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Abstract 

Colorectal cancer (CRC) represents a significant health challenge, with incidence increasing by 

5.5 % and mortality by 6.1 % from 2018 to 2020. Improving our understanding of the 

molecular and biological drivers contributing to CRC progression and response to treatment 

will help generate new diagnostic tools and apply better personalised therapies. Altered 

metabolism is a well-recognised but highly heterogeneous characteristic of cancers. It is 

known to be influenced by both oncogenic drivers and the components of the tumour 

microenvironment (TME) and is likely to contribute to progression and therapy response. One 

area of metabolic adaptation in cancer that has revived growing attention in recent years is 

lipid metabolism.  Here we aim to investigate the role of the TME on lipid alterations in CRC 

pre-clinical models and clinical CRC biopsies using a combination of untargeted ambient mass 

spectrometry imaging (MSI) in a multimodal fashion with a variety of ex vivo techniques.  

Desorption electrospray ionisation (DESI) MSI, a type of ambient MSI technique, facilitated 

the investigation of lipidomic changes within biological tissue with little to no sample 

preparation. With DESI-MSI, hundreds of biomolecular species can be simultaneously 

detected while retaining their spatial information without the need for labelling reagents, 

making it an attractive tool for medical settings. Using HCT-116 xenografts that are 

characterised by an upregulated phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3-K) 

activity, a common driver in CRC, lipidomic changes were found in association with increased 

abundance of phosphatidylinositol lipids possibly linked to the PI3-K pathway and multiple 

fatty acids (FA) and acylcarnitine species, suggesting altered energy metabolism to fatty acid 

oxidation (FAO) via the β-oxidation pathway. Shifts in oxidative metabolism were also 

obtained via the analysis of oxygen consumption rate using the Seahorse analyser. This 

alteration was also apparent in clinical CRC biopsies, were the analysis of primary CRC at 

different clinical stages as well as primary CRC versus colorectal cancer peritoneal metastasis 

(CRPM), revealed commonalities in FA species linked to the de novo FA synthesis and dietary 

FA uptake but differences in FA consumption. Changes in metabolism have also been 

associated with increased immune cell expression in CRPM compared to the primary CRC 

biopsies, as determined by the gene expression analysis technique NanoString nCounter.  
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Overall, our data demonstrated that DESI-MSI can be used as a powerful tool to investigate 

lipidomic alteration in CRC pre-clinical models and clinical biopsies, revealing metabolic 

changes and key molecular pathways implicated in CRC progression and response to therapy. 
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1 Introduction   

1.1   Cancer development  

Cancer development is a multistep process involving alterations in several molecular and 

genetic events and pathways. Understanding the mechanistic basis of cancer development 

and the interrelationships between the different stages along the process could help find 

better biomarkers and therapies for cancer patients.  

The hallmark of cancer, presented initially by Hanahan and Weinberg in 2000 and updated in 

2011 and 2022, provides a conceptual framework for describing the process involved in cell 

transformation to malignant tumours 1-3. The concept suggests that all cancers will experience 

functional changes to survive and continue proliferating. These functional changes include 

the ability of cancer cells to sustain proliferative signalling, resist growth inhibitory factors, 

resist cell death, have an uncontrolled replication, have abnormal angiogenesis, the ability to 

activate invasion and metastasis, deregulate cellular metabolism and avoid immune 

destruction, the ability to unlock phenotypic plasticity and senescent cells 1,2. Additionally, 

Hanahan and Weinberg proposed that physiological changes, termed enabling 

characteristics, are also necessary in order to facilitate the activation of those hallmarks. 

These include genome instability and mutations, tumour-promoting inflammation, non-

mutational epigenetic reprogramming, and polymorphic microbiomes 1. 

While the hallmark of cancer concept has been proven helpful in understanding the molecular 

drivers in cancer progression, the interpretation of the concept varies between different 

studies 4. Many studies link the hallmarks with the presence or absence of different genes, 

while others find the link with molecular pathways. If those links are in agreement, studies 

can be compared with one another, treatment efficacy can be better understood, and hence 

incidence and mortality can be reduced. However, a challenging aspect of cancer is that it 

becomes more dynamic and heterogeneous during development. This heterogeneity is 

known to occur in tumours of the same origin in different patients, referred to as inter-tumour 

heterogeneity and within the same tumours, referred to as intra-tumour heterogeneity. As a 

result, the sensitivity of cancer cells to treatment will differ. Therefore, it is crucial to study 

cancer hallmarks in relation to tumour heterogeneity to improve patient outcomes and 
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response to treatment. This research project will focus on the cellular metabolism regulation 

in colorectal cancer (CRC) and how this is influenced by the tumour microenvironment (TME) 

heterogeneity.  

1.2   The tumour microenvironment heterogeneity 

Besides the hallmarks of cancer, the TME has now been recognised as an active promoter of 

tumour progression 2. The TME consists of a collection of cells, including stromal cells, 

infiltrating immune cells, an active population of cancer cells and cancer stem cells, in addition 

to the extracellular matrix, blood and lymphatic cells 5. Together with the cancer cell 

population, heterogeneity within the components of the TME makes tumour progression 

possible and determines the clinical outcome 6. Such heterogeneity includes immune cell and 

pathophysiological heterogeneity.  

1.2.1   The immune cell heterogeneity  

During tumour progression, a cross-talk exists between cancer cells and the immune cell 

population within the TME. In general, the immune cells within the TME can be divided into 

innate and adaptive immune cells that can function to either promote or antagonise cancer 

development. An example of the most abundant innate immune cell population within the 

TME that can display diverse functions depending on their subtype is the tumour-associated 

macrophages (TAMs). Traditionally, macrophages can be divided into classically activated M1  

and alternatively activated M2 macrophages. Both types of macrophages are known to be 

stimulated by different factors. While the classically activated M1 macrophages are driven by 

T helper-1 (Th-1) cytokines such as lipopolysaccharide, interferon-gamma (IFN-γ), granulocyte 

macrophage colony-stimulating, the alternatively activated M2 macrophages are stimulated 

by Th-2 cytokines such as IL-4, IL-10, and IL-13.  

Functionally, the classically activated M1 macrophages and the alternatively activated M2 

macrophages can produce different molecules and cytokines that can negatively or positively 

impact tumour growth and survival 7-9. For instance, the classically activated M1 macrophages 

produce pro-inflammatory cytokines such as interleukin-12 (IL-12) and IL-1β that can 

negatively impact tumour growth and survival. On the other hand, depending on the 
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alternatively activated M2 macrophage subtypes, they can produce growth and 

immunosuppressive factors that stimulate tumour proliferation and migration 8,10,11.  

Most of our understanding and knowledge about macrophage subtyping comes from in vitro 

assays, specifically molecular biology assays and histological staining of specific macrophage 

markers. While those techniques are of an essence, they may not be sufficient enough to 

determine the macrophage phenotype in vivo. Macrophages are very heterogenous and 

diverse, and their phenotypes can change depending on their microenvironment. For this 

reason, it is essential to consider that a whole spectrum of macrophage phenotypes exists 

between the M1 and M2 axes 7,12,13.  

1.2.2   The pathophysiological heterogeneity 

The TME provides tumour cells with selective pressures that can favour their growth and 

progression. Such selective pressures include the availability of certain growth factors, the 

level of acidity, and the low oxygen availability termed hypoxia 14.  

Hypoxia is a feature of most solid tumours and an integral characteristic of the TME 15,16. It is 

known to arise due to uncontrolled and rapid cell division during tumour progression, 

requiring a high oxygen demand. However, as a consequence of this uncontrolled 

proliferation, the vascular network becomes disrupted and insufficient in oxygen supply, 

resulting in hypoxia (Figure 1.1). In general, cells are considered hypoxic when their oxygen 

level drops from 2-9 % (40 mmHg) to 2 % or less (10 mmHg) 17.  
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Figure 1.1: A schematic illustration of oxygen supply and proliferation rate in cancer cells. Cells closer 
to the blood vessel are supplied with sufficient oxygen and display high proliferation (normoxic 
tumour cells, in red) compared to those located further away from the blood vessels (hypoxic tumour 
cells, in blue). 

Hypoxia can be classified into three physiological types; chronic, acute, and intermitted/cyclic 

hypoxia 5. Chronic hypoxia arises due to a limit in oxygen diffusion, forming an oxygen 

gradient with those tumour cells located around 100-180 μm away from the blood vessels 18. 

Acute hypoxia, on the other hand, occurs due to blood vessel blockage. Compared to chronic 

hypoxia, where cell exposure to low oxygen supply lasts for an extended period, low oxygen 

supply during acute hypoxia is known to last for a much shorter time period 5. This could be 

explained by the fact that the blood vessel blockage during acute hypoxia is reversible and 

can, in fact, reopen, which leads to supplying the hypoxic cells with oxygenated blood again, 

a process termed intermitted/cyclic hypoxia. While all three hypoxic phenotypes are seen in 

different tumours, the most aggressive type represents intermitted/cyclic hypoxia, which 

promotes angiogenesis, tumour survival and metastasis, immune evasion, and treatment 

resistance 19.  

Regardless of the hypoxia subtypes, the effect of hypoxia on tumours is extensive as it can 

induce a number of cellular and physiological changes within the TME, including the induction 

of pro-tumorigenic pathways and alterations in glucose metabolism 5,20, all of which can 

promote tumour development and progression as well as contribute to tumour 

aggressiveness. Furthermore, hypoxia contributes to treatment resistance and poor patients 

outcome 17,21. A number of studies highlighted reasons for hypoxia-mediated therapy 
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resistance. Those reasons include overexpression of the hypoxia-inducible factor (HIF) genes 

and, in particular, HIF-α, upregulation of the permeability glycoprotein that functions by 

mediating the ATP-efflux, decreased expression of topoisomerase II, and the inhibition of 

apoptosis 5,21,22. Additionally, it is worth mentioning that hypoxic tumours are located at a 

great distance from the blood vessels, which consequently hinders some types of anti-cancer 

drugs from penetrating the tissue 23.  

Given the significant impact of hypoxia on tumour progression and treatment outcome, 

several in vivo and ex vivo methods have been developed to monitor and measure hypoxia. 

One common in vivo method utilises the use of positron emission tomography (PET) scans 

with 18F-fluoroazomycin arabinoside, while a well-established ex vivo method uses 

endogenous and exogenous biomarkers for histological staining. Examples of endogenous 

markers include HIF-1, glucose transporter-1 (GLUT-1), and carbonic anhydrase-9 (CA-9), 

which are all proteins upregulated under hypoxia. Unlike endogenous hypoxia markers, 

exogenous biomarkers such as pimonidazole must be administered before sampling the 

tissues, representing a disadvantage of its use. Pimonidazole belongs to the nitro groups, is 

reduced under hypoxia and is known to bind to thiol-containing proteins that are found in 

hypoxic cells. Both the exogenous and endogenous hypoxia markers can detect hypoxia in a 

different fashion. For instance, pimonidazole detects hypoxic cells at a partial oxygen pressure 

(pO2) level lower than 10 mmHg. On the other hand, CA-9, a downstream target of HIF-1α, 

detects hypoxia at a pO2 lower than 20 mmHg 24. A study by Kaanders et al. has, in fact, 

demonstrated, when using a double staining, differences in pimonidazole and CA-9 

localisation on tissue xenografts 25. They showed that the closer the cells are to the blood 

vessels, the stronger the CA-9 expression gets. This suggests the importance of tissue 

oxygenation for the pimonidazole and CA-9 binding.  

1.3   Introduction to cancer metabolism alteration 

Cancer cells frequently alter their metabolism in order to sustain their fast proliferation and 

differentiation rate. As mentioned previously, alterations in cancer metabolism are 

considered one of the hallmarks of cancer 1. Aerobic glycolysis, first described in the early 90s 

by Otto Warburg, represents one of the most frequently altered metabolism seen in cancers. 

Warburg proposed that, even when oxygen is present, tumour cells preferably use the 
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oxygen-independent glycolytic pathway in order to produce sufficient adenosine 

triphosphate (ATP) to maintain their bioenergetic requirements 26. While this phenomenon is 

inefficient in generating ATP compared to mitochondrial respiration, the rate of ATP 

production is a hundred times faster and thus is believed to assist the rapid proliferation rate 

in cancer cells 27,28. Because cancer cells as well as normal cells, display the Warburg effect, 

finding therapeutic interventions to target only cancer cells is explicitly challenging.  

The majority of carbon needed to produce energy in cells comes from glucose. Glucose uptake 

represents the first step in the glycolytic pathway, in which it enters the cell via GLUTs or 

sodium-dependent glucose transporters. Once in the cell, glucose is converted to pyruvate 

through a stepwise process requiring multiple metabolic enzymes 26. When oxygen is present, 

pyruvate enters the mitochondrial membrane and is further converted by pyruvate 

dehydrogenase into acetyl-CoA. Mitochondrial acetyl-CoA enters then the tricarboxylic acid 

(TCA) cycle, producing nicotinamide adenine dinucleotide (NADH) and subsequently 36 ATP 

molecules via oxidative phosphorylation 29. When oxygen is not present, however, cancer 

cells maintain their proliferation and survival using other mechanisms; one is by using HIF 

proteins to upregulate GLUTs, such as GLUT-1 and GLUT-3, as well as several glycolytic 

enzymes 26,27. Another method to maintain cancer cell proliferation under low oxygen 

availability is by increasing the intracellular glycogen and lactate production 28,30,31. This was 

elegantly demonstrated in a study by Zeng et al. using the oesophageal carcinoma cell lines 

Eca 109 and TE13, in which they demonstrated an increase in HIF-1α proteins expression as 

well as in glycolytic enzyme production and the extracellular lactic acid concentration when 

exposed to hypoxic conditions 32. 

1.3.1   Lipid metabolism alteration in cancer 

Together with aerobic glycolysis, alterations in lipid metabolism have now been recognised 

to play a crucial role in metabolic rewiring in cancer 33. A comprehensive overview of the 

altered lipid metabolisms in cancer is shown in Figure 1.2.  

Lipids are hydrophobic molecules that have many fundamental biological and physiological 

functions in all living cells, including energy production, cell signalling, and maintaining 

cellular structure 34. Lipids can be categorised into different molecular classes; including fatty 

acids (FA), glycerolipids (GL); glycerophospholipids (GP); sphingolipids (SP); saccharolipids 
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(SL); polyketides (PK); sterol lipids (ST), and prenol lipids (PR) 35. This research project will 

focus on FAs and phospholipids (PL) due to their strong involvement in metabolic alterations 

in cancer as well as in cell structure and signalling.  

In recent years, the role of FA metabolism in cancer has received much interest due to its 

diverse function in cellular processes 36-38. Not only are FAs responsible for the production of 

more complex lipids, including PL and triacylglycerides (TAGs), but they are also able to 

generate energy via fatty acid oxidation (FAO), also known as β-oxidation 39. In mammals, FAs 

are composed of a carboxylic acid group and a hydrocarbon chain with an even number of 

carbon atoms, either synthesised exogenously from diet or endogenously from the de novo 

FA synthesis 40. The reliance of cancer cells on those two FA uptake routes has been shown to 

not only assists their high proliferative rate but also provide an essential energy source during 

metabolic stress, such as hypoxia 38.  

Depending on the location of the first double bonds, dietary FAs can generally be divided into 

two different categories; omega-3 and omega-6 polyunsaturated fatty acids (PUFAs). Types 

of omega-3 PUFAs include α-linoleic acid, eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA), while linoleic acid and arachidonic acid are two types of omega-6 PUFAs. 

Structurally, the parent compounds of omega-3 and omega-6 PUFAs, α-linoleic acid and 

linoleic acid, respectively, contain two cis double bonds located at the ninth and twelfth 

carbon from the head group end and cannot naturally be synthesised in humans 34. However, 

their product molecules, arachidonic acid, EPA and DHA, are able to be produced in humans, 

with the endoplasmic reticulum of liver cells being the main production site 41. 

Besides dietary FAs uptake, FA can also be taken up by the de novo FA synthesis, which is an 

anabolic process that requires the use of a number of enzymes, including ATP-citrate lyase 

(ACLY), acetyl-CoA carboxylase (ACC) and fatty acid synthase (FASN). Citrate, which is 

generated in the mitochondrial TCA cycle, enters the cytosol and is converted to cytosolic 

acetyl-CoA by ACLY, representing the first step in the de novo FA synthesis. Here, ACC can 

convert the cytosolic acetyl-CoA to malonyl-CoA, which is involved in the elongation of FA 

through FASN to produce palmitate, a 16-carbon chain FA.  
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As mentioned previously, FAs themselves can also serve as energy sources. While the majority 

of carbon needed for energy production in cells, including cancer cells, comes from glucose, 

when glucose availability is insufficient to fuel cancer cells with enough energy to maintain 

their fast proliferation, they can adapt their energy metabolism by inducing a shift to FAO via 

the β-oxidation pathway. For this pathway to be initiated, two main steps are required, 

starting with FA activation in the cytoplasm, followed by FA transport into the mitochondrial 

membrane, where they can undergo β-oxidation. This happens by a stepwise degradation of 

acyl-CoA into acetyl-CoA units, thereby producing NADH and FADH2 that, in turn, facilitate the 

production of 130 ATP molecules for the degradation of palmitate 42.  

Because FAs are hydrophobic molecules, they cannot pass the mitochondrial membrane to 

undergo β-oxidation without binding to special quaternary ammonium compounds called 

carnitines. Carnitines' main role is to facilitate the transport of FAs into the mitochondrial 

membrane by forming acylcarnitines using carnitine palmityl transferase-1 (CPT-1). Once in 

the mitochondria, acylcarnitines are converted back by carnitine palmityl transferase-2 (CPT-

2) into their CoA ester in order to undergo β-oxidation 43. β-oxidation has been shown in a 

number of cancer types to play a crucial role in tumour progression 44,45. Wang et al. have 

demonstrated the activation of the β-oxidation pathway in CRC cells and the role of CPT1A-

mediated FAO in initiating CRC metastasis 46. In terms of the role of FA oxidation under 

hypoxic conditions, Zaugg et al. showed in their study that cancer cells under hypoxic stress 

have an upregulation of an isoform of carnitine palmitoyltransferase, the CPT1C, which led to 

increased FAO and ATP generation 47. 

 



27 
 

 

Figure 1.2: An overview of the major activated lipid metabolism pathways in cancer cells. Pathways 
highlighted in bold, including the glycolytic pathway, the mitochondrial β-oxidation pathway, carnitine 
translocase, and lipogenesis, are altered in many cancers and could lead to cancer progression and 
metastasis.  

FAs are the main building blocks for more complex lipids, including membrane lipids. Because 

cancer cells are in constant cell division and growth and have an uncontrolled and fast 

proliferation rate, they require a high demand for membrane lipids, with PLs and cholesterols 

being the main lipid classes that make up the cell membrane.  

PLs are composed of two FAs tails attached to a phosphate head group. Whilst most of the 

PLs molecules, including phosphatidylcholines (PC), phosphatidylethanolamines (PE), 

phosphatidylserines (PS), and phosphoinositols (PI) are involved in the cell membrane 

composition, PIs are additionally involved in cell signalling processes. PIs act via the 

phosphatidylinositol-3-kinase (PI3-K)/protein kinase B (AKT) pathway, known as the most 

upregulated pathway in most cancers 48. Cellular mechanisms include loss or inactivation of 

the tumour suppressor phosphatase and tensin homolog, mutation or amplification of PI3-K, 

as well as activation of tyrosine kinase growth factor receptor; all lead to PI3-K/AKT pathway 

activation 48. PI3-K is a large family of lipid enzymes able to convert phosphatidylinositol (4,5)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) 49. PIP3 mediates the 

activation and recruitment of AKT, a pathway responsible for cancer survival and progression 

49. The PI3-K/Akt pathway is not only associated with regulating fundamental cell activities 

such as proliferation, survival, metabolism and angiogenesis but is also involved in the 

activation of HIF-1α and the anaerobic shift to glycolysis under hypoxic conditions in many 
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different cancers 48. Additionally, the PI3-K/AKT pathway causes an increase in lipogenesis via 

the sterol element binding protein, upregulated through FASN 50. Thus, understanding the 

mechanism of lipid alterations under hypoxic conditions on biological models harbouring a 

PI3-K mutation could shed light on a better understanding of the prognosis and therapy of 

many cancers. One such model investigated in this thesis is the colorectal cancer cell line HCT-

116.  

1.4   Colorectal cancer 

Colorectal cancer (CRC) is universally a high-incidence disease, now accounting for 

approximately 10 % of cancer-related mortality 51. Despite advances in CRC treatment and 

disease management, CRC remains the second highest cause of cancer-related deaths 

worldwide 51. A deeper understanding of the molecular drivers and the metabolic changes 

involved in CRC development is essential in order to improve the patient's outcome and 

response to therapy.  

In most cases, CRC development is known to be sporadic, meaning in the absence of any 

background family history of the disease 52,53. Here, environmental and dietary risk factors 

are the main drivers for this type of CRC. Such risk factors include ageing, gender, long-

standing inflammatory bowel disease, specific microbiota, as well as smoking, high alcohol 

consumption, obesity, and excess red meat intake. Another type of CRC development which 

accounts for approximately 5-10 % of all CRC cases, is hereditary 52. This type is characterised 

by the presence or absence of colonic polyps and includes lynch syndrome and familial 

adenomatous polyposis (FAP).   

In both sporadic and hereditary CRC, multiple genetic and epigenetic alterations are believed 

to drive the transformation and development of normal colonic cells to invasive cancer. 

Fearon and Vogelstein first described this process in the mid-90s as the "adenoma to 

carcinoma sequence" 54. The inactivation of the tumour suppressor gene, adenomatous 

polyposis coli (APC), is the first molecular event involved in the transformation of normal 

colonic cells into early adenomas. Advanced adenomas are thought to develop due to 

mutations in KRAS and BRAF genes, while the inactivation of the tumour suppressor gene 

TP53 and activation of proto-oncogene PI3K catalytic subunit-α (PIK3CA) are thought to drive 

the final transformation of advanced adenomas into invasive adenocarcinomas.  
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The development of CRC requires a high demand for energy and metabolic programming. One 

such metabolic alteration that distinguishes cancer cells from normal cells is the alteration in 

lipid metabolism, including alterations in FA and PL. However, the specific mechanism 

between lipid alterations and the frequently mutated oncogenes in CRC is still scarce and will 

be the focus of our study in this research project. 

1.4.1   Colorectal cancer management 

CRC management and diagnosis start with performing a gastrointestinal colonoscopy 

accompanied by a histopathological assessment of lesion biopsy 55. Following disease 

confirmation, in vivo imaging can be carried out in order to determine disease stage, tumour 

classification and treatment options. 

Together with the oncogenic mutations, tumour staging and classification plays an important 

role in CRC management. A widely used classification system that assists in classifying 

tumours into the five different stages, ranging from stage 0 (less severe) to stage IV (highly 

severe), is the TNM classification system. It describes the depth of tumour invasion (T), the 

spread to regional lymph nodes (N), and the spread into distant metastatic sites (M). Table 

1.1 summarises the CRC stages determined based on the TNM classification in addition to 

their clinical significance 56.  
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Table 1.1: A summary of clinical staging based on the TNM classification along with the clinical 
significance. 

Clinical stage TNM stage  Clinical significance 

0 Tumour in situ (TIS), N0, M0 Tumour in Situ    

I T1 or T2, N0, M0 
Localised tumour in the mucosa and the 

muscular layer. 

IIA T3, N0, M0 
Locally advanced, early stage, tumour has 

grown through the colorectal wall  

IIB T4, N0, M0 
Locally advanced, early stage. Tumour has 

grown to the visceral peritoneum 

IIIA T1 or T2, N1, M0 
Locally advanced, late stage. Tumour has grown 
through the inner lining or into the muscle layer 

of the intestine and spread to 1-3 LN 

IIIB T3 or T4, N1, M0 
Locally advanced, late stage. Tumour has grown 

through the bowel wall or to surrounding 
organs and spread into 1-3 LN 

IIIC T1-T4, N2, M0 
Locally advanced, late stage. Tumour has grown 

to the colon and rectum and spread into 4 or 
more LN 

IVA T1-T4, N1-N3, M1a 
Metastatic cancer, late stage. Tumour has 

spread to a single distant organ 

IVB T1-T4, N1-N3, M1b 
Metastatic cancer, late stage. Tumour has 

spread to more than one organ 

IVC T1-T4, N1-N3, M1c 

Metastatic cancer, late stage. Tumour has 

spread to the using tandem mass 
spectrometry (MS/MS) analysis 

The clinical value of CRC staging is undoubtedly significant and can assist in CRC prognosis and 

response to treatment. However, because of the heterogeneous nature of CRC, some patients 

respond differently to treatment, even with the same-stage CRC. In this regard, clinically 

relevant molecular subtyping has been proposed to serve the goal of facilitating personalised 

treatment and improving patients' response to therapy. One such classification is the 

consensus molecular subtype classification (CMS) 57. The CMS system is based on genomic 

and epigenetic differences in tumours and is classified into four different categories (CMS1 - 
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CMS4). CMS1 tumours, known as the microsatellite instability immune subtype, are 

characterised by high BRAF mutation; CMS2 tumours, the canonical subtype, are TP53 

mutated and show strong activation of WNT and MYC signalling pathway; CMS3 tumours, the 

metabolic subtype, are enriched with KRAS mutations; and CMS4 tumours, the mesenchymal 

subtype, show a strong transforming growth factor β (TGF-ß) activation and mutations in 

KRAS and PIK3CA 57,58. Furthermore, the CMS classification has been shown to exhibit a strong 

association with the clinical staging of CRC 57. While CMS1 - CMS3 tend to be diagnosed at 

early-stage disease development (stages I and II), CMS4 is mainly detected at late stage CRCs 

(stages III and IV).  

Although the CMS classification has been initially implemented to facilitate the personalised 

treatment of CRC, its use as a prognostic tool is controversial due to the lack of metabolic and 

lipidomic data integration. To date, the chemotherapeutic treatments administered to 

patients with stage II CRC (CMS2), stage III and VI CRC (CMS4) are fluoropyrimidines, given 

with or without the addition of a platinum-based drug 59,60. However, the benefit of these 

drugs are highly viable and vary from patient to patient. While CMS2 patients particularly 

benefit from the fluoropyrimidine drug 5-Fluorouracil (5-FU) in combination with the 

platinum-based drug oxaliplatin, CMS4 patients show poor prognosis and response to 

treatment 59. Given the widespread use of oxaliplatin and 5-FU in CRC treatment and their 

limited effect on some patients, a further understanding of their mechanism of action within 

the TME is needed. Chapter 2 will specifically focus on investigating the oxaliplatin and 5-FU 

treatments on the hypoxic HCT-116 cell line, which is categorised as a CMS4 cell line.  

1.4.1.1  The mechanism of action of oxaliplatin  

Oxaliplatin represents one of the newest platinum-based compounds that has been shown to 

work not just on platinum-sensitive malignancies such as ovarian cancer but also on CRC when 

combined with other cytotoxic drugs 61. In comparison to other platinum compounds, 

oxaliplatin has been shown to induce fewer side effects, especially renal and gastrointestinal 

side effects 62. 

The mechanism by which oxaliplatin exerts its cytotoxic properties is largely associated with 

the inhibition of DNA synthesis. Structurally, oxaliplatin consists of a platinum atom (Pt) 

surrounded by a 1,2-diaminocyclohexane group (DACH) and an oxalate ligand (Figure 1.3). 
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Figure 1.3: Chemical structure of oxaliplatin. 

When entering the cell through organic cation transporters 1 and 2 (OCT1/2) and copper 

transporters 1 and 2 (CTR1/2), oxaliplatin undergo a conversion to active metabolites, 

including monochloro-DACH-Pt, dichloro-DACH-Pt and diaquo-DACH-Pt. This conversion 

happens by displacement of oxalate and non-enzymatic hydrolysis resulting in the formation 

of DACH-Pt-DNA adducts via intra-strand and inter-strand crosslinks between two guanine 

(G/G) residues or a guanine and an adenine (G/A) 63. Consequently, this will lead to disruption 

in cell replication and the promotion of cell death (Figure 1.4).  

Oxaliplatin resistance can occur through two factors: by cellular detoxification or by activating 

different DNA repair systems. Cellular detoxification is a mechanism that occurs in the early 

stage before forming DACH-Pt-DNA adducts. Here, the drug concentration is lowered and 

results in the conjugation of platinum compounds to cysteine (Cys), methionine (Met), and 

glutathione (GSH). The latter has been shown to be especially associated with poor oxaliplatin 

drug response 62.  

Cancer cells have the ability to repair DNA damage by activating DNA repair systems. The 

most common DNA repair systems known to be associated with oxaliplatin are the nucleotide 

excision repair (NER) and the base-excision repair (BER) pathway 64. The repair mechanism 

involved in these pathways differs from one to another. For instance, the NER pathway is 

involved in removing the DNA-platinum adducts, while the BER pathway is involved in 

repairing the DNA strand breaks caused by the platinum compound 65. Mediators, such as 

excision repair cross-complementing group 1 and 2 (ERCC1/2) in the NER pathway and XRCC1 

in the BER pathway, has been shown to be associated with oxaliplatin resistance 66. 
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Figure 1.4: Mechanism of action of oxaliplatin. Oxaliplatin enters the cell by OCT1/2 and CTR1/2). 
Once inside the tumour cell, oxaliplatin undergoes a stepwise conversion into its active metabolites 
including, monochloro-DACH-Pt, dichloro-DACH-Pt and diaquo-DACH-Pt resulting in the formation of 
DACH-Pt-DNA adducts. If not repaired by ERCC1/2 and XRCC1, the formation of that adduct can lead 
to DNA damage and subsequent cell death.  

1.4.1.2   The mechanism of action of 5-Fluorouracil  

5-FU is an anti-cancer drug, structurally similar to Uracil; however has at the C-5 position, a 

fluorine atom replaced instead of hydrogen (Figure 1.5).  

