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Computed tomography
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Direct current
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Electrospray ionisation
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Ethanolamine kinase
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FDG
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14(R,S)-fluoro-6-thia-heptadecanoic acid

FWHM

Full width half maximum
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HIF-1α

Hypoxia inducible factor-1α
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Immunofluorescence
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Liquid chromatography mass spectrometry
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Linear discriminant analysis

LPA
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m/z
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MALDI

Matrix assisted laser desorption ionisation

MALDI-MS

Matrix assisted laser desorption ionisation
mass spectrometry

MCAO

Middle cerebral artery occlusion

MEK

Mitogen activated protein kinase/
extracellular signal related kinase

MRI

Magnetic resonance imaging

MRM

Multiple reaction monitoring

MS

Mass spectrometry

mTORC2

Mechanistic target of rapamycin complex 2

NADPH

Reduced nicotinamide adenine dinucleotide
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NSCLC

Non-small-cell lung cancer

PA

Phosphatidic acid

PBS

Phosphate buffered saline

PC

Phosphatidylcholine

PCA

Principal component analysis

6

PDK-1

phosphoinositide-dependent kinase 1

PE

Phosphatidylethanolamine

PEMT

N-methyltransferase

PET

Positron emission tomography imaging

PET

Positron emission tomography

PG

Phosphatidylglycerol

PGS

Phosphatidylglycerol synthase

PI3-K

Phosphatidylinositol-3- kinase

PIS

Phosphatidylinositol synthase

PLA2

Phospholipase A2

PMSF

Phenylmethylsulfonyl fluoride

PMSF

Polyvinylidene fluoride

PS

Phosphatidylserine

PSD

Post-source decay

PSS

Phosphatidylserine synthase

Q-TOF

Quadrupole time of flight

Raf

Rapidly accelerated fibrosarcoma

REIMS

Rapid evaporation ionisation mass
spectrometry

RF

Radiofrequency

RIPA

Radioimmunoprecipitation assay

S/N

Signal to noise ratio

SCD-1

Stearoyl-CoA desaturase 1

SIM

Single ion monitoring

SIMS

Secondary ion mass spectrometry

SM
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SRIG

Stacked ring ion guide

SRM

Single reaction monitoring

SUV

Standard uptake value

T

Tween

T2W

T2 weighted

TAG
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TBS

Tris buffered saline

TCA

Tricarboxylic acid

TFA

Trifluoroacetic acid

TIC

Total ion current

TNFα

Tumour necrosis factor alpha
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Translocator Protein (18 kDa)
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Fig. 14. Negative ion mode DESI-MS images of fatty acids (A) in section 13 of the xenograft
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It is well established that lipids play an important role in diseases such as nonalcoholic fatty liver disease and cardiovascular diseases. However, in the past
decade, it has come to light that lipids may be important in other diseases;
particularly in cancer and neurological disorders. Here, lipid metabolism has
been investigated using pre-clinical cancer models for melanoma, glioma, nonsmall-cell lung cancer and colorectal cancer. The role of lipids in the recovery
post-stroke has also been studied.
Mass spectrometry imaging offers an ideal tool to study lipids in tissue ex-vivo.
Lipids ionise well in a number of mass spectrometry modalities, and hundreds
of lipids can be imaged in one mass spectrometry imaging experiment.
Furthermore, mass spectrometry imaging offers excellent spatial resolution. In
this work, both MALDI-MS and DESI-MS have been used for mass
spectrometry imaging.
Tumour lipid heterogeneity has been a particular focus of this this project.
Heterogeneity exists within tumours, as well as between tumours in the same
patient; and this causes major problems for therapy. Owing to the untargeted
nature, and high spatial resolution of mass spectrometry imaging, it is an
excellent technique to study lipid heterogeneity. Adjacent sections (or in some
cases the same section used for mass spectrometry imaging), were used for
immunofluorescence and H&E staining. By comparing mass spectrometry
images with staining techniques, biological reasons for lipid heterogeneity can
be established. Here, a particular focus has been on hypoxia (low oxygen
tensions), which is a key contributor to tumour heterogeneity, and is associated
with aggressive cancers. Additionally, hypoxia is a feature of ischaemic stroke,
and lipids in ischaemic stroke have also been investigated.
PET is a non-invasive imaging technique which is able to image a radiolabelled
molecule (tracer) in the body. Here, PET has been used as a complementary invivo technique to mass spectrometry imaging. The tracers [11C] acetate and
[18F]-FTHA have been used to image fatty acid synthase and fatty acid uptake
in tumours; both of which are hypothesised to be key in cancer progression.
REIMS is a newly established mass spectrometry technique. It is ideal for
analysing lipids in cells, as sample preparation is minimal. Here, approaches for
cell pellet analysis have been tested, and used to detect lipids in cancer cell
lines.

21

Declaration
No portion of the work referred to in the thesis has been submitted in support of an application
for another degree or qualification of this or any other university or other institute of learning;

Copyright statement
i. The author of this thesis (including any appendices and/or schedules to this thesis) owns
certain copyright or related rights in it (the “Copyright”) and s/he has given The University of
Manchester certain rights to use such Copyright, including for administrative purposes.
ii. Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, may
be made only in accordance with the Copyright, Designs and Patents Act 1988 (as amended)
and regulations issued under it or, where appropriate, in accordance with licensing agreements
which the University has from time to time. This page must form part of any such copies made.
iii. The ownership of certain Copyright, patents, designs, trade marks and other intellectual
property (the “Intellectual Property”) and any reproductions of copyright works in the thesis, for
example graphs and tables (“Reproductions”), which may be described in this thesis, may not
be owned by the author and may be owned by third parties. Such Intellectual Property and
Reproductions cannot and must not be made available for use without the prior written
permission of the owner(s) of the relevant Intellectual Property and/or Reproductions.
iv. Further information on the conditions under which disclosure, publication and
commercialisation of this thesis, the Copyright and any Intellectual Property University IP Policy
(see http://documents.manchester.ac.uk/display.aspx?DocID=24420), in any relevant Thesis
restriction declarations deposited in the University Library, The University Library’s regulations
(see http://www.library.manchester.ac.uk/about/regulations/) and in The University’s policy on
Presentation of Theses.

22

Aims
The aim of this project was to study the role of lipids in stroke and cancer using the ex-vivo MS
imaging techniques; MALDI-MS and DESI-MS. A principal focus has been lipid heterogeneity in
cancer, with MS imaging techniques being ideal to reveal heterogeneity in tumours. IF and H&E
staining were carried out post MS imaging, or on adjacent sections in order to elucidate
potential biological reasons for lipid heterogeneity seen in MS images. Hypoxia is a key
contributor to heterogeneity in cancer, and additionally is also a feature of ischaemic stroke.
Investigating how hypoxia affects lipids has been a main focus of this thesis. Additionally, how a
PI3-K inhibitor affects lipids in CRC, and synergy between PI3-K and hypoxia is explored.
PET and MRI were implemented as complementary techniques to MS imaging to reveal lipid
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to investigating lipid metabolism in both stroke and cancer has been implemented in this study.
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Chapter 1: Introduction
Lipids are diverse in structure and function, and lipidomics has emerged as an important field
for understanding different diseases. It is well established that lipids play a significant role in in
diseases such as lipid storage disease, non-alcoholic fatty liver disease, and cardiovascular
diseases. It has more recently come to light that lipids may also play an important role in
cancer (reviewed by F.Baenke [1] ) and neurological disease such as stroke [2]. In this work,
the role of lipids in ischaemic stroke and in several cancer types; including melanoma, nonsmall-cell lung cancer (NSCLC), glioma, and colorectal cancer (CRC) was investigated.
Mass spectrometry (MS) is a highly sensitive technique which is able to detect a wide range of
molecules; from metabolites to proteins. Lipidomics has gained momentum over the past couple
of decades, and much of this drive can be attributed to the development of MS techniques such
as electrospray ionisation (ESI), liquid chromatography MS (LC-MS), secondary ionisation MS
imaging (SIMS), matrix-assisted laser desorption ionisation MS (MALDI-MS) and more recently,
desorption electrospray ionisation MS (DESI-MS) and rapid evaporation ionisation (REIMS).
The development of the ‘soft’ ionisation techniques ESI by Fenn et al.[3] and MALDI by Karas
and Hillenkamp [4] have revolutionised MS analysis of biological samples. MALDI and ESI were
coined ‘soft ionisation’ methods as molecules remain intact in the mass spectrometer, and
typically ionise as protonated species (or sodiated/potassiated adducts) in positive mode; and
deprotonated (or chlorinated or acetate adducts) in negative mode. The earliest lipidomic
experiments carried out by ESI using biological samples were performed by Han and Gross in
1994 [5]. A shotgun lipidomics approach was used to analyse cell membrane phospholipids;
whereby lipids are extracted from cells using a mixture of chloroform and water (the Bligh-Dyer
method [6]) and injected into the ESI using a syringe pump. Over the past 15 years shotgun
lipidomics still remains a popular technique for lipid analysis. ESI is also frequently coupled to
MS (LC-MS), allowing pre-separation of a biological sample prior to ESI analysis. However, for
shotgun lipidomics and LC-MS methods, sample preparation is not trivial, and spatial
information is lost.
DESI-MS and MALDI-MS are both soft ionisation techniques that can not only be used on lipid
extracts, but also on tissue sections thereby informing spatial heterogeneity. DESI-MS and
MALDI-MS can be used as imaging tools, to image lipids in tissue sections; resulting in
localisation maps of hundreds of lipids in one experiment.
REIMS is a very new MS technique for detecting lipids in tissue [7], or in cells. REIMS sample
preparation is reduced to an absolute minimum, as it can sample lipids directly from tissue, or
from cell pellets which have been flash frozen; thus avoiding a lipid extraction step.
MALDI-MS, DESI-MS and REIMS are the MS tools used in this thesis and are introduced in
detail in Section 1.2. These techniques have been used in conjunction with in-vivo imaging
(positron emission tomography (PET) and magnetic resonance imaging (MRI)) and biological
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staining (haematoxylin and eosin (H&E) and immunofluourescence (IF)) to create a multi-modal
approach for imaging lipid metabolism in cancer and stroke.
1.1 Lipids

There are many different classes of lipids, and their functions are as varied as their structure.
The most basic lipids, and the building block for more complex lipids, are fatty acids. In humans,
fatty acids can be taken up by cells exogenously from the diet, or synthesised de novo by fatty
acid synthase (FASN). The fatty acids linoleic and α-linolenic acid are referred to as essential
fatty acids, because they cannot be synthesised by the body.
Fatty acid nomenclature is written as the number of carbons in the fatty acid chain followed by
the number of double bonds in the chain, e.g oleic acid is written as 18:1. Sometimes a ‘C’
precedes the number of carbons, and the location of double bonds may be denoted in a
superscript after the number of double bonds, preceded with a capital delta (Δ). The most
commonly found fatty acids in humans are listed in Table 1. In humans, a common site for
desaturation is at the Δ9 position.

Table 1.The most common fatty acids in the body and their nomenclature
Fatty acids are used in the body to make more complex lipids such as triacylglycerides (TAG)
(for energy storage) and phospholipids (for membrane synthesis and signalling). Triglycerides
belong to a class of lipids called glycerolipids, and are made of three fatty acids attached to a
glycerol backbone. They are primarily stored in adipose cells, and act as an energy reserve
because they can release fatty acids which are then used in β-oxidation. The main sites of βoxidation in the body are the liver and heart, but altered rates of β-oxidation have recently been
discovered in tumours (reviewed in [8]).
Cell membranes are formed from phospholipids and cholesterol. Phospholipids encompass a
large range of molecules, and those that make up the cell membrane include
phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylserines (PS) and
phosphatidylinositols (PI). Sphingomyelin (SM), a type of a phospholipid but also categorised as
a sphingolipid, is also a major lipid component of cell membranes. A phospholipid is made up of
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a head group attached to a glycerol backbone, with two fatty acids attached (Fig. 1). Generally,
phospholipids are membrane components, but they can also play important cell signalling roles.
Phosphatidylinositols are key regulators of cell proliferation and apoptosis via the
phosphatidylinositol 3-kinase (PI3-K)/protein kinase B (Akt) pathway, a pathway which is
upregulated in many cancers (reviewed in [9]).

Fig. 1. Structure of phospholipids (A), with the different head groups according to
particular species (B)

SM’s are made up of a PC head group, a regular fatty acid and a sphingosine molecule, whose
structure is shown in Fig.2 The nomenclature of phospholipids follows the same rules as the
fatty acids; e.g PC (16:0/16:0) shown in Fig. 1.A has a phosphatidylcholine head group, with two
saturated fatty acids of a 16 carbon length (palmitic acid). Alternative head groups are shown in
Fig. 1.B. Additionally, for SMs, a ‘d’ (shorthand for dihydroxy base) before the fatty acid chain
number, denotes the sphingosine molecule. In addition, the stereospecific number (sn) can also
be given to denote the positions of asymmetric phospholipids. SMs can be hydrolysed by
SMases to produce ceramide and phosphocholine. Ceramides are signalling molecules and
have been strongly associated with programmed cell death, as reviewed by Mullen et al.[10].
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Fig. 2. Structure of SM

Lysophospholipids are phospholipids with only one fatty acid chain. They have been reported as
signalling molecules as early as 1963 [11]. Since then, they have emerged as important in
diverse biological mechanisms; such as in the reproductive system [12], stroke [13], and
schizophrenia [14].
As mentioned, fatty acids can also be used to from TAGs, which consist of three fatty acids
attached to a glycerol backbone. TAGs are storage molecules, and can be catabolised when
fatty acids are needed for energy production. Diacylglycerols (DAG) are an intermediate during
the synthesis of TAGs, and are also used in the synthesis of phospholipids. Phospholipids can
be synthesised via the Kennedy or CDP-DAG pathway (Fig.3) whereby DAGs or cytidinediphosphate (CDP)-DAGs are used as intermediates.

Fig. 3. Phospholipid synthesis via the Kennedy or CDP-DAG pathways. Abbreviations are
as follows: choline kinase (ChoK), ethanolamine kinase (EthK), cytidine 5'-triphosphate
(CTP)-phosphocholine, or phosphethanolamine, cytidylyltransferase (CCT),
cholinephosphotransferase (CPT), ethanolaminephosphotransferase (EPT),
phosphatidylethanolamine N-methyltransferase (PEMT), phosphatidic acid (PA), CDPdiacylglycerol synthase (CDS), phosphatidylglycerol synthase (PGS),
phosphatidylinositol synthase (PIS). phosphatidylserine synthase (PSS),
phosphatidylserine decarboxylase (PSD).
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In addition to phospholipids, cholesterol is an important membrane component, as it maintains
fluidity. Cholesterol is synthesised from acetyl Co-A via the mevalonate pathway.
The lipids addressed in this thesis will principally be fatty acids and phospholipids.

1.1.1

Lipids in cancer

It is well understood that cancer cells undergo changes to their metabolism [15]. However,
researching cancer’s lipid metabolome is a relatively recent area of interest. Lipid metabolism is
involved in energy production, cell signalling, and cell structure, and so it is not surprising that it
may be affected in tumour cells. Due to uncontrollable cell proliferation in cancer, there is an
increased demand for membrane lipids, principally phospholipids. However, literature suggests
that the change in lipid metabolism is far more complex than an increase in phospholipid
abundance [1, 16, 17].
The majority of the carbon needed for fatty acid synthesis comes from glucose. Normal cells (in
the presence of sufficient oxygen) metabolise glucose in order to generate ATP, most of which
is via oxidative phosphorylation in the mitochondria. Oxidative phosphorylation is powered by
the tricarboxylic acid (TCA) cycle and glycolysis. In glycolysis, glucose is converted to pyruvate,
which in turn is converted to mitochondrial acetyl-CoA by pyruvate dehydrogenase. Acetyl-CoA
enters the TCA cycle, which fuels the cycle to produce NADH (reduced nicotinamide adenine
dinucleotide) which in turn is used in oxidative phosphorylation to generate ~32-34 ATPs.
Citrate generated in the TCA cycle in the mitochondria is exported to the cytosol by the citrate
shuttle. Glutamine metabolism also provides the TCA cycle with oxaloacetate, which is needed
for maintained citrate production. The citrate is then converted to cytosolic acetyl-CoA by ATP
citrate lyase (ACLY). The cytosolic acetyl-CoA acts as the starting molecule for fatty acid
synthesis. FASN is the sole enzyme responsible for synthesising fatty acids de novo in humans,
and this enzyme is upregulated in numerous cancers [18-20]. FASN acts on acetyl-CoA from
the TCA cycle (Fig. 4), converting it to the 16-carbon chain fatty acid, palmitate. In order to
create palmitate, acetyl-CoA must first be carboxylated to malonyl-CoA by acetyl-CoA
carboxylase (ACC), and this is the committed step of fatty acid synthesis.
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Fig. 4. Lipid metabolism in humans

Palmitate acts as a substrate for conversion into other fatty acids, and ultimately may become
part of more complex lipids such as phospholipids. Both ACC and FASN have been proposed
as therapeutic targets (reviewed in [21] and [22] ) due to cancer cell’s reliance on these
enzymes for proliferation.
In this thesis, the localisation of FASN in tumours will be investigated in-vivo using the PET
tracer [11C]-acetate; and ex-vivo by IF. In addition, fatty acids within tumours will be visualised
by DESI-MS imaging.
When cells do not have enough oxygen present for aerobic respiration, they can anaerobically
respire, yielding just 2 ATPs, and lactic acid rather than acetyl-CoA. Cancer cells exhibit the
Warburg effect [15] (aerobic glycolysis) whereby even though oxygen is plentiful, they
metabolise glucose to lactic acid, yielding ~4 ATP. The reason why cancer cells opt for a less
efficient route for energy production remains unclear (reviewed in [23]). The Warburg effect will
lower the amount of mitochondrial acetyl-CoA available. Therefore, aerobic glycolysis means
the cytosolic pool of acetyl-CoA for lipid synthesis is reduced, which conflicts with evidence of
increased de novo lipogenesis in cancer cells. It has been proposed that glutamine provides the
required citrate via the intermediate of α-ketoglutarate [24, 25].
As well as de novo fatty acid synthesis, fatty acids can be taken up from the diet. Kamphorst et
al. found that cancer cells will take up fatty acids exogeneously in the form of lysophospholipids
[26]. This phenomenon is enhanced in cells containing upregulation of the oncogene Ras, and
in hypoxia. In addition, cancer cells may be able to cross-talk with stromal cells in order to
stimulate fatty acid production and release. This has been seen in ovarian cancer metastases,
which were able to stimulate free fatty acid release from neighbouring adipocytes, which were
then taken up by ovarian cancer cells [27] . An investigation of free fatty acid uptake in
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melanoma tumours using a palmitic acid analogue fluoro-6-thia-heptadecanoic acid ([FTHA) as
a PET tracer [26]) is discussed in Chapter 4.
Fatty acids themselves can be used as an energy source via oxidation, and this pathway is
known as the β-oxidation pathway (so called because oxidation occurs on the β carbon (C3)). oxidation occurs when glucose availability is low. Typically β-oxidation will occur on fatty acids
liberated from catabolised TAGs. TAGs are principally stored in adipose tissue. Degraded free
fatty acids enter the blood stream and will bind to albumin to be transported to other tissues.
The final step of β-oxidation is the cleavage of acetyl-CoA, leaving the fatty acid chain two
carbons shorter. β-oxidation is cyclic, so the shorter fatty acid chain from the first round of
oxidation will enter the pathway again, and until all of its carbons have been used to generate
acetyl-CoA molecules. Fatty acid oxidation is a highly energy efficient process and generates ~8
ATPs per carbon. β-oxidation may play a role in cancer progression, and has shown to be a key
energy producing pathway in prostate cancer and glioblastoma [8, 28].
Fatty acids may be saturated or unsaturated. Monounsaturated fatty acids and PCs have shown
to be upregulated in a variety of cancers, compared to polyunsaturated species [29]. This
finding has been associated with the upregulation of stearoyl-CoA desaturase-1 (SCD-1). SCD1 resides in the endoplasmic reticulum and introduces a double bond at the cis-delta-9 position
[30]. There are two isoforms of SCD described in humans, however it is the SCD-1 isoform
which is ubiquitously expressed and shows upregulation in cancer [31, 32].
The ratio of unsaturated to saturated fatty acids, in particular the ratio of stearate (C18:0) to
oleate (C18:1) in cells is important for membrane fluidity and integrity, with disruptions in the
balance causing apoptosis [33, 34]. SCD is essential for maintaining the ratios of oleic acid to
stearic, as it is responsible for adding a double bond in stearic acid to create oleate. SCD-1 has
been suggested as a new therapeutic target, as its inhibition can hinder cancer cell proliferation
[35]. In this thesis, the role of SCD will be investigated in NSCLC, CRC and glioblastomas.
Two of the most common pathways upregulated in cancer are the phosphatidylinositol-3- kinase
(PI3-K)/protein kinase B (Akt) and the Ras pathway. This PI3-K/Akt pathway is upregulated due
to a loss of the tumour suppressor phosphatase and tensin homolog (PTEN) or the amplification
of the epidermal growth factor receptor (EGFR) leading to constitutively active PI3-K [36]. The
PI3-K/Akt regulates pathways involved in cancer progression including cell cycle, proliferation
and apoptosis (reviewed in [37, 38]). PI3-K is an enzyme which acts on lipids; by converting
phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate
(PIP3). PIP3 is required for Akt recruitment to the membrane where it is then phosphorylated
(and activated) by phosphoinositide-dependent kinase 1 (PDK-1) and mechanistic target of
rapamycin compex 2 (mTORC2). Akt is then responsible for regulating pathways key to tumour
progression.
PI3-K and Akt cause upregulation of FASN and SCD via the sterol element binding protein
(SREBP-1) (Fig. 5), and thus cause an increase in lipogenesis [39, 40]. Chapter 7 will look at
lipid changes in CRC with a PI3-K inhibitor, whilst also investigating the roles of FASN and
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SCD. The PI3-K inhibitor used is GDC-0941 (GDC), which is able to bind to the ATP-binding
pocket of PI3-K, thus preventing the formation of PIP3. GDC is a potent PI3-K inhibitor, and is
well tolerated in humans [41, 42]. This will be discussed in further detail in Chapter 7.

Fig. 5. The role of PI3-K and Akt in lipid metabolism

Ras, like PI3-K, plays a central role in cancer progression, and acts via SREBP-1 to regulate
lipid metabolism. Chapters 4 and 5 will discuss how melanoma and NSCLC Ras mutants can
affect lipid pathways. Ras tumours are highly dependent on glutamine for the carbon source of
the TCA cycle [43], and will also scavenge lipids exogenously [26].
Tumour cells proliferate at high rates, and therefore can leave cores of tumours which are too
far from the blood supply to receive sufficient oxygen. Cells closest to the bloody supply will
utilise the available oxygen, thus, less and less oxygen will diffuse deeper into the tumour
(Fig.6). Tumour regions which do not receive enough oxygen from the blood are hypoxic (low
oxygen tension). Hypoxia is associated with aggressive, metastatic tumours, as well as
radioresistance [44-46]. A recent study has shown hypoxic cells, like Ras driven cancers,
scavenge fatty acids exogenously by taking up lysophospholipids and using them as a source of
fatty acids [26]. Therefore hypoxia is undoubtedly causing a change to lipid metabolism, and MS
imaging studies have revealed that certain lipids to be specific to hypoxic regions [47, 48].
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Fig. 6. A schematic of hypoxia development in tumour cells
The transcription factor hypoxia inducible factor 1-α (Hif-1α) is a central regulator of the hypoxic
response. Under normoxic conditions, Hif-1α undergoes proteasomal degradation; however
under low oxygen tensions, it enters the nucleus and binds to co-activators in order to regulate
genes involved in cell growth, apoptosis and angiogenesis (Fig.7) [49, 50]. PI3-K has been
associated with the activation of Hif-1α in a variety of cancers [51-53]. The synergistic nature of
hypoxic and PI3-K pathways will be investigated in Chapter 7.

Fig. 7. Regulation of hypoxic responses

Glucose transporter 1 (GLUT-1), vascular endothelial growth factor (VEGF) and carbonic
anhydrase-9 (CA-9) are key proteins upregulated in hypoxia, and are responsible for an
increase in glycolysis, angiogenesis, and pH regulation respectively. Although glycolysis
increases, the lack of oxygen means cells must anaerobically respire, thus cells will release
large quantities of lactic acid and CO2. This acidifies the extracellular matrix surrounding cells,
which normally would be toxic. However, CA-9 is able to regulate the intracellular pH cancer
cells, allowing cancer cells to survive. Thus, cancer cells can survive in environments which are
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unfavourable to normal cells, and low extracellular pH has been linked to invasive and
metastatic cancer [54, 55].
The lipid changes in hypoxia have been investigated using IF staining for pimonidazole and CA9. Pimonidazole is reduced in hypoxic cells, rendering it active and able to bind to thiolcontaining proteins found in hypoxic regions [56]. Pimonidazole is an exogenous marker and
thereby must be added to living cells or animals before harvesting/culling, and therefore it is not
always practical to use this method. Because CA-9 is a prominent downstream target of HIF-1α,
it can be used as an endogenous marker of hypoxia [57].
Tumours don’t behave as a uniform entity; a phenomenon termed heterogeneity. Tumour
heterogeneity exists from patient-to-patient, tumour-to-tumour in the same patient, as well as
within a tumour; and this a major problem for cancer diagnostics and therapy. Studies regarding
genetic and protein heterogeneity have begun to shed light on the issue, but very little literature
exists around lipid heterogeneity. A common theme throughout this thesis will be investigating
lipid heterogeneity in a variety of cancer models using MS and PET imaging.

1.1.2

Lipids in stroke

A stroke may be caused by a blood clot (ischaemic stroke), by a temporary blood clot (transient
ischaemic attack). or by a ruptured blood vessel (haemorrhagic stroke) The most common is the
ischaemic stroke, and here, a rat model for ischaemic stroke was used (Chapter 2). During an
ischaemic stroke, a blood clot causes part of the brain to be starved of nutrients and oxygen,
resulting in cell death, in a localised region described as an infarct.
Magnetic resonance imaging (MRI) is a sensitive non-invasive imaging modality which can be
used to show where an ischaemic attack has taken place in the brain. It has been used in
Chapter 2 to show the infarct in the brain of a rodent stroke model 48 hours post-stroke. MRI is
a powerful tool to image structural reorganisation in the brain, but other modalities may offer
better insights into brain functionality after stroke.
The brain is abundant in lipids and so it is unsurprising that ischemia will initiate numerous lipid
cascades. Ex-vivo MS imaging can visualise hundreds of lipids in one experiment, and is
therefore an ideal tool to investigate lipid alterations after stroke. During an ischaemic attack,
there is a dramatic increase in the neurotransmitter glutamate, causing activation of
phospholipases [58, 59]. Furthermore, the pro-inflammatory response following stroke causes
cytokines to be released. These cytokines will also activate phospholipases. Phospholipases (A,
C and D) break down phospholipids in the membrane into smaller counter parts, such as
lysophosholipids which can then act as signalling molecules [60, 61].
Clinical studies have found that lipids in patient’s serum may be indicative of different types of
stroke, with cholesterol levels playing a major role in this [62, 63]. However, there have been
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very few studies regarding changes to lipids within the brain prior to the advent of MS imaging.
MS imaging studies have shown that levels of phospholipid species decrease, and
lysophospholipids increase acutely after stroke in the infarct region [64, 65]. Mulder et al.
showed that even smaller metabolites such as fatty acids, glutamate and fumarate could be
imaged by MALD-MS if techniques to stop post-mortem metabolite changes were implemented
[66]. Fatty acids were shown to be upregulated in the infarct region, which is to be expected due
to the breakdown of phospholipids.
Because there is a lack of oxygen delivered to cells during an ischaemic stroke, degrees of
hypoxia will be present. Parallels between lipids potentially involved in hypoxia post-stroke and
cancer hypoxia will be discussed in Chapter 7.
The MS imaging studies mentioned focus on measuring lipid changes 24 hours after stroke.
There is little literature regarding how these lipids may be behaving long-term after an
ischaemic attack. The use of MRI to detect an infarct in a rat brain 48 hours after stroke; with
PET and MS imaging being used to investigate how inflammation, neurodegeneration and lipids
are behaving three months after ischaemia has occurred are described in Chapter 2.

1.2 Mass spectrometry imaging

MS imaging has become a fast developing field over the last twenty years. MS imaging holds
advantages over conventional imaging techniques such as autoradiography or PET as it does
not require the use of an expensive radiolabel and offers excellent spatial resolutions in the
range of 50 nm- 100 μm [67-69]. Furthermore, MS imaging allows the visualization of a large
number of molecules in one experiment, and is able to distinguish between a drug and its
metabolites, a result unobtainable by PET or autoradiography [70].
MS imaging generates ions from a thin tissue section in order to create a 2D heat map of where
these ions are formed. Like any other 2D image, MS images are composed of individual pixels.
Each pixel represents a mass spectrum (Fig.8), where the x axis is the mass to charge ratio
(m/z) of an ion and the y axis the ion’s signal intensity. Any of the peaks in the mass spectrum
can be chosen to create a localisation map of where it appears in the tissue section.
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Fig. 8. MS image of a rat brain. The localisation of species ‘A’ in the rat brain section is
shown as a heat map.

The more established MS imaging tools are MALDI-MS and SIMS. A main positive of MALDIMS imaging is the extensive mass range that it can detect; from small drug molecules, to large
proteins. Typically MALDI-MS spatial resolutions range from 10 μm-100 μm. However, recently,
Zavalin et al. have shown that by ablating the underside of the tissue section rather than the
top, sub-cellular imaging can be achieved [71].
The most widelyrecognised MS imaging technique for sub-cellular resolution is TOF-SIMS, with
sub-cellular molecular imaging being carried out for the first time in 1997 [72].
In TOF-SIMS, a high energy primary ion beam is fired at the surface of a sample, causing
secondary ions to be ejected and taken up by the mass spectrometer. The primary ion source is
commonly a monoatomic ion , but the more recently established cluster (polyatomic) ion
sources such as C60+ have been shown to provide better ion signal intensities. The energy of
the ion source is typically between 1-40 keV, and this is enough creates ions as high as ~2000
m/z. A disadvantage of TOF-SIMS is the narrower m/z range (when compared to MALDI), and
molecules are more likely to undergo fragmentation. However, because most lipids have the
m/z of less than a 1000, SIMS is an excellent tool for lipid imaging, particulary in cells (reviewed
in [73]) Armitage et al. showed that TOF-SIMS can be used to image metabolites and lipids
associated with hypoxia and drug response in spheroids (3D cell clusters) [74] Armitage et al.
showed that TOF-SIMS can be used to image metabolites and lipids associated with hypoxia
and drug response in spheroids (3D cell clusters) [74]
For both MALDI-MS and SIMS, sample preparation is not trivial, and is essential for good
imaging experiments. This as an area where the newer DESI-MS imaging holds an advantage,
as sections can simply be mounted onto a plain glass slide with no further preparation steps. In
terms of mass range, DESI-MS lies in the middle between the capabiliteis of TOF-SIMS and
MALDI-MS; and in current literature is being primarily used as a lipidmics tool [75, 76]. Although
improvements to the spatial resolution of DESI-MS imaging have been made inrecent years, it
still does not match that of MALDI-MS imaging (or TOF-SIMS).
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TOF-SIMS, DESI-MS and MALDI-MS imaging all hold different advantages and disadvantages,
and their capibility to detect certain lipid species to some extent complements one another,
potentially allowingvast amounts of information to be obtained.

1.2.1

MALDI

MALDI was developed in the 1980s as a ‘soft’ ionisation technique to detect a wide mass range
of molecules without significant fragmentation [4, 77, 78]. The concept of MALDI-MS imaging
was first described in 1994 by Spengler et al.[79], with Caprioli et al., later publishing a
milestone paper in 1997, describing how MALDI-TOF instrumentation could be used as an
imaging tool for biological samples [80]. The large mass range of MALDI-MS means a variety of
molecules can be detected by MALDI-MS imaging, such as; drugs, lipids, proteins and peptides.
Thus, MALDI-MS imaging has been successful in diverse fields, including oncology [81],
neurodegenerative research [82], pharmaceuticals [83], genomics [84], and forensics [85].
The basic principle of MALDI MS involves the co-crystallisation of the analyte with an energyabsorbing matrix so that on excitation by an ultraviolet (UV) laser (or an infrared laser in IRMALDI), the analyte is desorbed and ionised, usually with a single charge. These ions will exist
within a gaseous plume, which will pass through a mass analyser, and allow detection of the
analyte ions [77, 86].
In MALDI-MS imaging (Fig.9), tissues are sectioned (~12µm) onto an electrically conductive
slide, such as steel slides or glass slides coated with indium tin oxide (ITO). Conductive slides
prevent charging effects, and also define the extraction field so ions can be accelerated from
the sample [87].The matrix is then deposited on top. There is often a wash step prior to matrix
application to remove unwanted species in order to intensify the signals of interest, e.g. Wang et
al. found that the best wash for imaging PCs was ammonium acetate [88]. MALDI-MS imaging
allows spatial resolution of analytes to be maintained, and heat maps of ion distribution can be
produced. Each pixel of a MALDI-MS image will correspond to a mass spectrum [80].

