI). (A) Positive-ion mode MALDI-2 (top,
black trace) and conventional MALDI (bottom, red trace) spectra acquired fromMSI analysis of rat brain tissue at 100 mm pixel size. MALDI and MALDI-2 data were acquired from the
same tissue section. (BeF) Corresponding selected ion distribution images along with the zoomed ion signal traces for MALDI and MALDI-2. Black arrows indicate whether MALDI or
MALDI-2 data was used to generate the shown image. PE and GalCer lipids are particular beneficiaries for positive mode MALDI-2. (G) Optical image of the stained tissue sections
acquired after MSI. Image reproduced with permission from Ref. [45].
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been built on the observation that positive and negative-ion mode
MSI offers detection of complimentary lipid classes with minimal
overlap. For instance, using a precision controlled scanning laser
beam and MALDI, it is possible to first acquire positive-ion mode
data from a tissue section, with the laser not interacting with the
entire tissue surface, after which negative-ion mode data can be
acquired from the same tissue section using an interlaced scanning
pattern [46]. When applied to zebra-finch and lung cancer xeno-
grafts, it was possible to acquire both positive-ion and negative-ion
mode data from a 50 � 50 mm2 area of tissue and merge the data
from both polarities together for multivariate analyses, thus
providing more comprehensive lipid coverage from a single sample
analysed with MSI. In an alternative approach, Kaya et al. have
demonstrated a novel method describing positive and negative-ion
lipid MSI, as well as positive mode MSI of Ab peptides in a
transgenic mouse model of Alzheimer's disease (tgSwe) [47]. This
approach enabled the spatial correlation of multiple lipid classes
and Ab peptides in amyloid-b plaques. Moreover, derivatisation
strategies offer an exciting means to study the spatial distributions
of lipid not yet detectable with current MSI approaches [48]. While
not yet widely applied to lipid MSI, one report by Wu et al.
demonstrated using in-situ betaine aldehyde derivatization during
DESI-MSI of mouse brain for the enhanced detection cholesterol
and Vitamin A [24].

Finally, to fully elucidate the ultimate origin of MSI-detected
lipids, knowledge of the precise structure of the lipids is required.
Known enzymatic processes give rise to fatty acids with defined
chain lengths and double bond positions which are later incorpo-
rated into complex lipids [49]. While conventional MS/MS enables
identification of acyl chain length and degree of unsaturation, it



A.P. Bowman et al. / Trends in Analytical Chemistry 120 (2019) 115197 9
typically provides little information on double bond positions or
positioning of fatty acyls on the glycerol backbone. Consequently,
the exact identities of lipids in an MSI experiment are ambiguous.
In recent years, a selection of alternative strategies such as ozone-
induced dissociation (OzID) [50], ultraviolet photodissociation
[51,52], photochemical Paterno-Buchi reactions [53], and ion
mobility [54] have been developed to resolve lipid isomers from
solution-phase extracts. At present only OzID has been combined
with MSI to study the spatial distributions of isomeric lipids [55]. In
this study the distributions of both double bond-positional and sn-
positional isomers were studied in both healthy rat brain and a
medulloblastoma mouse model. These data demonstrated that in
many instances isomeric lipids have distinct spatial distributions
throughout tissues that conventional MSI approaches are blind to.
Importantly such techniques enabling imaging of defined isomeric
species are likely essential to facilitate correlations of lipid distri-
butions with certain enzymatic processes involved in the selective
synthesis and catabolism of individual lipid isomers. This includes
the roles of desaturases in synthesis of double bond-positional
isomers [49] and phospholipase A1 and A2 enzymes involved in
both phospholipid breakdown and the synthesis of
polyunsaturated-containing phospholipids.

6. Conclusions

MSI has evolved in the last two decades from a molecular im-
aging technique in its infancy to a highly promising method for
studying the spatial distributions of lipids in a diverse array of
sample types. However, as discussed here it is only recently that
insights into the underlying biochemical origin of lipid spatial
distributions have been reported. In-line with general knowledge
of lipid biochemistry it is apparent that to understand the biological
context of lipids, lipidomics alone is often not enough. In particular,
localised enzymatic processes have been heavily implicated as a
key determinant of both lipid composition and spatial distributions
within tissues. Such multimodal information is likely a necessity to
understand the cause and effect of lipid compositionwithin tissues.
However, lipids should not only be viewed as the end-products of
enzymatic processes. Lipid composition is also determined by the
local availability of molecular building blocks, which can be influ-
enced via a variety of factors (i.e., diet or medications) and can be
directly correlated to disease pathology. Additionally, lipids them-
selves can participate in a multitude of metabolic/signalling pro-
cesses and strongly influence membrane properties.

With ever increasing analytical performance, the ability to ac-
quire new spatially-resolved lipidomics information has also
emerged. This includes isotope labelling studies enabling localised
lipid dynamics to be probed, as well as advances in desorption/
ionisation methods permitting enhanced sensitivity and broader
detection of lipid classes during MSI experiments. Such increased
lipid coverage is essential to understand the spatial correlations
amongst different, structurally related lipid species. In the near
future, we envisage further adoption and adaptation of methods
originally developed for extract-based lipidomics which provided
enhanced structural detail and resolution. This is a key step towards
overcoming the current ambiguity in MSI lipid annotations and will
facilitate the imaging of structurally-defined lipid molecules. Such
advances will be essential to understand the effect of desired
membrane properties, that are sensitive to subtle structural alter-
ations [56] and on the signalling networks leading to synthesis of
certain lipids. Like any method however, lipid MSI is not without its
future challenges. Two of the most significant are the development
of quantitative MSI workflows that enable absolute surface con-
centrations of lipids to be determined, and the somewhat related
effects of ion suppression that can potentially mean relative ion
distributions across different tissue types may not reflect absolute
or relative local concentrations. Nonetheless both the development
of quantitative MSI approaches and understanding the relation-
ships between absolute concentrations and ion distributions with
MSI are active areas of research [57,58].

Finally, we hope to reiterate that despite the challenges still be
addressed, lipids present a highly promising and detectable family
of molecules for MSI studies, both for tissue classification/di-
agnostics (i.e., based on lipid profile) and for understanding the
underlying biochemical processes occurring throughout biology.
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