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ABSTRACT 

Breast and colorectal cancers present significant challenges for the UK healthcare system, placing a substantial 

burden on the National Health Service (NHS). Early detection is crucial for improving survival rates and reducing 

healthcare strain, especially as metastasis, the primary cause of mortality in these cancers, remains poorly 

understood. Protein glycosylation, a post-translational modification of carbohydrate structures, is a significant 

contributor to cancer progression and metastasis. Small extracellular vesicles (sEVs) have emerged as key players 

in cancer development and metastasis, facilitating intercellular communication through bioactive cargo transfer. 

Despite mounting evidence, the importance of sEV glycosylation in cancer and metastasis is often overlooked. 

Liquid biopsies, including sEV biomarker analysis, offer promising non-invasive diagnostic approaches. Given 

the prevalence of glycoproteins among blood cancer biomarkers, exploring the glycosylation of sEVs as 

biomarker targets could revolutionise early detection strategies for breast and colorectal cancer.  

 

Efforts initially focused on optimising single-vesicle flow cytometry for sEV characterisation to ensure maximum 

signal and sample integrity. Subsequent analysis of breast and colorectal epithelial cells and their derived sEVs 

revealed pronounced HPA lectin binding in the metastatic phenotypes. A lectin microarray identified increased 

lectin binding of LCA and TL in ‘CD81-positive’ sEVs derived from breast cancer-associated cell lines in 

comparison to normal cells. Validation through single-vesicle flow cytometry confirmed these observations, 

prompting investigations into the diagnostic application of these lectins in distinguishing plasma-enriched sEVs 

from breast cancer patients and ‘healthy’ individuals. However, lectins alone did not show diagnostic significance, 

in contrast to the diagnostic capability of the well-established breast cancer marker EpCAM. 

 

Overall, these results underscore the importance of optimising single-vesicle flow cytometry for comprehensive 

characterisation of sEVs. They also highlight the HPA lectin binding patterns of breast and colorectal metastatic 

cell phenotypes, which mirror the observations of their derived sEVs but with nuanced specificity attributed to 

tetraspanin composition. Additionally, other glycosylated targets, as recognised by TL and LCA, show increased 

abundance in breast cancer cell-derived sEVs. Moreover, the diagnostic capability of these lectins and EpCAM 

in distinguishing plasma-enriched sEVs derived from breast cancer patients from those derived from ‘healthy’ 

individuals is demonstrated. 
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1. INTRODUCTION 

1.1. CANCER 

1.1.1. HALLMARKS 

Cancer is characterised by the accumulation of genetic alterations that trigger abnormal and uncontrolled cellular 

growth, leading to tumour formation (reviewed by Sarkar et al., 2013). The development of cancer is a complex 

and multifaceted process that can arise from the activation of proto-oncogenes and/or inactivation of tumour 

suppressor genes  (Pishas et al., 2015). These functional alterations are attributed to the intricacy of cancer which 

is often described by its hallmarks; a set of characteristics proposed by (Hanahan, 2022) that is established to 

dictate malignant growth. These ten hallmarks comprise of eight acquired and two enabling capabilities (Figure 

1.1). The acquired capabilities include sustaining proliferative signalling, evading growth suppressors, resisting 

cell death, enabling replicative immortality, inducing angiogenesis, evading the immune system, deregulating 

metabolism, and activating invasion and metastasis (Hanahan, 2022). The two enabling capabilities are tumour-

promoting inflammation and genome instability. 

 

 

 

 

 

Figure 1.1. The hallmarks of cancer: The ten hallmarks of cancer comprising of eight acquired capabilities: sustaining 

proliferative signalling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, 

evading the immune system, deregulating metabolism, and activating invasion and metastasis, as well as the two enabling 

capabilities, tumour-promoting inflammation and genome instability. Figure adapted from (Bergstrom et al., 2015).  
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1.1.2. BREAST CANCER 

1.1.2.1.    BREAST CANCER INCIDENCE AND MORTALITY RATES 

Breast cancer is the most frequently diagnosed cancer and the second leading cause of malignancy-related 

fatalities among women worldwide (DeSantis et al., 2019). In 2020, approximately 2.3 million women were 

diagnosed with breast cancer, resulting in 685,000 deaths globally (Sung et al., 2021). In the UK, breast cancer 

ranks as the second most common cause of cancer-related deaths among women, accounting for around 11,400 

deaths per year (Cancer Research U.K, 2015). Despite advancements in therapeutic interventions, a significant 

proportion of patients still face an incurable prognosis, with a predicted ten-year cancer survival rate of 75.9% for 

females in the UK (Cancer Research U.K, 2015). Metastasis is the primary factor contributing to mortality in 

breast cancer, as discussed further in section 1.2. 

 

1.1.2.2.    BREAST ANATOMY AND CARCINOGENESIS  

The breast is a complex organ comprising lobules, milk ducts, and supportive tissues (Figure 1.2) (reviewed by 

Biswas et al., 2022). Lobules are small, rounded glandular structures containing alveoli responsible for secreting 

milk during lactation into branching milk ducts and eventually into the nipple (Shah et al., 2023). The ductal 

network consists of two epithelial cell types: inner luminal epithelial cells and outer myoepithelial cells, 

surrounded by collagenous stroma and basement membrane (BM) (Figure 1.2-B) (Gudjonsson et al., 2005). Most 

breast cancers are carcinomas that originate from epithelial cells, such as ductal carcinoma in situ (DCIS) and 

lobular carcinoma in situ (LCIS) of the breast (Makki, 2015). The progression of both DCIS and lobular LCIS to 

invasive carcinoma, as proposed by Cowell et al. (2013), involves acquiring genetic mutations, changes in cellular 

morphology, and breakdown of the BM separating carcinoma cells from surrounding tissue. These changes can 

lead to invasion of carcinoma cells into surrounding tissue, where they proliferate and metastasise. 
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Figure 1.2. Anatomy and cellular progression of DCIS to invasive ductal carcinoma of the breast, with histological images. (A) Overview of the anatomy of the breast, highlighting lobules, milk ducts, and other 

supportive tissues. (B) Detailed cellular components of the milk ducts, including the inner luminal epithelial cells, outer myoepithelial cells, and BM, with transformation of epithelial cells to DCIS and progression 

to invasive ductal carcinoma. (C) Histological images of normal duct, DCIS, and invasive ductal carcinoma. Histological images taken from  Tomlinson-Hansen et al. (2024). 
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1.1.3. COLORECTAL CANCER 

1.1.3.1.    COLORECTAL CANCER INCIDENCE AND MORTALITY RATES 

Colorectal cancer, involving the colon and/or rectum, is the fourth most prevalent cancer in the UK, with over 

42,900 diagnosed cases annually (Cancer Research U.K, 2015). Additionally, it accounts for approximately 

16,800 cancer-related deaths annually in the UK, constituting 46 deaths per day. Globally, in 2020, colorectal 

cancer was ranked as the third most common cancer, with over 1.93 million new cases and 935,173 reported 

deaths (Xi & Xu, 2021). Despite progress in surgical and chemotherapeutic interventions for colorectal cancer, a 

significant proportion of patients still have an incurable prognosis, with a 52.9% predicted ten-year survival in the 

UK (Cancer Research U.K, 2015). The primary factor leading to mortality in colorectal cancer is metastasis, 

further discussed in section 1.2. 

 

1.1.3.2.    COLORECTAL ANATOMY AND CARCINOGENESIS 

The large intestine, also known as the colon, is comprised of several major components, including the caecum, 

ascending colon, transverse colon, descending colon, and sigmoid colon. Additionally, the rectum and anus, which 

are continuous with the colon, constitute the lower part of the gastrointestinal tract (Figure 1.3). The colon plays 

an important role in the digestive system by absorbing water, vitamins, and electrolytes, and compacting faeces 

for elimination (reviewed by Azzouz & Sharma, 2023). The colonic wall is composed of different layers including 

the mucosa, submucosa, muscular layer, and serosa, all of which support colonic motility. Colorectal cancer arises 

from the transformation of normal epithelial cells, specifically the inner epithelial lining, into cancerous neoplastic 

cells. The inner epithelial lining is composed of various cell types, including enterocytes, goblet cells, Paneth 

cells, and neuroendocrine cells, each serving distinct functions in the intestinal physiology, as described by Kong 

et al. (2018). The sequence of colorectal adenocarcinoma neoplasia, as proposed by O’Brien & Gibbons, (1996), 

describes colorectal cancer typically developing through a series of histopathological changes, progressing from 

benign polyps to invasive and metastatic cancer. 
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 Figure 1.3. Anatomy and cellular progression of normal colorectal epithelium, to invasive carcinoma via poly formation, with histological images (A) The anatomy of the colon (B) The layers of the 

colon wall including the mucosa, submucosa, muscular layer, and serosa, which supports colon motility through digestion (C) The stages of colorectal cancer transitioning from normal epithelial cells 

forming a polyp on the inner lining leading to the formation of carcinoma in situ and ultimately acquiring invasive capabilities.(D) Histological images taken from Erben et al. (2014) and Yamagishi et al. 

(2016). 
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1.1.4. COMPARATIVE OVERVIEW OF BREAST AND COLORECTAL CANCER 

DEVELOPMENT  

Breast cancer and colorectal cancer, which result from the uncontrolled growth of abnormal cells, develop through 

distinct pathways and present different risk factors. Breast cancer typically originates in the ductal or lobular 

tissues of the breast owing to a complex interplay of genetic, environmental, and hormonal influence (reviewed 

by Alkabban & Ferguson, 2024). In contrast, colorectal cancer often begins as benign polyps in the colon or 

rectum, which can also become malignant over time due to genetic, environmental, and lifestyle factors such as 

diet (reviewed by Adigun et al., 2023).  

 

Genetically, breast cancer is frequently associated with mutations in Breast cancer gene 1 (BRCA1) and BRCA2, 

whereas colorectal cancer is associated with mutations in Adenomatous polyposis coli (APC), Kirsten rat sarcoma 

(KRAS), and Tumour protein P53 (TP53) (Mehrgou & Akouchekian, 2016; Smith et al., 2002). Breast cancer is 

classified into four main molecular subtypes—luminal A, luminal B, HER2-enriched, and basal-like, based on its 

gene expression profiles, immunophenotypic characteristics, and hormone status (Perou et al., 2000; Prat & Perou, 

2011; Sørlie et al., 2001; Spitale et al., 2009). Conversely, colorectal cancer development is categorised into 

sporadic (70%) and hereditary (30%) types, followed by chromosomal instability (CIN), microsatellite instability 

(MSI), and CpG island methylator phenotype (CIMP) (Lotfollahzadeh et al., 2024; Worthley & Leggett, 2010). 

Hereditary colorectal cancers include syndromes such as Lynch syndrome and familial adenomatous polyposis, 

which involve specific inherited genetic alterations (Jasperson et al., 2010). Understanding these distinctions 

highlights the heterogeneity in cancer development, which is crucial for developing effective prevention and 

treatment strategies. Although both cancers involve genetic, hormonal, and familial factors, the specific pathways 

and mutations differ, underscoring the need for targeted research and personalised medicine. 

 

1.2. CANCER METASTASIS 

1.2.1. OVERVIEW 

Cancer metastasis is a hallmark of tumour malignancy and accounts for the greatest number of cancer-related 

deaths; however, it remains poorly understood (Cancer Research U.K, 2015). Cancer invasion is a process 

whereby cells breach tissue barriers and subsequently infiltrate networks such as the blood, leading to 

haematogenous tumour dissemination (reviewed by McSherry et al., 2007). The metastasis cascade is 

characterised by several phases, including tumour angiogenesis, primary disaggregation of tumour cells from the 

primary tumour, invasion and migration through the BM, intravasation of tumour cells into the blood vasculature 

or lymphatic system, adhesion of circulatory tumour cells to endothelial cells, and extravasation of invasive 

tumour cells, as illustrated in Figure 1.4.  
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1.2.1. ANGIOGENESIS 

Tumour angiogenesis serves as the initial step in initiating the metastatic cascade. Angiogenesis, the process of 

forming new blood vessels, is essential for both normal and cancerous cells to exchange oxygen and nutrients and 

remove metabolic waste (Saman et al., 2020). In tumours, this process, termed tumour-associated 

neovascularization, occurs through various mechanisms such as sprouting angiogenesis, vasculogenesis, vascular 

mimicry, and trans-differentiation (Lugano et al., 2020). Although tumours are highly vascularised, their blood 

vessels are often poorly formed and leaky, rendering them more accessible to metastatic cells (Carmeliet & Jain, 

2011). Among these mechanisms, sprouting angiogenesis, which involves the growth of pre-existing vessels to 

generate new capillary networks, has been the most extensively studied. 

 

1.2.2. DISAGGREGATION OF TUMOUR CELLS FROM THE PRIMARY TUMOUR 

Following the acquisition of a blood supply network by tumour cells, loss of cell-cell adhesion is established, 

leading to the disaggregation of tumour cells from the primary mass. This loss of cell-cell adhesion results from 

the altered expression of cell adhesion molecules (CAMs), which play a fundamental role in adhesion for the 

formation of solid tumours (Janiszewska et al., 2020). CAMs, such as integrins, cadherins, selectins, and members 

of the immunoglobulin superfamily, are tightly regulated in normal tissues, whereas aberrant expression is 

observed in cancer, thereby disrupting cell-matrix interactions and facilitating disaggregation (Wong et al., 2012). 

Figure 1.4. The steps of metastasis. (1) Tumour angiogenesis (2) Disaggregation of tumour cells from the primary tumour 

(3) Migration through the BM (4) Intravasation of the tumour cells into the blood vessels (5) Adhesion of the circulating 

tumour cells to the endothelial cell lining (6) Extravasation of tumour cells at a target organ (7) Development of secondary 

tumour foci at the target organ site. 
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For example, loss of E-cadherin, the major protein involved in cell-cell adhesion, enables cancer cells to dissociate 

from each other such that they are free to migrate into the extracellular matrix (ECM). One proposed mechanism 

by which cancer cells detach from a primary tumour and infiltrate the surrounding BM is through epithelial-

mesenchymal transition (EMT) (Ribatti et al., 2020). EMT disrupts cell-to-cell adhesion, cellular polarity, and 

cytoskeletal organisation, ultimately enhancing migratory and invasive capabilities (Roche, 2018). These 

enhanced capabilities enable the tumour to disaggregate from the primary site. TGF-β receptor is also known to 

promote EMT (Wang et al., 2023). Upon binding to TGF-β receptor I, TGF-β receptor II is recruited to form a 

complex. This complex activates TGF-β receptor I  kinase activity, triggering intracellular signalling via the 

SMAD family of proteins (Lin & Lubman, 2023). This activation drives the disaggregation of tumour cells by 

promoting EMT through the SMAD pathway. 

 

1.2.3. INVASION OF THE BASEMENT MEMBRANE 

Once the tumour cells disaggregate from the primary tumour mass, they begin to degrade and invade the BM, 

serving as a barrier to the surrounding stromal tissue (Pantel & Speicher, 2016). Degradation of BM is thought to 

occur by proteases, including matrix metalloproteinases (MMPs), which play a pivotal role in tissue remodelling 

(Chang & Chaudhuri, 2019). In addition to their role in degradation, MMPs are involved in the processing of 

cytokines and chemokines, contributing significantly to various physiological processes, such as inflammation, 

neovascularisation, and cellular differentiation (Nagase et al., 2006; Van Lint & Libert, 2007). However, MMPs 

are frequently overexpressed in cancer and have been shown to facilitate the migration of tumour cells (Radisky 

& Radisky, 2015). Moreover, in vitro investigations revealed that tumour cells resorted to non-proteolytic 

migration mechanisms when proteases were inhibited (Friedl & Wolf, 2003; Sahai & Marshall, 2003). For 

example, invadopodia (invasive structures) apply both protrusive and contractile forces to reshape their 

environment and create micron-sized channels in the matrix, allowing cells to migrate by exerting protrusive 

forces at the leading edge (Chang & Chaudhuri, 2019). Recent research has implied that forces generated during 

cell division, typically ranging from 1 to 2 kPa along the mitotic axis, may directly weaken the BM and facilitate 

cancer invasion by allowing mitotic elongation (Nam & Chaudhuri, 2018).  

 

1.2.4. TUMOUR CELL INTRAVASATION OF BLOOD VESSELS AND 

HAEMATOGENOUS DISSEMINATION 
Tumour cell intravasation is the active process by which cancer cells enter blood circulation.  To enter the 

bloodstream, cancer cells must invade the BM that surrounds and supports the blood vessel, adhere to, and then 

pass through the endothelium. Various factors can influence cancer cell intravasation, including cells in the tumour 

microenvironment (TME), proteases, environmental conditions, and associated vasculature (Chiang et al., 2016). 

Tumours are highly vascularised; however, they are often characterised as poorly formed and leaky, and therefore 

become more accessible to metastasising tumour cells (Carmeliet & Jain, 2011). Although the circulatory system 

is a harsh environment for circulating tumour cells (CTCs), the survival and ability to metastasise at a distant 

location are highly dependent on interactions with components of the microenvironment (Pantel & Speicher, 

2016). For example, interactions between CTCs and platelets produce a covering shield for platelets,  preventing 
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their detection by immune cells and protecting them from physical stress, such as blood flow (Gay & Felding-

Habermann, 2011).  

 

1.2.5. ADHESION TO VASCULAR ENDOTHELIUM  
Once circulating cancer cells reach a target organ, they interact with the vascular endothelium, ultimately leading 

to tumour cell arrest and extravasation. Single tumour cells adhere to the endothelium via cell adhesion receptors, 

including selectins, integrins, and members of the immunoglobulin superfamily, through the expression of 

counter-receptors (Mierke, 2008). Key factors such as cytokines, enzymes, and biomechanical properties can also 

influence interactions between tumour cells and the endothelium. The mechanisms of CTCs adherence to the 

vascular endothelium are similar to those observed throughout leukocyte homing during the inflammatory 

response and have been demonstrated to involve many of the same molecular interactions (Brooks et al., 2010).  
 

1.2.6. DEVELOPMENT OF SECONDARY TUMOUR 

Cancer cells modify their original microenvironment through dynamic interactions with surrounding normal cells 

and stroma, for example, by stimulating the release of mitogenic and inflammatory factors to enhance their growth 

and support metastasis.  However, cancer cells that reach secondary sites may encounter challenges in adapting 

to the local microenvironment. Therefore, cancer cells may remain dormant until the conditions are optimal for 

growth, and sometimes will not survive (Brooks et al., 2010; Neophytou et al., 2019). Eventually, the 

microenvironment may change to support cancer cell growth and drive micrometastases that have lain dormancy 

for a period of time to emerge and grow. 

 

1.3. POST-TRANSLATIONAL MODIFICATIONS 

1.3.1. OVERVIEW 

Post-translational modifications are alterations to the side chains of amino acids in proteins after their synthesis 

(Ramazi & Zahiri, 2021). These modifications play a key role in regulating protein function, stability, localisation, 

and interactions with other cellular molecules (Okamoto-Uchida et al., 2019). There are many different types of 

post-translational modifications such as the most well-known types including phosphorylation, ubiquitination and 

glycosylation (Zhong et al., 2023). Phosphorylation, the addition of a phosphate group to amino acids, such as 

serine, threonine, or tyrosine, is essential for regulating enzyme activity and signal transduction pathways (Seok, 

2021). Ubiquitination involves attaching ubiquitin molecules to a target protein and plays versatile roles in protein 

functions, ranging from protein degradation to subcellular localisation and kinase activation (Guo et al., 2024). 

Glycosylation, the addition of a carbohydrate structure to a protein, is crucial for the proper functioning of proteins 

and can significantly modify their characteristics, as discussed in section 1.4.1 (reviewed by Jayaprakash & 

Surolia, 2017).  
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1.4. GLYCOSYLATION OF PROTEINS 

1.4.1. OVERVIEW 

Glycosylation is the addition of a carbohydrate structure to a protein. This complex post-translational modification 

plays a crucial role in many important physiological processes such as cell differentiation and intracellular and 

intercellular signalling (reviewed by Ho et al., 2016). Glycosylation, a fundamental process crucial for the proper 

functioning of numerous proteins, can modify protein characteristics, affecting their stability and solubility, both 

critical for functionality (reviewed by Jayaprakash & Surolia, 2017). The human glycome is composed of seven 

monosaccharides: glucose (Glu), mannose (Man), galactose (Gal), fucose (Fuc), sialic acids (Sia), N-

acetylglucosamine (GlcNAc), and N-acetylgalactosamine (GalNAc). The most common glycan residues are 

hexoses, which are monosaccharides possessing six carbon atoms. The bond between a monosaccharide and 

another residue is called a glycosidic linkage. A glycosidic linkage is formed via activation of the glycosyl donor, 

which generates a reactive electrophilic form that couples with the hydroxyl group glycosylase acceptor, resulting 

in a condensation reaction (Seeberger et al., 2009). The  formation of glycoproteins may be either O- or N-linked, 

depending on whether they are linked to the protein core via an oxygen atom of a serine (Ser) or threonine (Thr) 

(O-linked) or a nitrogen atom of asparagine (Asn) (N-linked) via a glycosidic bond, as illustrated in Figure 1.5 

(Rachmilewitz, 2010). The synthesis of specific glycans involves a complex interplay of factors, including the 

availability, presence, and activity of glycosyltransferases, which are regulated by various mechanisms, such as 

transcription factors, miRNA, and DNA methylation (reviewed by Dall’Olio & Trinchera, 2017; Kasper et al., 

2014; Neelamegham & Mahal, 2016; Rini et al., 2022). Additionally, the localisation of these enzymes within the 

endoplasmic reticulum (ER) or Golgi apparatus, the availability of nucleotide donors, and local environmental 

factors including pH further influence the glycan synthesis process (Colley et al., 2022; Rudd et al., 2022). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. Examples of O-linked and N-linked glycosylation. O-linked glycosylation showing the oligosaccharide linked 

via GalNAc to the oxygen of a Ser amino acid on the polypeptide chain. N-linked glycosylation occurs by the linkage between 

the oligosaccharide and the GlcNAc molecule of the amide of an Asn amino acid on the polypeptide chain. 
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1.4.2. N-LINKED GLYCOSYLATION 

N-linked glycosylation is a ubiquitous protein modification that is found in all domains of life. Highly diverse N-

linked glycosylation structures are found in a large number of glycosylated proteins (reviewed by Schwarz & 

Aebi, 2011). The post-translational modification is key for a variety of protein functions, including membrane 

stability and folding (reviewed by Esmail & Manolson, 2021). The different structures of N-linked glycans often 

contain a common core but differ in their extension on the terminal side. Taylor & Drickamer (2011) provided an 

in-depth review of the biosynthesis process of N-linked glycosylation, offering a comprehensive description of its 

various stages, including the formation of a dolichol-linked precursor oligosaccharide, en bloc transfer of the 

oligosaccharide to the polypeptide, and processing of the oligosaccharide, as illustrated in Figure 1.6. 

 

1.4.2.1. FORMATION OF A DOLICHOL-LINKED PRECURSOR 

The process of biosynthesising N-linked oligosaccharides involves the use of a lipid carrier, dolichol phosphate, 

to transport precursor oligosaccharides. The monosaccharide donors uridine diphosphate (UDP)-GlcNAc and 

GDP-Man are first synthesised in the cytoplasm and then transferred step-by-step to the lipid carrier, forming a 

Man5GlcNAc2 branched oligosaccharide through the actions of glycosyltransferases. Translocation of the newly 

formed oligosaccharide across the ER is proposed to be facilitated by a specialised enzyme known as flippase 

(Rush, 2016). Flippase helps flip the lipid-linked oligosaccharide from the cytosol to the luminal side of the ER 

membrane, allowing it to be transferred to specific Asn residues on nascent proteins that are synthesised by 

ribosomes bound to the ER. Although the fundamental role of flippase in N-linked glycosylation is well 

established, its precise function and mechanism are still not fully understood. 