 

Figure 1.5: Chemical structure of 5-FU. 
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5-FU is a water-soluble drug and can only pass through the cell membrane by nucleoside 

solute carrier (SLC) transporters such as SLC29A1 67,68. Once inside the cell, 5-FU can then be 

converted into its active metabolites, including fluorodeoxyuridine monophosphate (FdUMP), 

fluorodeoxyuridine triphosphate (FdUTP) and fluorouridine triphosphate (FUTP). Each of 

these metabolites can affect the cell in different ways. For instance, FdUMP inhibits the 

thymidylate synthase (TS), a key enzyme in the de novo synthesis of deoxythymidine 

monophosphate (dTMP) that is required for DNA synthesis during S-phase 69. By blocking TS, 

deoxyuridine monophosphate (dUMP) cannot be converted by 5,10-

methylenetetrahydrofolate (5,10-MTHF) to dTMP and consequently cause apoptotic cell 

death. 5-FU can also be incorporated into DNA, causing DNA damage, by FdUTP, or it can be 

incorporated into RNA, causing RNA damage and, subsequently, cell death (Figure 1.6) 67,68.   

 

Figure 1.6: Mechanism of action of 5-FU. 5-FU enters the tumour cells through SLC transporters such 
as SLC29A1. Once in the cytoplasm, 5-FU undergoes a stepwise conversion into its active metabolites, 
including FdUMP, FdUTP, and FUTP, all of which exhibit different functions on the tumour cells. When 
FdUMP is formed, it inhibits the TS and thus leads to the inhibition of DNA synthesis and repair, 
resulting in cell death. FdUTP and FUTP misincorporate into the DNA and RNA, respectively, which 
leads to DNA and RNA damage and subsequent cell death.  
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1.4.2   Colorectal cancer metastasis 

Metastasis is often the primary cause of cancer related mortality and is seen in approximately 

20 % of all colorectal adenocarcinoma patients 70. Three major metastatic sites exist in 

colorectal adenocarcinomas; the liver, the lungs and the peritoneal cavity 71. Stage VI patients 

with peritoneal metastasis, also known as colorectal cancer peritoneal metastasis (CRPM), 

exhibit the worst prognosis, with a median overall survival of 12-18 months with systemic 

drug therapy and with just six months without therapy compared with those with liver (19.1 

months) and lung (24.6 months) metastasis 72,73.  

In most cases, no specific symptoms are associated with CRPM; thus, early detection of the 

disease can represent a big challenge for clinical teams 74. In fact, the incidence of CRC 

patients developing CRPM is approximately 30-40 %; of those, around 4-13 % are diagnosed 

before or at the time of surgery (synchronous CRPM), and 19 % of the patients are diagnosed 

during follow-up (metachronous CRPM) 75-77. Routine non-invasive in vivo imaging such as 

computed tomography (CT), magnetic resonance imaging (MRI), and PET, which provides 

morphological, anatomical and functional information, has helped in early CRPM detection 

and diagnosis (Figure 1.7) 78. Although all these modalities have been widely used in the clinic 

and have proven essential for the early diagnosis and treatment of many diseases, including 

CRPM, they also come with several limitations. One limitation represented in CT and MRI 

imaging is the lack of molecular specificity and sensitivity, especially when imaging small 

lesions 78. In fact, CT scan sensitivity on lesions smaller than 0.5 cm was reported at around 

11 % compared to 94 % in lesions bigger than 5 cm 79. On the contrary, PET benefits from 

having high sensitivity but lacks in spatial resolution and specificity, in addition to its most 

significant limitation in requiring the addition of a tracer 79,80.  
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Figure 1.7: A summary of the advantages and limitations of the different in vivo imaging modalities 
used in the clinic. Image adapted from reference 81. 

Several efforts have been made to overcome some of the in vivo imaging techniques' 

limitations, especially in terms of sensitivity and specificity. A successful way reported was 

shown by combining PET with CT and MRI imaging, allowing the detection and localisation of 

small-sized lesions with high spatial resolution 74. Nevertheless, what still lacks in the current 

routine clinical in vivo imaging techniques is providing molecular and metabolic information, 

which, when present, could provide an additional dimension of information that could 

improve patients' diagnosis and treatment.  

1.4.2.1  The development of colorectal cancer peritoneal 

metastasis 

The peritoneum, a membrane that lines the abdominal cavity, represents the largest 

membrane of the human body 82. The peritoneum is composed of mesothelial cells (flattened, 

stretched, squamous-like or cuboidal cells), a basement membrane, and a layer of 

submesothelium. Functionally, the peritoneum not only serves as a protection or 

physiological barrier but plays additional important roles, including facilitating fluid and cell 

transport due to the number of microvilli located on the luminal surface of the mesothelial 
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cells. These microvilli are able to increase the surface area and aid absorption. Additionally, 

mesothelial cells play an important role in immune response as they are able to secrete 

various pro- and anti-inflammatory mediators, including cytokines, chemokines, adhesion 

molecules and growth factors. Moreover, mesothelial cells are also involved in tissue repair 

by secreted growth factors such as TGF-β 82-84.  

The development of CRPM is known as the peritoneal metastatic cascade (Figure 1.8), which 

has been extensively described by Lemoine et al. 82. The first step of this cascade begins with 

the detachment of tumour cells from the primary CRC tumour and the migration to the 

peritoneal cavity. The mechanism by which tumour cells detach from the gastrointestinal 

tract occurs by the spontaneous exfoliation of cancer cells that have invaded the serosa and 

is mainly driven by the downregulation of the intracellular adhesion molecule E-cadherin, 

upregulation of N-cadherin, and overexpression of the epithelial polycystin PC1 and PC2. 

Additionally, an increase in intestinal fluid pressure can also lead to the spontaneous shedding 

of colorectal tumour cells. Tumour migration occurs via the peritoneal fluids. Here, the 

direction of the fluids as well as the anatomical site of the primary CRC, determines where 

the cells will reside in the peritoneum. Once the free CRC cells arrive at the peritoneum, they 

attach directly to the mesothelial cells by the denominated transmesothelial route and to 

submesothelial cells through openings at the junction of two or more mesothelial cells, in a 

process known as translymphatic metastasis. The next step in the cascade is cancer cell 

invasion into the subperitoneal space. Here, cancer cells must penetrate the mesothelial 

barrier and adhere to the basement membrane through the interaction of integrins. The final 

step of the cascade involves angiogenesis, a physiological process that provides cancer cells 

with all the nutrition and oxygen needed to sustain proliferation and survival.  
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Figure 1.8: An overview of the events involved in the peritoneal metastatic cascade. The cascade 
involves four major steps. The first step starts with cancer cell shedding, followed by tumour binding 
to the peritoneal mesothelial layer, migration into the submesothelial space and finally, tumour 
survival. Serial molecules and molecular pathways are involved in each step of the cascade, promoting 
its activation. Image taken from reference 74. 

Genomic analysis on CRPM is not routinely used in clinical practice and is, in many cases, 

assumed to be in concordance with the primary CRC. However, whether or not the genomic 

mutation from the primary CRC is matched with the CRPM is still not fully understood. 

Multiple gene expression technologies, such as RNA sequencing, reverse transcription-

polymerase chain reaction (RT-PCR), as well as tissue microarray, are routinely used in the 

clinic and have revolutionised gene expression analysis in the past 15-20 years. However, 

those "traditional" methods have exhibited some limitations, especially regarding accuracy 

and reproducibility. A new platform, which will be discussed in more detail in Chapter 4, is 

the NanoString nCounter gene expression system. This system overcomes the limitations seen 

in the "traditional" gene expression technologies, as it does not require the addition of an 

amplification step, which minimises the chance of contaminations, making the results more 

accurate and reproducible. Whilst the NanoString technology is not used yet as a diagnostic 

tool in the clinic, owing to its simple and easy use, it could represent a potential asset in the 

genomic analysis of clinical samples.   



39 
 

1.4.2.2   Treatment of colorectal cancer peritoneal metastasis 

CRPM development is rapid and severe and has for many decades been considered as a non-

curative disease, leaving patients for palliative care. Since the early 80s and 90s, a new 

treatment procedure has been introduced for CRPM treatment, involving cytoreductive 

surgery and intraperitoneal chemotherapy 85,86. First, all macroscopically visible tumour tissue 

is removed from the peritoneal surface by performing cytoreductive surgery 73,86. To ensure 

that all macroscopically invisible tumours are also removed, hyperthermic intraperitoneal 

chemotherapy (HIPEC) is immediately followed by cytoreductive surgery. HIPEC is a treatment 

approach that utilises mildly heated (41-42 °C) cytotoxic drugs such as mitomycin C or 

oxaliplatin at a much higher concentration used with systemic treatments. The drugs are 

pumped into the peritoneal cavity and kept to circulate for 30-90 minutes before finalising 

the surgery procedure 87. This approach has been shown to be very effective, with data 

reporting an increase in patients' median overall survival from 23.9 months with palliative 

chemotherapy to 62.7 months when using a combination of cytoreductive surgery and HIPEC 

treatment 88.  

Like with any other cancer treatment modality, cytoreductive surgery and HIPEC treatment 

do not benefit all CRPM patients equally. Current selection criteria are based on the presence 

or absence of metastatic tissue outside the peritoneum or the peritoneal cancer index, which 

describes the extent of CRPM, none of which are based on biological and molecular 

information of the tumour. Finding biomarkers associated with CRPM development will help 

reduce recurrence and improve patient outcomes and treatment response.  

1.5   Introduction to molecular imaging 

Several tools are available for biomedical molecular imaging, each with its own advantages 

and disadvantages. As discussed previously, many of the in vivo techniques have a clear and 

immediate place in the clinic. Ex vivo molecular imaging techniques, popular with medical 

researchers, are numerous and varied and extract different types of molecular information. 

Methods include histological staining such as immunofluorescence (IF) and 

immunohistochemistry (IHC), vibrational spectroscopies such as Raman and Fourier 

transform infrared spectroscopy (FT-IR), and mass spectrometry imaging (MSI) such as 
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desorption electrospray ionisation (DESI), rapid evaporation ionisation mass spectrometry 

(REIMS), matrix-assisted laser desorption ionisation (MALDI), secondary ion mass 

spectrometry (SIMS) and laser ablation inductively coupled plasma mass spectrometry (LA-

ICP-MS). 

Histological staining is one of the oldest and simplest forms of molecular imaging 89. It 

provides a tremendous amount of structural and morphological information. Dyes, the most 

common being haematoxylin and eosin (H&E), stain features such as cytoplasmic, nuclear and 

extracellular material at microscopic resolutions. IHC uses specific antibodies that bind to 

their target antigens in tissue. These antibodies can be tagged with a fluorescent tag or 

reporter molecule that changes colour upon binding with their targets. IF imaging involves 

exposure of the sample to specific wavelengths of light that certain molecules will absorb and 

then emit light at a longer wavelength, thereby changing the colour and allowing for their 

detection with microscopy. These molecules can be natural fluorophores (autofluorescence) 

or fluorescent tags specifically designed to target specific molecules.  

Vibrational spectroscopies are powerful multi-omic techniques, able to simultaneously 

characterise many classes of molecules, such as lipids, peptides, proteins, nucleic acids, 

carbohydrates and polymers 90. The characterisation can be achieved, though through 

different physical processes, by measuring chemical bond energies such as amide bonds and 

-CH bonds. Raman spectroscopy occurs through a phenomenon known as Raman scattering, 

while FT-IR uses photon absorption 91. They are also capable of very high spatial resolutions, 

as they are limited by the wavelength of light. However, bond energy can be attributed to 

different molecules, so vibrational spectroscopies are less chemically specific.  

A more chemically specific, untargeted, multi-omic technique can be found in MSI. MSI is a 

rapidly evolving imaging technique that enables the detection of thousands of molecules in a 

single tissue section without chemical labelling. MSI has been used as an imaging tool in this 

research and will be discussed in detail in the following section.  
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1.5.1   Mass spectrometry imaging  

Mass spectrometry imaging (MSI) is an analytical technique that allows for the untargeted, 

spatial analysis of various molecules simultaneously within a biological model based on their 

mass-to-charge ratio (m/z) 92. The detection of the molecules can be carried out on the 

cellular and subcellular level and can range from low molecular weight compounds such as 

drugs and their metabolites to high molecular weight metabolites such as lipids, peptides and 

proteins. This ability, together with the relatively simple sample preparation, makes this 

technique very attractive for researchers in the medical, pharmaceutical and biochemical 

fields as well as in other areas of life and analytical sciences. 

In an MSI experiment, analytes from thin tissue sections are desorbed and ionised, and an 

individual mass spectrum for each pixel is produced. Each pixel can display ion intensities in a 

defined m/z channel in the form of a two-dimensional image heat map, where the X and Y 

directions plot each pixel and a selected m/z feature in the Z-direction (Figure 1.9). With the 

summed overall spectrum, thousands of molecular images can be acquired from a single 

experiment. This can provide unique insights into the molecular composition of the tissue.  
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Figure 1.9: The composition of a total ion image acquired with DESI-MSI and illustrated on a human 
CRPM sample. The sample can be scanned in X and Y directions, plotting each individual pixel. Z-
direction highlights the selected m/z feature. Each pixel in a mass spectrum can be displayed as a 
single ion image.  

Several MSI techniques exist today, including MALDI, SIMS, DESI, REIMS, and LA-ICP-MS. All 

those techniques are listed in Table 1.2 and compared in terms of their ionisation and 

desorption source, type of instrumental pressure, the degree of sample preparation needed, 

their tissue destruction state, and their key metabolites linked to specific biological relevance 

and pathways.    

MALDI was introduced in the mid-1990s and has since been increasingly used to study 

complex sample surfaces. MALDI provides a decent spatial resolution (10 µm routinely) and 

has the ability to detect a wide range of molecules, ranging from small metabolites to intact 

proteins 93-95. MALDI requires careful sample preparation and uses a chemical matrix to 

absorb energy from a laser and for analyte desorption. Analytes in the tissue samples co-

crystalise with the matrix, and once the laser (typically in the ultraviolet range) hits the sample 
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surface, analytes are desorbed and ionised. MALDI has benefited from continual 

improvement in many facets over the year, including spatial resolution, speed and sensitivity, 

making it the most popular ionisation source for MSI 91. 

Tissue imaging on subcellular levels can be achieved with SIMS imaging, the oldest MSI 

technique. SIMS has the highest spatial resolution (<100 nm) and is very good for lipid imaging 

96,97. Furthermore, SIMS allows the detection of inorganic and organic biomolecules, 

molecular fragments and elements with high sensitivity 98,99. This is due to its high energy ion 

beam to desorb and ionise molecules from the sample surface. SIMS has seen a surge in the 

biomedical research community, possibly due to a rise in multimodal imaging, allowing 

scientists to reap the high spatial resolution of SIMS while compensating for its shortcomings 

91. 

Unlike MALDI and SIMS, DESI and REIMS are both ambient ionisation techniques, meaning 

they do not require vacuum pressure for tissue analysis. Furthermore, compared to MALDI, 

sample preparation using DESI and REIMS are simple as they do not require the addition of a 

chemical matrix. In terms of ionisation and desorption, DESI uses charged solvent droplets to 

desorb and ionise the tissue sections, whereas REIMS uses an electric scalpel or an electric 

forceps, which cuts or coagulates the tissues, resulting in the generation of a plume containing 

biomolecules from the tissue samples. Both techniques are used for tissue classifications 

based on molecular signatures, particularly for lipid analysis. While REIMS suffers from being 

a highly destructive technique, DESI is non-destructive, making it an ideal tool for the use in 

clinical settings. Furthermore, DESI has a high chemical specificity and covers a wide range of 

biomolecules; however, it lacks a good spatial resolution. Compared to other MSI techniques, 

such as MALDI and SIMS, the spatial resolution with DESI represents the lowest ranging from 

20-100 μm.  

Another MSI technique that has started to gain interest in pharmaceutical research 

represents LA-ICP-MS. LA-ICP-MS offers the direct analysis of metals, semimetals and isotope 

ratios in biological tissue samples with a high spatial resolution typically ranging from 10-100 

μm 100
'
101. The principle behind LA-ICP-MS is to use a focused laser that enables the materials 

on the sample surface to ablate. One of the main advantages of LA-ICP-MS is its high sample 

throughput, high ionisation efficiency, high sensitivity and its ability to detect a wide range of 
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elements in a species-independent manner 102,103. However, this technique's most significant 

disadvantage is that it ablates the entire tissue sample, making it highly destructive.  

Table 1.2: A comparison of the five different MSI techniques used in cancer research. 

MSI 
technique 

Ionisation 
& 

desorption 
source 

Pressure 
type 

Sample 
preparation 

Destructive 
Key 

metabolites 

Biological 
relevance & 

pathways 
Ref 

Matrix 
assisted laser 

desorption 
ionisation 
(MALDI) 

UV laser 
beam 

Vacuum 

Extensive: 
need the 

addition of a 
chemical 

matrix 

Yes 

Small 
metabolites 

to intact 
proteins 

β-oxidation 
pathway, de 

novo FA 
synthesis, 
carnitine 
shuttle 

104 

Desorption 
electrospray 

ionisation 
(DESI) 

Charged 
solvent 
droplet 

Ambient Little to no No 
Small 

metabolites 
and lipids 

De novo 
lipogenesis, 

immune 
inflammation 
and response 

105 

Laser ablation 
inductively 

coupled 
plasma mass 
spectrometry 
(LA-ICP-MS) 

UV laser Vacuum Moderate Yes 

Metals, 
semimetals, 
and isotope 

ratios 

Platinum-
based 

metallodrug 
studies 

106 

Secondary ion 
mass 

spectrometry 
(SIMS) 

High 
energy ion 

beam 
Vacuum Moderate Yes 

Lipid and 
cholesterol 

Genomic 
pathways 

107 

Rapid 
evaporation 

ionisation 
mass 

spectrometry 
(REIMS) 

Electric 
scalpel or 
an electric 

forceps 

Ambient Little to no Yes 
Small 

metabolites 
and lipids 

Tissue 
classification 

108 

 

The choice of the MSI technique depends significantly on the application and the biological 

question. This thesis focused on investigating lipidomic changes in pre-clinical and clinical 

models, aiming to find biomarkers and signatures for CRC and CRC metastasis. Not only will 

this help better understand CRC biology, but it will also be useful in clinical settings, as it could 
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assist surgeons in decision-making. In clinical settings, it is crucial to use a technique that can 

provide a large amount of information in real-time within seconds. Operating under an 

atmospheric environment without the need for extensive sample preparation and 

complicated use is also essential. Furthermore, and most importantly, the optimal technique 

should be non-destructive, so the same tissue biopsy can still be used for histological analysis. 

The MSI technique that can offer all the above is DESI-MSI and was, therefore, the MSI 

technique of choice in our studies.  

1.5.1.1  Desorption electrospray ionisation (DESI-MSI) 

DESI-MSI is an electrospray ionisation (ESI) based technology developed in 2004 that provides 

real-time in situ analysis of many biomolecules in tissue 109. It is a spray-based technique that 

uses charged solvent droplets to desorb and ionise analytes when sprayed onto the surface 

of a tissue section. The impact of the spray on a sample then generates secondary charged 

microdroplets containing biomolecules from the sample surface. These can then be 

introduced via heated capillary into a mass spectrometer for analysis (Figure 1.10) 110.  

 

Figure 1.10: A schematic diagram of the DESI ionisation process. A charged solvent is sprayed onto 
the sample's surface. The spray impact on the sample surface creates a splash containing secondary 
charged microdroplets. Those can then be taken up by a heated capillary into the mass spectrometer.  

DESI-MSI has been extensively used on different biological tissues for the identification of 

biomolecules, especially lipids 111-121. Dória et al. reported the use of DESI-MSI on human 

ovarian tissue samples and found that there is a tissue-dependent lipid profile in the 
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samples 112. Another study has been reported by Banerjee et al., where they utilise DESI-MSI 

for the diagnosis of prostate cancer 116. The group could successfully demonstrate differences 

in the spatial distribution of biomolecules, including lipids, between cancerous and normal 

prostate tissue 116. DESI-MSI has also been used to study skin cancer, where it was possible to 

distinguish between micrometre-sized tumour aggregates of basal cell carcinoma and normal 

human skin cancer based on their lipid profiles 122. Cooks' group has performed another 

interesting study on brain cancer 114,118. The group used intra-operative DESI-MS to 

characterise lipids in tissue smears and showed that the lipid profile between the different 

brain regions differed significantly and could be discriminated by multivariate statistical 

analysis 114. 

1.5.1.1.1  Pre-analytical sample preparation 

One of the most important aspects to consider in an imaging experiment is maintaining the 

spatial and chemical integrity of the sample and minimising analyte delocalisation. This can 

be achieved by using well-developed sample preparation techniques that generally involve 

sample handling, which includes harvest, fixation, storage, sectioning and sample mounting.  

In order to reduce sample degradation and preserve tissue morphology, freezing of the 

harvested tissue has to be performed immediately. This can be done by snap-freezing the 

tissue in liquid nitrogen or isopentane. Care must be taken when snap-freezing the sections, 

as freezing too quickly might lead to sample cracking and the formation of ice crystals. 

Moreover, it is highly recommended to wrap the tissue specimen loosely in aluminium foil in 

order to avoid tissue deformation. Following the freezing step, tissue can either be kept in -

80 °C freezers where enzymatic activity is near zero until use or sectioned using a cryotome. 

In order to facilitate the sectioning, mounting media such as optimal cutting temperature 

(OCT) or carboxymethyl cellulose (CMC) can be used. The preferable method is to use CMC 

as, unlike OCT, it does not cause ion suppression and, thus, decreases spectrum quality 123. 

Once the tissue has been mounted, sectioning can be done at a thickness that ranges typically 

between 10-20 μm. Following this, tissue slices are then transferred onto normal microscopic 

glass slides.  



47 
 

1.5.1.1.2  Ion source optimisation  

While DESI-MSI does not require much sample preparation, optimisation of instrumental 

components must be made to achieve the highest sensitivity and image quality. Besides 

finding the balance between sensitivity and spatial resolution, as sensitivity decreases with 

an increased spatial resolution 124, the choice of solvent represents a crucial step for a DESI-

MSI experiment. The reason for this is that the type of solvent has been shown in multiple 

studies to be responsible for extracting specific chemical information from tissue 125,126. For 

example, in one study by Wu et al., it was that a mixture of the solvents acetonitrile (ACN), 

water (H2O) and N,N-dimethylformamide (DMF) was optimal for enhancing sensitivity for 

cholesterol imaging. In contrast, a mixture of methanol and H2O was more suitable for general 

lipid analysis 126. Moreover, it is crucial to choose a solvent that will have minimal destructive 

effects on tissue morphology. This is particularly important when aiming to use the same 

tissue section to correlate histological information provided from a pathological evaluation. 

A study performed by Eberlin et al. tested several solvent compositions such as DMF, 

acetonitrile (ACN), methanol, ethanol, tetrahydrofuran (THF), chloroform, and acetone, as 

well as their mixtures 127. It showed that conventional solvent mixtures such as methanol/H2O 

at a ratio of 1:1 damaged some morphological features in the tissues. Generally, it showed 

that using approximately ≥ 50 % water in the solvent mixture negatively impacted the tissue 

morphology.  

Additional parameters to be taken into consideration when using DESI-MSI are solvent flow 

rate, nebulising gas flow rate, spray angle, spray tip-to-sample distance, and inlet-to-sample 

distance (Figure 1.11) 128, all of which were standardised throughout our studies.  
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Figure 1.11: Schematic design of the parameters to be considered when using DESI-MSI. Distance 
between sprayer-to-inlet, sprayer tip-to-sample and inlet-to-sample needs to be optimised as well as 
thespray angle to the sample's surface (α) and inlet capillary angle to the sample surface (β). Figure 
adapted from 129. 

1.5.1.1.3  Instrumentation and technological advances 

The instrument used in this research was the Waters Xevo G2-XS mass spectrometer (Waters, 

UK) mounted on a modified 2D DESI stage (Presolia, USA). This instrument provides high 

sensitivity, high mass accuracy and high speed due to the unique configuration of a StepWave 

ion guide in addition to a time-of-flight mass analyser coupled with a quadrupole (Q-ToF). 

The StepWave ion guide represents the first step in ion separation. A schematic design is 

shown in Figure 1.12. The source consists of a dual-stage conjoint ion guide comprising a 

series of ring electrodes where adjacent electrodes have opposite phases of radio-frequency 

(RF) voltage applied to them 130. Ion separation happens by applying different direct currents 

(DC) offset potential between the lower, larger stage and the upper, smaller stage 131. 

Unwanted gases, neutrals and solvents that stayed in the larger diameter stage were then 

directed to the rough pump and subsequently removed 131.  
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Figure 1.12: A schematic design of the StepWave technology. The conjoined ion guide is made up of 
ring electrodes. Ions and gases enter first the larger diameter ring electrode. By applying different 
voltages, ions are directed to the upper smaller diameter ring electrodes and to the quadrupoles, 
while gases and neutrals exit through the rough pump 131. 

The second step in ion separation happens in the Q-ToF mass analyser. This "hybrid" 

technology, which was first developed in 1984 and launched in the early 1990s, benefits from 

having high fragmentation efficiency and high mass resolution 132-134.  

The composition of a Q-ToF mass analyser is very similar to the triple quadrupole mass 

spectrometer that was first introduced by Yost and Enke in 1978 135. Here, instead of three 

quadrupoles, the Q-ToF mass analyser is made up of just two, having the third quadrupole 

replaced by a ToF analyser. Each quadrupole has four cylindrical-shaped rods connected to a 

radiofrequency alternating current (AC) (Figure 1.13). A DC voltage is also applied to the rods. 

However, just one pair carries a positive DC voltage while the other pair carries the same 

value of a negative DC voltage. Ion separation is caused by a combination of DC and RF 

potentials, where just ions with a stable trajectory pass through the quadrupoles, while ions 

with unstable trajectories collide with the rods and subsequently never pass the quadrupole 

mass analysers.  
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Figure 1.13: A schematic design of a quadrupole mass analyser. When ions enter the quadrupoles, 
just the stable trajectory ions pass the four rods of the quadrupoles (red circles), while the unstable 
trajectory ions (blue circles) hit the rods and never exit. 

After leaving the quadrupoles, ions arrive at the ToF analyser (Figure 1.14). A voltage pulse is 

applied to the ion pusher so the ions accelerate in an orthogonal direction into a field-free 

drift region. Mass separation occurs according to the m/z ratio; however, what is being 

measured is the time that the ions take to move through the field-free drift region to the 

detector. The acceleration pulse gives all ions the same kinetic energy, which results in lower 

mass ions acquiring a greater velocity than the heavier ions. At the end of the drift tube is a 

reflectron, or a field region of the opposite polarity, that slows the ions down and pushes 

them in the direction from which they came, directing them towards the detector. This 

effectively doubles the flight path and increases mass resolution by allowing for more 

separation. In the reflectron, the more energetic ions penetrate further, and the less 

energetic penetrate less. The different path lengths compensate for the energy spread and 

lead to the narrowing of the peak widths, thus improving resolution. Very heavy ions do get 

there eventually, but detection is inefficient, and sometimes, this region of the spectrum is 

not acquired. 
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Figure 1.14: A schematic design of the ToF analyser. Voltage is applied on the ion pusher so the ions 
can be forced to travel in an orthogonal direction into a field-free region. High energy ions (red) travel 
faster and penetrate further into the reflectron than low energy ions (orange). m/z ratios are 
determined by the time the ions reach the detector.  

1.5.1.1.4  Data acquisition 

In a Q-ToF system, data can be acquired in two different modes: either analysis of ions after 

an ionisation event in full mass scan mode (MS1) or fragmenting and analysing the daughter 

ions (MS2), also known as tandem mass spectrometry (MS/MS). MS/MS is a mass 

spectrometry method that is mostly used post single MS1 full mass scan mode. It aims to 

identify a particular compound or help assign a specific molecule to a certain mass peak with 

high specificity, thereby adding an additional dimension of molecular information to the 

single MS1 full mass scan mode 136.   

Producing fragments in MS/MS mode using a Xevo G2-XS mass spectrometer (Waters, UK) 

can be performed by utilising high energy collision gas such as argon or helium, a method 

known as collision-induced dissociation (CID). CID is carried out in a collision cell, in which an 

ion of interest is bombarded by the high energy gas, creating a collision between the neutral 

gas molecules and the intact molecular species 137
'
132. This collision of molecules results in an 

increase in internal energy, subsequently causing chemical bond breakages and ion 

fragmentations. 



52 
 

1.5.1.1.5  Data visualisation and processing  

MSI generates large and complex datasets so in order to interpret adequately, different 

statistical approaches can be employed. One method of visualising the MSI datasets is by 

using a spatial segmentation tool such as the bisecting k-mean that is available on SciLS lab 

software (Bruker, Germany). This segmentation tool provides a quick first step in order to 

highlight statistically relevant similarities and differences between spectra across the entire 

tissue section. By using the bisecting k-means segmentation, the generated ion images can 

be divided into clusters and subclusters, in which areas with similar biochemical signatures 

are grouped together. These clusters can then be visualised with a colour map (Figure 1.15).  

With the histologically-stained microscopy data aligned to the MSI dataset, these clusters 

inform on the molecular nature of the tissue and can be used to generate regions of interest 

(ROI) that would go undetected with microscopy alone. 

 

Figure 1.15: A representative bisecting k-mean segmentation map of the DESI-MSI data on human 
CRC tissue. The bisecting k-mean segmentation split the tissue according to statistically relevant 
similarities and differences between histological regions. The histological regions are the cancerous 
(blue) and non-cancerous regions (yellow). The background region is highlighted in red.  

Another statistical approach used on DESI-MSI datasets is the receiver operator 

characteristics (ROC) curve analysis. This analysis can be applied after the bisecting k-means 

segmentation and helps find ions that are dominantly present in a specific cluster on a tissue. 

For example, if a comparison was made between cluster 1 (cancerous region) vs cluster 2 

(non-cancerous region), any value of 0.8 and above represented a high abundance of the 
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selected ions predominantly in the cancerous while a value of 0.2 and below, representing a 

high abundance of the selected ions in the non-cancerous region of the tissues. For each 

selected ion, the ROC analysis results in a curve plotting the true positive rate (sensitivity) 

against the false positive rate (specificity). In addition, the area under the curve (AUC) is 

displayed, representing a discriminative value for each selected m/z corresponding to a 

specific region in the tissues (Figure 1.16). The values of the AUC range between 0 and 1, with 

an AUC value of 0.5 and above being considered significantly abundant in the cancerous 

region of the tissues 138.  