Fig. 9. A schematic of MALDI-MS imaging
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A variety of matrices can be used with MALDI-MS, with different matrices being suitable for
different analytes. The outcome of MALDI-MS is heavily dependent on the choice of matrix, and
how it is applied. A good matrix will: be soluble in the same solvent used to dissolve the analyte,
absorb energy at the correct laser wavelength (typical MALDI laser wavelengths used are 337355nm), be unreactive towards the analyte, have low volatility and therefore are more stable in
vacuum conditions, and be able to allow desorption of the analyte [89-91]. The chosen matrix
will be dissolved in a solvent suitable for the analyte of interest, for example, lipids are soluble in
methanol and so a lipid matrix usual consists of a methanol dilution. In addition small amounts
of triflouroacetic acid (TFA) are added to the matrix to acidify the solution, which aids
crystallisation. TFA may also provide counterions to the analyte ions (discussed below) [92, 93].
Dihydroxybenzoic acid (DHB) is the most routinely used matrix for detecting lipids, however 9aminoacridine has been proposed as a better matrix for analysing lipids in negative mode [94].
Only pulsed lasers are used in MALDI, as energy must be deposited in the sample in a time that
is short compared to the dissipation rate; usually pulse durations between 0.5 ns and 10 ns are
utilised. [86, 95]. Nitrogen lasers and the frequency-tripled solid state laser Nd:YAG are
commonly used in MALDI-MS. In terms of MALDI-MS imaging, frequency tripled Nd:YAG lasers
hold an advantage over nitrogen lasers as they have a much higher repetition rate (>1000Hz vs.
50Hz) and a longer life span, making them more desirable for high-throughput applications such
as MALDI imaging [96]. The MALDI-MS imaging instrument used in this thesis (MALDI 7090,
Shimadzu, UK) uses a frequency tripled Nd-YAG laser with a repetition rate of 2 kHz.
The ablation process in MALDI involves the removal of matrix/analyte monolayers, resulting in
the rapid solid to gas phase transition, forming a plume [97, 98]. MALDI is a soft ionisation
technique because it is the matrix which absorbs the bulk of the energy from the laser, allowing
the analyte molecules to remain cool vibrationally and preventing analyte fragmentation [98].
Laser energy deposition and redistribution is of great importance in the ablation process, and it
has been proposed that it is an energy-transfer bottleneck that prevents energy being
transferred from the matrix to the analyte [99, 100]. This bottleneck arises from large frequency
differences between the lattice vibrations compared to the intramolecular vibrations of the
analyte molecule. [97, 101]
In MALDI, the analyte is co-crystallised with a matrix, forming a lattice. Ablation must therefore
either occur via lattice decomposition around the analyte, or by very quick sublimination of the
analyte itself. [98, 102] Both of these models rely on the principle that sufficient heating of the
lattice must occur faster than the dissipation rate (i.e vibrational cooling and heat conduction). In
MALDI, dissipation via heat conduction can be considered negligible, allowing very rapid
heating of the lattice [86, 98]. The rapid heating of the sample ensures the production of
sufficient outward stress in order to overcome the cohesive forces within the lattice, and thus
allowing ejection of matrix and analyte molecules [98].
The ablation process is heavily interlinked with ionisation mechanisms with excited state matrixmatrix reactions most likely occurring as the primary ionisation event. Furthermore, the ablation
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process generates aggregates of matrix molecules known as ‘clusters’, and it is thought that
these clusters may also play a role in the ionisation of analyte molecules [103].
There have been many ionisation mechanisms proposed for MALDI, and it is likely that more
than one mechanism is responsible for the generation of analyte ions. The two most frequently
discussed ionisation mechanisms are the 2-step photochemical ionisation mechanism [77, 104]
and the more recent ‘lucky survivor’ model [92, 105]. In MALDI, it is important to distinguish
primary ionisation reactions from secondary ionisation reactions. Primary ionisation refers to the
generation of matrix ion species, as it this is generally proposed as the first ionisation event of
the neutral ablated material. Secondary ionisation refers to the creation of analyte ions, and
involves interactions between neutral analyte molecules and the primary ions, i.e. matrix ions
[103].
The two-step photochemical mechanism involves the formation of matrix radical cations via
photoionisation as the primary step (Fig.10i)). These matrix radicals then undergo
photochemical reactions to produce protonated or deprotonated matrix species, which in turn
collide and react with neutral anlayte molecules, initiating proton transfer reactions and
generating the singly-charged analyte ions observed in MALDI [103, 106]. During two-step
photochemical ionisation all species are in the gas-phase [104]. In support of the importance of
matrix radicals in MALDI ionisation, Ehring and colleagues [106] showed that matrix radicals are
frequently seen for different types of MALDI matrices. However, a problem with the
photoionisation model is that one photon is insufficient to produce matrix radicals, and the
process must therefore be a multiphoton ionisation process [104, 106].

Fig.10. Photochemical ionisation, where matrix (M) radical cations are formed (i) during
laser ablation, where n is the number of absorbed photons and (hv) is their energy.
Matrix radicals then interact with other neutral matrix molecules forming protonated and
deprotonated species (ii) which then interact with analyte molecules (A) (iii).

Possible models for multi-photoionisation include a sequential 2-photon excitation, whereby the
matrix molecule is first excited by one photon, and another photon is absorbed while the matrix
molecule is still in the excited state [103, 106]. Alternatively, two or more matrix ions may ‘pool’
their energy together to form a matrix radical [103]. Subsequent matrix-matrix reactions
between the matrix cation radicals formed by photoionisation and neutral matrix species lead to
the production of protonated or deprotonated species which react with neutral analyte
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molecules (Fig.10ii)) [106]. It is thought that the (M-H)· radical may capture a free electron in a
reaction reminiscent of the fast atom bombardment mechanism as described by Sunner et al.
[107]. This theory is supported by the fact that hydrogen atoms have been found in large
quantities within the MALDI plume [108].
A proton transfer reaction is believed to occur between MH+ and the analyte molecules in a
secondary reaction before the ions enter the field-free drift region (Fig. 10iii)) [103, 106]. In
support of this ionisation theory, there is evidence of many protonated analyte molecules
appearing in MALDI spectra [106].
The lucky survivor model for ionisation was originally described by Karas and colleagues in
2000, who proposed that the analytes exist as charged species within the sample, and the
‘lucky survivors’ are those that retain their charge in the gas-phase. The lucky survivor model for
ionisation is attractive because it offers an explanation to why only single charged analytes are
seen in MALDI [92].
Because analyte ions will exist as charged species within a solvent, it is believed that the
analyte ions can maintain their positive charge upon crystallisation with the matrix [93]. Analyte
ions will have their appropriate counterions within solution (i.e. matrix anions or acid anions from
TFA), and so will need to be separated from these counterions in order to produce the analyte
ions seen in the MALDI mass spectrum [92, 93]. Positive ions will be neutralised by electrons
from photochemical reactions (it is therefore important to note that photoionisation and
photochemical reactions as discussed previously are also important within the lucky survivor
mechanism), and negative species will be neutralized by protonated matrix ions. Neutralisation
is the favoured process Therefore, the analyte ions that survive the neutralisation processes are
‘lucky survivors’.[92]
Matrix application is of critical importance in MALDI-MS. It is essential that the spatial integrity of
the sample is maintained, with excessive wetting of the sample leading to analyte
delocalisation, and matrix deficiency leading to unstable ion signals [109-111]. The application
process must be reproducible and result in the formation of a homogenous layer of matrix to
avoid inconsistent analyte desorption, i.e. ‘hot spots’ in the sample [109]. A common method for
MALDI-MS matrix application is the dried droplet technique, whereby the matrix is pipetted by
hand, onto the sample. This method works for MALDI-MS profiling, however, is unsuitable for
imaging, as the droplet sizes are typically large and result in analyte diffusion as well as
inhomogenous matrix distribution [112]. However, acoustic spotters and modified inkjet printers
have been used as matrix applicators, where microdroplets are spotted over the tissue [113,
114]. Pneumatic spraying of the matrix using automated sprayers has become a common
method of matrix application, with multiple commercial sprayers now available, and this is the
method used throughout this thesis. Sublimation is one of the newer techniques of matrix
application, which avoids the use of a solvent and has been successful technique used in matrix
application [115]. Sublimation is the process of a solid becoming a gas, thus bypassing the
liquid phase. Matrices can undergo sublimation at significant vapour pressure under vacuum
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conditions, and the reverse process occurs on a slide to be coated; meaning matrix is deposited
onto the slide. Results of sublimation experiments show matrix crystals are small, thus
improving spatial resolution (reviewed in [116]). Hankin et al. showed sublimation to be
reproducible for lipid imaging [115].
Although matrix application has vastly improved over the past decade, the lack of quantification
remains a major drawback for MALDI-MS. Quantification is a particular problem for low mass
analytes which suffer from large amounts of matrix interference peaks. In this work, a blanking
gate has frequently been set to 400 Da in order to remove lower mass peaks from the spectra.
Another problem for quantification is the ion suppression effect. In MALDI-MS, other molecules
may ionise more readily than the analyte of interest and appear to be in higher abundance, ,
using the available charge within the plume and thus suppressing the analyte signal [117]. It is
therefore important to reduce the complexity of the sample by washing steps in order to
minimize the ion suppression effect as much as possible. However, even in washed tissue,
species in one part of the sample can behave differently than another, owing to the different
molecular composition of each area of the tissue. A simple way of relatively quantifying may be
to look at the ratio of species, rather than one species at a time. Another option for relative
quantification involves spiking tissue homogenates with a standard and comparing this to
imaging data [118-120]. This method has recently been carried out for by Jadoul et al. for
quantification of PCs in the brain by spiking tissue homogenates with different PC
concentrations [120]. An issue for PC species is that they will readily ionise as sodium or
potassium adducts, making quantification even more difficult. However, Jadoul et al, used the
tissue homogenate as a model for how much of the PC will ionise with Na+ or K+ [120].
A popular method for relative quantification is to use a stable isotopically labelled standard
[121]. This method is attractive because the standard can be sprayed onto the tissue in the
same manner as the matrix, making it easy to add into sample preparation. However, the
standard sitting on the top of the tissue will not be subject to exactlythe same ablation and
ionization processes as analytes within the tissue.
Stoeckli et al. suggested using a quantification factor termed the tissue-specific ionization
effect. Whole body sections from mice and rats were sprayed with an unlabelled standard, in
a manner that wetted the whole tissue to allow the standard to penetrate the tissue. The
section was imaged, and thus suppression effects in different tissue sections could be noted
[122]. Hamm et al. described a similar method using a normalisation factor termed the tissue
extinction coefficient, which takes into account how a drug’s signal changes in tissue vs on
the MALDI target plate [123].
Total ion current (TIC) normalisation is commonly used as a means to account for signal
variation within a sample. It involves dividing each spectrum by the square root of the sum of
squared intensities. However, any ions with high intensities, which are often not the peaks of
interest, can skew the TIC calculation, rendering it incorrect.
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1.2.2

DESI

DESI is an ambient MS technique which uses charged solvent droplets to desorb analytes from
the surface of a sample [75]. A typical DESI-MS source (Fig.11) consists of a pneumatic sprayer
attached to a power supply, and a syringe pump (filled with desired solvent). The solvent will
spray onto a slide placed on a motorised stage, and solvent droplets will be taken up into the
mass spectrometer, along with molecules from the sample, by a heated capillary. Correct
geometry of the sprayer capillary and heated capillary is essential to allow maximal signal from
the sample. The angle at which both capillaries are to the sample, the distance between the
capillaries and the distance between the capillary to the sample can all be altered and must be
optimized for experiments. Most DESI-MS sources are made in-house, however there is now a
commercially available source from Prosolia, Indianapolis, USA, which has been used in this
work.

Fig.11. The DESI source

The most widely accepted ionization mechanism of DESI-MS is termed ‘droplet pickup’ whereby
a thin pool of solvent forms on the surface of a tissue section, allowing analytes to dissolve, and
the incoming of more primary droplets causes the ejection of secondary analyte-containing
droplets which are taken up by a heated capillary to the mass spectrometer [124, 125]. The
average velocity of the primary droplets is 120 m/s with an average diameter of 3 μm [125].
Ejected secondary ions have diameters ranging between 0.8 μm and 3.3 μm . Once the
desorption has occurred, droplets will desolvate and ions will be generated in a means
analogous to ESI (reviewed in [126]).
On the surface of each droplet, there are like charges which repel one another, and this is
termed the Coulomb force of repulsion, [127, 128]. As the droplets desolvate, their size
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decreases until the surface tension can’t sustain the Coulomb force of repulsion, and the droplet
breaks apart (Coulomb fission) to create smaller, daughter droplets [129]. It is from these
daughter droplets that the gas-phase analyte ions seen in a DESI-MS spectrum are made.
There are two proposed mechanisms for the formation of these gas-phase analyte ions; the
charge residue model (CRM) [130] and the ion evaporation model (IEM) [131]. The CRM states
that repeated desolvation and Coulomb fission will eventually create a very small droplet which
contains just one analyte molecule. The charge on the surface of this molecule is then
transferred to the analyte itself [127, 130].
The CRM is recognised for larger molecules such as proteins, whereas the IEM is more
accepted for small inorganic and organic molecules. The IEM states that an electric field will
develop on a droplet of a certain size (radius of less than 10 nm) due to the charges on the
surface. This electric field can cause ejection of solvated ions, thus leaving the analyte ion [127,
131].
Commonly the solvent used for DESI-MS is an alcohol:water mixture. The solvent is sprayed
using an electric potential of a few kV, and pneumatic nebulisation.
One limitation DESI-MS imaging compared to other MS imaging techniques is its spatial
resolution. In the past, DESI-MS imaging spatial resolution has been over 100 μm [132].
However, in recent years spatial resolution has come down to ~40 μm [68] which is much closer
to similar MS imaging techniques.
MALDI-MS and SIMS are carried out in vacuum, whereas DESI-MS is an ambient pressure
method, therefore making instrumentation less complex, and the user does not have to wait for
the instrument to achieve sufficient vacuum. However, because tissue sections are left at
ambient conditions, there may be a concern of lipid degradation during imaging. Dill et al.
showed that by 24 hours of a tissue section being left at room temperature, small amounts of
phospholipid degredation products could be seen in the DESI-MS spectra [133]. Therefore,
DESI-MS imaging should be carried out in the shortest time possible. All imaging experiment
presented in this work were run within 24 hours of defrosting, typically images took 1-2 hours.
One benefit of using DESI-MS is that it does not require the use of specialized slides, and
imaging can be carried out on regular glass microscope slides. There is also no need for
washing steps or matrix application, thus minimalizing sample preparation. In addition, there is
minimal degradation to the sample by the DESI spray, and so a section can be imaged in both
positive and negative mode, and still be used for histology staining. Because the laser used in
MALDI-MS can destroy the tissue (depending on the laser power used) this is not always
possible.
DESI-MS does not suffer from matrix peak interference and so can be used to image fatty
acids. However, it is still subject to ion suppression effects. Here DESI-MS imaging has been
carried out to image fatty acids and lipids (in both negative and positive mode) in lung tumours
and CRC liver metastases, which then undergo IF and H&E staining.
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DESI-MS is not accepted as fully quantitative, but studies suggest that lipids concentrations
estimated in tissue are in agreement with endogenous levels [134]. Abbassi-Ghadi et al.
showed acceptable reproducibility of lipid spectra in cancer models, by running samples on
different instruments, by separate operators [135]. Dill et al. also confirmed repeatability of
spectra between adjacent sections [133].

1.3 REIMS

REIMS (also known as the iKnife) is a very new MS technique, established in 2009 by Takats et
al., it allows the detection of lipids by thermal heating of samples to create a ‘smoke’ of gaseous
molecules which are then passed into a mass spectrometer (Fig.12) [7]. An electrosurgical knife
is attached to a Venturi pump by capillary tubing, allowing the smoke generated from tissue to
be taken up through the tubing and ultimately into a mass spectrometer. The knife is also
attached to an electrosurgical unit, which provides the electrical current for cutting. A feedback
electrode is also necessary, and this is usually a plate beneath the tissue, or underneath the
patient for in-vivo purposes. The knife can also be replaced by bipolar forceps, which are used
in brain surgery, and have been trialled as a tool to detect lipids in bacteria colonies [136].
Before entering the mass spectrometer, molecules in the smoke make contact with a heated
impactor, in order to break up larger clusters and aid the ionization process.

Fig.12. The REIMS source

Prior to the heated impactor, a solvent spray, typically isopropyl alcohol (IPA) is often
introduced. The spray is orthogonal to the incoming aerosol, and has been shown to enhance
signal intensities[137].
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The REIMS source is now sold commercially by Waters, UK, and the work done in this thesis
uses the Water’s REIMS source coupled to either the Xevo-G2-Xs or the SYNAPT-G2-Si.
These mass spectrometers utilize the StepWaveTM ion guide where neutral molecules are
filtered out, therefore reducing noise in the REIMS spectra.
REIMS uses an electric current to heat and evaporate (Joule heating) tissue. The possibility of
generating ions solely by thermal means was discussed by Holland et al. in 1976 [138], and this
was later put into practice [139] Tissues are rich in lipids, and so they are the main components
of the REIMS mass spectra. As thermal evaporation techniques are already used in surgery
(electrosurgical knives), REIMS can allow in-situ, real-time analysis to be carried out in-vivo.
Using lipid fingerprints to classify tumours and healthy tissue, the surgeon can tell in real-time
when they have excised the whole tumour.
Balog et al. performed REIMS on ex-vivo tissue to create lipid fingerprints for cancerous and
healthy tissue, and used principal component analysis (PCA) and linear discriminant analysis
(LDA) to show that the two classifications were distinct from one another. In addition, REIMS
could also distinguish between grades of tumours, including metastases [140].
By changing the probe of the REIMS source, cell analysis can be carried out. REIMS has been
used successfully to identify strains of bacteria as well as mycoplasma infection in cell lines;
thus demonstrating REIMS’ sensitivity [141, 142]. REIMS is an ideal tool for lipid analysis of cell
lines as it requires virtually no sample preparation and can be carried out directly on a cell pellet
[141]. Because REIMS is such a new technique, optimisation of cell experiments. will be
detailed in Chapter 3. In Chapters 4 and 7 the optimised technique to sample cells is described,
including cultures which have been grown in hypoxia, and with the addition of a PI3-K inhibitor.

1.4 Mass analysers

1.4.1 Linear Time-of-Flight

A commonly used mass analyser is the linear time-of flight (TOF) system (Fig.13) which works
by accelerating ions towards a field-free drift tube, all within a vacuum environment. Analyte
ions are extracted from the source region of the TOF analyser and accelerated into the field-free
drift region by a potential difference set up by a nearby electrode. All ions of the same charge
will be accelerated to the same kinetic energy, and so their velocities will differ according to
each ion’s mass [143].
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Fig.13. The linear TOF analyser. The sample is ablated/desorbed in the source region (S),
giving rise to analyte ions (blue). Analyte ions are extracted from S into the field-free drift
region (D) by a potential difference set up by nearby electrodes (E). The ions will travel
down the TOF tube at a velocity relative to their molecular mass until they hit a detector
plate at the end of the field free region.

Equation (Eqn) 1) shows how the kinetic energy, Ek of an ion is related to its mass, m. The
kinetic energy is also equal to the acceleration voltage V, multiplied by the charge of the ion, z.
Rearranging eqn 1) gives the velocity, v of the ion, and is shown in eqn 2) The voltage of an ion
is also equal to the flight length, L, divided by the flight time, t, and so by substituting this into
eqn 2) the TOF can be determined, shown in eqn 4)[143]. Therefore, within the field-free drift
region, an ion’s flight time will be dependent on their mass, with the time of flight being linearly
dependent on the square root of the m/z ratio [144]. Ions with a smaller m/z will hit the detector
(usually a microchannel plate) in a shorter amount of time compared to that of larger ions, and
on this basis a mass spectrum giving information on the m/z ratio and relative intensity of each
ion can be produced. [86, 145].
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Eqn 1)
1
2
Eqn 2)
2

Eqn 3)

Eqn 4)
1
2
Eqn 1-4 Calculating an ion’s TOF
TOF analysers are high speed, have high sensitivity and furthermore can be used with a huge
range of masses, allowing drugs, lipids, peptides and proteins all to be analysed in the same
machine [86, 146]. One of the earlier limitations of the MALDI-TOF instrument was its mass
resolution; hence, there have been various attempts to try and improve the resolution of the
TOF system [147]. The problem of resolution in the TOF-MS systems can be mostly attributed
to the initial spread of ion kinetic energies, with ions of the same mass having different initial
kinetic energies, and therefore arriving at the detector plate at different times. Furthermore,
inhomogeneity of matrix crystals poses a problem for resolution, as a difference in initial position
of the analyte can also give rise to a difference in kinetic energy [86, 148]. As a means to
correct for initial energy distribution, most TOF analysers nowadays utilise the pulsed extraction
technique. The initial ideas of pulsed extraction were described by Wiley McLaren in 1955 [148]
but it was not until much later that they were put into practice by Brown and Lennon [149].
Pulsed extraction operates by allowing a time delay between the ionising event and the
extraction event into the field free drift region. There is no electric field applied during this short
delay (less than 300ns), so the higher energy ions will move further towards the extraction
electrode than the lower energy ions. Upon switching on of the electric field extraction, the
higher energy ions will receive less of a potential difference than the lower energy ions, hence
altering their flight times within the TOF analyser. Therefore, at some point in the field free drift
tube, the ions will arrive at the same point at the same time. This point is the ‘space focus’ and it
is at this point where the detector should be in order to achieve good mass resolution. Most of
today’s TOF analysers use two electrodes as for extraction, so the acceleration potential can be
split between the two, and thus increasing the flight time before reaching the space focus.
Pulsed extraction is mass dependent, and the pulse potential will need to be altered for each ion
of interest [86, 148].
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1.4.2 Reflectron TOF

The reflectron TOF, first described by Mamyrin and colleagues in 1973, offers a TOF system
with a higher mass resolution based on using a reflectron as an ‘ion mirror’ [150]. A simple,
single stage reflectron consists of a series of ring electrodes which are able to retard and reflect
the traveling ions by a voltage gradient and constant electric field created by the electrodes [86].
Similar to the pulsed extraction technique, the reflectron aims to compensate for the spread of
initial energies of the ions by refocusing ions with the same m/z ratios (but different initial kinetic
energies) onto the detector, hence achieving better mass resolution. Higher energy ions will
travel further into the reflectron, and ions with lower kinetic energies will only travel into the
reflectron a short distance, thus correcting for the spread of energies, and allowing the ions to
arrive at the detector at the same time [86, 147]. The single stage reflectron is able to time focus
the spread of energies to the first order, but second order focussing has now also become
possible with the dual-stage reflectron.[147] The dual-stage reflectron (Fig.14) works on the
same premise as the single stage reflectron, but has two different electric fields rather than just
the one. It is able to correct TOFs to the second order because it retards the travelling ions in
the first electric field, and then reflects the ions in the second field [147]. A third type of type of
reflectron proposed by Cornish and Cotter [151] involves the use of a curved voltage gradient
on a single-stage reflector and is thus named a curved field reflectron.

Fig.14. The dual-stage reflectron TOF analyser. Analyte ions of the same mass leave the
ion source and travel through a field-free region, with the higher energy ion (dark blue)
travelling faster than the lower energy ion (light blue). The dual-stage reflectron is made
up of two depths (D1 and D2), where each depth has a separate electric field (U1 and U2).
The ion of a higher kinetic energy penetrates further into the reflectron than the lower
energy ion, so when the ions are reflected, they will hit the detector at the same time.
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1.4.3 Quadrupole

The quadrupole acts as a mass filter. It is made up of four rods (Fig.15), with one pair carrying a
positive direct current (DC) potential, and the other pair a negative. An alternating
radiofrequency (RF) potential is superimposed across the pairs of rods, and ions are separated
based on their trajectory stability in this combined, offset alternating electric field.

Fig.15. The quadrupole mass analyser. Ions will pass through the four rods of the
quadrupole based on their stability in the given alternating field.
Typically DC and RF potentials are set to allow only one m/z at a time. Unwanted ions will hit
the quadrupole rods and become neutralised. Therefore to acquire more than one m/z in the
mass spectrum, the DC and RF potentials must be scanned across a range, and thus a
quadrupole is coined a scanning mass analyser. Due to this scanning approach, quadrupoles
typically have slower acquisition rates than TOFs.
Yost and Enke introduced the triple quadrupole mass spectrometer in 1978 [152, 153]. As the
name suggests, it is made up of three separate quadrupoles, and is designed for a highly
selective MS/MS (discussed in section 1.6) instrument. The first quadrupole (Q1) selects the
chosen parent m/z, and the second quadrupole (Q2) is filled with a collision gas, and operates
in RF-only mode, so it can act as a collision cell. The third quadrupole (Q3) then acts as a mass
filter for fragment ions. Q1 and Q3 can be set to acquire a whole spectrum, or to transmit just
one m/z. In MS mode, monitoring one m/z at a time is termed selected ion monitoring (SIM). In
MS/MS mode, a very popular option is to carry out single reaction monitoring (SRM) or multiple
reaction monitoring (MRM). Both SRM and MRM select a specific parent ion in Q1, and then
one (SRM) or multiple daughter ions (MRM) are selected in Q3. Another useful feature of a
triple quadrupole instrument is the neutral loss scan mode; where both Q1 and Q3 are used to
detect a fixed loss in mass in Q2. The MS/MS modes in a triple quadrupole offer high selectivity,
and noise is minimised.
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1.4.4 Ion traps

The ion trap is so named as it involves trapping ions and then mass analysing these ions within
the same space [154]. The idea of trapping ions in order to measure their m/z ratios was put
forward by Stafford and colleagues [155],and has since lead to the production of today’s
quadrupole ion traps (QIT), linear ion traps (LITs), as well as the most recent orbitrap [86]. QIT’s
are also referred to as ‘Paul traps’ due to Wolfgang Paul being credited for the invention, for
which he shared the Nobel prize for physics in 1989 [156] [157]. A QIT consists of three
electrodes with hyperboloidal geometry; a ring electrode directly in between two end-cap
electrodes (Fig. 16) These electrodes create a folded like quadrupolar field within the ion trap,
which consequently leads to the formation of a potential ‘well’ where the ions can be trapped
[158]. Changing the applied DC and RF electric field will distort this potential well, so the motion
of the ions within the well is dependent on RF frequency and amplitude, as well as the mass of
the ion [86] [158]. By changing the RF frequency, ions can be ejected from the ion trap, with the
ejected ions hitting an external detector [158]. If the amplitude of the RF potential is linearly
increased, a mass spectrum can be created, based on the principle that each ion of a certain
m/z ratio will be ejected at different RF amplitudes [158]. In order for the ion trap to work, all
ions must be at the centre of the ion trap and have low translational kinetic energies, before
ramping of the RF amplitude begins. This is most commonly achieved by using a helium
collision gas [86, 158].

Fig.16. The quadrupole ion trap. Ions enter the ion trap from the source region, and
accumulate in the centre of the trap. A potential well is set by a ring electrode (R) and two
end cap electrodes (E1 and E2). When this potential well is tipped appropriately by a
change in RF potential, the ions will be ejected out of the ion trap and hit an external
detector (d) [158].
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QIT and LITs are relatively cheap, robust mass analyzers with high sensitivity and achieve good
results in MS/MS. However, these ion trap instruments conventionally have poor mass accuracy
and resolution. The orbitrap, the newest form of ion trap, addresses the ion trap’s problems of
poor resolution and mass accuracy, and uses electrostatic fields to confine the ions within a
uniquely shaped trap, and can produce mass spectra of high resolving power and mass
accuracy [159].

1.5 Ion mobility

Multiple lipid species can often have the same m/z value, and therefore distinguishing between
these is extremely difficult. Ion mobility MS offers a way to resolve these lipids from one
another. Ion mobility MS was first described in 1962 [160]. However, it has only been in the last
decade where ion mobility has really gained momentum, probably owing to the availability of
commercial instruments.
Ion mobility separates gas-phase molecules by their shape and size based on their movement
through a buffer gas (e.g. N2 or He). Drift-time ion mobility is the oldest type of ion mobility, and
is based on the time an ion takes to move through a tube of drift gas, after a uniform electric
field is applied. The time for an ion to move through the tube will depend on its collision cross
section (CCS), which can be calculated using the Mason-Schamp [161] equation (Eqn. 5).
Molecules which are less compact will move slower through the tube due to more interactions
with the drift gas. It is key that the electric field is kept low; the thermal energy from the collisions
with the buffer gas must be greater than the energy the ions have received from the electric
field. Therefore, the velocity of an ion is directly proportional to the electric field.
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Eqn. 5. The Mason-Schamp equation for ion mobility; where

is the CCS, z is the charge

of the ion, e is the elementary charge, N is the number density of the drift gas, μ is the
reduced mass of the ion-neutral drift gas pair, KB is the Boltzmann constant, T is the gas
temperature, and K0 is the reduced mobility (measured mobility at standard temperature
and pressure).
Travelling wave ion mobility uses a series of ring electrodes (a stacked ring ion guide (SRIG)),
where a travelling wave voltage is applied. A travelling wave voltage is created by having
adjacent electrodes at opposite RF phases, and then applying a DC to each electrode in
succession. Higher mobility ions will ‘ride’ the travelling wave faster than lower mobility ions
[162]. Because the electric field is not constant, the CCS cannot be calculated by the MasonSchamp equation. The CCS can still be calculated using travelling wave ion mobility, but it must
be calibrated using an analyte of similar chemical and physical properties to the analytes of
interest. The travelling wave approach has lower resolving power than drift-time ion mobility, but
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is able to be used on product ions, after CID, whereas the geometry of drift time ion mobility
means this is not possible (reviewed in [163]).
The final type of ion mobility, field asymmetric ion mobility spectrometry (FAIMS) does not allow
the calculation of CCS, but does have good resolving power. FAIMS is primarily used to
separate out ions of interest, and remove unwanted ions. Ions enter the FAIMS cell
perpendicular to the electric field and drift gas. An alternating asymmetric electric field is created
by two electrodes. A waveform is established to exploit the fact that an ion’s mobility will be
different under a high electric field (generated by the positive electrode) than a low electric field
(generated by the negative electrode). To prevent the ions from making contact with the
electrodes, a compensation voltage must be applied. This voltage is specific for different types
of ions, i.e for those with a smaller CCS, a large compensation voltage is needed to repel them
from the electrodes, as they move much faster towards electrodes than ions with larger CCS.
Different types of ion mobility are presented in Fig.17.

Fig.17 The different types of ion mobility
The ion mobility used in this thesis is a travelling wave type, and is in-built into the mass
spectrometer (SYNAPT-G2-Si, Waters, UK). The patented TriwaveTM technology uses a trap,
followed by an ion mobility cell, and finally a transfer cell to take ions to the TOF. Ions will be
held in the trap until the previous ion mobility separation has occurred, then the trap will let
another packet of ions into the ion mobility cell. There is no travelling wave present in the trap,
and this part of the TriwaveTM may also be used as a collision cell. The transfer cell after the ion
mobility separation does have a travelling wave in order to maintain the separation as the ions
are transported to the TOF.

1.6 Tandem mass spectrometry

Although MALDI-MS and DESI-MS are known as a ‘soft' ionisation technique, fragmentation
can occur within the mass spectrometer due to the metastable decay of ions. There are two
types of this fragmentation; post source decay (PSD), in-source decay (ISD). Induced
fragmentation of a parent molecule using a collision gas is termed collision induced
dissociation) (CID)., and is also called MS/MS or tandem MS [86].
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ISD occurs at the ion source, and can be attributed to a result of hydrogen radical interaction. It
is thought that these hydrogen radicals are a product of photochemical reactions of the matrix
[164]. ISD has been used for deducing primary structure of peptides, but is generally not of
great practical use due to its low signal intensity, with it being particularly impractical in studying
small peptides due to large number of matrix interference peaks [86, 165]. PSD on the other
hand, has proved to be a much more useful tool in proteomics [166, 167]. PSD occurs within the
mass analyser, after the ions have left the ion source, and is thought to be due to an activation
energy that arises from collisions between neutral matrix models and analyte ions during initial
formation of the plume, as well as collisions between the analyte and residual gas molecules
[165].
CID is routinely used to generate MS/MS spectra; and molecules can be identified based on
their fragmentation pattern. CID is carried out in a collision cell, where a chosen parent ion is let
in and bombarded with a collision gas, typically helium. A TOF/TOF system with a collision cell
is shown in Fig.18. The first TOF analyser passes the parent ion to the collision cell. The
second TOF then separates out parent ions. A TOF/TOF is given as an example but other mass
analysers can also be used (the MALDI-MS instrument used in this thesis uses a TOF/TOF
system, and the DESI-MS instruments a quadrupole/TOF). High energy CID is capable of
carbon-carbon bond cleavage, thus allowing in depth structural analysis [86, 168].

Fig.18. A TOF/TOF analyser. The TOF/TOF analyser shown consists of a linear TOF
(1) and a single stage reflectron TOF (2) separated by a collision cell. The collision
cell contains inert gas molecules (e.g. nitrogen or helium) which collide with analyte
ions when they enter the cell, causing CID and producing analyte fragment ions. The
fragment ions travel through the second mass analyser and are detected at the
detector plate.
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1.6.1 Lipid fragmentation and identification

Currently, methods of identifying lipids utilise tandem MS and databases such as Lipid
Maps[169] and LipidBlast [170], where a search for a lipid can be made based on its mass.
Therefore, it must first be known if the parent m/z is a protonated, sodiated, and potassiated
peak. There may be numerous lipids with the same mass, and so being able to elucidate which
fatty acids fragment from the parent molecule is essential for identification.
In positive ion mode PCs and SMs will dominate the spectrum. Although it is still possible to see
PE, PS, PG and PI species, they will ionise preferentially in negative mode. The phosphateglycerol bond in PCs and SMs is easily broken using CID (and in fact can often be seen by
ISD), forming a positive head group ion at m/z 184, and this fragment is indicative of an
unidentified lipid being a PC or SM. An example of MS/MS on and LPC is shown in Fig.19. PCs
will have an even number parent m/z ([M+H]+), whereas SMs will be an odd number. For both
PCs and SMs, the neutral loss of a trimethylamine (m/z 59) will be lost from the parent ion. In
positive mode, lipids often ionise as sodiated ([M+Na]+) or potassiated ([M+K]+) species owing
to the large amount of salts present in tissues. Sodiated and potassiated PCs or SMs will
fragment to form a prominent peak at m/z 147 and m/z 163 respectively. These peaks are
sodiated and potassiated cyclic 1,2-phosphodiesters [171]. Adding a lithium salt to biological
samples has been proposed as a means to simplify salted peaks, as phospholipids have a high
affinity for lithium, a strong ion-dipole bond will form between the lithium and the phosphate
group [172, 173]. In addition, lithiated adducts of parent fragments can help in the identification
of the lipid.