 

1.4.2.2. EN BLOC TRANSFER OF THE OLIGOSACCHARIDE 

The precursor oligosaccharide attached to the dolichol lipid carrier anchored in the ER membrane is transferred 

en bloc to nascent polypeptides synthesised by ribosomes on the ER membrane. With the help of an enzyme called 

oligosaccharyltransferase, the precursor oligosaccharide is transferred from the dolichol lipid to an Asn residue in 

the growing polypeptide chain. However, for attachment, three key conditions must be met: 1) the Asn must be 

in a specific sequence context (Asn-X-Ser/Thr sequence), where 'X' represents any amino acid except proline, 

within the primary structure of the protein; 2) the position of the Asn must be appropriately located in a three-

dimensional structure; and 3) Asn must be found on the luminal side of the ER to initiate N-linked glycosylation. 

 

1.4.2.3. PROCESSING OF THE OLIGOSACCHARIDE 

Next, the newly formed polypeptide and N-linked sugar residues are trimmed by a series of exoglycosidases at 

the non-reducing termini of the glycan. First, glucosidase I removes the terminal α1-3-linked Glu, followed by 

glucosidase II, which removes the two inner α1-3-linked Glu molecules, indicating that the glycoprotein is 

available for transit from the ER for further processing. The common core structure is defined by a trimannosyl 

core and can be extended to produce heterogeneous branched glycans in the cis-Golgi, catalysed by a multitude 

of glycosyltransferases, and further elongated in the medial Golgi (Stanley, 2011). Furthermore, complex glycans 

with highly branched structures are typically extended with various monosaccharides, in the trans-Golgi secretory 
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pathway, with Sia addition often terminating chain extension. Another prevalent structure of N-linked glycans is 

core fucosylation. Following processing in the ER and cis-Golgi, a fucosyltransferase enzyme often modifies 

many vertebrate N-glycans by attaching a fucose residue via an α1–6 linkage to GlcNAc attached to asparagine 

(Varki et al., 2022). 
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Figure 1.6. Biosynthetic pathways of N-linked glycosylation: 1) The biosynthesis of N-linked glycans begins with the stepwise 

transfer of monosaccharides from UDP-GlcNAc and GDP-Man, which are synthesised in the cytoplasm, to the lipid carrier 

dolichyl phosphate. The dolichol-anchored heptasaccharide is then flipped into the lumen of the endoplasmic reticulum, where 

additional monosaccharide transferases extend the oligosaccharide. 2) Key conditions which must be met for oligosaccharide 

to be transferred to Asn residues. 3) Processing of the oligosaccharide which involves sequential processing steps including 

glycosidase and glycosyltransferase action. Adapted from (Taylor & Drickamer, 2011). 
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1.4.2.4. THE SIGNIFICANCE OF N-GLYCOSYLATION IN CANCER PROGRESSION 

Abnormal N-linked glycosylation is recognised as a significant contributor to cancer progression; however, the 

precise molecular mechanisms involved remains elusive. This aberrant N-linked glycosylation can trigger 

disruptions in cellular signalling pathways, ultimately supporting carcinogenesis (reviewed by Scott & Drake, 

2019). It is widely accepted that alterations in N-linked glycosylation patterns, coupled with gene mutations and 

genomic instability, collectively initiate oncogenic signalling pathways. These pathways include Wnt/β-catenin, 

Hippo, phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), Janus kinase/signal transducer and activator 

of transcription (JAK/STAT), transforming growth factor-β (TGF-β) or SMAD, and Notch signalling (reviewed 

by Lin & Lubman, 2023). Moreover, aberrant glycosylation of  cell surface proteins, such as transmembrane 

proteins and growth factor receptors, contribute to tumour cell growth, invasion, and metastasis through the 

activation of these signalling cascades (reviewed by Čaval et al., 2023).  

 

Epidermal growth factor receptor (EGFR), a member of the receptor tyrosine kinases (RTKs), plays a pivotal role 

in cancer cell processes, including growth, proliferation, migration, and metabolism (reviewed by Hsu & Hung, 

2016). N-glycosylation abnormalities in EGFR, resulting from changes in glycosylation patterns, affect the 

conformation of the extracellular domain of receptors, leading to aberrant activation and signalling transmission 

(Kaszuba et al., 2015). Similarly, N-glycosylation influences TGF-β receptor interactions and controls cell surface 

transport, affecting the downstream signalling cascade, specifically by promoting EMT (Kim et al., 2012). 

Cadherins, which are essential calcium-dependent cell adhesion proteins, are pivotal in carcinogenesis, notably 

E-cadherin (reviewed by Rajwar et al., 2015). Decreased E-cadherin expression is linked to enhanced invasiveness 

in various cancer types, and is often associated with EMT (Na et al., 2020). The biological functions of E-cadherin 

are modulated by N-acetylglucosaminyltransferase III (GnT-III) and V (GnT-V), which affect N-linked 

glycosylation patterns (Pinho et al., 2009). Bisecting N-glycosylation, predominantly attributed to GnT-III, 

stabilises E-cadherin on the cell membrane, promotes functional adherens junctions, and increases cell 

aggregation (reviewed by Lin & Lubman, 2023). Integrins, pivotal adhesion receptors present across cell types, 

mediate cell attachment to the ECM and influence migration and proliferation (reviewed by Huttenlocher & 

Horwitz, 2011). These receptors, composed of α- and β-subunits, form diverse combinations that affect cellular 

responses (reviewed by Mezu-Ndubuisi & Maheshwari, 2021). N-glycosylation of integrins affects heterodimeric 

formation and biological functions, as exemplified by the ability of a5b1 integrin to modulate cellular responses 

and contribute to tumour phenotypes (reviewed by Lin & Lubman, 2023).  

 

1.4.3. O-LINKED GLYCOSYLATION 

In eukaryotes, O-linked glycosylation occurs within the Golgi apparatus. O-linked glycosylation is characterised 

by the attachment of a sugar molecule to the oxygen atom of a Ser or Thr residue of a protein. O-linked 

glycosylation has a wide range of biological functions including in tissue development, homeostasis, signalling, 

cell identity, and immune regulation (reviewed by Wandall et al., 2021). The most common type of O-linked 

glycosylation begins with the attachment of a GalNAc monosaccharide to the protein, and is also known as O-

GalNAc or ‘mucin-type'. Mucin type O-glycosylation is one of the most diverse types of glycosylation, playing 
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essential roles in normal development, growth, and differentiation of cells and tissues (reviewed by Cummings, 

2009; Schjoldager & Clausen, 2012).  

 

1.4.3.1. O-GalNAc (MUCIN-TYPE) GLYCOSYLATION 

O-GalNAc glycosylation involves a stepwise process that is initiated by the attachment of an α-GalNAc residue 

to the hydroxyl group of Ser or Thr residues by a family of 20 different N-acetylgalactosaminyltransferases 

(GALNTs). This produces GalNAcα-Ser/Thr, known as the Tn or Thompsen nouvelle antigen (Figure 1.7) 

(Raman et al., 2012). In normal adult cells, this structure is then extended in a stepwise manner to produce a 

variety of higher-order glycan structures. The specific glycosyltransferase responsible for catalysing the extension 

of the structure determines the ultimate glycan structure that is produced. The most common elaboration of the 

Tn antigen is the addition of a 1,3 linked Gal monosaccharide, catalysed by β1,3-galactosyltransferase 

(C1GalT1), to form of the core 1 or T (Thomsen-Friedenreich) antigen, Galβ1-3GalNAcα-Ser/Thr (Sun et al., 

2021). The activity of C1GalT1 is highly dependent on an ER chaperone known as Core 1 β3-galactosyltransferase 

Specific Molecular Chaperone (COSMC). The addition of GlcNAc in a β1,3-linkage to Tn antigen is catalysed 

by β1,3-N-acetylglucosaminyltransferase 6 (B3GNT6) to form the core 3 structure (reviewed by Tran & Ten 

Hagen, 2013). The core 1 and core 3 structures can undergo further modifications, leading to their transformation 

into core 2 and core 4 structures, respectively, with the addition of GlcNAc via different isoforms of the β1,6-N-

acetylglucosaminyltransferase family. There are other less common cores, 5 to 8. The core structures can also be 

further modified by sialytransferases and fucosyltransferases which catalyse the addition of Sia and Fuc, 

respectively.  The sialyl Tn antigen comprises of Sia α-2,6 linked to GalNAc (Neu5Acα2–6GalNAcα-Ser/Thr). 

Its synthesis involves the enzyme sialyltransferase ST6GalNAc1 (Munkley, 2016). Moreover, core 2 O-GalNAc 

glycans can undergo further elongation and sialylation to produce structures, such as Lewis and sialyl Lewis 

antigens. The activity of mucin-type associated transferases is highly regulated by a variety of factors, including 

the availability of donor substrates, localisation of enzymes within the Golgi apparatus, and interaction with other 

proteins. 
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1.4.3.2. THE SIGNIFICANCE OF O-GalNAc (MUCIN-TYPE) GLYCOSYLATION IN 

CANCER PROGRESSION 

Abnormal mucin-type O-glycosylation is linked to numerous human diseases, including cancer development 

(Brockhausen, 2006). For instance, alterations in mucin-type O-glycosylation can impact the aggressiveness of 

tumour cells, influencing their capability to disseminate via circulation and undergo distant metastasis (reviewed 

by Häuselmann & Borsig, 2014). In normal cells, mucin-type O-glycan maturation involves elongation and 

branching of the chains, which are eventually capped with Sia or Fuc (reviewed by Zhang et al., 2022). Whereas, 

cancer cells frequently display truncated O-glycans, which represent an intermediate stage of biosynthesis and are 

commonly observed in various epithelial cell carcinomas (reviewed by Pinto & Parameswaran, 2023). In cancer, 

truncated glycans such as the Tn antigen, STn antigen and T antigen are most commonly observed (reviewed by 

Stowell et al., 2015; Varki et al., 2022).  

 

Figure 1.7. Biosynthetic pathways of mucin-type O-Glycosylation: The synthesis initiates with GalNAc addition to Ser/Thr 

residues, forming the Tn antigen. Subsequently, core structures such as core 1, core 2, core 3, and core 4 are synthesised 

dependent on glycosyltransferase activity. Sialyltransferases extend the Tn antigen before core 1 synthesis, leading to the 

formation of the sialyl Tn antigen. Additionally, core 1 T antigen can also be extended to form the sialyl T antigen. This figure 

is adapted from (Bergstrom et al., 2015). 
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Multiple investigations have reported elevated levels of the Tn antigen in approximately 90% of various human 

cancer types, such as breast, bladder, cervical, ovarian, colon, lung, gastric, and prostate cancers (Desai, 2000; 

Springer, 1984, 1997). Interestingly, Tn antigen has also been associated with metastasis associated with poor 

prognosis in cancers such as lung, cervical, colorectal, gastric, and breast cancers (reviewed by Fu et al., 2016). 

Interestingly, a study by Gill et al. (2013) demonstrated that the elevated levels of Tn antigen in breast cancer was 

strongly influenced by the subcellular localisation of GALNTs. The relocation of GALNTs from the Golgi 

apparatus to the ER triggered the synthesis of Tn antigen and enhanced cell migration and invasion. The sTn 

antigen, a prevalent tumour-associated carbohydrate antigen has also been detected in 80% of various human 

cancer types and is rarely found in normal tissues (Cao et al., 1996). It is suggested that in certain cancers, the 

expression of ST6GalNAc1 may dominate over the expression of C1GalT1, leading to the formation of the STn 

antigen (Ogawa et al., 2017). The sTn antigen has been established to inhibit cytotoxicity of natural killer cells 

and has been identified to protect metastatic cells in the bloodstream from apoptosis through cell surface 

interactions (Ogata et al., 1992). T antigen is detected in in 90% of human cancer types, including precancerous 

lesions and is selectively presented on the surface of breast, colon, prostate, and bladder cancer cells, whilst also 

concealed in normal counterparts (Ferguson et al., 2014; Khaldoyanidi et al., 2003; Schindlbeck et al., 2005). The 

synthesis of T antigen is influenced not only by COSMC and C1GALT1 but also by the dissipation of the Golgi 

pH gradient, which disrupts the acidic environment necessary for optimal glycan processing (Thorens & Vassalli, 

1986).  

 

1.5. LECTINS 

1.5.1. OVERVIEW 

Lectins are defined as a sugar-binding protein of non-immune origin that agglutinates cells or precipitates 

glycoconjugates (reviewed by Goldstein et al., 1980). These proteins possess at least one non-catalytic domain 

capable of reversibly binding to specific monosaccharides or oligosaccharides, enabling them to bind to 

carbohydrate components on erythrocyte surfaces and cause agglutination (reviewed by Lam & Ng, 2011). 

Lectins, which exhibit distinct carbohydrate specificities, have been isolated from diverse plant tissues and 

organisms. They are generally classified based on their carbohydrate specificity, or grouped according to their 

overall structure into merolectins, hololectins, chimerolectins, and superlectins, as illustrated in Figure 1.8 

(reviewed by Santos et al., 2014). Lectins are ubiquitous in living organisms and have been extensively used as 

tools to investigate cellular glycosylation as reviewed by Brooks, (2024).  

 

While lectins are widely recognised for their ability to recognise specific glycans, alternative methods do exist. 

One notable alternative is the implementation of monoclonal antibodies, which can be engineered for high 

specificity and affinity towards specific glycan structures (Cummings & Etzler, 2009). Monoclonal antibodies 

offer several advantages over lectins, including their ability to precisely target individual glycan epitopes with a 

high affinity. Another approach is the application of aptamers, short single-stranded DNA, or RNA molecules 

selected to bind specific glycan targets (Ni et al., 2011). This alternative approach presents advantages, such as 

ease of synthesis, modification, and stability, making them versatile alternatives (Odeh et al., 2019). Despite these 

advantages, the selective binding mechanisms of monoclonal antibodies and aptamers differ significantly from 
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those of lectins. Lectins bind to glycan structures through specific carbohydrate-recognition domains that interact 

with multiple sugars, allowing for broad-spectrum recognition across diverse glycan structures. In contrast, 

monoclonal antibodies and aptamers are typically designed to target specific epitopes on glycan structures, which 

may limit their binding versatility compared to that of lectins. Therefore, they exhibit different binding patterns 

and may require specific optimisation to effectively target similar glycan structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.5.2. LECTINS CARBOHYDRATE-BINDING SPECIFICITY  

The carbohydrate-binding specificity of lectins is typically described as a carbohydrate structure often consisting 

of monosaccharides, or occasionally disaccharides or trisaccharides, which best inhibits the agglutination process 

(reviewed by Brooks, 2024). When using lectins as biological tools, it is crucial to understand that their recognition 

in cells and tissues is typically more intricate than that of simple monosaccharides or disaccharides. The specificity 

of lectins for particular carbohydrate structures is also contingent upon various other factors such as the proximity 

of neighbouring glycans, their charges, and additional molecular attributes, highlighting the heightened 

complexity of these interactions  (Roth, 2011). Moreover, the natural binding partners of lectins within biological 

systems remain largely unidentified and are likely to be more intricate than their defined 'inhibitory carbohydrate' 

or binding specificity. Example of the complexity of lectin binding is Maackia amurensis lectin, Sambucus nigra 

lectin, and Polyporus squamosus lectin which all selectively recognise Sia glycans (reviewed by Brooks, 2024). 

Figure 1.8. Classification of lectins based on their structural diversity. 1) Merolectins are lectins composed of 

small monomeric lectins consisting exclusively of a single carbohydrate-binding domains. 2) Hololectins comprise 

of at least two identical carbohydrate-binding domains. 3) Chimeroletins have a carbohydrate-binding domain fused 

with another catalytical protein domain. 4) Superlectins possess two non-identical carbohydrate-binding domains 

that recognise structurally different sugars. 
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Maackia amurensis lectin shows a preference for α-2,3 linked Sia residues, whereas Sambucus nigra lectin 

recognises α-2,6 linked Sia residues on O-linked glycan chains, and Polyporus squamosus lectin preferentially 

binds to α-2,6 linked Sia residues on N-linked glycans. This underscores the intricate selectivity exhibited towards 

specific glycan structures, emphasising the influence of various binding factors at play.  

 

1.5.3. HPA AS A PROGNOSTIC MARKER OF CANCER METASTASIS  

Alterations in cellular O-linked GalNAc glycosylation are recognised as common occurrences in cancer 

development. These alterations in cellular glycosylation can be readily detected using sugar-binding proteins 

known as lectins. Helix pomatia agglutinin (HPA) is a lectin that has received considerable attention in the search 

for changes in glycosylation patterns that are associated with cancer metastasis. This lectin has a molecular weight 

of 79,000 kDa and comprises six identical polypeptide chains, each with a carbohydrate binding site (Sanchez et 

al., 2006). HPA is a hexameric glycoprotein which has previously demonstrated the ability to detect O-GalNAc 

(mucin-type) glycosylation, including the identification of Tn antigen (section 1.3.3.2) (reviewed by Springer, 

1989). More specifically it’s binding preferences include the Forssman antigen (GalNAc-a-1,3 GalNAc), blood 

group A substance (α-GalNAc1-3[α-Fuc1-2]Gal), Tn antigen (α-GalNAc-Ser/Thr), α-GalNAc, and α-GlcNAc 

(Wu & Sugii, 1991). Therefore, highlighting its recognition of a heterogeneous array of glycoproteins aberrantly 

GalNAc glycosylated suggests a fundamental disruption in O-linked glycosylation mechanisms (section 1.3.3.2). 

Brooks & Leathem, (1991) conducted a retrospective study spanning twenty-four years, involving 373 breast 

cancer patients, of which 293 (79%) had tumours positive for HPA and 80 (21%) had tumours negative for HPA, 

and significant differences in survival rates were observed between the two groups. Interestingly, their findings 

revealed a significant correlation between HPA-positivity and metastatic cancer. Moreover, Schumacher et al. 

(1994) detected the expression of HPA-binding sites using immunohistochemistry in patient tissues with 

colorectal cancer and revealed that binding to HPA correlated with patient survival and tumour recurrence. The 

authors suggested that the ability of HPA to bind GalNAc indicates that the sugar residue is at least partly involved 

in the process of metastasis of human colorectal carcinoma cells to regional lymph nodes and possibly to distant 

sites. This has also been demonstrated in a variety of other types of cancers, such as gastric (Kakeji et al., 1991), 

prostate (Shiraishi et al., 1992), oesophageal (Yoshida et al., 1993), and lung (Laack et al., 2002).  

 

1.6. EXTRACELLULAR VESICLES 

1.6.1. OVERVIEW 

Extracellular vesicles (EVs) are membrane-surrounded structures released by all types of cells into the 

surrounding environment. These vesicles perform a wide array of biological functions by mediating 

communication between cells, delivering bioactive cargo, and inducing phenotypic changes, reflecting their 

multifaceted roles in cellular processes (reviewed by Colombo et al., 2014). Bioactive cargo includes proteins, 

lipids, metabolites, DNA, RNA, and non-coding RNA’s (miRNAs, tRNA, and rRNA) (reviewed by Chuo et al., 

2018). The uptake of EVs has been shown to play a role in normal physiological processes including immune 

system function, angiogenesis, and stress responses (reviewed by Yates et al., 2022). However, there is growing 
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evidence for its role in the pathological progression of several diseases, including cancer (reviewed by Osaki & 

Okada, 2019).  

 

1.6.2. BIOGENESIS AND CLASSIFICATION 

Initially, EVs were described as a mechanism for eliminating excess proteins or undesirable molecules from the 

cell. For example, research has shown that EVs are secreted to discard membrane proteins, such as transferrin 

receptors, which have become obsolete in mature red blood cells (Johnstone, 1992; Pan et al., 1985). Therefore, 

EVs have traditionally been viewed as a pathway for cells to dispose of unwanted proteins and molecules, thereby 

functioning as compartments for cellular waste transport and disposal. Over the past decade, the role of EVs as 

mediators of cellular communication has become increasingly evident. Substantial evidence indicates that EVs 

regulate both normal physiological processes and the progression of diseases such as cancer (Admyre et al., 2007; 

Becker et al., 2016).  

 

EVs are broadly classified into three main subpopulations (Figure 1.9), depending on their mechanism of 

biogenesis and size. Apoptotic bodies, the largest, range from 800 nm to 5000 nm and are formed during 

programmed cell death (Poon et al., 2019). Microvesicles (MVs), ranging from 100 nm to 1000 nm, are generated 

by direct budding from the plasma membrane (reviewed by Tricarico et al., 2016). Exosomes, also known as small 

extracellular vesicles (sEVs), are synthesised in the endosomal compartment at 30–150 nm (reviewed by Doyle 

& Wang, 2019). Recently, other EV-like particle subtypes have also been described, including migrasomes, large 

oncosomes, exophers, supermeres, and exomeres (Di Vizio et al., 2012; Ma et al., 2015; Nicolás-Ávila et al., 

2020;  Zhang et al., 2018; Zhang et al., 2021).  
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1.6.2.1. EXOSOMES 

The biogenesis and protein cargo sorting of exosomes, often referred to as sEVs, with a size ranging from 30 to 

150 nm, is a highly orchestrated process governed by the endosomal sorting complexes required for transport 

(ESCRT) machinery (reviewed by Doyle & Wang, 2019). Derived from the endocytic pathway, exosomes emerge 

as intraluminal vesicles (ILVs) within multivesicular bodies (MVBs), which are eventually released upon MVB 

fusion with the plasma membrane (reviewed by Zhang et al., 2019).  

 

Ubiquitination, is a fundamental post-translational modification as discussed in section 1.3 which primarily 

regulates the degradation of membrane proteins (Guo et al., 2024). Notably, ubiquitination plays a pivotal role in 

the protein cargo sorting of exosomes, particularly in collaboration with the ESCRT machinery (Wei et al., 2021). 

The ESCRT complex performs essential functions in this sorting process: it identifies ubiquitylated cargoes, 

shields them from degradation, facilitates membrane deformation for cargo sorting, and promotes the formation 

of ILVs that eventually become exosomes (Raiborg & Stenmark, 2009). ESCRT-I, recruited by ESCRT-0, 

initiates the sorting of MVB-dependent cargoes and ESCRT-0, with its ubiquitin-binding domains, and tightly 

binds to cargo proteins, including polyubiquitinated ones (Henne et al., 2011; Ren & Hurley, 2010). Although 

exosomes typically do not contain Nedd4, Nedd4-2, and Itch, Ndfip1 can recruit all three Nedd4 proteins into 

exosomes which has also been established to facilitate protein sorting (Putz et al., 2008) 

 

Figure 1.9. Schematic representation of EVs secretion: Exosomes are formed by intraluminal vesicles budding into early 

endosomes that are released by exocytosis. Microvesicles are produced by the outwards budding and fission of the plasma 

membrane. Apoptotic bodies, which are the largest EVs, are formed by programmed cell death. 
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Canonical ESCRT-dependent ILV formation begins with sequential ESCRT complex recruitment to the 

endosomal membrane (reviewed by Teng & Fussenegger, 2021).  Phosphatidylinositol-3-phosphate (PtdIns3P) 

first recruits the ESCRT-0 complex to early endosomes, followed by the subsequent recruitment of ESCRT-I, 

ESCRT-II, and ESCRT-IIII (reviewed by Babst et al., 2002; Bache et al., 2003; Gill et al., 2007; Katzmann et al., 

2003; Lu et al., 2003; Wollert & Hurley, 2010).  