 

Figure 1.16: A representative example of a ROC plot for m/z 766.53. X-axis represents the false 
positive rate and the y-axis the true positive rate.  

Many component analyses can be used on the MSI datasets, including principal component 

analysis (PCA) and probabilistic latent semantic analysis (pLSA). PLSA is an alternative tool to 

the widely used PCA analysis, as it overcomes its disadvantages, in which scores and loadings 

include negative counts. This implies that PCA cannot recover the true mass spectra of the 

tissue components 139. Furthermore, unlike PCA, with the pLSA analysis, the data can be 

visualised as colour maps, clustering regions with similar molecular properties with the same 

colour code.  All these above listed advantages make pLSA an attractive tool to use on the 

MSI datasets, and therefore pLSA will be utilised throughout this thesis.  
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1.6    Aims and objectives 

This research project hypothesised that the ex vivo analytical technique, DESI-MSI, would be 

an excellent tool to resolve spatial heterogeneity in the CRC lipidome, revealing changes 

within the TME that relate to tumour progression and therapy response. In order to test this 

hypothesis, specific aims were designed: 

Aim 1: To investigate lipidomic and metabolic alterations in HCT-116 CRC xenografts and 

relate those changes to the hypoxic TME and chemotherapeutic drug resistance.  

Aims 2:  To find lipidomic and metabolic changes in human primary CRC biopsies at different 

clinical stages (stage II-VI) as well as between their matched normal colorectal biopsies.  

Aim 3: To determine a link between lipidomic and metabolic changes and the immune TME 

using primary human CRC and CRPM biopsies. 

Like many tumours, CRC adapts their lipid and energy metabolism to promote its fast and 

uncontrolled proliferation and differentiation. However, given the complexity of lipids and 

the heterogeneous nature of CRC, the exact mechanism of how lipid metabolism contributes 

to cell transformation and tumour progression within the TME is still under investigation and 

remains an open question. By addressing our aims, we provide evidence and characterise the 

de novo FA synthesis and dietary FA uptake and consumption via the β-oxidation pathway in 

CRC pre-clinical models, which could also be translated into clinical settings. This work 

contributes to the understanding of CRC progression and improves CRC management.  

Utilising the high spatial resolution and untargeted analysis of lipids using DESI-MSI on HCT-

116 xenografts treated with two chemotherapeutic drug regimens will provide a deeper 

insight into lipidomic changes linked to the hypoxic TME and treatment response. Profiling 

hypoxic cells will be achieved using IF staining. Furthermore, using the Seahorse analyser, the 

link between tumour hypoxia and OCR modification as well as the shift to oxidative 

metabolism will be established. 

Translating our pre-clinical findings into clinical biopsies will highlight the potential of using 

DESI-MSI as a prognostic and diagnostic tool in the clinical setting. The technique will facilitate 

the discovery of lipidomic and metabolic signatures that can vary between clinical stages as 
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well as between normal colorectal biopsies. Using multivariate analysis will help validate our 

findings statistically.  

Finally, lipidomic signatures will also be explored using human CRPM biopsies to improve our 

understanding of CRPM pathophysiology, specifically in regard` to its immune 

microenvironment, which is known to promote tumour progression by regulating the activity 

of immune cells to secrete cytokines and other signalling molecules and by changing their 

energy metabolism to support their activities. This will be investigated using the gene 

expression analysis technique NanoString nCounter to complement the lipidomic and 

metabolic analysis using DESI-MSI.  
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Abstract  

Background: Hypoxia, a feature of most solid tumours, including colorectal cancer (CRC), is a 

major contributor to the pathophysiological heterogeneity within the tumour 

microenvironment (TME). It is known to trigger a cascade of events, cellular adaptions, and 

signalling pathway stimulations that can promote tumour survival, proliferation, and 

resistance to treatment. Alteration in cellular metabolism, particularly lipid and energy 

metabolism, is considered a critical adaptive mechanism in hypoxic tumours. Studies have 

demonstrated increased lipid and fatty acid (FA) synthesis in cancer cells, but whether the 

hypoxic TME influences this cellular adaption event is still unknown. This pilot study sought 

to investigate lipidomic alterations in CRC xenografts, aiming to relate those alterations to the 

hypoxic TME and chemotherapeutic drug treatments using the ambient desorption 

electrospray ionisation mass spectrometry imaging (DESI-MSI) technique in combination with 

histology and the Seahorse XF analyser, for morphological differences and oxygen 

consumption rate (OCR) measurements, respectively. In addition, we aimed to investigate 

lipid species associated with the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3-K) 

pathway, a common driver in CRC and a characteristic of HCT-116 cells. Understanding the 

molecular events that can drive tumour progression and response to treatment will help 

improve CRC management and personalised medicine.  
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Methods: Immunodeficient mouse model was subcutaneously (sc) implanted with the 

advanced-stage colorectal adenocarcinoma cell line, HCT-116. Two chemotherapeutic drug 

agents used to treat advanced CRCs, 5-fluorouracil (5-FU) and oxaliplatin, were administered 

to the mice alone or in combination. Harvested xenografts were sectioned and stained with 

Ki67 and pimonidazole to determine the degree of proliferation and hypoxia, respectively. 

Furthermore, OCR was measured using the Seahorse XF analyser. Finally, lipidomic changes 

were determined using DESI-MSI in conjunction with haematoxylin and eosin (H&E) staining.  

Results: Chemotherapeutic treatments showed no significant effect on tumour volume. 

Furthermore, the different treatment groups observed no significant differences in hypoxia, 

proliferation, and necrosis. The OCR was significantly reduced in the oxaliplatin and the 5-FU 

+ oxaliplatin treatment groups compared to the 5-FU only treatment, implying altered 

mitochondrial function. DESI-MSI analysis revealed phosphatidylinositol (PI), FA and 

acylcarnitine species, indicating PI3-K activation and FA uptake and consumption in our 

tumour model.  

Conclusions: Our data demonstrate the benefit of using histology and Seahorse analysis in 

conjunction with DESI-MSI to expand our understanding of lipidomic and metabolic 

alterations in advanced-stage CRC and provide evidence that the hypoxic TME influences the 

energy and lipidomic events and resistance to chemotherapeutic treatments in our CRC 

xenograft model. 

2.1   Introduction  

Globally, colorectal cancer (CRC) is among the leading causes of cancer-related deaths. It is a 

high-incidence disease, now accounting for approximately 10 % of cancer-related mortalities 

1. Surgical resection is often considered the first-line treatment for early-stage CRC patients. 

However, advanced-stage CRC patients often receive cytotoxic chemotherapies as a second-

line treatment 2-4. One well-established chemotherapeutic regimen consists of the 

fluorouracil-based chemotherapeutic compound 5-Fluorouacil (5-FU) and the platinum-based 

chemotherapeutic drug oxaliplatin. Several clinical trials have demonstrated the beneficial 

effect of administrating 5-FU in conjunction with oxaliplatin in patients with advanced CRC 

2,5,6. One of the significant rationales behind combining the two drugs relies on the fact that 

around 80 % of 5-FU, when administered alone, degrades in the liver by the enzyme 
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dihydropyrimidine dehydrogenase, which upon oxaliplatin administration, can be inhibited or 

downregulated and thus inhibiting or slowing down 5-FU catabolism 7,8.  Nevertheless, one of 

the main challenges encountered in the clinical practice is the treatment response variation 

from patient to patient and chemo-resistance development. Thus, improving our 

understanding of the biological and molecular drivers contributing to therapeutic resistance 

and CRC progression will improve CRC management and, consequently, patients’ survival 

rate.  

Treatment resistance and tumour progression can be promoted by the components of the 

tumour microenvironment (TME). Hypoxia, a feature of most solid tumours, including CRC, is 

an integral characteristic of the TME and the main contributor to tumour heterogeneity 9. It 

occurs due to an abnormal cell division rate, which demands an increase in oxygen and 

nutrition supply. However, the fast proliferation rate in cancer cells “outstrips” the blood 

supply, resulting in decreased oxygen levels and nutrition. The imbalance of oxygen 

consumption and delivery that is then created within the TME results in hypoxia. Hypoxia is 

known to induce a number of events within the TME, including the induction of pro-

tumorigenic pathways and alterations in glucose metabolism, all of which can promote 

tumour development and progression as well as contribute to tumour aggressiveness and 

resistance to treatment 10-12,13. Given this significant impact, reducing hypoxia in tumours and 

bringing back the balance between oxygen demand and supply is essential. This can be 

achieved by reducing the oxygen consumption rate (OCR) through the inhibition of the 

mitochondrial function, which is responsible for the majority of oxygen uptake in the cell 14.  

Due to the lack of oxygen availability, hypoxic tumours adapt their metabolism, including their 

energy and lipid metabolism, to generate energy and promote survival 15. Many cancers, 

including CRC, change their metabolism by promoting the shift from the oxygen-dependent 

oxidative phosphorylation (OXPHOS) pathway to the less efficient but faster in energy 

production glycolytic pathway 9,10. However, recently, a shift to fatty acid oxidation (FAO) via 

the β-oxidation pathway is thought to be the major metabolic adaption and the preferred 

energy source in cancer cells, especially when glucose and nutritional availability are scarce 

16. This highly efficient pathway occurs in the mitochondrial membrane and involves a 

multistep process for the long-chain FA (LCFA) to undergo β-oxidation 16. Once the LCFA enter 

the cytosol, they are immediately converted into acyl-CoA. Because the mitochondrial 
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membrane is impermeable to acyl-CoA, acyl-CoA must be first converted into acylcarnitine by 

carnitine palmityl transferase-1 (CPT-1). Once in the mitochondrial membrane, acylcarnitines 

are converted back by palmityl transferase-2 (CPT-2) into their CoA esters to undergo β-

oxidation. Here, acyl-CoA undergoes a step-wise degradation into acetyl-CoA units, producing 

NADH and FADH2, generating energy molecules 17.  

Genetic mutations and oncogenic pathways are important mediators of metabolic adaptions 

in cancer cells 18. Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3-K)/protein kinase B 

(Akt) pathway is amongst the most common pathways upregulated in cancers, including CRC 

19. PI3-K belongs to a large family of lipid enzymes able to convert phosphatidylinositol (4,5)-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3) 20. PIP3 mediates the 

activation and recruitment of AKT to the cell surface, a pathway responsible for cancer 

survival and progression 20. Under hypoxic conditions, PI3-K have been shown to promote the 

anaerobic shift to glycolysis 8. However, whether PI3-K signalling promotes the shift to FAO in 

the hypoxic TME is still unknown. Detecting and visualising this shift spatially in a multimodal 

fashion within a single experiment will give a more profound, comprehensive analysis of the 

crosstalk that exists between the lipidomic and metabolic alterations and the hypoxic CRC 

TME. A well-suited analytical ex vivo technique that has emerged as a promising approach for 

the spatial detection of lipids and phenotype-dependent mass spectrometric signatures is the 

mass spectrometry imaging technique desorption electrospray ionisation mass spectrometry 

imaging (DESI-MSI). DESI-MSI is an ambient, non-destructive ex vivo technique that uses 

charged solvent droplets to desorb and ionise the tissue section with no to little sample 

preparation 21. It holds a unique advantage over other MSI techniques in that it is non-

destructive and does not cause any tissue damage or morphological changes on the tissue 

section, making it an attractive method to use in clinical settings 22-32.  

Pre-clinical CRC models that reflect CRC in clinical settings provide a three-dimensional (3-D), 

native-like condition for studying the TME and the factors contributing to CRC progression 

and resistance to therapy. In this study, the advanced-staged, patient-derived 

adenocarcinoma cell line, HCT-116, was used in immunodeficient mice. This cell line is not 

only characterised by harbouring a PI3-K mutation but also, as seen in previous studies, the 

HCT-116 cells were shown to resist several chemotherapeutic drug treatments in vitro under 

a hypoxic microenvironment 33,34. Here, using HCT-116 xenografts, we aimed to investigate 
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the impact of the hypoxic TME on energy and lipid alterations, aiming to relate those changes 

to the chemotherapeutic drug treatments of oxaliplatin and 5-FU. Furthermore, we aimed to 

find lipid species associated with the PI3-K pathway. This investigation was done 

multimodally, integrating histological staining, Seahorse XF analyser and DESI-MSI to highlight 

morphological changes, changes in oxygen consumption, and lipidomic adaptions, 

respectively. The pilot study provided a more profound understanding of metabolic 

reprogramming in hypoxic CRC xenografts, factors that may play a significant role in tumour 

progression and resistance to chemotherapeutic treatment, specifically in advanced-stage 

CRC.  

2.2   Materials and Methods 

2.2.1   Chemicals 

All solvents, drugs and cell culture media, unless stated, were purchased from Sigma-Aldrich 

(UK).   

2.2.2   Cell line  

The cell line used for this study was the human primary colorectal adenocarcinoma cell line 

HCT-116 (ATCC), which was initiated originally from an adult male suffering from a late stage 

CRC disease development (consensus molecular subtype 4). Since this cell line maintains 

malignant and tumorigenic properties, it presents an ideal model for in vitro and in vivo 

studies. 

HCT-116 cells grow readily in vitro with a doubling time of about 18 hours. They also adhere 

to epithelial morphology and can metastasise post-implantation in athymic nude mice into 

various organs, including the liver, lung, and peritoneal cavity 35,36. HCT-116 cells harbour a 

PI3-K mutation 37. Furthermore, previous studies show that HCT-116 cells resist multiple 

chemotherapeutic compounds under hypoxic conditions 33. Overall, the HCT-116 cell line has 

proven to be an ideal model for studying the hypoxic TME and assessing the factors 

contributing to chemo-resistance in advanced-stage CRC.  
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2.2.2.1   Cell culture  

HCT-116 was cultured in complete medium containing Roswell Park Memorial Institute 

(RPMI) 1640 medium (Gibco - Thermo Fischer) supplemented with 10 % fetal bovine serum 

(FBS) (GIBCO, UK). Cells were grown in tissue culture flasks (Falcon, UK) and incubated at 37 

°C under 5 % CO2 until reaching a confluency of 70-80 %. Following this, the old media was 

removed, cells were washed with phosphate buffered saline (PBS) and finally trypsinised 

using trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA). After cell detachment to the 

tissue culture flask, fresh complete medium was added, and the cell number was determined 

using a TC20 automated cell counter (Bio-Rad, UK).  

2.2.3   In vivo study 

Animal experiments were performed following in accordance with the Scientific Procedures 

Act 1986 and UKCCCR Guidelines 2010 (7) by approved protocols following institutional 

guidelines (Home Office Project License 70-7760 held by Professor K.J.Williams). All animals 

were housed at the University of Manchester animal care facility, biological service facility. 

HCT-116 human CRC cells were implanted subcutaneously (sc) (0.1 ml of a 5×107/ml stock in 

saline) into the back of sixteen 13-19 weeks old female athymic nude mice (CBA nu/nu). 

Following implantation, mice weights and tumour volumes were measured. Using a caliper, 

tumour volumes were taken 3-4 times a week and measured as follows: 

Tumour volume =
Tumour length x tumour width x tumour height

2
 

2.2.3.1   In vivo drug scheduling 

Oxaliplatin and 5-FU were dissolved in saline and were administered intraperitoneally (ip) at 

0.1 ml/10 g body weight. The dosage of 5-FU and oxaliplatin treatment was decided based on 

other published in vivo studies 38. When tumour size reached around 150-200 mm3, mice were 

randomised into four different groups (Figure 2.1). For each treatment group, four mice were 

used to allow for biological replicates; one group was treated with just a vehicle (the control 

group); the second one was treated with 15 mg/kg 5-FU for 7 days with 2 days off after the 

5th treatment round; the third group received 2 mg/kg oxaliplatin once a week for two weeks; 
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group 4 received a combination of 2 mg/kg oxaliplatin, administered once per week for two 

weeks in a combination of 15 mg/kg 5-FU administered for 7 days with 2 days off after the 5th 

treatment round. Two hours prior to harvest, mice from all four groups received 60 mg/kg 

pimonidazole. Following sacrifice, tumours were harvested and bisected. One half of the 

tumour was snap frozen in liquid nitrogen before storage at -80 °C, and the other half was 

used for the Seahorse XF cell mitochondrial stress test assay.  

 

Figure 2.1: In vivo treatment plan with 5-FU and oxaliplatin. 

2.2.4   Seahorse XF assay 

Seahorse XF analyser was used in order to address whether the treatment with 5-FU and 

oxaliplatin alone or in combination affect the OCR and hence metabolic phenotype of the 

xenografts in real-time. The Seahorse workflow can generally be divided into three different 

stages: One day prior to xenograft harvest, the day of the assay, and after the assay. A detailed 

schematic can be found in Supplementary Figure 2.1. 

One day before the XF cell mitochondrial stress test assay, Seahorse XFe96 Spheroid 

Microplate (Agilent Technologies, UK) was coated with 50 μl/well rat collagen I in 0.2 % acetic 
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acid and placed overnight at 4 °C. Additionally, the sensor cartridge was hydrated using 

Seahorse XF Calibrant (Agilent Technologies, UK) and incubated overnight in a non-CO2 

incubator at 37 °C.   

On the day of the assay, freshly harvested xenografts were rapidly immersed in ice-cold krebs-

henseleit buffer (pH 7.4) containing 12 mM D-glucose, 2 mM L-glutamine, 1 mM sodium 

pyruvate, 2 mM sodium citrate, 25 mM PIPES, 25 mM HEPES, 0.14 g/l magnesium sulfate, 

0.16 g/l potassium phosphate monobasic, 0.35 g/l potassium chloride, 6.9 g/l sodium 

chloride, 0.37 g/l calcium chloride dehydrate, and 2.1 g/l sodium bicarbonate. Samples were 

then prepared for sectioning. Here, samples were attached to the base plate of a vibratome 

(LEICA VT1200S) using cyanoacrylate adhesives (Permabond, UK). Once fixed to the vibratome 

base, the samples were covered in ice-cold KHB buffer, and the stage surroundings were 

packed with ice. The settings on the vibratome were as follows: 500 µm slice thickness, 2 mm 

amplitude, and 0.7 mm/s speed.  

Once the 500 µm thick xenograft slice was sectioned, xenograft biopsies were generated 

across the entire tissue section using a 1 mm biopsy punch (Kai Europe GmbH, Germany) and 

immediately placed into the Seahorse XFe96 Spheroid Microplate. In total, six xenograft 

biopsies were generated from each of the 16 implanted mice to allow for technical repeats. 

Prior to biopsy transfer, 60 µl Seahorse XF base media supplemented with 10 mM D-glucose, 

1 mM sodium pyruvate, and 2 mM L-glutamine replaced the coating on the Seahorse XFe96 

Spheroid Microplate. Real-time metabolic measurements were taken using Agilent Seahorse 

XFe96 Analyser (Agilent Technologies, UK) and were performed according to the 

manufacturer’s protocol. Seahorse analysis was performed using Wave software (Agilent 

Technologies, UK), and data were plotted using GraphPad Prism (USA). 

Following real-time metabolic measurements, xenograft biopsies were fixed in formalin and 

incubated at room temperature (RT) overnight. Following this, formalin was removed, 

replaced by 70 % ethanol and incubated at RT overnight. The next day, 70 % ethanol was 

replaced by 15 % sucrose. This was left for 6 hours before replacing the 15 % sucrose with 30 

% sucrose. After overnight incubation, xenograft biopsies were embedded in Optimal Cutting 

Temperature (OCT) and placed in a -80 °C freezer until use. 



73 
 

2.2.5   DESI-MSI 

The other half of the remaining xenografts were sectioned into 12 μm thick sections and 

transferred onto a microscopic glass slide (Thermo Scientific, USA). Imaging experiments were 

carried out on Xevo G2-XS Q-ToF (Waters Corporation, UK) with a pixel dimension of 50 x 50 

µm, over a mass range of  50-1200 Da and at 5 scans/second. Using a syringe pump (Harvard 

Apparatus, USA), 98:2 methanol: water solvent at 1.5-2 µL/min flow rate sprayed for 

ionisation. All spectra were acquired in sensitivity mode. DESI-MSI instrument was operated 

using the parameters listed in Table 2.1. 

Table 2.1: List of the optimised DESI source parameters. 

DESI source parameters Values 

Inlet temperature 450 °C 

Source temperature 100 °C 

Spray tip-to-sample surface 2-3 mm 

Sprayer-to-heated capillary inlet 8-10 mm 

Sprayer impact angle 80 ° 

Collection capillary angle 5 ° 

Capillary voltage 0.8 kV- 1 kV 

2.2.5.1   Data analysis 

Two software packages were used for the DESI-MSI data; one for spectral visualisation and 

extraction, MassLynx v4.1 software (Waters, UK) and one for data analysis, SciLS lab software 

(Version 2021c, Bruker, Germany). First, the raw DESI-MSI data files were directly converted 

to SciLS lab SLX files. Once converted, regions of interest (ROIs) were selected from the entire 

sections, and their spectra were normalised to total ion current (TIC). Following this, bisecting 

k-means segmentation was applied. The resulting classes were able to be saved as regions of 

interest (ROIs) based on spectral difference. The different ROIs identified were either tumour 

regions or necrotic regions. Following this, discriminative m/z values from the identified 
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regions could be determined using the receiver operator characteristics (ROC) analysis. Here, 

a comparison between the tumour region (class 1) vs the necrotic region (class 2) was used. 

Values above 0.8 were considered to be discriminative values for the tumour region. Lipids 

were tentatively assigned using LIPID MAPS (https://www.lipidmaps.org/). 

2.2.6   Histology 

2.2.6.1   Haematoxylin and Eosin staining  

Haematoxylin and Eosin (H&E) staining was carried out on 12 μm thick adjacent sections. 

Slides with mounted tissue sections were immersed in two different ethanol concentrations 

for 30 seconds each; 95 % ethanol and 70 % ethanol. Sections were then immersed in distilled 

water for another 30 seconds, followed by 4 minutes in 0.1 % haematoxylin. Slides were then 

rinsed with running tap water for 5 minutes. The slides were then immersed in 70 % and 95 

% ethanol for 30 seconds each before 0.5 % eosin for 40 seconds. Slides were then immersed 

in 95 % ethanol and 100 % ethanol for 30 seconds each, followed by immersion in xylene for 

2 minutes. Tissue sections were then mounted using Organo/Limonene Mount™, covered 

with a glass cover slip and kept to dry at RT for several hours. Images were acquired on a 3D-

Histech Pannoramic-250 microscope slide-scanner using a [20x/ 0.30 Plan Achromat] 

objective (Zeiss, Germany) and analysed using CaseViewer software (3D-Histech, Hungary). 

QuPath (UK) software was used to annotate the different histological regions.  

2.2.6.2   Immunohistochemical evaluation of the xenograft biopsies 

The viability of the xenograft biopsies was quantified using a semi-quantitative scoring 

system. The scoring system ranged from 3.5 (high proportion of viable tissue) to 0.5 (high 

proportion of necrotic tissue). This evaluation was performed by myself and one additional 

blinded independent researcher. Each person’s results were compared, and the final score 

was determined. This was then plotted using GraphPad Prism (USA). Statistical comparison 

between the different groups was carried out using one-way ANOVA. P-values of p< 0.05, **< 

0.01, ***< 0.001, and ****< 0.0001 were considered statistically significant. Blank indicates 

no significance. Error bars represent the standard error of the mean (SEM). 



75 
 

2.2.6.3   Immunofluorescence staining 

12 μm thick xenograft sections were used for the immunofluorescence staining. Sections 

were first fixed in ice-cold acetone for 10 minutes. After allowing it to air-dry, a blocking agent 

containing 10 % normal goat serum in PBST ( 0.1 % tween in PBS) was added and incubated 

for 15 minutes at room temperature. The blocking agent was then removed, and primary 

antibodies diluted in blocking agents were added and incubated overnight at 4 °C (Table 2.2). 

Next, the primary antibody was removed by washing the slides 3 times for 5 minutes in PBS. 

Secondary antibodies diluted in the blocking agent were then added and incubated at room 

temperature for one hour in the dark (Table 2.3). The secondary antibody was removed, and 

the slides were washed 3 times for 5 minutes in PBS. Slides were mounted in DAKO 

fluorescent mounting media and stored at 4 ˚C until imaged. Images were acquired using a 

[20x/0.80 Plan Apo] objective using the 3D Histech Pannoramic 250 Flash II slide scanner. 

Table 2.2: List of primary antibodies. 

Antibody name Species Supplier Dilution 

Pimonidazole Mouse Hypoxyprobe 1:50 

Ki67 Rabbit Abcam 1:500 

 
Table 2.3: List of secondary antibodies. 

Antibody name Supplier Dilution 

FITC goat anti-mouse ThermoFisher 

Scientific 

1:500 

Alexa Fluor 594 goat 

anti-rabbit 

ThermoFisher 

Scientific 

1:500 

 

2.2.6.3.1    Quantification of immunofluorescence staining 

Quantification of Ki67 and pimonidazole was carried out using ImageJ software (USA). For the 

Ki67 staining, the mean fluorescence intensity was calculated by choosing five different 
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regions within the tissue and subtracting the mean intensity of these regions from the 

background.  

The quantification of pimonidazole involved the measurement of the percentage hypoxic 

fraction. Here, the images were first converted to 8-bit greyscale images. Following this, a 

default threshold was applied using H&E stained sections as a guide for the histological areas. 

The threshold levels of the pimonidazole stained sections were then set and the percentage 

hypoxic fraction was calculated for the whole tumour area.  

Data were plotted using GraphPad Prism (USA) and one-way ANOVA was used as the tool to 

determine statistical differences between the treatment groups. Statistical significance was 

accepted at p< 0.05, **< 0.01, ***< 0.001, and ****< 0.0001. Blank indicates no significance. 

Error bars represent SEM. 

2.3    Results and discussion 

2.3.1   Profiling of hypoxia and proliferation in HCT-116 xenografts 

show no differences in hypoxic fractions and proliferative cells in 

control and the 5-FU and oxaliplatin treated groups 

Previous studies have demonstrated how tumour hypoxia causes chemo-resistance; thus, we 

aimed to investigate this on the response to the two well-established chemotherapies used 

in the clinic for treating patients with advanced-stage CRC, 5-FU and oxaliplatin. In order to 

study this effect, the HCT-116 cell line, which originated from a colorectal adenocarcinoma 

patient in advanced-stage disease development, was used. In previous studies, the HCT-116 

cell line was shown in vitro to resist oxaliplatin and 5-FU treatment under hypoxic conditions, 

making it an ideal cell line to use in order to understand the factors contributing to 5-FU and 

oxaliplatin resistance. To translate this in an in vivo model, HCT-116 cells were subcutaneously 

implanted in the back of CBA nude mice and treated with either vehicle, 15 mg/kg 5-FU, 2 

mg/kg oxaliplatin or a combination of 15 mg/kg 5-FU and 2 mg/kg oxaliplatin as described in 

the treatment schedule in Figure 2.1. Results in Figure 2.2 show no reduction in tumour 

growth between all the different treatment groups suggesting no response to treatment. 

Furthermore, no evident weight loss was observed in all the treatment groups suggesting no 

toxicity (Supplementary Figure 2.2).  
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Figure 2.2: 5-FU and oxaliplatin treatment alone and in combination did not inhibit HCT-116 tumour 
growth in vivo. HCT-116 cells were injected subcutaneously into the back of CBA nude mice. Once 
average tumour size reached 200-250 mm3, mice were randomised into four different groups and 
treated as indicated with either control (vehicle), 15 mg/kg 5-FU, 2 mg/kg oxaliplatin, or a combination 
of 15 mg/kg 5-FU and 2 mg/kg oxaliplatin. Tumour volumes were calculated from caliper 
measurements taken over the course of treatment. Each line on the graphs represents the tumour 
volume for each mouse within the group (n=4/ treatment group).  

Immunofluorescence staining using the markers pimonidazole and Ki67 was performed and 

quantified to assess whether the observed no reduction in tumour xenograft growth is 

associated with hypoxia and proliferation, respectively. Furthermore, to accurately map the 

pimonidazole and Ki67 positive regions with the morphological and structural regions within 

the tissue xenografts, H&E staining was performed on the same sections post-

immunofluorescence staining. Representative images of the immunofluorescence staining 

and the H&E staining for each treatment group can be seen in Figure 2.3A. 
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The quantification of pimonidazole and Ki67 staining and assessing the necrotic fractions was 

carried out using ImageJ. A set threshold level, guided by the H&E staining, was applied for 

the pimonidazole quantification. Following this, the hypoxic fraction was calculated for all the 

used xenografts (n=4/treatment group) as a percentage of the whole sample area. For the 

Ki67 quantification, five regions of interest were selected across the whole viable tissue 

section, in which the mean intensity of those regions was subtracted by the background. The 

results of the staining quantification were plotted as mean ± SEM.  

H&E staining revealed two different histological regions within the xenografts, a tumour 

region (within the black boundaries) and a necrotic region (outside the black boundaries) 

(Figure 2.3A). From the images in Figure 2.3A, it was observed that the hypoxic fraction was 

localised at the viable tumour regions bordering necrosis, while the proliferating cells, as 

determined by the Ki67 staining, clustered mainly within the viable tumour regions. 

Furthermore, some co-localisations of Ki67 and pimonidazole were observed towards the 

edge of those viable tumour regions. Regardless of the treatment, histological analysis of all 

the xenografts showed no statistically significant difference in hypoxia, proliferation, and 

necrosis (Figure 2.3B). Nevertheless, some differences have been seen between the 

treatments regarding hypoxia. In the control group, only 4 % of all viable tumour cells were 

hypoxic. In comparison to the control group, 5-FU treatment showed a decrease in the 

hypoxic fraction by 20 %, whereas an increase of 70 % was observed in tumours treated with 

oxaliplatin alone and a slight increase of 12 % when given a combination treatment with 5-FU 

+ oxaliplatin.  
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Figure 2.3: 5-FU and oxaliplatin treatment administered alone or in combination did not affect the 
level of hypoxia, necrosis, and proliferation in HCT-116 xenografts. Staining was performed on HCT-
116 xenografts, treated with vehicle (control), 5-FU, oxaliplatin, and 5-FU + oxaliplatin using 12 μm 
tissue sections. (A) Representative immunofluorescence images of pimonidazole and Ki67 to assess 
and localise hypoxic (in green) and proliferating cells (in red), respectively, alongside H&E staining. H 
&E staining revealed two different morphological regions within the xenografts; the tumour regions 
(T, within the black boundaries) and the necrotic regions (N, outside the black boundaries). (B) Graphs 
showing the quantification of pimonidazole, necrosis, and proliferation of all the treatment groups, 
represented as mean ± SEM (n=4/ treatment group). 