Fig.19 MS/MS spectrum of sodiated LPC 16:0 (m/z 518)
Studies have shown that in positive mode, PCs and PEs the fatty acyl at the sn-1 position more
readily fragments from the parent ion than the fatty acyl at the sn2 position [174-176].
Therefore, ratios of peaks representing loss of the two fatty acyls can be used to establish sn
positions. However, for sodiated lipids, it is extremely difficult to establish sn positions, as the
sodium can be associated with more than one region of the molecule, making the MS/MS
spectra more complex [175].
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Protonated PEs will undergo a neutral loss of the PE head group (141 Da), and sodiated PEs
will undergo neutral losses of a vinyl amine (43 Da) and the sodiated head group (163 Da). The
sodiated head group can also be seen in the spectrum as at m/z 164, along with a peak at m/z
121 which represents the loss of an arizidine from sodiated PE [177].
PS species in positive mode show a characteristic loss of 185 Da, which is the loss of the
phosphoserine head group. A neutral loss of 87 Da will also indicate PS, and a dominant ion will
be seen at m/z 208 (sodiated head group) if the PS is sodiated [178].
In negative mode, the phospholipids with a net neutral charge (PE and PC) will lose the fatty
acyl at the sn2 position more readily than sn1 [179, 180]. Studies have suggested it is more
sterically favourable to lose the sn-2 fatty acyl [181], as the anion charge is closer to the αhydrogen of the carboxylic acid at Sn-2 vs Sn-1. However, Hvattum et al. showed that at higher
collision energies (above 40 eV), the opposite was seen, and the sn-1 fatty acyl was more likely
to be lost than the sn-2 [182].
In negative mode, peaks characteristic of a PS will be the loss of the serine from the head group
(87 Da), and peaks at m/z 223, 241, 297 are all indicative of PIs [183].

1.6 Positron emission tomography

PET is an in-vivo technique which emerged in the 1950s [184], where a radioisotope attached to
a molecule (tracer) is imaged within the body. Since the 1950s, it has become an extremely
useful preclinical tool, principally for neurological diseases and oncology. The most widely used
clinical PET tracer today is [18F]-fluorodeoxyglucose (FDG ). FDG PET makes use of cancer’s
altered glucose metabolism, as the tracer is a glucose analogue and so will be taken up by cells
which are rapidly using glucose; thus cancer cells will take up more FDG than normal cells. In
the late 1970s/ early 1980s clinical trials using FDG as a tracer were carried out with positive
results [185-188], and is it now an established oncology PET tracer.
The type of radioisotope chosen for a tracer must have a significant positron emission decay
branch, and have a sufficient half-life to allow time for scanning, but not so long as to remain in
the body for long periods, thus increasing radiation exposure. Common radioisotopes used are
18

F, 11C ,64Cu and 13N. Radioisotopes are unstable and so will want to decay to a stable form. In

order to become stable, radioisotopes must rearrange their nucleus and release energy, which
can be in the form and this can be in the form of beta-particles (positrons (β+)), alpha particles,
and gamma rays. In PET, this energy must primarily be β+ as too much emission of other
energies can cause interference with the detectors. β+ decay occurs because the nucleus of the
isotope is proton rich, and it is the decaying of a proton to a neutron which causes positron
emission. A positron is an anti-particle emitted from the nucleus of an atom. Positrons have a
positive charge and are sometimes referred to as an anti-electron. Positrons are short lived; and
will collide with electrons in the body, losing kinetic energy as they do so. Once they have lost
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sufficient energy, collision with an electron will result in an annihilation reaction. Annihilation
reactions involve two gamma rays (photons) being emitted approximately 180˚ ± 0.5 ˚ to each
other. The photons carry 511 keV of energy, and are highly penetrating. Therefore, they
penetrate tissues with little chance of absorption or scatter. The detectors in a PET scanner are
found in a circle around the patient/animal to be scanned, as to detect both co-linear photons
from the annihilation reaction, within a narrow coincidence time window. A 3D image can then
be reconstructed, to show where most annihilation reactions have occurred, thus showing which
part of the body has taken up the tracer. A schematic of processes involved in PET are shown
in Fig.20.

Fig.20. The fundamentals of PET
PET is often coupled with a computed tomography (CT) scanner, as PET only shows where the
tracer has been taken up, and not anatomical detail. CT is an X-ray absorption 3D imaging
technique and so by overlaying PET and CT scans, precise locations of tracer uptake can be
established.
In terms of monitoring lipids metabolism; the tracers [11C]-acetate, [11C]-choline and [18F]fluorocholine are the most established tracers. Choline is a key precursor for
phosphatidylcholines, which in turn are main components of the cell membrane. Thus, it can be
anticipated that a tumour’s demand for choline will increase, owing to the increased
proliferation. [11C]-choline has proven to be particularly successful in the diagnosis of prostate
cancer [189, 190].
Unlike FDG, [11C]-choline does not accumulate in the urine, therefore tumours localising around
the pelvis can be seen more clearly. Hence, [11C] choline PET has been particularly successful
for imaging prostate cancer [191]. In addition, prostate cancer cells often don’t display increased
glycolytic rates until the late stages of the disease.
[11C] Acetate is readily converted in acetyl-CoA in the body. Acetyl Co-A can enter the TCA
cycle, or be converted to palmitate (the substrate to make other fatty acids and more complex
lipids) by FASN. In tumour cells, FASN is overexpressed, thus the main pathway for acetate will
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be conversion to palmitate, and [11C] acetate can image the activity of FASN [192]. In Chapter
5, [11C] acetate is used to image FASN heterogeneity in lung tumours.
[18F]- FTHA is another lipid tracer, but it is in its infancy as an oncology tracer. FTHA is a fatty
acid analogue and has been conventionally used to study myocardial fatty acid oxidation [193,
194]. More specifically, FTHA is a palmitic acid analogue and so theoretically can enter the βoxidation (fatty oxidation pathway) or be used as a substrate for lipogenesis. Large amounts of
β-oxidation are involved in myocardial function, and so FTHA will primarily enter this pathway.
The sulphur in FTHA means the tracer gets trapped in the mitochondria in the β-oxidation
pathway [195].
Recently, preliminary studies have been carried using [18F]- FTHA PET imaging on prostate
cancer [196]. The reprogramming of lipid metabolism in prostate cancer is widely accepted,
however the changes in lipids in other cancer types is less understood. Chapter 4 will
investigate the use of [18F]- FTHA as a tracer for free fatty acid uptake in melanoma tumours,
using a zebrafish model. In addition, DESI-MS was carried out ex-vivo to give higher resolution
imaging of the FTHA in the zebrafish.
The very first PET scans focussed on imaging the brain. Since the 1950’s the role of PET in
neurology has expanded to image the early signs of Alzheimer’s [197, 198] and Parkinson’s
[199, 200], and the effects of stroke [201]. For both oncology, and neurological diseases, there
has been an interest in imaging inflammation. Neuroinflammation in stroke has been described
as a double-edge sword; it can cause secondary brain injury during and acutely after stroke, but
also aids the recovery of the brain longer-term after stroke (reviewed in [202]). In stroke, the
translocator protein-18 kDa (TSPO), has gained interest as a biomarker of neuroinflammation,
and PET studies have successfully imaged TSPO in the brain [203, 204]. Chapter 2 will
investigate neuroinflammation three months after stroke using a TSPO tracer [202].
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Abstract

Stroke is a leading cause of disability worldwide. To lessen its impact, it is therefore essential to
understand the recovery processes following a stroke. Advances in neuroimaging have made
substantial progress in identifying different types of stroke immediately after the incident;
however, there is a lack of studies regarding the longer-term recovery of the brain post-stroke.
MRI is a common imaging modality used pre-clinically and clinically post-stroke, however other
methodologies may be preferred in terms of monitoring functionality in the brain during
recovery. Here, MRI has been used to image a rat brain 48 hours after ischaemic stroke to
clearly show the infarcted regions of the brain. To investigate brain recovery three months postischaemia, PET imaging has been used. Inflammation and neurodegeneration are key
pathological features after stroke. PET imaging is a non-invasive technique, and has been used
to image TSPO and sigma-1 receptors, markers of neuroinflammation and neurodegeneration
respectively. Three months after stroke, PET shows minimal detection of neurodegeneration
and neuroinflammation, indicating the brain has stabilised. Ex-vivo MALDI-MS imaging allows
the visualisation of hundreds of molecules in one experiment at very high spatial resolutions,
and has previously been used successfully to study lipids in brain sections. In this study, the rat
brain is flash-frozen post PET scanning, and sectioned for MALDI-MS imaging. MALDI-MS
images show that subtle lipid changes exist in the infarct in the rat brain. At present, it is not
known if these lipids will change on a longer time scale, or if they are stabilised products of the
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brain post-ischaemia, but the data clearly demonstrates the ability of MALD-MS imaging to
observe changes not seen by other imaging modalities.
Combining MRI, PET and MALDI-MS imaging shows different aspects of brain recovery; and
utilises the dynamic, non-invasiveness of in-vivo imaging, along with the untargeted and high
spatial resolution of mass spectrometry imaging.

Introduction

Stroke is a leading cause of death and disability worldwide, with ischaemic stroke contributing
80% to all diagnosed strokes (1). It is therefore essential to understand the recovery processes
occurring post-ischaemia. The majority of brain recovery post stroke occurs within the first 30
days, and many studies have focussed on the more immediate effects and recovery (2, 3).
However, recovery processes can continue for at least 6 months (3). Here, a multi-modal
imaging approach is used to study recovery of an ischaemic stroke in a pre-clinical model, 3
months post-ischaemia.
During ischaemia, there is a lack of oxygen and nutrients to an area of the brain, and an infarct
(an area of dead tissue) is formed. However, cell death in the infarct is not the sole reason for
loss of brain function post-stroke. Tissue around the infarct will survive ischaemia (known as the
penumbra) and can contribute to loss of functionality. Furthermore, more remote areas which
are connected to the infarct can also be affected. Thus, it is important to monitor all of these
features when studying recovery, and imaging offers an ideal tool to accomplish this.
Conventional methods of detecting whether a patient has had a stroke are computed
tomography (CT) magnetic resonance imaging (MRI). CT is preferred as it is cheaper and
quicker, although MRI is much more sensitive to detecting acute ischaemic stroke (4). Both CT
and MRI are well-established clinical imaging tools used and can show where the infarct has
occurred, and if thrombolysis is necessary (4-6). In terms of monitoring recovery after stroke,
standard MRI can show structural reorganisation of the brain; and although this is undoubtedly
key in functional recovery (7) other imaging modalities such as functional MRI (fMRI) or PET are
preferential for imaging functionality in the brain.
FMRI measures blood flow, and so can detect functional activity in the brain as oxygen is
delivered from the blood to active brain regions. Studies show that fMRI is a useful imaging tool
for monitoring recovery post-stroke (8, 9) with Loubinoux et al. showing that fMRI maps give a
better indication of behavioural outcome than total infarct volume as determined by MRI (10)
PET is a highly sensitive technique where a radiolabelled molecule (tracer) is imaged in-vivo. As
well as measuring blood flow, it can also give information on other aspects of stroke pathology,
including inflammation (11). Neurodegeneration is the loss of neuronal integrity, which can
include loss of function and structure. Neuroinflammation and neurodegeneration are key
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markers of pathology post stroke. PET tracers have been developed to image
neuroinflammation and neurodegeneration by targeting the translocator protein (TSPO) and
sigma-1 receptor respectively; and these tracers will be used in this study.
TSPO is found in the mitochondrial membrane and its expression is substantially increased
when microglia are activated; making it an ideal biomarker for neuroinflammation (12, 13). The
sigma-1 receptor is a neuronal biomarker, and is involved in the regulation of intracellular Ca2+
signalling (14). An ischaemic attack can cause a disruption of calcium signalling, resulting in
neuronal cell death (15). Here, TSPO and sigma-1 receptor tracers are used at 3 months poststroke to monitor neuroinflammation and neurodegeneration in long-term recovery.
One drawback of PET is that it can only image one tracer at a time, and is therefore very much
a targeted technique. Matrix-assisted laser desorption ionisation mass spectrometry (MALDIMS) imaging can image a large number of both exogenous and endogenous species in one
experiment, and at very high spatial resolutions (10-100 μm). MALDI has been used in previous
studies to image the acute effects of lipid distributions post stroke (16), showing that lipid
alterations are prominent shortly after stroke. Phospholipids play both a structural and signalling
role in the body, and are of particular abundance in the brain. These phospholipids undergo
changes after a traumatic brain injury such as stroke, with phospholipid degradation being
recognised as a promoter of neuronal death (17). Lipids are involved in inflammation and cell
death (18-20). Thus, using MALDI-MS lipid imaging data can enrich the in-vivo PET data
regarding neuroinflammation and neurodegeneration, and has been done so to study brain
recovery 3 months post-ischaemia.

Methods

Materials
All solvents were purchased from Sigma-Aldrich, UK

Induction of focal cerebral ischaemia in rats
Wistar rats (350g, Charles River, UK) were allowed free access to food and water and were
maintained under temperature, humidity, and light-controlled conditions. All procedures were
performed under appropriate United Kingdom Home Office licenses and adhered to the Animals
(Scientific Procedures) Act (1986).
Middle cerebral artery occlusion (MCAO) was induced by 70 min transient ligature of the left
middle cerebral artery trunk and common carotid artery with a 10–0 suture (Prolene, Ethicon,
Somerville, NJ, USA) as described previously (21) under anaesthesia using isoflurane (2-3% for
induction and 1.5-2% during surgery) in a mixture of 70% N2O and 30% O2. Core body
temperature was maintained at 37.0±0.5°C throughout the surgery by a heating blanket
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(Homeothermic Blanket Control Unit; Harvard Apparatus, Kent, UK). Occlusion and reperfusion
were confirmed visually under the surgical microscope. After surgery, animals were returned to
home cages and allowed free access to water and food. Animals were excluded based on an a
priori exclusion criterion, namely if animals experienced brain haemorrhage, lack of reperfusion
or if the surgery took longer than 45 min and there was excessive bleeding.

MRI
MCAO lesions were assessed by T2 weighted (T2W) MRI at 48h after stroke, using a 7-T,
horizontal-bore magnet (Agilent Technologies, UK) interfaced to a Bruker Avance III console
(Bruker Biospin, UK) using a surface transmit-receive coil. Images were visualised using
Anatomist software (http://brainvisa. info). Images were compared to an anatomical atlas as
described in (22).

PET
N-(2-benzofuranylmethyl)-N’-[4-(2-fluoroethoxy)benzyl]piperazine (IAM6067) (sigma-1 receptor
tracer) was labelled with [18F] as previously described by Moussa et al. (23). 36 MBq in 260µl of
saline (0.395nmol at 94GBq/µmol, 100% radiochemical purity) of [18F]-IAM6067 was injected
intravenously at the start of the scan.
[18F]-N,N-diethyl-2-[4-(2-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo[1,5-a]pyrimidine-3acetamide ([18F]DPA-714) (TSPO tracer) was synthesised as described elsewhere (24, 25).
Briefly, [18F]DPA-714 underwent nucleophilic aliphatic substitution of a tosylate precursor (24).
29 MBq in 483 µl of saline (0.898nmol at 32GBq/µmol, 100% radiochemical purity) of [18F]DPA714 was injected intravenously at the start of the scan.
PET scans were performed on a Siemens Inveon® PET/CT scanner for 60 minutes. The rat
was anesthetized using isoflurane (induction 5%, 2-2.5%) and catheterized in the tail vein for
tracer injection. Animal respiration and temperature were controlled using a pressure-sensitive
pad and rectal probe (BioVet, m2m Imaging Corp., Cleveland, OH, USA) and body temperature
was maintained at 37±0.7°C via the interface managed by the BioVet system. PET-CT was
performed as previously described (25). Briefly, a CT scan was performed prior to the PET
acquisition for attenuation correction. The list mode emission data were histogrammed into 3D
sinograms of 35 dynamic frames, normalized, corrected for dead-time, attenuation, scatter and
radioactive decay, and reconstructed using OSEM3D (16 subsets and 4 iterations) into images
of dimensions 128×128×159 voxels of volume 0.776×0.776×0.796mm³.
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Sample preparation
After PET scanning, rats were promptly decapitated, and their brains removed and frozen in
isopentane. Brains were stored at −80 °C. Brains were sectioned to 12 µm and thaw-mounted
onto indium tin oxide (ITO) slides (Sigma-Aldrich, UK). Sections were washed with 150 mM
ammonium acetate (Sigma-Aldrich, UK) by pipetting 100 µl over the sections, and allowed to
dry between washes. Sections were washed 10 times. Slides were sprayed with 10mg/ml
dihydroxybenzoic acid (DHB) (LaserBio Labs, France) in 70% methanol and 0.1% trifluoroacetic
acid (TFA), (Sigma-Aldrich, UK) using the SunCollectTM (Sunchrom, Friedrichsdorf ). The flow
rate of 10 μl/min, 15 μl/min and 20 μl was used for the first, second and third layers, followed by
27 layers at 25 μl/min.

MALDI-MS imaging
Imaging was performed on the MALDI-7090 (Shimadzu, UK) in positive ion reflectron mode,
using 100 laser shots per profile and a laser beam diameter of 50 µm at the sample. The laser
repetition rate was 500 Hz, and spatial resolution was set to 80 µm. The blanking mass was set
to 50 Da and pulsed extraction 700 Da. Images were normalised to the total ion current (TIC)
with MALDI Processing 0.0.2 (Shimadzu, UK) and processed in BioMap (Novartis). Slides were
washed with 70 % ethanol post imaging and stained with haematoxylin and eosin (H&E).
Images were compared to an anatomical atlas as described in (22).

MALDI MS-MS
MALDI MS/MS experiments were performed on the MALDI-7090 (Shimadzu,UK) using collision
induced dissociation (CID) (helium was used as CID gas) and axial spatial distribution focussing
(ASDFTM) (26). Interpretation of spectra was carried out with the help of LIPID MAPS Lipidomics
Gateway database (http://www.lipidmaps.org) (27).

H&E
H&E staining was carried out on the same sections as MALDI-MS imaging. Slides with
mounted sections were immersed in xylene (Sigma-Aldrich, UK) for two mins, and then
transferred to industrial methylated spirit (Sigma-Aldrich, UK) for 4 x 2 mins. Sections were then
immersed in tap water followed by 3 mins in Harris haematoxylin (Sigma-Aldrich, UK), a rinse in
hot water, and a one second dip in eosin (Leica, UK). Slides were transferred to industrial
methylated spirit for (4 x 2 mins), then to xylene (4 x 2mins), and left to dry. Aqueous mounting
media (Vector labs, California) was used to mount coverslips (VWR, UK) onto slides and left
overnight to dry. Images were acquired using a [20x/0.80 Plan Apo] objective using the 3D
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Histech Pannoramic 250 Flash II slide scanner, and processed using Panoramic viewer (3D
HISTECH, Hungary).

Results and Discussion

MRI is an established technique for imaging the brain acutely after stroke. Here, MRI was
carried out 48 hours post-ischaemic stroke, and shows a distinct infarct region in the right
hemisphere (Fig.1).

Fig.1. MRI scan showing the infarct in the right hemisphere of a rat brain 48 hours post
ischaemia.
MRI reveals an obvious infarct in the brain, showing ischaemia has occurred. However, three
months after stroke, PET detects no substantial neuroinflammation near the infarct, although
TSPO does appear at a slightly higher abundance in the ipsilateral hemisphere compared to the
unaffected hemisphere. Sigma-1 PET scans do not reveal any differences in the infarct or
penumbra, compared to the rest of the brain (Fig 2).

Fig.2. [18F]-DPA-714 (left) and IAM6067 (right) PET scans of a rat brain three months post
ischaemia, showing TSPO and Sigma-1 receptors respectively.

It has previously been shown that DPA-714 can be used as PET tracer to image TSPO postischaemia (28). However these scans were carried out less than a week post-stroke.
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Neuroinflammation is expected to be at its most aggressive in the first two weeks post stroke,
with Toth et al. showed that TSPO signal had already decreased by day fourteen (29). Few
studies have been carried out to investigate chronic inflammation post stroke, but findings
suggest inflammation should dissipate after three months (30, 31) , which is in accordance with
the three month TSPO PET scan in this study. Walberer et al. showed by PET that at day 42,
microglial activation was still present but it had moved away from the infarct region to the
thalamus (32). Here, PET scans showed that TSPO activation was more prominent in the
ipsilateral hemisphere, but there was no defined TSPO activation relating to the brain anatomy
or penumbra. The sigma-1 receptor PET scan also indicates no signs of neurodegeneration
anywhere in the brain. These findings suggest the brain has stabilised post-ischaemia.
Ex-vivo MALDI-MS imaging was carried out after PET scanning. Unlike the PET data, MALDIMS imaging showed clear molecular differences between the infarct region, and the rest of the
brain (Fig.3). The different lipid profile of the infarct compared to normal brain tissue indicates
lipid metabolism is still altered in the brain three months after the ischaemic attack.
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Fig. 3. MALDI-MS spectra of lipids in different regions of a coronal rat brain section, 3
months post ischaemia. Corresponding ROIs are shown, and include the infarct (A),
isocortex (B), and cerebral nuclei in each hemisphere (C) and (D).

During an ischaemic attack there is an increase in the release of neurotransmitter glutamate,
which causes intracellular Ca2+ to rise, and phospholipases (A2, C, D) to be activated (33, 34).
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The cytokines TNF-α and interleukin-1 are upregulated during the pro-inflammatory response
acutely after an ischaemic attack, and will also cause activation of phospholipases (35, 36).
Phospholipase A2 (PLA2) hydrolyses phospholipids into lysophospholipids. PLA2 is upregulated
in the ischaemic brain; thus upregulation of lysophospholipids and downregulation of
phospholipids in the infarct region is anticipated acutely after stroke (37, 38). PC (16:0/18:1) and
PC (16:0/16:0) (MS/MS shown in Supp. Figs. 1 and 2), appear across the healthy brain tissue
(Fig.4) but are clearly absent in the infarct region. A previous study on the acute effects of
stroke shows that PC (16:0/18:1) is downregulated in the infarct (39). This study suggests that
downregulation of PC (16:0/18:1) and PC (16:0/16:0) in the infarct is a chronic effect after an
ischaemic attack. However, an inflammatory response causes the increased secretion of TNF-α
and interleukin-1, and TSPO PET scans do not indicate any significant microglia activation in
the in the infarct region, therefore, another signalling pathway may be governing
phospholipases.

Fig. 4. MALDI-MS images of PC (16:0/16:0) (A) and PC (16:0/18:1) (B) in a coronal rat brain
section 3 months post ischaemia. Two different sections, (at different depths into the
brain) are shown, with corresponding H&E stains (C). The infarct has been circled.

In addition to phospholipase activation, TNF-α and interleukin-1 cause an increase in
sphingomyelinase activity. Sphingomyelinase hydrolyses sphingomyelins to release ceramides,
which in turn induces apoptosis (reviewed in (40)). Three months post-stroke, SM (d18:1/16:0)
is upregulated in the infarct region (Fig. 5) (MS/MS shown in Supp. Fig. 3), suggesting a lack of
cytokine action. This is in agreement with the TSPO PET scan (Fig.1) which shows minimal/no
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neuroinflammation in the rat brain three months after an ischaemic attack, and again points to a
different regulator of phospholipase action. SM (d18:1/16:0) has been associated with hypoxic
regions (41), and therefore may be indicative of low oxygen tensions still being present in the
infarct 3-months post-stroke.

Fig. 5. MALDI-MS images of SM (d18:1/16:0) (A) and lysophosphatidylcholine (LPC) (16:0)
(B) in a coronal rat brain section 3 months post ischaemia. Two different sections, (at
different depths into the brain) are shown, with corresponding H&E stains (C). The infarct
has been circled.

Because PC species with 16:0 fatty acid tails are absent in the infarct, it is unsurprising to see
LPC (16:0) (MS/MS shown in Supp. Fig. 4) predominantly localising in the infarct (Fig.5); as
would be expected with high rates of PLA2 activity. Koizumi et al. found upregulation of LPC
(16:0) in the infarct region 24hrs post stroke (39). Interestingly, this feature remains in the
ischaemic brain three months after stroke. LPCs are associated with a pro-inflammatory
response, and studies propose LPC’s involvement in microglia activation (LPC can stimulate
interleukin-1β production by microglia) (19) (18). TSPO PET is an imaging technique that
targets activated microglia only, and there may be other inflammatory mechanisms occurring
that the PET is not detecting. On the other hand, LPC 16:0 is also known to be a second
messenger for a number of cascades (e.g. protein kinase C and phospholipases) (41, 42) and
so may be playing a different role to inflammation in the infarct.
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PC (18:0/20:4) (MS/MS shown in Supp. Fig. 5) appears in the cerebral nuclei, corpus callosum
and lateral ventricles (Fig. 6). Interestingly, PC (18:0/20:4) appears to be at a noticeably higher
abundance in the ipsilateral hemisphere only in the cerebral nuclei in section 2 (Fig.6);
particularly in the internal capsule and globus pallidus and caudate putamen (MALDI-MS were
compared to a rat brain atlas). However, in section 1, where the brain anatomy is different, and
the globus pallidus and internal are not present, PC (18:0/20:4) appears uniformly in the
cerebral nuclei, as well as the corpus callosum and lateral ventricles.

Fig. 6. MALDI-MS images of PC (18:0/20:4) in a coronal rat brain section 3 months post
ischaemia. Two different sections, (at different depths into the brain) are shown.

The interesting localisation of PC (18:0/20:4) may well be a real biological effect, but looking at
the localisation of matrix peaks in Fig.7, it is possible this localisation is an artefact of
inhomogeneous matrix coverage. The protonated and sodiated matrix peaks are found more
abundantly in the right hand side of the tissue section. A protonated and sodiated PC was
chosen as an example to investigate if these non-uniform matrix peaks could be affecting lipid
imaging. In the area of abundant matrix peaks, PC (16:0/18:1)+Na+ (MS/MS shown in Supp.
Fig. 6) (and PC [(16:0/18:1)+H+] to a lesser extent) appears suppressed. The DHB matrix
appears to crystallise better on the right hand side of the tissue section. This is hypothesised to
be an artefact of washing or freeze-thawing (this artefact is not seen in section 1). The
increased matrix on this part of the tissue section means the DHB may be using up all the
protons/sodium, so the lipids in this region are not able to ionise. Therefore, imaging would
need to be carried out again at the same depth into the brain to elucidate if PC (18:0/20:4) does
appear more abundantly in the ipsilateral hemisphere.
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Fig. 7. MALDI-MS images of matrix peaks and PC (16:0/18:1) in a coronal rat brain section
3 months post ischaemia.

Lipids at m/z 824.5 and 768.5 show localisations in the infarct (as well as the corpus collosum)
(Fig.8), in section 1 (there was no evidence of any imaging artefact in this section). Therefore,
the species detected at m/z 824 and m/z 768 could be playing a role in long-term recovery.
MS/MS of m/z 768 (Supp. Fig.7) revealed that there were at least two different species being
detected at this m/z; a PC and a phosphatidylethanolamine (PE) . The MS/MS of m/z 824
(Supp. Fig. 8) shows this to be a PC, but the MS/MS shows both potassiated and sodiated
fragment peaks, and so it is difficult to deduce which species it is. However, m/z 824 has
previously been seen in the brain by MALDI-MS, and was identified as a potassiated PC (43).

Fig. 8. MALDI-MS images of lipids in a coronal rat brain section 3 months post ischaemia.
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Wieloch et al. reviewed brain recovery processes after stroke, and state that at 3 months,
inflammation has diminished but neurogenesis and gliogenesis is still prevalent (44). m/z 824
and m/z 768 are membrane lipids, thus, they could be playing an important role in the formation
of new glial cells or neurons.
Herein, MRI, PET, MALDI-MS have been used as complementary techniques to image different
aspects of brain recovery post stroke. MRI is ideal in visualising the infarct shortly after
ischaemia, whereas PET and MALDI-MS can give information on biological mechanisms
occurring in the long-term recovery of stroke. MALDI-MS imaging of lipids in the brain was
compared to biomarkers imaged by PET, in order to image recovery after ischaemic stroke.
Furthermore, MALDI-MS imaging was able to reveal more (lipid) biomarkers associated with the
infarct ex-vivo, which were not revealed using the tracers in this study.
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Supplementary Figures

Supp. Fig. 1. MALDI-MS/MS spectrum of m/z 760; identified as PC (16:0/18:1).

Supp. Fig. 2. MALDI-MS/MS spectrum of m/z 734; identified as PC (16:0/16:0).
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Supp. Fig. 3. MALDI-MS/MS spectrum of m/z 725; identified as SM (d18:1/16:0).

Supp. Fig. 4. MALDI-MS/MS spectrum of m/z 518; identified as LPC (16:0).
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Supp. Fig. 5. MALDI-MS/MS of m/z 832; identified as PC (18:0/20:4).

Supp. Fig. 6. MALDI-MS/MS spectrum of m/z 782; identified as PC (16:0/18:1).
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Supp. Fig. 7. MALDI-MS/MS spectrum of m/z 768.

Supp. Fig. 8. MALDI-MS/MS spectrum of m/z 824.
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Abstract

REIMS is a very new mass spectrometry technique which enables detection of lipids via rapid
heating of biological samples. REIMS has thus far been used primarily on tissue and bacterial
cells. Reports of its use on human cell lines are minimal, so it is therefore essential that the
capabilities of REIMS for cell line analysis is addressed. This study investigates the best
method for cell line analysis using a variety of cancer cell lines, and has found that a different
probe than that currently used in the literature is more appropriate for cell analysis. REIMS is a
very sensitive technique and variables such as media type, cell replication rate and passage
number can all be contributors to changes in REIMS spectra. Overall, REIMS has proven to be
a sensitive and robust technique, with powerful implications when combined with multivariate
analysis. For example, PCA of REIMS data from a colorectal cell line is able to separate cells
which have been grown in air, compared to low oxygen levels; thus demonstrating its sensitivity
and potential use in oncology research.

Introduction

Rapid evaporation ionisation mass spectrometry (REIMS) is a new technique which enables the
detection of lipids in-situ using electrosurgical devices to generate an aerosol, which can then
be passed into a mass spectrometer [1]. Surgery is a common intervention for cancer patients,
with surgeons relying on the imaging modalities computed tomography (CT) and magnetic
resonance imagining (MRI) for guidance on tumour removal. REIMS provides a method by
which surgeons can have real-time guidance for excision of tumours. Surgery is commonly
carried out using an electrosurgical knife, which generates a smoke during cutting of tissue; this
smoke has conventionally just been discarded as a waste product of surgery. However, this
smoke is actually rich in lipid molecules and by utilising REIMS this smoke can be analysed to
examine its chemical content (mostly lipids) or to use the spectra as characteristic fingerprints.
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A schematic of the REIMS set up is shown in Fig.1, where an electrosurgical knife is attached to
an electrosurgical unit, with a feedback electrode lying underneath the tissue. For in-vivo
analysis, this feedback electrode will be underneath the patient. An electric current is applied to
the tissue, causing rapid heating (Joule heating) and evaporation of the tissue. The smoke
generated from the knife (iKnife) is then taken up in plastic tubing by the action of a Venturi
pump and passed into a mass spectrometer.

Fig. 1. A schematic of the REIMS source as used on ex-vivo tissue.

Generating ions solely by thermal means was discussed by Holland et al. in 1976 [2], which was
later put into practice [3]. Tissues are rich in lipids, and this is reflected in the fact that they
comprise the main components of the REIMS mass spectra. A heated impactor (Fig.1) also
allows fragmentation of large clusters of molecules thus aiding ionisation. A solvent spray,
typically isopropyl alcohol (IPA) is often introduced orthogonal to the incoming aerosol, and prior
to the heated impactor as this has shown to enhance signal intensities [4].
REIMS is a very new technique, and thus the available literature is not extensive. However, it
has been shown in multiple studies that by using principal component analysis (PCA) on REIMS
spectra, different tissue types can be distinguished from each other based on their lipid profile
[1, 5, 6]. Furthermore, by generating lipid fingerprint classifiers, REIMS can be used to identify
one tissue type from another with good accuracy in real-time. For example, Balog et al. showed
that the species of derived meat products could be identified with 100% accuracy [7]. Moreover,
studies on ex-vivo tissue demonstrate REIMS can also detect more subtle biological
differences, such as between cancerous and healthy tissue [5, 6]. Balog et al. also
demonstrated that REIMS is sensitive and robust enough to identify the origin of metastatic
tumours ex-vivo. In-vivo REIMS studies have also been carried out in cancer patients, with
REIMS being able to distinguish cancerous tissue from healthy tissue [5].
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The iKnife probe can be replaced by bipolar forceps, which are used in brain surgery and have
also been successful in detecting lipids in bacteria colonies. A handful of studies show that by
changing the probe used on the REIMS source, analysis of cellular lipids can be carried out.
Studies using bipolar forceps on microorganisms have shown between 85% and 96%
speciation accuracy, demonstrating REIMS can be a robust tool in cell analysis [8, 9].
Furthermore, Strittmatter et al. showed REIMS was sensitive enough to detect changes in lipids
under mycoplasma infection. REIMS is an attractive tool for cell analysis as it requires minimal
sample preparation. Here, the manner in which to obtain the best data from cancer cells has
been investigated.

Methods

Materials
All solvents were purchased from Sigma-Aldrich, UK
Freezing media was made with 50% foetal calf serum (FCS) (Biosera, UK), 40% media, and 10
% DMSO (Sigma-Aldrich, UK).