 

ESCRT-III assembly is initiated by ESCRT-II recruitment, mediated by the direct binding of CHMP6 to EAP20 

(Teo et al., 2004). ESCRT-III plays a crucial role in the scission of ILV into the MVB lumen via a tightly regulated 

process. ESCRT-III disassociates from the membrane after scission, a process facilitated by the AAA-ATPase 

(Babst, et al., 2002; Wollert et al., 2009). In addition to the canonical pathway, another non-canonical ESCRT-

dependent pathway can also contribute to ILV biogenesis. ALG-2 interacting protein X (ALIX) functions as a 

ubiquitin receptor and operates in parallel with ESCRT-0 (Baietti et al., 2012). ALIX also participates in syndecan-

syntenin-ALIX ILV biogenesis and cargo sorting, involving interactions with various cellular components 

including lysobisphosphatidic acid (LBPA) and protease-activated receptor 1 (PAR1) (Dores et al., 2012; 

Kobayashi et al., 1998). Syntenin-1, which is involved in diverse cellular processes such as protein trafficking, 

synergistically interacts with syndecan and ALIX to facilitate ILV formation and exosome release (reviewed by 

Lee et al., 2023).   

 

Another ALIX domain-containing protein, His domain–containing tyrosine phosphatase (HD-PTP), provides an 

alternative pathway that bypasses ESCRT-II by recruiting ESCRT-I, ESCRT-II, and ESCRT-III (Ali et al., 2013; 

Doyotte et al., 2008; Gahloth et al., 2017; Stefani et al., 2011; Wenzel et al., 2018). In contrast, the ALIX pathway 

is truly ESCRT-independent, and operates independently of ESCRT-I and ESCRT-III. It has been suggested that 

an ESCRT-independent mechanism contributes to ILV formation, as the simultaneous inhibition of ESCRT 

complexes does not completely prevent MVB formation (Stuffers et al., 2009). Additionally, ceramide generated 

by neutral sphingomyelinase 2 (nSMase 2) can mediate exosome biogenesis by inducing rigid lipid raft domains, 

which causes spontaneous negative curvature of the MVB membrane and facilitates ILV formation (Trajkovic et 

al., 2008; van Niel et al., 2011). 

 

Tetraspanins, including CD63, CD81, and CD9, are essential for ESCRT-independent endosomal sorting by 

clustering on the membrane surface to form tetraspanin-enriched microdomains (TEMs) that bud into MVB 

(reviewed by Andreu & Yáñez-Mó, 2014).  Moreover, Ras-associated binding (RAB) GTPase, specifically 

RAB31, controls the ESCRT- and tetraspanin-independent ceramide-dependent ILV formation pathway (Kenific 

et al., 2021; D. Wei et al., 2021). Ultimately, MVBS can fuse with lysosomes for degradation or with the plasma 

membrane for EV release (reviewed by van Niel et al., 2018). MVBs undergo transportation to the plasma 

membrane for the release of their contents as exosomes through interactions with the actin and microtubule 

cytoskeleton, mediated by a variety of proteins, including cortactin and several members of the Rab GTPase 

family (Gurung et al., 2021; Wang et al., 2023). Upon reaching the PM,  Ras GTPases interact with soluble N-

ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) to facilitate MVB plasma membrane 

fusion (reviewed by Xu et al., 2022). This intricate network of pathways highlights the heterogeneity of exosome 

biogenesis and secretion, posing challenges in defining specific EVs markers and isolating homogeneous 
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populations for analysis. Significant size overlap among EVs subpopulations presents a challenge for current 

isolation methods that rely on factors such as size, density, and molecular composition.  

 

1.6.2.2. MICROVESICLES 

MVs, also commonly termed ectosomes, microparticles, and shedding vesicles, are more variable in size ranging 

from 100 to 1000 nm (Meldolesi, 2018; Tricarico et al., 2016). This variability in size highlights the complexity 

of the mechanisms governing MVs biogenesis. MV formation involves intricate molecular mechanisms, and 

although less characterised than exosomes, several pathways have been identified (Sedgwick & D’Souza-Schorey, 

2018). MVs have been established to shape the local TME and distant metastatic niches to promote tumour growth 

by shedding from the plasma membrane of tumour cells, acting autologously on other tumour cells to transfer 

oncogenic cargo, and stimulating pro-tumorigenic signalling (Menck et al., 2020).  

 

MVs are generally thought to arise through outwards pinching of the plasma membrane, with ARF6-positive 

recycling vesicles contributing to cargo transportation for subsequent incorporation into the MVs (Muralidharan-

Chari et al., 2009). Key regulators such as v-SNARE play a role in facilitating cargo delivery (Clancy et al., 2015).  

Plasma membrane bleb formation, a precursor of MV release, is tightly regulated. Factors influencing membrane 

blebbing include the lipid composition, cytoskeletal organisation, and membrane fluidity (Muralidharan-Chari et 

al., 2010). MVs display unique lipid characteristics such as phosphatidylserine (PS) externalisation, which 

enhances their uptake by recipient cells (Sedgwick & D’Souza-Schorey, 2018). The enrichment of specific lipids 

such as lysophosphatidylcholines, sphingomyelins, and acylcarnitines further contributes to their distinctive lipid 

profiles (Haraszti et al., 2016). Cholesterol, a prominent plasma membrane lipid, has also been implicated in MVs 

formation (Conde et al., 2005). The release of blebs into the extracellular space involves acto-myosin contraction, 

a process governed by the balanced interplay between cytoskeletal elements (Sedgwick & D’Souza-Schorey, 

2018). Rho family GTPases, particularly RhoA, play a critical role in MV formation by regulating actin 

reorganisation and cortical contractility (Li et al., 2012; Sedgwick et al., 2015). Additional regulatory mechanisms 

affecting MV formation include extracellular calcium concentration, where increased levels are correlated with 

increased vesicle formation (Crawford et al., 2010).  Hypoxia, which is common under various physiological 

conditions, promotes MV release through processes mediated by hypoxia-inducible factors (HIFs) and Rab22a. 

Actin deimination involving protein arginine deiminases facilitates MVs biogenesis (Wang et al., 2014). An 

intriguing aspect is the overlap in the molecular regulators of vesicle biogenesis observed between exosomes and 

MVs. Proteins, such as ADP-ribosylation factor 6, components of the ESCRT complex, such as TSG101, and 

lipids, such as ceramide, have been implicated in the formation of both vesicle types (Budnik et al., 2016; 

Ghossoub et al., 2014; Haraszti et al., 2016; Muralidharan-Chari et al., 2009; Nabhan et al., 2012; Raposo & 

Stoorvogel, 2013; Willms et al., 2016). The overlap between the biogenesis of these distinct vesicle families, 

highlight the intricacy involved in studying EVs and deciphering their complex physiological and pathological 

roles. 

1.6.2.3. APOPTOTIC BODIES 

Apoptotic bodies, ranging from 800 to 5000 nm, are formed as a consequence of programmed cell death (Poon et 

al., 2019). This intricate process occurs in distinct stages, commencing with nuclear chromatin condensation and 
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culminating in membrane blebbing, ultimately yielding apoptotic bodies (Kerr et al., 1972). During normal 

development, macrophages predominantly phagocytose apoptotic bodies, which rely on specific interactions 

between recognition receptors on phagocytes and changes in the membrane composition of apoptotic cells (Erwig 

& Henson, 2008; Takizawa et al., 1996; Taylor et al., 2008; Vandivier et al., 2002). Notably, translocation of PS 

to the outer lipid layer serves as a pivotal marker that binds to Annexin V and facilitates its recognition by 

phagocytes (Martínez & Freyssinet, 2001). Other membrane modifications, such as surface molecule oxidation, 

create binding sites for thrombospondin or complement protein, which are recognised by phagocyte receptors 

(Friedl et al., 2002; Savill, 1997). Annexin V, thrombospondin, and C3b are well-known markers of apoptotic 

bodies (Engeland et al., 1998).  

 

1.6.2.4. EV CELLULAR UPTAKE  

The primary routes of EV uptake include clathrin-mediated endocytosis, caveolin-mediated, macropinocytosis, 

phagocytosis, and direct membrane fusion. Each of these pathways involves different cellular mechanisms and 

can lead to the delivery of EV cargo to specific intracellular compartments, thereby influencing the functional 

outcomes in the recipient cells. 

 

Clathrin-mediated involves the internalisation of molecules through the formation of clathrin-coated vesicles, 

which contain a variety of transmembrane receptors and their ligands (Mulcahy et al., 2014). These vesicles induce 

membrane deformation to create a vesicular bud that matures, pinches off from the plasma membrane, undergoes 

clathrin un-coating, and subsequently fuses with endosomes for uptake of its contents (Kirchhausen et al., 2014). 

Whereas caveolin-dependent endocytosis involves caveolae which are small invaginations in the plasma 

membrane that, like clathrin-coated pits, can internalise EVs into the cell (Mulcahy et al., 2014). Caveolin-1 and 

dynamin 2 essential for caveolae formation and clusters within these membrane invaginations have been 

established to be key in the internalisation of EV through this mechanism (Barrès et al., 2010; Nanbo et al., 2013). 

Macropinocytosis is an endocytic pathway involving the formation of membrane ruffles that pinch off into the 

intracellular compartment, carrying extracellular fluid and sampled components (Mulcahy et al., 2014). This 

mechanism, dependent on Rac1, actin, cholesterol, and resembles phagocytosis but does not require direct contact 

with the internalised material (Lin et al., 2020). Phagocytosis, a receptor-mediated process often performed by 

specialised cells like macrophages, involves the internalisation such as bacteria and apoptotic cell fragments 

(Mulcahy et al., 2014). This receptor-mediated event involves the formation of invaginations around the material 

destined for internalisation, with or without the participation of membrane extensions (Swanson, 2008). Another 

potential entry mechanism for EVs involves their direct fusion with the cell plasma membrane (Parolini et al., 

2009). This process involves merging two lipid bilayers, bringing them close enough for their outer leaflets to 

come into direct contact, forming a hemi-fusion stalk (Mulcahy et al., 2014). The stalk then expands to create a 

fusion pore, allowing the hydrophobic cores to merge into one continuous structure (Monck & Fernandez, 1996). 

This fusion process is facilitated by several protein families, including SNAREs and Rab proteins (Margiotta, 

2022). 
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1.6.3. THE GLYCOSYLATION OF EVs 

1.6.3.1. OVERVIEW 

The glycosylation of EVs is often overlooked despite growing evidence supporting its significance, mainly due 

to the challenging nature of glycan biochemistry analysis, particularly at the nano level, as required with EVs. 

Analysis of this complex micro-heterogeneity requires either advanced mass spectrometry methods or the 

utilisation of lectins (section 1.4) as probes (Zaia, 2010). These methods were first applied in 2009, with initial 

research consistently demonstrating that EVs possessed an abundance of glycans (Krishnamoorthy et al., 2009). 

The glycosylated state is hypothesised to mirror cellular events and states, conveying information that influences 

neighbouring cells and the surrounding environment (reviewed by Wu & Gao, 2023). A variety of 

glycoconjugates, including oligosaccharides, polysaccharides, and glycoproteins, which are vital components on 

the surface of vesicles (Figure 1.10), have also been shown to play roles in the uptake of recipient cells. (Becker 

et al., 2016, 2016; Lin et al., 2020). In addition to these glycoproteins, glycolipids, such as glycosphingolipids, 

are also integral components of EVs and have been shown to be significantly enriched on EVs compared to the 

membranes of the originating prostate cancer cells (Llorente et al., 2013). Moreover, increasing number of studies 

have supported that glycosphingolipids on EVs play pivotal roles in multiple cancers such as contributing to 

immunosuppressive effects (Biswas et al., 2009; Boccio et al., 2012; Sa et al., 2009; Webb et al., 2012). 

Tetraspanins, commonly found on EVs, have also been established to be highly glycosylated. Typically, 

tetraspanins undergo post-translational modifications involving the glycosylation of their extracellular domains at 

intracellular cysteine residues (Stipp et al., 2003). Most tetraspanins exhibit significant glycosylation within their 

expansive extracellular loops (Deventer et al., 2023). However, the functional implications of tetraspanin varied 

glycosylated states on EVs remain largely unknown. Interestingly studies have also identified the presence of 

tumour-associated glycans on cancer-associated EVs, such as the Tn antigen (Feng et al., 2018), sTn antigen 

(Freitas et al., 2019; Nagao et al., 2022), T antigen (Gomes et al., 2015), and increased N-glycan branching 

(Harada et al., 2019; Surman et al., 2018, 2019; Zhang et al., 2018) (Figure 1.10). 
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1.6.3.2. GLYCOSYLATION OF EVs AND PROTEIN SORTING 

Increasing evidence that glycosylation plays a critical role in regulating the sorting of proteins into EVs (Wu & 

Gao, 2023). It has been suggested that changes in glycosylation patterns acquired during malignant transformation 

may alter the sorting of proteins on EVs (Martins et al., 2021). For example, specific glycan structures, such as  

high mannose, polylactosamine, α-2,6 sialylation, and complex N-linked glycans, as well as the reduction of 

terminal blood group A and B antigens, are believed to be sorted into EVs because of glycoprotein and glycolipid 

sorting mechanisms (Batista et al., 2011). Moreover, alterations in the expression of glycosyltransferase FUT8, 

which adds fucose residues to N-glycan chains, have been shown to change the protein composition of EVs (Clark 

et al., 2020). Aberrant O-linked glycosylation of EVs has also been established to impact the sorting of certain 

proteins into EVs, such as the CD44 protein (Gao et al., 2020). The enzyme beta-galactoside alpha-2,6-

sialyltransferase 1, which catalyses the addition of sialic acids to galactose residues in N-glycans, has also been 

implicated in EV protein sorting, as the knockout of ST6Gal1 reduces CD82 expression on EVs (Dall’Olio, 2000; 

Jung et al., 2016). Collectively, these studies have highlighted the crucial role of glycosylation in EV cargo sorting. 

Figure 1.10. Schematic representation illustrating the glycosylation of sEVs and tumour related glycoconjugates. sEVs carry a 

variety of bioactive cargo in the form of proteins, lipids, metabolites, DNA, and various RNA species. Moreover, sEVs are widely 

glycosylated with a variety of major common classes of glycoconjugates found in human cells such as O-glycans, N-glycans, 

glycosaminoglycans, glycolipids, and GPI-anchors. Tumour associated glycoconjugates have also been established on cancer associated 

EVs, including branching N-glycans and truncated O-glycans. Adapted from (Martins et al., 2021). 
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Further understanding of glycosylation changes at both the cellular and EV levels may uncover new mechanisms 

in cancer progression. 

 

1.6.3.3. GLYCOSYLATION OF EVs AND CELL TARGETING 

EVs are increasingly recognised as crucial mediators of intercellular communication, facilitating the transfer of 

bioactive cargo to recipient cells and inducing phenotypic changes in normal physiological and pathological 

contexts, as discussed in section 1.6. Recent studies have highlighted their potential role in facilitating the targeting 

of specific cell types. For example, a pioneering study by Zheng et al. (2022) demonstrated that modifying the 

surface glycan profile of EVs can confer tissue specificity by glycoengineering the surface of EVs through 

incorporation of a glycosylation domain into the large extracellular loop of CD63, along with fucosyltransferase 

VII or fucosyltransferase IX. This innovative approach enabled the presentation of two distinct glycans, sialyl 

Lewis X and Lewis X antigens, on the EV surface, leading to enhanced targeting towards activated endothelial 

and dendritic cells Matsuki et al. (2021) also achieved enhanced targeted delivery of EVs to hepatocytes  through 

glycan modification with lacto-carrying poly-L-lysine polymer and carbonate apatite. Clos-Sansalvador et al. 

(2022) also identified that EVs derived from mesenchymal stromal cells, from which glycans were enzymatically 

removed using PNGase, lost their ability to interact with endothelial cells. Only EVs containing intact glycans 

can induce tube-like formation and promote cellular recruitment. In contrast, the PNGase-treated EVs exhibited 

significantly reduced functional activity. Collectively, these studies highlight the critical role of glycan content in 

EV function and its ability to selectively target specific cell types, underscoring its potential relevance in future 

therapeutic strategies. 

 

1.6.3.4. GLYCOSYLATION OF EVs AND CELLULAR UPTAKE 

Glycosylation patterns of EVs have been increasingly recognised as key determinants of cellular uptake. Studies 

have shown that specific glycan structures on the surface of EVs can influence their interactions with recipient 

cells, thereby facilitating targeted delivery and internalisation. For example, research has highlighted the role of 

heparan sulphate proteoglycans in cancer cell-derived EVs, which facilitate the internationalisation of ovarian 

epithelial cells (Christianson et al., 2013). Hao et al. (2007) also demonstrated in dendritic cells that uptake of 

EVs was attributed to d-mannose and d-glucosamine and partially mediated by C-type lectins. Moreover, 

Escrevente et al. (2011) identified that removal of sialic acid in ovarian carcinoma SKOV3 cells increased 

exosome uptake, whereas treatment with high concentrations of monosaccharides or β-lactose decreased exosome 

uptake compared to glucose. Collectively, these studies highlight the importance of glycosylation patterns in EVs 

as key determinants of their cellular uptake, influencing interactions with recipient cells for targeted delivery and 

internalisation. These studies underscore the key role of glycosylation in EV uptake and should be contextualised 

to advance targeted therapeutic strategies. 
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1.7. COLORECTAL AND BREAST CANCER BLOOD BIOMARKERS 

1.7.1. OVERVIEW 

Breast and colorectal cancers initially develop asymptomatically, with symptoms typically appearing later; 

detection often occurs through routine screenings (reviewed by Alkabban & Ferguson, 2024; Duan et al., 2022).  

The National Health Service (NHS) breast screening initiative commenced in 1988, employing single-view 

mammography and extending invitations to women aged 50–64 years for screening once every three years 

(reviewed by Godley et al., 2017). By 2005, the program transitioned to two-view mammography, screening 

approximately 1.3 million women aged 50–70 years annually, equating to about 75% of those invited. As a result, 

breast cancer mortality rates in the UK have decreased by around 18% over the past decade, with the programme 

now detecting approximately 10,000 cases annually (Cancer Research U.K, 2015; Kekelidze et al., 2013).  

 

The NHS bowel cancer screening programme was introduced in 2006 to improve colorectal cancer mortality by 

earlier detection (reviewed by Koo et al., 2017). It is now offered to patients aged 60-74 years and involves a 

home-based guaiac faecal occult blood test (gFOBt), and if positive, patients are offered a colonoscopy, which 

has been associated with a 15% reduction in mortality. As a result of these initiatives, colorectal cancer mortality 

rates in females have decreased by 50%, while rates in males have reduced by approximately 41% (Cancer 

Research U.K, 2015). Moreover, in 2013 Bowel scope screening was offered to individuals aged 55 years for a 

one-off flexible sigmoidoscopy, and if several adenomas are found, the patients are offered a completion 

colonoscopy. However, the UK National Screening Committee has decided to decommission bowel scope 

screening to reallocate resources towards expanding the home testing programme to include individuals aged 50 

to 59 (Cancer Research U.K, 2015).  

 

Despite the effectiveness of these screening programs in improving mortality rates, there remains a pressing need 

for new and improved diagnostic methods such as enhanced biomarkers. While the implementation of biomarkers 

in the UK is governed by the Medicines and Healthcare Products Regulatory Agency (MHRA), it is essential to 

acknowledge the regulatory oversight of biomarkers approved by agencies such as the Food and Drug 

Administration (FDA) in the United States. These diagnostic tests for breast and colorectal cancers encompass a 

wide range of biomarkers and assays for clinical application, as detailed in Supplementary Table 1 and 2. Notably, 

the sample types used to detect these biomarkers include blood samples. The emergence of liquid biopsies for the 

detection of blood-based biomarkers holds great promise in revolutionising cancer diagnosis and monitoring.  By 

analysing CTCs, circulating tumour DNA (ctDNA), circulatory carcinoma proteins, and other biomarkers present 

in blood samples, liquid biopsies offer a less invasive alternative to traditional tissue biopsies. Moreover, they 

provide valuable insights into tumour heterogeneity, treatment response, and disease progression, paving the way 

for personalised and targeted therapies.  

 

1.7.2. ROUTINE BLOOD-BASED BIOMARKERS  

Circulating carcinoma proteins play crucial roles as biomarkers in screening, diagnosis, prognosis, and therapeutic 

interventions for breast and colorectal cancers. For biomarkers to be effective in clinical settings, they need not 
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only high sensitivity and specificity but also high positive and negative predictive values (Califf, 2018).  

Sensitivity, or true positive rate, quantifies how well a test identifies true positives, while specificity, or true 

negative rate, measures a test's ability to correctly identify those without the disease (Monaghan et al., 2021). 

High positive predictive value and negative predictive value reflect the likelihood that a positive or negative test 

result accurately indicates the presence or absence of disease, respectively (Linnet et al., 2012) 

 

Cancer antigen 15-3 (CA15-3) is sometimes used as a prognostic marker for breast cancer (Cancer Research U.K, 

2015). CA15-3 is a large transmembrane glycoprotein frequently overexpressed and aberrantly glycosylated in 

breast cancer (Duffy et al., 2000). Increased serum CA15-3 levels at diagnosis correlate with advanced breast 

cancer stage, larger tumour size, positive axillary lymph nodes, and poorer overall and disease-free survival rates 

(Di Gioia et al., 2015; Fu & Li, 2016; Molina et al., 1998; Shao et al., 2015; Uehara et al., 2008). Despite its 

prognostic significance in early breast cancer, CA15-3 often exhibits poor sensitivity (less than 7%), highlighting 

the limitations of its use as a standalone diagnostic tool (Seale & Tkaczuk, 2022). Another example of a carcinoma 

protein biomarker is carcinoembryonic antigen (CEA), a glycoprotein involved in cell adhesion that is often 

elevated in patients with colorectal cancer (Anoop et al., 2022; Cancer Research U.K, 2015). Serial measurements 

of CEA in the blood have demonstrated a sensitivity of approximately 80% and specificity of approximately 70% 

in detecting recurrent colorectal cancer, offering an average lead time of approximately 5 months (Duffy, 2001). 

Despite its importance in monitoring disease progression, CEA lacks the sensitivity and specificity required for 

screening asymptomatic individuals or independently diagnosing colorectal cancer (Kabel, 2017). Whilst CA15-

3 and CEA are valuable in certain contexts, their limitations highlight the ongoing need for the development of 

more accurate biomarkers for cancer screening and prognosis. 

 

1.7.3. THE MULTI-CANCER EARLY DETECTION TEST  

The multi-cancer early detection (MCED) test, also referred to as the Galleri test, has demonstrated potential as a 

screening tool for early cancer detection as reviewed by Brito-Rocha et al. (2023). The 'SYMPLIFY' study marks 

the initial comprehensive assessment of this test among individuals referred for diagnostic follow-up following 

suspected cancer. The test works by examining cell-free DNA (cfDNA) released by cells from across the body 

into the bloodstream and other body fluids. Among individuals with cancer, an estimated 0.5% of cfDNA may 

originate from the tumour (Duffy et al., 2021) . The amount of DNA shed can vary based on the size of the tumour 

and different pathological features of the cancer (ctDNA), and is relatively small compared with DNA from other 

tissues and cells in the body (Pons-Belda et al., 2021). However, ctDNA can have a distinct molecular signature 

compared to DNA shed from healthy cells; such differences may include mutations, copy number variations, and 

epigenetic changes which serve as biomarkers (Lianidou, 2021). Specifically, the Galleri test uses DNA 

sequencing to analyse over 100,000 genomic regions that are susceptible to methylation variations (reviewed by 

Basharat & Horton, 2022).  

 

After the initial discovery phase, a training and validation study evaluated the performance of the test by using 

blood samples from individuals with and without cancer (Liu et al., 2020). Conducted in a double-blinded manner, 

Liu et al. (2020) encompassed samples from over 50 different cancer types, including breast and colorectal cancer . 