In vivo models derived from human cancer cells represent a robust method for understanding 

tumour biology and investigating the response to treatment. The HCT-116 cells, like many 

other human-derived cell lines, have been shown to maintain their malignant and tumorigenic 

properties and grow post-implantation in vivo in immunocompromised mice, such as the 

athymic CBA nude mice (nu/nu), characterised by T-cell deficiency. While this characteristic 

enabled the development of the tumour post-implantation, it offered a significant 

disadvantage as no immunological effect could be studied in our experiment.  



80 
 

Several routes exist for xenograft model development, including the subcutaneous and the 

orthotropic implantation routes. In our experiment, subcutaneous implantation was chosen 

over orthotropic implantation because it required no surgical procedure, and tumour 

accessibility was easy; thus, tumour measurements with the caliper were possible. The latter 

is particularly important in our study because of the correlation that exists between tumour 

hypoxia and tumour size, as shown in the study by Li et al. 39. In their study, they showed that 

tumour sizes that range between 1-4 mm in diameter were well perfused, vascular dense, 

and less hypoxic than tumours that exceed this range. This was not supported in our study, 

as no significant difference in the level of hypoxia was seen, even in mice displaying tumours 

over 4 mm in diameter. Whether differences in the vasculature network existed between 

those xenografts is to be determined in future experiments using the vasculature marker 

CD31.  

5-FU and oxaliplatin are two commonly used chemotherapeutic drugs to treat patients with 

advanced-stage CRC 8. Following administration in CRC patients, more than 80 % of 5-FU 

degrades in the liver by dihydropyrimidine dehydrogenase 7. This effect might be inhibited 

when combined with oxaliplatin, as demonstrated in vitro by Fischel et al. 8. They showed that 

under normal conditions, the combination treatment with 5-FU and oxaliplatin affects the cell 

cycle by causing accumulation of the cells in the S-phase, which slows down the cell 

proliferation rate. However, under hypoxic conditions, cells have been shown to resist the 

treatments with 5-FU and oxaliplatin 33,40. Hypoxia-induced treatment resistance to 5-FU was 

shown by Li et al. to be promoted by inhibiting the pathways involved in the drugs’ mechanism 

of action, such as the inhibition of the enzyme thymidylate synthase (TS) and consequently 

inhibiting DNA replication. Furthermore, hypoxia causes a reduction of pro-apoptotic factors 

in addition to causing DNA strand breaks and S-phase arrest 40. The hypoxia-induced 

treatment resistance to oxaliplatin, however, has been shown to be associated with hypoxia-

inducible factor-1 (HIF-1), which regulates genes involved in angiogenesis, glycolysis and pH 

regulation 33. In vivo, the cytotoxic effect of 5-FU and oxaliplatin under hypoxic TME is not 

fully understood. In an in vivo study by Crawford et al. using HCT-116 xenografts treated with 

5-FU and oxaliplatin, a decrease in tumour volume appeared to be time-dependent. In their 

study, a significant decrease in tumour volume was seen just after around two weeks of 

treatment with 5-FU in combination with oxaliplatin compared to the control 38. This might 
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offer a potential explanation for why, in our study, even when using the same drug dosing as 

in Crawford et al. paper, no tumour volume reduction post-treatment with 5-FU and 

oxaliplatin and no increase in tumour necrosis was observed, as all mice in our study were 

sacrificed nine days post-treatment.  

To ensure drug penetration at the given dose and cytotoxic effects in the tumour xenografts, 

laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was performed to 

localise platinum isotopes in the tissue xenografts (Supplementary Figure 2.3). Platinum 

adducts were present in the oxaliplatin and the combination group with 5-FU compared to 

the control, confirming the oxaliplatin penetration into the tumours. While platinum 

distribution in tissue using LA-ICP-MS was done in multiple studies, this technique was not 

shown to be suitable for detecting the fluorine element in the 5-FU drug 41-43. This was due to 

the high ionisation potential of fluorine, making ionisation yields very low in the plasma 38,41-

43.  

Tumour hypoxia plays a significant role in tumour progression as it is associated with tumour 

aggressiveness, metastasis, and resistance to treatment. HCT-116 cells are known to 

metastasise post-implantation, and while this was not explored in our pre-clinical experiment, 

it was certainly expected 36. Whether the metastasis is supported by the hypoxic TME could 

be explored using histological staining or clonogenic assays.  

In our experiments, we focused on the relationship between hypoxia and proliferation. While 

hypoxia can drive reduced proliferation 44, proliferative cells in our experiment, as measured 

by the Ki67 marker, were observed. Interestingly, some of those proliferating cells were seen 

to co-localise with the hypoxic cells. Several studies have shown how the co-localisation of 

proliferation markers with pimonidazole may indicate tumour aggressiveness and resistance 

to therapy 45,46, supporting our findings as to why no reduction in tumour volume was 

observed in post-treatment. Nevertheless, to further confirm this, future studies will include 

the use of the proliferation marker 5-bromo-2′-deoxyuridine (BrdU). Although Ki67 is a 

routinely used cell proliferation marker, the Ki67 protein is known to be expressed in all cell 

cycle phases, unlike BrdU, which specifically targets cells in the S-phase 47,48. Because 5-FU 

and oxaliplatin cause the accumulation of cells in the S-phase, BrdU might be a more suitable 

proliferation marker to use for this experiment.  
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2.3.2  Oxaliplatin treatment alone or in combination with 5-FU 

reduces the oxygen consumption rate in HCT-116 CRC xenografts 

We have demonstrated regions of hypoxia in our HCT-116 xenografts model, which 

consequently might have led to treatment resistance. Previous studies have shown that 

modifying the OCR of tumour cells alleviates tumour hypoxia and subsequently helps 

minimise hypoxia-induced tumour chemo-resistance 49. Thus in this experiment, we aimed to 

assess whether the treatment with 5-FU and oxaliplatin alone or in combination could affect 

the OCR in the HCT-116 xenografts. This was done by using the high-throughput metabolic 

analysis technique Seahorse XF analyser, as it enables the measurement of OCR changes in 

tissue. In total, six biopsies were taken from each xenograft (n=4/treatment group) and 

analysed by creating the mean of five consecutive basal OCR measurements. Following this, 

H&E staining was performed on all the biopsies in order to determine tissue viability. After 

determining the tissue viability scores, based on the level of nuclear staining, values were 

used as a normalisation factor for the OCR measurements.  

Results in Figure 2.4A show a representative biopsy section for each viability score, ranging 

between 3.5 (highly viable cells) to 0.5 (highly necrotic cells). In general, high heterogeneity 

in cell viability for each biopsy generated from the same xenograft is shown in Figure 2.4B. 

When comparing the mean changes in viability between the different treatment groups, the 

highest viability is represented in the oxaliplatin and the combination of 5-FU + oxaliplatin 

compared to the control and the 5-FU treatment group. Nevertheless, this fell short of being 

significant. High heterogeneity can also be observed in the OCR measurements in Figure 2.4C. 

Compared to the control groups, no significant changes in OCR were seen in all the treatment 

groups. Furthermore, outliers (black arrows) with unusually high OCR values are seen in the 

control and 5-FU treatment groups. Interestingly, as shown in Figure 2.4C, there was a 

significant decrease in OCR relative to the 5-FU treatment group, with a change of 65-70 % 

when treated with oxaliplatin and the combination group with 5-FU + oxaliplatin.  
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Figure 2.4: Oxygen consumption rate in HCT-116 xenografts was significantly reduced in the 
oxaliplatin and in the 5-FU + oxaliplatin treated group relative to the 5-FU only treatment. (A) 
Representative H&E images highlighting the morphological categories of necrosis observed in the HCT-
116 xenograft biopsies ranging between 3.5 (highly viable cells) to 0.5 (highly necrotic cells). (B) Graph 
of quantified viability scoring analysis highlighting no significant difference in viability between all the 
groups. (C) Graph of quantified OCR showing a significant decrease in OCR in the oxaliplatin and the 
5-FU + oxaliplatin treated group compared to the 5-FU treatment. Individual colour on the graphs 
represents each tumour biopsy taken for each treatment group represented as mean ± SEM. (*, P < 
0.05). 

Seahorse XF enables the measurement of OCR changes in tissue biopsies. In order to achieve 

that successfully, the generated biopsies must be reproducible, have minimal tissue damage, 
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and, most importantly, still be viable. In fact, a study by Russel et al. demonstrated the 

correlation between changes in OCR and tissue viability 50. Therefore, a reduction in cell 

viability correlates with a reduction in OCR and vice versa. In our experiments, large amounts 

of heterogeneity in cell viability as well as in OCR for each biopsy generated from the same 

xenograft were observed. This heterogeneity could be related to the intra-tumour 

heterogeneity that exists in our HCT-116 xenograft model, including heterogeneity within the 

TME. As already known, the TME consists of a collection of cells, including stromal cells, 

infiltrating immune cells, extracellular matrix, blood and lymphatic cells, and an active 

population of cancer cells and cancer stem cells that display different metabolic properties 

10,51. This might also be the reason why some of the tumours exhibited such unusually high 

OCR values.  

Multiple studies have demonstrated the relationship between tumour hypoxia, OCR 

modification, and response to treatment 49,52. Hypoxia arises in most solid tumours due to 

their fast proliferation, which disrupts the vasculature and consequently hinders oxygen 

delivery to the tumours. Because cells that are located next to the vasculature are well-

oxygenated, reducing their oxygen consumption would lead to more oxygen availability in 

regions with hypoxia. In our data, although the highest hypoxic fraction was seen in the 

oxaliplatin and the combination group with 5-FU (Figure 2.3B), a significant decrease in OCR 

in those two groups was apparent. Furthermore, those two groups displayed the highest cell 

viability, which contradicts the cytotoxicity profiles of the drugs. However, it might shed light 

on the negative impact of hypoxia on the treatment response of 5-FU and oxaliplatin.  

While the biological cause of the OCR reduction in the oxaliplatin and in the combination 

group with 5-FU is yet to be determined, it may be explained due to methodological and 

technical challenges. First, the hypoxic fraction was measured by pimonidazole staining on 

the whole xenograft section, which due to technical difficulties, was not possible to be 

performed on the xenograft biopsies. Pimonidazole is an exogenous marker that needs to be 

administered before tissue sampling, representing one of its most significant limitations. 

Future experiments will utilise the use of an endogenous marker such as carbonic anhydrase-

9 (CA-9). While both markers are widely used to monitor hypoxia, they detect hypoxic cells at 

a different partial oxygen pressure (pO2) level and thus bind on hypoxic cells at different 

locations within the tissues 46,53. Second, OCR measurements were normalised to the viability 
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score, which was determined based on the nuclear staining and evaluated by myself and one 

additional blinded independent researcher. While this method is believed to be accurate, a 

more precise computational method is needed to evaluate the viability scores. 

2.3.3  Bisecting k-means segmentation allowed the separation 

between histologically different regions within the HCT-116 

xenograft samples 

So far, we have highlighted the presence of hypoxic and proliferating cells in the HCT-116 

xenografts. In hypoxic tumours, lipid and energy metabolism alterations are considered as 

critical adaptive mechanisms, contributing to tumour growth and survival. In the current 

study, we aimed to investigate whether lipidomic and metabolic changes can drive tumour 

progression and resistance to treatment using DESI-MSI. DESI-MSI was performed on all the 

HCT-116 xenografts in negative and positive ion modes (n=4/treatment groups). Bisecting k-

means segmentation of the MSI images was conducted using the SCiLS lab software to divide 

the MSI datasets into clusters and sub-clusters, each defined by a unique mass spectrum. 

Areas with similar biochemical signatures across whole tissue sections were grouped into 

segments. These segments could then be classified into different regions based on different 

morphological features present in the tissue section. Overall, the generated negative ion 

mode DESI-MSI data from the HCT-116 xenografts were segmented into two main regions, a 

tumour and a necrotic region. Those regions corresponded to histology stains using H&E 

staining that was carried out on the same tissue section after the DESI-MSI analysis. 

Representative H&E and spatial segmentation images of each treatment group are shown in 

Figure 2.5A, B-2.8A,B. The segmentation map in Figure 2.5B shows, additionally to the clusters 

corresponding to the tumour (blue) and the necrotic region (yellow) and an additional cluster 

(green) that did not correspond to any morphological region within the tissue. This region 

possibly represents an acquisition-induced artefact. Spatial segmentation in the 

representative oxaliplatin and the combination group with 5-FU, as presented in Figures 2.7B 

and 2.8B, showed interesting lipid heterogeneity. In those samples, tissues were segmented 

into three different clusters, with two clusters corresponding to the tumour region and one 

to the necrotic region of the samples.  
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In order to distinguish the metabolic differences between the different histological regions, 

MS spectra were extracted from the spatially segmented data (Figure 2.5C,D-2.6C,D; Figure 

2.7C-F-2.8C-F). Throughout the whole data set, differences in ion intensities between the 

tumour and necrotic regions were observed within the lower mass range between m/z 200-

300 and the higher mass range between m/z 700-900. No differences in ion intensity between 

the tumour and necrotic region were observed in the lower mass range between m/z 200-

300 in all the treated samples. However, in the higher mass range, between m/z 700-900, it 

appears that the tumour region in all samples displays higher ion intensity compared to the 

necrotic region. Furthermore, no apparent difference in the ion intensities was observed in 

the two extracted tumour regions in the oxaliplatin and the combination group with 5-FU 

(Figure 2.7C,D and 2.8C,D).  

Overall bisecting k-means successfully segmented the tissue sections into different clusters 

that corresponded with the different histological regions of the samples in addition to 

revealing lipid heterogeneity within the tumour region of the oxaliplatin and the 5-FU + 

oxaliplatin treated xenografts. Further analysis is needed to statistically differentiate tumour 

and necrotic region, which will be the focus of the following sections.  
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Figure 2.5: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
the control HCT-116 xenograft section into a tumour and a necrotic region, corresponding with the 
H&E staining performed on the same section after MSI analysis. (A) Representative H&E staining 
highlights two molecularly distinct regions within the tissue section; the tumour and the necrotic 
region. (B) Spatial segmentation using bisecting k-means segmentation identified two main clusters, 
tumour region (blue) and necrotic region (yellow), which corresponded with the histological regions 
identified by H&E staining. An additional region corresponding to an acquisition-induced artefact is 
seen in green. (C,D) Extracted spectra from the clustered tumour and necrotic region show different 
ion intensities between the two regions, mainly in the mass range between m/z 200-300 and m/z 700-
900.  
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Figure 2.6: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
the 5-FU treated HCT-116 xenograft section into a tumour and a necrotic region, corresponding with 
the H&E staining performed on the same section after MSI analysis. (A) Representative H&E staining 
highlights two molecularly distinct regions within the tissue section; the tumour and the necrotic 
region. (B) Spatial segmentation using bisecting k-means segmentation identified two main clusters, 
tumour region (red) and necrotic region (yellow), which corresponded with the histological regions 
identified by H&E staining. (C,D) Extracted spectra from the clustered tumour and necrotic region 
show different ion intensities between the two regions, mainly in the mass range between m/z 200-
300 and m/z 700-900. 
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Figure 2.7: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
the oxaliplatin treated HCT-116 xenograft section into a tumour and a necrotic region, 
corresponding with the H&E staining performed on the same section after MSI analysis. (A) 
Representative H&E staining highlights two molecularly distinct regions within the tissue section; the 
tumour and the necrotic region. (B) Spatial segmentation using bisecting k-means segmentation 
identified three main clusters, two tumour regions (green and blue) and a necrotic region (yellow). 
(C,D) Extracted spectra from the clustered tumour and necrotic region show different ion intensities 
between the two regions, mainly in the mass range between m/z 200-300 and m/z 700-900. 
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Figure 2.8: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
the 5-FU + oxaliplatin treated HCT-116 xenograft section into a tumour and a necrotic region, 
corresponding with the H&E staining performed on the same section after MSI analysis. (A) 
Representative H&E staining highlights two molecularly distinct regions within the tissue section; the 
tumour and the necrotic region. (B) Spatial segmentation using bisecting k-means segmentation 
identified three main clusters, two tumour regions (blue and red) and a necrotic region (yellow). (C,D) 
Extracted spectra from the clustered tumour and necrotic region show different ion intensities 
between the two regions, mainly in the mass range between m/z 200-300 and m/z 700-900. 

2.3.4  Negative ion mode DESI-MSI data revealed several 

phosphoinositol and fatty acid species in tumour regions 

The HCT-116 cell line is characterised by a PI3-K mutation. It is well known that genetic 

mutations and hyperactivation of oncogenic pathways such as the PI3-K pathway are 

important mediators of metabolic alterations in cancer cells, promoting tumour proliferation, 

differentiation, and survival 18. Using DESI-MSI in negative ion mode, we aimed to investigate 

phosphoinositol (PI) species linked to the PI3-K pathway. Furthermore, we aimed to 

investigate whether a metabolic shift to FAO is present in our HCT-116 xenograft model.  
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As previously shown in section 2.3.3, spectra corresponding to the tumour and the necrotic 

regions could be extracted from the spatially segmented regions. ROC analysis was used in 

this experiment to determine statistical differences between those two regions further. Here, 

each m/z ratio was evaluated based on its discriminative value. For the analysis, a comparison 

between class 1 (tumour region) and class 2 (necrotic region) was made, with ROC values of 

0.8 and above representing a high abundance of the selected ion only in the tumour region 

of the tissue section. In contrast, a value of 0.2 or less was considered more abundant in the 

necrotic region of the tissue section. The resultant curve displays the area under the curve 

(AUC), which correlates those selected m/z values to a discriminative value specific to the 

selected region. The generated AUC values range between 0 and 1. For our analysis, ions with 

an AUC value above 0.5 were considered significantly abundant in the tumour region, while 

ions with an AUC value below 0.5 were significantly abundant in the necrotic region. A 

representative example of the ROC curve is shown in Figure 2.9.  

 

Figure 2.9: A representative ROC curve for m/z 889.53 shows an AUC of 0.955. The true positive rate 

(sensitivity) on the x-axis is plotted against the false positive rate (specificity) on the y-axis. AUC 

represents the discriminative value for the selected m/z value 883.53. Values closer to 1 mean the ion 

is highly abundant in the selected region. 

The AUC analysis on all the HCT-116 xenografts (n=4/group) revealed two main lipid 

categories that show high abundance in the tumour region of the xenografts relative to the 

necrotic region. Those include phospholipids (PL) and FAs. Each m/z value identified in those 
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two lipid categories was tentatively assigned according to their exact masses and summarised 

in Supplementary Table 2.1.   

Within the main PL category, three phosphatidylinositols (PI) species, including PI(36:4) at m/z 

857.50, PI(38:5) at m/z 883.53, and PI(38:4) at m/z 885.55, were observed in all the xenograft 

samples (n=4/treatment group). Regardless of the treatment group, a homogenous 

distribution of all three PI species are seen in the tumour region compared to the necrotic 

region of the tissues. A representative image of each PI species for each treatment group 

alongside the H&E staining is shown in Figure 2.10A. Results of the ROC analysis show a 

discriminative value of 0.7 and above, confirming the presence of the PI species in the tumour 

relative to the necrotic region of the samples (Figure 2.10B). Similar results were also found 

in the FA category. Here, two FA species, arachidonic acid at m/z 303.22 and docosahexaenoic 

acid (DHA) at m/z 327.23, were identified and tentatively assigned according to their exact 

masses (Supplementary Table 2.1.). For all the sample groups, the distribution of both FA 

species does not seem homogenous throughout the entire tumour region but rather intensely 

distributed on the edge of the outer region of the tumour (Figure 2.11A). In addition, in the 

5-FU treatment group, an unusually strong signal in the middle of the tissue can be seen, most 

likely corresponding to an imaging hotspot or acquisition artefacts. ROC analysis comparing 

the tumour region with the necrotic region revealed a discriminative value of 0.7 and above, 

confirming the presence of the two FA species in the tumour relative to the necrotic region 

of the samples (Figure 2.11B). 
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Figure 2.10: Negative ion mode DESI-MSI showing three PI species, highly abundant tumour region 
of all the treated HCT-116 xenografts. (A) Representative DESI-MS images of the three highly 
abundant PI species found on the tumour regions of the tissues (right) alongside the adjacent H&E 
images (left). The three PI species include PI(36:4) at m/z 857.50, PI(38:5) at m/z 883.53, and PI(38:4) 
at m/z 885.55. H&E image revealed two molecularly distinct regions; the tumour region (black 
boundaries) and the necrotic region (outside the black boundaries). (B) AUC values for the selected PI 
species for each treatment group. TIC normalisation was applied to the MSI dataset. (n=4/treatment 
group).  
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Figure 2.11: Two FA species, arachidonic acid and docosahexaenoic acid (DHA), were found 
predominantly on the tumour region of the HCT-116 CRC xenografts. (A) Representative DESI-MS 
images of two FA species alongside the adjacent H&E images. H&E images show two molecularly 
distinct regions within the xenografts; the tumour region (black boundaries) and the necrotic region 
(located outside the black boundaries). (B) AUC values for the selected FA species for each treatment 
group. TIC normalisation was applied to the MSI dataset. (n=4/treatment group). 
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Our results highlight the high relative abundance of several PL species on the tumour relative 

to the necrotic region within the xenografts. It is worth mentioning that a better 

discrimination would be to compare the tumour regions with the healthy tissue. One of the 

reasons why necrosis is not the ideal comparator is because, during tissue necrosis, the cells 

swell to the extent that ruptures the cell membrane, thereby releasing intracellular contents, 

including several enzymes that can break down PLs and cause cellular and inflammatory 

reactions 54,55. Because of the use of tumour xenografts, a comparison between tumour tissue 

and healthy tissue was not feasible.  This points to the crucial need for clinical sample biopsies, 

as normal adjacent tissues can be excised.  

PLs represents an important lipid category in cells due to their involvement in cell membrane 

composition. One particular PL species, the PIs, are additionally involved in cell signalling 

processes via the PI3-K pathway, a pathway known to be upregulated in many cancers, 

including CRC 19,56.  

PL synthesis, including the de novo PI synthesis, takes place in the endoplasmic reticulum 57. 

In there, PI3-K phosphorylates phosphatidylinositol (4,5)-bisphosphate (PIP2) to 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3), thereby mediating the activation and 

recruitment of AKT, a pathway responsible for cancer survival and progression 20. While the 

phosphorylated PIs represent a crucial component in the PI3-K pathway, their detection by 

DESI-MSI is challenging due to their relatively low abundance in cells. Nevertheless, in a study 

by Paine et al., the phosphorylated PIs could be detected on an in vivo human 

medulloblastoma model using an MSI technique with a higher spatial resolution than DESI-

MSI, a three-dimensional matrix-assisted laser desorption/ionisation mass spectrometry 

imaging (MALDI-MSI) 58. Here, two phosphoinositide species were detected, PIP(18:0_20:4) 

and PIP2(18:0_20:4), showing their high abundance in metastasising relative to non-

metastasising medulloblastoma tissue. Interestingly, they also highlighted the structural 

similarities between PIP, PIP2, and one of the unphosphorylated PI species, also detected in 

our study, PI(38:4) at m/z 885.55. It is unclear whether the same structural similarity applies 

to the other two detected PI species in our study, PI(36:4) at m/z 857.50 and PI(38:5) at m/z 

883.53; thus, their involvement in the PI3-K pathway. The identity of these compounds needs 

to be confirmed in future tandem mass spectrometry (MS/MS) experiments, where the two 

PIs are isolated in the mass analyser and fragmented into their product ions. This will add a 
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level of confidence, in addition to the accurate mass provided in this study, by inferring 

structural information.  

It is well known that the PI3-K pathway is associated with promoting proliferation, 

differentiation, metabolism, and angiogenesis and is an important mediator of metabolic 

adaption in cancer cells 19,59. In many different cancer types, the PI3-K/AKT pathway was 

shown to be involved in the activation of the hypoxia inducible factor-1 α ( HIF-1α) and the 

anaerobic shift to glycolysis under hypoxic conditions 19. Furthermore, the PI3-K/AKT pathway 

was also shown to cause an increase in lipogenesis via the sterol element binding protein, 

upregulated through fatty acid synthase 59. In recent years, a shift to FAO via the β-oxidation 

pathway has been thought to be the major metabolic adaptive event in cancer cells 16. 

Whether the PI3-K pathway mediates the shift to FAO via the β-oxidation pathway is still 

unknown. In our experiment, two dietary FA species, arachidonic acid and DHA, were 

observed with similar ion distribution. Both FAs are synthesised from linoleic acid and α-

linoleic acid, and thus, their distribution was expected to be similar. However, what is still 

unclear is why both FAs were found mainly distributed on the edge of the outer region of the 

tumours. One possible explanation could be attributed to the fact that the edge of the 

tumours, compared to the mid-region, might contain highly proliferative cells as well as well-

vascularised regions that utilise FAs. As already known, FAs play an important role in cancer 

progression as they are responsible for the production of more complex lipids, including PLs 

and have the ability to generate energy via FAO, which all might be favourable to be utilized 

in highly proliferative cells 60.  

In humans, arachidonic acid and DHA are produced in the endoplasmic reticulum, which, as 

mentioned earlier, is also the major PL and de novo PI synthesis site 57,61. In our experiment, 

the distribution of PIs and the FA species does not entirely co-localise; thus, whether the 

observed FAs are incorporated into PIs is not known. In literature, some studies have 

highlighted the relationship between the different FA species and the PI3-K signalling pathway 

62,63. In particular, arachidonic acid has been shown to be implicated in the PI3-K pathway 

activation, thereby promoting cell proliferation and survival 62. The presence of arachidonic 

acid and DHA in our PI3-K mutated HCT-116 xenografts suggests a relationship between the 

oncogenic mutation of PI3-K and changes in FA metabolism. 
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2.3.5  Positive ion mode DESI-MSI data revealed acylcarnitine 

species co-localising with the hypoxic regions of the HCT-116 

xenografts 

In order to further investigate energy metabolism alterations in the treated HCT-116 

xenografts and to complement the DESI-MSI results obtained in negative ion mode, DESI-MSI 

in positive ion mode was performed. As with the negative ion mode data, bisecting k-means 

segmentation was first used to highlight areas with similar biochemical signatures. The 

bisecting k-means segmentation results highlight additional regions not observed in negative 

ion mode data. This was expected as some ions ionise better in negative ion mode and some 

better in positive ion mode.  

An interesting region is highlighted as a thin band (dark blue) seen to localise on the edge of 

the tumour tissue just between the tumour region and the necrotic regions. A representative 

bisecting k-means image performed on the 5-FU + oxaliplatin-treated sample alongside the 

adjacent H&E image can be seen in Figure 2.12. Even though this band was not seen 

homogenously distributed across the whole HCT-116 xenograft sections, nor was it present 

in all the tissue samples, it was still interesting to further investigate its presence in some of 

the tumour sections.  

 

Figure 2.12: Bisecting k-means segmented the generated data from positive ion mode DESI-MSI of 
a representative 5-FU + oxaliplatin treated HCT-116 xenograft section into a tumour, necrotic, and 
a tumour band region, corresponding with the H&E staining performed on the same section after 
MSI analysis.  
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By directing our positive ion mode DESI-MSI analysis on the tumour band region, we identified 

four acylcarnitine species; palmitoylcarnitine at m/z 400.34, oleoylcarnitine at m/z 426.36, 

stearoylcarnitine at m/z 428.38, and arachidylcarnitine at m/z 456.40, that localised explicitly 

in that area. All acylcarnitine ions were tentatively assigned according to their exact masses 

and summarised in Supplementary Table 2.2.  

In order to better highlight the distribution of the identified acylcarnitine species within the 

HCT-116 xenograft sections, a potential tumour marker at m/z 756.56 and a potential marker 

for necrosis at m/z 746.61 were selected and overlayed with the carnitine images (Figure 

2.13). The distribution of all four selected carnitine species appeared at a higher signal 

intensity on the viable tumour regions just at the border of necrosis (Figure 2.13). Comparing 

the pimonidazole with the carnitine images highlights the co-localisation of the carnitines 

with the hypoxic positive regions within the tumours. Interestingly, the representative 

overlayed image of the pimonidazole staining with the different carnitine species in Figure 

2.14, a complete homogenous mask of the two areas, is not observed. A complete co-

localisation is indicated by the white arrow, while the red arrow indicates the co-localisation.  
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Figure 2.13: Representative positive ion mode imaging revealed multiple carnitine species on all the 
HCT-116 xenograft treatment groups, all of which corresponded with the hypoxic regions as 
determined by immunofluorescence staining using the hypoxic marker pimonidazole. The carnitines 
found are m/z 400.34 (palmitoylcarnitine), m/z 426.36 (oleoylcarnitine), m/z 428.38 
(stearoylcarnitine), and m/z 456.40 (arachidylcarnitine) and are overlayed with a representative 
tumour marker at m/z 756.56 (in red) and a representative necrotic marker at m/z 746.61 (in blue). 
TIC normalisation was applied to the MSI dataset. 
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Figure 2.14: Representative overlay images of the four carnitine species and the hypoxic marker 
pimonidazole on the 5-FU + oxaliplatin sample highlighting a partial co-localisation. The carnitine 
species do not fully mask all hypoxic regions as determined by the pimonidazole staining. The white 
arrows represent an example of a carnitine-rich region that co-localised with the hypoxic region, while 
the red arrow represents an area where the carnitines did not co-localise with the hypoxic regions. 
TIC normalisation was applied to the MSI dataset. 