Cell Culture
All cells were grown in media with 10% (v/v) FCS (Biosera,UK), 1% (v/v) glutamine (Gibco, UK)
and incubated at 37˚C 5% CO2. . HCT-116, MDA-MB-231 (both American Type Culture
Collection), and FTC-113 cells (described previously [10]) were grown in RPMI media
(Gibco,UK). HeLa cells (American Type Culture Collection) were grown in either RPMI or MEM
media (Gibco,UK) .HCT-116 cells grown for the purpose of using the institute of cancer
research method (ICR) method were grown in the above conditions but with 1% (v) penicillinstreptomycin (Gibco,UK) Cells were washed with phosphate buffered saline (PBS) (Oxoid, UK)
and trypsinised using trypsin-ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich,UK).
Cells were counted using an automated cell counter (Biorad,UK). 10 μl of cells were first mixed
with an equal volume of trypan blue (Biorad, UK) in order to detect any dead cells.

Sample preparation for REIMS: using the traditional storage method
Cells were frozen using the traditional method of cell storage. A T75 flask (Sigma-Aldrich, UK)
containing adherent cells at 70-80% confluency were washed with PBS and trypsinised. Cells
were centrifuged for 3 mins at 13,000 rpm, and the cell pellet resuspended in 1 ml freezing
media, which was then transferred to a cryovial (Thermo Fisher Scientific, UK ) and slowly
frozen using a Mr.FrostyTM freezing container (ThermoFisher Scientific, UK) half filled with
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isopropanol, at -80˚C. Prior to REIMS analysis, samples were defrosted on ice and washed
twice with 150 mM ammonium acetate (Sigma-Aldrich, UK). The supernatant was removed and
REIMS analysis carried out.

Sample preparation for REIMS: using the method developed at the institute of cancer research
(ICR)
This method was kindly provided by Dr George Poulogiannis and Nikolaos Koundouros at the
ICR, London. HCT-116 cells were plated in 10 cm2 dishes (Sigma-Aldrich, UK) so after 24
hours, they would be at 70-90% confluency, and have a total cell count of ~2 million cells. Cells
were plated in 10 cm2 dishes (Sigma-Aldrich, UK) and left to adhere (~4 hours). Cells were then
treated with 1 μm GDC-0941 or an equal volume of DMSO, and incubated overnight at 37˚ in
air, or at 37˚ 0.1% oxygen using a Whitley H35 hypoxic cabinet (Don Whitley Scientific Ltd, UK).
In some cases, optical pictures of confluent cell plates were taken using an optical microscope
and camera (Optika, Italy). After a picture was taken, cells were scraped and collected in media
and counted using the automated cell counter.
Cell media was changed one hour prior to harvesting cells, and then removed before washing
cells with ice-cold PBS twice. Plates were snap-frozen in liquid nitrogen, and left to thaw on ice.
Cells were harvested in 1 ml PBS, put into an Eppendorf tube, and spun down at 5,000 rpm for
5 mins at 4˚C. The supernatant was aspirated and the pellets flash-frozen in liquid nitrogen.
Pellets were stored at -80˚C until REIMS analysis.

REIMS
REIMS was carried out using a Vio 100C electrosurgical generator (Erbe, Germany) using the
autocut setting (settings varied from 10W-40W) and an IPA flow rate of 100 μl/min for analysis
using the traditional storage method, and 150 μl/min for the ICR method. The REIMS source
was connected to a Xevo-G2-XS quadrupole time of flight (Q-TOF) mass spectrometer (Waters,
UK) unless otherwise stated. A Venturi pump and nitrogen gas was used to draw the aerosol up
plastic tubing into the mass spectrometer. The mass range was set to 20-1200 m/z, and
samples were analysed randomly, not in their groups. Between two and five burns of each
sample were taken. Spectra were visualised using MassLynx (Waters, Milford, USA) and PCA
analysis was performed using the Offline Model Builder (Waters Research Centre, Budapest,
Hungary), which automatically identifies burn events from the REIMS data. REIMS data
was binned (to 0.1Da), normalised , and an adaptive baseline subtraction applied in the Offline
Model Builder prior to PCA analysis.
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Results and discussion

REIMS analysis on cell pellets requires a REIMS probe that can fit inside an Eppendorf tube,
and make contact with a small amount of biomass. Cell pellet REIMS analysis has previously
been carried out using bipolar forceps [11], which allows cell sampling within the Eppendorf
tube itself. However, here, it was found that forceps were not ideal for accessing a small cell
pellet in an Eppendorf vial, with them not being able to make use of all the biomass available. A
prototype probe made at Waters, UK (Fig.2) was trialled for cell pellet analysis. However, it was
found that this probe still was not able to make use of all the biomass in the Eppendorf vial, and
actually by trimming the probe with pliers, the shortened probe was better at sampling cell
pellets, and this was used for all cell work.

Fig. 2. The REIMS probe used for cell analysis. The dotted line shows where pliers were
used to create a shorter probe.
The vast majority of literature uses REIMS in negative ionisation mode. However, as shown in
the original paper describing REIMS, positive ion mode can also be used [1]. Both polarities
were trialled using HCT-116 (colorectal) cells which had been harvested using the ICR method
(Fig.3). Negative ion mode gave considerably more peaks than positive ion mode. All REIMS
experiments in this thesis have been carried out in negative ion mode, as more information
could be gained. However, future experiments will involve optimisation of positive ion mode
REIMS.
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Fig. 3. Negative and positive ion mode REIMS spectra of HCT-116 cell pellets. Spectra are
an average of 2-5 burns. An IPA flow rate of 150 μl/min was used, and the autocut setting
on the electrosurgical generator was set to 25 W.

An appeal of cell analysis by REIMS is that sample preparation is minimal. Thus, some
provisional experiments were carried out on cell samples which had been stored in their usual
manner (in which they could be defrosted and grown again). Previous studies have reported
using REIMS to distinguish between different bacteria strains [8, 12]. Here, REIMS was used to
sample four different cancer cell lines stored by the traditional storage method, to investigate if
their REIMS fingerprints could be separated out by PCA. PCA on REIMS data of colorectal
(HCT-116), thyroid (FTC-133), breast (MDA-MB-231) and cervical (HeLa) cancer cells shows
that each cell line has a unique lipid profile (Fig.4). Furthermore, Fig.5 shows an example
REIMS spectrum from each cell line; where it is clear that each cell line has similarities and
differences, as would be anticipated.
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Fig. 4. PCA of negative ion mode REIMS spectra of four different cancer cell lines, using
the traditional storage method. One sample per group was used, with each dot
representing a burn of the sample. 4-6 burns were performed. An IPA flow rate of 100
μl/min was used, and the autocut setting on the electrosurgical generator was set to of
40 W.

Fig. 5. Negative ion mode REIMS spectra of four different cancer cell lines. One sample
per cell line was used; the spectra shown are an average of all burns.
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Fig. 6 shows that REIMS analysis on four different HeLa samples grown and stored in MEM
media has good reproducibility between spectra. However, if HeLa cells are grown in different
media (RPMI) PCA can differentiate out samples grown in the different media on principal
component 1 (Fig.7). Samples were washed twice with ammonium acetate, so it is unlikely that
any lipids directly from the media will still be present. Therefore, this finding is indicative of
cellular lipids being different depending on the media in which the cells are grown. Thus, it is
essential that any cell experiments for REIMS are grown using the same media.

Fig. 6. Negative ion mode REIMS spectra of four HeLa cell samples using the traditional
storage sample preparation (HeLa cells had been grown in MEM media). Each spectrum
is a sum of all burns. An IPA flow rate of 100 μl/min and an autocut setting of 10 W on the
electrosurgical generator was used.
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Fig. 7. PCA of HeLa cell REIMS data (negative ion mode) using traditional storage sample
preparation. Each dot refers to one burn of a sample, 5 samples from each group were
analysed. An IPA flow rate of 100ul/min and an autocut setting of 10 W on the
electrosurgical generator was used.
It has thus far been established that REIMS can detect differences in lipid profiles in different
cell lines, and between more subtle biological changes such as media differences. Using the
ICR method, differences in the lipidome of colorectal cancer (HCT-116) cells grown at normal
(normoxia) and low oxygen levels (hypoxia) were detected using REIMS and PCA (Fig.8). Cells
were also treated with the anti-cancer drug GDC-0941; however differences between treated
and untreated cells were not extracted by PCA in this data set. In Chapter 7 the biological
relevance of this will be discussed in further detail. The ICR method is straightforward and
involves minimal sample preparation, thus is suitable for REIMS cell experiments involving
variables such as drug treatment and oxygen levels. The traditional storage method is a quick
way to investigate lipids in different cell lines and may even be useful in the future for cell line
validation. However, the ICR method is more appropriate to study relevant biology, with REIMS
being able to detect subtle biological changes that are applicable in an oncology setting.
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Fig. 8. PCA plot of REIMS data (negative ion mode) for HCT-116 cells grown for 24 hours
in normoxia and hypoxia, with and without drug (GDC-0941) addition. The mass
spectrometer used in this instance was the Synapt-G2-Si high definition mass
spectrometer. Each dot represents a burn of the sample. 6 samples were used for each
group. An IPA flow rate of 150 μl/min was used, and the autocut setting on the
electrosurgical generator was set to 25 W.

In the HCT-116 data set, hypoxic cells are separated from normoxic cells on principal
component 3; it is therefore important to know what is governing principal component 1 and
principal component 2 separations. Loading plots of principal component 1, 2 and 3 are shown
in Fig. 9, where the first principal components seems to separate out profiles based on more
overall signal obtained from the burn. It is difficult to completely standardise the actual amount
of biomass analysed by REIMS, thus more intense signals may be detected from some samples
compared to others; however normalisation in the Offline Model Builder should account for this.
Principal component 2 and 3 show more biologically relevant information. However, there is no
clear biological reason for the separation on principal component 2, and therefore principal
components 1 and 2 may be separating biological variability between samples, which cannot be
explained by drug addition or hypoxia.
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Fig. 9. Loading plots for REIMS (negative ion mode) HCT-116 cell data for principal
component 1 (top), principal component 2 (middle), and principal component 3 (bottom).

The HCT-116 REIMS experiment described in Fig. 8 was repeated on a different day, using
different biological samples (prepared in the same manner). Due to instrument availability, this
replicate experiment was carried out on the REIMS source connected to a Xevo-G2-XS Q-TOF
rather than the SYNAPT-G2-Si high definition mass spectrometer (both Waters,UK), as the
original experiment had been carried out on. However, the ion mobility function of the SYNAPT
was not used, thus differences in lipid detection were expected to be negligible. PCA of all the
data (run on day one and day two) is shown in Fig. 10 where a clear difference in samples run
on day one and day two can be seen. The loading plot shown in Fig.11 indicates that there is
no interference/artefact peaks and differences between the two days are real differences in lipid
detection. Differences in the REIMS spectra can also clearly be seen in Fig.11.
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Fig. 10. PCA plot of REIMS data (negative ion mode) of HCT-116 cells, where the REIMS
experiment was carried out on different days (Day 1 and Day 2).
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Fig. 11 REIMS spectra (negative ion mode) of HCT-116 cells analysed on different days
(day 1 and day 2).

Using the ICR method, cells are plated in a manner that ~2 million cells will be harvested, which
equates to a 10 cm2 being at 70-90% confluency. Prior to preparing cell experiments for REIMS,
10 cm2 test plates were incubated for 24 hours to check cells were growing as normal.700,000
cells were plated for day one experiments , as plating this number of cells gave rise to 90%
confluency and ~ 2 million cells (Fig.12 A)). However, day two experiments were carried out
with cells at a higher passage (~4 passages higher), and cells were found to be growing
differently. Thus to achieve confluency close to day 1 experiments, 1,250,000 cells needed to
be plated. This is an obvious indication that cells are not behaving in the same manner.
Furthermore it has been reported within the REIMS community that passage number can cause
differences in the lipid spectrum detected by REIMS [13]. Assuming that the differences in lipid
spectra between day one and day two samples are not due to the different instruments used;
this work is indicative of the highly sensitive nature of REIMS, which can detect lipid changes
when cell growth has changed.
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Fig. 12. Optical images of HCT-116 cells in 10 cm2 dishes after 24 hours incubation in
normoxia or hypoxia. Cells were plated at 700,000 cells per plate at the passage used for
day one experiments (A) 700,000 cells were plated at the passage used for day two
experiments (B). 1,250,000 cells were plated at the passage used for day two experiments
(C).

HCT-116 samples analysed on day 2 were still able to be separated out on principal component
3 using PCA (Fig.13). It does so by using some peaks which are similar to that of principal
component 3 in day one samples, and some that differ. Although the lower order principal
components cannot separate out hypoxic and normoxic cells when both day datasets are
combined, principal component 6 successfully does this. These findings highlight that REIMS
and PCA can still extract relevant information even when biological variability is apparent.
However, due to variability between the data sets, only day one data was used in Chapter 7, in
order to discuss its relevance in colorectal cancer biology.
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Fig. 13. PCA plots with corresponding loading plots of HCT-116 cell REIMS data (negative
ion mode) performed on day one, and day two. Day one and day two data were then
combined.

During REIMS optimisation experiments, it was found that the autocut value used on the
electrosurgical unit and IPA flow rate may have to be adjusted based on the sample, including
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the size of the sample being analysed. This is analogous to optimising laser power in matrixassisted laser desorption mass spectrometry, or the capillary voltage in desorption electrospray
ionisation mass spectrometry. However, an autocut value between 10 and 40 W and an IPA
flow rate of 100-150μl was appropriate for cell pellet analysis.
Overall, REIMS is a sensitive, robust technique for lipid detection in cells, with minimal sample
preparation being required. In addition, the bipolar forceps may not always be the most
appropriate way to carry out cell analysis, and probes based on the lab-made design described
above may be better suited. Variables such as media type, passage numbers and replication
rate can cause changes in the REIMS spectra and this must be acknowledged when carrying
experiments.
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Abstract

Lipids play a role in cell structure, cell signalling, and energy production; all of which are altered
in cancer. This study combines the capabilities of in-vivo PET imaging with ex-vivo DESI-MS
imaging to investigate lipid metabolism in a zebrafish melanoma model.
Most lipids are made of fatty acids, which in turn can be synthesised de novo in the body, or
taken up exogenously from the blood. The methods by which tumours acquire fatty acids can be
altered compared to normal tissue. Here, the PET tracer [18F]-FTHA (a fatty acid analogue) has
been used to image free fatty acid uptake in melanoma tumours in-vivo. Additionally, the
excellent spatial resolution of mass spectrometry imaging has been utilised by imaging the
FTHA ex-vivo by DESI-MS, allowing more precise spatial correlation with the histology.
Fatty acids scavenged exogenously can be used for lipogenesis, or in β-oxidation to produce
energy. DESI-MS/MS and REIMS have been used to investigate whether FTHA is incorporated
into larger lipids via lipogenesis. Thus, PET and mass spectrometry techniques can be used
together to study the fate of free fatty acids in tumours.
DESI-MS imaging is an untargeted technique; imaging hundreds of lipids in one experiment. It
is therefore an ideal tool to image lipid heterogeneity in tumours, which may not be apparent in
PET due to the spatial resolution (and size of tumours). Furthermore, DESI-MS causes minimal
degradation to the tissue, and so imaging can be carried out in both negative and positive ion
mode on the same sections to achieve detection of a huge variety of lipids, with the tissue still
being suitable for haematoxylin and eosin, or other biological staining.
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Introduction

Since Warburg’s milestone paper in 1956, it is well recognised that cancer cells undergo
metabolic changes (1). Lipid metabolism is essential for cancer progression; with lipids being
major cell membrane components and thus essential for cell proliferation and metastases. In
addition, lipids are signalling molecules, and can be also used as an energy source in βoxidation. Known changes in cancer lipid metabolism have been summarised in a review by
F.Baenke et al.(2), which highlights how lipidomics can give insights into disease progression
and new therapeutic pathways.
Fatty acids are building blocks for lipids, and also are the substrate for β-oxidation. Studies have
shown that the manner in which cancer cells obtain fatty acids is altered compared to healthy
tissue (3, 4); although the exact mechanisms and reasons why remain to be elucidated. Cancer
cells have an increased demand for membrane lipids (i.e phospholipids), and thus for fatty
acids. However it is apparent that lipid metabolism is far more complex than a simple increase
of fatty acid and phospholipid abundance, as demonstrated in this study. One characteristic of
cancer cells which complicates metabolism is heterogeneity. Tumours do not behave uniformly,
causing major problems for therapy. This characteristic is known as heterogeneity. Here, a
multi-modal imaging approach has been used to investigate key aspects of tumour lipid
metabolism: fatty acid scavenging and lipid heterogeneity.
Both lipogenesis and β-oxidation rely on fatty acid availability. Fatty acids can either be
produced de novo by fatty acid synthase (FASN) or scavenged exogenously. It has recently
been shown by Pascual et al. that fatty acid scavenging is prominent in metastases-initiating
melanoma cells, thereby highlighting the importance of fatty uptake for melanoma progression
(5). Here, fatty acid uptake will be investigated in two different genetic models of melanoma
using positron emission tomography (PET), and the fate of these exogenously scavenged fatty
acids studied by mass spectrometry. The transgenic model used in this study is a zebrafish
model, which is robust, lends itself to genetic engineering and is high-throughput for imaging
experiments.
PET is a highly sensitive imaging technique whereby a radiolabelled pharmaceutical (tracer)
can be visualised in-vivo, resulting in a 3D image. Fluorodeoxyglucose-PET has become a wellestablished technique to monitor glucose uptake by tumours (reviewed by Rohren et al.(6)).
However, there have been much fewer PET studies investigating the role of lipid metabolism in
cancer. PET tracers such as [11C] choline and [11C] acetate have emerged as useful tracers to
study lipogenesis of tumours (7-10); however they do not shed any light on whether the fatty
acids are scavenged exogenously. Here, free fatty acid uptake has been investigated using the
tracer 14(R,S)-(18)F-fluoro-6-thia-heptadecanoic acid ([18F]-FTHA). [18F]-FTHA is a palmitic acid
(a saturated fatty acid with a 16 carbon chain) analogue and so is expected to be taken up by
tumours that are exogenously scavenging fatty acids. According to current literature, 18[F]-FTHA
will primarily enter the β-oxidation pathway, where it is trapped in the mitochondria. Small
amounts of FTHA may also be incorporated into more complex lipids (Fig.1) (11). Here,
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desorption electrospray ionisation mass spectrometry (DESI-MS) and rapid evaporation
ionisation mass spectrometry (REIMS) are used to investigate if FTHA is incorporated into
larger lipids.

Fig. 1. Fatty acid metabolism in cells. [18F]-FTHA is taken up by the cell in the same way
as a regular fatty acid, and most will enter the β-oxidation pathway. Small amounts of
[18F]-FTHA will also undergo lipogenesis and be taken up into phospholipids.

DESI-MS imaging is an ambient ex-vivo technique and causes minimal damage to the sample
(12). The DESI ion source fires a stream of charged microdroplets onto a tissue section in order
to generate gaseous ions from species on the tissues surface. The gaseous ions are then taken
up into a mass spectrometer inlet for analysis (12).DESI tandem mass spectrometry can be
carried out post-imaging to identify each lipid species from an image, as fragmentation patterns
will be specific to each lipid. Fatty acids and phospholipids ionise well by DESI-MS and so it as
an ideal lipid imaging tool.
DESI-MS is not an established in-vivo technique like PET (although it does have the potential to
become one), but it has the advantage of being an untargeted technique, imaging large
numbers of lipids in one sample. Furthermore, its can show the localisations of each of these
lipids within a tissue section at very high spatial resolutions (< 100 μm) (13, 14). The spatial
resolution for preclinical PET lies in the low millimetres full width at half maximum (FWHM), but
exact resolutions will vary depending on the model of scanner and the radioisotope used (15).
The Siemens Inveon pre-clinical PET scanner used in this study can be expected to have the
spatial resolution of approximately 1.5mm FWHM when using 18F.(16). Therefore, high spatial
resolution DESI-MS imaging can enrich the information acquired by PET. Here, DESI-MS has

109

been used to image FTHA ex-vivo, offering much higher spatial resolution than PET, which
allows more exact comparison to histology. This demonstrates for the first time to our
knowledge, that PET tracers can be imaged by mass spectrometry.
Due to the high spatial resolution of DESI-MS, it is an excellent technique for detecting
molecular lipid heterogeneity. Intra-tumour heterogeneity of melanoma tumours poses a major
problem for therapy, particularly when the tumour progresses to a metastatic disease (17).
DESI-MS is able to image lipid heterogeneity in both negative and positive ion mode on the
same section, allowing a wide range of lipids to be detected. As shown in Chapter 5, PET is
also able to detect lipid heterogeneity in tumours, however owing to the small size of the
tumours used in this study, the spatial resolution of PET is unable to visualise any
heterogeneity.
Rapid evaporation ionisation mass spectrometry (REIMS) is a new technique whereby thermal
evaporation is used to generate a ‘smoke’ from tissue which contains gaseous molecules, which
can then be analysed by a mass spectrometer (18). REIMS can also be used for cell pellet
analysis (19) and has been used in this study as an additional tool to study FTHA’s effect on
lipids in melanoma cell lines, as it is extremely rapid with minimal sample preparation.

Methods

Zebrafish genetic model
Zebrafish were housed at the Biological Services Unit (BSU), The University of Manchester.
Zebrafish husbandry and experimental studies conducted at the University of Manchester were
performed in compliance with the Animals (Scientific Procedures) Act 1986 under a Home
Office approved Project licence. Zebrafish were kept at 28.5 °C under a 14 hours light/10 hours
dark cycle. The zebrafish melanoma model is based on expressing V12RAS and green
fluorescent protein (GFP) under the mitf promoter as previously described (20). This leads to
radial growth of melanocytes and the spontaneous formation of aggressive nodules. In addition
to the Ras mutation, overexpression of the cDNAs encoding either LPL or cyclin D1 were
achieved using the miniCoopR method (21).

[18F]-FTHA PET scanning
[18F]-FTHA was synthesised based on the method by DeGrado (1991) (11).
Animals were not fed the evening prior to scanning (to limit background signal in the gut).
Fish were immersed in 200ml of water containing 100MBq of [18F] FTHA for 2 hours. Animals
were transferred to a litre tank containing system water at 14 °C for sedation. Ice was added to
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an outer chamber to allow for gradual cooling until temperatures reached 10 °C for males or 8
°C for females. Fish were then washed, and placed in cuvettes (held in place with sponge) and
cuvettes placed in falcon tubes filled with ice to maintain anaesthesia. Static PET scans were
then performed for 5 and 10 minutes on a pre-clinical PET scanner (Inveon, Siemens,
Germany). Fish were culled immediately after scanning, and flash-frozen in isopentane. PET
images were reconstructed using the 3d-OSEM/MAP algorithm (4 OSEM3D iterations and no
MAP iterations, with a requested resolution of 1mm). Images were visualised using Inveon
Research Workplace software (Siemens, Germany). Regions of interest (ROIs) were drawn
manually over tumours and the standard uptake value (SUV)mean (an average of all voxels) was
calculated. Normalisation was performed using the dose of [18F]-FTHA (average dose was 4
MBq) and the weight of the fish (average weight was 0.5g) to give standardised uptake values.

DESI‐MS imaging
Fish were immersed in 100 ml of water containing 0.5 mg of FTHA for 30 mins, culled, then
flash frozen in isopentane. Fish were sectioned to 12 µm onto glass slides. Imaging
experiments were carried out on a modified 2D DESI (Prosolia, Indianapolis, USA) mounted on
a Xevo-G2-XS quadrupole-time of flight (Q-TOF) or SYNAPT-G2-Si high definition mass
spectrometer (HDMS) (Waters, UK). The solvent spray consisted of 95% methanol and 5%
water. Spray conditions used were a flow rate of 2 µl/min (using a syringe pump from Harvard
Apparatus, Inc., Holliston, MA), with a nebulising gas of nitrogen at 4 bar pressure (Xevo); or 5
μl/min flow rate and 6.5 bar pressure (Synapt). Typical positions of the sprayer were used
(sprayer 1.5mm above surface, 6mm sprayer to capillary distance, 75˚ sprayer impact angle, 5˚
collection capillary angle). The source temperature was 100 ˚C and the desolvation temperature
either 250˚C (Xevo) or 150˚C (SYNAPT). For positive ion mode experiments the capillary
voltage was 3.01 kV. For negative ion mode experiments, the capillary voltage was set to 4.82
kV (Xevo) or 5 kV (SYNAPT). When using the Synapt-G2-Si in ion mobility mode, the ion
mobility gas used was nitrogen, at a flow rate of 90 ml/min. A wave velocity of 750 m/s was
ramped to 250 m/s, and the wave height was 40 V.
Images were performed using the scan rate of 1 scan per second, and a mass range of 501200 Da. The spatial resolution varied from 40-200 μm. Images were processed and normalised
to total ion current (TIC) using HDImaging v1.4 (Waters, UK).

DESI MS‐MS
MS/MS experiments were carried out on a modified 2D DESI (Prosolia, Indianapolis, USA)
mounted on a Xevo-G2-XS Q-TOF mass spectrometer (Waters, UK). The collision gas was
argon at 40 V. Spray conditions were the same as DESI imaging. Interpretation of spectra was
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carried out with the help of LIPID MAPS Lipidomics Gateway database
(http://www.lipidmaps.org) (22).

Haematoxylin and eosin
Haematoxylin and eosin (H&E) staining was carried out on sections after DESI-MS imaging,
and also on adjacent sections. Slides were immersed in xylene (Sigma-Aldrich, UK) for two
mins, and then transferred to industrial methylated spirit (Sigma-Aldrich, UK) for 4 x 2 mins.
Sections were then immersed in tap water followed by 3 mins in Harris haematoxylin (SigmaAldrich, UK), a rinse in hot water, and a one second dip in eosin (Leica, UK). Slides were
transferred to industrial methylated spirit for (4 x 2 mins), then to xylene (4 x 2mins), and left to
dry. Aqueous mounting media (Abcam, UK) was used to mount coverslips (VWR, UK) onto
slides and left overnight to dry. Images were acquired using a [20x/0.80 Plan Apo] objective
using the 3D Histech Pannoramic 250 Flash II slide scanner, and processed using Panoramic
viewer (3D HISTECH, Hungary).

Cell culture
WM-266-4 cells were purchased from American Type Culture Collection and grown in DMEM
media (Gibco, UK) supplemented with 10 % foetal calf serum (Biowest, UK) and 1% penicillinstreptomycin (Gibco, UK). Cells were washed with PBS (PBS tablets from made up in dH20)
and trypsinised using trypsin-EDTA (Sigma-Aldrich, UK).

REIMS
1.5 million WM-226-4 cells were plated into 10 cm2 dishes (Sigma-Aldrich, UK) with and left to
adhere in an incubator at 37˚C, 5% CO2. The media was then replaced with 10 ml new media
(control) or 10 ml media containing 10 μm of FTHA. Cells were incubated for 30 mins, washed
once in ice-cold PBS and collected in PBS in an Eppendorf tube. The cells were spun down at
4˚C at 13,000 rpm for 5 mins, the cell pellets snap-frozen in liquid nitrogen, and stored at -80˚C
until REIMS analysis. A modified REIMS probe was used to allow best fit into an Eppendorf vial.
REIMS was carried out using a Vio 100C (Erbe, Germany) electrosurgical generator using the
autocut setting of 25 W and isopropyl alcohol (IPA) flow rate of 150 μl/min. MassLynx (Waters,
Milford, USA) was used for visualisation of the spectra. The REIMS source (Waters, UK) was
coupled to a SYNAPT-G2-Si high definition mass spectrometer (Waters, UK). The mass range
was set to 50-1200 Da. The ion mobility gas flow was 90 ml/min, with a wave velocity starting
from 1000 m/s and ramped to 300 m/s, and a wave height of 40 V.
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Results and Discussion

PET and DESI imaging have been used as complementary imaging modalities to provide
information on lipid metabolism in-vivo and ex-vivo using a zebrafish model.
[18F]-FTHA PET imaging of the wild type fish shows FTHA accumulation predominantly in the
gut. However, from the PET scans alone, it is difficult to specify exactly where in the gut [18F]FTHA has been taken up. DESI-MS imaging was carried out after PET scans. The
concentration of FTHA used in PET experiments is extremely low and below the limit of
detection of DESI-MS. Therefore, unlabelled FTHA was added at a much higher concentration.
Therefore, adding unlabelled FTHA at a much higher concentration was tested for DESI-MS
imaging. DESI-MS imaging of wild-type fish with higher FTHA dosing (0.5mg) was able to show
FTHA locations in the zebrafish (Fig.2b). Adding larger amount of FTHA to the fish may have
altered its distribution in the fish, but due to the good correlation between the PET scans and
DESI images, it can be assumed that this was not the case. Adjacent sections were taken for
H&E staining, and by comparing DESI-MS with histology, it can be deduced that FTHA is
predominantly taken up by the liver. The liver is a hub of fatty acid metabolism, with dietary fatty
acids being converted into triglycerides for storage, or incorporated into lipoproteins for
distribution around the body .The liver also has high rates of β-oxidation. Hence, [18F]-FTHA
would be expected to accumulate in the liver. Furthermore, it has been previously shown by
DeGrado et al. that [18F]-FTHA shows high uptake in the liver, kidneys and heart in rats (23). It
must be noted that a predominant excretion pathway of PET tracers is via the liver; and
therefore it is difficult to distinguish if the images of the wild-type fish are associated with lipid
biology of the liver, or excretion of the tracer.

Fig. 2. [18F]-FTHA PET scans of wild-type zebrafish (A). Negative ion mode DESI-MS
image (120 μm spatial resolution) of FTHA distribution in a wild-type zebrafish (Xevo-G2XS Q-TOF, Waters, UK) overlaid with the optical image (B). An adjacent section was
stained with H&E (C).
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In order to confirm that the DESI-MS peak of FTHA was indeed FTHA, and not an endogenous
species, DESI-MS/MS was carried out on tissue (Fig.3). FTHA contains a sulphur atom, and its
bond with a carbon atom can be easily broken with tandem mass spectrometry, resulting in a
fragment ion of m/z 205. This peak is clearly seen with on-tissue MS/MS, and also localises in
the same areas of the intact FTHA molecule peak (Fig.3).

Fig. 3. On tissue DESI-MS/MS of FTHA. FTHA appears at m/z 305 in negative ion mode.
m/z 205 is the dominating fragment peak, and localises in the same area of the zebrafish
as the parent ion (m/z 305).

After 30 minutes exposure to FTHA, FTHA could be seen in the liver of zebrafish. This would
suggest that FTHA PET scans could be carried out at an earlier time point (rather than 2 hours),
thus allowing higher throughput PET scanning. DESI-MS can therefore be used to inform PET
experiments, and also give more precise locations of lipid tracers if given at higher
concentrations.
[18F]-FTHA PET scans were subsequently carried out for zebrafish harbouring melanoma
tumours. PET scans of melanoma tumours with either LPL or cyclin D mutation showed uptake
of [18F]-FTHA, indicating that these tumours are taking up fatty acids exogenously. Kamphorst
et al. showed how Ras driven tumours sourced fatty acids by taking them up in the form of
lysophospholipids (4). This supports the finding here, where HRas tumours take up fatty acids
exogenously, however, in this work, free fatty acid uptake was observed rather than uptake of
lysophospholipids. LPL hydrolyses triglycerides into free fatty acids, and so overexpression of
LPL may cause cells to have an increased uptake of fatty acids (24). However, PET scans of
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both cyclin D and LPL mutants (Fig. 4) show similar uptake of FTHA, indicating that similar
amounts of free fatty acids are being exogenously taken up. Due to rapid tumour growth in both
mutants, convergence of biochemical adaptations may have occurred, and hence no difference
is shown between different mutants.

Fig. 4. [18F]-FTHA PET scans of melanoma zebrafish model, with cyclin D (A) or LPL (B)
mutations. ROIs have been drawn around tumours (C) to carry out quantification (D).

It must be noted that [18F]-FTHA can also be seen in anatomy other than the liver and tumour.
Evidence suggests FTHA can cross the blood brain barrier, with Guiducci et al. also showing
FTHA uptake in the brain of pigs (25). Zebrafish have a functional blood brain barrier, which is
expected to behave similar to that of higher vertebrates (26), and so this could explain uptake in
the head. FTHA was originally developed to study myocardial fatty oxidation due to the heart’s
high rate of β-oxidation in mammals, and thus FTHA might be expected to be seen in the heart
in both wild-type and tumour-bearing fish PET scans in Fig.4. It cannot be confirmed whether
the tracer has been taken up by the heart in the PET scans; but comparing the mass
spectrometry image to an H&E stain (Fig.2) shows FTHA does not accumulate in the heart. This
may be explained by low oxidative metabolism in zebrafish cardiomyocytes (27), and hence
FTHA may behave differently in the zebrafish hearts, compared to mammals.
β-oxidation releases energy from fatty acids and may play a role in cancer progression;
providing an alternative energy source to glucose. β-oxidation is a key metabolic pathway in
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prostate cancer (28) and has more recently been shown to be important in the metastatic
phenotype of melanoma cell lines (29).Takala et al. showed that in the heart, 89% of FTHA
which enters a cell will enter the mitochondria, and this is indicative of FTHA being trapped in
the β-oxidation pathway. However, in skeletal muscle only 36% of FTHA enters the
mitochondria (30). This highlights that FTHA behaves differently in different tissue types, and βoxidation may not be the primary metabolic route of FTHA in the melanoma tumours studied.
Previous studies show that FTHA can be taken up into larger lipids via lipogenesis (11).
Because lipogenesis rates will be increased in cancer, it is possible that FTHA may be
incorporated into more complex lipids. REIMS provides a quick and simple method to look at
lipid profiles of cell lines. REIMS analysis was carried out on melanoma cells that had been
exposed to FTHA for 30 mins. However, there is no shift in the m/z ratios of the lipids,
suggesting no FTHA has been taken up into the lipids (Fig 5).

Fig. 5. REIMS (negative ion mode) lipid analysis of control WM-266-4 (melanoma) cells
(A), and with the addition of FTHA for 30 minutes (B). No differences can be seen
between spectra in (A) and (B), apart from free FTHA detected at m/z 305.19 in ion
mobility mode (SYNAPT-G2-Si), which is not seen in control cells (C).