Specifically, 12 cancer types, including colorectal cancer, were selected as high signals. For these 12 high-signal 
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cancer types, the test demonstrated a sensitivity of 76.4% across all stages (I–IV). However, the sensitivity varied 

according to cancer stage, ranging from 39% for stage I samples to 92% for stage IV samples. The overall 

sensitivity for all 50 cancer types was lower (54.9 %) across stages I to IV. Specificity was reported to be 99.3%, 

with a false-positive rate of less than 1%. Further studies on the Galleri Test are currently underway to validate 

test performance across various populations, evaluate safety, explore its potential role in routine screening 

programs within healthcare systems, and gather more robust evidence through randomised trials. These ongoing 

investigations hold promise in enabling earlier detection and improving patient outcomes.  

 

1.7.4. EV BLOOD-BASED BIOMARKERS 

EVs are increasingly recognised as ideal candidates for semi-invasive liquid biopsies, particularly for blood-based 

cancer markers (Irmer et al., 2023). Released into bodily fluids by various cell types, including cancer cells, EVs 

carry a diverse array of molecular cargo (reviewed by Chuo et al., 2018). This cargo often reflects the 

physiological and pathological state of their cells of origin, making EVs a rich source of biomarkers for various 

diseases, especially cancer (Mathew et al., 2020). Moreover, it’s suggested that EV abundance in blood samples 

from patients suffering with breast and colorectal cancer is increased in comparison to healthy donors (König et 

al., 2017; Silva et al., 2012). In the field of EV-based liquid biopsies, proteins, DNA, RNA, miRNA and lipid 

composition are the most extensively researched biomarkers for detection of breast and colorectal cancer as 

exampled in Table 1.1.   

 

Despite the numerous potential biomarkers for EV-driven cancer diagnostics, only two clinical tests utilising EVs 

from blood liquid biopsies for cancer diagnosis have been commercially launched, as developed by Exosome 

Diagnostics. Specifically, ExoDx™ Lung was tailored to quantify specific EV-associated mRNAs as biomarkers 

for prostate cancer (Irmer et al., 2023). The ExoDx™ Lung test identified EML4-ALK mutations through 

quantitative PCR analysis of plasma EVs from non-small cell lung cancer patients, achieving 88% sensitivity and 

100% specificity (Yu et al., 2017). Another commercially available test is MedOncAlyzer 170, which examines 

both EV RNA and ctDNA to detect a panel of mutations in a variety of cancer types (Krug et al., 2018). These 

developments highlight the potential of harnessing EVs as a source of liquid biopsy biomarkers for cancer 

diagnostics. 
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Table 1.1. Examples of promising EV biomarkers for the diagnosis of breast and colorectal cancer 

Cancer 
Sample 

Type 
Biomarkers 

Detection 

technique 
Findings Reference 

Breast 

Plasma Focal adhesion kinase, 
Mitogen-activated protein 

kinase 1 

Reverse phase protein 
microarray 

Focal adhesion kinase AUC value 
of 0.888 

Mitogen-activated protein kinase 1 
AUC value of 0.842  

(Vinik et al., 2020) 

Serum CD47 Flow cytometry Significant increase of CD47 
expression in breast cancer patients 
in comparison to healthy controls 

p = 0.037 

(Kibria et al., 2016) 

Plasma Phosphorylation of Ral 
GTPase, Protein kinase-

dependent 1, and Tight junction 
protein-2 

ELISA Significant increase of 
phosphorylation of Ral GTPase (p 
= 0.027), Protein kinase-dependent 

1 (p = 0.027), Tight junction 
protein-2 (p = 0.16) in breast 

cancer patients in comparison to 
healthy controls 

(I.-H. Chen et al., 
2017) 

Serum CD147 Immunoblotting Significant increase of CD147 in 
breast cancer patients in 

comparison to healthy controls (p = 
0.0075) 

(Menck et al., 2015) 

Plasma miR-122-5p Quantitative reverse 
transcription 

polymerase chain 
reaction 

AUC value of 0.966 (Li et al., 2019) 

Plasma miR-223-3p Quantitative reverse 
transcription 

polymerase chain 
reaction 

Significant increase of miR-223-3p 
levels in breast cancer patients in 

comparison to healthy controls (p = 
0.01) 

(Yoshikawa et al., 
2018) 

Plasma Developmental endothelial 
locus-1 protein 

ELISA Significant increase of 
developmental endothelial locus-1 
protein expression in breast cancer 
patients in comparison to healthy 
controls (p = 0.0001). AUC value 

of 0.961 

(Moon et al., 2016) 

Plasma Survivin-2B ELISA Significant increase of survivin-2B 
expression in breast cancer patients 
in comparison to healthy controls 

(p = 0.05) 

(Khan et al., 2014) 

 
 
 
 
 
 
 
 
 
 

Colorectal 

Serum miR-1246 Quantitative reverse 
transcription 

polymerase chain 
reaction 

AUC value of 0.948, with a true 
positive rate of 95.5% and a false 

positive rate of 9% 

(Ogata-Kawata et al., 

2014) 

Serum miR-21 Quantitative reverse 
transcription 

polymerase chain 
reaction 

AUC value of 0.798 with a true 
positive rate of 61.4% 

(Ogata-Kawata et al., 
2014) 

Serum miR-23A Quantitative reverse 
transcription 

polymerase chain 
reaction 

AUC value of 0.953 with a true 
positive rate of 92% 

(Ogata-Kawata et al., 
2014) 

Serum miR-92A Quantitative reverse 
transcription 

polymerase chain 
reaction 

Stage I vs. healthy controls p < 
0.05, Stage II vs. healthy controls p 

< 0.05 

(Matsumura et al., 
2015) 

Serum miR-548C-5p Quantitative reverse 
transcription 

polymerase chain 
reaction 

Significantly downregulated in 
colorectal cancer samples in 

comparison to healthy controls by 
1.59-fold p < 0.01 

(Yan et al., 2017) 

Serum miR-486-5p Quantitative reverse 
transcription 

polymerase chain 
reaction 

Significantly upregulated in 
colorectal cancer samples in 

comparison to healthy controls by 
1.61-fold p < 0.01 

(Yan et al., 2017) 

Serum Secreted protein acidic and rich 
in cysteine, Leucine-rich alpha-

2-glycoprotein 1 

Liquid chromatography 
tandem mass 
spectrometry 

AUC value of 0.9 (Zhong et al., 2019) 

Plasma 
 

Quiescin sulfhydryl oxidase 1 ELISA AUC value of 0.904 (Ganig et al., 2021) 
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         Serum  Annexin A3, annexin A4, 
annexin A11 

Selected reaction 
monitoring 

AUC value of 0.9 (Shiromizu et al., 
2017) 
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1.8. PROJECT AIMS AND OBJECTIVES 

Extensive research has established the implication of significant alterations of N-linked and O-linked 

glycosylation throughout cancer progression.  Moreover, numerous studies have revealed the impact of sEVs on 

the well-established hallmarks of cancer. These sEVs facilitate intercellular communication by transferring 

bioactive cargo such as glycoconjugates to recipient cells and inducing phenotypic changes that contribute to 

cancer progression and metastasis. Despite this understanding, the exploration of glycoconjugates as a 

predominant component of sEVs has received limited attention in comparison to other cargo. Therefore, this 

represents a promising frontier for further investigation, as elucidating the potential mechanisms underlying the 

glycosylation of sEVs could pave the way for novel diagnostic strategies in cancer management.  

 

Therefore, the aims of this thesis were as follows: a) To develop and optimise characterisation of sEVs derived 

from breast and colorectal cell lines representing different phenotypes b) To investigate the influence of 

glycosylated targets on sEVs on in vitro models of cell behaviour modelling aspects of metastasis c) To identify 

novel glycosylated targets related to cancer and metastasis on sEVs d) To assess the diagnostic capability of sEVs 

glycosylated targets in patient clinical samples. The specific objectives were to: 

 

1) To develop and optimise single-vesicle analysis for the accurate characterisation of tetraspanins of sEVs 

derived from breast and colorectal model cell lines representing normal, primary cancer and the 

metastatic tumour. 

 

2) Analyse the HPA glycosylation patterns of cell surface in various breast and colorectal model cell lines 

by flow cytometry and confocal microscopy. 

 

3) Determine the presence and abundance of HPA binding glycans on sEVs derived from the breast and 

colorectal model cell lines by single-vesicle flow cytometry. 

 

4) Assess the functional significance of sEVs and their HPA recognising glycans in promoting pro-

metastatic characteristics. 

 

5) Identify other unique glycans associated with cancer and metastatic breast phenotypes derived sEVs by 

lectin microarray and validate findings by single-vesicle analysis. 

 

6) Assess whether the glycosylation patterns of sEVs determined from lectin microarray reflect those of the 

parental cell surface of the breast and colorectal model cell lines by flow cytometry.  

 

7) Analyse glycosylated targets of plasma-enriched sEVs isolated from healthy individuals and breast 

cancer patients representing different stages of breast cancer to determine diagnostic significance. 
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2. MATERIALS AND METHODS 

2.1. CELL CULTURE 

2.1.1. BREAST AND COLORECTAL EPITHELIAL CELL LINES 

Our research group has extensively characterised the breast epithelial cells used in this study for HPA lectin 

binding, confirming their ability to synthesise a heterogeneous profile of glycoproteins, similar to that found in 

clinical tumour samples (Brooks et al., 2001). Although colorectal epithelial cells have not previously been 

investigated in our laboratory, the existing literature supports their use as experimental models in this context, 

given their reported ability to display a heterogeneous profile of HPA-binding glycoproteins mirroring those 

observed in clinical tumour samples, therefore confirming their suitability as a model in these studies (Saint-

Guirons et al., 2007; Schumacher et al., 1994; Schumacher & Adam, 1997).  

 

The breast epithelial cell lines used in this study were chosen based on their established characteristics and origins 

(Table 2.1). Specifically, the hTERT-HME-1 cell line represents normal breast epithelial cells, as it maintains 

normal karyotype in vitro, providing a baseline comparison of cancer cell behaviour (Detilleux et al., 2022). The 

BT-474 cell line was selected as it represents primary breast cancer cells and is derived from the primary site of 

the cancer. Finally, the MCF7 cell line was originally derived from metastasis to the lung, representing a metastatic 

cancer cell line. In contrast to breast epithelial cell lines, a different approach was used to select colorectal 

epithelial cell lines based on their distinct characteristics (Table 2.1). The NCM460 cell line was selected to 

represent normal colorectal epithelial cells, as it maintains normal karyotype in vitro, providing a baseline for 

comparison (Huang & Wen, 2016). To represent colorectal cancer, both SW480 and HT-29 cell lines were 

selected. Notably, while both SW480 and HT-29 cells originate from primary tumours, HT-29 cells have 

demonstrated higher metastatic potential in animal models. The NCM460 cell line was kindly gifted from Dr. 

Heiner Schäfer, University Hospital Schleswig-Holstein, Kiel, Germany. All other epithelial cell lines were 

obtained from the European Collection of Authenticated Cell Cultures (ECACC). 

 

For clarity and convenience throughout this thesis, the breast cell lines including hTERT-HME-1 will be referred 

to as 'normal’, the BT-474 cell line as 'primary’, and the MCF7 cell line as ‘metastatic'. For the colorectal cell 

lines, the NCM460 cell line will be referred to as 'normal’, the SW480 cell line as 'primary’, and the HT-29 cell 

line as 'metastatic'. This shorthand terminology will be used for ease of reference and to maintain consistency in 

the discussion of the characteristics and behaviour of the cell lines in subsequent sections. 
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Table 2.1. Characteristics of the model cell lines used in this work 

 

 

2.1.2. CELL LINE MAINTENANCE 

The cells were cultured in T75 cm2 cell culture flasks (Thermo Fisher Scientific) for routine passaging.  The cell 

confluence was assessed daily visually using a primary inverted microscope (Carl Zeiss). The cell culture medium 

was refreshed every 48-72 hours by aspirating the spent medium and replenishing it with 10 mL of pre-warmed 

(37°C) culture medium (Table 2.1). This process was repeated until the cells reached 70% confluence, after which 

the cells were passaged to sustain cell growth. The culture medium was removed and the cells were thoroughly 

washed with phosphate buffered saline (PBS) (pH 7.4) (GibcoTM). Subsequently, 2 mL of 0.5% w/v 

trypsin/ethylenediaminetetraacetic acid (EDTA) (GibcoTM) in PBS (pH 7.4) solution was added to cover the entire 

surface of the T75cm2flask. The flasks were incubated for 5 min at 37°C until the cells were fully detached. Once 

detached, pre-warmed culture medium was added to the flask to neutralise the trypsin, with the minimum culture 

media volume being at least twice the volume of trypsin/EDTA used. The cell suspension was carefully transferred 

into a 15 mL Falcon tube and centrifuged at 300 × g for 5 min (Megafuge 16 benchtop centrifuge, 

Thermo/Hereaus) to pellet the cells, and the supernatant was discarded. The cell pellet was resuspended in 10 mL 

of culture medium, and 1 mL of the resuspended cells was transferred to a new T75 cm2 flask containing 10 mL 

of the preferred culture medium.  For general subculturing, a seeding density of 2.1 x 106 cells was used per T75 

cm2 flask which was determined by mixing 10 μL of the cell suspension and 10 μL of trypan blue (Bio-Rad). This 

mix was then loaded into cell counting slides (Bio-Rad) in duplicate, and the average cell count was determined 

 

Organ of 

Origin 

Cell line Type Derived from 
Phenotypic characteristic 

references 
Complete culture medium 

 

Impact of serum-free 

media references 

 
 
 
 
 
 

Breast 

hTERT-HME-
1 

Human mammary 
epithelial breast non-

cancer cell line – 
immortalised using 
human telomerase 

reverse transcriptase – 
represents normal 

epithelial cells 

Normal mammary 
epithelium of 

patient undergoing 
reduction 

mammoplasty 
surgery (no cancer 

history) (Band et al., 
1990) 

Observed to maintain normal 
karyotype in vitro (Detilleux et 

al., 2022) 
 

DMEM/F12 (Sigma-Aldrich®) 
+ 20 ng/mL (EGF) (PeproTech®) 

+ 10 g/ml insulin (Sigma-
Aldrich®) 

+ 100 g/ml hydrocortisone 
(Sigma-Aldrich®) 

+ 10% (FBS) (Gibco™) 

Cells were developed and 
continuously maintained in 

serum-free media and 
viability remained (Kemmis 

& Welsh, 2008) 

BT-474 Human epithelial breast 
cancer cell 

(ductal carcinoma) – 
represents lower 

metastatic potential 

Derived from 
primary invasive 
ductal carcinoma 
(Lasfargues et al., 

1978) 

Do not readily produce 
tumours in nude mice 

(Lasfargues et al., 1978) 
In animal models, shows low 
or no lung metastatic potential 

via IV injection (Han et al., 
2022) 

Roswell Park Memorial Institute 
(RPMI)-1640 (Sigma-Aldrich®) 

+ 10% FBS (Gibco™) 
+ L-Glutamine 2mM (Gibco™) 

+  Insulin 2% v/v (Sigma-
Aldrich® 

Proteomic study revealed 
identical culture of cells 

with serum-free media  and 
viability remained (Xiang et 

al., 2004) 

MCF-7 Human epithelial breast 
cancer cell line 

(adenocarcinoma) – 
represents higher 

metastatic potential 

Derived from 
pleural effusion of 
metastatic breast 

cancer (Soule et al., 
1973) 

In animal models, showed high 
lung metastatic potential 

(Schumacher & Adam, 1997) 

Dulbecco's Modified Eagle 
Medium (DMEM)/F12 (Sigma-

Aldrich®) 
+ 10% FBS (Gibco™) 

+ L-Glutamine 2mM (Gibco™) 
 

Serum-free medium can 
support a growth rate 

identical to that of cells 
supplemented to fetal calf 

serum (Barnes & Sato, 
1979) 

 
 
 
 
 
 

Colorectal 

NCM460 Human epithelial colon 
non-cancer cell line – 

represents normal 
epithelial cells 

Normal epithelium 
of patient 

undergoing partial 
gastrectomy (no 
cancer history) 

(Moyer et al., 1996) 

Normal karyotype and stable 
genome (Huang & Wen, 2016) 

McCoy's 5a (Sigma-Aldrich®) 
+ 10% FBS (Gibco™) 

+ L-Glutamine 2mM (Gibco™) 

Cells were developed and 
continuously maintained in 

serum-free media and 
viability remained (Wang et 

al., 2019) 

SW480 Human epithelial 
colorectal cancer cell 
line (adenocarcinoma) 

– represents lower 
metastatic potential 

Primary epithelial 
adenocarcinoma 
(Leibovltz et al., 

1976) 

In animal models, showed no 
lung metastatic potential via 

trochar implantation 
(Schumacher & Adam, 1997) 

McCoy's 5a (Sigma-Aldrich®) 
+ 10% FBS (Gibco™) 

+ L-Glutamine 2mM (Gibco™) 

Cells were developed and 
continuously maintained in 

serum-free media and 
viability remained (Choi et 

al., 2021) 
HT-29 Human epithelial 

colorectal cancer cell 
line (adenocarcinoma) 

– represents higher 
metastatic potential 

Primary epithelial 
adenocarcinoma 
(Fogh & Trempe, 

1975) 

In animal models, showed high 
lung metastatic potential via 

trochar implantation 
(Schumacher & Adam, 1997) 

RPMI-1640 (Sigma-Aldrich®) 
+ 10% FBS (Gibco™) 

+ L-Glutamine 2mM (Gibco™) 

Cells were developed and 
continuously maintained in 

serum-free media and 
viability remained (Wen et 

al., 2020) 
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using a TC10™/TC20™ cell counter (Bio-Rad). Culturing was also conducted using T175cm2 flasks adhering to 

the same protocol, but the seeding density was adjusted to 4.9 x 106 cells with 25 mL of preferred culture medium. 

Following seeding, flasks were placed in a humidified incubator maintained at 37°C in an atmosphere containing 

5% CO2. 

 

2.1.3. CELL LINE STOCKS PREPARATION 

In preparation for experiments, multiple cell stocks were generated to ensure a readily available supply of cells at 

early passages when needed. All experiments were carried out using cells at passages 1–15 to maintain consistency 

and reliability of the experimental outcomes. Cells were grown in flasks until confluency, trypsinised, and 

pelleted, as described in section 2.1.2. The cell pellet was resuspended in 1 mL freezing medium composed of 

50% complete medium, 40% fetal bovine serum (FBS), and 10% dimethyl sulfoxide (DMSO) (Corning). The 

suspension was then pipetted into 1.2 mL cryovials (Thermo Fisher Scientific) and placed into a Mr FrostyTM 

freezing container (NalgeneTM) which facilitated a gradual temperature decrease at -80°C. After 24 h, cryovials 

were placed in liquid nitrogen for long-term storage. 

 

2.1.4. RETRIEVAL OF CELLS FROM FROZEN STOCK  

Once a 1.2 mL cryovial containing a frozen cell suspension was retrieved from long-term storage in liquid 

nitrogen, it was thawed rapidly to ensure cell viability. This was performed by gently agitating the vial in a 37°C 

water bath. Subsequently, the thawed cell suspension was promptly aspirated from the cryovial and transferred 

into a 15 mL Falcon tube containing the preferred culture medium.  This was centrifuged at 300 × g for 5 min to 

pellet the cells and the supernatant was discarded.  The resulting cell pellet was resuspended in pre-warmed (37°C) 

growth medium and dispensed into a T25 cm2 cell culture flask (Thermo Fisher Scientific). The flask was then 

placed in an incubator at 37°C in a 5% CO2 atmosphere for 24 h. The culture medium was aspirated and discarded, 

and 5 mL of pre-warmed (37°C) growth medium was added to replenish the flask. The cells were allowed to grow 

until they reached confluence, at which point they were passaged, as described in section 2.1.2. 

 

2.1.5. MYCOPLASMA TESTING  

Regular mycoplasma contamination testing of the cells was conducted using an e-Myco™ Mycoplasma PCR 

Detection Kit (iNtRON Biotechnology) following the manufacturer's instructions. 

 

2.2. FLOW CYTOMETRY ANALYSIS OF LECTIN LABELLING ON 

EPITHELIAL CELL SURFACE 

Flow cytometry was used to assess lectin binding to the surface of the breast and colorectal cell lines. The lectins 

used in the flow cytometry analysis are listed in Table 2.2. This table includes essential details such as the 

fluorescent labels, concentrations, sugar-binding preferences, and manufacturer information for each lectin. Cells 

were brought into suspension as outlined in section 2.1.2, but instead of trypsinisation, cell detachment was 

achieved using 5 mL of AccutaseTM (StemCell Technologies) for 10 min at 37°C to ensure a gentle dissociation 
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of cells. Following this, cells were counted as described in section 2.1.2, to obtain a cell density of 500,000 cells/ml 

and pelleted by centrifugation at 300 × g for 5 min. The remaining supernatant was removed, leaving a cell pellet 

which was resuspended in 500 μL of 3% w/v bovine serum albumin (BSA) and Tris-buffered saline (TBS) 

containing the lectin of interest, to be quantified in detail in Table 2.2. Controls were included for each positive 

lectin-labelled cell sample to validate lectin binding. These controls consisted of a negative control comprising 

the lectin of interest and 500 μL of 3% w/v BSA/TBS without any cells. This was done to evaluate non-specific 

binding of the lectin in the absence of cellular interactions. A competitive inhibitor control, varied based on the 

lectin; for HPA, it involved a combination of lectin and 500 μL of 0.1M GalNAc with the cell sample, to confirm 

lectin binding specificity. For Lens culinaris agglutinin (LCA) and Tulipa lectin (TL) analyses, since these lectins 

are reported to have complex glycan binding preferences, the control included 1 μL of lectin mixed with 1 mg/ml 

fetuin (Thermo Fisher Scientific) along with the cells, as fetuin highly glycosylated by both O-linked and N-linked 

glycans. Finally, the buffer-only control contained cells in 500 μL of 3% w/v BSA/TBS without any added lectin 

to determine the baseline fluorescence or background signal within the cell population. The conditions for lectin 

labelling were carefully optimised using MCF-7 cells exposed to lectins at a range of concentrations and 

incubation times, as illustrated in Supplementary Figure 1. MCF7 cell line was chosen because of its well-

documented characteristics in previous HPA lectin binding studies by our research group as well as others. The 

optimisation aimed to identify the lectin concentration that provided the clearest distinction between positive 

(lectin-bound) and negative (non-lectin-bound) samples while also minimising nonspecific background signals. 

The optimal concentration was determined using a calculation known as the stain index. The stain index is a 

quantitative measure that helps evaluate the effectiveness of the staining process. It is calculated by subtracting 

the mean fluorescence intensity (MFI) of the background (unlabelled cells) from the MFI of the beads (labelled 

cells) and then dividing this value by the standard deviation (Stdev) of the background MFI. An optimised stain 

index is typically characterised by the highest value achieved, reflecting the most effective contrast between 

labelled and unlabelled cells. Using this formula, the most effective lectin concentration for the experiments was 

quantitatively determined. The optimised concentrations are listed in Table 2.2. Prior to analysis, each sample was 

prepared by adding 10 μL of a 1 mg/ml solution of propidium iodide (PI), a fluorescent dye that permeates dead 

cells with compromised membranes, and incubating for 10 min at room temperature (RT). This step is crucial for 

assessing the cell viability during flow cytometry. Subsequently, the samples were processed using a CytoFLEX 

flow cytometer (Beckman Coulter) equipped with 405, 488, and 638 nm lasers. For flow cytometry gating, single 

cells or singlets were first identified using a combination of forward scatter area (FSC-A) and forward scatter 

height (FSC-H) gates. These parameters help differentiate single cells from aggregates based on the size and shape 

of the particles. After isolating the singlets, live cell populations were identified by employing side scatter area 

(SSC-A) and phycoerythrin area (PE-A) gates. The PE-A gate was specifically used to detect cells stained with 

PI. Cells labelled with PI were considered dead and consequently excluded from the final analysis. The results 

were analysed using FlowJo_v10.8.1 software quantifying the median values. Each experiment consisted of 

biological triplicates, with three technical triplicates.  
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Table 2.2. Specifications of lectins used for flow cytometry analysis  

 

2.3. HPA LABELLING AND ASSESSMENT USING CONFOCAL 

MICROSCOPY 

To evaluate HPA lectin binding in breast and colorectal epithelial cell lines, confocal microscopy was used for 

both qualitative and quantitative analyses. First, 3 mm diameter coverslips (Thermo Fisher Scientific) were 

sterilised with 100% industrial methylated spirits (IMS). After sterilisation, coverslips were carefully placed in 

24-well plates (Corning). The coverslips were then left in a culture hood to air dry, ensuring that any residual IMS 

had evaporated completely.  Once dried, the cells were seeded at a density of 50,000 cells/ml (section 2.1.2) in a 

24-well plate and placed in a humidified tissue culture incubator set at 37°C in a 5% CO2 atmosphere. 