Carnitines are quaternary ammonium compounds that play an essential role in energy 

metabolism. They are responsible for facilitating the transport of LCFA through the 

mitochondrial membrane, where they are then oxidised by β-oxidation to be used as an 

energy source 17. Due to the impermeability of LCFA to the mitochondrial membrane, they 

must first be converted in the outer mitochondrial membrane to acylcarnitine by CPT-1. Once 

in the mitochondrial membrane, acylcarnitines are converted back into their CoA ester by 

CPT-2 to undergo β-oxidation and subsequently be used for energy production 16. In our 

experiment, we detected and identified four acylcarnitine species; palmitoylcarnitine at m/z 

400.34, oleoylcarnitine at m/z 426.36, stearoylcarnitine at m/z 428.38, and arachidylcarnitine 

at m/z 456.40. All four carnitine species showed a similar distribution and co-localisation 

within the hypoxic tumour regions. However, it was apparent that the co-localisation of all 

acylcarnitine species did not fully mask the hypoxic areas. A possible explanation could be 

that in our experiments, hypoxia was detected by using the exogenous marker pimonidazole. 

While pimonidazole has is widely used as a hypoxic marker, the use of the endogenous marker 

CA-9 might give additional information about the localisation of the hypoxic cells within our 

tissues. Indeed, a study by Shin et al. using a double-staining of pimonidazole and CA-9 

highlighted a moderate overlap of those two marker within the tissue sections. This was 

possible due to the different pO2 levels in which they detect hypoxic cells 46,53. Future 

experiments will utilise the use of CA-9 in addition to pimonidazole and DESI-MSI to better 
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understand the carnitine distribution in the tissue sections. In addition, utilising an image 

registration software in order to investigate acylcarnitine distribution in hypoxic regions in a 

quantifiable fashion will be the focus in future experiments.  

The accumulation of two of the detected acylcarnitine species, palmitoylcarnitine at m/z 

400.34 and stearoylcarnitine at m/z 428.38, was previously reported in a study by Chughtai 

et al. using a breast cancer model 64. Our study builds upon their study and confirms the 

presence of palmitoylcarnitine at m/z 400.34 and stearoylcarnitine at m/z 428.38 in the HCT-

116 xenografts, in addition to two more acylcarnitine species with similar distribution and 

abundance, oleoylcarnitine at m/z 426.36 and arachidylcarnitine at m/z 456.40. This suggests 

that oleoylcarnitine at m/z 426.36 and arachidylcarnitine at m/z 456.40 may also have a role 

in the hypoxic regulation of carnitines in the HCT-116 CRC xenograft model.  

2.4   Conclusion 

This pilot study investigated the lipidomic and energy alterations in the advanced human 

primary colorectal adenocarcinoma cell line HCT-116 xenograft model. To our knowledge, this 

is the first study to use the HCT-116 cell line in an in vivo setting to provide a link between the 

hypoxic TME, response to chemotherapeutic treatments using 5-FU and oxaliplatin, and 

metabolic and lipidomic adaptions within our model. The use of multiple ex vivo analysis 

techniques, such as histology and Seahorse XF analyser, together with the analytical tool DESI-

MSI, provided a deeper insight into the molecular drivers contributing to tumour progression 

and resistance to chemotherapeutic treatments. Understanding this will help improve CRC 

management and offer a more personalised treatment regimen to each patient with CRC.  

The selected subcutaneous xenograft model allowed for simple tumour growth monitoring, 

measurements, and harvest. Chemotherapeutic drug efficacy and potential drug toxicities 

could also be evaluated. Additionally, it allowed for measuring OCR in viable tissue biopsies 

in real-time. This highlights the benefit of using pre-clinical models, as real-time OCR 

measurements could be challenging to achieve using clinical biopsies. Lastly, different 

histological regions of control and treated xenografts could be simultaneously analysed using 

DESI-MSI, underscoring an additional benefit of pre-clinical models as human control or 

healthy biopsies cannot be resected in clinical settings.  
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Our first experiments aimed to investigate the influence of the hypoxic TME on the response 

to chemotherapeutic treatments of 5-FU and oxaliplatin. We found no significant reduction 

in tumour growth or cytotoxic effect following treatments. Immunofluorescence staining on 

all the xenografts using the markers pimonidazole and Ki67 confirmed the presence of hypoxic 

and proliferating cells, suggesting their contribution to chemo-resistance. Measuring the OCR 

using the Seahorse XF analyser provided an additional dimension of data on OCR modification 

and hypoxia. Our data revealed a significant reduction in OCR in the oxaliplatin and the 

combination group with 5-FU compared to the 5-FU treatment group, suggesting that 

oxaliplatin alone and in combination with 5-FU might alleviate tumour hypoxia. However, 

further experiments are needed to confirm this conclusion, as no reduction in tumour hypoxia 

as determined by the pimonidazole staining could be observed following those treatments.  

DESI-MSI experiments in negative and positive ion modes provided a deeper insight into 

whether lipidomic and metabolic changes can drive tumour progression and resistance to 

treatment. We first demonstrated the successful use of bisecting k-means to divide the DESI-

MSI data into clusters and sub-clusters, each defined by a unique mass spectrum. All the 

created clusters corresponded with the different histological regions of the samples, as 

determined using H&E staining. DESI-MSI in negative ion mode identified PI and FA species 

abundantly present on the tumour regions of the xenografts. Of those identified PI species 

are PI(36:4) at m/z 857.50, PI(38:5) at m/z 883.53, and PI(38:4) at m/z 885.55. As the HCT-116 

cell lines are characterised by a PI3-K mutation, the detection of PI species linked to the PI3-

K pathway could be used as potential biomarkers of the HCT-116 models.  

The detection of FAs and carnitine species in negative and positive ion modes highlights the 

use and consumption of FAs in our model. The presence of the FA species arachidonic acid 

and DHA in the tumour region suggests that those tumours utilise dietary FAs. Four carnitine 

species; palmitoylcarnitine at m/z 400.34, oleoylcarnitine at m/z 426.36, stearoylcarnitine at 

m/z 428.38, and arachidylcarnitine at m/z 456.40 were detected in our model, showing a 

similar distribution and co-localisation within the hypoxic tumour regions as determined by 

the pimonidazole staining. These results suggest that the hypoxic tumours might utilise 

dietary FAs for energy production via the β-oxidation pathway. To fully understand the 

carnitine distribution within hypoxic tumours, further experiments will focus on using the 

endogenous hypoxia marker CA-9. Additionally, due to the challenges encountered in 
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accurately overlapping the immunofluorescence images with the DESI-MS ion images, the 

AUC could not be determined. Therefore, future experiments will utilise the use of an image 

registration software that will help overlay the microscopic image with the DESI-MS ion image 

and thus help in acylcarnitine quantification.  

Taken together, our results highlighted the benefit of using DESI-MSI in combination with 

other ex vivo techniques to enhance our understanding of lipidomic and metabolic alterations 

in the advanced-stage CRC xenograft model and linking those changes to the hypoxic TME 

and response to chemotherapeutic treatments.   
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2.8    Supplementary materials 

 

Supplementary Figure 2.1: A schematic workflow of the Seahorse analysis. Freshly harvested HCT-
116 xenografts are first mounted onto the stage holder of the vibratome and sectioned at 500 µm 
thickness. 1 mm biopsy punch is then used to create tissue biopsies across the entire section. In total, 
six biopsies per xenograft were generated, transferred into the Seahorse XFe96 Spheroid Microplate, 
and metabolic measurements were taken in real-time using Agilent Seahorse XFe96 Analyser.  
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Supplementary Figure 2.2: 5-FU and oxaliplatin treatment alone and in combination did not cause 
significant body weight loss in HCT-116 xenografts. HCT-116 cells were injected subcutaneously into 
the back of CBA nude mice. Once average tumour size reached 200-250 mm3, mice were randomised 
into four different groups and treated as indicated with either control (vehicle), 15 mg/kg 5-FU, 2 
mg/kg oxaliplatin, or a combination of 15 mg/kg 5-FU and 2 mg/kg oxaliplatin. Mice weight was 
measured three times per week. Results represent tumour weight relative to the start of treatment 
as the mean ± SEM (n=4/ treatment group). 
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Supplementary Figure 2.3: Representative LA-ICP-MS image showing Pt194 and Pt195 abundancy 
in the oxaliplatin and the combination with 5-FU relative to the control sample. Pt194 and Pt195 
are localised in the hypoxic and necrotic regions of the oxaliplatin and 5-FU + oxaliplatin treated 
xenografts compared to the control sample.  
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Supplementary Table 2.1: Table reporting the tentative assignment, formula, theoretical mass, 
observed mass, and PPM error for the selected ions found in negative ion mode.  

Tentative 
assignment 

Formula Theoretical mass Observed mass 
PPM 
error 

Arachidonic acid 
FA(20:4) C20H32O2 303.233 303.2292 13 

Docosahexaenoic 
acid FA(22:6) C22H32O2 327.233 327.2324 2 

PI(36:4) C45H79O13P  857.5186 857.5094 11 

PI(38:5) C47H81O13P  883.5342 883.5306 4 

PI(38:4) C47H83O13P  885.5499 885.5544 5 
 

Supplementary Table 2.2: Table reporting the tentative assignment, formula, theoretical mass, 
observed mass, and PPM error for the selected ions found in positive ion mode.  

Tentative 
assignment 

Formula Theoretical mass Observed mass 
PPM 
error 

Palmitoylcarnitine 
CAR(16:0) C23H45NO4  400.3421 400.343 2 

Elaidic carnitine 
CAR(18:1)  C25H47NO4  426.3578 426.363 12 

Stearoylcarnitine 
CAR(18:0) C25H49NO4  428.3734 428.3768 8 

Arachidyl carnitine 
CAR(20:0)  C27H53NO4  456.4052 456.4036 4 
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Abstract 

Background: Globally, colorectal cancer (CRC) is among the leading causes of cancer-related 

deaths. Early detection and prognosis are believed to drastically improve patients’ survival 

rates. However, the high cost, lengthy procedure time, inaccuracy, and invasive nature of the 

current prognostic and diagnostic tools used in the clinic make the development of new 

screening methods and robust prognostic approaches to improve disease management and, 

thus, clinical outcomes of the utmost need.  

Altered cancer metabolism, specifically lipid and energy metabolism, has received much 

interest in recent years as it can serve as an avenue for diagnostic and prognostic 

amelioration. Indeed, this alteration has been observed in CRC and is supported in our 

previous study on a pre-clinical model implanted with an advanced-stage colorectal 

adenocarcinoma cell line using desorption electrospray ionisation mass spectrometry imaging 

(DESI-MSI). Here, DESI-MSI analysis revealed a high abundance of phospholipid (PL), fatty acid 

(FA) and acylcarnitine species on the tumour regions of the tissues, suggesting lipid and 

energy metabolism alterations. In the current study, we seek to extend and translate our 

previous findings into a clinical setting. The aim of this study was to use DESI-MSI to 

distinguish the lipidomic and energy metabolism profiles from human CRC biopsies and their 

matched normal colorectal samples taken from the same patients. In addition, we aimed to 
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find lipidomic and metabolic differences between the CRC biopsies at different stages (stage 

II-VI).  

Methods: Four CRC biopsies of stage IIA, stage IIIC_patient 1, stage IIIC_patient 2, and stage 

VIC and their matched normal colorectal biopsies were analysed. DESI-MSI in negative ion 

mode was utilised in order to determine metabolic and lipidomic changes between the clinical 

biopsies. Bisecting k-means segmentation and probabilistic latent semantic analysis (pLSA) 

analysis were applied to the entire DESI-MSI datasets to segment the tissue sections into 

different clusters and find statistical lipidomic differences, respectively. Adjacent sections 

were stained with haematoxylin and eosin (H&E) staining to highlight histological regions, all 

of which were evaluated by a trained pathologist.  

Results: DESI-MSI analysis allowed for tissue classification based on their biochemical 

signatures, corresponding to the different histological regions: the healthy, cancerous, and 

non-cancerous regions within the tissue sections. Several phospholipids (PL) species have 

been identified at high abundance in both the healthy and cancerous regions, while many 

exogenous and endogenous fatty acid (FA) species were seen at high abundance only in the 

cancerous regions of the tissue biopsies. 

Conclusion: The results of our preliminary study suggest that tissue classification based on 

biochemical signatures can be achieved using DESI-MSI. Furthermore, as corroborated 

previously using our pre-clinical models, we discovered alterations in FA synthesis, also in our 

clinical models, that distinguished the cancerous from the healthy and non-cancerous regions 

of the tissues. Although preliminary, our findings provide valuable information about CRC 

biochemistry that could be used to further understand CRC development and metastasis. 

Additionally, our findings give evidence that DESI-MSI can be used as a powerful tool for rapid 

CRC diagnosis based on biochemical signatures. 

3.1   Introduction 

Among all types of cancer, colorectal cancer (CRC) incidence and mortality rank third and 

second, respectively 1. Advances in early detection and diagnosis are believed to improve the 

5-year survival rate; thus, it is imperative to uncover new prognostic and diagnostic tools that 

could assist in early CRC detection and management 2. To date, gastrointestinal colonoscopy 
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accompanied by a histopathological assessment of a lesion biopsy is the gold standard for CRC 

diagnosis 3. However, despite the high sensitivity and specificity of the gastrointestinal 

colonoscopy, the invasive nature of this modality, combined with the high cost and relatively 

long procedure time, represents significant drawbacks of this technique 4. Despite 

advancements in cancer screening methods, the development of a non-invasive screening 

method that could be used for rapid cancer detection at a low cost with relatively high 

sensitivity and specificity is still needed.  

In terms of CRC prognosis, tumour classification and staging play a critical role as it dictates 

future treatment options for patients. The most commonly accepted classification method is 

based on tumour node metastasis (TNM) 5. In this classification system, the depth of tumour 

invasion (T), the spread to regional lymph nodes (N), and the spread into distant metastatic 

sites (M) are described. Based on these parameters, clinical staging can then be determined. 

In total, five main tumour stages exist, ranging from stage 0 to stage IV. Briefly, stage 0 

describes cancer in situ, stage I describes a localised tumour, stage II an early stage, locally 

advanced tumour, stage III a late stage locally advanced tumour, and stage IV describes a late 

stage metastatic tumour 5.   

It is well accepted that tumours alter their metabolism in order to sustain their fast 

proliferation rate and meet their anabolic demands 6. Together with aerobic glycolysis, 

alterations in lipid metabolism have now been recognised to play a critical role in metabolic 

rewiring in cancer and promoting tumour development and progression 7. Not only are lipids 

involved in providing cells with cellular structure and cell signalling molecules, but they also 

play an important role in energy production 8. Indeed, higher demand for lipids in the tumour 

region has been observed in our previous Chapter (Chapter 2) using a pre-clinical model 

implanted with an advanced-stage CRC cell line. Our analysis revealed an increase in 

membrane lipids such as phospholipids (PL) and fatty acids (FA), as well as in the metabolites 

involved in FA biosynthesis, such as acylcarnitines, suggesting altered lipid and energy 

metabolism. 

Over the past decades, mass spectrometry imaging (MSI) has emerged as a powerful tool for 

visualising and characterising metabolic changes in biological tissues 9. It allows for the spatial 

mapping of various molecules within a biological tissue section with high sensitivity and 
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specificity based on their mass-to-charge ratio (m/z) 10. Depending on the MSI technique 

used, the detection of molecules can be carried out at cellular and subcellular levels and can 

range from imaging low mass metabolites (m/z 50 - 400) to high mass molecules (m/z 10 000 

- 20 000) 11,12. Despite the many advantages that MSI can offer, not every MSI technique is 

suitable for clinical practice, specifically for diagnostic and prognostic applications. Here, a 

suitable analytical method should be relatively easy to use, require minimal sample 

preparation, and, most importantly, be non-destructive. So far, two ambient analytical 

techniques have paved the way for clinical mass spectrometry; desorption electrospray 

ionisation mass spectrometry imaging (DESI-MSI) and rapid evaporative ionisation mass 

spectrometry (REIMS). Both techniques have already been applied intraoperatively to provide 

real-time tumour margin assessment and pathology during surgery based on molecular 

signatures on various human tissue, including brain, colorectal, liver, breast and lung tissue 

13,14. While both techniques are excellent at detecting lipids 14-25, their ionisation and 

desorption methods differ significantly. DESI-MSI uses charged solvent droplets to desorb and 

ionise the tissue sections, whereas REIMS uses an electric scalpel or an electric forceps, which 

cuts or coagulates the tissues, resulting in the generation of a plume containing biomolecules 

from the tissue samples 26. The process of cutting or coagulating tissues makes REIMS a 

destructive technique, whereas DESI-MSI does not cause any tissue damage, an exciting 

prospect to use in a clinical setting. 

This current proof-of-concept study aims to identify lipidomic differences between human 

CRC biopsies at different stages, early stage IIA and the late stages IIIA and IVC, using DESI-

MSI. Furthermore, we aim to discover lipidomic alterations that differentiate cancerous from 

non-cancerous and healthy tissues. To test those aims, DESI-MSI analysis was performed on 

CRC biopsies at different stages and on their matched normal colorectal samples obtained 

from the same patient. We used DESI-MSI in negative ion mode to reveal lipidomic 

differences, in particular FA and PL species, in our clinical biopsies. On the generated DESI-

MSI datasets, bisecting k-means segmentation and probabilistic latent semantic analysis 

(pLSA) analysis were utilised to establish molecular signatures that can be used to distinguish 

the different histological regions within the samples as well as distinguish the different stages 

from one another. Adjacent tissue sections to those analysed by DESI-MSI were histologically 

stained, analysed and annotated. Different histological regions were evaluated by a trained 
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pathologist and annotated as healthy (containing healthy colonic crypts), cancerous and non-

cancerous regions (containing muscles and mucin). Although further studies with a larger 

sample number are needed, the work presented builds upon previous studies performed 

using DESI-MSI on CRC and provides valuable information about CRC biochemistry that could 

be used to further understand CRC development and metastasis 27,28.  

3.2    Materials and methods 

3.2.1   Chemicals 

Unless stated, all solvents were purchased from Sigma-Aldrich (UK).  

3.2.2   Tissue sample preparation 

Matched samples from four patients with CRC were obtained from the Manchester cancer 

research centre (MCRC) BioBank. All experiments were performed under the ethics approval 

of the south Manchester research ethics committee. At the time of collection, samples were 

frozen in isopentane and stored in the -80 °C freezer until use. A detailed summary of the 

samples used in this study is provided in Table 3.1. Our study will refer to sample biopsies 

according to their clinical stages. Biopsy from biobank number H001084 will be referred to as 

stage IIA, biobank number H001050 as stage IIIC_patient 1, biobank number H001977 as stage 

IIIC_patient 2, and biobank number C000746 as stage IVC biopsy. 
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Table 3.1: Description of the samples used in this study, including information on the patient’s gender, 
the genomic mutations detected, TNM staging, the clinical stage, and the clinical significance. 

  Genomic mutations TNM stage Clinical stage  
Biobank 
number 

Gender TP53 PIK3CA KRAS T N  M  II-IV 
Clinical 

significance 

H001084 Male x - - 3 0 0 IIA 
Locally 

advanced, 
early stage. 

H001050 Male x - x 2 2 0 IIIC 
Locally 

advanced, 
late stage. 

H001977 Female 
Not 

detected 
Not 

detected 
Not 

detected 3 2 0 IIIC 
Locally 

advanced, 
late stage.  

C000746 Female x x - 4 2 0 IVC 
Metastatic 
cancer, late 

stage. 

Fresh frozen human biopsies were sectioned at 12 μm thickness using a cryostat (LEICA 

CM3050 S, Germany). Following this, sample sections were thaw-mounted onto a microscopic 

glass slide (Thermo Scientific, USA) and either stored in the -80 °C freezer or directly analysed 

via DESI-MSI and histology analysis. 

3.2.3  DESI-MSI 

DESI-MSI experiments were carried out in negative ion mode using a Xevo G2-XS quadrupole 

time of flight (QToF) system (Waters Corporation, UK). Images were acquired at a pixel 

dimension of 50 µm (x,y) at 5 scans/second and over a mass range of 50-1200 Da. The solvent 

spray consisted of a mixture of 98 % methanol and 2 % high-performance liquid 

chromatography (HPLC) grade water. Using a syringe pump (Harvard Apparatus, USA), the 

solvent was sprayed onto the tissue slide at a flow rate of 1.5-2 µL/min. Additionally, a 

nebulising gas of inert nitrogen was used at a pressure of 1.3 bar. The spray nozzle was 

positioned 2-3 mm above the sample surface and 8-10 mm distant to the heated capillary 

inlet. Relative to the plane of the tissue section, the spray impact angle was 80 °, and the 

collection capillary angle was 5 °. The inlet temperature was set to 450 °C and the source 

temperature to 100 °C. For our negative ion mode analysis, the capillary voltage was set to 

0.8 kV.  
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3.2.3.1   DESI-MSI data analysis 

The software packages used in this study are SCiLS lab (Version 2021c, Bruker, Germany), 

HDimaging v1.4 (Waters Corporation, Wilmslow, UK), and MassLynx v4.1 software (Waters, 

UK). Using SCiLS lab software, regions of interest (ROI) were selected and normalised to total 

ion count (TIC). Following this, bisecting k-means was performed on the matched samples to 

segment the entire tissue sections into different segments, corresponding to the different 

histological regions within the samples. The statistical analysis used was pLSA with random 

initiation, performed across the whole matched patient sections using ten components. This 

multivariate statistical tool allowed for visualising lipidomic differences on the entire negative 

ion mode DESI-MSI datasets. The resulting pLSA components, produced from the ion 

intensities across the whole samples, were spatially visualised based on their spectral data 29. 

HDimaging v1.4 (Waters Corporation, Wilmslow, UK) was used to extract the mass spectra. 

Here, ROIs were first drawn on the healthy, cancerous and non-cancerous regions. Those 

regions were then extracted and exported as a .raw data file allowing for spectral visualisation 

using MassLynx v4.1 software (Waters, UK). 

3.2.4   Haematoxylin and eosin staining 

Adjacent tissue sections to those analysed by DESI-MSI were used for histological staining. 

The substrate-mounted 12 μm thick sections were first immersed for 30 seconds in 95 % 

ethanol and then for an additional 30 seconds in 70 % ethanol. Before dipping the slides in 

0.1 % haematoxylin for 4 minutes, a quick immersion in distilled water was performed. Slides 

were then rinsed with running tap water for 5 minutes in order to remove excess staining. 

Following this, slides were immersed in 70 % and 95 % ethanol for 30 seconds each before 

staining with 0.5 % Eosin for 40 seconds. In the final step, slides were dehydrated for 30 

seconds using 95 % ethanol and 100 % ethanol washes, followed by a two minute xylene 

wash. Sections were then covered with a glass coverslip using Organo/limonene and dried at 

room temperature for several hours.  

A 3D-Histech Pannoramic-250 microscope slide-scanner using a [20x/ 0.30 Plan Achromat] 

objective (Zeiss, Germany) was used for image acquisition. Image visualisation was carried 

out using Case Viewer software (3D-Histech, Hungary). All samples were evaluated by a 
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pathologist, and the cancerous region, the surrounding non-cancerous region (connective 

tissue) and the healthy tissue (normal intestinal glands) were annotated. Mucosal and muscle 

tissue were not considered as they were not the focus of the analysis. Region annotation was 

done using the quantitative pathology & bioimaging analysis software (QuPath, UK). 

3.3    Results and discussion 

3.3.1   Bisecting k-means segmented the human biopsies into 

different clusters, matching the histological classification by a 

histopathologist 

There is a growing awareness that MSI can be used to classify tissue sections based on their 

biochemical signatures, revealing bimolecular intra- and intertumour heterogeneity that can 

not be differentiated using traditional histological staining 30,31. In order to test this, bisecting 

k-means segmentation on negative ion mode DESI-MSI, acquired on normal human colonic 

and matched CRC biopsies from four patients, was used and compared to the adjacent H&E 

tissue sections. Patient information, including gender, genomic mutations, and histological 

classification, is shown in Table 3.1.  

First, we examined the histology of the human biopsies using H&E staining. Following 

histopathological evaluation, regions within the sections were annotated as healthy 

(highlighted in green), cancerous (highlighted in red), and non-cancerous regions (highlighted 

in blue) (Figure 3.1A-3.4A). While the healthy region contained healthy colonic crypts, the 

non-cancerous region contained mainly connective tissue. It is worth mentioning that the 

analysis did not consider areas that did not fit the three morphological annotated categories, 

such as areas containing muscles and mucin.  

Bisecting k-means segmentation divided the DESI-MSI data set into clusters and subclusters. 

Pixels with similar mass spectral profiles and, thus, similar biochemical signatures were 

grouped into one segment and colour-coded according to its cluster assignment. Here, 

bisecting k-means segmentation was performed pairwise on each normal colorectal and CRC 

biopsy for each patient sample (Figure 3.1B-3.4B). The generated negative ion mode DESI-MSI 

data from a stage IIA biopsy was segmented into three main regions; healthy, cancerous and 

non-cancerous regions, all of which corresponded to the regions of interest highlighted on an 



121 
 

adjacent H&E stained tissue (Figure 3.1A,B). While most of the normal colorectal tissue biopsy 

in Figure 3.1A was ruptured during the H&E staining, a small region containing healthy colonic 

crypts (highlighted in green) could still be identified. This region is directly correlated to the 

region in purple on the bisecting k-means segmentation map. Within the tumour biopsy, the 

non-cancerous and cancerous regions correlated to the regions in orange and light green on 

the bisecting k-means segmentation, respectively. 

 

Figure 3.1: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
normal colorectal and stage IIA CRC biopsy into the healthy, non-cancerous, and cancerous region, 
corresponding with the H&E staining performed on an adjacent section. (A) H&E staining of the 
normal colorectal biopsy highlights the healthy colonic crypts region, while the tumour biopsy shows 
two molecularly distinct regions: the non-cancerous and the cancerous region. (B) Spatial 
segmentation using bisecting k-means clustered the biopsies into different segments, corresponding 
with the histological regions identified by H&E staining. The purple cluster in the bisecting k-means 
segmentation of the normal colorectal biopsy corresponded with the healthy colonic crypts; the 
orange and the light green corresponded with the non-cancerous and cancerous regions, respectively.  

An interesting segmentation map can be seen in Figure 3.2B. Here, the bisecting k-means 

segmentation splits the healthy region within the tumour biopsy into two clusters (orange 

and green). Because those two regions correspond to the healthy region within the normal 

colorectal biopsy as determined using an adjacent H&E stained section, it suggests that those 

regions are chemically different. A similar observation was also seen in the bisecting k-mean 

segmentation map of the tumour biopsy. While the yellow and orange region corresponded 

to the cancerous and non-cancerous regions of the adjacent H&E stained sample, two 

additional segments were identified in green and blue within those two regions, suggesting a 
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unique chemical signature. Notably, the missing tissue segmentation at the top part of the 

normal biopsy is most likely due to an acquisition-induced artefact.  

Figure 3.2: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
normal colorectal and stage IIIC CRC biopsy into the healthy, non-cancerous, and cancerous region, 
corresponding with the H&E staining performed on an adjacent section. (A) H&E staining of the 
normal colorectal biopsy highlights the healthy colonic crypts region, while the tumour biopsy shows 
two molecularly distinct regions: the non-cancerous and the cancerous region. (B) Spatial 
segmentation using bisecting k-means clustered the biopsies into different segments, corresponding 
with the histological regions identified by H&E staining. The clusters in green and orange in the normal 
colorectal biopsy corresponded to the healthy region; the orange and blue clusters in the tumour 
biopsy corresponded to the non-cancerous, and the yellow cluster to the cancerous region. The 
missing tissue segmentation on the upper part of the normal biopsy is most likely due to acquisition-
induced artefact.  

The tumour mass of the stage IIIC_Patient 2 CRC biopsy in Figure 3.3A is relatively low and, as 

highlighted in red, quite densely present on specific areas within the tissue biopsy. All those 

regions were accurately segmented using bisecting k-means and colour-coded in purple. The 

matched normal colorectal biopsy containing healthy colonic crypts (highlighted in green) 

directly correlated to the region in light green on the bisecting k-means segmentation.  
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Figure 3.3: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
normal colorectal and stage IIIC CRC biopsy into the healthy and cancerous region, corresponding 
with the H&E staining performed on an adjacent section. (A) H&E staining of the normal colorectal 
biopsy highlights the healthy colonic crypts region, while the tumour biopsy shows the cancerous 
region. (B) Spatial segmentation using bisecting k-means clustered the biopsies into different 
segments, corresponding with the histological regions identified by H&E staining. The cluster in light 
green in the normal colorectal biopsy corresponded to the healthy region; the purple cluster in the 
tumour biopsy corresponded to the cancerous region.  

So far, as determined using H&E staining, the resected human CRC tumour biopsies contained 

regions of interest identified as cancerous and non-cancerous regions. Interestingly, the 

resected human CRC biopsy in Figure 3.4 contained an additional region identified as healthy 

and was seen to correlate with the healthy region of the normal colorectal biopsy (highlighted 

in green). The other two clusters in yellow and blue on the bisecting k-means segmentation 

of the tumour biopsy closely match the non-cancerous and cancerous regions on the adjacent 

H&E stained section, respectively.  
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Figure 3.4: Bisecting k-means segmented the generated data from negative ion mode DESI-MSI of 
normal colorectal and stage IVC CRC biopsy into the healthy, non-cancerous, and cancerous region, 
corresponding with the H&E staining performed on an adjacent section. (A) H&E staining of the 
normal colorectal biopsy highlights the healthy colonic crypts region, while the tumour biopsy shows 
three molecularly distinct regions: the healthy, non-cancerous and the cancerous region. (B) Spatial 
segmentation using bisecting k-means clustered the biopsies into different segments, corresponding 
with the histological regions identified by H&E staining. The cluster in green in the normal colorectal 
biopsy corresponded to the healthy region; the green, yellow and blue clusters in the tumour biopsy 
corresponded to the healthy, non-cancerous, and cancerous regions, respectively.  