DESI-MS/MS was performed on wild-type fish sections, on lipids which also localised
specifically in the liver (Fig.6). MS/MS of m/z 861 revealed that this lipid had taken up small
amounts of FTHA after 30 mins exposure (Fig.6). Unfortunately identification of m/z 861 was not
possible, as more than two types of fatty acid chains were seen in the spectrum, indicative of
more than one lipid appear at the m/z of 861. However, this finding shows that FTHA can enter
the lipogenesis pathway, at least in liver cells. The MS/MS of m/z 861 showed that only very
small amounts of FTHA had been taken up into larger lipids, and therefore may be too small to
cause a shift in the lipid spectrum. This would explain the results seen in the melanoma cell line.
Experiments using unlabelled FTHA will be carried out on tumour bearing fish to establish if any
FTHA is taken up into larger lipids in melanoma tumours.
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Fig. 6. DESI-MS/MS of m/z 861.55 (negative ion mode), localising in the liver of wild type
fish after FTHA administration. Small amounts of FTHA, seen at m/z 305.19 appear to
have been incorporated in lipid(s) at m/z 861.55.

PET imaging shows uptake of FTHA to be uniform across the tumour (Fig.4), suggesting
homogeneous fatty acid metabolism. DESI-MS images (Figs. 7 and 8) reveal that across
tumours, there are distinct differences in lipid distributions, indicating that a higher spatial
resolution is needed to see lipid heterogeneity. DESI-MS lipid imaging was performed in
negative and positive ion mode; revealing lipids that are of higher abundance in the tumour
(compared to healthy tissue) as well as lipids which appear heterogeneously within the tumour.
Only part of the zebrafish was imaged in this instant to allow high spatial resolution imaging in
both polarities, within a reasonable time frame.
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Fig. 7. Negative ion mode DESI-MS images of LPL mutant with tail tumour (Xevo-G2-XS
Q-TOF, Waters, UK). Only part of the fish has been imaged in this instance. m/z 154.11
localises in the skeletal muscle, m/z 408.21 in the ovaries, m/z 720.47 in the tumour; and
are displayed in green, red and blue respectively (B). DESI-MS images are at 100 µm
spatial resolution. Images of some of the lipids localising in tumours (C-H). Where
possible, lipid identification has been made based on accurate mass measurement of the
lipid peaks. m/z 720.27 and 734.51 have been identified as phosphatidylethanolamines
(PEs), and MS/MS spectra can be found in Supp. Fig.1 and 2.

Fig.8 Positive ion mode DESI-MS images of a LPL zebrafish mutant with a tail tumour
(Xevo-G2-XS Q-TOF, Waters,UK). Only part of the fish has been imaged in this instance.
DESI-MS images are at 100 µm spatial resolution. Images of some of the lipids localising
in tumours (A-G). No lipid identification could be made based on the accurate mass
values of the lipid peaks.
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Only part of the zebrafish has been imaged in Fig. 7 and 8, but whole zebrafish imaging is also
possible and has been shown in Fig. 9, where 200 μm spatial resolution has been used to
compensate for the larger image. Lipids identified as markers for skeletal muscle, ovaries and
tumour by negative mode imaging in Fig.8, are again seen here.

Fig. 9. Negative ion mode DESI-MS image (SYNAPT-G2-Si HDMS, Waters, UK), of LPL
mutant with tail tumour, and its corresponding H&E stain. The spatial resolution of the
DESI-MS image is 200 µm, and shows three different lipids localising in different parts of
the zebrafish. M/z 154.11 is a marker for skeletal muscle (green), m/z 408.24 localises in
the ovaries, and m/z 720.45 (PE (15:1/20:5)) appears in the tumour (blue).

Using the same zebrafish section shown in Fig.9, a higher spatial resolution image (40 μm) was
performed on the tumour only, in order to investigate fatty acid and lipid heterogeneity. Negative
ion mode imaging revealed more lipids which displayed heterogeneous distributions (Fig.7) and
so negative ion mode was chosen for high resolution imaging. The previously identified skeletal
muscle marker at m/z 154, is very useful when understanding the tumour heterogeneity in
Fig.10, as it shows the location of skeletal muscle cells in the tumour, and thus any
heterogeneity due to the mixing of skeletal muscle with tumour can be established.
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Fig.10 H&E image shows histologically different regions of the tumour (A). Negative ion
mode DESI-MS images (SYNAPT-G2-Si HDMS, Waters, UK) at 40 µm spatial resolution, of
an LPL mutant tail tumour (B-F). DESI-MS image of m/z 720.45 (PE (16:1/20:5)) has been
overlaid with the optical image (B). Distinct lipid heterogeneity can be seen in tumour (CE). m/z 154.11 shows localisation of skeletal muscle (F). Fatty acid localisations are
shown in G and F.
High resolution DESI-MS imaging reveals lipid heterogeneity in the melanoma tumour (Fig.10),
including heterogeneity in palmitic and oleic acid distributions. No other fatty acids were
detected in this image. Palmitic acid and oleic acid are both de novo fatty acids, but interestingly
appear at very different locations in the tumour. Oleic acid localises around the healthy skeletal
muscle cells, and so it is possible that in this case, oleic acid is not being synthesised in the
tumour, and is being exogenously scavenged. Interestingly, it has recently been reported that
exogenous scavenging of fatty acids is essential for melanoma metastasis (5). Future DESI-MS
imaging experiments of FTHA in tumour bearing fish will shed more light on exogenous
scavenging of fatty acids.
The H&E stain (Fig.10) shows that some heterogeneity does exist in the histology of the tumour.
The left side of the tumour is denser in tumour cells than the right, suggesting that lipid
localisation may differ between the two areas. However, lipid heterogeneity revealed by DESIMS appears to be independent of tumour cell density. Other areas of histology showing nonuniformity, are areas of high melanin production. Lipid peaks at m/z 720.5 and 734.5 localise
heterogeneously in the tumour (Fig.10), including in areas of high melanin production; and m/z
835.5 appears to localise in the area of moderate melanin production. However, not all the
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heterogeneity of the lipids visualised by DESI-MS can be explained by the histology, indicating
that there are biological mechanisms at play that would require future study.
The lipids at m/z 720.5 and 734.5 have been identified as PEs (Supp Fig.1 and 2) which both
have eicosapentaenoic acid (EPA,(20:5)) as a fatty acid chain. PEs make up cell membranes
and are thus needed for cell proliferation; but their heterogeneous distribution suggests
additional roles within the tumour. EPA is abundant in fish oil, as fish are able to synthesise it
from their diet (31). EPA has been shown to reduce cancer proliferation when administered to
humans (32). It appears counterintuitive that it appears in untreated melanoma tumours.
However, because the EPA is incorporated into phosphatidylethanolamines, it does not possess
the same signalling abilities as when free.
This work combines the high sensitivity and non-invasiveness of PET, with the high spatial
resolution and untargeted nature of DESI-MS; creating a multi-modal imaging approach for
studying lipid metabolism. PET is able to image free fatty acid uptake in tumours, and DESI-MS
able to show FTHA’s more precise location, and whether it has been incorporated into larger
lipids. Furthermore, DESI-MS imaging can reveal lipid heterogeneity in tumours which may not
be suggested by PET.
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Abstract

Inter-tumour heterogeneity in non-small-cell lung cancer (NSCLC) poses a major problem for
diagnosis and therapeutics. Lipids are involved in membrane formation and signalling; both of
which are altered in cancer. However, there is little literature available regarding lipid
metabolism in NSCLC. Here, lipid heterogeneity in NSCLC is investigated using a multi-modal
approach.
The majority of lipids consist of fatty acids, which are synthesised de novo by fatty acid
synthase (FASN) in humans. FASN is upregulated in numerous cancers, including NSCLC.
[11C] Acetate PET has been used to image FASN in-vivo, revealing FASN activity is
heterogeneous between NSCLC tumours.
DESI-MS and MALDI-MS imaging were performed on ex-vivo tissue to reveal fatty acid and
phospholipid heterogeneity in NSCLC tumours. Furthermore, autoradiography or
immunofluorescence staining was carried out on an adjacent tissue section to see any fatty
acids and phospholipids which co-localise in FASN abundant regions.
[11C] Acetate PET, DESI-MS and MALDI-MS imaging of NSCLC sought to reveal high degrees
of lipid heterogeneity. Furthermore, some fatty acid and phospholipid heterogeneity can be
attributed to high or low levels of FASN, whereas some heterogeneity is irrelevant of FASN
activity, or histological differences revealed by H&E staining. Therefore, other biological
mechanisms important to heterogeneity must be occurring in the tumour, which were not related
to predicted pathways.
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Introduction

Lung cancer is a leading cause of cancer deaths worldwide [1]. Non-small-cell cancer (NSCLC)
represents 85% of diagnosed lung cancers, and is known for its highly heterogeneous nature,
causing problems for diagnoses and therapeutics.
NSCLC’s heterogeneity exists at both a genetic and cellular level. Numerous studies have
focussed on highlighting the complexity of NSCLC genetic profiles, demonstrating not only
patient-to-patient genetic variability, but also intra-tumour heterogeneity within the same patient
[2-4]. It is well established that metabolism is altered in cancer cells [5]; and this altered
metabolism may also be heterogeneous within, and between tumours. In NSCLC, studies have
shown that the use of glucose as an energy source is not uniform between different tumours of
the same classification, even within the same tumour [6, 7].
The literature reporting lipid metabolism in NSCLC is limited. Lipids are essential for cell
structure and signalling, and can also be used for energy production. It is therefore no surprise
that lipid metabolism can be altered in cancer, and has been summarised in the review by
F.Baenke et al. [8]. Lipids are essential for cell membrane formation. Because cancer cells
proliferate much faster than healthy cells, they have a higher demand for lipid synthesis. Medes
et al. were the first to recognise this increased demand for lipids in cancer cells is dealt with by
an increase in de novo lipogenesis, although lipids can also be taken up exogenously [9].
Fatty acids form the building blocks of more complex lipids such as phospholipids. In humans,
fatty acids must be obtained from the diet, or by de novo fatty acid synthesis carried out solely
by fatty acid synthase (FASN). FASN is upregulated in various cancers, including lung [10, 11].
Liu et al. found that free fatty acid levels are altered in lung cancer patients; however there is
very little literature regarding fatty acid distributions within lung cancer tissue.
Positron emission tomography (PET) is a non-invasive imaging modality which is able to image
a radiolabelled molecule (tracer) in-vivo. Fluorodeoxyglucose (FDG) is a common tracer used in
PET for detecting glucose uptake in tumours. Hatt et al. showed that FDG uptake in NSCLC
tumours is not heterogeneous, demonstrating the heterogeneity of glucose utilisation in NSCLC
[6]. Here, [11C]-acetate was a PET tracer for studying FASN activity in tumours. Acetate is
readily converted into Acetyl Co-A, which has two fates in a cell; entering the tricarboxylic acid
(TCA) cycle, or being converted to palmitate by FASN (Fig.1). Palmitate is a saturated fatty acid
with a 16 carbon chain that can then undergo elongation and desaturation to form other fatty
acids. As mentioned previously, the FASN pathway is prevalent in tumours, thus [11C]-acetate
can be used to image FASN in tumours.
The NSCLC adenocarcinoma transgenic mouse model used in this study harbours either both
p53-/- and KrasG12D mutations or KrasG12D only. Kras and p53 both regulate lipid metabolism via
the sterol regulatory element-binding protein-1 (SREBP-1), which in turn regulates FASN activity
(Fig.1) [12, 13]. In glycolysis, glucose is converted to pyruvate in the cytosol. The generated
pyruvate is converted to acetyl-CoA in the mitochondria, which is then used to power the TCA
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cycle, producing NADH for oxidative phosphorylation. The citrate shuttle transports citrate from
the TCA cycle in the mitochondria, to the cytosol, where it is converted to acetyl-CoA by ATP
citrate lysase (ACLY). Acetyl-CoA must first be activated to malonyl-CoA by acetyl CoA
carboxylase (ACC) before it can enter the fatty acid synthesis pathway. FASN then elongates
the carbon chain of malonyl-CoA two carbons at a time, to produce palmitic acid. The overall
equation for producing palmitate can be seen in equation (eqn) 1. Palmitate can then be used to
synthesise other fatty acids. However, the two fatty acids linoleic acid (18:2) and α-linolenic acid
(18:3) cannot be synthesised de novo in mammals and must be obtained from the diet.

Fig. 1. Ras and p53 regulation of lipid metabolism. Abbreviations are as follows: Rapidly
accelerated fibrosarcoma (Raf), extracellular signal-related kinase 1/2 (ERK1/2) and
mitogen activated protein kinase/ERK kinase (MEK).

Acetyl CoA + 7Malonyl CoA + 14 NADPH → 14 H+ Palmitate + 7CO2 + 14 NADP+ + 8CoA +
6H2O
Eqn 1) Palmitate synthesis from acetyl-CoA

The metabolic shift described as the Warburg effect describes pyruvate from glycolysis being
converted to lactic acid, rather than acetyl-CoA. This would leave a deficient pool of acetyl-CoA
for lipogenesis. Studies have shown that tumours harbouring Ras mutations have both an
increased rate of glycolysis [14, 15], and an increased reliance on glutamine uptake for cell
proliferation and growth [16, 17]. Therefore, glutamine can provide the needed carbon for
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acetyl-CoA. Kamphorst et. al. also showed that Ras driven cancer cells have an increased
reliance on exogenous fatty acids scavenging [18].
Stearoyl-CoA desaturase-1 (SCD-1) is a key enzyme in lipid metabolism, inserting a double
bond at the Δ9 position of fatty acids to generate monounsaturated fatty acids, principally oleic
acid (C18:1). Upregulation of SCD-1 has been reported in cancer [19, 20] and its importance in
lung cancer has been acknowledged, with SCD-1 inhibition leading to cell death [21].
Furthermore, Noto et al. found that in lung cancer cells SCD-1 is important for spheroid
propagation, and inhibition of SCD-1 impaired the cells’ ability to form tumours in-vivo; thus
suggesting SCD-1 is essential for tumour-initiating cells [22].
Mass spectrometry (MS) imaging is evolving as a useful tool in lipid imaging. Desorption
electrospray ionisation (DESI) and matrix assisted laser desorption ionisation (MALDI) MS
imaging offer an untargeted approach to lipid imaging ex-vivo, allowing hundreds of lipids to be
imaged in one experiment. Furthermore, their high spatial resolutions of (10-100um) means
mass spectrometry imaging is an ideal technique to image lipid heterogeneity in tumours. Mass
spectrometry lipid imaging has been used to distinguish normal tissue from cancer tissue in
numerous cancers, including NSCLC [23]. In addition, Lee et al.used MALDI-MS imaging of
lipids to classify different NSCLC histological types [24]. Here, MALDI-MS and DESI-MS have
been used to image fatty acid and phospholipid heterogeneity, and compare this heterogeneity
to FASN distribution ex-vivo using autoradiography and immunofluorescence (IF). Furthermore,
pairing mass spectrometry imaging with [11C]-acetate PET allows lipid metabolism to be studied
in-vivo and ex-vivo.

Methods

Materials
PBS was made using tablets purchased from Oxoid, UK, dissolved in dH2O.
1 ml Tween (T) was added to PBS to make PBS-T. BSA (Sigma-Aldrich, UK) was dissolved at 1
mg/ml PBST to make PBST-BSA solution.
All solvents were purchased from Sigma-Aldrich, UK.
Trifluoroacetic acid (TFA), ammonium acetate and sodium chloride were purchased from
Sigma-Aldrich, UK. 2,5-dihydroxybenzoic acid (DHB) is from LaserBiolabs, France.
[1-11C] Acetate was prepared using an ACEMO (ITD) automated synthesizer, as described
previously [25]. The 11CO2 used in the synthesis was produced in a 16.5-MeV PETTrace (GE
Healthcare) cyclotron. Typically, radiochemical purity was greater than 99%, volumetric activity
was in the range of 0.3–0.4 MBq/μl, and specific activity was 0.5–4.4 GBq/μmol at the time of
injection.
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Animals
Transgenic mice were bred in house using pathogen free conditions. When mice were 8
weeks old lung tumours were induced by intranasal instillation of the adenovirus-CRE (1 x 106
p.f.u.) with a germline Cre/Lox system to switch on oncogenic KRAS (K-rasG12D/wt) (Kras only) or
switch on oncogenic KRAS and delete the tumour suppressor p53 (p53-/-) (KP mice), both
creating NSCLC mouse models as described previously [11]. Tumours were allowed to develop
over 14-16 weeks. Animal experiments were conducted in accordance with the U.K. Animals
(Scientific Procedures) Act 1986 and were approved by local ethical review committees.

Administration of [1-14C] or [1- 11C] acetate
Mice were anesthetized using 1%–3% isoflurane in 100% oxygen and cannulated on a heated
bed. The cannula was placed in the lateral tail vein, and 200 μL of 300 kBq/mouse (143 nmol) of
[1-14C] acetate, or 150 MBq/mouse of [1-11C] acetate were injected as a bolus. 100 μL of
heparinized (50 IU/mL) saline flush was then injected. Mice were killed at 90 min after injection
by cervical dislocation. Tissues were collected and frozen in isopentane/dry ice.

PET
Mice were injected with 150 MBq/mouse of [1-11C] acetate and imaged statically 80-100 min
post injection, using a Nano-PET/CT scanner (Mediso, Hungary). A computed tomography (CT)
image was acquired for anatomical registration and attenuation correction. The spatial
resolution and sensitivity of the scanner in the centre of the field of view were 1 mm and 7.7%,
respectively [26]. PET images were reconstructed using a 3-dimensional ordered-subset
expectation maximization method using 4 iterations and 6 subsets. Images were normalized
and corrected for decay, dead time, random events, attenuation and scatter producing images
with 400-μm isotropic voxels. Static PET images were visualised using Vivoquant software
(InviCRO, MA)

14

C Autoradiography

Frozen lung tissue was sectioned (CM3050S Cryostat; Leica) and thaw-mounted onto
microscope slides. Slides were dried in air at room temperature and placed next to a storage
phosphor screen for 4 weeks (BAS-IV MS 2040; GE Healthcare). Phosphor screens were
imaged on a Typhoon Trio+ (GE Healthcare) at a pixel size of 25 μm. Images were analyzed
using ImageQuant TL software (GE Healthcare).
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MALDI-MS sample preparation
Lung tissue was sectioned to 10 µm using a cryostat (CM3050S Cryostat; Leica). Sections were
thaw mounted onto indium tin oxide (ITO) coated slides (Sigma-Aldrich, UK), washed with
ammonium acetate (150 mM) and dried in a vacuum desiccator. This washing step was
repeated four times. DHB in 50:50 MeOH:dH2O with 0.2% TFA was used as the MALDI matrix,
and was sprayed using the SunCollectTM (SunChrom, Friedrichsdorf). Matrix was sprayed at 10
μl/min, 15 μl/min, and 20 μl/min for the first three layers respectively, then 30 μl/min was used
for 17 layers. For MS/MS experiments, NaCl (10mg/ml) was added to the matrix. Adjacent
sections were used for H&E staining.

MALDI-MS imaging
MALDI-MS imaging experiments were performed on the MALDI-7090 (Shimadzu, UK) or a
MALDI-TOF Axima Performance (Shimadzu, UK) which had been modified with a solid state
laser (Nd:YLF), in reflectron positive ion mode. For the MALDI-7090 imaging experiments, 50
laser shots per profile was used at a laser repetition rate of 500 Hz. The laser diameter was set
to 50 μm and the spatial resolution was 70 μm. The blanking mass was set to 50, the pulsed
extraction 750, and the mass range was m/z 50-2000. Imaging experiments performed on the
AXIMA performance used a laser repetition rate of 50 Hz and 50 laser shots per profile. The
laser diameter pf the AXIMA is fixed at ~100 μm, and the spatial resolution used was 100 μm.
The blanking mass was set to 50, the pulsed extraction 750, and the mass range m/z 1-2000.
All images were normalised to the total ion current (TIC) using MALDI Processing 0.02
(Shimadzu, UK) and processed in BioMap (Novartis).
MALDI-MS/MS
MS/MS experiments were carried out on the MALDI-7090 (Shimadzu, UK) or a MALDI-TOF
Axima performance (Shimadzu, UK)). Both instruments used collision induced dissociation
(CID) (helium gas) for MS/MS. The MALDI-7090 also has axial spatial distribution focussing
(ASDFTM) [27] for increased MS/MS mass resolution. Resulting MS/MS spectra were compared
to the LIPID MAPS Lipidomics Gateway database (http://www.lipidmaps.org)[28] for
interpretation.

DESI-MS sample preparation
Frozen lung tissue was sectioned to 10 μm using a cryostat (CM3050S Cryostat; Leica, UK).
Tissue was thaw mounted onto coated slides (Sigma-Aldrich, UK).
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DESI-MS imaging
DESI imaging was carried out on a modified 2D DESI stage (Prosolia, Indianapolis, USA)
mounted on a Xevo-G2-XS quadrupole time of flight (Q-TOF) mass spectrometer (Waters,UK)
in negative ion mode. The solvent spray consisted of 95% methanol and 5% water. Spray
conditions used were a flow rate of 5 µl/min (using a syringe pump from Harvard Apparatus,
Inc., Holliston, MA), with a nebulising gas of nitrogen at 6 bar. Typical positions of the sprayer
were used (sprayer 1.5mm above surface, 6mm sprayer to capillary distance, 75˚ sprayer
impact angle, 5˚ collection capillary angle). The source temperature was 100 ˚C and the
desolvation temperature 250˚C. The mass range was set to m/z 50-1200. Images were
performed in negative ion mode with a capillary voltage of 1.46 kV. The spatial resolution of 50
μm, and images were acquired at 5 scans/second. Images were processed and normalised to
the TIC using HDImaging v1.4 (Waters, UK). Principal component analysis (PCA) was
performed on DESI-MS images using the MATLAB executable Implore (Waters, UK).

Immunofluorescence
Tissue sections were fixed in ice-cold acetone for 10 mins and then left to dry. After tissue
sections had dried, a DAKO pen (Agilent Technologies, UK) was used to draw around each
tissue section. 70 μl of blocking solution was pipetted onto each section (10% normal goat
serum (Sigma-Aldrich, UK) in PBST) and left for 15 mins. Slides were washed twice for 3 mins
in PBST-BSA. ~70 μl of the primary antibody was added to each section and left at 4˚C
overnight. Primary antibody solution was made in PBST-BSA and 10% normal goat serum. The
primaries anti-FASN (rabbit) at 1:100 and anti-SCD (mouse) at 1:50 (both Abcam, UK) were
added to the same sections. The primary antibody solution was tapped off and washed three
times for four minutes in PBS. A secondary antibody solution containing 1:150 of Cy5 goat antiRb (Invitrogen, UK) and 1:100 Alexafluor 488 goat anti-mouse (Life technologies, UK) was
prepared in PBST-BSA; and 70 μl was added to each section and left for 60 mins in the dark at
room temperature. Slides were washed again with PBS (3 x 4 mins). Coverslips (VWR, UK)
were then mounted using fluorescent mounting media (Abcam, UK). Images were acquired
using a [20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide
scanner, and processed using Pannoramic viewer (3D HISTECH, Hungary). IF images were
binarised into positive and negative pixels using Image J [29]. Images were first converted to a
32-bit greyscale image, and a manual threshold applied to best represent areas of positive
staining.

H&E
Haematoxylin and eosin staining was carried out on adjacent sections to mass spectrometry
imaging (for MALDI-MS), or on the same slides post DESI-MS imaging. Slides were immersed
in xylene (Sigma-Aldrich, UK) for 2 mins, and then transferred to industrial methylated spirit
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(Sigma-Aldrich, UK) for 4 x 2 mins. Sections were then immersed in tap water followed by 3
mins in Harris haematoxylin (Sigma-Aldrich, UK), a rinse in hot water, and a one second dip in
eosin (Leica, UK). Slides were transferred to industrial methylated spirit for (4 x 2 mins), then to
xylene (4 x 2mins), and left to dry. Aqueous mounting media (Abcam, UK) was used to mount
coverslips (VWR, UK) onto slides and left overnight to dry. Images were acquired using a
[20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide scanner, and
processed using Panoramic viewer (3D HISTECH, Hungary).

Results and Discussion

This study uses a multi-modal approach to reveal both fatty acid and lipid heterogeneity in
NSCLC tumours.
Kras acts as a positive regulator of de novo lipogenesis, whereas p53 negatively regulates
lipogenesis by inhibiting fatty acid synthesis (Fig.1) [12, 13]. Therefore, the p53-/- /KrasG12D
model would be expected to have high levels of FASN. This is revealed by PET-CT scans (Fig.
2) which show uptake of [11C] acetate in NSCLC tumours, indicative of FASN activity. However,
[11C] acetate uptake is irregular between tumours, indicative of FASN expression heterogeneity.

Fig.2. [11C] Acetate PET-CT scans of control and NSCLC (p53-/- , KrasG12D) mouse model.
CT scans are displayed in black/white, PET scans show [11C] acetate in red/ yellow.
Whole body PET-CT scans (A) and coronal section of mice (B)ii) are shown. Tumours
have been circled in the coronal section of CT scan (B)i). PET scans are courtesy of
David Lewis (collaborator at the University of Cambridge.)
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Autoradiography can show the location of labelled acetate using 14C-[acetate] in a 2D section
(Fig.3), which highlights the distinct heterogeneity of FASN within, and between tumours. These
findings show lipogenesis is altered between and within tumours in the same mouse (p53-//KrasG12D), complementing what is already known about NSCLC, that is highly heterogeneous
[2, 4], but also highlighting the important role lipids may be playing in carcinogenesis.

Fig. 3. [14C] Acetate autoradiography of lung section with NSCLC (p53-/- , KrasG12D)
tumours. High uptake of [14C ] acetate is displayed in black, showing areas of high FASN
activity; dark grey areas show lower levels of FASN activity. Tumours are surrounded by
healthy lung tissue (very pale grey), which show very low levels of FASN.
Autoradiography image is courtesy of David Lewis (collaborator at the University of
Cambridge).

Ex-vivo DESI-MS and MALDI-MS imaging reveals that in addition to FASN heterogeneity
implicated by acetate uptake, within tumours, there is also heterogeneity in fatty acid and
phospholipid distributions. Fig. 4 shows that there are differences in the DESI-MS lipid spectra
from tumour-to-tumour (p53-/- , KrasG12D) within the section. This again supports that fatty acid
and lipid synthesis is different tumour-to-tumour.
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Fig. 4. DESI-MS spectra (negative ion mode) of four NSCLC tumours (p53-/- , KrasG12D)
within the same section (C), with corresponding H&E stain (A). The ROIs drawn to get
spectra are shown in (B).
DESI-MS imaging of fatty acids in NSCLC tumours was performed (Fig.5), followed by IF FASN
staining on the same tissue section. Fig.5 shows clear heterogeneity of FASN and fatty acid
distributions. FASN’s end product is palmitic acid, which can then be elongated to stearic acid.
Unfortunately palmitic and stearic could not be detected by DESI-MS; this may be due to tissue
sections being mounted on indium tin oxide slides, as sections had originally been intended for
MALDI-MS analysis. However, oleic acid, which is typically a de novo fatty acid, can be
detected by DESI-MS, and shows good correlation with FASN distributions. This would be
anticipated based on the de novo synthesis of oleic acid (Fig.6).

Fig.5. DESI-MS images (negative ion mode) of NSCLC tumours (p53-/- , KrasG12D) within
the same tissue section (D-G). Corresponding H&E stain (A) and IF of FASN (B),
including a FASN image processed in Image J, where positive pixels are shown in red
(C).
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Fig. 6. A schematic of fatty acid synthesis in humans.
Tumour ‘3’ (as shown in Fig.5 A) has very similar localisations of oleic, linoleic, arachidonic acid
and docosahexaenoic acid (DHA). However, tumours ‘1’, ‘3’, and ‘4’ have quite different fatty
acid profiles. Tumours ‘1’ and ‘2’ contain oleic and linoleic acid at similar locations in the tumour,
but only small amounts of arachidonic and DHA. Arachidonic and DHA are synthesised from
linoleic acid (a schematic of fatty acid synthesis is shown in Fig.6) and so can be expected to
have similar localisations in tumours. Although, arachidonic acid and DHA can be found in the
area of linoleic acid localisations; their distributions differ from each other. Furthermore, the
location of DHA and arachidonic acid in tumour ‘3’ and ‘4’ appears very localised and unique to
any other fatty acid localisation. This suggests they are playing a specialised role in these
tumours.
Arachidonic acid can be found in tumours regardless of FASN localisation, which is consistent
with arachidonic acid being synthesised from linoleic acid, or being acquired directly from the
diet. Arachidonic acid is a precursor for eicosanoids; molecules which are important in
inflammation. There is evidence to that arachidonic acid promotes cell proliferation [30, 31],
most probably through its inflammatory metabolites. Interestingly, arachidonic acid has found to
be elevated in the serum of lung cancer patients [32], thus may be playing an important role in
tumour progression and give certain tumours a more aggressive phenotype.
Very few studies have been carried out regarding the role of DHA. DHA’s location in NSCLC
tumours appears very well-defined, but does not coincide with differences in the histology. DHA
has been reported to play an important anti-inflammatory role, and has the potential as a new
anti-cancer therapy (reviewed in [33]). Therefore, it would be beneficial to stain for immune cells
in future experiments.
The de novo synthesis of oleic acid relies on SCD-1 activity to add a double bond to stearic
acid. IF of SCD-1 shows localisation in all tumours (Fig. 7). In tumour ‘3’, FASN, SCD-1 and
oleic acid can all be seen, which is anticipated based on oleic acid’s synthesis pathway (Fig.6).
However, SCD-1 can also be found in an area of tumour ‘4’ where no FASN or oleic acid is
observed. Without FASN, palmitic acid is not synthesised de novo, hence there is no substrate
for oleic acid. However, this tumour may be scavenging fatty acids exogenously, owing to its
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lack of FASN activity. It is difficult to speculate this without palmitic acid images, and future work
using DESI-MS imaging on glass slides should reveal palmitate locations. It is also true that
SCD-1 relies on oxygen for activity, thus even if palmitate was being exogenously scavenged,
SCD-1 may not be able to insert a double bond in hypoxic conditions, and could hence be the
reason for the lack of oleic acid. Future work will include hypoxic staining on NSCLC tumours.

Fig. 7. DESI-MS image (negative ion mode) of oleic acid in NSCLC tumours (p53-/- ,
KrasG12D) (A) IF of SCD-1 (B) with magnified images of SCD-1 staining (C) and (E). (D)
shows FASN staining in the same area as (C).

Magnification of the H&E stain shows that there are some differences in the histology between
tumours, and even within the same tumour (Fig.8). Therefore, lipid heterogeneity between
tumours is unsurprising. However, the histology does not account for the heterogeneity in fatty
acid localisations, or for FASN and SCD-1 locations. It must be noted that co-localisations are
established by eye, and there is a need for software which can overlay H&E or
immunofluorescence image precisely, to enable searching for accurate co-localisations pixel-topixel.
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Fig. 8. H&E stain of NSCLC (p53-/- , KrasG12D) tumour section; the different tumours have
been numbered.
Fatty acids are used to make more complex lipids, principally phospholipids which are
membrane components and thus essential for the cell proliferation. PCA was carried out on the
DESI-MS image to establish similarities and differences in fatty acid and phospholipid
heterogeneity between tumours. Principal component 1 and 2 separate the normal tissue from
the tumours, confirming NSCLC tumours have different lipid profiles than normal tissue, as
established by Lee et al.[24]. Principal component 3 shows that the left hand side of tumour ‘4’
has a similar lipid profile to tumour ‘1’, and the right hand side similar to tumour ‘3’. Looking at
the histology, it is clear that tumour ‘4’ has a different histology on the right hand side compared
to the left. However, the left hand side histology does not entirely match that in tumour ‘1’, which
points to other mechanisms giving rise to this principal component separation of lipid profiles.
Principal component 4 separates out tumour ‘3’ into two different regions, which again is
consistent with the histology. Principal component 4 also distinguishes the majority of tumour ‘3’
from any other tumour, indicating that although its lipid profile bears resemblance to the right
hand side of tumour ‘4’, it also has differences in its lipid profile which makes it unique from the
other tumours, which is not apparent in the histology. This is also true for tumour ‘1’, with
principal component 5 distinguishing it from other tumours. The principal component images in
Fig.9 do not appear to correlate with FASN and SCD-1 localisations.
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Fig. 9. PCA of DESI-MS images (negative ion mode) of NSCLC tumours (p53-/- , KrasG12D).

Examples of unidentified phospholipids showing striking heterogeneity in the DESI-MS image
are shown in Fig. 10. Consistent with PCA analysis and histology, it is clear that tumours ‘3’
and ‘4’ can actually be separated into two different areas; which have different lipid profiles.
Additionally, tumour ‘1’ appears to differ from the other tumours, as established by PCA
analysis, an example of a lipid (m/z 835) localising only in this tumour is shown in Fig.10. As
mentioned, DHA and arachidonic acid have well-defined regions of heterogeneity. Arachidonic
acid localisation is attributed to separation in principal component 3. However, DHA’s
localisation is not separated out (at least with the first 6 principal components). Furthermore,
there are other phospholipids with very interesting localisations, not separated out by PCA (e.g
m/z 724 in Fig. 10). Although these defined areas are not the main contributors to the NSCLC
heterogeneity seen here, they may be important to cancer biology. It is also noted that this
heterogeneity is not due to de novo fatty acid synthesis, or by differences in histology as shown
by H&E.
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Fig. 10. DESI-MS images (negative ion mode) of phospholipids in NSCLC tumours (p53-/- ,
KrasG12D). Where possible lipids have been assigned identifications based on accurate
mass values of the lipid peaks. m/z 865.53 and m/z 885.57 have been tentatively identified
as phosphatidylinositols (PIs).