Subsequently, the cells were washed three times with PBS (pH 7.4) to remove any unbound cells. To visualise the 

cellular membranes, the cells were stained with 1 μL of Cell Mask Deep Red (Thermo Fisher Scientific) diluted 

in 1 mL PBS (pH 7.4) to achieve a final concentration of 1:1000. Cell Mask Deep Red is a fluorescent lipid dye 

specifically designed to stain the plasma membranes of cells. The staining procedure was conducted for 5 min at 

37°C in the dark. Following this, Alexa 488 conjugated to HPA lectin (Thermo Fisher Scientific, L11271) was 

added to the stained cells at a concentration of 7.5 μg/ml in 3% w/v BSA/TBS for 10 min, previously optimised 

by flow cytometry, as detailed in section 2.2. In addition to the HPA labelled cells, controls were also included to 

validate lectin binding. A negative control, where cells were processed without the addition of Alexa 488-HPA 

lectin to establish a baseline for staining, and sugar-specific control. In the sugar-specific control, cells were 

incubated with 7.5 μg/ml Alexa 488-HPA lectin in 3% w/v BSA/TBS with 0.1M GalNAc, to confirm lectin 

binding specificity through competitive inhibition. The cells were then washed three times with PBS (pH 7.4) to 

remove unbound HPA and fixed with 4% v/v paraformaldehyde (PFA) (pH 6.9, Sigma-Aldrich®) in PBS (pH 

7.4) at RT for 10 min. The cells were then subjected to three washes with PBS (pH 7.4), the coverslips were gently 

removed from each well, mounted onto glass slides with 200 μL of Prolong Gold Antifade DAPI mounting media 

(Thermo Fisher Scientific), covered in tin foil to exclude light, and allowed to dry overnight at RT before long-

term storage at 4°C. All cell images were acquired using an LSM 800 confocal microscope (Zeiss) with identical 

laser power, detector gain, and offset settings. Cell samples were imaged in x-, y-, z-, and Z-stacks of 30-40 (0.2 

μm) planes. Images of the Z-stacks were processed using the FIJI software (v2.3.0), where the fluorescence signal 

in the channel corresponding to 488 nm excitation, indicative of HPA-lectin binding, was quantified. To analyse 

these images, each Z-stack was processed to select the membrane. This was achieved by creating a cell mask 

through membrane signal thresholding using the Huang method (Huang & Wang, 1995). The MFI from the 488 

Lectin Conjugate 
Preferential Sugar 

binding 
Optimised Concentration Manufacturer 

Helix pomatia agglutinin 

(HPA) 
Alexa Fluor 647 GalNAc  7.5ug/ml ThermoFisher, L32454 

Lens culinaris agglutinin 

(LCA) 
DyLight 649 Glu and Man  4.0ug/ml Vector Labs, DL1048 

Tulipa lectin (TL) 
Cy5 650 

GalNAc, lactose, Fuc, 

and Gal 
4.0ug/ml Bio world, L22052 
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nm excitation channel was then measured and normalised to the area occupied by the cell mask stain for each cell 

line. 

 

2.4. sEVs EXTRACTION  

2.4.1. EXTRACTION OF sEVs FROM EPITHELIAL CELL LINE MODELS 

Cells were cultured under conditions described in section 2.1.2 to achieve 50% confluence in 3 separate T175 cm2 

culture flasks. Subsequently, the culture medium (66mL) was aspirated, replaced with serum-free medium (SFM), 

and further cultured in a humidified tissue culture incubator set at 37°C in a 5% CO2 atmosphere. After 48 h, the 

SFM was removed from each flask, pipetted into 50 mL Falcon tubes, and centrifuged at 300 × g for 5 min 

(Megafuge 16 benchtop centrifuge, Thermo/Hereaus) to remove dead cells. To ensure cell growth was maintained 

during exposure to SFM, cells were trypsnised, span down and counted to address viability concerns as outlined 

in section 2.1.2. The supernatant was removed, and equal volumes were loaded into 50 mL high-speed 20,000 × 

g centrifuge tubes (Alpha Laboratories) and centrifuged at 16,500 × g for 20 min at 4°C using an Avanti JXN-26 

centrifuge (Beckman Coulter) to pellet cellular debris and larger EVs of non-interest. Next, a 0.22-micron filter 

(Thermo Fisher Scientific) attached to a 20 mL syringe (Thermo Fisher Scientific) was pre-coated with a 0.1% 

w/v BSA solution in PBS (pH 7.4) to minimise non-specific binding of sEVs during the filtration of the 

supernatant from the previous centrifugation step into a fresh 50 mL Falcon tube. Subsequently, the filtered media 

were concentrated using Vivaspin 20 concentrator columns (100 kDa, GE Healthcare). After centrifugation at 

3,000 × g for 15 min (Megafuge 16 benchtop centrifuge, Thermo/Hereaus) at RT, the sEVs were retained in the 

column, while molecules of non-interest passed through, reducing the total volume and yielding concentrated 

aliquots of 500 μL in 1.5 mL low protein binding microcentrifuge tubes (Thermo Fisher Scientific). The extraction 

of sEVs from concentrated media samples involved size exclusion chromatography (SEC). This technique 

separates molecules by size, as they travel through columns with different pore sizes. Larger molecules exit the 

column first due to exclusion from the pores, whereas smaller molecules, including sEVs, enter the pores, slowing 

their elution. By collecting fractions at specific intervals, sEVs were isolated based on size and separated from 

other media components for contaminant-free analysis. Prior to sEVs extraction, the SEC columns were prepared 

as follows: Econo-Pac® chromatography columns (14 cm, Bio-Rad) were loaded with 14 mL of Sepharose gel 

filtration media (GE Healthcare, particle size 45 μm-165 μm), topped with PBS (pH 7.4), and allowed to settle 

overnight. Subsequently, a column bed support was placed atop the Sepharose to prevent disruption during 

washing. The columns were thoroughly washed with 10 mL of PBS (pH 7.4) for three cycles before pipetting 500 

μL of the concentrated media sample onto the column bed support. Once the sample had settled, the columns were 

topped with 10 mL of PBS (pH 7.4) and the flow-through was promptly collected in 500 μL aliquots, designated 

as fractions 1 through 15. Fractions 5 to 7 were recognised as sEV-containing fractions through extensive 

characterisation, as outlined in section 2.5. These fractions were pooled and further concentrated to the desired 

volume using Vivaspin 2 5kDa concentrators (GE Healthcare) at 3000 × g for 15 min (Megafuge 16 benchtop 

centrifuge, Thermo/Hereaus) at RT in 1.5 mL low protein binding microcentrifuge tubes (Thermo Fisher 

Scientific). For short-term storage (up to two days), the samples were stored at 4°C and discarded afterwards. 

Serum-free media processing for sEVs extraction and characterisation is shown in Figure 2.1.   
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2.4.2. HUMAN PLASMA SAMPLES 

2.4.2.1. ETHICAL APPROVAL  

Frozen human plasma clinical samples, treated with the anticoagulant EDTA-K2, were purchased from Precision 

for Medicine. Clinicopathological characteristics of the plasma samples are outlined in Table 2.3. Ethical approval 

was obtained from the Oxford Brookes University Research Ethics Committee (Appendix 1). 

 

2.4.2.2. HUMAN PLASMA sEVs EXTRACTION 

The human plasma samples were defrosted on ice, and 500 μL of plasma was transferred into a 1.5 mL 

microcentrifuge tube. The tube was then centrifuged for 15 min at 1,500 × g at RT (Megafuge 16 benchtop 

centrifuge, Thermo/Hereaus) to pellet the larger cell debris and remove the remaining platelets. The supernatant 

was then subjected to a second centrifugation using an Avanti JXN-26 centrifuge (Beckman Coulter) centrifuge 

at 14,000 × g for 35 min at RT, and the resulting supernatant was transferred into another 1.5 mL microcentrifuge 

tube. sEVs were separated through SEC and concentrated as outlined in section 2.4.1. Clinical plasma sample 

processing for sEVs extraction and characterisation is outlined in Figure 2.1. 

 

For brevity, clarity and consistency throughout this thesis, plasma-enriched sEVs derived from healthy individuals 

will be denoted as 'healthy’ sEVs, while those obtained from patients diagnosed with stage IIA cancer will be 

designated as 'non-metastatic’ sEVs, indicating the cancer that has not yet metastasised in the patients. Similarly, 

plasma-enriched sEVs derived from patients diagnosed with stage IV cancer will be termed 'metastatic’ sEVs, 

indicating cancer that has metastasised in these patients. This nomenclature aims to provide a clear and 

standardised framework for referencing the different states of cancer progression represented by the sEV samples. 

 

Table 2.3. Clinicopathological characteristics of human plasma samples (n=15) 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Samples Age, 

years 

Sex Stage at 

Diagnosis 

 
 

Healthy Individuals 
(n=5) 

44 F - 
34 M - 
47 M - 
60 F - 
64 M - 

 
 
 
 

Breast Cancer 
Patients 
(n=10) 

64 F IIA 
41 F IIA 
31 F IIA 
68 F IIA 
67 F IV 
77 F IV 
75 F IV 
60 F IV 
62 F IV 
54 F IV 
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2.5. sEVs CHARACTERISATION  

2.5.1. NANOPARTICLE TRACKING ANALYSIS (NTA) 

Nanoparticle tracking analysis (NTA) was used to assess the size distributions and concentrations of the pooled 

fractions containing sEVs. NTA enables the visualisation and analysis of particles in suspensions within the size 

range of 10 nm to 1 μm. This technique operates based on the principle of Brownian motion, which governs the 

random movement of particles in a fluid. It involves illuminating particles using a laser light-scattering 

microscope, and the light scattered by each particle is captured by a camera. The resulting motion data were then 

processed using specialised software to establish a connection between particle size and concentration. A 

ZetaView PMX 110 instrument (Particle Metrix GmbH) was used for this study. Calibration was performed using 

100 nm polystyrene beads (Applied Microspheres) at a concentration ratio of 1:25,000. The pooled fractions were 

then diluted to a 1:1,000 ratio in a final volume of 1 mL of PBS (pH 7.4). The analysis involved running each 

sample through the instrument using 1 mL disposable sterile syringes (Terumo), and PBS (pH 7.4) was used to 

wash the system between measurements. Data were acquired at RT using the following settings: sensitivity 80, 

frame rate, 30 frames per second; shutter speed set to 100, minimum brightness 25, maximum pixel size 1,000, 

and minimum pixel size, 5. 

 

Figure 2.1. Workflow for the extraction and characterisation of sEVs (A) Blood samples from patients with known detected 

tumours was centrifuged to isolate plasma and further centrifuged to obtain cleared plasma samples. (B) Serum-free media from 

the cell line models were processed by centrifugation and blocking with BSA. C) The processed samples were subjected to SEC. 

Fractions eluted during this process were collected in 500 µL aliquots and evaluated by NTA and BCA assays to determine the 

specific fractions containing sEVs. Fractions containing high particle counts and low protein concentrations were pooled together 

and subjected to further characterisation by TEM, western blotting, and single-vesicle analysis. 
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2.5.2. WESTERN BLOTTING FOR sEVs MARKERS 

To confirm the presence of sEVs, western blotting was performed for the common sEVs markers (Table 2.4).  

Samples containing sEVs were prepared and concentrated to a volume of 50-100 μL following the procedure 

described in section 2.4.1. In addition to the sEVs samples, the originating model cell lines were also processed 

for comparison. Following the procedure described in section 2.1.2, the cells were suspended, centrifuged at 300 

× g for 5 min (Megafuge 16 benchtop centrifuge, Thermo/Hereaus) and snap-frozen at -80°C for protein 

extraction. Analysis of these cell lines alongside the sEVs provided a crucial positive control. This was particularly 

important for identifying potential cellular contaminants in the sEVs samples, such as cytochrome C, a 

mitochondrial marker expected in cells, but not on sEVs. sEVs were lysed by adding 50 μL of 2X radio-

immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) and subjected to swirling for 20 min at 1000 rpm at 

37°C using a thermomixer (Eppendorf). The snap frozen cell pellets were lysed by the addition of 500 μL of 1X 

RIPA buffer supplemented with Halt™ protease inhibitor cocktail (Thermo Fisher Scientific), followed by a brief 

vortex and incubation for 30 min on ice. Cell lysates were pelleted by centrifugation at 3000 × g for 10 min 

(Megafuge 16 benchtop centrifuge, Thermo/Hereaus). The protein concentration in the lysates and sEVs samples 

was assessed using the bicinchoninic acid assay (BCA) protein assay kit (Thermo Fisher Scientific), following 

the manufacturer's guidelines. Absorbance at 562 nm was measured using a SpectraMax i3x plate reader 

(Molecular Devices).  For both cell and sEV samples, an equivalent concentration of 5μg of total protein was 

mixed in 4x Laemmli sample buffer (Bio-Rad) with or without 0.4mM dithiothreitol (DTT), depending on the 

need for reducing conditions for antibody binding (Table 2.4) at a final volume of 30 μL. Because of the typically 

low protein concentration observed in lysed sEVs samples, it was often necessary to use the maximum possible 

volume when loading the samples onto the gels. Following sample preparation, all the samples were heated at 

95°C for 5 min using a dry block heater (Techne). Subsequently, they were loaded onto 8-16% gradient Mini-

PROTEAN TGX stain-free pre-cast polyacrylamide gels (Bio-Rad).  The 8-16% gradient refers to the 

concentration range of polyacrylamide in the gel designed to separate proteins of various sizes during the 

electrophoresis step. Alongside the samples, 5 µL of precision plus protein standards (Bio-Rad) was separated to 

serve as molecular weight markers for protein identification. Additionally, a H2O control was included in each 

electrophoresis run to confirm the specificity of the observed bands. Electrophoresis was carried out at 125V for 

90 min in running buffer consisting of Tris-glycine sodium dodecyl sulphate (SDS) (25 mM Tris, 190 mM glycine, 

and 0.1% SDS). The separated proteins were subsequently transferred from the gels using a Trans-Blot Turbo 

RTA midi polyvinylidene difluoride (PVDF) transfer kit (Bio-Rad), following the manufacturer’s instructions. 

Proteins separated on the gel were transferred onto a membrane using the Trans-Blot Turbo transfer system (Bio-

Rad) by operating the ‘mixed molecular weight protocol’ settings at 2.5 A and 25 V for 7 minutes. Membranes 

were removed from the transfer system and placed in weighing boats for a 1-hour blocking step at RT using a 5% 

w/v skimmed milk powder (Marvel) solution in TBS with 0.1% Tween (TBST). Following blocking, the 

membranes were incubated overnight at 4°C with primary antibodies diluted in the same blocking buffer (details 

in Table 2.4). This was followed by three 5-minute washes in TBST and a 1-hour RT exposure to secondary 

antibodies diluted in blocking buffer (details in Table 2.4). The washing steps were repeated, and the membranes 

were immersed in Clarity Max Western enhanced chemiluminescence (ECL) substrate (Bio-Rad) for 5 min before 

imaging using the ChemiDoc MP Bio-Rad imaging system (Bio-Rad). 
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Table 2.4. Specifications of antibodies for western blotting for sEVs markers 

 

2.5.3. TRANSMISSION ELECTRON MICROSCOPY  

Transmission electron microscopy (TEM) was used to assess the characteristics of sEVs in the pooled SEC 

fractions. Carbon 300 mesh copper grids (TAAB Laboratories Equipment Ltd) were glow-discharged for 20 

seconds at 15mA and 8µl of sEVs (prepared as described in section 2.4.) were pipetted onto the grids and incubated 

for 2 min at RT. After blotting against filter paper to remove excess liquid, the grids were subjected to negative 

staining with 10 µL 2% v/v uranyl acetate in distilled water (dH2O) for 10 s. The grids were gently dabbed with 

tissue paper, air-dried, and stored at RT in their original boxes to be disposed of after one month. The negatively 

stained sEVs samples were imaged using Jeol JEM-1400 Flash TEM, utilising a Gatan OneView 16-megapixel 

camera at 100 kV. Specifically, sEVs were measured using the line selection tool of FIJI software (v2.3.0) with a 

scale bar measurement set.  

 

2.6. SINGLE-VESICLE FLOW CYTOMETRY  

2.6.1. OVERVIEW 

The analysis of sEVs at the single-vesicle level was performed using the Amnis® CellStream® flow cytometer 

(Luminex), equipped with 405, 488, 561, and 642 nm lasers. This instrument utilises a charge-coupled device 

employing time-delay integration (TDI), combining the benefits of high-throughput flow cytometry with high-

sensitivity detection, making it ideal for the analysis of submicron particles such as sEVs. Details regarding the 

specifications of the lectins, antibodies, and dyes are provided in Table 2.5. The workflow for single vesicle flow 

cytometry is also outlined in Figure 2.2. 

 

 

 

 

 

 

 

 

 

 

 

Target Host Dilution Reducing Conditions Manufacturer 

CD63 Mouse, monoclonal 1:1000 NO ThermoFisher, 10628D 

CD81 Mouse, monoclonal 1:1000 NO Abcam, ab79559 

Syntenin-1 Rabbit, monoclonal 1:1000 YES Abcam, ab133267 

Cytochrome C Rabbit, monoclonal 1:1000 YES Abcam, ab150422 

ApoB Rabbit, monoclonal 1:1000 NO Abcam, ab139401 

Rabbit IgG Goat, Polyclonal 1:5000 N/A Promega, W4011 

Mouse IgG Goat, Polyclonal 1:20000 N/A Promega, W4021 
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Table 2.5. Specifications of reagents used for single-vesicle flow cytometry 
Reagent Conjugate Isotype  Optimised Concentration Manufacturer 

Helix pomatia agglutinin 

(HPA) 
Alexa Fluor 647 

- 
4.0 µg/ml ThermoFisher, L32454 

Lens culinaris agglutinin 

(LCA) 
DyLight 649 

- 
7.0 µg/ml Vector Labs, DL1048 

Tulipa lectin (TL) Cy5 650 - 4.0 µg/ml Bio world, L22052 

Carboxyfluorescein 

diacetate succinimidyl ester 

(CFDA-SE) 

- 

- 

40 µM Abcam, ab145291 

Epithelial cellular adhesion 

molecule (EpCAM) 
PE 561 

Mouse IgG2b, κ 
2.0 µg/ml Biolegend, 324205 

CD81 PE 561 Mouse IgG1, κ 0.75 µg/ml Biolegend, 349505 

CD63 PE 561 Mouse IgG1, κ 3.00 µg/ml Biolegend, 353003 

Mouse IgG2b κ isotype Ctrl PE 561 - - Biolegend, 401207 

Mouse IgG1 κ isotype Ctrl PE 561 - - Biolegend, 981804 

Figure 2.2. Workflow of single-vesicle analysis (A) The calibration process involved measuring a synthetic vesicle 

(Lipo100) using the CellStream and NTA. (B) Optimisation was conducted to achieve the maximum signal quality during the 

analysis of sEVs samples. This included cleaning unbound label, defining the sample acquisition time, and ensuring sEVs 

sample integrity over extended periods of analysis. (C) Staining and labelling of sEVs samples involved several key steps, 

such as CFSE staining followed by SEC to remove unbound dye, treatment with the first detection antibody, and addition of 

the lectin of interest. The finalised labelled sEVs samples were then measured. 
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2.6.2. SIZING, FLUORESCENCE CALIBRATION AND GATING FOR SINGLE 

VESICLE ANALYSIS 

The CellStream instrument was size-calibrated to confirm that it had the capability of resolving sEVs ranging 

from 30 to 150 nm. The instrument settings used for calibration and single-vesicle analysis were FSC turned off, 

SSC laser set to 5%, and all other lasers set to 100% operating in the small particle detection mode at a flow rate 

of 3.66 µL/min. Vesicle size was assessed using a vFC™ assay kit (Cellarcus Biosciences) containing a lipophilic 

probe vFRed™ used to stain lipo100TM (Cellarcus Biosciences), a vesicle size standard, as per the manufacturer’s 

instructions. The stained lipo100TM size distribution was first measured by NTA (section 2.5.1), and the 

relationship between the population surface area and membrane fluorescence was determined by flow cytometry 

to calculate the surface area per fluorescence intensity unit (Supplementary Figure 2). This was then used to 

calibrate the membrane florescence axis in units of the surface area and diameter, assuming spherical particles, as 

illustrated in Figure 2.2. Arbitrary units of median fluorescence intensity (MFI) were converted to standardised 

molecules of equivalent soluble fluorochrome (MESF) units using vCalTM nanorainbow beads (Cellarcus 

Biosciences) (Supplementary Figure 3). To adhere to MIFlowCyt-EV guidelines for standardised sEVs flow 

cytometry reporting, including the latest minimal information for studies of EVs (MISEV) guidelines, the 

checklist is outlined in Supplementary Table 5 (Théry et al., 2018; Welsh et al., 2020).  

 

2.6.3. CHARACTERISATION OF SURFACE MARKERS ON sEVs USING 

ANTIBODY AND LECTIN LABELLING 

The characterisation of surface markers on sEVs using antibody and lectin labelling is illustrated in Figure 2.2. 

First, sEVs extracted from model cell lines or plasma samples, as detailed in section 2.4, were stained with 

carboxyfluorescein diacetate succinimidyl ester (CFDA-SE). This staining involves the conversion of CFDA-SE 

to its fluorescent form, carboxyfluorescein succinimidyl ester (CFSE), within sEVs through esterase-mediated 

cleavage of acetate groups. As previously optimised by Morales-Kastresana et al. (2017) sEVs were treated with 

40 µM CFDA-SE in 100 µL of PBS (pH 7.4) for 2 h at 37°C in the dark. Subsequently, these samples were applied 

to a pre-washed NAP-5 SEC column (GE Healthcare) and 500 µL fractions containing CFSE-stained sEVs were 

collected. Once the entire 100 µL sample entered the column bed, 500 µL of PBS (pH 7.4) was added, and 

fractions were collected, with fraction 2 containing 80% of the eluted sEVs. The eluted sEVs were then labelled 

for 1 h at 37°C in the dark with a fluorescent detection antibody of either PE labelled anti-CD81 (BioLegend, 

349505) or anti-CD63 (BioLegend, 353003) for probing cell line-derived sEVs, as detailed in Table 2.5. For 

plasma-enriched sEVs, a detection antibody of EpCAM (BioLegend, 324205) was used. Subsequently, the sEVs 

were labelled with fluorescently labelled lectin for 1 h at 37°C in the dark, as detailed in Table 2.5. All antibodies 

and lectins used were previously optimised by titrating on MCF-7 sEVs until the maximum signal was achieved 

against the background (Table 2.5 and Supplementary Figure 4). All sEVs sample labelling was performed in a 

final volume of 25 µL comprising 10 µL of sEVs samples, 3 µL of antibodies and lectins, followed by PBS (pH 

7.4) to obtain the final volume if required. For each single-vesicle experiment run, controls were run alongside to 

comply with the MIFlowCyt-EV guidelines, which included sEVs negative controls, isotype, sugar specific, 

detergent lysis, buffer-only, buffer with reagent, and unstained samples (Supplementary Table 5) (Welsh et al., 
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2020). All samples were then diluted 1:20 to a final volume of 400 µL, briefly vortexed, and 100 µL of each 

sample was loaded into individual wells of an ABgene Super Plate 96 well PCR plate (Thermo Fisher Scientific) 

and covered with X-Pierce sealing films (EXCEL Scientific Inc.) to prevent evaporation. All samples were run 

for 5 min with the previously calibrated instrument settings, as detailed in section 2.6.1. For single-vesicle gating 

(Supplementary Figure 5), the size range occupied by sEVs (30–150 nm) was initially identified using the SSC-

A and FSC-A gates of Lipo100 (Cellarcus Biosciences). This step was followed by elimination of the CFSE 

background from the stained sEVs sample, utilising the negative control (which shows fluorescence in the absence 

of sEVs). This was achieved by gating on an SSC-A and 488 nm fluorescence channel, specifically used to detect 

the fluorescence emitted by CFSE at a wavelength of 488 nm. To further ensure specificity, non-specific binding 

of the PE-detection antibody was addressed. This involved a gating strategy for the isotype control samples to 

isolate the background signal. The gate was applied around the background fluorescence detected on the SSC-A 

and 561 nm fluorescence channel, which measured the background fluorescence emitted by the isotype control. 