Since the bisecting k-means segmentation map provides a general overview of regions with 

similar biochemical signatures, extracting the spectra from each of these regions will help 

identify differences in m/z values and, subsequently, molecular species linked to a specific 

region within the biopsies. Here, the total ion spectrum from each ROI was extracted using 

HDimaging v1.4 (Waters Corporation, Wilmslow, UK) and visualised in MassLynx v4.1 (Waters, 

Milford, USA). Overall, spectral differences are observed between m/z 200-400 and m/z 700-

900, corresponding to the FA and PL regions, respectively (Figure 3.5 - Figure 3.8). Extracted 

spectra from normal colorectal and stage IIA CRC biopsies show apparent ion intensity 

differences, particularly in the PL range (Figure 3.5). Focusing on the most abundant PL 

species in mammals at m/z 885.55, high ion intensity in the healthy region compared to the 

cancerous and non-cancerous regions of the tissue can be observed (DESI-MSI ion images can 

be seen in Supplementary Figure 3.1). On the contrary, in stage IIIC_patient 1 CRC biopsy, the 

same lipid species is seen at low abundance in the healthy region of the normal colorectal 

biopsy compared to the non-cancerous region of the cancer biopsy (Figure 3.6). No 

differences in ion intensity at m/z 885.55 is seen between the healthy and cancerous region. 
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A similar observation is also seen in the stage IIIC_patient 2 CRC biopsy, where no apparent 

differences in ion intensity at m/z 885.55 between the healthy and cancerous regions are 

observed (Figure 3.7). Interestingly, the extracted spectra of the healthy and non-cancerous 

region of stage IVC CRC biopsy shows similar ion at m/z 885.55 relative to the cancerous 

region (Figure 3.7).  

 

Figure 3.5: Extracted negative ion mode DESI-MSI spectra from the three molecularly distinct 
regions; the healthy, cancerous, and non-cancerous regions of the normal colorectal and Stage IIA 
CRC biopsy revealed higher ion intensity and distribution in healthy tissue relative to the cancerous 
and non-cancerous region. Top; mass spectrum extracted from the healthy region of the normal 
colorectal biopsy shows ion distribution with similar intensities across the whole mass spectrum (m/z 
100-900). Middle; mass spectrum extracted from the cancerous region of the tumour biopsy shows 
higher ion intensity in the lower mass range between m/z 200-300 and the higher mass range between 
m/z 700-900 and little in the mass range between m/z 400-500. Bottom; mass spectrum extracted 
from the non-cancerous region of the tumour biopsy shows similar ion distribution and intensity to 
the spectrum extracted from the cancerous region (middle).  
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Figure 3.6: Extracted negative ion mode DESI-MSI spectra from the three molecularly distinct 
regions; the healthy, cancerous, and non-cancerous regions of the normal colorectal and Stage IIIC 
CRC biopsy shows no apparent differences in ion intensity and distribution between the regions. 
Top; mass spectrum extracted from the healthy region of the normal colorectal biopsy shows high ion 
intensities in the lower mass range between m/z 200-300 and the higher mass range between m/z 
700-900 and little in the mass range between m/z 400-500. Similar ion distribution patterns and 
intensities are seen in the extracted spectra from the cancerous (middle) and non-cancerous (bottom) 
regions of the tumour biopsy.  

 

Figure 3.7: Extracted negative ion mode DESI-MSI spectra from the two molecularly distinct regions; 
the healthy and cancerous regions of the normal colorectal and Stage IIIC CRC biopsy shows no 
apparent differences in ion intensity and distribution between the regions. Top; mass spectrum 
extracted from the healthy region of the normal colorectal biopsy shows high ion intensities in the 
lower mass range between m/z 200-300 and the higher mass range between m/z 700-900 and little in 
the mass range between m/z 400-500. Similar ion distribution patterns and intensities are seen in the 
extracted spectra from the cancerous (bottom) region of the tumour biopsy.  
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Figure 3.8: Extracted negative ion mode DESI-MSI spectra from the three molecularly distinct 
regions; the healthy, cancerous, and non-cancerous regions of the normal colorectal and Stage IVC 
CRC biopsy shows no apparent differences in ion intensity and distribution between the regions. 
Top; mass spectrum extracted from the healthy region of the normal colorectal biopsy shows ion 
distribution with similar intensities across the whole mass spectrum (m/z 100-900). Similar ion 
distribution patterns and intensities are seen in the extracted spectra from the cancerous (middle) 
and non-cancerous (bottom) regions of the tumour biopsy.  

Spatial segmentation, a process in which pixels with similar mass spectra obtained by MSI are 

grouped together, represents a powerful technique to provide a low-dimensional overview 

of the data and helps identify subpopulations within the tissue that are challenging and more 

time-consuming to identify with classical histopathological staining 32,33. The generated 

segmentation map images show clusters of molecularly different regions highlighted in 

different colours, which can then be assigned to different ROI. In our experiment, the 

application of the bisecting k-means algorithm has successfully segmented the generated 

negative ion mode DESI-MSI datasets into clusters representing the different histological 

regions; the cancerous, non-cancerous, and healthy regions within the tissues. Additionally, 

bisecting k-means segmentation also revealed subclusters within the identified ROIs that 

could not be distinguished in the H&E images, suggesting that those regions might be 

molecularly different.  

CRC is a heterogeneous disease, representing diverse phenotypic and molecular 

characteristics between individual tumours from different patients as well as within the same 

tumour 34,35. The extracted negative ion mode DESI-MSI spectra revealed lipid heterogeneity 

within the different histological regions of the samples as well as between the different 
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biopsies, primarily in the FA and PL regions. A detailed investigation into the molecular 

differences corresponding to those two lipid species will be the focus of the following section.  

3.3.1  Lipidomic profiling by negative ion mode DESI-MSI shows 

differences between healthy, cancerous, and non-cancerous tissue 

So far, we have implemented bisecting k-means in order to segment the negative ion mode 

DESI-MSI datasets into different clusters, which correspond to the different histological 

regions within the tissue sections. The data also show FA and PL heterogeneity in our clinical 

biopsies. Here, we aim to determine biochemical signatures within the FA and PL regions that 

are linked to the different histological regions within the samples. Additionally, we aim to 

relate those signatures to CRC at various stages, including stage IIA, stage IIIC, and Stage IVC. 

Thus, the multivariate statistical tool pLSA was used to reveal lipidomic differences on the 

entire negative ion mode DESI-MSI datasets. The resulting pLSA components are produced 

from the ion intensities across the whole samples and spatially visualised based on their 

spectral data 29. In order to apply the pLSA analysis successfully, the number of principal 

components needed to be specified first. In total, ten principal components were utilised. 

Overlayed pLSA components from negative ion mode DESI-MSI of normal human colonic and 

their matched CRC biopsies highlight each component as a single colour map corresponding 

to the different histological regions within the tissues (Figure 3.9). Regions with similar 

molecular properties displayed the same colour code. In the normal colorectal and their 

matched CRC biopsies of stage IIIC_Patient 1, stage IIIC_Patient 1, and Stage IVC, the pLSA 

components separate the healthy, cancerous, and non-cancerous regions, suggesting 

different biomolecular properties. Interestingly, in stage IIA CRC biopsy, component 2 of the 

pLSA analysis (colour-coded in red) grouped the two histological regions corresponding to the 

healthy and cancerous regions within the normal colorectal and matched CRC biopsy 

together. This result suggests that those two regions might be biochemically similar.  
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Figure 3.9: Overlayed pLSA components from negative ion mode DESI-MSI analysis of normal 
colorectal and their matched CRC biopsies in stage IIA, stage IIIC, stage IIIC, and stage IVC reveals 
spatial tissue features corresponding to the three morphologically distinct regions; the healthy, non-
cancerous, and cancerous region. Numbers next to the assignments represent the individual pLSA 
components in which the specific ions are found at high abundance in that specific region of the 
samples.  

As previously shown in the extracted mass spectra from the healthy, cancerous, and non-

cancerous regions in Figure 3.5-Figure 3.8, major spectral differences were observed between 

m/z 200-400 and m/z 700-900, corresponding to the FA and PL regions, respectively. Those 

two major lipid species also correspond to the pLSA components identified on the biopsies. 

Overall, the pLSA analysis revealed PL species, including glycerophosphoinositols (PI) and 

phosphatidylethanolamines (PE), at high abundance, mainly in the healthy and cancerous 

regions. In contrast, the FA species were seen at high abundance only in the cancerous region 

of the tissue biopsies (Figure 3.10 - 3.11). A table of the pLSA loadings can be found in 

Supplementary Tables 3.1 and 3.3.  
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Of those identified PLs, two PE species, assigned as PE(36:2) at m/z 742.54 and PE(36:1) at 

m/z 744.55, as well as five PI species, including PI(34:1) at m/z 835.55, PI(36:3) at m/z 859.52, 

PI(36:2) at m/z 861.55, PI(36:1) at m/z 863.55, and PI(36:3) at m/z 887.55, have been 

identified (Figure 3.10). The identified chemical species were assigned tentatively according 

to their exact masses and summarised in Supplementary Table 3.2. As seen in Figure 3.10, 

there is a high degree of lipid heterogeneity in our clinical samples. Ion intensity of PE(36:2) 

at m/z 742.54, PE(36:1) at m/z 744.55, PI(34:1) at m/z 835.55, PI(36:2) at m/z 861.55, and 

PI(36:1) at m/z 863.55 appears to be relatively similar in stage IIA and stage IVC compared to 

the two patient biopsies in stage IIIC CRC. While those ions are localised mainly in the healthy 

and cancerous region of stage IIA and stage IVC CRC biopsies, their localisation on both patient 

biopsies in stage IIIC CRC appears to be more localised on the healthy region of the normal 

colorectal relative to the cancerous region in their matched tumour biopsy. Interestingly, only 

the healthy region of the normal colorectal and their matched stage IVC CRC biopsy show a 

high ion abundance of PI(36:3) at m/z 859.52 and PI(36:3) at m/z 887.55.  

As mentioned previously, multiple FA species were seen at high abundance in the cancerous 

region of the tumour biopsies (Figure 3.11). The identified FAs are assigned as linoleic acid at 

m/z 279.22, oleic acid at m/z 281.25, arachidonic acid at m/z 303.22, eicosatrienoic acid at 

m/z 305.24, and docosahexaenoic acid (DHA) at m/z 327.23. All the identified FA species were 

tentatively assigned according to their exact masses and summarised in Supplementary Table 

3.4.  
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Figure 3.10: Negative ion mode DESI-MSI showing a high abundance of PE and PI species in the 
healthy and cancerous region of the normal colorectal and their matched CRC biopsies in stage IIA, 
stage IIIC, stage IIIC, and stage IVC. High PE and PI heterogeneity between the biopsies in different 
clinical stages can be observed. Highlighted region on the H&E image represents the different 
histological regions within the biopsies; the healthy (green), cancerous (red) and non-cancerous 
regions (blue). Lipid IDs are tentative based on accurate mass. TIC normalisation was applied to the 
MSI dataset. 
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Figure 3.11: Negative ion mode DESI-MSI showing a high abundance of FA species in the cancerous 
region of the CRC biopsies (stage IIA, stage IIIC, stage IIIC, and stage IVC). Highlighted regions on the 
H&E image represent the different histological regions within the biopsies; the healthy (green), 
cancerous (red) and non-cancerous regions (blue). Lipid IDs are tentative based on accurate mass. TIC 
normalisation was applied to the MSI dataset. 
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As seen in Figure 3.11, linoleic acid at m/z 279.22 and oleic acid at m/z 281.25 show similar 

localisation and intensity across the cancerous region of all CRC stages. While those FA seem 

to be homogenously distributed across the cancerous region of the CRC biopsies, arachidonic 

acid at m/z 303.22 and eicosatrienoic acid at m/z 305.24 distribution is seen to be more 

localised on specific areas within the cancerous regions. Both FAs are seen either on the edge 

of the tumour samples or the edge of the cancerous region within the samples, as highlighted 

in stage IIA and stage IVC, respectively. Additionally, both FA shows different ion intensity, 

which is specifically apparent in stage IIA CRC. Here the ion intensity of arachidonic acid at 

m/z 303.22 seems much stronger than the eicosatrienoic acid at m/z 305.24. Very interesting 

changes in the distribution and ion intensity can be seen in FA species DHA at m/z 327.23. In 

stage IIA CRC, this ion is homogenously distributed across the entire cancerous region of the 

tumour biopsy. Although still present, the ion intensity on the stage IIIC for both patient 

biopsies appears lower and almost not present in stage IVC CRC biopsy. In comparison to 

eicosatrienoic acid at m/z 305.24, stage IVC CRC biopsy shows the highest signal intensity 

relative to the earlier stages, stage IIA and stage IIIC.  

In order to statistically confirm the correlation between the different FA species in all the 

tissue biopsies, a correlation matrix using hierarchical clustering was utilised (Figure 3.11). 

The values in the correlation matrix range between 0-1, with 0 representing no correlation 

(white) and 1 a high correlation (dark red). Results show partial agreement with the results 

seen in the ion images due to the fact that the correlation matrix compares the pixels in the 

whole image regardless of the ROIs. Nevertheless, the correlation matrix provided an 

overview of the FA correlation in tissues.  
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Figure 3.12: Correlation matrix highlighting the correlation between the different FA species for the 
cancerous region of each human biopsy. Matrix ranges between 0 – 1. Colour-code shows the highest 
correlation in dark red (a value of 1) and no correlation in white (a value of 0).  

DESI-MSI analysis allowed for a detailed investigation of the metabolic phenotypes of CRC and 

their matched normal colorectal biopsies. In our experiments, we applied the multivariate 

statistical analysis tool pLSA to reveal lipidomic differences across the entire negative ion 

mode DESI-MSI datasets. This tool provided an excellent alternative to the widely used 

principal component analysis (PCA), overcoming the disadvantages of using the PCA method. 

Unlike PCA, scores and loading in the pLSA analysis do not include negative counts and can be 

visualised as colour maps 29. Regions with similar molecular properties would cluster and be 

colour-coded for ease of analysis. In our experiments, the pLSA components separated the 

healthy, cancerous, and non-cancerous regions of the normal colorectal and their matched 

CRC biopsies. Furthermore, the pLSA components allowed for the identification of PL and FA 

species linked to the three ROIs; healthy, cancerous, and non-cancerous regions.  
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Within regions rich in PL and FA species identified by pLSA, further biochemical signatures 

linked to the different histological regions within the samples could be determined. Two PL 

species involved in cell membrane composition, PE and PI, were identified. Although they 

showed a similar distribution in the healthy and cancerous regions of the sample biopsies, 

their relative abundance differed, as highlighted in the DESI-MS ion images. This was 

particularly true for the two patient biopsies in stage IIIC CRC compared to stage IIA and stage 

IVC biopsies. The PE and PI species identified show similar ion intensities on both healthy and 

cancerous regions of stage IIA and stage IVC biopsies, yet the two stage IIIC CRC tissue biopsies 

show higher ion intensity in the healthy region compared to the cancerous region. Since this 

phenomenon occurred with two different patients, further analysis would be needed to 

determine if this is a trend amongst this particular stage and exceeds the sampling variance.  

In multiple cancer types, all but one of our identified PL species, PI(36:2) at m/z 861.55, were 

seen in previous studies using a variety of MSI techniques to be at a higher relative abundance 

in the cancerous region of the tissues. For instance, PE(36:2) at m/z 742.54 was reported to 

be at a higher relative abundance in the tumour region of non-small cell lung tissue relative 

to the stroma region using the MSI technique matrix-assisted laser desorption ionisation 

(MALDI-MSI) 36. Another study reported high relative abundancy of PI(36:3) at m/z 859.52 in 

the cancerous region of human basal cell carcinoma biopsy via secondary ion mass 

spectrometry (SIMS). Performing DESI-MSI on human prostate cancer biopsies, Kerian et al. 

discovered four ions, PI(34:1) at m/z 835.55, PI(36:2) at m/z 861.55, and PI(36:3) at m/z 

887.55 at a high relative abundance in cancer compared to normal tissues 37. Interestingly, 

using DESI-MSI on human gastric cancer biopsies, Eberlin et al. showed that PI(36:2) at m/z 

861.55, which was previously shown by Keiran et al. at high relative abundance only in 

cancerous tissue, a high relative abundance on both cancerous and the normal tissue regions 

27. Our study corroborates the results from Eberlin et al. using the same ionisation technique, 

DESI-MSI, on our human CRC tissue. Taken together, the nature of PI(36:2) could be cancer-

type dependent to account for discrepant results among DESI-MSI studies. Also, the 

mentioned studies do not detail the cancer stage, which could be a factor. It is also possible 

that genomic mutations have an effect on PL alterations. Though our study reports genomic 

data, significantly more samples would be needed to validate that claim, as well as more 

genomic reporting from other cancer types, which was not provided in the mentioned studies.  
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In our sample cohort, stage IVC CRC was the only biopsy to be identified with a PIK3CA 

mutation, a proto-oncogene thought to drive the final transformation of colonic cells into 

invasive adenocarcinomas 38. Interestingly, two PI species, PI(36:3) at m/z 859.52 and PI(36:3) 

at m/z 887.55 were only observed at a high ion intensity in this specific biopsy. This suggests 

the involvement of those ion species in the PI3-K, an oncogene which phosphorylates 

phosphatidylinositol (4,5)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3), thereby mediating the activation and recruitment of AKT, a pathway responsible for 

cancer survival and progression 39. Our results build on the research within the McMahon Lab 

on glioblastoma models (data not published), where PI(36:3) at m/z 859.52 and PI(36:3) at 

m/z 887.55 were observed at high abundance in the tumour region compared to the 

surrounding grey matter region of the brain. However, in order to confirm this in our clinical 

CRC models, more biopsies are needed with the PI3-K mutation to compare as well as tandem 

MS/MS to study the downstream effects on FA. 

Previous studies demonstrated the importance of FA synthesis in cancer due to their 

involvement in the production of complex lipids such as PL and their ability to generate energy 

via fatty acid oxidation (FAO) 40,41. In our study, many FA species were identified at high 

abundance in the cancerous regions of the tumour biopsies. All of the identified FAs are 

unsaturated FAs, known to stimulate the proliferation of multiple types of cancers 42. They 

can be synthesised either endogenously from the de novo FA synthesis or exogenously from 

the diet. In our results, we detected oleic acid, a downstream acid involved in the de novo FA 

synthesis. It is generated through a multistep process involving first the production of palmitic 

acid, the main product of the de novo FA synthesis, from citrate. Palmitic acid can be 

elongated and desaturated through the activity of fatty acid synthase (FASN) to produce 

stearic acid, which then generates oleic acid through the enzyme stearoyl-CoA desaturase-1 

(SCD-1) 43. While neither palmitic nor stearic acid was detected in our study, detecting oleic 

acid suggests de novo FA synthesis activation. However, additional work using histological 

staining of FASN and SCD-1 would be beneficial to support our findings.  

Several studies have demonstrated that de novo FA synthesis is regulated by several gene 

mutations, including mutations in KRAS, PI3-K and TP53, all of which were also detected in 

our human biopsies 21,44. The study by Ricoult et al. showed that KRAS and PI3-K mutations 

activate the de novo lipid synthesis via rapamycin complex 1 (mTORC1), which leads to the 
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activation of the sterol regulatory element-binding proteins (SREBP1) and subsequently to the 

activation of the FASN 44. On the contrary, TP53 mutations have been shown to inhibit the 

SREBP1 gene and thus the activation of FASN 45,46. These studies appear to counter our results 

where we are seeing a high abundance of oleic acid, a downstream FA in the de novo FA 

synthesis, in all the human samples despite the Tp53 mutation. Future work to further 

support those findings will include histological staining of FASN as well as western blot 

analysis to measure the expression level of the SREBP1 gene in the biopsies.  

In addition to FAs involved in the de novo FA synthesis, we also detected multiple dietary FA 

species. Generally, dietary FAs can be divided into omega-3 and omega-6 polyunsaturated 

fatty acids (PUFAs), which both were detected in our samples. Arachidonic acid, an omega-6 

PUFA, is known to be synthesised from linoleic acid, while the two types of omega-3 PUFA, 

DHA and eicosatrienoic acid, are synthesised from α-linoleic acid 47. Interestingly, depending 

on the clinical stage, the relative abundance of eicosatrienoic acid and DHA differ in our 

experiment. Our results show an increase in the relative abundance of eicosatrienoic acid in 

later stage CRC (stage IVC) compared to the earlier stage (Stage IIA). On the contrary, the 

relative abundance of DHA in the earlier stage (stage IIA) is much higher compared to later 

stages (stage IIIV and IVC). This observation is in agreement with a study by Williams et al. 

Their study showed an increase in multiple FA species in later stage disease development 

compared to the earlier stages 4. Indeed, a study by Jerby et al. highlighted the correlation 

between the proliferation rate and metastasis, in which the more a tumour progresses and 

begins to metastasise, the more proliferation rates decrease 48.  

Interestingly, the distribution and relative ion abundance of arachidonic acid and 

eicosatrienoic acid are similar in our experiment. Reasons for this could be explained by the 

fact that arachidonic acid is a precursor of eicosanoids, biologically active lipids known to 

stimulate cell proliferation and induce pro-inflammatory effects in cancer 49. Future 

experiments using a proliferation marker, such as Ki-67, are needed to draw conclusions tying 

these lipids to cancer proliferation. 

3.4   Conclusion 

Our study demonstrated the successful use of DESI-MSI on human CRC tissue and their 

matched normal colorectal biopsies. DESI-MSI allowed for a detailed investigation of the 
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metabolic changes in CRC biopsies at different stages and their matched normal biopsies. 

Utilising bisecting k-means allowed for tissue segmentation, correlating to the different 

histological regions within the tissue biopsies. Furthermore, applying the multivariate 

statistical analysis tool pLSA on the entire negative ion mode, DESI-MSI datasets revealed 

lipidomic differences in the PL and FA range. While multiple PL species were observed in the 

healthy and cancerous regions of the tissue biopsies, FAs were at high relative abundance 

only in the cancerous regions of the tissue. Within those FA species, eicosatrienoic acid and 

DHA were further seen to have a clinical-stage dependent abundance. The detection of 

eicosatrienoic acid at high abundancy in the later stage (stage IV) CRC and DHA at earlier stage 

CRC development (stage II) highlights their role as potential biomarkers. However, because of 

the small sample size, our preliminary findings need to be validated using a bigger sample 

cohort. Additionally, all of our lipids were tentatively identified by their exact mass and 

database matched using LIPID MAPS (https://www.lipidmaps.org/). Their confirmation, which 

can be achieved using tandem mass spectrometry (MS/MS) analysis, was outside the scope 

of our preliminary study.  

In our previous study using pre-clinical models, positive ion mode data showed many 

acylcarnitine species located on the hypoxic regions of the samples. In the present study, 

acylcarnitines were not detected, and thus the relationship between FAs and carnitines could 

not be addressed. A likely explanation could be attributed to the fact that the human samples 

used in this study were not hypoxic. Future work should include using an endogenous hypoxic 

marker CA-9 to confirm this hypothesis.  

In conclusion, these results provide valuable information about CRC biochemistry that could 

be further studied to better understand CRC development and metastasis.  
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3.8    Supplementary materials 

 

Supplementary Figure 3.1: Negative ion mode DESI-MSI showing PL heterogeneity at m/z 885.55 in 
the healthy, cancerous and non-cancerous regions of the clinical biopsies. High ion intensity can be 
observed in the healthy regions relative to the cancerous and non-cancerous region of the stage IIA 
biopsy. Stage IIIC_patient 1 show high ion intensity at m/z 885.55 in the non-cancerous region of the 
tumour biopsy. No apparent difference in ion intensity at m/z 885.55 can be observed in Stage 
IIIC_patient 2 biopsy. Healthy and non-cancerous region of stage IVC CRC biopsy shows similar ion at 
m/z 885.55 relative to the cancerous region. Highlighted regions on the H&E image represent the 
different histological regions within the biopsies; the healthy (green), cancerous (red) and non-
cancerous regions (blue). Lipid IDs are tentative based on accurate mass. TIC normalisation was 
applied to the MSI dataset. 
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Supplementary Table 3.1: PLSA loadings from negative ion mode data of all the ions shown to be at 
high intensity in normal and healthy tissue regions.   

 
Stage IIA 

Stage IIIC 
Patient 1 

Stage IIIC 
Patient 2 

Stage IVC 

Observed mass 
pLSA 

component 2 
pLSA 

component 7 
pLSA 

component 2 
pLSA 

component 4 

742.54 0.002491058 0.015040881 0.018464759 0.017116737 

744.56 0.004796025 0.00049275 0.014366407 0.013426252 

835.54 0.000138926 0.009406648 0.007456489 0.000472745 

859.53 0.00260171 0.001943447 0.002555524 0.002608216 

861.55 0.007657011 0.010449687 0.009806798 0.014188741 

863.56 0.004211207 0.010965642 0.007727029 0.011624423 

887.56 0.003861374 0.001313669 0.00394864 0.002054897 
 

Supplementary Table 3.2: Table reporting the tentative assignment, formula, theoretical mass, 
observed m/z, and PPM error for the selected ions localised mainly on normal and healthy tissue 
detected in negative ion mode DESI-MSI.  

Tentative 
assignment 

Formula Theoretical 
mass 

Observed m/z 
PPM 
error 

PE(36:2) C41H78NO8P 742.5392 742.5408 2 

PE(36:1) C41H80NO8P 744.5549 744.5574 3 

PI(34:1) C43H81O13P 835.5342 835.5398 7 

PI(36:3) C45H81O13P 859.5342 859.5256 10 

PI(36:2) C45H83O13P 861.5499 861.5516 2 

PI(36:1) C45H85O13P 863.5655 863.5591 7 

PI(38:3) C47H85O13P 887.5655 887.5558 11 
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Supplementary Table 3.3: PLSA loadings from negative ion mode data of all the ions shown to be at 
high intensity, mainly in the cancerous regions of the human tumour biopsies.   

 
Stage IIA 

Stage IIIC 
Patient 1 

Stage IIIC 
Patient 2 

Stage IVC 

Observed mass 
pLSA 

component 2 
pLSA 

component 10 
pLSA 

component 5 
pLSA 

component 10 

279.23 0.04194741 0.005371793 0.008744497 0.002459957 

281.25 0.062121255 0.00729783 0.031577871 0.003288801 

303.23 0.044012274 0.000894614 0.017940243 0.00216853 

305.25 0.007008181 0.000223204 0.003325597 0.001328279 

327.23 0.015994963 0.00041577 0.002821683 0.00068912 
 

Supplementary Table 3.4: Table reporting the tentative assignment, formula, theoretical mass, 
observed m/z, and PPM error for the selected ions localised mainly on the cancerous region 
detected in negative ion mode DESI-MSI. 

Tentative 
assignment 

Formula Theoretical 
mass 

Observed m/z 
PPM 
error 

Linoleic acid     
FA(18:2) 

C18H32O2 279.2324 279.2339 5 

Oleic acid         
FA(18:1) 

C18H34O2 281.2481 281.2465 6 

Arachidonic acid 
FA(20:4) 

C20H32O2 303.233 303.2338 3 

Eicosatrienoic acid 
FA(20:3) 

C20H34O2 305.2481 305.2492 4 

Docosahexaenoic 
acid FA(22:6) 

C22H32O2 327.233 327.2324 2 
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Abstract 

Background: Patients with colorectal cancer peritoneal metastasis (CRPM) exhibit a poor 

prognosis, with a median overall survival of 12-18 months with chemotherapy and just six 

months without therapy. Because CRPM development occurs without evident symptoms, its 

detection in many cases is relatively late and usually confirmed at the time of surgery or 

during follow-ups. Currently, little is known about the pathophysiology that drives CRPM 

development, especially in regard to its immune microenvironment. Furthermore, although 

the relationship between immune cell activation and lipid and energy metabolism is known, 

their link in terms of CRPM development has not been extensively studied yet. However, 

finding this relationship will help improve CRPM prognosis and identify patients at high risk 

of CRPM development.  

Previously, using pre-clinical CRC samples and human primary CRC biopsies, we identified 

using DESI-MSI in negative and positive ion modes multiple fatty acid (FA) and phospholipid 

(PL) species as well as acylcarnitine species at high abundancy on the cancerous regions of 

the samples relative to the non-cancerous region. Furthermore, we showed that DESI-MSI 
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could be used as a powerful analytical tool for tissue classification based on biochemical 

signatures. In the current proof-of-concept study, we aim to investigate immunophenotypic 

and metabolic alteration in human CRC primary and CRPM biopsies at different metastatic 

sites using DESI-MSI and the gene expression analysis technique NanoString nCounter. We 

also aim to highlight the complementarity of these two techniques to provide a deeper 

knowledge of the molecular driver contributing to CRPM development.  

Methods: 12 human sample biopsies were used, all of which were resected from different 

patients. Three samples were resected from a primary CRC, and the remaining nine biopsies 

were resected from CRPM tumours at different metastatic sites (n=3/metastatic site), 

including the peritoneum, the ovaries, and the omentum. NanoString nCounter analysis using 

the tumour signalling 360 gene expression panel was utilised to determine genomic changes 

between the biopsies. DESI-MSI in positive and negative ion modes allowed for the 

characterisation of metabolic and lipidomic changes between the primary CRC and the CRPM 

biopsies at different metastatic sites. Bisecting k-means segmentation and probabilistic latent 

semantic analysis (pLSA) analysis were applied to analyse the entire DESI-MSI datasets. 

Adjacent sections were stained with haematoxylin and eosin (H&E) staining to highlight 

histological regions, all of which were evaluated by a trained pathologist. 

Results: Gene expression analysis using the NanoString nCounter system revealed high 

expression of innate and adaptive immune cell types in the different CRPM biopsies at the 

omental, ovarian, and peritoneal sites compared to the primary CRC biopsies. Furthermore, 

normalised gene expression analysis showed a significantly high expression of markers and 

genes related to macrophages in all the different CRPM sites relative to the primary CRC 

biopsies. DESI-MSI analysis in negative ion mode revealed several PL and FA species at a high 

abundance on the cancerous regions of the tissue biopsies. Positive ion mode DESI-MSI 

analysis highlighted multiple acylcarnitine species only at high abundance on the cancerous 

region of the CRPM biopsies, suggesting a metabolic shift to fatty acid oxidation (FAO) via the 

β-oxidation pathway.  

Conclusion: The results of our proof-of-concept study provided evidence of the different 

immunophenotypic and metabolic signatures in human primary CRC and CRPM and indicate 

the importance of the immune system in tumour progression as well as in the metabolic 

alterations of CRPM. Furthermore, our results highlight the complementarity of using 
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NanoString nCounter and DESI-MSI analysis to provide a more profound knowledge of the 

different immune cells and their metabolism within the primary human CRC and CRPM 

biopsies that could contribute to CRPM development.  