Positive ion mode MALDI-MS imaging and MALDI-MS/MS were used to show heterogeneity of
phosphatidylcholine (PC) distributions in NSCLC tumours (p53-/- /KrasG12D) (Fig.11) with some
species appearing in one tumour and not the other, despite tumours being histologically similar.
MS/MS data can be found in the supplementary figures. The MS/MS spectra for m/z 806 only
allowed the identification of the combined fatty acid chain and double bond number, rather than
two separate fatty acids. The MALDI-MS data complements DESI-MS data, demonstrating that
both fatty acids and complex lipids show heterogeneity in NSCLC tumours. Furthermore, PC
(16:1/18:0) localises reasonably homogeneously in tumours, but is not found in the surrounding
healthy tissue. This is in accordance with the findings of Lee et al., who also showed that PC
(16:0/16:0) was characteristic of adenocarcinomas, compared to squamous cell carcinoma.
Here, PC (16:0/16:0) appears in tumour heterogeneously, but also in healthy tissue.
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Fig. 11. MALDI-MS images (positive ion mode) of PCs in NSCLC (B-F) tumours (p53-//KrasG12D) with corresponding H&E stain (A).

MALDI-MS imaging was also performed for KrasG12D only tumours, where again, the same PCs
showed heterogeneous distribution (Fig. 12). PCs are prominently used for membrane
synthesis, however their striking heterogeneity in NSCLC tumours points to a more complex
role. PCs can also be precursors for LPCs, which in turn act as signalling molecules. The exact
role of LPCs remains to be elucidated, but studies point to it having an inflammatory role [34,
35]. Additionally, LPC is itself is a precursor for lysophosphatidic acid, a signalling molecule
which can be involved in a multitude of oncogenic pathways (reviewed in [36]). Imaging of LPC
16:0 shows heterogeneity in both models, but much more so in the p53-/- /KrasG12D tumours.
Lysophosphatidylcholine acyltransferase (LPCAT) converts LPCs to PCs and is upregulated in
numerous cancers [37, 38]. Heterogeneous localisations of LPCAT may be responsible for
some of the LPC and PC heterogeneity seen in these tumours, but this hypothesis would need
to be confirmed by immunohistochemistry.
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Fig. 12. MALDI-MS images (positive ion mode) of PCs in NSCLC tumours (KrasG12D ).

In both p53-/- /KrasG12D and KrasG12D only tumour, PC (16:0/18:1) appears homogenously
throughout all tumours. In p53-/- /KrasG12D tumours, PC (16:0/18:2) also appears fairly
homogeneously; however in the KrasG12D model, there is more distinctive heterogeneity,
indicating there may be lipid metabolism differences between the two models. Similarities
between the two models include PC (16:0/16:0), which localises in normal tissue as well as
tumour tissue in both NSCLC models, and PC 36:3 which shows heterogeneity in both models.
Additionally, in the Kras only model, PC (16:0/18:2) and PC 36:3 have opposite localisations,
however in the p53-/- /KrasG12D model, this is not the case. These findings highlight that different
lipid metabolism can occur in different genotypes. Activated p53 acts as a negative regulator of
fatty acid synthesis, whereas Kras will stimulate lipid synthesis; there is therefore more complex
regulation when p53 has not been knocked out.
In the case of the KrasG12D only model, an adjacent section was used for autoradiography,
allowing a comparison of PC locations with high/low rates of FASN activity (Fig.13).
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Fig. 13. [14C] Acetate autoradiography of lung section with NSCLC tumours (KrasG12D) (A)
High uptake of [14C ] acetate is shown in black, and indicates high levels of FASN
activity; dark grey areas show lower levels of FASN activity. MALDI-MS images (positive
ion mode) of an adjacent section shows lipids that co-localise with high (C and D) or low
rates (B) of FASN activity.

[14C] acetate autoradiography of KrasG12D only tumours again shows clear heterogeneity of
FASN activity, as shown in p53-/- KrasG12D tumours (Fig.3). Interestingly, PC (16:0/16:0) colocalises with areas of high FASN activity within the large tumour, and PC (36:3) shows good
co-localisations with high FASN activity in all tumours. The abundance of PCs would be
expected to increase where there are higher rates of fatty acid synthesis. However, in the
KrasG12D tumour, PC (16:0/18:2) localises specifically to areas of low FASN activity. Additionally
LPC (16:0) and PC (16:0/18:1) locations are independent of FASN activity. The principal
product of FASN is palmitic acid (16:0), so PCs with this fatty acid chain may localise
specifically in areas with higher FASN activity. However, this is not true for PC (16:0/18:2) which
appears distinctly in areas of low FASN activity. Here, lipid synthesis may be more reliant on
exogenous scavenging, particularly as 18:2 (linoleic acid) cannot be synthesised de novo and
must be obtained from the diet. Furthermore, Ras-driven cancers have been reported to
exogenously scavenge fatty acids [18]. Additionally, because PC 16:0/16:0 does not localise in
areas of low FASN activity, this PC species may be broken down by phospholipases to provide
free palmitate in areas which cannot carry de novo fatty acid synthesis.
One PC species at m/z 810 (insufficient fragmentation during MS/MS did not allow full
identification of this lipid (Supp. Fig.6)), shows very different abundance between the two
NSCLC models (Fig.14). m/z 810 localises in both tumours of the KrasG12D/p53-/- model,
however, in the KrasG12D only model, m/z 810 is barely seen in any tumours. This suggests m/z
810 may be characteristic of a lack of p53.
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Fig. 14 MALDI-MS images (positive ion mode) of m/z 810.6 in NSCLC tumours (p53-/KrasG12D or KrasG12D).
Glucose starvation can activate p53. Activated p53 leads to the transcription of genes inhibiting
fatty acid synthesis and activating fatty acid oxidation (reviewed in [39]) . Therefore glucose
availability in NSCLC may be playing a role in the heterogeneity of lipid metabolism in KrasG12D
tumours. It has already been shown in previous studies that glucose uptake is heterogeneous in
NSCLC tumours [6] and therefore investigating the interplay between glucose uptake and lipid
metabolism in future work would likely to be beneficial.
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Supplementary figures

Supp. Fig. 1 MALDI-MS/MS spectrum of m/z 782, identified as PC (16:0/18:1).
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Supp. Fig. 2. MALDI-MS/MS spectrum of m/z 758, identified as PC (16:0/18:2).

Supp. Fig. 3. MALDI-MS/MS spectrum of m/z 806, identified as PC (36:3).

Supp. Fig. 4. MALDI-MS/MS spectrum of m/z 518, identified as LPC (16:0).
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Supp. Fig. 5 MALDI-MS/MS spectrum of m/z 734, identified as PC (16:0/16:0).

Supp. Fig. 6 MALDI-MS/MS spectrum of m/z 810.
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Abstract

Tumours do not behave uniformly, and are therefore often referred to as heterogeneous.
Glioblastomas are highly aggressive brain tumours, which display heterogeneous
characteristics and are commonly resistant to chemotherapy and radiotherapy. It is therefore
important to understand the heterogeneity in glioblastoma tumours which may be giving rise to
this resistance. DESI-MS can image hundreds of molecules in a 2D tissue section, making it an
ideal tool for imaging tumour heterogeneity. Here, 3D DESI-MS imaging has been used to
reveal lipid heterogeneity in a whole glioma tumour. Furthermore, the use of an automatic slide
loader makes 3D imaging automated, and suitable for high-throughput imaging. Adjacent
sections from DESI-MS imaging were used for immunofluorescence and H&E staining in order
to identify different histological regions, and areas of hypoxia within the tumour. Comparing
DESI-MS imaging with biological staining has allowed association of different lipid species with
locations of lipid synthesis enzymes, hypoxia and viable tissue in the tumour. Hypoxia is a key
contributor to tumour heterogeneity, and additionally is associated with aggressive cancers.
Here, 3D DESI-MS imaging has been able to map hypoxia ex-vivo, using lipids which are
prominently found in this region. This work highlights that lipids are playing an important role in
glioblastoma heterogeneity. Furthermore, DESI-MS imaging can be used for lipid 3D imaging in
an automated fashion, to reveal heterogeneity which is not apparent in H&E stains alone.

Introduction

Gliomas are classified into four main subtypes, with glioblastoma being the most aggressive.
Patients with malignant gliomas have a very poor prognosis, as tumours are highly resistant to
chemotherapy and radiotherapy (reviewed in [1]). A common explanation for resistance in
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tumours is the issue of heterogeneity. Within a tumour, cells do not behave uniformly, thus,
therapy may kill parts of the tumour but leave subpopulations to re-grow into therapy-resistant
tumours. Due to the resistance of gliomas to conventional anti-cancer therapies, glioma
heterogeneity and new pathways for treatment must be investigated.
The hallmarks of cancer have been refined to include altered energy metabolism [2]. Lipid
metabolism has shown to be altered in cancer, but there is little literature focusing on lipid
metabolism in gliomas. Studies have shown that lipid levels, including free fatty acids, are
altered in gliomas, compared to normal tissue [3, 4]. Furthermore, fatty acid synthase (FASN) is
upregulated in gliomas [5] and increased FASN expression is associated with malignant grades
[6]. FASN is responsible for the synthesis of fatty acids de novo in humans, and has also been
found to be upregulated in other cancer types [7, 8].
Stearoyl-CoA desaturase-1 (SCD-1) is another lipid enzyme which is required for de novo fatty
acid synthesis. SCD-1 inserts a double bond into the ∆9 position of fatty acids, and so is
responsible for the formation of monounsaturated fatty acids, principally oleic acid (C18:1).
There is evidence to support SCD-1’s upregulation in some tumour types [9-11], although it has
not yet been investigated in gliomas.
Gliomas, like so many other tumours, have hypoxic areas due to a lack of oxygen reaching
cells. Hypoxia leads to heterogeneity in the tumour, and is associated with recurrence,
resistance and invasion [12-14]. Lipid metabolism can be altered in hypoxia, including changes
in the expression of FASN and SCD-1 [15, 16].
Desorption electrospray ionisation mass spectrometry (DESI-MS) is an ambient mass
spectrometry technique which can also be used for ex-vivo imaging [17]. DESI-MS is an
excellent tool for detection of lipids, and has been used in numerous lipidomic oncology studies
[18-20]. Furthermore, it involves minimal sample preparation, and causes little degradation of
the sample, making it an attractive mass spectrometry technique for biological samples. DESIMS has been used previously on glioma sections, where lipid fingerprints could distinguish not
only between healthy and malignant tissue, but also between different glioma grades [21, 22].
Here DESI-MS lipid imaging is paired with immunofluorescence (IF) in order to investigate
biological reasons for glioma lipid heterogeneity.
A drawback of mass spectrometry imaging is that it must be done in 2D; thus not encapsulating
the 3D information as obtained by in-vivo techniques such as positron emission tomography
(PET) or magnetic resonance imaging (MRI). However, mass spectrometry imaging has the
capability of ex-vivo 3D imaging by acquiring images of serial tissue sections, and aligning them
in way to give a 3D image. Matrix-assisted laser desorption ionisation (MALDI-MS) imaging, is
the most commonly used mass spectrometry imaging technique and has already been used for
3D imaging [23] including 3D imaging of a drug distribution in a tumour [24]. Eberlin et al. also
reported 3D DESI-MS imaging of a mouse brain [25]. 3D mass spectrometry imaging is a
lengthy process and involves human input to set up new images. However, here, for the first
time, an automated 3D DESI-MS imaging method has been used to visualise lipids in a tumour.
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A robotic slide loader is able to change slides post-imaging, meaning a 3D experiment can be
left running autonomously, thus demonstrating a straight-forward and time-saving method to
carry out 3D DESI-MS imaging.
3D DESI imaging was carried out on a xenograft glioblastoma tumour. In addition, IF was
carried out on serial sections to reveal hypoxic regions, and SCD-1 and FASN locations.
Carbonic anhydrase-9 (CA-9) is a downstream target of hypoxic signalling, and has been used
for hypoxic staining. Haemotoxylin and eosin (H&E) staining was also carried out on serial
sections, or on the same sections used for DESI-MS.

Methods

Phosphate buffered saline (PBS) was made using tablets purchased from Oxoid, UK, dissolved
in dH2O.
1 ml Tween (T) was added to PBS to make PBS-T. BSA (Sigma-Aldrich, UK) was dissolved at 1
mg/ml PBST to make PBST-BSA solution.
All solvents were purchased from Sigma-Aldrich, UK.

In-vivo
5x106 U87 cells were injected intradermally into the flank of a mouse, and grown for 4 weeks.
Animals were culled and tumours flash frozen in isopentane. Animal experiments were
conducted in accordance with the U.K. Animals (Scientific Procedures) Act 1986 and were
approved by local ethical review committees.

Sample preparation
A xenograft glioblastoma tumour was sectioned using a cryostat (Leica 3050s, UK), and tissue
sections were thaw mounted onto glass slides. Fifteen sections were taken at 120 μm steps
through the tumour, at a 10 μm thickness for DESI-MS imaging. Three slides of serial sections
(8 μm) were taken for IF.

DESI-MS 3D imaging
Experiments were carried out using a 2D DESI stage (Prosolia, Indianapolis,USA) attached to a
Xevo-G2-XS quadrupole- time of flight (Q-TOF) (Waters, UK). A modified top plate of the DESI
stage (Prior Scientific, Cambridge) was created to allow the automated PL200 microscope slide
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loader (Prior Scientific, Cambridge) to place slides onto the stage, and then move them back to
the holding cassette. An additional change made to the typical DESI set up was the mounting of
a standard webcam above the stage, at an appropriate height that allowed capturing the whole
of the glass slide.
Recently written MATLAB and C# executables (Waters, UK) were used to automate coregistration of a glass slide snapshot with the stage coordinates, using object definition
algorithms, in order to identify the location of the tissue on the slide. These co-ordinates were
written to the experiment file, and imaging commenced.
This process continued until all 15 slides were analysed. Spatial resolution was set to 120 μm,
in order to make even sized voxels. A mass range of m/z 50 – 1200 was used. The solvent
spray consisted of 95% methanol 5% water. Spray conditions used were a flow rate of 5 µl/min
(using a syringe pump from Harvard Apparatus, Inc., Holliston, MA), with a nebulising gas of
nitrogen at 6 bar pressure. Typical positions of the sprayer were used (sprayer 1.5mm above
surface, 6mm sprayer to capillary distance, 75˚ sprayer impact angle, 5˚ collection capillary
angle). Imaging was carried out in both negative and positive ion mode, at 1 scan/sec. The
source temperature was 100 ˚C and the desolvation temperature 250 ˚C. The capillary voltage
was 2.3 kV in negative ion mode, and 3.42 kV in positive ion mode.
HDImaging v1.4 (Waters, UK) was used for visualisation of individual 2D images. Recently
developed software written in MATLAB has been developed at Waters, UK to allow the
individual text files to be combined into a single data set, and reconstructed into a 3D image.
The reconstruction is done automatically, and involves peak picking, object alignment and
rotation, as well as a non-negative matrix factorisation. 3D images have been visualised in the
open internet application SketchFab.com.

DESI-MS/MS
Conditions were the same as DESI-MS imaging. MS/MS was carried out using 7 bar of argon
gas. Lipidomics Gateway database http://www.lipidmaps.org [2] was used for identification of
species.

Immunofluorescence
Tissue sections were fixed in ice-cold acetone for 10 mins and then left to dry. A DAKO pen
(Agilent Technologies, UK) was used to draw around each of the sections, and 70 μl of blocking
solution was pipetted onto each section (10% goat serum in PBST), and incubated at room
temperature for 15 mins. Slides were then washed twice for 3 mins in PBST-BSA. Primary
antibodies were made up in PBST-BSA, and 10% normal goat serum. Anti-ki67 (Rabbit, Abcam,
UK) at 1:500 and and anti-CA-9 (mouse, Biosciences, Slovakia) at 1:1000 were added to the
same sections, and anti-FASN (rabbit, Abcam,UK) at 1:100 and SCD (mouse, Abcam, UK) at
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1:50 were added to the same sections. ~70 μl of primary antibody solution was left on tissue
sections at 4˚C overnight. The primary antibody solution was tapped off and washed three times
for four mins in PBS. A secondary antibody solution containing 1:150 of Cy5 goat anti-Rb
(Invitrogen, UK) and 1:100 Alexafluor 488 goat anti-mouse (Life technologies, UK) was
prepared in PBST-BSA; and 70 μl was added to each section and left for 60 mins in the dark at
room temperature. Slides were washed again with PBS (3 x 4 mins). Coverslips (VWR, UK)
were then mounted using fluorescent mounting media (Abcam,UK).Images were acquired using
a [20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide scanner,
and processed using Panoramic viewer (3D HISTECH, Hungary). Images were also processed
in Image J [26], where images were converted to a 32-bit greyscale image, and a default
threshold applied.

H&E
H&E staining was carried out after DESI-MS imaging, and on adjacent sections. Slides were
immersed in xylene (Sigma-Aldrich, UK) for 2 mins, and then transferred to industrial methylated
spirit (Sigma-Aldrich, UK) for 4 x 2 mins. Sections were then immersed in tap water followed by
3 mins in Harris haematoxylin (Sigma-Aldrich, UK), a rinse in hot water, and a one second dip in
eosin (Leica, UK). Slides were transferred to industrial methylated spirit for (4 x 2 mins), then to
xylene (4 x 2mins), and left to dry. Aqueous mounting media (Abcam, UK) was used to mount
coverslips (VWR, UK) onto slides and left overnight to dry. Images were acquired using a
[20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide scanner, and
processed using Panoramic viewer (3D HISTECH, Hungary).

Results and Discussion

15 sections were taken every 120 μm from a xenograft glioblastoma tumour for 3D DESI-MS
imaging. 3D imaging shows molecularly different regions in both positive and negative ion mode
(Figs. 1 and 2). The peaks which have defined the areas chosen for 3D representation have
also been shown in Fig 1 and 2. By comparing individual slices (section 1, 3, 7 and 13 are
shown here as examples) of the 3D image to IF and H&E, the reason for these molecular
differences can begin to be elucidated.
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Fig. 1. 3D positive ion mode DESI imaging of three molecularly distinct regions in a
glioblastoma xenograft, shown in different colours (A). Examples of peaks localising in
these distinct 3D regions are shown as 2D images in (B), with m/z 400 and 428 appearing
in the blue region of the 3D image, m/z 822 in the red, and m/z 370 in the green.

Fig. 2. 3D negative ion mode DESI imaging of four molecularly distinct regions in a
glioblastoma xenograft, shown in different colours (A). Examples of peaks localising in
these distinct 3D regions are shown as 2D images in (B), with m/z 619 appearing in the
blue region, m/z 599 in the red region, m/z 885 in the green region, and m/z 865 in the
yellow.
H&E staining was carried out for all sections imaged by DESI-MS. The third section used for
DESI-MS imaging has been shown here (Fig.3) to show the distinct histological regions of the
tumour. At the top of the tumour, viable glioma cells are densely packed; there is then a gradual
change to the bottom of the tissue where moderate amounts of necrosis are observed.
Therefore, there is also an intermediate region in the middle of the tissue where cells become
less densely packed and small amounts of necrosis can be seen. These histological regions
can be identified by peaks used in the 3D DESI-MS imaging, and Fig.3 shows m/z 370 (from
positive ion mode) appearing most abundantly in the more necrotic area at the bottom of the
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tissue, moderately in the intermediate region where small amounts of necrosis are seen, and
not at all within the cell-dense band at the top.

Fig. 3. H&E stain of section 3 from the 3D glioblastoma image. The H&E stain has been
overlaid with the positive ion DESI-MS image of m/z 370 (right), and areas of its high,
moderate, or low abundance drawn in black.

Comparing the peaks revealed by positive ion mode DESI-MS with the H&E stained image, m/z
822 appears predominantly in the densely populated band at the top of the tissue, and then gets
sparser within the intermediate band. m/z 885 in negative ion mode however, appears in both
regions equally. These species appear to be markers of viable glioma cells. Furthermore,
Eberlin et al. also reported m/z 885 in viable glioblastoma tumours [21]. In negative ion mode
DESI-MS images, strange holes appear in the images. These holes are not present in the
tissue, and are therefore an artefact in the DESI-MS images, but in negative ion mode only. No
specific signal was associated with these holes, and the reason for their presence has yet to be
elucidated.
In both positive and negative ion imaging, the region at the bottom of the tumour where the
most necrosis is occurring is identified by m/z 370 in positive ion mode, and m/z 599 in negative
ion mode; with m/z 619 localising in a smaller subset of this region. The peak at m/z 865 in
negative ion mode does not co-localise with any distinct histology. Furthermore, it is not obvious
from the H&E stain the reason for the distinct band-like localisation of m/z 400 and 428 in
positive ion mode. Therefore DESI-MS imaging is able to encapsulate histological relevant
information which is seen in H&E stains in 3D space, as well as information which would not
have been seen using H&E alone.
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In positive ion mode, the peaks at m/z 400 and m/z 428 show very interesting localisations, and
co-localise with areas of CA-9 staining (Figs. 4-7). CA-9 staining shows hypoxic regions in the
tumour sections, with the most amount of hypoxia occurring as a band in the middle of the
tissue (areas of m/z 400 and 428 localisations) but also down to regions where cells are
becoming necrotic. Hypoxia is a common characteristic of glioblastoma (reviewed [27]), which is
consistent with findings shown here. Additionally, hypoxic areas are revealed to be highly
heterogeneous in the xenograft glioblastoma used in this study. The band depicted by m/z 400
and 428 is associated with high levels of hypoxia, and therefore 3D DESI imaging can be used
to visualise this heterogeneous hypoxic region three-dimensionally in a tumour.

Fig. 4. DESI-MS images of molecularly distinct regions of section 1 of the glioblastoma
tumour, compared to IF images of CA-9 and an H&E image. A threshold has also been
applied to the CA-9 image in order to distinguish positively stained pixels (red).
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Fig. 5. DESI-MS images of molecularly distinct regions of section 3 of the glioblastoma
tumour, compared to IF images of CA-9 and an H&E image. A threshold has also been
applied to the CA-9 image in order to distinguish positively stained pixels (red).

Fig. 6. DESI-MS images of molecularly distinct regions of section 7 of the glioblastoma
tumour, compared to IF images of CA-9 and an H&E image. A threshold has also been
applied to the CA-9 image in order to distinguish positively stained pixels (red).
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Fig. 7. DESI-MS images of molecularly distinct regions of section 13 of the glioblastoma
tumour, compared to IF images of CA-9 and an H&E image. A threshold has also been
applied to the CA-9 image in order to distinguish positively stained pixels (red).

Comparing CA-9 staining to the peaks at m/z 400 and m/z 428 shows they co-localise with
hypoxia, but they also seem to form a border-like localisation within the areas of most intense
CA-9 staining. This is confirmed in Fig.8 which displays the size of the m/z 400/428 band
compared to the CA-9 stained band. In some areas both bands are the same size, but in others
the m/z 428 and m/z 400 band appear much thinner in the CA-9 stained band. This suggests
m/z 400 and m/z 428 is playing specialised role in hypoxia, one which may be associated with
the boundary between hypoxic and normoxic cells.
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Fig. 8. Positive ion mode DESI-MS images of m/z 428 with CA-9 IF. In some areas of
tissue, the m/z 428 and CA-9 stained band are the same width (A) and in other areas the
band of m/z 428 is thinner than the CA-9 stained band (B).

m/z 428 and m/z 400 have been tentatively identified as stearoylcarnitine and palmitoylcarnitine
respectively, based on the lipid maps database and what has been previously in hypoxic areas
[28]. In addition, the MS/MS spectrum for m/z 428 (Fig.9), shows a fragment peak at 369,
representative of the loss of a trimethylamine group from the carnitine.

Fig. 9. Positive ion mode DESI-MS/MS of m/z 428, including images of the parent and m/z
369 fragment ion.
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For permeability reasons, long chain fatty acids cannot pass through the mitochondrial
membranes. Fatty acids must be converted to fatty acyl-CoAs, which are in turn converted to
acylcarnitines to allow passage into the mitochondria. In the mitochondria, acylcarnitines are
converted back to fatty acyl-CoA’s in order to undergo β-oxidation; a pathway which oxidises
fatty acids to produce energy. The import of fatty acids into the mitochondria is the rate limiting
step of fatty acid oxidation, and is carried out by various carnitine transferases. Lin et al. found
that fatty acid oxidation is prevalent in glioma cells derived from human samples. They also
used a fatty acid oxidation inhibitor on a mouse glioma model and found tumour growth slowed
and survival was increased [29], demonstrating the reliance of glioma cells on β-oxidation for
growth. However, it seems counterintuitive to increase β-oxidation when oxygen is of short
supply in hypoxia regions. Furthermore, Huang et al. shows that the hypoxia inducible factor-1α
(HIF-1α), which is upregulated in hypoxia, will inhibit fatty acid oxidation [30]. However, Zaugg
et al. discussed the role of carnitine palmitoyltransferase 1C (CPT1C), a brain specific enzyme
which is responsible for transporting carnitines across the mitochondrial membrane. Zaugg and
colleagues findings suggest that hypoxia can cause upregulation of CPT1C in vivo [31],
consistent with an increase in palmitoylcarnitne shown here. These findings suggest a complex
role of hypoxic regulation of carnitines in glioblastoma.
FASN and SCD-1 are fatty synthesis enzymes implicated in carcinogenesis [9, 11, 32-34]. Both
SCD-1 and FASN are most prominently seen in areas of CA-9 staining (Fig.10), suggesting
SCD-1 and FASN are upregulated in hypoxia; consistent with other studies [15, 16].

Fig. 10. IF images of CA-9, SCD-1, and FASN in glioblastoma tumour sections (sections 1,
3, 7, and 13 of the 3D glioblastoma image).
Stearic and palmitic acid are synthesised de novo by FASN, and therefore would be expected to
co-localise with FASN, which is shown in negative ion DESI-MS images in Figs 11-14. The
palmitoyl- and stearoylcarnitine band forms a border around palmitic and stearic acid

162

localisations. Therefore, in the carnitine band, palmitic and stearic acid may be undergoing
conversion to palmitoylcarntine and stearoylcarnitine and hence are not detected as free fatty
acids.

Fig. 11. Negative ion mode DESI-MS images of fatty acids (A) in section 1 of the
xenograft glioblastoma. Positive ion DESI-MS image of molecular different regions
shown in blue, green and red; and an overlay of stearic acid and carnitine localisations
(B). IF is shown in (C)

Fig. 12. Negative ion mode DESI-MS images of fatty acids (A) in section 3 of the
xenograft glioblastoma. Positive ion DESI-MS image of molecular different regions
shown in blue, green and red; and an overlay of stearic acid and carnitine localisations
(B). IF is shown in (C)
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Fig. 13. Negative ion mode DESI-MS images of fatty acids (A) in section 7 of the
xenograft glioblastoma. Positive ion DESI-MS image of molecular different regions
shown in blue, green and red; and an overlay of stearic acid and carnitine localisations
(B). IF is shown in (C)

Fig. 14. Negative ion mode DESI-MS images of fatty acids (A) in section 13 of the
xenograft glioblastoma. Positive ion DESI-MS image of molecular different regions
shown in blue, green and red; and an overlay of stearic acid and carnitine localisations
(B). IFis shown in (C)

SCD-1 inserts a double bond into unsaturated fatty acids to make monounsaturated fatty acids.
One main substrate of SCD-1 is stearic acid, which is use to make oleic acid. Both oleic and
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stearic acid localise in areas of SCD-1 staining, but there are also areas of SCD-1 staining
where oleic acid is not present. It must be noted that the desaturase activity of SCD-1 requires
oxygen, and therefore, because in this case SCD-1 is largely seen in areas of hypoxia, the
activity of SCD-1 may be hindered, and thus not able to make oleic acid as efficiently.
Linoleic acid must be obtained from the diet, and thus its localisation may be different than
stearic and palmitic, which is seen in Figs 11-14. Arachidonic localises in the similar areas to
linoleic in Fig 11-13. This may be expected as arachidonic acid is synthesised from linoleic [35].
Future experiments will include staining for vasculature, as linoleic acid must be obtained from
the blood, thus giving a better insight into the differences in fatty acid localisation. Furthermore,
Kamphorst et al. described how hypoxic cells can scavenge fatty acids exogenously, and this
may also be contributing to the abundance of fatty acids in hypoxic regions [36]. Additionally,
Armitage et al. provided evidence for regulation of fatty acid biosynthesis in hypoxia through
upstream signalling hypoxia inducible factor-1α (HIF-1α) [37].
It is peculiar that no free fatty acids are detected in the normoxic region, which is also the area
most dense with tumour cells, as identified by H&E in Fig.3. This is likely indicative of all fatty
acids being incorporated into larger lipids, principally phospholipids used in membrane
synthesis. Fig.15 shows that larger lipids are indeed present in this region. The larger lipids
shown in Fig.15 are potential phosphatidylinsitols (PIs), which are signalling lipids that play an
important role in cancer [38]. The phosphatidylinositol-3 kinase (PI3-K) /Akt pathway is
upregulated in gliomas, as seen with many other cancers [39]. PI3-K acts via the sterol element
binding protein- 1 (SREBP-1), which in turn can cause upregulation of FASN and SCD-1. The
PI3-K pathway acts via PIs and so localisation of different PIs was investigated using negative
ion mode DESI-MS images (Fig. 15), using the m/z values of PI species already stated in the
literature [40-42]. Possible PI’s show varied localisations within the tumour. The species at m/z
861.63 PI (18:0/18:2) shows very interesting localisation (Fig. 16) as it appears specifically in
the gap between the carnitine band and the area of larger amounts of necrosis, as shown by
m/z 370 in negative ion mode. Hence, this PI could be playing a role in hypoxia, but not
necrosis.
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Fig. 15. Negative ion mode DESI-MS images of possible PIs in section 3 of the xenograft
glioblastoma, shown with CA-9 IF staining, and positive ion mode DESI-MS image to
show molecularly different regions of the tumour section.

Fig. 16. Negative ion mode DESI-MS images of m/z 861.63 PI (18:0/18:2) in section 3, 7,
and 13 (left to right) of the xenograft glioblastoma; shown with positive ion mode DESIMS image to show molecularly different regions of the tumour section.

Here, a method for 3D DESI-MS imaging of a glioblastoma has been presented, where
automation of both the experiment and 3D visualisation means it can be used as a high
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throughput imaging procedure, and thus be used for large cohorts. Furthermore, by using
adjacent slides for biological staining, huge amounts of biological information can be gained. It
must be noted that the U87 flank model used here is not the best model to represent clinical
glioblastomas, and recently the U87 cell line has shown to be different to its original origin,
although still confirmed as a glioblastoma cell line [43]. Nevertheless, this study has shown that
glioblastoma’s lipid heterogeneity can largely be attributed to varying levels of local oxygen
tension, and consequently activity of FASN and SCD-1. Palmitoyl- and stearoylcarnitines also
appear to be playing key roles to aid β-oxidation in hypoxic areas of glioblastomas.
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Abstract

It is well established that metabolism is altered in cancer. Over the past decade, lipid
metabolism in tumours has gained increasing interest. Whilst it is understood that lipid
metabolism undergoes changes in cancer, the exact mechanisms remain to be elucidated.
The PI3-K/Akt pathway is a prominent pathway in a number of cancers, including colorectal
cancer (CRC). PI3-K is a lipid kinase that acts via phosphatidylinositols to stimulate pathways
involved in cell survival and progression, and therefore a PI3-K inhibitor is an attractive anticancer therapy. The PI3-K pathway has potential to affect lipid profiles, and so in this study,
mass spectrometry has been used in conjunction with biological techniques, to investigate lipids
in CRC cells and CRC metastases, and how they change with PI3-K inhibition.
Three mass spectrometry approaches have been applied. Rapid evaporation ionisation mass
spectrometry (REIMS) is a new technique which can detect lipids from a cell pellet. Here, for the
first time, REIMS has been used to detect changes in the lipidome of hypoxic cancer cells, and
those which have been treated with a PI3-K inhibitor.
REIMS was complemented by mass spectrometry imaging, a powerful technique that can image
hundreds of lipids in a tissue section in one experiment. Here, both MALDI-MS and DESI-MS
imaging have been used to image lipids in control and PI3-K treated 3D spheroid CRC cell
cultures and CRC liver metastases. These studies revealed changes in lipid species with PI3-K
inhibition, and how PI3-K and hypoxia appear to play a synergistic role in in the context of lipid
metabolism.
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Introduction
Colorectal cancer (CRC) is one of the most common cancers worldwide [1]. CRC is highly
metastatic, with liver metastases in patients being responsible for a very poor prognosis [2]. A
major oncogenic pathway in many cancers, including CRC, is the phosphatidylinositol-3-kinase
(PI3-K)/AKT pathway [3, 4]. PI3-K phosphorylates the membrane-residing phosphatidylinositol4,5-bisphosphate (PIP2), resulting in phosphatidylinositol-3,4,5-triphosphate (PIP3). PIP3 then
recruits Akt to the membrane where it is phosphorylated and activated by phosphoinositidedependent kinase 1 (PDK-1) and the mammalian target of rapamycin complex 2 (mTORC2)
(Fig.1). pAkt is responsible for controlling many cancer signalling pathways such as cell
proliferation, apoptosis and cell cycle (reviewed in [5]).Studies show that PI3-K can also cause
upregulation of the lipid enzymes fatty acid synthase (FASN) and Stearoyl-CoA desauturase-1
(SCD-1) via the sterol binding element binding protein (SREBP-1) (Fig.1) [6, 7].

Fig. 1. The PI3-K/Akt cascade of fatty acid synthesis regulation, and the action of GDC0941.