This gate facilitated the quantification of events per millilitre and provided MFI values in the 647 nm channel, 

corresponding to the lectin used for labelling the sEVs sample. Two distinct analyses were performed throughout, 

comprising of MESF analysis to quantify the number of molecules on the surface of an sEV and the assessment 

of the proportion of sEVs in a population that is positive for each tetraspanin. To facilitate the comparison and 

normalisation of the varying amounts of loaded sEVs in each sample, the events/ml for the final gated lectin+ 

signal was calculated as a percentage of the CFSE+ events/ml. All results were analysed using FlowJo_v10.8.1, 

and median values were converted into standardised MESF units, as discussed in section 2.6.2. 

 

For consistency and clarity throughout this thesis, sEVs as detected by CD81 tetraspanin will be referred to as 

‘CD81-positive’ sEVs, sEVs as detected by CD63 tetraspanin will be denoted as ‘CD63-positive’ sEVs and sEVs 

as detected by EpCAM will be referred to as ‘EpCAM-positive’ sEVs.  

 

2.7. CELL FUNCTIONAL ASSAYS 

2.7.1. sEVs TREATMENT OF CELLS  

For sEVs functional analysis experiments, including the wound healing assay (section 2.7.2) and static adhesion 

assay (section 2.7.3), sEVs were extracted from cells, as described in section 2.4. Subsequently, each sEVs sample 

underwent NTA to identify the particle concentration per millilitre (section 2.5.1). Following this, the samples 

were appropriately diluted to achieve a predetermined concentration for subsequent treatment in the cell functional 

assays, and both ‘normal’ and ‘metastatic’ cell lines were treated with each other’s extracted sEVs, followed by 

their respective sEVs. 

 

2.7.2. WOUND HEALING ASSAY  

A wound-healing assay was performed to assess the motility of breast and colorectal cells following treatment 

with sEVs and sEVs incubated with HPA over a 24-hour period (Figure 2.3). Before cell seeding, the bottom of 

each well of a 12-well plate was marked with a circle so that the wound area was centred and consistent for each 

image. Cells were counted and then seeded into 12-well plates (Thermo Fisher Scientific) at a density of 1x105 
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cells per well (see section 2.1.2). The cells were then incubated in a humidified incubator maintained at 37°C in 

an atmosphere containing 5% CO2 until they reached 90% confluence, and were then serum-starved for 24 h by 

treating the cells with their respective culture medium without FBS. A p1000 pipette tip was used to create the 

‘wound’. The tip was angled at approximately 30 °to create a controlled scratch and to limit the width of the 

‘wound’. This was followed by washing with PBS (pH 7.4) to remove the excess floating cells. To optimise the 

concentration of sEVs (see section 2.7.1) A range of concentrations of 1 × 109, 1 × 108, and 1 × 107 particles/ml 

was prepared in 1 mL of the respective cell line culture media (Table 2.1) alongside controls containing media 

(no treatment control). To investigate the potential functional effects of exposed GalNAc glycans on sEVs in 

modulating cell motility, sEVs were first labelled with HPA as outlined in section 2.6.3. This was followed by 

purification using NAP-5 SEC columns (GE Healthcare) to eliminate any unbound HPA. The HPA labelled sEVs 

were then used for cell treatment. A background control, with no sEVs or HPA treatment, was run concurrently 

to account for any functional effect observed via non-bound HPA. Images of the cells post-scratch were taken at 

0, 4, 8- and 24-hours intervals using a Primovert inverted microscope. To quantify wound closure over time, FIJI 

software (v2.3.0) was used to draw the area around the open wound. To prevent bias in the gap quantification 

resulting from uneven scratch widths, the migration area was determined by subtracting the scratch area at 24 h 

from the initial area at 0 h.    

 

2.7.3. STATIC ADHESION ASSAY 

A static adhesion assay was performed to evaluate the ability of breast and colorectal epithelial cells to adhere to 

endothelial cells treated with sEVs of different phenotypes. Briefly, glass coverslips (13 mm diameter; Thermo 

Fisher Scientific) were sterilised in 70% v/v isopropanol in dH2O, placed in the wells of a 24-well plate (Thermo 

Fisher Scientific), and air-dried in a cell culture hood. Subsequently, each coverslip was coated with 500 µL of 

0.2% w/v bovine gelatin in PBS (pH 7.4) and allowed to adhere for 30 min. After removing excess gelatin, 100,000 

HUVEC (refer to section 2.1.2) were seeded per well and cultured in a humidified incubator maintained at 37°C 

in an atmosphere containing 5% CO2 until they reached 90% confluence. Upon reaching 90% confluence, the 

endothelial cells were pre-stimulated with 10 ng/ml of tumour necrosis factor alpha (TNF-α) (Sigma) for 2 h at 

37°C using the culture medium specified in Table 2.1. Concurrently, epithelial cells were treated with a 10 mg/ml 

solution of the fluorescent dye 8-hydroxypyrenetrisulphonic acid (PTS) (Sigma), also in the respective culture 

medium as detailed in Table 2.1. Following incubation, the PTS solution was removed and the epithelial cells 

were washed five times with PBS (pH 7.4) to eliminate excess PTS. The cells were then detached using 5 mL 

AccutaseTM (StemCell Technologies) and aspirated into 15 mL Falcon tubes. Following centrifugation at 300 × g 

for 5 min (Megafuge 16 benchtop centrifuge, Thermo/Hereaus), the pellet was resuspended in 10 mL PBS (pH 

7.4). PTS-stained epithelial cells were counted, as described in section 2.1.2, to determine their concentration. 

Following cell counting, the cell suspension was adjusted to obtain 100,000 cancer cells per mL in 10 mL of the 

corresponding culture media. Subsequently, the epithelial cells were treated with 1 × 109 sEVs (refer to section 

2.7) or a control with no treatment for 1 h at 37°C incubation, TNF-α was removed from the HUVEC wells and 

the treated epithelial cells were co-incubated with HUVEC for 10 min at 37°C in a humidified incubator with 5% 

CO2. The non-bound epithelial cells were aspirated from the wells and washed three times with PBS (pH 7.4). 

Epithelial cells adherent to the endothelial cells were then fixed with 1 mL of 4% v/v PFA in PBS (pH 7.4) for 10 

min at RT and washed with PBS (pH 7.4) three times. The coverslips were then carefully removed from each 
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well, mounted onto microscope glass slides using 100 μL fluoromount anti-fade mountant (Sigma), covered in tin 

foil and allowed to dry overnight at RT before long-term storage at 4°C. Within 48 h, the coverslips were imaged 

using an upright wide-field fluorescence microscope (Zeiss). Tiling images of the entire coverslip were captured 

using a 10X objective lens, resulting in a total magnification of 100X. Images were analysed using the FIJI 

software (v2.3.0) following a custom protocol. First, composite images stitched from individual tiles were 

imported into FIJI and converted to 8-bit grayscale images. A specific 4 × 4 grid region displaying stained cells 

(16 images) was selected for a detailed analysis. Otsu's auto-threshold clustering algorithm, through the 'auto 

threshold' plugin, was applied to these images for segmentation (Otsu, 1979). Adherent epithelial cells were 

counted using the ‘analysis of particle’ function. For data interpretation, the number of adherent cells after sEVs 

treatment was normalised against the control (without sEVs) and the average fold changes were calculated. 

 

2.8. LECTIN MICROARRAY 

Use of a lectin microarray 95 kit (RayBiotech Life) enabled rapid and sensitive analysis of carbohydrate-binding 

proteins, allowing for the simultaneous detection of sEVs bound to a panel of 95 different lectins. This kit was 

used according to manufacturer’s instructions to identify surface glycans on sEVs derived from the breast cell 

lines under study. Supplementary Table 3 presents a comprehensive summary detailing both the identity of each 

lectin included in the microarray and their respective glycan-binding preferences. First, breast sEVs were extracted 

Figure 2.3. Workflow of the wound healing assay with sEVs treatment (A) Sample preparation involved treating sEVs with 

HPA to mask truncated GalNAc glycans, followed by SEC to remove excess HPA. The collected HPA-bound sEVs were subjected 

to NTA to determine seeding densities. (B) A pipette was used to create a wound-like scratch in each seeded cell well, and 

measurements were taken after 24 h with various sEVs treatments. 
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from model cell lines, as outlined in section 2.4. Subsequently, the extracted breast sEVs were assessed for protein 

concentration using a BCA protein assay kit (Thermo Fisher Scientific) according to the manufacturer's 

instructions. The absorbance at 562 nm was measured using a SpectraMax i3x plate reader (Molecular Devices). 

The sEVs were appropriately diluted to obtain a 2 μg/ml total protein sEVs sample in 100 μL PBS (pH 7.4) and 

maintained on ice. The microarray slide coated with 95 lectins was left to equilibrate to RT inside a sealed plastic 

bag for 20-30 minutes. The microarray was then removed from the sealed plastic bag and left to air-dry at RT for 

an additional 2 h. Subsequently, 100 μL of sEV sample extracted from each breast cell line, in quadruplicate, 

alongside diluent controls, was added to each well of the microarray slide, covered with adhesive tape to prevent 

evaporation, and incubated overnight at 4°C on a rocking platform (Bio-Rad). The following day, the adhesive 

tape was removed, and each well underwent five gentle wash steps with 150 μL of 1x wash buffer I, provided as 

part of the lectin array 95 kit, at RT. To visualise bound sEVs, a labelling technique was employed using 

allophycocyanin-conjugated anti-CD81 (BioLegend, 349509). This method involves the application of 

fluorescently labelled antibodies specifically designed to bind to the CD81 protein on the surface of sEVs. Anti-

CD81, previously optimised by single vesicle flow cytometry as detailed in section 2.6.3, was utilised at a 

concentration of 0.75 μg/mL. For the labelling process, the antibody was diluted in a 3% w/v BSA/TBS solution 

and added to each well of the microarray slide containing breast sEVs. This approach enabled the specific 

detection and analysis of breast sEVs through fluorescence emitted by the allophycocyanin-conjugated anti-CD81. 

The corresponding control well was designated for each tested sEV sample. This well was treated with the same 

concentration and volume of APC mouse IgG1, κ isotype control (BioLegend, 981806) as the sEV samples. 

Additionally, a diluent control was included. These controls were used to verify the specificity of the observed 

binding in the sEV samples and to account for potential non-specific interactions or background fluorescence. 

Each well was then incubated for 1 h at 37°C, the washing steps with 150 μl of 1x wash buffer I, provided as part 

of the lectin array 95 kit, were repeated at RT. The microarray slide was then placed in a microarray high-speed 

centrifuge (ArrayIt) and centrifuged at 1,000 rpm for 3 min to dry the microarray slide.  An Innoscan 700 scanner 

(Carbonne) was used to scan the microarray slide and data were then analysed using the Mapix software 

(Innopsys). Data extraction was performed using the GAL file provided with the lectin microarray kit, which 

identified each spot for its respective lectin. Fluorescence intensity was obtained for each spot, and raw data were 

normalised against the fluorescence intensities obtained from the respective sEVs isotype control samples. A two-

tailed t-test was applied across sEVs derived from different breast cell lines (BT-474 vs. MCF-7, hTERT-HME-

1 vs. BT-474, and hTERT-HME-1 vs. MCF-7), and the log2 fold change was calculated for each group 

comparison. A Python environment was used to generate a volcano plot for each treatment with thresholds set at 

log2 fold-change higher than 1.5 and a p-value higher than 2 using Bioinfokit v2.0.8. Heatmaps were generated 

using GraphPad Prism v9 software. 

 

 

 

 

 



52 
 

  

 

 

 

2.9. MACSPLEX ANALYSIS 

The MACSPlex exosome kit, human (Miltenyi Biotec), is a multiplex bead-based flow cytometry assay kit that 

allows for the semi-quantitative detection of 37 distinct potential surface markers on sEVs simultaneously 

(Supplementary Table 4). Plasma-enriched sEVs were isolated from ‘healthy’ individuals and patients with ‘non-

metastatic’ and ‘metastatic’ cancer by SEC (section 2.4.2.2). A concentration of 1x109 particles/ml, as determined 

by NTA (section 2.5.1), was used for the assay. The sEVs suspension (120 μL) was mixed with 15 μL MACSPlex 

exosome capture beads (Miltenyi Biotec). The mixture was agitated at RT in an orbital shaker at 450 rpm in a 

light-protected environment. Following incubation, the samples were washed with 500 μL MACSPlex buffer 

(Miltenyi Biotec) and centrifuged at 3000 × g for 5 min at RT (Megafuge 16 benchtop centrifuge, 

Thermo/Hereaus). The supernatant was removed, and the bead pellet was exposed to lectins, including HPA, 

LCA, and TL (previously optimised by single vesicle flow cytometry as outlined in Table 2.5) for 1 h at RT with 

continuous shaking. Buffer controls were also run alongside each sample to ascertain the background binding 

levels for data interpretation. After washing with MACSPlex buffer, the fluorescence intensity of each sample 

was assessed using a CytoFLEX flow cytometer (Beckman Coulter), recording at least 10,000 single-bead events 

per sample. Data analysis was performed using FlowJo_v10.8.1 software. Bead populations were identified based 

on their fluorescence characteristics in the PE and FITC channels. The background values of MACSPlex buffer 

and isotype controls on MACSPlex exosome capture beads were subtracted from each sample. The values were 

normalised to the mean MFI of the expressed markers to determine the relative expression of each marker. 

 

2.10. STATISTICAL ANALYSIS 

For statistical analysis, GraphPad Prism v9 software was used to analyse all sets of data which are presented as 

mean ± SD. Normality of the data sets was assessed using the Shapiro-Wilk test, and the appropriate parametric 

or non-parametric alternative with a multiple comparison test was then applied. To compare two sample means, 

a two-tailed paired t-test was applied for the analysis of paired parametric data. For paired non-parametric data, a 

Wilcoxon matched-pair signed-rank test was performed. An unpaired t-test with Welch’s correction was used for 

unpaired parametric data without assumptions of Stdev. Receiver operating characteristic (ROC) curves were 

Figure 2.4. Analysis of sEVs surface glycans by using a lectin microarray. Extracted sEVs were introduced into the wells of 

a glass slide containing 95 lectins and incubated overnight. To visualise the sEVs, fluorescent anti-CD81 was added to each 

well and the glass slides were analysed using a microarray scanner. 

 



53 
 

constructed to evaluate the diagnostic performance of the detection antibodies with lectins to determine their 

prognostic value. The area under the curve (AUC) was calculated. All statistical tests are outlined in the figure 

legends, and p-values are indicated using asterisks denoting the following: p <0.05 *, p<0.01 **, p<0.001 ***, 

and p<0.0001 ****. 
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3. THE OPTIMISATION OF SINGLE-VESICLE FLOW CYTOMETRY FOR THE 

CHARACTERISATION OF sEVs 

3.1.  BACKGROUND  

The field of sEVs research has surged exponentially in recent decades owing to their key role in intercellular 

communication in various physiological processes and disease states, notably in the context of cancer. This 

heightened interest in sEVs has catalysed the development of various labelling methodologies coupled with 

advanced technologies. Notably, the integration of single-vesicle flow cytometry analysis for sEVs 

characterisation has emerged as a significant development in this field. The work described in this chapter includes 

the characterisation of sEVs derived from breast and colorectal epithelial cell lines. This was conducted by 

implementing by NTA, TEM, and western blotting. Subsequently, optimisation efforts focused on enhancing 

sEVs characterisation through single-vesicle flow cytometry by exploring cleanup methods of unbound labelling, 

optimising acquisition sample running time, and ensuring the maintenance of sEV sample integrity over time. Key 

tetraspanin markers of sEVs, including CD81 and CD63, were comprehensively characterised using the optimised 

single-vesicle flow cytometry methodology. 

 

3.1.1. CLEANUP OF UNBOUND LABELLING 

Operating at the nano level, as is necessary for sEVs, the presence of unbound dye and antibodies can present 

challenges in accurately visualising sEVs, potentially introducing biases into experimental outcomes. 

Consequently, standardised methodologies for removing excess dye and antibodies from labelled sEVs are crucial 

to ensure the reliability and validity of sEV characterisation outcomes. However, there is currently no standardised 

methodology for selecting a suitable protocol for sEV cleanup after staining and labelling (Théry et al., 2018). 

Some studies have employed sophisticated technologies to address these challenges, such as asymmetric flow 

field–flow fractionation coupled with a multi-angle light-scattering detector (Dominkuš et al., 2018). However, 

implementation of these techniques is often laborious and requires a high level of expertise. Therefore, there is a 

growing need for simpler purification methods for sEVs after staining and labelling. To address this, a method 

previously optimised by Morales-Kastresana et al. (2017) involving the cleanup of CFSE-labelled sEVs was 

chosen for further optimisation along with the use of established commercial kits to improve the characterisation 

of sEVs by single-vesicle flow cytometry analysis. 

 

3.1.2. OPTIMISATION OF SINGLE-VESICLE FLOW CYTOMETRY 

ACQUISITION  

While conventional flow cytometers are primarily designed to detect cells that are significantly larger than sEVs, 

signals originating from sEVs often overlap with background noise, making their detection more challenging. 

This disparity in size and detection poses limitations and obstacles to conducting sEV experiments using 

conventional flow cytometers. To overcome these challenges, researchers have developed more sophisticated 

imaging flow cytometers. These instruments collect signals through microscope objectives and quantify them 

based on the images captured by charge-coupled device cameras. This approach allows for the visualisation and 
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individual quantification of pixels or areas within the images, making these flow cytometers ideal for sEV analysis 

(Görgens et al., 2019). However, the exact optimised acquisition settings for single-vesicle analysis using this 

type of instrument platform are limited. Given the sensitivity required for this analysis, it is crucial to understand 

the precise parameters necessary to accurately identify sEVs. Moreover, a notable feature of the CellStream 

instrument is its robust high-throughput plate-mode capability that enables simultaneous analysis of multiple sEV 

samples. However, the impact of this high-throughput capability on the integrity of sEVs over time remains 

unclear. To address this, acquisition settings were optimised by fine-tuning the running time and amount of sEV 

samples processed on the flow cytometer to ensure sample integrity when implementing the plate mode for 

analysis. 

 

3.1.3. TETRASPANINS AND sEVs  

The tetraspanin protein family is ubiquitously distributed across cell types, and are found either on the plasma 

membrane or within the endosomal or lysosomal compartments (reviewed by Stipp et al., 2003). Tetraspanins are 

recognised as crucial organisers, forming multimolecular membrane networks known as the tetraspanin web, 

which involves other transmembrane and cytosolic proteins, such as integrins, members of the immunoglobulin 

superfamily, and proteases (reviewed by Boucheix & Rubinstein, 2001; Charrin et al., 2009; Hemler, 1998, 2001, 

2005).  Tetraspanins play diverse roles in cellular processes like adhesion, motility regulation, membrane fusion, 

and signalling (reviewed by Berditchevski, 2001; Boucheix et al., 2001; Hemler, 2005, 2008; Yáñez-Mó et al., 

2001). Evidence suggests that tetraspanins promote multiple cancer stages, as reviewed by Hemler, (2014). 

Tetraspanins such as CD81 and CD63 are specifically enriched in the membrane of sEVs and commonly used as 

markers (reviewed by Andreu & Yáñez-Mó, 2014). Tetraspanins significantly influence sEV functionality, 

participating in protein biogenesis, sEV generation, cargo sorting, binding, fusion, targeting, and selective uptake 

by recipient cells (Rana et al., 2012; van Niel et al., 2011). In the ESCRT-independent pathway of exosome 

biogenesis, tetraspanins have been established to play a pivotal role, as highlighted in section 1.5.2.1. Moreover, 

in mouse models of breast cancer-associated fibroblast-derived sEVs, CD81 was identified as responsible for Wnt 

11 cargo sorting into sEVs (Luga et al., 2012). These vesicles were subsequently released into the tumour stroma, 

internalised by breast cancer cells, and contributed to cell migration and metastasis. Moreover, tetraspanins CD63 

was established to sort the amyloidogenic pigment cell-specific type I integral membrane protein (PMLE) into 

sEVs and was essential during melanogenesis (van Niel et al., 2011). Tetraspanins were also implicated in the 

selection of vesicular cargo in neuroblastoma cells, with sEVs targeting specific cells based on the presence of 

CD63 tetraspanin (Laulagnier et al., 2004). CD81, alongside integrin αvβ3, was also identified as playing a role 

in directing and facilitating the uptake of sEVs by dendritic cells. The composition of tetraspanins varies among 

sEVs derived from different cell phenotypes, raising questions of their abundance in the context of cancer 

progression (Breitwieser et al., 2022). As CD81 and CD63 are specifically enriched in the membrane of sEVs and 

have demonstrated functional significance, this study employed a single-vesicle flow cytometry approach to 

quantify their presence on sEVs derived from breast and colorectal epithelial cells. The objective was to gain 

deeper insights into their expression across various cell phenotypes, encompassing ‘normal’, ‘primary’, and 

‘metastatic’ cells.  
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3.2. AIMS AND OBJECTIVES 
The experiments detailed in this chapter aimed to optimise single-vesicle flow cytometry to facilitate the 

characterisation of sEVs derived from breast and colorectal epithelial cell models in addition to well-established 

characterisation methods. 

 

The objectives were:  

 

1) To isolate sEVs from the model cell lines and perform characterisation of each SEC fraction by NTA 

and BCA assay to identify fractions that are most likely to contain sEVs. 

 

2) To characterise the pooled fraction that is most likely to contain sEVs by NTA, western blotting for key 

sEVs markers, and TEM. 

 

3) To optimise the cleanup of unbound labelling of sEVs with CFSE and antibodies, identify the appropriate 

sample acquisition parameters for single-vesicle flow cytometry analysis. 

 

4) To quantify tetraspanin CD81 and CD63 profiles of the sEVs derived from the ‘normal’, ‘primary’ and 

‘metastatic’ cancer cell phenotypes of breast and colorectal by single-vesicle analysis. 
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3.3. METHODS 

3.3.1. EXTRACTION AND CHARACTERISATION OF EPITHELIAL CELL LINE 

DERIVED sEVs  

3.3.1.1. EXTRACTION OF sEVs FROM EPITHELIAL CELL LINE MODELS 

To extract sEVs from the epithelial cell line models of both breast and colorectal cell lines, SEC was adopted, as 

described in section 2.4.1.  