4.1   Introduction 

The World Health Organisation GLOBOCON published data on colorectal cancer (CRC) 

incidence and mortality showing that in 2020, after female breast and lung cancer, CRC was 

one of the most commonly diagnosed cancers worldwide. Additionally, CRC mortality was 

among the highest of all cancers, accounting for approximately 10 % of cancer-related 

mortality 1. One major reason for such high mortality is believed to be the consequence of 

metastasis 2. Together with the lung and liver, the peritoneum represents one of the most 

common metastatic sites of CRC 3. Compared to the lung and liver, patients with colorectal 

cancer peritoneal metastasis (CRPM) exhibit the worse prognosis, with a median overall 

survival of 12-18 months with systemic chemotherapy and just six months without therapy 

4,5. Because no specific symptoms are associated with CRPM, early disease detection 

represents a significant challenge in the clinic 6. In fact, the incidence of CRC patients 

developing CRPM is approximately 30-40 %; of those, around 4-13 % are diagnosed before or 

at the time of surgery (synchronous CRPM), and 19 % of the patients are diagnosed during 

follow-ups (metachronous CRPM) 7-9. Therefore, understanding the molecular drivers 

associated with CRPM is crucial to predict its development. To date, little is known about the 

pathophysiology that drives CRPM, especially with respect to its immune microenvironment 

and the interaction between its components that can drive tumour progression. While one 

such interaction is increasingly recognised to exist between the immune microenvironment 

and the lipid and energy metabolism in different cancers, not many researchers have focused 

on this relationship in regard to CRPM 10-13. Finding the link between the immune 

microenvironment of CRPM and the lipidomic and energy metabolism changes will help 

improve CRPM prognosis and identify patients at high risk of CRPM development.  

The development of peritoneal metastasis, known as the peritoneal metastatic cascade, has 

been extensively described by Lemoine et al. and involves a multistep process that starts with 

cell detachment from the primary colorectal tumour followed by cell migration into the 

peritoneal cavity 14. Once the free CRC cells arrive at the peritoneum, they attach to its 
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mesothelial cells and invade the subperitoneal space, preferably in the specialised structures 

called "milky spots".  

Milky spots are submesothelial lymphoid structures found in the peritoneal cavity, 

particularly in the greater omentum 15. They are known to be highly vascular, creating an 

optimal niche for circulating tumour cells to survive and proliferate, thus playing a crucial role 

in CRPM development 6. Furthermore, milky spots are rich in innate and adaptive immune 

cell populations, including lymphocytes, dendritic cells and macrophages, with the latter 

being the most highly expressed immune cell population 14,16,17. 

Within the tumour microenvironment (TME), tumour-associated macrophages (TAMs) 

represent the most abundant immune cell populations, displaying functions that can either 

promote or antagonise tumour development depending on its subtypes 18. Traditionally, 

macrophages were divided into classically activated M1 and alternatively activated M2 

macrophages. While the classically activated M1 macrophages produce pro-inflammatory 

cytokines that can negatively impact tumour growth and survival 18-20, the anti-inflammatory 

alternatively activated M2 macrophages produce growth and immunosuppressive factors as 

well as pro-angiogenic molecules that stimulate tumour proliferation, migration and survival 

18-20. It is worth mentioning that due to the heterogeneous nature of macrophages, a definite 

categorisation into the two subtypes cannot be made, as markers for the specific M1 and M2 

macrophages can be found, although with different expression levels on both subtypes 21.  

As mentioned previously, a strong link exists between metabolic alterations and the immune 

microenvironment, specifically for macrophages. Depending on the macrophage phenotypes, 

major pathways, including aerobic glycolysis, fatty acid oxidation (FAO), and oxidative 

phosphorylation (OXPHOS), are used for energy production 22. For example, the classically 

activated M1 macrophages are known to rely on the glycolytic pathway for adenosine 

triphosphate (ATP), while M2 macrophages exhibit increased FAO and an activated OXPHOS 

pathway 23,24. Once again, although it was initially thought that each macrophage subtype is 

associated with a specific metabolic adaption mechanism, in recent years, it has become more 

evident that the metabolic pathways might be present in both macrophage phenotypes 

rather than as initially thought to be present solely in one specific phenotype 24,25.  
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Technological advances have enabled the study of various immune cells and their 

metabolism. For instance, gene expression technologies such as RNA sequencing, reverse 

transcription-polymerase chain reaction (RT-PCR), as well as tissue microarray have allowed 

for the generation of large-scale genomic data and have improved our knowledge of cellular 

heterogeneity within the TME 26,27. Nevertheless, these "traditional" techniques might not be 

suitable for clinical applications, especially when using low-quality and a small amount of 

tissue material 28,29.  A platform that has been shown to overcome those challenges is the 

NanoString nCounter gene expression system. This RNA-hybridisation-based platform allows 

the direct measurement of different targeted mRNA molecules using optical molecular 

barcodes with high accuracy and reproducibility within a single reaction 30,31. Furthermore, 

high quality data can be achieved from a small sample volume of 100 ng/total RNA using the 

NanoString nCounter technology, making it an attractive technique to use in a clinical setting, 

as in most cases, limited amounts of freshly resected human biopsies are available.  

The NanoString nCounter technology benefits from having a relatively simple gene detection 

process (Figure 4.1) 30. The first step starts with the hybridisation of the extracted mRNA with 

two sequence-specific probes, capture and reporter probes, to form a tripartite structure. 

Both probes contain a 35-50 base-long target-specific region in addition to a biotin tag and a 

colour-coded tag (consisting of a single-stranded DNA molecule attached to fluorophore-

labelled RNA segments), carried by the capture and the reporter probe, respectively. 

Following this, reporter and capture probes that have not found a target are removed by 

affinity purification. The remaining hybridised complex is then transferred to a sample 

cartridge coated with streptavidin. Thus, the biotinylated 3' ends of the capture probe among 

the tripartite structure are capable of binding to the coated cartridge. An electric current is 

then applied to elongate, align and immobilise the complexes. After this, the immobilised 

reporter probe complexes are imaged and counted. In total, six positions and four colours can 

be created in which each combination represents a unique code for each of the target specific 

genes. 
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Figure 4.1: A schematic illustration of the NanoString nCounter detection process. In total, four steps 
are involved in the detection process. The first step starts with the hybridisation of the capture and 
reporter to the extracted mRNA, followed by probe binding to the streptavidin-coated cartridge. Next, 
an electric current is applied to immobilise and align the complex to the cartridge, where it can be 
imaged and counted.  

Although the utility of the NanoString nCounter system has many advantages that are 

favourable over other gene expression techniques, its use also comes with some limitations 

and hurdles. First, in order to consider sample-to-sample variations, the obtained results are 

all normalised to reference genes or housekeeping genes that are believed to remain stable 

regardless of the experimental conditions. However, evidence showed that some 

housekeeping genes do not stay stable and could vary depending on the experimental 

manipulations 32. Second, the maximum gene number that can be measured in a single 

reaction using the NanoString nCounter system is 800 genes, which, compared to, for 

example, tissue microarray that detects up to 50,000 genes, is relatively low, although the 

latter is at much higher cost 31. Lastly, the detection of the genes within the tissues is not 

spatially mapped, beyond that represented by the site of the biopsy, which fails to sufficiently 

account for intra-tumour immune cell heterogeneity.  

The combination of genomic analysis with spatially oriented molecular techniques represents 

a gap in the literature. Technologies such as desorption electrospray ionisation mass 

spectrometry imaging (DESI-MSI), a type of ambient MSI ionisation technique, provide 

molecular information in a spatially oriented fashion, especially lipidomic information, that 

can be linked to multiple pathways and cells, including the immune cells. Currently, DESI-MSI 

operates at greater than single cell spatial resolution. However, as increases in spatial 

resolution and multi-modal imaging tie DESI-MSI data to cellular populations, a clearer picture 
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of the immune cell population and their metabolism in the TME begins to emerge. Briefly, in 

a DESI-MSI experiment, thin tissue sections mounted on a glass microscope slide are sprayed 

with a charged solvent that aids the desorption and ionisation process. The spray impact on 

the samples creates a splash containing secondary microdroplets that can be taken up by the 

heated capillary and subsequently enter the mass spectrometer, providing detailed lipid 

distribution within the samples' surface 33.  

Our previous studies (Chapter 2 and Chapter 3) used CRC pre-clinical models and human 

primary tumours to study lipid heterogeneity within the TME. The current proof-of-concept 

study aims to investigate immunophenotypic and co-localised metabolic alteration in human 

primary and metastatic CRC biopsies. In order to explore this possibility, human primary CRC 

and CRPM biopsies at different metastatic sites, the omentum, peritoneum, and ovaries, were 

used. The NanoString nCounter system using the tumour signalling 360 gene expression panel 

was utilised, allowing for a detailed investigation into genomic signatures and markers linked 

to various immune cell types in the human primary CRC and CRPM biopsies at all metastatic 

sites. Furthermore, we used DESI-MSI in positive and negative ion modes to reveal lipidomic 

changes between the human primary CRC and CRPM biopsies at all metastatic sites. The use 

of both polarities was crucial for our analysis because depending on the polar headgoup of 

the lipid species, their ionisation efficiency can differ. For instance, fatty acids (FAs) and 

phospholipids (PL) ionise better in negative while acylcarnitines in positive ion mode. Thus in 

order to achieve a more comprehensive analysis of the lipidomic changes in our models, both 

negative and positive ion modes were used.  

4.2   Materials and methods 

4.2.1   Chemicals 

Unless stated, all solvents were purchased from Sigma-Aldrich (UK).  

4.2.2   Tissue sample preparation 

All 12 human CRC and CRPM samples were obtained from the Manchester Cancer Research 

Centre (MCRC) BioBank. Samples were resected from 12 different patients. Three samples 

were resected from a primary CRC tumour, and the remaining nine were resected from 
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patients with CRPM tumours at different metastatic sites (n=3/metastatic site); the 

peritoneal, the omentum, and the ovaries. All experiments were performed under the ethics 

approval of the South Manchester Research Ethics Committee. At the time of collection, 

samples were frozen in isopentane and stored at -80 °C freezer until use.  

4.2.3   NanoString nCounter 

4.2.3.1   RNA isolation 

Total RNA was isolated from 12 fresh-frozen resected human primary and CRPM biopsies. At 

least five 20 μm thick sections were cut from each sample and transferred into 1.5 μl 

Eppendorf tubes. AllPrep DNA/RNA micro kit (Qiagen) was then used to extract the RNA. 

Before the experimental start, the fume hood was sprayed with RNAseZap (Thermo Fischer) 

in order to minimise contamination. In order to disrupt and homogenise the collected tissue, 

Buffer RLT Plus containing β-mercaptoethanol was added. Samples were then vortexed for 30 

seconds, transferred into an AllPrep DNA spin column, placed in a 2 ml collection tube, and 

centrifuged for 30 seconds at 10,000 rpm. AllPrep DNA spin column was then removed, and 

one volume of 70 % ethanol was added to the collection tube containing the flow-through. 

Samples were then transferred to an RNease MinElute spin column placed in a 2 ml collection 

tube and centrifuged for 15 seconds at 10,000 rpm. Flow-through was then carefully 

discarded from the collection tube and reused. 700 μl Buffer RW1 was added to the RNease 

MinElute spin column. This was then centrifuged for 15 seconds at 10,000 rpm. Flow-through 

was then again carefully discarded from the collection tube and reused. 500 μl Buffer RPE was 

added to the RNease MinElute spin column and centrifuged for 15 seconds at 10,000 rpm. 

Flow-through was then discarded, and 500 μl of 80 % ethanol was added to the column and 

centrifuged for 2 minutes at 10,000 rpm. After this, the RNease MinElute spin column was 

placed in a fresh 2 ml collection tube and centrifuged at full speed for 5 minutes. It is crucial 

in this step to keep the lid of the MinElute spin column open in order to completely dry the 

column membrane, as any residual liquid could potentially interfere with the purity of the 

RNA. The RNease MinElute spin column was then placed into a new 1.5 ml collection tube 

washed with 14 μl RNAse-free water and centrifuged for 1 minute at full speed. The flow-

through now contains the eluted RNA.  
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Following RNA extraction, the quality of the isolated RNA was assessed using Agilent 2200 

RNA ScreenTape system and its quantity using a Qubit 4 fluorimeter. The total RNA average 

input was 110 ng/μl with an average RNA integrity number (RIN) of 6.  

4.2.3.2   NanoString nCounter  

The tumour signalling 360 panel, run by the Genomic Technologies Core Facility at the 

University of Manchester (UK), was performed on the isolated RNA. This panel covers 800 

genes linked to various signalling pathways and cell types involved in tumour progression and 

metastasis (Supplementary Table 4.1).  

First, a master mix containing 70 μL hybridisation buffer was added to a tube containing the 

Reporter CodeSet. After a careful mix, 8 μL of the master mix was added to each of the 12 

PCR tubes, followed by 5 μL of the purified RNA. Following mixing, 2 μL Capture ProbeSet was 

added to each tube immediately before placing the tube in the 65 °C thermal cycler for 

overnight hybridisation. Samples were then transferred into the nCounter PrepStation 

(NanoString Technologies, USA) for purification and immobilisation. For data collection, a 

nCounter Digital Analyzer (NanoString Technologies, USA) was used to count the fluorescent 

barcodes at a 280 field of view.  

Data analysis was performed using the Rosalind® platform (San Diego, CA). mRNA heatmap 

of cell type profiling was created based on marker genes within the panel, known to be 

associated with each cell type. Boxplots represent the log2 gene abundance scores, 

representing the average magnitude of a gene's differential expression. Normalised gene 

expression values (normalised to housekeeping genes within the used panel) were extracted 

from the NanoString data and plotted using GraphPad Prism (USA). One-way ANOVA was used 

as the tool to determine statistical differences between the primary CRC biopsies and the 

CRPM biopsies at different metastatic sites. A p-value of P < 0.05 was considered statistically 

significant. Results were plotted from all 12 tissue biopsies (n=3/tissue type). Error bars 

represent the standard error of the mean (SEM). 

4.2.4  DESI-MSI 

Using a cryostat (LEICA CM3050 S), 12 μm thick sections were cut from each biopsy sample. 

Following this, sections were transferred onto a microscopic glass slide (Thermo Scientific, 
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USA) and either stored in the -80 °C freezer until analysis or directly analysed with the DESI-

MSI and histological stained.  

DESI-MSI experiments were carried out in positive and negative ion modes using a Xevo G2-

XS quadrupole time of flight (QToF) system (Waters Corporation, UK). In both polarities, 

images were acquired with a pixel dimension of 50 µm (x,y) over a mass range of 50-1200 Da. 

The instrument acquired spectra at 5 scans/second. The solvent of choice consisted of a 

mixture of 98 % methanol and 2 % high-performance liquid chromatography (HPLC) grade 

water. Using a syringe pump (Harvard Apparatus, USA), the solvent was sprayed onto the 

tissue slide at a flow rate of 1.5-2 µL/min. Additionally, a nebulising gas of nitrogen was used 

at a pressure of 1.3 bar. The inlet temperature was set to 450 °C and the source temperature 

to 100 °C. Depending on the polarity, the capillary voltage was set to 0.8 kV for negative and 

1 kV for positive ion modes. The Instrumental setup was as follows:  the sprayer was 

positioned 2-3 mm above the sample surface and 8-10 mm distant to the heated capillary 

inlet. Relative to the plane of the tissue section, the spray impact angle was 80 °, and the 

collection capillary angle was 5 °.  

4.2.4.1   DESI-MSI data analysis 

SCiLS lab software (Version 2021c, Bruker, Germany) was used to analyse the DESI-MSI 

experiments. First, regions of interest (ROI) of the whole tissue biopsies were drawn and 

normalised to total ion count (TIC). Following this, bisecting k-means segmentation was 

performed on the selected ROIs. Based on spectral differences, the resulting classes were able 

to be saved as ROIs. In accordance with the histological annotations by the pathologist, the 

same two regions, the cancerous and non-cancerous, were clustered separately using 

bisecting k-means segmentation. Both regions were compared to each other using the 

receiver operator characteristics (ROC) curve analysis, which plots two parameters: the true 

positive rate (sensitivity) and the false positive rate (specificity). For the analysis, a 

comparison between class 1 (cancerous region) and class 2 (non-cancerous region) was made, 

with ROC values of 0.8 and above representing a high abundance of the selected ion only in 

the cancerous region of the tissue. In contrast, a value of 0.2 or less is considered more 

abundant in the non-cancerous region. The resultant curve displays the area under the curve 

(AUC), which correlates those selected m/z values to a discriminative value specific to a 
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selected region. AUC values above 0.5 were considered to be significantly higher in the 

selected region 34. 

Lipid assignment was performed tentatively using LIPID MAPS (https://www.lipidmaps.org/). 

4.2.5   Haematoxylin and eosin staining 

Adjacent tissue sections to those analysed by DESI-MSI were used for the histological staining. 

First, glass slides containing the mounted 12 μm thick sections were immersed in 95 % ethanol 

and 70 % ethanol for 30 seconds each. A quick wash in distilled water was performed before 

dipping the slides for 4 minutes in 0.1 % haematoxylin. In order to remove access dye, slides 

were then rinsed with running tap water for 5 minutes. Following this, slides were submerged 

in 70 % and 95 % ethanol for 30 seconds each before staining with 0.5 % Eosin for 40 seconds. 

A series of ethanol washes were then performed in order to dehydrate the slides. Those 

include dipping the slides in 95 % ethanol and 100 % ethanol for 30 seconds, followed by a 

two-minute xylene wash. Finally, sections were mounted using Organo/Limonene Mount™, a 

mounting media made with limonene (extracted from the orange peel) and an excellent 

product to preserve tissue sections after staining. Sections were then covered with a glass 

cover slip and kept to dry at room temperature for several hours.  

Images were acquired using a 3D-Histech Pannoramic-250 microscope slide-scanner using a 

[20x/ 0.30 Plan Achromat] objective (Zeiss, Germany) and visualised using the Case Viewer 

software (3D-Histech, Hungary).  

Different regions within the biopsies were identified and evaluated by a pathologist. Two 

different histological regions were identified: the cancerous and the non-cancerous regions. 

Those two regions were then annotated using the quantitative pathology & bioimage analysis 

software (QuPath, UK). 

https://www.lipidmaps.org/
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4.3    Results and discussion  

4.3.1   NanoString nCounter analysis revealed multiple 

upregulated genes associated with inflammation 

Previous studies have demonstrated the role of various immune cell populations in tumour 

progression. However, little is known whether the primary tumour and metastatic cancers 

display the same inflammatory signatures; thus, we aimed to investigate this on primary 

human CRC and CRPM biopsies. In order to address this aim, the NanoString nCounter analysis 

using the tumour signalling 360 NanoString panel was utilised, enabling the detection of up 

to 800 different gene signatures involved in tumorigenesis, metastasis, and immune response 

within a single reaction. Its high accuracy and reproducibility, even when using a small amount 

of RNA (total RNA average input in our experiment = 110 ng/μl), made this technique 

attractive to use on precious clinical biopsies.  

In total, RNA was isolated from 12 resected human sample biopsies. Of those samples, three 

biopsies were resected from three different patients with primary CRC, while the remaining 

nine were resected from nine different patients with CRPM at different metastatic sites 

(n=3/metastatic site): the peritoneum, the ovaries, and the omentum.  

The mRNA heatmap in Figure 4.2 represents the abundance of various immune cell type 

populations, based on gene expression analysis, in the primary CRC and the CRPM biopsies at 

different metastatic sites. It demonstrates unsupervised clustering of the samples based on 

gene markers associated with the given cell types. Light green indicates low expression, 

whereas dark red represents a high expression of the specific immune cell type in the samples. 

Overall, the mRNA heatmap shows upregulated immune cell types in the CRPM biopsies at 

different metastatic sites relative to the primary CRC biopsies. Unbiased hierarchical 

clustering on the top of the mRNA heatmap grouped the samples based on similarities in 

immune cell type expression patterns. Results show a high degree of heterogeneity between 

the patient biopsies. While two of three primary tumours (blue) were clustered together, the 

third primary CRC biopsy was clustered with the peritoneal samples (green) showing similar 

immune cell type expression patterns. Biopsies of the omental metastasis (orange) express 

all very similar immune cell type expression patterns. Interestingly, ovarian metastatic 
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biopsies exhibit low immune cell expression, particularly in B-cells, mast cells, T-cells, 

cytotoxic cells, and dendritic cells (DCs), similar to those in the primary CRC biopsy. These 

results do not match what has been published in the literature regarding the omental TME, 

which consists heavily of various immune cells due to the presence of milky spots 35.  

In order to analyse the mRNA heatmap in more detail, intensity box plots that depict the 

abundance of the different immune cell type populations based on cell specific marker genes 

in all sample biopsies were created (Figure 4.3). Within the innate immune cell types, DCs, 

macrophages, and neutrophils show high abundance in the CRPM biopsies at all metastatic 

sites compared to the primary CRC biopsies (Figure 4.3A). Mast cells show no difference in 

abundance between the primary CRC biopsies and the different CRPM metastatic sites. A 

similar observation can be seen in the adaptive immune cell types in Figure 4.3B. Here, the B-

cells, T-cells and cytotoxic cells exhibit a noticeable difference in abundance between the 

primary CRC biopsies and the different CRPM metastatic sites. Interestingly, CD45, a marker 

expressed on almost all hematopoietic cells, including various types of blood cells and 

platelets, is found only at high abundance in all the CRPM metastatic compared to the primary 

CRC biopsies (Figure 4.3C).  
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Figure 4.2: mRNA Heatmap showing high immune cell types expression in the CRPM biopsies at 
different metastatic sites relative to the primary CRC biopsies. The colour bar on top of the mRNA 
heatmap reflects the different biopsy types used; the primary CRC biopsies are indicated in blue, the 
ovarian biopsy in beige, the omentum in orange, and the peritoneal biopsies in green. The bar 
underneath the mRNA heatmap represents the z-scores in which light green or a negative score 
represents low expression, and dark red or a positive score represents high expression. Unbiased 
hierarchical clustering can be seen at the top of the mRNA heatmap. (n=3/tissue type). 
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Figure 4.3: Comparative boxplots of log2 abundance score show a high abundance of DCs, 
macrophages, neutrophils, and CD45 in all the CRPM biopsies at different metastatic sites relative 
to the primary CRC biopsies. Boxplots show the abundance of various innate immune cell types (A), 
adaptive immune cell types (B), and CD45 (C) in the primary CRC and the omental, ovarian, and 
peritoneal CRPM biopsies. (n=3/tissue type, p-value ≤0.05). 
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As mentioned previously, the boxplots of log2 abundance score in Figure 4.3 highlights the 

abundance of various immune cell populations based on marker genes that are associated 

with the specific immune cell types. Genes and markers associated with the immune cell types 

that displayed the highest abundance between the primary CRC and the CRPM biopsies at 

different metastatic sites were analysed further (Figure 4.4). Of those immune cell types are 

macrophages, DCs, and neutrophils. In total, the expression of four markers specific for 

macrophages, CD163, CD68, CD84, and MS4A4A, was statistically significantly higher in the 

CRPM biopsies at different metastatic sites compared to the primary CRC biopsy (Figure 4.4A). 

Although the DC specific markers, HSD11B1, CCL13, and CD209, and the neutrophil specific 

markers, including S100A12, SIGLEC5, CEACAM3, CSF3R, FCAR, FCGR3A/B, and FPR1 are all 

highly expressed in the CRPM biopsies at different metastatic sites compared to the primary 

CRC biopsy, they were of no significance (Figure 4.4 B,C).   



162 
 

 

Figure 4.4: Significantly higher expressions of markers related to macrophages in the omentum, 
ovary, and peritoneal CRPM compared to the primary CRC biopsies, while the difference in 
expression of markers related to DCs and neutrophils fell out of being significant. Individual dots of 
each tissue type represents data taken from each patient biopsy represented as mean ± SEM. 
(n=3/tissue type, (*, P < 0.05). 
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It is well accepted that inflammation plays a vital role in tumorigenesis, present in the early 

stage of tumour initiation to the late stage of tumour metastasis. It is involved in many cellular 

processes during tumour development, including genome instability and epigenetic 

modification, energy metabolism, angiogenesis stimulation, and supplying growth and 

survival factors that stimulate cell proliferation and limit cell death 36. However, whether 

primary and metastatic tumours share the same inflammatory microenvironment is still 

largely unknown.  

In this regard, to gain a deeper knowledge into understanding tumour development and 

finding predictive biomarkers beyond those most commonly used, including genomic 

mutations, a comprehensive immune cell type analysis of the transcriptomic data using 

NanoString nCounter on primary CRC and CRPM biopsies at different metastatic sites; the 

omentum, ovary, and peritoneum were performed. Our data showed a clear enrichment of 

innate and adaptive immune cell types in all the different CRPM sites compared to the primary 

CRC biopsies. A clear dominance was seen in three types of innate immune cells; 

macrophages, DCs, and neutrophils, all of which were reported previously in literature to 

either promote or inhibit tumour progression depending on factors, including their different 

subtypes 37. Indeed, one of the most abundant immune cell populations within the TME that 

can either promote or antagonise cancer development are TAMs. In general, macrophages 

can either be undifferentiated M0 or, upon polarisation, be divided broadly into classically 

activated M1 and the alternatively activated M2 macrophages 38,39. It is worth mentioning 

that this classification does not include the spectrum of macrophages that exist between the 

M1 and M2 axes 39.  

In our NanoString nCounter analysis, macrophages were seen significantly expressed at high 

abundance in all the CRPM compared to the primary CRC biopsies. One possible reason could 

be related to the composition of the peritoneal tumour microenvironment and to CRPM 

progression. During the development of CRPM, loose CRC cells gain access to the 

submesothelial lymphatics through small pores known as lymphatic stomata, which function 

as a gate to either absorb or drain active fluids containing several growth factors, nutrients, 

cytokines, chemokines, and several immune cells including macrophages, lymphocytes, 

neutrophils, and mast cells. Around the lymphatic stomata, specialised cells called milky spots 

are present 7,40. These specialised tissues contain a high immune cell population, particularly 
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macrophages, supporting our findings, in which macrophages were seen significantly higher 

in all the CRPM compared to the primary CRC biopsies.  

Our current study was based on immune cell type profiling analysis, which quantifies the 

different immune cells based on marker genes associated with the specific cell type. Note that 

the marker genes were previously identified within the used panel (the tumour signalling 

360), which are not always expressed exclusively for one specific cell type. For instance, in our 

experiment, the statistically significant markers for macrophages seen at high expression 

levels in all the CRPM compared to the primary biopsies are CD163, CD68, CD84, and MS4A4A. 

While previous studies have reported CD163 as an alternatively activated M2 macrophage 

marker, CD68 has been used not only as a pan-macrophage marker but also expressed at high 

levels on fibroblasts and endothelial cells 41,42. Similarly, CD84, a receptor belonging to the 

signalling lymphocyte activation molecule (SLAM) family, has also been shown previously in 

literature to be expressed on macrophages and other various immune cell populations, 

including NK cells, leukocytes, and neutrophils 43. Lastly, the MS4A4A marker was previously 

reported to be expressed by tissue-resident macrophages and was also shown to be 

associated with alternatively activated M2 macrophages and TAMs 44. Additional work using 

an ex vivo technique, such as histology and Fluorescence-activated cell sorting (FACS), is 

needed to validate our findings. 

It is worth noting that our study using the Nanostring nCounter analysis did not fully consider 

the intra-tumour heterogeneity between the different cell populations within the same 

tumour biopsy due to technological and experimental constraints. In our experiment, mRNA 

was isolated from the tissue sections containing cancerous regions and non-cancerous 

regions containing mucin, muscles and connective tissue, all of which might have influenced 

our analysis. A more precise way to conduct the analysis and isolate the mRNA only from the 

cancerous regions would be laser-capture microdissection. With this technique, regions of 

interest can be accurately cut and isolated from a heterogeneous tissue section. Yet this 

technique reveals a challenge as it is time-consuming and operates at room temperature, 

resulting in RNA degradation and, thus, experimental failure. In order to overcome the 

challenges regarding RNA isolation from a heterogeneous tissues, the newest NanoStong 

platform, the GeoMxTM digital spatial profiling (DSP), will be used in future studies, as it 
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enables the spatial characterisation of regions of interest directly from a mounted tissue 

section based on morphology markers related to various immune cell types 45.  

4.3.2   Negative ion mode DESI-MSI analysis revealed fatty acid 

and phospholipid species linked to inflammation 

Previously, we demonstrated immune cell signatures such as macrophages, neutrophils and 

DCs at high abundance in the CRPM at different metastatic sites compared to the primary CRC 

biopsies. There has been increased interest in studying biomarkers in a spatial context and 

understanding the changes in metabolism during disease development has improved disease 

management and treatment. In this study, we aim to use DESI-MSI to study the spatial 

distribution of biomolecules as well as metabolic signatures linked to inflammation. In order 

to address this aim, DESI-MSI in negative ion mode was utilised on all 12 human biopsies. 