There are three classes of PI3-Ks; class I (including class 1A and 1B), class II and class III;
distinguished by differences in their structure and substrate specificity. Class I PI3-Ks are
heterodimeric, containing a p85 regulatory and p110 catalytic subunit, which in turn both have
different isoforms. The catalytic subunit of Class 1A PI3-Ks is responsible for phosphorylating
PIP2 to PIP3, and has three main isoforms p110α, p110β and p110γ. This catalytic subunit is
frequently mutated in cancer, including in CRC [8]. Class 1A PI3-Ks have been the most widely
associated with cancer, and pharmaceutical companies have begun to make class I specific
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drugs. GDC-0941 (GDC) (Chemdea, Ridgewood, NJ, USA) is a potent, selective inhibitor for
class I PI3-Ks, and has shown good anti-proliferative activity in vitro [9, 10] as well as being
tolerated in a phase 1 clinical trial for solid tumours [11]. Because GDC inhibits PI3-K, it is
predicted to hinder lipogenesis (Fig.1). This study investigated how lipids change in CRC cells
(HCT-116), CRC spheroids, and in CRC liver metastases tissue with the use of GDC, using
mass spectrometry imaging and rapid evaporation ionisation mass spectrometry (REIMS).
FASN is the sole enzyme responsible for de novo fatty acid synthesis in humans, and has been
found to be upregulated in numerous cancers, including CRC [12-14]. Acetyl-CoA is
synthesised from pyruvate (the end product of glycolysis) and this acetyl-CoA is converted to
palmitic acid (C16:0) by FASN. Palmitic acid can then undergo elongation and desaturation to
form other fatty acids. Much of these synthesised fatty acids will be used to make phospholipids
(e.g. phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs)), the main component
of cell membranes. Upregulation of FASN in tumours is therefore unsurprising due to a tumours
increased demand for lipogenesis for necessary cell proliferation. However, the literature
provides conflicting evidence to the role of FASN in CRC. Zaytseva et al. demonstrated that
inhibiting FASN reduced liver metastases in mice [15] . Furthermore, Zaytseva showed in a
different study that upregulation of FASN gives CRC cells a survival advantage, particularly
under metabolic stress [14]. However, a clinical study has shown that overexpression of FASN
can be beneficial to a patient’s survival [16]. Interestingly, Ogino et al. found that this was the
case only for patients of a healthy weight; for those classed as overweight or obese, FASN was
found to have a possible link with a worse survival rate [16]. Therefore, it is clear FASN is
playing an important, if complex, role in CRC that requires further clarification, and was
investigated in this study.
It has come to light that the lipid desaturase SCD-1 also plays a part in carcinogenesis, but its
exact role remains to be elucidated [17]. SCD-1 forms a double bound at the ∆9 position of fatty
acids, and therefore is responsible for the synthesis of monounsaturated fatty acids, such as
oleic acid. A recent study by Vargas et al. showed SCD-1 plays a large part in the relapse of
stage II CRC patients [18], demonstrating SCD-1 may play an important role in CRC
progression. Here, the role of SCD-1 will be studied in CRC cells, and in CRC liver metastases.
Fatty acids can also serve as a source of energy when they are oxidised in the β-oxidation
pathway. Studies show that cancer cells rely on β-oxidation as an alternate energy source to
glucose [19]. However, whether they use the de novo route or scavenge fatty acids
exogenously remains unclear.
Normally, the carbon required for lipid synthesis is derived from the glycolysis of glucose.
However, the Warburg effect [20] seen in cancer cells causes much of a cell’s glucose to be
converted into lactic acid rather than pyruvate. Therefore, cancer cells need an alternative
carbon source for lipogenesis, and studies show that cancer cells can also rely on glutamine as
a carbon source, as is true in CRC [14, 21]. This is particularly true for hypoxic cancer cells that
are reliant on glycolysis, as oxidative phosphorylation is prevented in the absence of oxygen.
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Hypoxia has been associated with highly aggressive tumours [22, 23]. Kamphorst et al. have
shown that hypoxia causes cells to scavenge unsaturated fatty acids exogenously in the form of
lysophospholipids [24]. The desaturase activity of SCD is oxygen dependent, thus under low
oxygen tensions it is comprehensible that hypoxic cells may take the required monounsaturated
fatty acids from the environment. Here, the role of hypoxia in lipid metabolism was investigated
in CRC.
The PI3-K pathway has been associated with hypoxia (Fig.1) due to the hypothesised role of
PI3-K as an upstream regulator of the hypoxia inducible factor-1α (Hif-1α) (the central mediator
of the hypoxic response) [25, 26]. In addition, PI3-K and hypoxia have been reported to act
synergistically to promote metastases [27]. Furthermore, studies suggest that HIF-1α may act
upstream of SREBP-1 to regulate fatty acid synthesis [28, 29].
Mass spectrometry imaging is a tool that allows the visualisation of hundreds of molecules
within a tissue section in a single experiment. Matrix assisted laser desorption ionisation mass
spectrometry (MALDI-MS) imaging was established in 1997 [30] and has since been used
successfully in imaging lipids in tissue [31-33].In positive ion mode, the main components of the
mass spectrum will be PCs, and lysophosphatidylcholines (LPCs), offering information
regarding cell membrane components, but also signalling molecules. In this instance, MALDIMS was not used in negative ion ode as this mode had not been validated on the instrument
used.
Desorption electrospray ionisation mass spectrometry (DESI-MS) imaging is an ambient mass
spectrometry technique and here, has been used in negative and positive mode. Small
molecules in MADLI-MS are subject to matrix peak interference; however, because there no
matrix is used in DESI-MS, these effects do not occur. Thus negative ion mode DESI-MS offers
an ideal technique to image fatty acids. In addition, phosphatdiylinositols (PIs) ionise well with a
negative charge, thus DESI-MS can be used to image how these may change with the addition
of the PI3-K inhibitor.
DESI-MS imaging in positive ion mode is also ideal for imaging PCs, among other species.
However as discussed in this study, different species can ionise preferentially in DESI-MS and
MALDI-MS imaging. Ion suppression effects occur in both techniques, meaning that in some
areas of the tissue, some species may ionise more efficiently than in others. MALDI-MS and
DESI-MS are subject to different ion suppression effects, thus by using the techniques together;
a more encompassing lipid signature of the tissue can be deduced. An additional mass
spectrometry imaging technique implemented in this study was secondary ionisation mass
spectrometry (SIMS), which was used for imaging drug distribution in tissue.
Immunofluorescence (IF) was carried out on the same slide, or adjacent sections to the mass
spectrometry imaging to investigate protein expression and to detect hypoxia. Spheroid cultures
were treated with pimonidazole, an exogenous marker of hypoxia, and carbonic anhydrase-9
(CA-9) was used as an endogenous hypoxic marker in tissues. DESI-MS causes minimal
degradation to the tissue, making it possible to stain sections post imaging. The laser power
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involved in MALDI-MS means some of the tissue can be destroyed, and thus staining is not
always possible after mass spectrometry imaging. IF staining targets included FASN, SCD-1;
CA-9; (a protein regulated by Hif-1and therefore commonly used as an endogenous marker of
hypoxia), Ki-67 (a nuclear stain for proliferation) and pimonidazole binding.
REIMS is a very new mass spectrometry technique, having been established in 2009 [34]. The
technique is still in its infancy, but it has successfully been used to profile lipid signatures in
tissue and cells [35, 36]. In REIMS, sample preparation is at a minimum, and it can be used invivo and ex-vivo. Here, REIMS has been used as a tool to create lipid fingerprints for HCT-116
cells that have been subject to hypoxic conditions, and drug treatment. REIMS has the
capability to detect ions in both negative and positive ion mode, however here it has only been
used in negative ion mode as this mode has been validated in Chapter 3. Cell work was
complemented by western blotting to evaluate the effect of GDC treatment on PI3-K dependent
phosphorylation of Akt as a biomarker of pathway activity and FASN and SCD-1 expression.

Methods

Materials
GDC was purchased from Chemdea, Ridgewood, NJ, USA.
All solvents and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich, UK
Radioimmunoprecipitation assay (RIPA) buffer consisted of Tris-HCl at 50 mM and pH 7.4, 150
mM NaCl, 1% IGEPAL and 1mM ethylenediaminetetraacetic acid (EDTA), all from SigmaAldrich, UK. One protease inhibitor tablet (Roche, UK) was added per 10ml. RIPA buffer was
stored at -20 ˚C and on the day of use the following fresh protease inhibitors were added to
make the final concentrations of 1 mM sodium orthovanadate, 1 mM sodium fluoride and 1 mM
phenylmethylsulfonyl fluoride (PMSF) (all Sigma-Aldrich, UK).
Phosphate buffered saline (PBS) was purchased as tablets from Oxoid, UK, 1 tablet per 100 ml
of dH2O was used.
1 ml Tween (T) (Fisher Scientific, UK) was added to PBS to make PBS-T. Bovine serum
albumin (BSA) (Sigma-Aldrich, UK) was dissolved at 1 mg/ml in PBST to make PBST-BSA
solution.
One tris buffered saline (TBS) tablet (Sigma-Aldrich, UK) was dissolved in 500 ml dH2O and 0.5
ml Tween (T) added to make TBS-T.
Skimmed milk powder (Oxoid, UK) or BSA was prepared at 5% in TBST for western blots.
Transfer buffer was made using 30.2 g Tris base (Sigma-Aldrich, UK) and 114 g of glycine
(Fisher Scientific, UK) dissolved in 1 L of dH2O.
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Cell culture
HCT-116 (ATCC) cells were grown in RPMI media (Gibco,UK) with 10% (v/v) foetal calf serum
(FCS) (Biosera,UK), 1% (v/v) glutamine (Gibco, UK) and 1% (v) penicillin-streptomycin
(Gibco,UK); and incubated at 37˚C 5% CO2. Cells were washed with PBS and trypsinised using
trypsin-EDTA (Sigma-Aldrich, UK).

In-vivo
5.0 × 106 HCT-116 cells in 100 μL Hank’s buffered salt solution (Thermo Fisher Scientific,UK)
were injected into the inferior tip of the spleen of nude mice under general anaesthesia
(isoflurane inhalation) using aseptic technique. After 21 days mice were administered with GDC
or vehicle treatment. For drug treatment: GDC was prepared in 0.5% hydroxypropyl methyl
cellulose and administered by oral gavage (0.1 ml/10 g). GDC or vehicle (hyroxypropyl methyl
cellulose) was administered at 5pm on day 21, followed by a second administration at 9am the
following morning. Mice were culled, and their tumours flash frozen in isopentane (SigmaAldrich, UK). Animal experiments were conducted in accordance with the U.K. Animals
(Scientific Procedures) Act 1986 and were approved by local ethical review committees.
Tumours were sectioned to 12 μm and mounted onto indium tin oxide (ITO) coated slides
(Sigma-Aldrich, UK) for MALDI-MS imaging, or to 10 μm onto glass slides for DESI-MS imaging.

Cell culture for REIMS and western blots
Cells were plated into 10 cm2 dishes (Sigma-Aldrich, UK) at a density enabling 70-80%
confluency to be achieved in 24h with a total cell count of ~2 million cells. 700,000 cells were
plated in 10cm2 dishes and left to adhere (~4 hours). Cells were then treated with 1 μm GDC or
an equal volume of DMSO, and incubated overnight at 37˚C in air, or at 37˚C 0.1% oxygen
using a Whitley H35 hypoxic cabinet (Don Whitley Scientific Ltd, UK).

REIMS
Six 10 cm2 dishes (Sigma-Aldrich, UK) of cells were used for each group (i.e. there were 6
replicates). Cell media was changed one hour prior to harvesting cells, and then removed
before washing cells twice with ice-cold PBS. Plates were snap-frozen in liquid nitrogen, and left
to thaw on ice. Cells were harvested in 1 ml PBS, put into an 1.5 ml Eppendorf tube, and spun
down at 5,000 rpm for 5 mins at 4˚C. The supernatant was aspirated and the pellets flashfrozen in liquid nitrogen. Pellets were stored at -80˚C until REIMS analysis. REIMS was carried
out using a Vio 100C (Erbe, UK) electrosurgical generator using the autocut setting of 25 W and
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isopropyl alcohol (IPA) flow rate of 150 μl/min. The REIMS source was connected to a
SYNAPT-G2-Si high definition mass spectrometer (Waters, UK). The mass range was set to 201200 m/z, and samples were analysed randomly, not in their groups. Between two and five
burns of each sample were taken. Spectra were visualised using MassLynx (Waters, Milford,
USA) and principal component analysis (PCA) analysis was performed on lipids in the mass
range of m/z 500- 900, using the Offline Model Builder (Waters Research Centre, Budapest,
Hungary), which automatically identifies burn events from the REIMS data. REIMS data
was binned (to 0.1Da), normalised, and an adaptive baseline subtraction applied in the Offline
Model Builder prior to PCA analysis.

Spheroids
Wells of a 96-well plate were coated with 50 μl of warm agar (Sigma-Aldrich, UK) (1.5% in
sterile water) and left to set. 4000 HCT-116 cells were plated in each well. Cells were grown for
14 days in RPMI media (supplemented with 10% (v/v) FCS, 1% (v/v) L-glutamine and 1%
penicillin-streptomycin). On day 13, spheroids were treated with 1 μm GDC-0941 or an equal
volume of DMSO. All spheroids were also treated with pimonidazole (hypoxyprobe kit, mouse,
Hypoxyprobe, Massachusetts, USA) at 1:200 μl media and left to incubate for 24 hours at 37˚C
and 5% CO2. Spheroids were washed in the 96-well plate with PBS, removed from wells using a
200 μl pipette, and embedded in a mixture of 5% gelatin and 2.5% carboxymethylcellulose in a
0.5ml Eppendorf vial. The spheroid-containing Eppendorf vials were then stored at -80˚C until
sectioning. Spheroids were sectioned with a cryostat (CM 3050 S, Leica, UK) onto glass slides
at 8 μm for IF and 10 μm for DESI-MS experiments. 12 μm sections were mounted onto indium
tin oxide (ITO) coated slides (Sigma-Aldrich, UK) for MALDI-MS imaging.

MALDI-MS
Slides were sprayed with dihydroxybenzoic (DHB) acid (LaserBioLabs, France) at 10 mg/ml in
50:50 methanol:dH20 and 0.2% trifluoroacetic acid (TFA) (Sigma-Aldrich,UK) using the
SunCollectTM (SunChrom, Friedrichsdof) at a rate of 10 μl/min and 15 μl/min for the first and
second layers, followed by 23 layers at 15 μl/min for spheroids or 28 layers at 20 μl for tissue.
Imaging experiments were carried out on a MALDI-7090 (Shimadzu, UK) in reflectron, positive
ion mode, using the mass range of 1-2000 m/z. All spheroid images were performed at 100
shots per profile, at a laser pulse repetition rate of 1 kHz, a laser diameter of 50 μm and spatial
resolution of 20 μm. Tumour sections were imaged at 100 shots at 2 kHz, using a laser
diameter of 100 μm and a spatial resolution of 100 μm for vehicle tumours, and 70 μm for drugtreated tumours. A second set of images using a laser diameter of 50 μm and spatial resolution
of 50 μm for both control and drug treated tumours was also taken. Image spectra were
smoothed (Gaussian) in MALDI solutions (Shimadzu, UK) and then normalised to total ion
current (TIC) using MALDI processing 0.02 (Shimadzu, UK). Images were visualised and region
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of interests (ROI) drawn using BioMap (Novartis). When comparing normalised spectra between
samples, MATLAB was used which meant spectra also had to be aligned. Spectra alignment
was carried out in the open software Specalign [37].

MALDI-MS/MS
MS/MS experiments were carried out on a MALDI-7090 (Shimadzu, UK). Collision induced
dissociation (CID) in both instruments used helium as the collision gas. Axial spatial distribution
focussing (ASDFTM)[38] was also used. The laser diameter was set to100 μm, using 50 or 100
shots per profile. Interpretation of spectra was carried out using LIPID MAPS Lipidomics
Gateway database (http://www.lipidmaps.org) [39].

DESI-MS
DESI imaging was carried out on a modified 2D DESI stage (Prosolia, Indianapolis, USA)
mounted on a Xevo-G2-XS quadrupole-time of flight (Q-TOF) mass spectrometer (Waters,UK)
in both positive and negative ion mode. For both polarities 95% methanol: 5% water and a
nebulising gas of nitrogen at 6 bar was used. Typical positions of the sprayer were used
(sprayer 1.5mm above surface, 6mm sprayer to capillary distance, 75˚ sprayer impact angle, 5˚
collection capillary angle). The source temperature was 100 ˚C and the desolvation temperature
was 250˚C. The mass range of 50-1200 m/z and a sample infusion rate of 5 μl/min (using a
syringe pump from Harvard Apparatus, Inc., Holliston, MA) was used for all images. The
capillary voltage was 1.88 kV for spheroids and tissue imaging in negative mode. In positive
mode the capillary voltage was 0.88 kV for spheroids and 4.4 kV for tissue imaging. Imaging
was performed using 4 scans/second and a 40 μm spatial resolution for spheroids in both
negative and positive mode. In both polarities, control tumours were imaged at 120 μm, and
drug treated tumours at 70 μm; using 4 scans/second in negative mode, and 5 scans/second in
positive mode. Images were processed in HDImaging v1.4 (Waters, UK). Spectra were
visualised using MassLynx (Waters, Milford, USA). Principal component analysis (PCA) was
carried out in the MATLAB executable Implore (Waters, UK).

SIMS
The drug treated tumour was to 8 μm onto a silicon wafer. A TOF-SIMS J105 3D chemical
imager (Ionoptika Ltd.,UK) was used in positive ion mode. A 40 kV C60 primary ion source,
operating in direct current mode and a 7 µm spatial resolution was used for imaging. Images
were processed using Analyze software (Ionoptika Ltd., UK).
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Immunofluorescence
Tissue or spheroid sections were fixed in ice-cold acetone for 10 mins. After tissue sections had
dried, a DAKO pen (Agilent Technologies, UK) was used to draw around each tissue section. 70
μl of blocking solution was pipetted onto each section (10% normal goat serum (Sigma-Aldrich,
UK) in PBST) and left for 15 mins. Slides were washed twice for 3 mins in PBST with 0.1%
BSA. ~70 μl of the primary antibody was added and left at 4˚C overnight. Primary antibodies
were made in PBST-BSA and 10% normal goat serum. Sections were treated with either antiKi67 (rabbit, Abcam, UK) at 1:500 and anti-CA-9 (mouse, Biosciences, Slovakia) at 1:1000
(added to the same section), or anti-FASN (rabbit) at 1:100 and anti-SCD-1 (mouse) at 1:50
(both Abcam, UK). For spheroids, CA-9 was replaced with 1:100 mouse pimonidazole antibody
(Hypoxyprobe, Massachusetts, USA). The primary antibody solution was tapped off and
washed three times for four mins in PBS. A secondary antibody solution containing 1:150 of
Cy5 goat anti-Rb (Invitrogen, UK) and 1:100 Alexafluor 488 goat anti-mouse (Life technologies,
UK) was prepared in PBST-BSA; and 70 μl was added to each section and left for 60 mins in
the dark at room temperature. Slides were washed again with PBS (3 x 4 mins). Coverslips
were then mounted using fluorescent mounting media (Abcam, UK). Images were acquired
using a [20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide
scanner, and processed using Pannoramic viewer (3D HISTECH, Hungary).

Haematoxylin and eosin
Haematoxylin and eosin (H&E) staining was carried out on adjacent sections for MALDI-MS
imaging, or on the same slides post DESI-MS imaging. Slides with mounted sections were
immersed in xylene (Sigma-Aldrich, UK) for 2 mins, and then transferred to industrial methylated
spirit (Sigma-Aldrich, UK) for 4 x 2 mins. Sections were then immersed in tap water followed by
3 mins in Harris haematoxylin (Sigma-Aldrich, UK), a rinse in hot water, and a one second dip in
eosin (Leica, UK). Slides were transferred to industrial methylated spirit for (4 x 2 mins), then to
xylene (4 x 2mins), and left to dry. Aqueous mounting media (Vector labs, California) was used
to mount coverslips onto slides (VWR, UK) and left overnight to dry. Images were acquired
using a [20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide
scanner, and processed using Panoramic viewer (3D HISTECH, Hungary).

Cell lysis for western blot
Media was removed from plates, and cells were washed twice with ice-cold PBS. Cells were
lysed with 100 μl RIPA buffer scraped and pipetted into 0.5 ml Eppendorf vials. Samples were
vortexed and probe sonicated for 2 x 3 seconds, then centrifuged for 10 mins at 4 ˚C at 13,000
rpm. Samples were stored at -20˚C until analysis.
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Protein quantification
Protein quantification assays were carried out prior to running sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) gels. BSA standards were made to the
following concentrations in deionised water: 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml, 0.625 mg/ml,
0.313 mg/ml, 0.156 mg/ml, 0.078 mg/ml and 0 mg/ml. 10 μl of each BSA standard was pipetted
in duplicate in a 96-well plate. 10 μl of each sample was also pipetted in duplicated in the 96well plate. A 1:50 solution of copper (II) sulphate (Sigma, UK) and bicinchonninic acid (SigmaAldrich, UK) was prepared; and 200 μl of this was pipetted onto each BSA or sample solution.
The plate was kept at 37˚C for 30 mins, and the protein absorbance read at 560 nm using
fluorescent microplate reader scanner (Biotek, UK). A standard concentration curve was
created using the BSA standards, with concentration on the x axis, and the absorbance on the y
axis. This curve was then used to calculate the amount of protein in each sample, and the
volume needed for 20 μg of protein.
Western blotting
20 μg of sample was combined with sample buffer (NuPage, UK) and reducing agent (NuPage,
UK). Samples were made up to the same volume with dH2O and denatured by heating at 95˚C
for five mins. Samples were loaded in either 3-8% Tris-Acetate or 4-12% bis-tris gels (NuPage,
UK), along with a prestained protein ladder (ThermoFisher Scientific, UK) or high range protein
ladder (ThermoFisher Scientific, UK). Tris-acetate gels were run in tris-acetate buffer (NuPage,
UK) and bis-tris gels were run in MES running buffer (NuPage, UK). Proteins were transferred
onto a Polyvinylidene fluoride (PVDF) membrane (Biorad, UK) using the wet transfer method.
Briefly, the PVDF membrane was first activated in methanol, and protein transfer was then
carried out in transfer buffer. The western blots of FASN and SCD-1 used tris-acetate gels and
an overnight wet transfer at 30 V performed on ice, making sure the apparatus remained cold.
For pAkt, bis-tris gels were used with an hour wet transfer at 70 V, again carried out on ice.
PVDF membranes were blocked in either 5% BSA (for pAkt and total Akt) or 5% milk for (FASN
and SCD-1) at 4˚C overnight, or for one hour at room temperature, and were always kept on a
rocker to allow even distribution of solution. pAkt (mouse) and total Akt (rabbit) primary
antibodies (both Abcam, UK) were diluted in BSA at 1:500 and 1:1000 respectively. FASN and
SCD primary antibodies (both Abcam, UK) were diluted in 5% milk at 1:1000. The Beta-actin
primary antibody (Sigma-Aldrich, UK) was made in either BSA or milk at 1:2500 depending on
whether it was being used on the Akt or SCD/FASN blots. PVDF membranes were incubated
with the relevant primary antibodies overnight at 4˚C, on a rocker. Blots were then washed with
TBS-T (3x10 mins). The secondary antibody was then incubated with the PVDF membrane for
an hour at room temperature. The anti-mouse heavy and light chain horseradish peroxidase
(HRP) conjugated antibody (Abcam, UK) was used at 1:1000 in milk as a secondary for SCD-1,
anti-rabbit-HRP antibody (Sigma-Aldrich, UK) in BSA at 1:3000 was used for both pAkt and Akt
blots. For FASN blots, an anti-mouse-HRP secondary (Cell signalling, UK) at 1:1000 was used.
Blots were developed using enhanced chemiluminescence (ECL) blotting substrates (Biorad,
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UK) and the chemidoc MP system (Biorad, UK). Quantification of western blots was carried out
in Image J [40], and protein bands were normalised to beta-actin in Microsoft Excel.

Results and Discussion

The lipid profiles of CRC cells, spheroids, and metastatic tumour tissue, and their changes with
respect to low oxygen and PI3-K inhibition have been investigated by mass spectrometry and
mass spectrometry imaging.

Investigating protein and lipid expression in a CRC cell line

Investigating protein expression by western blot

The PI3-K/Akt pathway is hyperactivated in CRC [3, 4]. GDC should inhibit PI3-K, causing a
decrease in phosphorylated Akt, as shown by Haagensen et al.[40]. Hypoxia is a feature of
many solid tumours, including CRC [41]. HIF-1α, the key regulator of hypoxic pathways, has
been associated with invasiveness and cancer progression in CRC [42], and synergy between
PI3-K and Hif-1α has previously been reported [27]. Here, pAkt is used as a biomarker of
pathway activation, with western blots showing pAkt is downregulated to similar extent in both
air and hypoxia (Fig.2). Total Akt remains similar in air and hypoxia (Fig.2), indicating it is the
phosphorylated state which is altered with drug addition, rather than the total amount of Akt
protein in cells. Therefore, in HCT-116 cells, GDC inhibits pAkt, as hypothesised, and its action
is regardless of hypoxia.
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Fig. 2. pAkt and total Akt western blots for HCT-116 cells incubated for 24 hours in
normoxia or hypoxia, with and without 1 μm of GDC-0941. Quantification of blots was
carried out by normalising bands to beta-actin.

Western blots were carried out for FASN and SCD-1 (Fig.3) to investigate whether GDC affects
regulation of these enzymes. Western blots show SCD-1 is upregulated in hypoxia after 24
hours (Fig. 3) which is in accordance with what is reported in the literature [43, 44]. The addition
of a double bond at the ∆9 position on a fatty acid by SCD-1 is an oxygen dependent reaction,
thus the rate of producing monounsaturated fatty acids will be significantly slowed in hypoxia.
This may be the reason cells increase expression of SCD-1’s in hypoxia, as a means to
compensate for the slowed reaction. There is also evidence to show Hif-1α can upregulate
SREBP-1 [45, 46], thus causing an increase in SCD-1 levels in hypoxia. Interestingly, SCD-1
shows downregulation with GDC in hypoxia but not normoxia, even though there is no major
difference in pAkt downregulation between air and low oxygen levels. This emphasises a
synergistc role between the PI3-K pathway and hypoxia, and that PI3-K can regulate fatty acid
synthesis through Hif-1α.
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Fig. 3. FASN and SCD-1 western blots for HCT-116 cells incubated for 24 hours, in
normoxia and hypoxia, and with or without 1 μm GDC. Quantification of blots was carried
out by normalising bands to beta-actin.

SCD-1 is affected by both hypoxia and GDC; however, FASN appears to have no change in
hypoxia, or with GDC treatment in vitro. Due to PI3-K’s regulatory role via SREBP-1, GDC
would be expected to cause the same effect to FASN as to SCD-1 (Fig.1). Furthermore, Li et al.
reported downregulation of FASN with PI3-K inhibition [47]. However, FASN is not affected by
GDC in normoxia or hypoxia, (unlike SCD-1). This is indicative that there is a rescue pathway
involved in maintaining FASN expression under hypoxia and PI3-K inhibition. Zaytseva et al.
showed HCT-116 cells do not scavenge fatty acids; and would therefore need to rely on FASN
activity, therefore supporting the idea of a FASN recovery pathway, regardless of SREBP-1
activity [14].

Negative ion mode REIMS analysis of CRC cells

REIMS provides the means to analyse lipids in cell pellets quickly, and with minimal sample
preparation. Using PCA on cell data acquired by negative ion mode REIMS has shown that
cells grown in 0.1% hypoxia have distinct lipid profiles compared to cells grown in normoxic
conditions (Fig.4). Major peaks which contribute to the separation of hypoxic and normoxic cells
are the lipids at m/z m/z 572 and 574, which appear more prominently in the hypoxic areas, and
m/z 688.5 and m/z 742.5, which are seen in normoxic cell spectra. This is the first study to show
REIMS can detect changes in relative concentrations of lipids at low oxygen; demonstrating that
REIMS is a useful tool to detect cellular lipids after biological changes.
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Fig. 4. PCA plot of REIMS (negative ion mode) analysis of HCT-116 cells to show
separation of hypoxic and normoxic cells on principal component 3. One dot represents
one burn of the sample, and 6 samples per group were used. The loading plot on
principal component 3 is also shown; and key ion peaks contributing to the separation
have been written below the plot.

Fig.5 shows examples of the normoxic and hypoxic cell spectra acquired using REIMS, where
good reproducibility is seen within groups. Furthermore there is a reproducible ratio between
m/z 574, m/z 573 and m/z 572, in both hypoxic and normoxic cells (Fig.6), but a clear difference
in this ratio between normoxic and hypoxic cells.
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Fig. 5. Examples of REIMS spectra (negative ion mode) for normoxic and hypoxic HCT116 cell pellets. Each spectrum is an average of all burns taken from a sample.
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Fig. 6. Examples of REIMS spectra (negative ion mode) for normoxic and hypoxic HCT116 cell pellets showing the peaks at m/z 572 and 574. Each spectrum is an average of all
burns taken from the sample.

Assuming that the m/z 574 peak is a deprotonated lipid, the Lipid Maps database only has one
lipid at this mass: LPC (22:2). For the m/z 572 peak, Lipid Maps has two options, but because
one option is extremely rare and primarily found in bacteria, m/z 572 is most likely
lysophosphatidylserine (LPS) 22:4; although MS/MS would be needed to confirm this.
Lysophospholipids can act as signalling molecules, with increasing evidence indicative of a role
in inflammation [48, 49]. It is possible that hypoxic cells are producing lysophospholipids to act
as inflammatory mediators, but in cell culture there are no immune cells to respond to these
signals. There is minimal literature surrounding the fatty acids 22:2 (docosadienoic acid) and
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22:4 (adrenic acid) but the Human Metabolome Database [50] states that they are found in
humans.
PCA on REIMS data is less successful in separating drug treated and untreated cells. This
might be expected as lipid response to drug will be less extreme than in hypoxic conditions.
However, if the variability of their hypoxic status is removed; normoxic cells can be separated by
PCA into drug treated and control groups (Fig.7), and the same is true for hypoxic cells (Fig.8).
Drug treated cells in normoxia are distinguished at a much smaller principal component than for
the hypoxic cells. This could mean that the drug is having more of an effect in normoxic cells, or
lipids in hypoxic cells are simply more variable. Because GDC has been shown to inhibit PI3-K
and hypoxic pathways [27], it theoretically should be affecting both hypoxic and normoxic cells.
Additionally, western blots show that GDC downregulates pAkt equally in normoxia and hypoxia
in vitro. However, it is possible that the downstream lipids are affected more in normoxia.

Fig. 7. PCA plot of REIMS analysis (negative ion mode) of HCT-116 cells to show
separation of drug treated and control cells in normoxia on principal component 3. One
dot represents one burn of the sample, and 6 samples per group were used. The loading
plot on principal component 3 is also shown; key peaks contributing to the separation
have been written below the plot.
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Fig. 8. PCA plot of REIMS analysis (negative ion mode) of HCT-116 cells to show
separation of control and drug treated cells in hypoxia on principal component 8. One
dot represents one burn of the sample, and 6 samples per group were used. The loading
plot on principal component 8 is also shown; key peaks contributing to the separation
have been written below the plot.

The loading plots in Figs 7 and 8 do not show such clear-cut peaks separating drug-treated and
control cells. This would suggest that GDC treatment causes small changes to a range of lipids,
whereas hypoxia causes more distinct changes to a handful of lipids. Future experiments will
involve a higher dose of GDC in order to monitor its effects.
In vitro experiments have successfully revealed information regarding lipid in hypoxia and under
PI3-K inhibition in CRC cells. REIMS and PCA have separated peaks which characterise
hypoxic and drug treated cells. These findings will be compared to data from a 3D cell culture
model (spheroids), and CRC liver metastases.
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Mass spectrometry imaging of CRC spheroids
Positive ion mode DESI-MS and MALDI-MS imaging of CRC spheroids

Spheroids are useful models of hypoxia. As spheroids grow, nutrients and oxygen struggle to
pass into the centre of the spheroid, thus the core becomes hypoxic, and necrosis will start to
occur. Positive ion mode MALDI-MS and DESI-MS imaging was carried out on spheroid
sections to investigate lipids in hypoxia, and the effect of using a PI3-K inhibitor. MALDI-MS
images of lipids in spheroids show both control (Fig.9) and drug treated (Fig.10) spheroids
having the expected ‘rim’ and ‘core’ features, with some lipids localising in the centre of the
spheroids, and others in the rim around it. The H&E stains of spheroids also show two
histologically distinct regions between the core and the rim.

Fig. 9. Positive ion mode MALDI-MS spectra (A) and images (B) of control spheroids
showing some lipids localising in the core of spheroids, and others in the rim around it.
ROIs used have been shown. The main peaks appearing in the core are m/z 582.2 and m/z
725.5. A corresponding H&E image is shown in (C).
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Fig. 10. Positive ion mode MALDI-MS spectra (A) and images (B) of GDC treated
spheroids showing some lipids localising in the core of spheroids, and other in the rim
around it. ROIs used have been shown. The main peaks appearing in the core are m/z
582.2 and m/z 725.5. A corresponding H&E image is shown in (C).

Positive ion mode MALDI-MS images show two peaks dominating spectra the core of the
spheroid; m/z 582.2 and 725.5. DESI-MS imaging of spheroids (Fig. 11 and 12) also shows a
peak at m/z 725 appearing in the core of spheroids, but the peak at m/z 582.2 is not detected.
Instead, DESI-MS images shows lipids in the mass range of m/z 800-900 being more abundant
in the core of the spheroid, peaks which are not detected by MALDI-MS; highlighting the
complementary nature of the two ionisation techniques.
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Fig. 11. Positive ion mode DESI-MS spectra (A) and images (B) of control spheroids
showing some lipids localising in the core of spheroids, and others in the rim around it.
The corresponding H&E image is shown in (C).
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Fig. 12. Positive ion mode DESI-MS spectra (A) and images (B) of GDC treated spheroids
showing some lipids localising in the core of spheroids, and others in the rim around it.
The corresponding H&E image is shown in (C).