3.3.1.2. NTA AND BCA ASSAY 

NTA and BCA assay was performed on the SEC fractions to confirm effective isolation of the pooled fractions to 

assess their concentration and size, as described in section 2.5.1 and section 2.4.  

3.3.1.3. WESTERN BLOTTING KEY sEVs MARKERS 

To identify key markers, western blotting was performed on the pooled fractions to identify the presence of well-

established markers of sEVs (Table 2.4), as described in section 2.5.2.  

3.3.1.4. TEM  

To effectively identify the morphological and size characteristics of the pooled fractions containing sEVs, TEM 

was used as described in section 2.5.3. 

 

3.3.2. SINGLE-VESICLE FLOW CYTOMETRY  

3.3.2.1. OPTIMISATION OF sEVs STAINING 

To maximise the visualisation of sEVs by single-vesicle flow cytometry, optimisation experiments were 

conducted to identify the most effective methodology for labelling sEVs. The method described in section 2.6. 

including the instrument settings (section 2.6.1), calibration of sizing, and fluorescence in preparation for 

acquisition of sEVs (section 2.6.2) were applied. First, MCF-7 sEVs were extracted from their parental cells, as 

detailed in section 2.4.1, bulked stained with CFSE, and processed using NAP-5 SEC columns, as outlined in 

section 2.6.3, alongside stained CFSE-labelled sEVs that were not subjected to the column, to assess the necessity 

of the cleanup step. Next, both CFSE-labelled sEVs either processed by the NAP-5 SEC column or not were then 

subjected to antibody labelling at 1 mg/ml for 1 h at 37°C in the dark with a fluorescent detection antibody of PE 

labelled anti-CD81 (BioLegend, 349505) in 25 µL comprising 10 µL of sEVs samples, 3 µL of CD81, followed 

by PBS (pH 7.4) to obtain the final volume. Controls were included in all experimental runs to adhere to the 

MIFlowCyt-EV guidelines, encompassing sEVs negative controls, isotype controls, detergent lysis controls, 

buffer-only controls, buffer with reagent controls, and unstained samples (Welsh et al., 2020). All samples were 

appropriately diluted and run on the CellStream instrument, followed by strategic gating and analysis, as outlined 

in section 2.6.3. 
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3.3.2.2. OPTIMISATION OF ANTIBODY CLEANUP  

To assess whether the purification of commercially purchased antibodies would enhance the signal of interest, a 

series of optimisation experiments were conducted. The method described in section 2.6, including the instrument 

settings (section 2.6.2) and calibration of sizing and fluorescence for sEV acquisition was implemented. 

Subsequently, MCF-7 sEVs were extracted from their parental cells, as detailed in section 2.4.1, stained with 

CFDA-SE, and processed using NAP-5 SEC columns, as outlined in section 2.6.3. Prior to antibody labelling, 

fluorescently labelled PE anti-CD81 (BioLegend, 349505) was purified using DynabeadsTM Protein G 

(Invitrogen) and subjected to a SpinTrapTM column (Cytiva) according to the manufacturer’s instructions. The 

purified anti-CD81 was assessed for protein concentration using a NanoDrop 2000c spectrophotometer (Thermo 

Scientific).  Next, the stained sEVs samples labelled for anti-CD81 were subjected to DynabeadsTM Protein G 

(Invitrogen) or SpinTrapTM column (Cytiva). Additionally, anti-CD81 not subjected to any purification method 

was added to the stained sEVs samples at a concentration of 1 mg/ml for 1 h at 37°C in the dark. A fluorescent 

detection antibody of PE labelled anti-CD81 (Biolegend, 349505) in 25 µL, comprising 10 µL of sEVs samples, 

3 µL of CD81, followed by PBS (pH 7.4) to obtain the final volume. All samples were then appropriately diluted, 

aliquoted into individual wells of an ABgene Super Plate 96 well PCR plate (Thermo Fisher Scientific), and run 

on the CellStream instrument, followed by strategic gating and analysis, as outlined in section 2.6.3. 

3.3.2.3. OPTIMISATION OF sEVs SAMPLE INTEGRITY OVER TIME 

To ensure the integrity of the sEVs samples throughout the acquisition period, an optimisation experiment was 

conducted. The method described in section 2.6 including the instrument settings (2.6.1), calibration of sizing and 

fluorescence in preparation of acquisition of sEVs (2.6.2) were applied. sEVs were isolated from MCF-7 cells, as 

detailed in section 2.4.1. Staining with CFSE and processing through NAP-5 SEC columns was performed, 

followed by antibody labelling with PE-labelled anti-CD81 (Biolegend, 349505), as outlined in section 2.6.3. All 

samples were diluted 1:20 to a final volume of 500 µL, briefly vortexed, and 100 µL of each sample was loaded 

into individual wells of an ABgene Super Plate 96 well PCR plate (Thermo Fisher Scientific) in triplicate, with 9 

H2O samples interspersed between each triplicate. This design resulted in 45-minute intervals between each 

triplicate run, extending up to the 315-minute time point, at which the last triplicate measurement was taken. All 

samples were run on a CellStream instrument, followed by strategic gating and analysis, as outlined in section 

2.6.3.  

3.3.2.4. TETRASPANIN PROFILING OF EPITHELIAL DERIVED sEVs  

To quantify CD81 and CD63 tetraspanin composition of the epithelial-derived sEVs of breast and colorectal cell 

lines, single-vesicle flow cytometry was used. The methodology for extracting sEVs from their parental cells is 

detailed in section 2.4.1. The methodology for single-vesicle flow cytometry is outlined in section 2.6 including 

the instrument settings (section 2.6.1), calibration of sizing and fluorescence in preparation of acquisition of sEVs 

(section 2.6.2), and sEVs lipid staining and antibody labelling methodology to identify CD81 and CD63 (section 

2.6.3).  
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3.4. RESULTS  

3.4.1. CHARACTERISATION OF BREAST AND COLORECTAL EPITHELIAL 

DERIVED sEVs 

The effectiveness of the methodology adopted to isolate sEVs was evaluated by analysing the particle and protein 

concentrations of each fraction eluted from the SEC column using NTA and BCA. Analysis revealed that fractions 

5, 6, and 7, each collected with a fraction size of 500 μL, had the highest particle counts, indicating that they 

represented points at which sEVs were most effectively separated from the column with the lowest protein 

contamination for both breast and colorectal epithelial sEVs (Figure 3.1 A-C and Figure 3.2 A-C). Subsequently, 

these fractions were pooled for further characterisation. The methods used to characterise size and morphological 

characteristics included TEM and NTA, whereas western blotting and single-vesicle flow cytometry were used to 

identify the presence of key sEV markers. TEM analysis revealed the detection of negatively stained, ‘cup-shaped’ 

particles within the size range of 30-150 nm for both breast and colorectal sEVs (Figure 3.1 D-E and Figure 3.2 

D-E). Western blot analysis was conducted to confirm the presence of key markers on sEVs extracted from various 

epithelial cell lines, each representing distinct phenotypes. In the analysis of breast sEVs, BT-474 and hTERT-

HME1 samples exhibited strong bands for both CD81 and CD63, indicating a significant presence of these 

markers (Figure 3.1-F). In contrast, the MCF-7 sEVs displayed weaker bands for the same markers. However, 

strong bands were observed for syntenin-1 in MCF-7 and BT-474 sEVs, whereas weaker bands were observed 

for hTERT-HME1 sEVs (Figure 3.1-G). When examining western blots of whole breast cell lysates, strong bands 

were evident for CD63, whereas the bands for CD81 and syntenin-1 were notably less pronounced. Western blot 

analysis of colorectal epithelial sEVs revealed varied marker expressions: HT-29 sEVs displayed strong CD63 

and CD81 bands, SW480 sEVs had weak CD63 but strong CD81 bands, and NCM460 sEVs showed strong bands 

for both markers (Figure 3.2-F). Strong bands for Syntenin-1 were detected in all colorectal sEVs samples. 

Comparisons of whole colorectal cell lysates revealed that HT-29 cells had strong CD63 bands but lacked CD81 

and syntenin-1 bands, SW480 cells exhibited strong CD63 but weak CD81 and syntenin-1 bands, and NCM460 

cells showed strong CD63 with weak bands for both CD81 and syntenin-1 (Figure 3.2-G). The mitochondrial 

marker cytochrome C was undetectable in blots of all breast and colorectal sEVs, suggesting the absence of 

cellular contamination in the sEVs samples. (Figure 3.1 F-G and 3.2 F-G).  In addition, an H2O control was 

included in each western blot to confirm the specificity of the observed bands, revealing no non-specific binding. 

NTA was used to determine the particle sizes of the epithelial sEVs. Specifically, the average particle size of the 

breast-derived sEVs was determined as follows: hTERT-HME1-derived sEVs exhibited an average size of 75 nm, 

whereas both BT-474- and MCF-7-derived sEVs had an average size of 105 nm (Figure 3.1 H-J). In the case of 

colorectal-derived sEVs, NCM460 sEVs displayed an average size of 75 nm, while SW480 and HT-29 sEVs each 

showed an average size of 105 nm (Figure 3.2 H-J).   
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(A) 

(B) 

(C) 

MCF-7 sEVs 

HME1 sEVs 

(D) 

(E) 

(F) 

(G) 

Figure 3.1. Characterisation of SEC fractions for the isolation of breast cell line-derived sEVs by NTA, BCA, TEM and western blotting. (A-C) SEC fractions (500ul – obtained from 3 T175cm3 flasks) 

containing hTERT-HME1, BT-474, and MCF-7 sEVs were subjected to NTA and BCA analysis to determine the particle and protein concentrations to identify fractions which most likely contained sEVs. (D-E) TEM 

analysis of MCF-7 and hTERT-HME1 sEVs from fractions 5, 6, and 7 pooled together. (Scale bars = 100 and 200 nm). (F) Western blot of sEVs protein markers (CD63 and CD81) under non-reducing conditions. 

(G) Western blotting of sEVs protein markers (syntenin-1) under reducing conditions and confirmation of sEVs lysates are clear cytochrome C marker indicating no mitochondria contaminates were present from 

dead cells. (H-J) NTA size characterisation of breast cell-line-derived sEVs from pooled fractions 5, 6, and 7.  The SEC fractioning experiment and western blotting consisted of one biological and technical replicate, 

whereas NTA each experiment consisted of three biological triplicates with three technical triplicates, and the error bars indicate the Stdev. 

(H) (I) (J) 
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Figure 3.2. Characterisation of SEC fractions for the isolation of colorectal cell line derived sEVs by NTA, BCA, TEM and western blotting. (A-C) SEC fractions (500ul – obtained from 3 T175cm3 flasks) 

containing NCM460, SW480, and HT-29 sEVs were subjected to NTA and BCA analysis to determine the particle and protein concentrations to identify fractions which most likely contained sEVs. (D-E) TEM analysis 

of HT-29 and NCM460 sEVs from fractions 5, 6, and 7 pooled together. (Scale bars = 100 nm and 200 nm). (F) Non-reducing conditions western blotting of sEVs protein markers (CD63 and CD81) (G) Reducing 

conditions western blotting of sEVs protein markers (syntenin-1), and confirmation of sEVs lysates are clear cytochrome C marker indicating no mitochondria contaminates were present from dead cells. (H-J) NTA 

size characterisation of colorectal cell-line-derived sEVs from pooled fractions 5, 6, and 7.  The SEC fractioning experiment and western blotting consisted of one biological and technical replicate, whereas NTA each 

experiment consisted of three biological triplicates with three technical triplicates, and the error bars indicate the Stdev. 



63 
 

3.4.2. OPTIMISATION OF CFSE STAINING AND ACQUISITION TIME FOR 

SINGLE-VESICLE FLOW CYTOMETRY  

To identify the optimal methodology for single-vesicle flow cytometry, a series of optimization experiments were 

conducted. The primary objective was to establish a robust staining and acquisition process for the accurate 

detection of sEVs. In this context, the staining process was first evaluated to determine the necessity of removing 

the excess dye using Cytiva NAP™-5 (NAP-5) columns for downstream quantification. Subsequently, the 

presence of CD81 on stained sEVs samples was assessed to determine the effectiveness of removing excess dye 

in achieving optimal signal. Notably, when no cleanup was applied to the CFSE-stained samples, a significant 

fold increase of 2.3 was observed compared with the implementation of NAP-5 (p < 0.001), suggesting that an 

additional step of cleanup yielded less CFSE+ events/ml (Figure 3.3-A). Conversely, analyses of ‘CD81-positive’ 

events/ml revealed a contrasting trend, as cleanup procedures yielded a substantial increase of 3.8 (p < 0.05), 

suggesting an increased ratio of CD81 positive particles (Figure 3.3-B). This observation emphasises the essential 

cleanup steps of excess CFSE when introducing an additional antibody, such as CD81, for the specific detection 

of the protein of interest. The significance of cleanup in this context is evident because enhancing the signal-to-

noise ratio facilitates the identification of the targeted protein on sEVs. In addition to refining the staining 

procedure, the instrumental high-throughput capability for sEVs measurement was assessed. Initially, the 

measurement of ‘CD81-positive’ events/ml was conducted across varying time intervals to optimise the sample 

acquisition (Figure 3.3-C). Interestingly, it was determined that a minimum acquisition duration of 5 min is 

essential to attain the maximum signal from the sEVs sample. Furthermore, the integrity of the sEVs samples was 

assessed by measuring ‘CD81-positive’ events/ml in the same samples over time. The findings indicated that 

samples assessed beyond the 67-minute and 30-second mark exhibited a decline in integrity, resulting in a 

diminished signal of interest (Figure 3.3-D). The efficacy of the antibody cleanup method was also investigated, 

recognising the necessity for increased sensitivity at the single-vesicle level. However, the analysis revealed that 

no significant increase in the signal was attained compared with the conditions without antibody cleanup (Figure 

3.3-E). 
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Cytiva NAP  NAP-5 Columns CFSE Cleanup 

(A) (B) 

Optimisation Of Acquisition Time  

(C) (D) 

Comparison of Antibody Cleanup Methods 

(E) 
sEVs Sample Integrity Over Time  

Figure 3.3. Optimisation of single vesicle analysis (A-B) The optimisation of bulk CFSE staining with and without cleanup by Cytiva NAP™ NAP-5 Columns quantifying CFSE+ (events/ml) and CD81+ 

(events/ml) (C) The optimisation of acquisition time of each sample by quantification of CD81 (events/ml) (D) The evaluation of sEVs samples integrity over time by quantification of CD81 (events/ml) (E) The 

comparison of different antibody cleanup methods by quantifying CD81+ (events/ml). Each experiment consisted of biological triplicates with three technical triplicates, and the error bars indicate the Stdev. 

Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. Welch’s correction was used for parametric t-tests, and the Mann-Whitney test 

was used for nonparametric t-tests. Significance levels were set at *p < 0.05, **p < 0.01 and ***p < 0.001. 

 



65 
 

3.4.3. COMPARATIVE ANALYSIS OF CD81 AND CD63 BINDING OF BREAST 

AND COLORECTAL sEVs  

Single-vesicle flow cytometry was performed to assess the CD81 and CD63 tetraspanin profiles of breast and 

colorectal epithelial cell lines. The utilisation of single-vesicle flow cytometry allowed for detailed analysis of 

individual vesicles, shedding light on the specific CD81 and CD63 profiles. The raw results, including the mean 

± SD of CD81 and CD63 normalised to the CFSE events/ml and MESF values, are outlined in Table 3.1. 

Comparative analysis of tetraspanin levels revealed distinct differences between breast and colorectal epithelial 

sEVs (Figure 3.4 and Figure 3.5).  For ‘normal’ breast hTERT-HME1 sEVs, the abundance of CD63 was notably 

higher, showing a 1.4-fold increase compared with that of CD81 (p < 0.05) (Figure 3.4-A). In contrast, cancer-

associated MCF-7 sEVs exhibited a 1.5-fold higher abundance of CD81 than CD63 (p < 0.001) (Figure 3.4-A). 

However, no significant variations were observed in the BT-474 sEVs and colorectal sEVs for tetraspanin. Upon 

further extending the analysis to different sEV phenotypes, remarkable differences were noted in CD81 levels 

among breast epithelial sEVs. Specifically, MCF-7 sEVs displayed 1.8-fold and 3.1-fold higher CD81 abundance 

than hTERT-HME1 (p < 0.01) and BT-474 sEVs (p < 0.0001), respectively (Figure 3.4-A). Conversely, the 

comparison of CD81 levels between hTERT-HME1 and BT-474 sEVs did not show any significant difference. 

MESF analysis revealed that in both hTERT-HME1 and BT-474 sEVs, CD63 levels were 1.2-folder higher than 

those of CD81 (hTERT-HME1: p < 0.001; BT-474: p < 0.0001) (Figure 3.4-B). Interestingly, no significant 

differences in MESF values were observed in MCF-7 sEVs. Additionally, hTERT-HME1 sEVs exhibited 1.1-fold 

higher MESF values for CD81 and CD63 than BT-474 sEVs (p < 0.01. In the case of colorectal sEVs, the only 

significant differences observed were through MESF analysis which indicated a consistent increase in CD63 

levels, with a 1.2 higher value in NCM460 (p < 0.01), SW480 (p < 0.01), and HT-29 (p < 0.05) sEVs compared 

to CD81 (Figure 3.5-B).  
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Table 3.1. Tetraspanin analysis of CD81 and CD63 on breast and colorectal epithelial sEVs by single-vesicle 

flow cytometry.  

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

 

 

 

 

 

 

 

 

Organ of Origin 
Cell Line 

sEVs 

CD81 PE 

MESF 

(mean ± 

SD) 

CD63 PE 

MESF 

(mean ± 

SD) 

CD81 events/ml % 

of CFSE events/ml 

(mean ± SD) 

CD63 

events/ml % of 

CFSE events/ml 

(mean ± SD) 

CD81 vs 

CD63 

Expression 

Vs HME / 

NCM460 sEVs 

Vs MCF-7/HT-29 

sEVs 

Breast 

hTERT-

HME1 

sEVs 

108.16 

± 4.10 

130.54 

± 8.96 
16.033%±0.237 21.66%±4.96 

Events/ml 
* 

MESF 
*** 

 

Events/ml 
CD81= ** 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

BT-474 

sEVs 

 

101.17 

± 3.62 

119.43 

± 1.66 
9.78%±5.09 10.41%±8.15 

Events/ml 
NS 

MESF 
**** 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= * 
CD63= * 

Events/ml 
CD81= **** 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

MCF-7 

sEVs 

117.02 

± 26.42 

129.02 

± 8.95 
28.94%±2.59 18.16%±3.18 

Events/ml 
*** 

MESF 
NS 

Events/ml 
CD81= ** 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

 

Colorectal 

NCM460 

sEVs 

104.22 

± 3.39 

125.00 

± 14.50 
17.05%±6.61 21.42±8.96 

Events/ml 
NS 

MESF 
** 

 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

SW480 

sEVs 

104.16 

± 4.74 

121.97 

± 13.29 
18.49%±6.05 23.98±11.12 

Events/ml 
NS 

MESF 
** 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

HT-29 

sEVs 

106.58 

± 7.71 

124.23 

± 14.97 
20.66%±6.00 24.68±8.38 

Events/ml 
NS 

MESF 
* 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 
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(A) (E) 

(F) (G) (H) 

HME1 sEVs  BT-474 sEVs MCF-7 sEVs 

MCF-7 sEVs BT-474 sEVs HME1 sEVs  (B) 

Figure 3.4.  Single-vesicle flow cytometric analysis of CD81 and CD63 tetraspanin composition in breast sEVs. (A) Quantification of CD81+ or CD63+ events/ml normalised to the percentage of CFSE events/ml in 

hTERT-HME1, BT-474, and MCF-7 sEVs. (B) PE MESF values of CD81+ or CD63+ for hTERT-HME1, BT-474, and MCF-7 sEVs with arbitrary units of MFI converted to standardised MESF units using vCalTM 

nanorainbow beads. (C-E) Histogram profiles of breast sEVs showing CD81 fluorescence after gating. (F-H) Histogram profiles of breast sEVs showing CD63 fluorescence after gating. Each experiment consisted of 

biological triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. 

For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. Significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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(B) 

(C) (D) (E) 

(F) (G) (H) NCM460 sEVs 

Figure 3.5. Single-vesicle flow cytometric analysis of CD81 and CD63 tetraspanin composition in colorectal sEVs. (A) Quantification of CD81+ and CD63+ events/ml normalised to the percentage of CFSE events/ml 

for NCM460, SW480, and HT-29 sEVs. (B) PE MESF values of CD81+ or CD63+ for NCM460, SW480, and HT-29 sEVs with arbitrary units of MFI converted to standardised MESF units using vCalTM nanorainbow 

beads.  (C-E) Histogram profiles of colorectal sEVs showing CD81 fluorescence after gating. (F-H) Histogram profiles of colorectal sEVs showing CD63 fluorescence after gating. Each experiment consisted of biological 

triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. For parametric 

t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. Significance levels were set at *p < 0.05 and **p < 0.01. 
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3.5. DISCUSSION 

3.5.1. CHARACTERISATION OF sEVs DERIVED FROM BREAST AND 

COLORECTAL EPITHELIAL CELLS SHOWING TYPICAL 

MORPHOLOGICAL CHARACTERISTICS AND KEY MARKERS 

To date, there is no standardised method for isolating and characterising sEVs (Théry et al., 2018). 

Ultracentrifugation, despite being the most commonly employed extraction technique, presents challenges such 

as contamination with non-vesicular macromolecules, potentially impacting '-omics' analyses and functional sEV 

studies (reviewed by Webber & Clayton, 2013). In line with the Minimal Information for Studies of Extracellular 

Vesicles guidelines, which emphasise the importance of reducing contamination for reliable downstream 

applications, this study opted to use SEC as the preferred method (Théry et al., 2018). Therefore, this study opted 

to use SEC as the preferred method to reduce contamination by nonvesicular macromolecules for downstream 

application. Analysis of the fractions using NTA and BCA suggested that fractions 5, 6, and 7 from the SEC 

separation were most likely to contain sEVs, as indicated by the highest particle counts and lowest protein 

contamination in both breast and colorectal epithelial-derived sEVs. These fractions were pooled for further 

characterisation. NTA revealed that sEVs derived from epithelial cell lines fell within the established size range 

of 30-150 nm (reviewed by Doyle & Wang, 2019). In terms of morphological characteristics TEM analysis 

revealed ‘cup-shaped’ particles, within the size range of 30 nm-150 nm, presumed to be sEVs, from both breast 

and colorectal cell lines. 

 

The isolated sEVs were further characterised by blotting for key marker proteins such as syntenin-1 protein which 

is highly abundant on sEVs and plays a fundamental role in sEVs biogenesis (section 1.5.2.1). Moreover, 

tetraspanins CD81 and CD63 were characterised due to also their high abundance on sEVs (section 3.3.2.4).  