Using bisecting k-means on the acquired negative ion mode DESI-MSI datasets, images were 

segmented into clusters and subclusters, corresponding with the H&E staining performed on 

adjacent tissue sections (data not shown). Using the H&E stained tissues, different histological 

regions were identified and annotated as cancerous (black boundaries), and the surrounding 

non-cancerous region contained mucin, muscles and connective tissue (outside the black 

boundaries) (Figure 4.5). In order to statistically differentiate the different histological 

regions, ROC analysis was performed. This analysis evaluates each m/z ratio based on its 

discriminative value. In all the datasets, a comparison between the cancerous vs non-

cancerous region was made, with ROC values of 0.8 and above representing a high abundance 

of the selected ions only in the tumour region relative to the non-cancerous region. In 

contrast, a ROC value of 0.2 or below represents a high abundance in the selected ion only in 

the non-cancerous region of the tissue biopsies. The resultant ROC curve displays AUC values, 

with ions with an AUC value of 0.5 and above considered significantly abundant in the 

cancerous region of the tissue biopsies relative to the non-cancerous region. Results of the 

ROC analysis on all 12 human tissue biopsies revealed two main lipid categories, FAs and PLs, 

at high abundance in the cancerous regions compared to the non-cancerous regions of the 

tissue biopsies (Figure 4.5B). Figure 4.5A shows representative negative ion mode DESI-MS 

ion images of the identified FA and PL species for the primary CRC sample and the three CRPM 

biopsies; omental, peritoneal, and ovarian, all of which were tentatively assigned according 
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to their exact masses (Supplementary Table 4.3). Regardless of the biopsy type, overall, the 

cancerous regions presented high relative abundances of FAs, including linoleic acid (m/z 

279.23), oleic acid (m/z 281.24), stearic acid (m/z 283.26), arachidonic acid (m/z 303.23), 

eicosatrienoic acid (m/z 305.24), and docosahexaenoic acid (DHA) (m/z 327.23). In the higher 

mass range, three PL species, bis (monoacylglycero)phosphate (BMP) (m/z 865.53), 

phosphorylated N-acyl-phosphatidylethanolamine (pNAPE) (m/z 1012.76), and N-acyl-

phosphatidylethanolamine (NAPE) (m/z 1028.77) were observed. Although the identified PL 

species were observed at high abundance in the cancerous region, they were also observed 

at low abundance in the non-cancerous region of the tissue biopsies.   
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Figure 4.5: Negative ion mode DESI-MS ion images showing several FA and PL species at high 
abundance on the cancerous relative to the non-cancerous region of the primary CRC and the three 
CRPM biopsies; omental, peritoneal, and ovarian biopsies. (A) Representative DESI-MS ion images of 
linoleic acid (m/z 279.23), oleic acid (m/z 281.24), stearic acid (m/z 283.26), arachidonic acid (m/z 
303.23), eicosatrienoic acid (m/z 305.24), docosahexaenoic acid (DHA) (m/z 327.23), bis 
(monoacylglycero)phosphate (BMP) (m/z 865.53), phosphorylated N-acyl-phosphatidylethanolamine 
(pNAPE) (m/z 1012.76), and N-acyl-phosphatidylethanolamine (NAPE) (m/z 1028.77) found at high 
abundance in the cancerous region of the tissue biopsies alongside the adjacent H&E images. On the 
H&E images, the cancerous region is highlighted in black boundaries, while the non-cancerous region 
is outside the black boundaries. (B) AUC values of the identified FA and PL species for each biopsy type 
(n=4).  
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DESI-MSI analysis allowed for a detailed investigation of the lipidomic alterations in the 

primary CRC and the CRPM at the omental, peritoneal, and ovarian metastatic sites. Our 

analysis utilised the use of ROC analysis that highlighted discriminative values from a 

comparison made between the cancerous vs non-cancerous regions within the tissue 

biopsies. Results show high discriminative values of multiple FA and PL species on the 

cancerous regions of all the 12 tissue biopsies, regardless of the cancer type.  

The role of FA metabolism in cancer has received increased interest in the past years due to 

its involvement in many cellular processes, including its ability to build complex lipids and 

generate energy via fatty acid oxidation. The latter is particularly important, especially within 

the immune microenvironment, which requires a constant adaption during tumour 

development and thus the use of energy for metabolism support and assistance in their 

function during tumour progression 46. Our experiments identified multiple FA species, 

synthesised either exogenously from diet or endogenously from the de novo FA synthesis. All 

the identified FAs, including linoleic acid (m/z 279.23), oleic acid (m/z 281.24), stearic acid 

(m/z 283.26), arachidonic acid (m/z 303.23), eicosatrienoic acid (m/z 305.24), and DHA (m/z 

327.23) were previously reported in the literature to be associated with macrophages 47,48. 

This association was seen as particularly aberrant during FA uptake and synthesis. For 

instance, linoleic acid, an essential FA that cannot be naturally synthesised in mammalian cells 

due to containing two cis double bonds located at the ninth and twelfth carbon from the head 

group end, is provided to macrophages either through lipoproteins or through non-esterified 

fatty acids bound to albumin 34,49. Following this, the fatty acid translocase, CD36, transports 

the FAs and shuttles them across the plasma membrane into the cytosol via fatty acid binding 

proteins 49,50.  

A different way in which macrophages utilise FAs is by the FA synthesis of the long chain 

monounsaturated FAs (MUFA) and long chain polyunsaturated FAs (PUFA), including oleic 

acid and stearic acid, as well as arachidonic acid, eicosatrienoic acid, and DHA, respectively. 

All these FAs are synthesised from linoleic and α-linoleic acid through a series of desaturation 

and elongation steps, requiring multiple proteins and enzymes 51. While the elongation of 

very long chain FAs proteins (ELOVLs) represents the first limiting step in the elongation cycle 

of MUFAs, fatty acid desaturase (FADS) is the main enzyme to catalyse PUFAs 48. Indeed, a 

study by Ecker et al. showed upregulation of ELOVL6, FADS1 and FADS2 genes during 
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monocyte to macrophage differentiation, suggesting a strong involvement of these genes in 

monocyte differentiation 52. However, whether this differentiation is heading towards M1 or 

M2, or M2 macrophages is unknown.  

As mentioned previously, FAs have the ability to produce complex lipids, including PLs. In our 

experiment, three PL species were identified, including BMP (m/z 865.53), pNAPE (m/z 

1012.76), and NAPE (m/z 1028.77). In the case of BMP lipids, the FA chain varies depending 

on the organs and organisms they were identified and could be influenced by dietary 

requirements and drug treatment modalities 53,54. For instance, many studies have identified 

oleic acid as the major FA chain in BMP lipids 53,55. However, other studies reported PUFAs 

such as linoleic, arachidonic acid, and DHA as the main FA chain in BMP lipids 56. Knowing the 

FA chain is essential, as it could dictate the biochemical functions of BMP in the cells. In fact, 

Nielsen et al. identified BMP with DHA as the FA chain in the focal cerebral ischemia model 

to be associated with inflammation 57. Specifically, their study showed that regions with high 

ion abundance in BMP co-localised with macrophage-rich regions, as determined using the 

macrophage marker CD11b. Although the FA chain in our experiment was not identified due 

to technical difficulties, the similar ion intensity of BMP and DHA, together with our previous 

findings of high macrophage expression in our biopsies, could infer the relationship between  

BMP and macrophages. Nevertheless, future experiments will focus on identifying the FA 

chain of BMP by using tandem MS/MS. 

Regarding NAPE and pNAPE, their metabolism differs significantly from other PLs as they are 

synthesised from PL species such as phosphatidylcholine and phosphatidylethanolamine 58. 

While their role in cancer is largely unknown, an in vivo study by Shiratsuchi et al. has 

highlighted their association with inflammation, in which they showed that high expression 

of NAPE lipids was found to inhibit phagocytosis in mouse peritoneal macrophages 59. In our 

experiment, we identified NAPE and pNAPE at high abundance in the cancerous region and 

although, at low abundance, we also identified these lipids in the non-cancerous region of the 

tissue biopsies, suggesting a specialised role of those lipids in our biopsies.   
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4.3.3   Positive ion mode DESI-MSI revealed several acylcarnitine 

species at high abundance on the cancerous regions of the human 

CRPM biopsies 

In order to investigate whether the primary CRC and the CRPM use FAs as an energy source 

and thus undergo a metabolic adaption via a shift to FAO via the β-oxidation pathway, DESI-

MSI in positive ion mode on all 12 human biopsies were performed. Adjacent tissue sections 

to those used for the DESI-MSI were histologically stained with H&E and annotated by a 

trained pathologist. The regions within the sections were annotated as cancerous (highlighted 

in black boundaries) and the surrounding non-cancerous region (outside the black 

boundaries) (Figure 4.8). Results of the DESI-MSI in positive ion mode revealed three ions at 

high abundance in the cancerous regions of the CRPM biopsies at all the different metastatic 

sites compared to the primary CRC biopsy (Figure 4.8). Interestingly, even at low abundance, 

the identified acylcarnitine species were also observed in the non-cancerous region of the 

CRPM biopsies. All identified ions were tentatively assigned according to their exact mass 

(Supplementary Table 4.4) and were identified as palmitoylcarnitine (m/z 400.33), 

oleoylcarnitine (m/z 426.35), and stearoylcarnitine (m/z 428.37).  
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Figure 4.6: Positive ion mode DESI-MS ion images showing multiple acylcarnitine species at high 
abundance in the cancerous region of the CRPM compared to the primary CRC biopsies. The 
acylcarnitine species were identified as palmitoylcarnitine (m/z 400.33) oleoylcarnitine (m/z 426.35), 
and stearoylcarnitine (m/z 428.37). Alongside the DESI-MS ion images, adjacent sections were used 
for H&E staining, highlighting two molecularly distinct regions, the cancerous (in black boundaries) 
and the non-cancerous region (outside the black boundaries). TIC normalisation was applied to the 
MSI dataset. 

Acylcarnitines are quaternary ammonium compounds that act as intermediates to facilitate 

the transport of long chain FAs (LCFAs) into the mitochondrial membrane 60. Due to 

permeability reasons, LCFAs cannot enter the mitochondrial membrane without first being 

converted into acylcarnitine via carnitine palmityl transferase-1 (CPT-1). Once in the 

mitochondrial membrane, acylcarnitines are converted back by palmityl transferase-2 (CPT-

2) into their CoA esters to undergo β-oxidation and subsequently generate energy 60. Our 

analysis revealed a high ion abundance of several acylcarnitine species, including 

palmitoylcarnitine (m/z 400.33), oleoylcarnitine (m/z 426.35), and stearoylcarnitine (m/z 

428.37) in the CRPM biopsies at all metastatic sites compared to the primary CRC tumours, 

suggesting that the CRPM tumour consumes FAs as an energy source by shifting their 

metabolism to FAO via the β-oxidation pathway. Interestingly, unlike previously shown in 
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Chapter 2 and already reported in literature 61,62, in which acylcarnitine abundance was 

observed on viable tissue regions bordering necrosis and co-localised with regions of hypoxia 

(low oxygen consumption), the acylcarnitine species in this study were seen at high 

abundance not only on the edges of the viable regions but also on the entire cancerous 

regions. Furthermore, although at low abundance, the identified acylcarnitine species were 

also seen in the non-cancerous regions of the CRPM tissue biopsies. A possible explanation 

could be linked to the fact that our CRPM biopsies showed significantly high macrophage 

expression compared to the primary CRC samples (Figure 4.4A). As already shown previously 

in the literature, macrophages use FAO to support their biological functions 13,24. In particular, 

the alternatively activated M2 macrophages have been shown to rely on FAO 24. 

Experimentally, this has been shown in a study by Malandrion et al., in which they used a CPT-

1 inhibitor on RAW 264.7 macrophages to block FAs from entering the mitochondrial 

membrane, thus blocking FAO. Interestingly, this resulted in the inhibition of IL-4, an 

interleukin that stimulates the alternatively activated M2 macrophages 63. On the contrary, a 

study by Nomuta et al., using an in vivo model, showed that, in fact, M2 macrophages do not 

rely on FAO, making it challenging to draw conclusions on metabolic changes in macrophages 

13. Nevertheless, our study gives evidence that acylcarnitines are not only associated with 

hypoxia, as seen pre-clinically but could also be linked to macrophages in clinical samples. In 

the literature, it was previously reported that macrophages accumulate in hypoxic regions 

due to the upregulation of macrophage chemoattractants such as the vascular endothelial 

growth factor and the endothelial monocyte-activating polypeptide II 64,65. However, whether 

the accumulation of macrophages in hypoxic cells is present in our clinical samples needs to 

be confirmed in future studies using double staining of a hypoxic marker such as pimonidazole 

or carbonic anhydrase-9 (CA-9) and a macrophages marker such as F4/80. 

4.4   Conclusion 

This proof of principle study investigated the immunophenotypic and metabolic alteration in 

human primary and metastatic CRC biopsies. To our knowledge, this is the first study to use 

primary human CRC and CRPM biopsies at the ovarian, omental, and peritoneal metastatic 

sites to highlight the complementarity of two ex vivo techniques, DESI-MSI and NanoString 

nCounter, in providing a detailed analysis and link between the immune system and the 
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lipidomic and metabolic changes between the primary CRC and the CRPM biopsies. Our study 

provided evidence of the different immunophenotypic and metabolic signatures in primary 

CRC and metastatic CRC biopsies and indicated the importance of innate immunity, 

specifically macrophages, in tumour progression as well as in the metabolic alterations of 

CRPM. The results of our study could facilitate the improvement of CRPM management and 

provide the basis for a larger patient cohort study, ideally with paired primary and metastatic 

samples harvested from the same patients.  

The use of NanoString nCounter analysis enabled the detection of multiple gene signatures 

linked to various immune cell types, with macrophages being the most significantly expressed 

immune cell type in all the human CRPM compared to the primary CRC biopsies. Utilising this 

technique in our study provided a number of advantages. First, the NanoString nCounter 

system required enabled the analysis of up to 800 different genes from a small amount of 

mRNA. This represented one of the most significant advantages as resected human samples 

are valuable, and sample sizes are, in most cases, relatively small. Furthermore, unlike PCR, 

the NanoString technology does not require an amplification step, making this technique less 

prone to contaminations and thus more accurate and reproducible 31. Lastly, the NanoString 

platform is highly sensitive and is relatively cost-effective compared to other genome-wide 

profiling techniques, such as RNA sequencing 28. Nevertheless, despite the advantages, there 

are drawbacks associated with the NanoString nCounter platform. For instance, in our 

experiment, the mRNA was extracted from the biopsies containing not only cancerous regions 

but also a small amount of non-cancerous regions containing mucin, muscles and connective 

tissue. As all these regions harbour different cell types, they might have influenced the results 

of our NanoString analysis. One way to overcome this challenge is by using LCM, which 

enables the isolation of different regions of interest in a more precise manner. However, 

caution needs to be taken when using LCM as this technique is time-consuming and operates 

at room temperature, resulting in RNA degradation and impurity. An additional disadvantage 

of the NanoString nCounter platform relies on the fact that the obtained results are not 

presented in a spatial context. Due to the heterogeneous nature of CRC, detecting immune 

cell populations spatially within a tissue section could provide a more detailed 

characterisation and differentiation of those subsets. In fact, the latest NanoString platform, 

the GeoMxTM DSP, enables the characterisation of regions of interest spatially based on 
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morphology markers related to immune cell types 45. Future experiments will aim to use the 

GeoMxTM DSP to spatially characterise the different immune cell populations within our 

human biopsy samples.  

DESI-MSI experiments acquired in positive and negative ion modes allowed for the detailed 

characterisation of metabolic changes in the primary human CRC and CRPM biopsies. Utilising 

the ROC analysis allowed for the statistical differentiation between the different histological 

regions within the tissue biopsies. This was done by evaluating each m/z ratio based on its 

discriminative value. In all the samples, the ROC analysis of the negative ion mode datasets 

revealed two main lipid categories at high abundance, mainly in the cancerous regions of the 

tissue biopsies, FAs and PLs (Figure 4.5B), all of which were seen to be linked to inflammation.  

The detection of multiple acylcarnitine species in positive ion mode DESI-MSI was seen at high 

abundance in the cancerous and low abundance in the non-cancerous region of all the CRPM 

biopsies, suggesting a metabolic shift to FAO via the β-oxidation pathway. Interestingly, 

previously published studies on pre-clinical breast cancer 61 and glioblastoma models 62, as 

well as in our CRC pre-clinical study in Chapter 2, identified multiple acylcarnitine species on 

the tumour regions of the xenografts co-localising with the hypoxic regions as determines by 

the immunofluorescence markers for hypoxia CA-9 or pimonidazole. Our current study using 

clinical samples suggests a link between acylcarnitine species and macrophages in CRPM, as 

acylcarnitine species were seen at a high abundance and macrophages at a high expression 

in all the CRPM compared to the primary CRC biopsies. This could suggest the use of the 

identified acylcarnitine species as a potential marker for macrophages in human CRPM. 

However, this needs to be confirmed using a larger set of clinical samples. 

Taken together, although our results were preliminary, they highlight the benefit of using 

NanoString nCounter analysis and DESI-MSI in negative and positive ion modes as 

complementary techniques to provide insights into immune and energy and lipidomic 

alteration in primary human CRC and CRPM biopsies at different metastatic sites.  
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4.8    Supplementary materials 

Supplementary Table 4.1: A summary of the annotations, cell types, and themes with the number 
of genes associated with the panel. 

Annotation Summary  Cell Type Summary 

Annotation 
# 
Gene Cell Type 

# 
Genes 

Androgen Signalling 28 B-cells 9 

Antigen Presentation 15 CD45 1 

Apoptosis 13 CD8 T cells 2 

Autophagy 13 Cytotoxic cells 10 

B-cell Function 6 DC 3 

Cell Adhesion & Motility 46 Exhausted CD8 4 

Cell Cycle 79 Macrophages 4 

Chemokine Signalling 21 Mast cells 4 

Cytotoxicity 18 Neutrophils 7 

DNA Damage Repair 44 NK CD56dim cells 4 

ECM Remodelling & Metastasis 43 NK cells 2 

EGFR Signalling 9 T-cells 6 

EMT 69 Th1 cells 1 

Epigenetic & Transcriptional Regulation 60 Treg 1 

ERBB2 Signalling 14     

Estrogen Signalling 23 Theme Summary 

FGFR Signalling 16 Theme 
# 
Genes 

Glucose Metabolism 26 Activating Invasion and Metastasis 146 

Glutamine Metabolism 6 Avoiding immune Destruction 122 

Hedgehog 14 Deregulating Cellular Energetics 105 

HIF1 Signalling 29 Enabling Replicative Immortality 48 

Hippo Signalling 34 Evading Growth Suppressors 79 

Immortality & Stemness 30 Genome Instability & Mutation 111 

Inflammation 60 Inducing Angiogenesis 67 

Interferon Response 35 Resisting Cell Death 23 

Interleukin Signalling 27 Sustaining Proliferative Signalling 223 

JAK-STAT Signalling 11 Tumour-promoting Inflammation 178 

Lipid Metabolism 6     

MAPK Signalling 65     

MET Signalling 20     

mTOR Signalling 48     

Myc 22     

Myeloid Immune Evasion 18     

NF-kB Signalling 46     
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Notch Signalling 9     

Nrf2 & Oxidative Stress 25     

p53 Signalling 16     

PDGF Signalling 24     

PI3K-Akt Signalling 20     

Senescence 20     

T-cell Co-stimulation 19     

T-cell Exhaustion 18     

TCR Signalling 32     

TGF-beta Signalling 34     

TNF Superfamily 12     

Tumour Antigen 11     

VEGF Signalling 16     

Wnt Signalling 19     
 

Supplementary Table 4.2: Table reporting the tentative assignment, formula, theoretical mass, 
observed m/z, and PPM error for the PL species detected in negative ion mode DESI-MSI. 

Tentative assignment Formula 
Theoretical 

mass 
Observed m/z 

PPM 
error 

BMP C50H74O10P 865.5025 865.4978 5 

NAPE C61H108NO8P 1012.7739 1012.7817 8 

pNAPE C61H107NO9P 1028.7688 1028.7735 5 
 

Supplementary Table 4.3: Table reporting the tentative assignment, formula, theoretical mass, 
observed m/z, and PPM error for the FA species detected in negative ion mode DESI-MSI. 

Tentative assignment Formula 
Theoretical 

mass 
Observed m/z 

PPM 
error 

Linoleic acid C18H32O2 279.233 279.2339 3 

Oleic acid C18H34O2 281.2481 281.2465 6 

Stearic acid C18H36O2 283.2643 283.265 2 

Arachidonic acid  C20H32O2 303.233 303.2338 3 

Eicosatrienoic acid  C20H34O2 305.2481 305.2482 0 

Docosahexaenoic acid  C22H32O2 327.233 327.2324 2 
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Supplementary Table 4.4: Table reporting the tentative assignment, formula, theoretical mass, 
observed m/z, and PPM error for the carnitine species detected in negative ion mode DESI-MSI. 

Tentative assignment Formula 
Theoretical 

mass 
Observed m/z 

PPM 
error 

Palmitoylcarnitine  C23H45NO4  400.3421 400.3369 13 

Oleoylcarnitine  C25H47NO4  426.3578 426.3566 3 

Stearoylcarnitine C25H49NO4  428.3734 428.3703 7 
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5 Conclusion and future work 

In this thesis project, we demonstrated the successful use of the ambient ionisation DESI-MSI 

technique to provide a deeper insight into the lipid metabolism of CRC tissues among various 

disease states in both pre-clinical models and clinical biopsies. Furthermore, our data gave 

evidence that DESI-MSI can be a powerful tool for tissue classification and segmentation 

based on biochemical signatures. Utilising multiple ex vivo imaging techniques such as H&E, 

IF, Seahorse analyser, and the NanoString nCounter platform alongside DESI-MSI provided a 

multi-modal approach that enabled the link between lipid heterogeneity and the hypoxic and 

immune TME to be investigated. Valuable insights into the molecular drivers and cellular 

adaptation events contributing to CRC progression and treatment resistance have been 

highlighted. Overall, DESI-MSI data acquired in positive and negative ion modes revealed 

various FA and acylcarnitine species, suggesting a metabolic shift to FAO via the β-oxidation 

pathway in CRC pre-clinical models, which could also be translated into clinical settings. 

Furthermore, using DESI-MSI, we identified multiple PL species linked to inflammation as well 

as PI species possibly associated with the PI3-K pathway, one of the most commonly 

upregulated pathways in cancers responsible for tumour progression and survival 1,2.  

Hypoxia, a feature of most solid tumours, including CRC, has been shown in the literature to 

induce a number of cellular changes and upregulations of signalling pathways within the TME 

that promote tumour proliferation and cause treatment resistance 3,4. In our first research 

chapter, this was highlighted using pre-clinical models implanted with the advanced-stage 

human colorectal adenocarcinoma cell line, HCT-116. Using this model, our data provided for 

the first time a link between the hypoxic TME, the response to two chemotherapeutic drug 

regimens often used as a second-line treatment for advanced-stage CRC patients, 5-FU and 

oxaliplatin, and the lipidomic and energy alterations. IF staining using the markers 

pimonidazole and Ki67 confirmed the presence of hypoxic and proliferative cells within the 

tissue xenografts, suggesting their contribution to 5-FU and oxaliplatin chemo-resistance. 

Additionally, the use of the Seahorse XF analyser highlighted further the impact of the 

chemotherapeutic drug regimen on oxygen consumption. Results revealed a significant 

reduction in OCR in the oxaliplatin and the combination group with 5-FU. Theoretically, our 

results would suggest that those treatments might alleviate tumour hypoxia. However, due 



185 
 

to our IF results, in which no reduction in hypoxic fractions, as determined using the 

pimonidazole staining, was observed, leaving the impact of the oxaliplatin and the 

combination group with 5-FU on hypoxia still unknown. Future experiments to determine the 

effect of hypoxia on treatment efficacy are needed. They will include the use of an 

endogenous hypoxia marker such as CA-9, as it detects hypoxic cells at a different pO2 level 

compared to pimonidazole and thus has different binding sites on hypoxic cells 5,6. In terms 

of OCR analysis, the evaluation of the viability scores was performed in our experiments 

manually; however, it will include the use of a computational method in future experiments 

to evaluate the viability scores more accurately. Confirming the effect of oxaliplatin 

administration, alone or in combination with 5-FU, in modifying OCR would increase our 

understanding of hypoxia-induced tumour chemo-response.  

As mentioned previously, DESI-MSI was used not only for the untargeted analysis of lipids but 

also as a tissue classification and segmentation tool. This was successfully achieved using the 

bisecting k-means segmentation approach that divided the entire DESI-MSI datasets into 

clusters and subclusters, based on spectral similarities. While much of the created clusters 

corresponded with the different histological regions of the pre-clinical xenografts and clinical 

biopsies, as determined using H&E staining, some subpopulations did not correspond to 

regions in the H&E images. This confirms the capability of DESI-MSI to reveal bimolecular 

intra- and intertumour heterogeneity that can not be differentiated using traditional 

histological staining. This could uncover new tumour subpopulations and biomarker targets 

based on biochemical signatures that contributed to tumour development and patients' 

response to treatment. 

DESI-MSI analysis in negative and positive ion modes provided a deeper insight into the 

lipidomic and energy alterations in both pre-clinical and clinical models that might have 

contributed to tumour progression and resistance to treatment. Performing the DESI-MSI 

experiments in both polarities has enabled a more comprehensive analysis of the lipidomic 

changes in our samples, as depending on the lipid headgroup, some lipid species ionise better 

in positive and some in negative ion mode.  Utilising various statistical analysis techniques 

such as pLSA and ROC enabled the identification of multiple FA, FL, and acylcarnitine species 

observed at high abundance in the viable regions of the tissue samples.  
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Within the PL species, multiple PI lipids were observed, with many identified at high 

abundance in the viable regions of the HCT-116 xenografts as well as the primary human CRC 

biopsy. Of note, both xenograft and human biopsy were characterised by a PI3-K mutation. 

Having observed many of the PI species primarily at high abundance only in those two tissue 

types suggests that the identified PI lipids might be linked to the PI3-K pathway. Our results 

build on research within the McMahon Lab (data not published) in which some of the 

identified PI species were observed in pre-clinical glioblastoma models and were shown to be 

linked to the PI3-K pathway via the detection of long-chained FAs (FA 18:0) that matches the 

same chain seen in the phosphorylated and unphosphorylated PI species involved in the de 

novo PI synthesis. In order to confirm that the identified PI species in our CRC models are 

indeed linked to the PI3-K pathway, tandem MS/MS needs to be utilised. Furthermore, an 

MSI technique with a spatial resolution higher than the DESI-MSI, such as MALDI-MSI, could 

be used in future experiments to image the phosphorylated PIs 7.  

Using DESI-MSI in negative and positive ion modes enabled the identification of multiple 

exogenously and endogenously FA and acylcarnitine species, suggesting a metabolic 

adaptation to generate energy through the shift to FAO via the β-oxidation pathway in our 

pre-clinical models and human CRPM biopsies. Furthermore, DESI-MS ion images highlighted 

the distribution of those species within the tissue sections. While FAs were seen at high 

abundance in the viable regions of the tissue section in both pre-clinical models and clinical 

biopsies, the distribution of acylcarnitine species differed between the models. Our data 

showed that acylcarnitine species identified in the pre-clinical models were seen to co-localise 

with the hypoxic regions of tissue sections. However, the distribution of acylcarnitine species 

in the CRPM biopsies appeared to be at high abundance not only on the edges of the viable 

regions but also on the entire cancerous regions. Furthermore, although at low abundance, 

the identified acylcarnitine species were also observed in the non-cancerous regions of the 

CRPM tissue biopsies. The fact that high expression of macrophages in the CRPM was 

identified using the Nanostring nCounter system corroborated the literature concerning the 

increased use of FAO in macrophages 8,9, suggesting the link of acylcarnitines to macrophages. 

However, to confirm our findings, double staining using pimonidazole or CA-9 and a 

macrophage marker such as F4/80 will be utilised on both pre-clinical samples and CRPM 

biopsies to address macrophage accumulation in hypoxic regions. Furthermore, an MSI 



187 
 

technique with a higher spatial resolution that can provide molecular information at the 

cellular and subcellular level, such as ToF-SIMS, will be used to determine the exact location 

of the identified acylcarnitine species in our models. Additionally, the accurate alignment of 

microscopy images with DESI-MSI data using image registration software will be necessary in 

future experiments in order to investigate acylcarnitine distribution in hypoxic regions and 

regions with high macrophage expression in a quantifiable fashion 10-12. Determining the role 

of acylcarnitines in hypoxic tumours and tumours with an increased expression of 

macrophages could expand our understanding of the role of acylcarnitine in tumour 

progression and is a potential biomarker for advanced/later-stage CRC development.  

Lastly, we demonstrated for the first time the complementarity of DESI-MSI and gene 

expression analysis using the NanoString nCounter system in providing a detailed analysis and 

link between the immune system components and the lipidomic and metabolic changes 

human primary human CRC and CRPM biopsies at the ovarian, omental, and peritoneal 

metastatic sites. Using the NanoString tumour signalling 360 gene expression panel, multiple 

gene signatures linked to various immune cell types could be identified, with macrophages 

being the most significantly expressed immune cell type in all the human CRPM compared to 

the primary CRC biopsies. Utilising DESI-MSI in positive and negative ion modes on the same 

biopsies as those used for the NanoString nCounter analysis enabled the identification of 

multiple PLs as well as FAs and acylcarnitines. Building on what is known in the literature, our 

data add evidence to the role of macrophages in CRPM development and their role in the 

metabolic shift to FAO via the β-oxidation pathway. The results of our study could facilitate 

the improvement of CRPM management. Future studies will include the use of a larger patient 

cohort study, ideally with paired primary and metastatic samples harvested from the same 

patients. Furthermore, while NanoString nCounter analysis gave insights into the dominant 

cell type populations in our samples on an mRNA level, future studies will include the use of 

GeoMx® DSP (NanoString, USA), which can provide gene expression profiles in a spatially-

oriented manner from a single tissue slide 13. This will add another dimensionality to our 

analysis, as results obtained from the GeoMx® DSP could then be compared to the lipidomic 

analysis obtained by DESI-MSI, thus providing a more in-depth approach to studying tumour 

heterogeneity on the metabolic and genomic levels.  
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Taken together, the work presented in this thesis expands our understanding of lipidomic and 

metabolic reprogramming in CRC and CRPM in relation to the hypoxic and the immune TME 

in pre-clinical models and clinical biopsies. Furthermore, this thesis provided evidence of the 

benefits of using different ex vivo techniques in a multi-modal fashion to uncover various 

biochemical molecules linked to key molecular pathways associated with CRC proliferation 

and differentiation. The use of CRC pre-clinical models that reflect CRC in clinical settings have 

highlighted the importance of using in vivo experiments as it provided native-like condition 

for studying the hypoxic TME and the factors contributing to CRC progression and resistance 

to therapy. The results obtained in the in vivo study were then further expanded into clinical 

settings, highlighting the importance and complementarity of using both models.  

This work presented highlights the potential of using DESI-MSI as a diagnostic and prognostic 

tool as the identified molecular species, such as PLs and acylcarnitines, could be used as 

potential markers for CRC and CRPM. Furthermore, the capability of DESI-MSI in segmenting 

tissues based on biochemical signatures in a quick and accurate way provides a novel 

approach to revealing subpopulations associated with cancerous and non-cancerous tissues. 
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