For both MALDI-MS and DESI-MS imaging data, there is minimal difference between control
and drug treated spheroids. Fig.13 shows peaks in MALDI-MS image spectra which decrease in
abundance in the drug treated spheroids. However, spheroid imaging will need to be repeated
on more sections, and on different spheroids to confirm these changes.
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Fig. 13. MALDI-MS positive ion spectra of control and drug treated spheroids (top) with
MALDI-MS images (middle) of lipids which remain at a similar abundance between
control and drug treated spheroids; and those that are changed with drug addition,
shown with corresponding spectra (bottom).
DESI-MS spectra of positive mode spheroid images also show that the drug has no apparent
effect on the lipid profiles (Fig.14). GDC inhibits PI3-K, which is responsible for regulating cell
survival and proliferation, thus a change in lipids would be expected. 1 μM of GDC used in
spheroid experiments sufficiently downregulates activated Akt (pAkt) (Fig.2) in vitro after 24
hours, but perhaps a higher concentration is needed to see a strong effect on lipids in 3D
cultures.

Fig. 14. Positive ion mode DESI-MS spectra of control and drug treated spheroids.
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Adjacent spheroid sections to those used for DESI-MS and MALDI-MS imaging were taken for
pimonidazole and Ki-67 staining (Fig. 15) in order to associate the lipids seen by mass
spectrometry imaging with hypoxia and proliferation. For both control and drug treated
spheroids, there is a hypoxic core, and a proliferating edge of the spheroid. Cells at the outer
edge of the spheroid are expected to have the highest rates of proliferation, as they have direct
access to nutrients and oxygen; and this is seen in both control and drug treated spheroids.
However, Ki-67 staining can also be seen around the edge of the core, which is hypothesised to
be non-specific uptake in necrotic cells.

Fig. 15. Pimonidazole and Ki-67 IF staining of control spheroids (A) and GDC treated
spheroids (B).

Pimonidazole staining shows that the core of the spheroids is hypoxic, but some levels of
necrosis are also expected in the core. Looking at a magnified H&E stain of a spheroid (Fig.16),
necrosis is evident including many tears in the spheroid section, indicating the necrotic regions
may have disintegrated during staining. It is therefore difficult to associate the m/z 725 peak
seen by both MALDI-MS and DESI-MS entirely with hypoxia or necrosis. In Chapter 2, m/z 725
has been identified as SM (d18:1/16:0) in the infarct of a stroke brain, an area which may
contain both hypoxic and necrotic cells. Thus, here, the m/z 725 peak is thought to be the SM
(d18:1/16:0) species. Chughtai et al. also found SM (d18:1/16:0) in necrotic/hypoxic regions of
breast tumour [31]. Sphingomyelin is a membrane lipid, but is also a precursor for ceramides
which are signalling molecules, and can induce of apoptosis (reviewed in [51]). Therefore the
amount of SM (d18:1/16:0) seen in the spheroid cores could be linked to regulation of
apoptosis.
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Fig. 16. H&E stain of control spheroid, showing the core/rim, boundary (left) and the core
of the spheroid (right).

Positive ion mode MALDI-MS and DESI-MS images revealed many lipid species localising in
the core in addition to m/z 725, including the peaks at m/z 853 and 881. M/z 853 and 881 are
also dominant in the core region, but cover a wider area than m/z 725, and extend into the rim
of the spheroid. These lipids may therefore be present in normoxia, but also upregulated in
hypoxia. The Lipid Maps database shows that m/z 881 and 853 could be a wide variety of
species, thus MS/MS experiments will be needed to identify these lipids.
Negative ion mode DESI-MS imaging of CRC spheroids
Mass spectrometry imaging of spheroids thus far has been in positive ion mode. DESI-MS
imaging was carried out in negative mode to image fatty acids, and other lipids which may be
consistent with the REIMS data.
DESI-MS imaging of oleic acid can be seen in Fig.17. Unfortunately no other fatty acids were
detected in the spheroids. In the control spheroid, oleic acid is seen in the rim, but also in some
areas of the core. On the other hand, drug treated spheroids show oleic acid prominently in the
core.

Fig. 17. DESI-MS imaging in negative ion mode of oleic acid in control and drug treated
spheroids.
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Oleic acid is typically synthesised de novo, and requires both the action of FASN and SCD-1
enzymes. IF was performed on adjacent sections to DESI-MS imaging to visualise FASN and
SCD-1 (Fig.18), and try and establish why differences in oleic acid localisation may be seen
between control and drug treated spheroid.

Fig. 18. FASN and SCD-1 IF staining on control (A) and drug treated (B) spheroids. Areas
of FASN and SCD-1 co-localisation have been circled.

SCD-1 localises most prominently in the rim of spheroids, but also in the hypoxic core (Fig.18).
The SCD-1 staining in the rim of the control spheroid may be overly bright as it appears the
spheroid has folded in on itself slightly. DESI-MS images of oleic acid show it localises in the rim
and the core of control spheroids, and only in the core in drug treated spheroid. Although oleic
acid does not completely co-localise with SCD-1 staining, it is still seen in areas where SCD-1 is
present; consistent with oleic acid’s de novo synthesis of oleic acid. In the drug treated
spheroid, SCD-1 is seen around the edge of the hypoxic core. Because oleic acid is found in the
core more predominantly in the drug treated spheroid, exogenous scavenging may be more
prevalent here; with oleic acid being synthesised around the hypoxic core, and hypoxic cells
then scavenging this oleic acid. This hypothesis is in accordance with the findings of Kamphorst
et al., who shows hypoxic cells increase their uptake of exogenous fatty acids [24]. Repeats of
this experiment will elucidate if this is an effect caused by GDC, or variability from spheroid to
spheroid.
Previous reports have discussed the importance of SCD-1 in CRC progression [52, 53]; here it
is shown that SCD-1 and oleic acid are present in colorectal spheroids, and are likely to be
aiding spheroid growth. Thus, HCT-116 spheroids can offer a good model with which to test
SCD-1inhibitors.
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FASN would also be predicted to coincide with SCD-1 staining in the proliferating rim of
spheroids, as proliferating cells have a higher demand for lipid synthesis (Fig.15 shows that the
rim cells are indeed proliferating cells). There are some areas (circled in Fig.18) where both
enzymes co-localise in the proliferating rim, however FASN levels are very low in the rim. This
may be an artefact of staining, with non-specific staining occurring in necrotic cells in the core of
the spheroid. Western blots shown previously (Fig.3) revealed SCD-1 and FASN are both
present in CRC cells in normoxia; and so would be expected to be present in the normoxic rim
of the spheroids. Repeats of this staining would confirm if FASN staining is real or perhaps an
artefact of IF. Alternatively, the rim of spheroid cells may be obtaining necessary fatty acids from
the media; the specific composition of the serum added to cell media is not known, but it will
contain lipids and fatty acids, and this is what the cells may be scavenging.
Control and drug treated spheroids have similar FASN and SCD-1 localisations. SCD-1 and
FASN are both regulated by SREBP-1 [6, 7], and the PI3-K pathway have been implicated in
upregulating SREBP-1 [46]. However, it has already been established by western blot that GDC
does not have an effect on FASN and SCD-1 in normoxia, and therefore any changes in the IF
of spheroids would have been seen in SCD-1 distributions in hypoxia; which is not revealed
here. MALDI-MS and DESI-MS imaging of spheroids would suggest GDC has a negligible effect
on FASN and SCD-1 in spheroids..
DESI-MS imaging of control and drug treated spheroids in negative ion mode, revealed that the
peaks at m/z 572 and 574, as identified as hypoxic markers using REIMS, show localisation in
the hypoxic core (Fig.19); however, other peaks that are prominent in separating out hypoxic
profiles in REIMS, such as m/z 644.5 and m/x 680.8 were not detected in the spheroid image.
Peaks at m/z 688.5 and m/z 742.5 localise in normoxic regions in spheroids, thus
complementing the REIMS data (shown in Fig.4). In the spheroid data, there are two peaks
~688.5; one at m/z 688.49 and 688.55, but both appear in the normoxic region.

Fig. 19. Negative ion mode DESI-MS images of control and drug treated spheroids.

Negative ion mode imaging of spheroids (Fig.20) shows spectra between control and drug
treated is very similar, confirming what was seen with positive ion mode imaging. Hence, lipid
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changes observed by REIMS, with the addition of GDC were not seen in spheroids (in addition,
some peaks detected by REIMS were not detected at all by DESI-MS in spheroids).

Fig. 20. Negative ion mode DESI-MS spectra of control and drug treated spheroids.

REIMS data suggests that lipids have a different drug response in normoxia, compared to
hypoxia. Therefore, ROIs were drawn over the core and rim regions of spheroids, and control
spectra from the core was compared with drug treated spectra, and the same done for the rim
ROIs (Fig. 21). However, no differences could be seen in the lipid spectra with drug treatment.
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Fig. 21. Negative ion mode DESI-MS spectra of spheroid data, separated out into core
and rim ROIs.

Spheroids can successfully be used as a model for aspects of proliferation, hypoxia and
necrosis. However, imaging experiments need to be repeated to confirm the localisations of
FASN, SCD-1 and oleic acid with and without drug treatment. MALDI-MS and DESI-MS imaging
of spheroids in positive ion mode show SM (d18:1/16:0) and m/z 881 and 853 are associated
with hypoxic/necrotic regions of spheroids. Furthermore, drug concentrations used here do not
cause major differences in the spheroid spectra, and therefore higher concentrations (or longer
exposure) may be useful in future experiments.
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Mass spectrometry imaging of CRC liver metastases

Positive ion mode DESI-MS, MALDI-MS, and SIMS imaging of CRC liver metastases

Spheroids can model hypoxia and proliferating cells in a 3D model, and are fairly
straightforward to use as they do not require animal models. However, there will of course be
differences in the phenomena seen in spheroids versus ex-vivo tissue. CRC liver metastases
are a major indicator for very poor prognoses, and here liver metastases have been used to
investigate lipid metabolism ex-vivo.
Positive ion mode MALDI-MS and DESI-MS imaging of spheroids showed that the peak at m/z
725 (SM d18:1/16:0) could be associated with hypoxia or necrosis. MALDI-MS and DESI-MS
images also shows the m/z 725 peak in hypoxic/necrotic areas of the tissue, according to CA-9
and H&E stains (Fig.22), and therefore complementing the spheroid data. This is consistent with
the work by Chughtai et al. using breast cancer tissue, who also revealed SM (d18:1/16:0) colocalising with hypoxic/necrotic regions. [31]. Furthermore, Jiang et al. showed that total choline
levels were increased in hypoxia, compared to normoxia [54]. An increase in total choline, may
account for the abundant SM species (m/z 725) in hypoxic regions. The liver metastases have a
large hypoxic/necrotic cores, and comparing the CA-9 to the H&E it can be seen that there is a
lot of staining in necrotic regions. This may be background staining, but additionally it may be
relate to real biology, as the cells in the core will by highly hypoxic before death.

Fig. 22. CRC liver metastasis tissue, which has been stained by H&E to show necrosis
(A) and with CA-9 to show hypoxia (B). Positive ion mode MALDI-MS (100 μm spatial
resolution) (C) and DESI-MS (D) imaging of m/z 725.5.
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MALDI-MS imaging of spheroids in positive mode revealed a peak at m/z 582 dominating within
the hypoxic/necrotic core, however this peak was not detected in tissue. DESI-MS imaging of
spheroids in positive ion mode revealed the peaks at m/z 881 and 853 were also prevalent in
hypoxia. DESI-MS images of CRC liver metastases show that in tissue, m/z 881 and 853
localise in hypoxic regions (Fig. 23) in control tissue, and additionally do not have exactly the
same localisation as m/z 725, as seen in spheroid images. However, interestingly, with GDC
addition, the peaks at m/z 725, 853 and 881 are no longer solely associated with
hypoxia/necrosis. In drug treated tissue, m/z 853 and 881 localise in some areas of
hypoxia/necrosis, and these areas have been circled in Fig.23; but they are also found in
normoxic areas of the tissue. In addition, in drug-treated tumours, m/z 725 has a completely
different localisation from m/z 881 and 853. These findings would suggest GDC is having an
effect via lipid pathways in hypoxia, further establishing the synergistic role between PI3-K and
hypoxia, as previously reported [27].

Fig. 23. Positive ion mode DESI-MS imaging of lipids in control CRC liver metastases
(top) and treated with GDC (bottom) with corresponding CA-9 stains. Drug treated
tumour also has skeletal muscle attached, and so the tumour region has been annotated.
Areas where m/z 881 and 853 co-localise with CA-9 in drug treated tumours have been
circled.
To further investigate areas of different lipid profiles within control and drug treated tissue,
principal component analysis (PCA) was carried out on DESI-MS images (Fig.24 and 25). In
control tissue, Principal component 1 separates out hypoxic/necrotic and normoxic tissue, with
the hypoxic area being the same as that defined by m/z 881and 853. This demonstrates that
hypoxia/necrosis is the main contributor to CRC liver metastases, consistent with what is seen
in other solid tumours (reviewed in [55]), and has also been reported in CRC liver metastases
[56].
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Fig. 24. PCA of positive ion mode DESI-MS images of control CRC liver metastases
tumour.
PCA carried out on DESI-MS images of drug treated tissue, show that principal component 2
and 3 separate out the tumour into two regions, which are depicted by m/z 725, m/z 881 and
853 localisations. However, these regions are not associated with hypoxia/necrosis. Shimma et
al. showed that m/ 725 was found at a higher abundance in colon liver metastases tissue, and
localised homogenously in cancer tissue [57]. This is suggestive of m/z 725 having a role not
solely associated with tumour hypoxia, as first anticipated.
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Fig. 25. PCA of positive ion mode DESI-MS images of drug treated CRC liver metastases
tumour.
SCD-1 and FASN IF staining was carried out on CRC liver metastases tissue to deduce if the
differences in lipid profiles according to PCA analysis could be explained by SCD-1 and FASN
location. FASN and SCD-1 show reasonable homogeneity across the control tumour (Fig.26)
and SCD-1 and FASN co-localise in areas of high proliferation. During proliferation there is an
increased demand for membrane lipids, and therefore fatty acid synthesis and desaturation
would be expected to increase. This was not seen in the spheroid model, highlighting that there
may be non-specific staining occurring, or emphasising the difference of using a 3D cell culture
model, compared to an in-vivo model. These findings show that SCD-1 and FASN are not
contributing to lipid heterogeneity in control tumours, but SCD-1 and FASN are prevalent in
CRC liver metastases. Recently Chang et al. have showed that FASN plays a key role in CRCs
malignant phenotype [58], and therefore FASN inhibitors may be an effective anti-cancer agent
against CRC liver metastases.
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Fig. 26. IF images of CRC liver metastases for CA-9 and Ki-67, FASN, SCD-1. Areas of
high proliferation have been circled and magnified.

In GDC-treated CRC liver metastases tumours, Ki-67 is widely detected across the whole
tumour, and therefore differences in lipids distributions in the tumour is not simply due to
regions differing in proliferation. Additionally, this is not a promising result to show GDC as an
effective anti-cancer drug. Co-localisation of SCD-1 and FASN is again seen in proliferative
regions (Fig.27). However, FASN distribution is not as clear as control tumours. In-vitro data
suggests GDC has not effect on FASN, and so, as previously mentioned, non-specific staining
could again be a problem here. Alternatively, GDC could have a different effect in-vivo
compared to in cells.

Fig. 27. IF images of two different CRC liver metastases for CA-9/Ki-67, FASN, SCD-1. An
area of high proliferation has been circled and magnified.
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In order to investigate whether drug distribution is the cause for changes seen in lipid
distributions, mass spectrometry drug imaging was carried out. Although GDC is detected well
in MALDI-MS and DESI-MS (in positive ion mode) when spotted onto a target plate, here it has
not been able to be detected in tissue. Cawthorne et al. showed by MALDI-MS imaging that the
penetration of GDC into liver metastases is poor, with the majority of the drug being detected in
the healthy liver tissue surrounding the tumour [59]. On this basis, the concentration of GDC
would be expected to be very low in the tumour. SIMS imaging of a GDC fragment was carried
out to show this fragment is found homogeneously throughout the tumour (Fig.28), although at a
low abundance. However, the possibility that there is also an endogenous species at this m/z
cannot be ruled out, and therefore SIMS imaging of a control tumour would need to be carried
out.

Fig. 28. Positive ion mode SIMS spectra of GDC and its fragments (A), the fragment peak
which appears in images has been circled (B). An H&E image of the tumour flanked by
skeletal muscle is shown in (C) along with the SIMS total ion image (middle) and the
SIMS image of the GDC fragment peak at m/z 113.

Spheroid MALDI-MS (positive ion mode) images had indicated that the lipids at m/z 732 and
760 were downregulated with GDC addition. However, tissue imaging of liver metastases does
not emulate this. The main peak altered with drug addition in MALDI-MS images is that at m/z
869 (Fig.29). Spheroids are a simple 3D model of cells and thus do not have the same
pathological features as tissue, especially a metastasis model, and differences between
spheroid and tissue data can be anticipated. In addition, only one spheroid per group was
imaged. Future experiments will involve imaging of multiple spheroids to test variability of lipids
between spheroids themselves.
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Fig. 29. Positive ion mode MALDI-MS spectra of control (blue) and drug treated (red) CRC
liver metastases. m/z 869.7 appears to decrease with drug addition, and corresponding
MALDI-MS images of m/z 869.7 are also shown.

A peak at m/z 869.7 is also seen to be upregulated by DESI-MS (Fig. 30). However, its location
in the control tumour is different than shown by MALDI-MS, thus it might be a different species
and MS/MS would be needed to confirm this. Other differences in the DESI-MS lipid spectra of
control and drug treated CRC liver metastases tissue include the peaks at m/z 772 and 798;
which appear to be at higher abundance in control tissue, and peaks at m/z 869, 895 and 921
which are at higher abundance in drug tissue (Fig.30). The peaks at m/z 772 and 798 appear
homogeneously in normoxic regions in control tumours (Fig.30), however, their distribution
becomes more heterogeneous with GDC treatment. These heterogeneous distributions are
consistent with PCA separation on principal component 3 (Fig.25). It has been established that
the areas separated out by principal component 3 are not due to differences in histology (H&E),
proliferation, hypoxia, FASN and SCD-1 locations, or drug distribution. Therefore there are other
mechanisms (not revealed here) occurring which are important to lipid metabolism
heterogeneity
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Fig. 30. Positive ion mode DESI-MS imaging of lipids in CRC liver metastases, including
spectra (A) and examples of lipids that decrease (B) and increase (C) in abundance with
drug treatment.

The peaks at 869, 895 and 921 all localise within hypoxic area in control tissue. However, in
GDC treated tissue, their localisations become much more homogenous across the whole
tumour. This is again evidence of PI3-K and hypoxia synergy, but also that GDC is affecting
lipid mechanisms in normoxia.
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PCs may be expected to increase in abundance in hypoxic areas owing to an increase in total
choline levels [54]. Chapter 5 shows how lung tumours display distinct PC heterogeneity. These
PCs were investigated in CRC, to establish if there are similarities between NSCLC and CRC,
and if any of the PCs are upregulated in hypoxia. However, no PCs shown in Fig.31 displayed
upregulation in hypoxic regions. Identifications of PCs were based on previous identifications in
NSCLC, but MS/MS for (PC 36:3) and PC (16:0/18:1) was also carried out on CRC liver
metastases tissue, and can be found in the supplementary figures. PC (16:0/16:0) showed
heterogeneity in lung tumours, as is seen in CRC. PC (16:0/18:2) also shows a heterogeneous
distribution, but unlike lung tumours, this heterogeneity is not associated with FASN abundance.
PC (16:0/18:1) appears to be distributed in both hypoxic and normoxic regions of the tumour of
CRC liver metastases. Lung tumours revealed PC 36:3 having interesting heterogeneity in
control tumours. Here, heterogeneity is also seen, with a potential decrease in PC 36:3 seen
with PI3-K inhibition. This highlights how both similarities and differences can be seen in lipid
profiles between different tumour types, and the PC 36:3 may be important to carcinogenesis in
both NSCLC and CRC.

Fig. 31. Positive ion mode MALDI-MS images of PCs in control (top) and drug treated
(bottom) CRC liver metastases tumours.

Thus far, positive ion mode mass spectrometry imaging of CRC liver metastases has revealed
that SM (d18:1/16:0) and m/z 881 and 853 are associated with hypoxic/necrotic regions,
consistent with positive mode spheroid imaging. However, with GDC treatment, these species
are no longer solely associated with hypoxia/necrosis. PCA on DESI-MS images separates out
areas as depicted by m/z 725, 853 and 881. These differences in lipid profiles are not
associated with changes in SCD-1 or FASN distributions, histology (H&E), proliferation or drug
distribution. Therefore there must be another aspect of tumour biology which is being affected
by PI3-K inhibition; which has not been revealed here. Lipid Maps shows multiple species being
associated with 853 and 881 and so MS/MS will be needed to confirm identifications.
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PI3-K inhibition may be causing downregulation of m/z 869 and 806, as imaged by MALDI-MS.
However, repeats and quantification experiments would be needed to confirm this. DESI-MS
imaging shows changes in m/z 772, 798, 869, 895 and 921 in positive mode with PI3-K
inhibition. These peaks show different localisations in drug-treated tumours, compared to
control tumours; therefore highlighting the effectiveness of using imaging techniques.

Negative ion mode DESI-MS imaging of CRC liver metastases

Peaks established as potential hypoxic and normoxic markers by REIMS (in negative ion
mode), and supported by spheroid data, were investigated in CRC liver metastases (Fig.32).
M/z 572 and 574 consistently showed co-localisation with hypoxic regions in both control and
drug treated tumour. Furthermore, m/z 688 and 742 localise in regions of normoxia, as revealed
by REIMS and spheroid imaging.

Fig. 32. Negative ion mode DESI-MS images of control and drug treated CRC liver
metastases, with corresponding CA-9 stains.

Fig.33 shows an overlay of the DESI-MS images of m/z 572 and 574 with CA-9 staining. As
mentioned previously, the liver metastases have large hypoxic/necrotic cores, and comparing
the CA-9 to the H&E it can be seen that there is a lot of staining in necrotic regions which may
be partly attributed to background staining, but additionally cells in the core will by highly
hypoxic before death. In the REIMS experiments, steps are put in place to remove as many
dead cells as possible; media is changed an hour prior to harvesting, and cells are washed
twice with cold PBS. Thus, the cell pellets are expected to contain the viable cells which are
hypoxic, rather than necrotic. Therefore, the peaks at m/z 572 and 574 can be expected to be
associated with hypoxia, rather than necrosis.
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Fig. 33. An overlay of negative ion mode DESI-MS image of m/z 574, with CA-9 staining
for control and drug treated CRC liver metastases tumours.

Looking at the spectra of control CRC liver metastases tissue compared to GDC treated
(Fig.34), it can be seen that there is an increase in intensity of the fatty acids in drug tissue, and
the complex lipids (m/z 600-900) appear at a lower abundance. Suppression effects may be
playing a role here, with an increase in fatty acid intensity causing a decrease in complex lipid
intensity, and vice versa.

Fig. 34. Negative ion mode DESI-MS of CRC liver metastases, with and without drug
treatment.

Negative ion mode DESI-MS images of fatty acids in both control and GDC treated tumours
(Fig.35) show fatty acid heterogeneity but all fatty acids seem to localise in very similar areas,
particularly in drug-treated tissue. As shown previously (Figs. 26 and 27) the localisation of
FASN and SCD-1 in these CRC liver metastases tumours is quite uniform in normoxic regions,
thus palmitic acid, stearic acid and oleic acid would be expected to be homogenously
distributed, as these are typically synthesised de novo. Palmitic, stearic and oleic acid do
appear to have very similar distributions in the control tumour but are not present
homogenously. Because proliferation is also fairly uniform, it is possible that fatty acids are
quickly being used up to synthesise membrane phospholipids, and thus are not abundant in
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their free form. Arachidonic acid and Docosahexaenoic acid (DHA) are synthesised from linoleic
acid, an essential fatty acid which must be obtained from the diet. These fatty acids show
similar localisations in CRC liver metastases tumours as would be expected.

Fig. 35. Negative ion mode DESI-MS images of fatty acids in control (top) and drug
treated (bottom) CRC liver metastases.
PI3-K inhibition should cause a decrease in SREBP-1 activity, and thus downregulation of
FASN and SCD-1 [60]. However, palmitic, stearic and oleic acid are still widely prevalent
throughout the GDC treated tumour, indicating that PI3-K inhibition has not affected fatty acid
synthesis or Δ9 desaturation. This is consistent with western blots that showed FASN and SCD1 were not affected by GDC in in normoxia. Thus, this work points to other pathways controlling
fatty acid synthesis. Alternatively, drug-treated tumours may be overcoming a decrease in fatty
acid synthesis by scavenging fatty acids exogenously. Cross-talk between cancer and healthy
tissue has previously been reported in ovarian cancer metastases, where hydrolysis is of
triglycerides is stimulated in neighbouring adipocytes in order to release fatty acids [61]. The
liver is rich in fatty acids, thus the liver metastases may be acquiring all the fatty acids they need
exogenously.
PI3-K inhibitors act via PIs. PIs ionise well in negative ion mode and have been detected by
MALDI-MS and DESI-MS in cancer tissue [32, 62]. Based on m/z values observed in in cancer
tissue in previous studies, DESI-MS images of possible PIs are shown in Fig.36. The majority of
the possible PI species have the same localisations in the control tumour. However, m/z 885 (PI
18:0/20:4), has a different, and very defined distribution. After drug addition, its localisation
looks more like all the other PIs in the tissue. The location of PI (18:0/20:4) cannot be attributed
to SCD-1, FASN or hypoxia locations, nor can it be attributed to the location of free arachidonic
(20:4) or stearic (18:0) acid. Therefore, the biological mechanism occurring here is not clear; but
PI (18:0/20:4) has been detected at the cancer cell/ stromal cell interface of CRC patients,
indicating involvement in invasion and metastases [63].
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Fig. 36. Negative ion mode DESI-MS images of potential PI species in control and drug
treated CRC liver metastases tissue.
Phosphorylated phosphatidylinositols are key in the PI3-K pathway, however detecting
phosphorylated lipids by mass spectrometry is not a trivial task. Phosphorylated PIs exist at very
low concentrations in cells, thus more abundant lipids will mask their existence in the mass
spectra. Furthermore, protease activity in tissue and cells can breakdown the phosphorylated
sites if protease inhibitors are not used. Studies investigating the phosphorylation of PIs often
used radiolabelled phosphorus or inositol in cell cultures [64, 65]. It is possible that by using
stably labelled phosphorus/inositol and protease inhibitors in the cells for REIMS experiments,
phosphorylated PIs could be detected and this will be trialled in future experiments. This
approach could also be used for tissue, with animals being dosed with stably labelled
inositol/phosphorus. Kielkowska et al. described a method to detect phosphorylated PIs in
tissue and cell extracts by chemical derivatisation to aid the ionisation of phosphorylated PIs
[66]. Chemical derivatisation is another approach which may enable phosphorylated PI imaging.
PCA of negative ion mode DESI-MS images was carried out to reveal the control tumour can be
separated out into hypoxic and normoxic regions (Fig.37), as revealed by PCA of positive mode
images (Fig. 24 and 25). However, PCA of negative ion mode DESI-MS images of drug treated
tumours (Fig.38) does not show the same areas separated by PCA in positive ion mode
images. This suggests that the lipid species which ionise well by negative mode (e.g PIs) are
showing different heterogeneity than those that ionise well by positive mode (PCs).
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Fig. 37. PCA of negative ion mode DESI-MS images of control CRC liver metastases.

Fig. 38. PCA of negative ion mode DESI-MS images of drug treated CRC liver metastases.
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REIMS, MALDI-MS and DESI-MS have successfully been used to highlight lipids associated
with hypoxia and normoxia, and those which are affected by PI3-K inhibition. A summary of
these lipid species is shown in Table 1 and 2. REIMS has proven to be a powerful tool to detect
subtle biological changes in cells. The peaks at m/z 572 and 574 have been identified as
hypoxic markers using REIMS, and confirmed by DESI-MS imaging of both spheroids and
tissue. These peaks are thought to be lysophospholipids, but MS/MS experiments will be
needed to confirm this.

DESI-MS m/z

Tentative

Role in CRC

identification
572.48

Effect of PI3-K
inhibition

LPS (22:4) - H

Hypoxia

No longer
associated with
hypoxia

574.49

LPC (22:2) - H

Hypoxia

No longer
associated with
hypoxia

688.49

-

Normoxia

Unchanged

688.55

-

Normoxia

Unchanged

885.55

PI (18:0/20:4) –H

Defined localisation in

Location

normoxia, independent

associated with

of other PI locations

other PIs

Table. 1. A summary of lipid species in CRC detected by negative ion mode mass
spectrometry. Tentative lipid identifications have been made based on accurate mass
values of lipid peaks.
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DESI-MS m/z

Tentative

Role in CRC

identification
725.54

Effect of PI3-K
inhibition

SM (d18:0/16:0)+Na+

Hypoxia/necrosis

No longer
associated with
hypoxia/necrosis

853.78

-

Hypoxia/necrosis

No longer
associated with
hypoxia/necrosis

881.74

-

Hypoxia/necrosis

No longer
associated with
hypoxia/necrosis

772.54

-

Normoxia

Downregulated,
more
heterogeneous
localisation

798.56

-

Normoxia

Downregulated,
more
heterogeneous
localisation

869.72

-

Hypoxia

More uniform
distribution in
both normoxia
and hypoxia

895.73

-

Hypoxia

More uniform
distribution in
both normoxia
and hypoxia

MALDI-MS m/z

Tentative

Role in CRC

identification
725.5

Effect of PI3-K
inhibition

SM (d18:0/16:0)+Na

+

Hypoxia/necrosis

No longer
associated with
hypoxia/necrosis

869.7 (MALDI)

-

Not detected

Upregulated

806.5

PC (36:3) + Na+

Normoxia

Downregulated in
tumour

Table. 2. A summary of lipid species in CRC detected by positive ion mode mass
spectrometry. No tentative lipid identifications could be assigned on accurate mass
values alone.
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Conclusions

MALDI-MS and DESI-MS have revealed that m/z 725 (SM (d18:1/16:0) is associated with
hypoxia/necrosis in spheroids and control CRC liver metastases. DESI-MS imaging also
visualises other lipids co-localising with hypoxia, including m/z 853 and 881. However, with PI3K inhibition, these are no longer solely associated with hypoxia. These findings indicate
indicating these species have a more complex role than initially thought, and are downstream of
PI3-K pathways.
MALDI-MS and DESI-MS imaging revealed PI3-K inhibition causes changes to some lipid
species, and interestingly causes lipids to have very different localisations. This highlights the
effectiveness of using imaging techniques. PI (18:0/20:4) has a very different distribution to
other potential PIs detected by negative mode DESI-MS, and may be important in invasion
mechanisms. SIMS imaging of GDC suggests lipid changes with GDC treatment are not due to
heterogeneous drug distributions. Furthermore, the main contributing factors to lipid
heterogeneity in CRC liver metastases appear independent of FASN, SCD-1 and histology.
Mass spectrometry imaging generates huge amounts of data, and therefore further mining of
the data sets presented here could reveal more relevant information regarding lipid metabolism
in CRC liver metastases.
MALDI-MS, DESI-MS and REIMS have been used alongside western blots, IF and H&E to
create a multi-modal approach for studying lipid metabolism in CRC.
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Supplementary Figures

Supp. Fig. 1. MALDI-MS/MS (positive ion mode) of m/z 782, identified as PC (16:0/18:1).

Supp. Fig. 2. MALDI-MS/MS (positive ion mode) of m/z 806, identified as PC (36:3).
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Chapter 8: Final conclusions and future work
Mass spectrometry methods have been used alongside in-vivo imaging techniques to create a
multi-modal approach for studying lipidomics in disease. Combining the non-invasiveness of
PET and MRI with the high spatial resolution and untargeted nature of DESI-MS and MALDIMS, provides a powerful tool for researching lipid metabolism. Furthermore, a REIMS sampling
approach has been established as a useful tool for detection of lipids in cells, and can detect
subtle biological changes in the lipidome, such as when exposed to hypoxic environments.
PET, MRI and MALDI-MS were used as complementary techniques to study recovery in the
brain post-ischaemic stroke. Although PET scans suggested the brain was well stabilised 3
months post-ischaemia, MALDI-MS images of lipids showed the infarct still had a different lipid
profile than the rest of the brain. MALDI-MS imaging at later time points will reveal if these lipids
remain the same, or are involved specifically in recovery processes occurring at 3 months poststroke.
PET and DESI-MS were used to study lipid metabolism in a zebrafish model of melanoma.
Combining the two techniques enabled information regarding free fatty acid uptake, lipogenesis
and lipid heterogeneity to be obtained. Additionally, DESI-MS could be used to image the PET
tracer itself, offering higher spatial resolution imaging of the tracer ex-vivo, and therefore giving
insights into the micro-distribution of PET tracers. Future work will include dosing tumourbearing fish with FTHA and carrying out DESI-MS imaging to reveal FTHA distributions in
melanoma tumours; therefore providing information regarding exogenous fatty acid uptake.
Lipid heterogeneity was revealed by mass spectrometry imaging in all pre-clinical cancer
models used in this work, including melanoma, glioma, NSCLC and CRC metastases. PET
scans also revealed FASN heterogeneity in NSCLC tumours in-vivo. Comparing mass
spectrometry images to IF, H&E and autoradiography images showed that lipid heterogeneity
can be attributed to differences in the histology, FASN and SCD-1 localisations, hypoxic and
necrotic areas. However, not all heterogeneity shown in mass spectrometry images could be
explained by the complementary techniques used. Staining for vasculature, inflammation, and
other lipid enzymes will be carried out in future work to further elucidate mechanisms of lipid
metabolism which may be occurring in tumours.
It has also been shown in this work that automated DESI-MS imaging can be performed,
allowing high throughput mass spectrometry, generating very large amounts of molecular
information in one experiment. This approach has promise for the identification of biomarkers.
Future work will include repeating 3D glioblastoma imaging to establish if the molecularly
different regions remain the same tumour-to-tumour.
The work presented in this thesis gives an exciting insight into the lipidome in disease. Mass
spectrometry imaging generates huge amounts of data, and so there is the potential of
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revealing even more information regarding lipid metabolism within the data sets presented.
There is therefore a need for specialist tools in order to mine the vast amount of imaging data
generated.
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