Notably, syntenin-1 was prominently detectable in both ‘metastatic’ MCF-7 and ‘primary’ BT-474 sEVs but less 

so in ‘normal’ hTERT-HME1 sEVs. This variation could be ascribed to the altered biogenesis and cargo selection 

mechanisms in cancer-derived sEVs (reviewed by Bebelman et al., 2018). Interestingly, a comprehensive analysis 

of 14 cell lines by Kugeratski et al. (2021) revealed that syntenin-1 was the most abundant protein on sEVs. In 

the current study, western blotting of ‘normal’ hTERT-HME1 and ‘primary’ BT-474 sEVs revealed pronounced 

bands for CD81 and smeared bands for CD63, confirming their presence. Notably, the CD63 band appeared as a 

broad smear, a characteristic attributed to its heavy glycosylation which leads to various glycoforms (Ageberg & 

Lindmark, 2003). In contrast, western blotting of MCF-7 sEVs revealed weaker bands for these markers, in 

contrast to the findings of González-King et al. (2022) who reported a distinct band for CD81 and a more 

prominent band for CD63. Li et al. (2018) identified highly visible bands of CD81 but less pronounced bands of 

CD63 in MCF-7 sEVs. The discrepancies between the band intensities of CD81 and CD63 in this study and others 

may be attributed to variations in the isolation techniques used to obtain the sEVs (Brennan et al., 2020). In this 

study, SEC was used for sEVs isolation, whereas González-King et al. (2022) and Li et al. (2018) used 

ultracentrifugation. However, both studies used different speed, duration, and temperature parameters in their 

isolation protocols. Another plausible explanation for the lack of detectable bands in the western blot images for 

MCF-7 sEVs could be the insufficient protein loading. Western blotting requires a sufficient quantity of protein 
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for effective detection, and it is possible that the amount of MCF-7 sEV protein loaded onto the gels was below 

this threshold, leading to undetectable levels of CD63 and CD81. To overcome these technical inconsistencies, a 

variety of technologies can be implemented such as single-vesicle analysis, which requires less sample protein 

due to its high sensitivity, making it appropriate for these samples. 

 

Colorectal epithelial-derived sEVs derived from ‘normal’ NCM460, ‘primary’ SW480 and ‘metastatic’ HT-29 

cells showed consistent intensities of all bands for CD81, CD63, and syntenin-1.  Moreover, all breast and 

colorectal epithelial-derived sEVs samples were devoid of the mitochondrial marker cytochrome C, indicating an 

absence of cellular contamination. These findings corroborate the efficacy of the SEC method in isolating high-

purity sEVs but emphasise the need to further investigate tetraspanin composition using more sophisticated 

methods at the single-vesicle level.  

 

3.5.2. OPTIMISATION OF SINGLE-VESICLE FLOW CYTOMETRY IS 

ESSENTIAL FOR MAXIMUM EFFICIENCY AND PRECISION IN sEVs 

QUANTIFICATION 

This study aimed to establish an effective staining and acquisition protocol for sEV detection by single-vesicle 

flow cytometry. For this purpose, CFSE was selected as the staining agent for epithelial-derived sEVs because of 

its ability to stain sEVs without forming aggregates and to preserve their natural light-scattering properties, 

ensuring accurate detection (Morales-Kastresana et al., 2017). This choice is supported by previous research 

demonstrating the proficiency of CFSE in identifying sEVs and serving as an initial pan-marker (Mastoridis et 

al., 2018). Some studies which have implemented CFSE staining of sEVs have focused on removing excess dye 

during the isolation process using ultracentrifugation (Ender et al., 2019; Kormelink et al., 2016; Morales-

Kastresana et al., 2017; Ragni et al., 2020). Whereas other studies have employed SEC after CFSE staining (Maia 

et al., 2020; Morales-Kastresana et al., 2017; Welsh et al., 2021). In this study SEC was chosen to remove excess 

dye after CFSE staining of sEVs to enable the use of sEVs in downstream applications beyond single-vesicle flow 

cytometry in which CFSE staining wasn’t required. SEC post-staining efficiently separates unbound CFSE, which 

is prone to hydrolysis and artefact formation, from sEVs, leading to more accurate detection without interference 

from non-specific fluorescent signals (Morales-Kastresana et al., 2017). To evaluate the capability of SEC to 

remove excess dye after CFSE staining of sEVs, tetraspanin CD81 was detected in conjunction with CFSE. The 

results indicated a notable increase in the detection of ‘CD81-positive’ sEVs with the introduction of the SEC 

cleanup procedure compared to its absence. This confirmed the enhanced specificity of the combined staining and 

cleanup protocol for quantifying labelled sEVs. 

 

Building on the foundational work by Görgens et al. (2019), who demonstrated the efficacy of enhanced green 

fluorescent protein-labelled sEVs and refined the optimum parameters for imaging flow cytometry, this study 

aimed to further optimise the acquisition settings for high-throughput capability. This involved fine-tuning the 

running time and ensuring sample integrity when implementing plate mode for analysis. The results indicated that 

a minimum duration of 5 min running time was essential to achieve the maximum signal from the sEVs sample, 
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which was consistent with similar studies that used the same platform (Dar et al., 2021; Görgens et al., 2019; Li 

et al., 2023; van de Wakker et al., 2022). Whilst the CellStream instrument excels in high-throughput sEV analysis, 

particularly with its plate mode enabling simultaneous measurement of multiple samples, there's a notable concern 

about potential sEV degradation whilst measuring over a period of time. Therefore, this study investigated stability 

under the specified conditions, focusing on the duration before sEV degradation affected experimental result 

outcome. Results showed that samples analysed beyond 67 minutes and 30 seconds displayed reduced integrity 

and weaker signals. This finding is crucial for adhering to MIFlowCyt-EV guidelines, which stresses 

comprehensive control for valid and reproducible EV-related experiments (Welsh et al., 2020). Understanding 

sEV stability in plate mode influences experimental design, particularly in determining the necessary number of 

control samples. Notably, several attempts have been made to enhance the stability of sEVs. For example,  

Görgens et al. (2022) noted that storing sEVs in PBS, as in this study, could result in decreased sample stability 

when assessed for particle concentration via NTA over a period of time. The research proposed alternative storage 

conditions, such as incorporating albumin and additional additives such as trehalose, to stabilise sEVs. While the 

study found no discernible differences in sEV shape, diameter, or integrity under varying storage buffer 

conditions, it reported a lower sEVs concentration, which hindered quantitative analysis. Given the intended 

downstream glycosylation assessment of sEVs in the current study and the absence of evidence suggesting any 

impact on glycan content under these conditions, the inclusion of these storage preservatives was avoided. 

Therefore, experiments utilising single-vesicle flow cytometry were meticulously designed to not only adhere to 

MIFlowCyt-EV guidelines, but also to account for potential sEV degradation over time when stored in PBS 

(Welsh et al., 2020). This study emphasises the importance of preserving sample integrity over time, irrespective 

of the analytical platform employed, to ensure the accuracy and reliability of sEV sample quality in high-

throughput methodologies. 

 

3.5.3. SINGLE-VESICLE ANALYSIS OF TETRASPANIN COMPOSITION 

REVEALS CD81-POSITIVE BREAST sEVs CORRELATES WITH 

METASTATIC PHENOTYPE 

For further in-depth characterisation of the CD81 and CD63 tetraspanins in breast and colorectal epithelial-derived 

sEVs, single-vesicle flow cytometry was performed. Interestingly, MESF analysis revealed that a higher density 

of CD63 was present on the surface of colorectal epithelial sEVs of NCM460, SW480, and HT-29 in comparison 

to CD81. These observations were also mirrored for the breast epithelial sEVs hTERT-HME1 and BT-474. These 

findings suggest an increased abundance of CD63 relative to CD81 on the surface of these sEVs. Comparative 

analysis of the proportion of sEVs positive for each tetraspanin revealed a significantly higher abundance of 

‘CD81-positive’ sEVs derived from MCF-7 cells than ‘CD63-positive’ sEVs. These findings align with the 

observations of Fan et al. (2023), who similarly noted increased CD81 enrichment through western blot analysis, 

suggesting that a potential membrane localisation of CD81 contributes to this phenomenon. However, contrasting 

results emerged in the tetraspanin characterisation between single-vesicle flow cytometry and western blotting in 

this study. This discrepancy likely stems from the differing treatment of sEVs, with western blotting involving 

lysis compared to intact analysis in single-vesicle flow cytometry. While single-vesicle analysis quantifies 
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tetraspanins on the external membrane of intact sEVs, western blotting measures the total protein content, 

including intravesicular components. Moreover, the potential limitations of antibody binding efficiency and 

specificity and insufficient protein loading in western blot assays underscore the importance of cross validation 

across various analytical methods. One explanation for the varied abundance of these tetraspanin sEVs markers 

can be attributed to the diverse cellular phenotypes from which these sEVs originated, spanning from ‘normal’, 

‘primary’ and ‘metastatic’ cells. 

 

The abundance of breast 'metastatic’ MCF-7 ‘CD81-positive’ sEVs was notably higher than that of ‘normal’ 

hTERT-HME1 and ‘primary’ BT-474 ‘CD81-positive’ sEVs, suggesting a correlation between the increased 

abundance of ‘CD81-positive’ sEVs and metastatic phenotype of breast sEVs. Interestingly, CD81 plays a 

significant role in addition to its presence on sEVs, as research has shown that CD81 is involved in regulating cell 

migration and invasion, suggesting a role in cancer progression (Vences-Catalán et al., 2017; Zhang et al., 2018). 

Recent studies have highlighted the key role of CD81 in promoting cancer stemness and metastasis by interacting 

with CD44, a cell-surface adhesion receptor which is highly expressed in many cancers (Ramos et al., 2022). It 

was also noted that ‘CD63-positive’ sEVs were elevated in ‘normal’ hTERT-HME1 and ‘primary’ BT-474 cells 

compared to ‘CD81-positive’ sEVs. This observation is intriguing, as CD63 is often associated with less 

aggressive cancer phenotypes and its expression tends to be inversely correlated with cancer metastasis 

(Berditchevski et al., 1995; Chirco et al., 2006; Jung et al., 2006; Pols & Klumperman, 2009; Radford et al., 1997).  

Collectively, these findings highlight the complexity of sEVs tetraspanin subpopulations across various cell types, 

emphasising the need for further investigation with a broader range of breast and colorectal epithelial cell-derived 

sEVs. 

 

An important consideration in the context of these findings is the difference between the in vitro and in vivo 

environments. While the tetraspanin data were acquired from cell culture models, the in vivo cancer environment 

presents a more complex and dynamic setting that could significantly influence sEV biogenesis and cargo sorting, 

and therefore, the tetraspanin profile (Gupta et al., 2020). The TME, including factors such as hypoxia, pH 

variation, and the presence of immune and stromal cells, plays a critical role in modulating EV production, 

composition, and function (Tao & Guo, 2020). In particular, 3D environments, as observed in vivo, have been 

shown to affect sEV composition. These differences are largely attributed to enhanced cell-cell and cell-matrix 

interactions in 3D environments, which more accurately replicate the conditions within a tumour. Rocha et al. 

(2019) compared sEVs released by tumour cells in 2D and 3D cultures and found that 3D cultures released higher 

amounts of sEVs, exhibited differences in miRNA composition, and showed distinct protein expression profiles. 

To address these complexities and validate in vitro findings, further research should involve in vivo models and 

clinical samples to capture the influence of true physiological conditions on the tumour and, consequently, on 

sEVs. Employing advanced in vivo models, such as patient-derived xenografts and organoids, can provide more 

accurate insights into the role of the TME in sEV biogenesis and function. Additionally, integrating multi-omics 

approaches, including proteomics and glycomics, may help delineate the specific molecular characteristics of 

sEVs in various tumour contexts, thereby enhancing their potential as diagnostic and therapeutic tools. 
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3.6. KEY FINDINGS 

• Cleanup by SEC of excess CFDA-SE staining of sEVs is essential to obtain maximum signal of antibody 

of interest. 

• A minimum of 5 minutes acquisition time is required for plate mode on the CellStream instrument for 

operating single-vesicle analysis of sEVs samples. 

• Sample acquisition of sEVs by single-vesicle analysis past the 67-minute and 30-second mark exhibited 

a decline in integrity results in a diminished signal of interest.  

• Single-vesicle flow cytometry revealed increased ‘CD81-positive’ sEVs abundance in ‘metastatic’ MCF-

7 cells in comparison to ‘primary’ BT-474 and ‘normal’ hTERT-HME1 sEVs.  

• There was a higher abundance of CD63 than CD81 on the surface of colorectal epithelial sEVs from 

NCM460, SW480, and HT-29 cells. 
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4. HPA BINDING sEVs AND THEIR FUNCTIONAL ROLE IN CELL MOTILITY 

4.1. BACKGROUND 

In cancer, truncated O-linked glycans are frequently detected and serve as prominent markers of malignancy 

(reviewed by Stowell et al., 2015; Varki et al., 2022). HPA, a lectin of particular interest, has been extensively 

studied in the context of the altered glycosylation patterns associated with cancer metastasis (section 1.4.3). 

Although sEVs are known to play a significant role in cancer development, a comprehensive understanding of 

their overall glycosylation profile is often overlooked. Moreover, the exact biological functional role of the 

glycosylation profile of sEVs is limited, particularly in facilitating key pro-metastatic characteristics such as 

motility and adhesion changes. In this chapter, epithelial model cell lines were initially characterised for HPA-

lectin binding using confocal microscopy and flow cytometry. Subsequently, efforts shifted to characterising HPA 

lectin binding of sEVs derived from these epithelial model cell lines was assessed, specifically assessing sEVs 

tetraspanin-positive CD81 and CD63 sEVs subpopulations. To further understand the functional involvement of 

sEVs taken up by recipient cells in acquiring pro-metastatic capabilities, wound healing and static adhesion assays 

were conducted. The potential involvement of HPA-recognising glycans on sEVs on cell motility was then 

explored in the wound healing assays by masking these glycans. 

 

4.1.1. CANCER-ASSOCIATED sEVs AND TRUNCATED O-GalNAc (MUCIN-TYPE) 

GLYCANS 

Despite the extensive literature documenting abnormal mucin-type O-glycosylation in breast and colorectal cancer 

cells through HPA lectin binding (section 1.4.3), the glycosylation patterns of their derived sEVs remain largely 

unexplored.  Few studies have suggested the presence of mucin-type O-glycans on sEVs from other cancer types, 

indicating a potential role in cancer pathogenesis (Dusoswa et al., 2019; Feng et al., 2018). In this study, breast 

and colorectal epithelial cell lines representing ‘normal’, ‘primary’, and ‘metastatic’ cancer were qualitatively and 

quantitatively assessed for HPA lectin binding using confocal microscopy and flow cytometry. Subsequently, 

sEVs derived from these cell lines underwent HPA lectin labelling using single-vesicle flow cytometry, 

specifically targeting sEVs tetraspanin-positive CD81 and CD63 subpopulations.  

  

4.1.2. EVALUATING THE FUNCTIONAL ROLE OF sEVS IN THE METASTATIC 

CASCADE in vitro 

Metastasis is a hallmark of tumour malignancy and is responsible for most cancer-related fatalities. However, the 

underlying mechanisms remain poorly understood (reviewed by Fares et al., 2020). Over the last two decades, 

research has revealed the significant involvement of sEVs in facilitating metastasis by mediating intercellular 

communication (reviewed by Becker et al., 2016; Li et al., 2019). One crucial aspect of the metastatic process is 

the formation of a pre-metastatic niche, a microenvironment at distant sites prepared by the primary tumour to 

support future metastasis (Zoccoli et al., 2012). Interestingly, sEVs released by cancer cells have been established 

to orchestrate the formation of a premetastatic niche. Tumour-derived sEVs, which contain mRNAs, small RNAs, 
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microRNAs, DNA fragments, proteins, and metabolites, drive pre-metastatic niche formation by promoting 

angiogenesis, altering stromal cell phenotypes, restructuring the ECM, inducing immunosuppression, and 

modifying the metabolic environment of organs (reviewed by Li et al., 2024).  

 

To gain insight into the role of sEVs in cancer metastasis, researchers have implemented in vitro experimental 

assays that mimic pathological events during the metastasis cascade offering a valuable approach. For example, 

O’Brien et al. (2013) conducted a wound healing assay to evaluate the impact of sEV uptake from aggressive 

breast cancer cells on recipient, less aggressive breast cancer cells, revealing enhanced cell motility in recipient 

cells. The wound healing assay involves creating an artificial ‘wound’ by scratching a monolayer of cells and 

subsequently measuring the migration of cells over the ‘wound’ area over a period. Another example of an in vitro 

experimental assay is the static adhesion assay, which mimics a key stage in the metastatic cascade where 

metastasising cells reach the endothelial walls, adhere to them, and eventually intravasate and extravasate to form 

distant tumour foci (Kramer & Nicolson, 1979). The assay involves culturing endothelial cells in a monolayer, 

pre-activating them with pro-inflammatory cytokines, introducing fluorescently labelled cancer cells into the 

endothelial monolayer, and then removing non-bound cells before fixing and counting the remaining bound cells. 

In this study, both assays were used to test the effect of recipient cells treated with sEVs on cellular motility and 

the ability to adhere to the endothelium. To specifically investigate the impact of GalNAc glycans on sEVs to 

modulate cell motility characteristics on recipient cells, these glycans as recognised by HPA lectin were masked 

on sEVs, treated on recipient cells and evaluated by the wound healing assay. 
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4.2. AIMS AND OBJECTIVES 

The experiments detailed in this chapter aimed to characterise the O-linked GalNAc glycosylation of breast and 

colorectal cells as recognised by HPA lectin binding. As the binding of HPA has garnered considerable attention 

in identifying glycosylation patterns associated with cancer metastasis, as discussed in section 1.5.3. In addition, 

the experiments aimed to determine the impact of sEVs and their GalNAc glycans in modulating motility cell 

changes on treated recipient cells.  Furthermore, the study also evaluated the impact of sEVs treated on recipient 

cells on inducing changes for their capability to adhere to endothelial monolayers. 

 

The objectives were:  

 

1) To assess HPA lectin binding to GalNAc-glycans on the surface of breast and colorectal epithelial cell 

lines derived from ‘normal’, ‘primary’ and ‘metastatic’ cancer cell phenotypes using confocal 

microscopy and flow cytometry.  

 

2) To quantify the abundance of HPA-binding GalNAc glycans on the surface of ‘CD81-positive’ and 

‘CD63-positive’ sEVs derived from ‘normal’. ‘primary’ and ‘metastatic’ cancer cell phenotypes by HPA 

lectin binding and single-vesicle flow cytometry. 

 

3) The identify the effects of sEVs derived from ‘normal’ and ‘metastatic’ cancer-associated cell 

phenotypes on inducing motility and adhesion changes in treated recipient cells were evaluated by 

wound-healing assay and static adhesion assay. 

 

4) To identify the effect of HPA lectin recognising glycans on sEVs derived from ‘normal’ and ‘metastatic’ 

cancer-associated cell phenotypes on motility in treated recipient cells in a wound-healing assay.  
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4.3. METHODS 

4.3.1. HPA CHARACTERISATION OF EPITHELIAL CELL LINE MODELS 

4.3.1.1. HPA LABELLING AND ASSESSMENT USING CONFOCAL MICROSCOPY 

To quantify HPA lectin binding and qualitatively confirm cell surface binding in ‘normal’, ‘primary’, and 

‘metastatic’ cancer cell phenotypes of breast and colorectal cancer, confocal microscopy was utilised, following 

the methodology outlined in section 2.3. 

4.3.1.2. FLOW CYTOMETRY ANALYSIS OF HPA LECTIN LABELLING ON 

EPITHELIAL CELL SURFACES 

To quantify HPA lectin binding on the cell surface of breast and colorectal epithelial cell models, flow cytometry 

was employed following the methodology described in section 2.2.  

 

4.3.2. SINGLE-VESICLE FLOW CYTOMETRY 

4.3.2.1. HPA LECTIN PROFILING OF EPITHELIAL DERIVED sEVs 

To quantify the HPA-lectin binding on epithelial-derived sEVs of both breast and colorectal cells, single-vesicle 

flow cytometry was performed. The methodology for extracting sEVs from their parental cells is detailed in 

section 2.4.1. The single-vesicle flow cytometry methodology is outlined in section 2.6. including the instrument 

settings (section 2.6.1), calibration of sizing and fluorescence in preparation for acquisition of sEVs (section 

2.6.2), and sEVs lipid staining and detection antibody labelling of CD81 and CD63, followed by HPA lectin 

labelling is outlined in section 2.6.3.  

 

4.3.3. WOUND HEALING ASSAY  

4.3.3.1. HPA LECTIN PROFILING OF EPITHELIAL DERIVED sEVs ASSESSMENT OF 

sEVs TREATMENT ON CELL MOTILITY 

A wound-healing assay was conducted to investigate the functional involvement of sEVs derived from breast and 

colorectal epithelial cell lines on cell motility. First, sEVs were extracted from the parental cells of both breast 

hTERT-HME1 and MCF-7 cells and colorectal NCM460 and HT-29 cells, as outlined in section 2.4.1. The details 

of the experimental procedure of the wound healing assay, including the preparation of plates, seeding of cells, 

wound creation, and appropriate control of image acquisition and processing, are detailed in section 2.7.2. The 

details of the treatment of cells with sEVs are detailed in section 2.7.1. 
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4.3.3.2. ASSESSMENT OF sEVs HPA LECTIN RECOGNISING GLYCANS TREATMENT 

ON CELL MOTILITY  

A wound healing assay was conducted to investigate the functional involvement of HPA lectin recognising 

glycans on breast epithelial derived sEVs on recipient cells motility.  Firstly, sEVs were extracted from breast 

hTERT-HME1 and MCF-7 cells and colorectal NCM460 and HT-29 cells as outlined in section 2.4.1. Breast 

epithelial sEVs GalNAc-glycans were then blocked by incubating with HPA (section 2.6.3). This was followed 

by purification using NAP-5 SEC columns (GE Healthcare) to eliminate any unbound HPA. The HPA-bound 

sEVs and background controls, with no sEVs or HPA treatment, were run concurrently to account for any 

functional effects observed via non-bound HPA. The methodology of the wound healing assay, including 

preparation of plates, seeding of cells, wound creation, appropriate controls, and image acquisition and processing, 

are detailed in section 2.7.2. Cells were treated with 1 x 10 9 particles/ml sEVs labelled with HPA as described in 

section 2.7.1. 

 

4.3.4. STATIC ADHESION ASSAY 

4.3.4.1. ASSESSMENT OF sEVs TREATMENT ON CELL ADHESION 

To investigate the effect of sEVs derived from ‘normal’ and ‘metastatic’ breast and colorectal phenotypes to 

induce adhesion changes in recipient cells to endothelial cell monolayers, a static adhesion assay was conducted. 

The experimental outline, including the preparation of plates, seeding of endothelial cells, appropriate controls, 

and image acquisition and processing, is detailed in section 2.7.3. The methodology for treating cells with sEVs 

is outlined in section 2.7.1 
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4.4. RESULTS 

4.4.1. CELL SURFACE LOCALISATION OF HPA BINDING IN BREAST AND 

COLORECTAL MODEL CELL LINES  

To identify the localisation of HPA lectin binding on the model cell lines, lectin cytochemistry and confocal 

microscopy Z-stack analysis were adopted, and results are illustrated in Figure 4.1. Notably, an initial examination 

of the Z-stack images revealed that the HPA lectin recognised glycans on the cell surface rather than in an 

intracellular localisation (Figure 4.1-D). Controls were included, as described in section 2.3. Analysis of all cell 

lines showed a significant increase in the mean fluorescence for HPA binding compared to the controls, 

confirming the presence of GalNAc-glycans. Analysis of the breast cell lines revealed that MCF-7 cells exhibited 

higher levels of GalNAc-glycans compared to BT-474 and hTERT-HME1 breast cells, with average fold increases 

of 1.7 and 2.7, respectively (p < 0.0001) (Figure 4.1-C). Similarly, among the colorectal cell lines, HT-29 cells 

exhibited the highest levels of HPA binding, with an average 2.9-fold and 2.1-fold increase in normalised 

fluorescence compared with SW480 and NCM460 cells, respectively (p < 0.0001) (Figure 4.2-C).  
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Figure 4.1. HPA glycosylation profiling of breast epithelial cell lines by confocal microscopy. (A) Breast epithelial cell lines (hTERT-HME1, BT-474, and MCF-7) were probed with HPA lectin (red), CellMaskTM 

to label the plasma membrane (green), and DAPI to label the nuclei (blue). The images show the HPA negative control (cells without HPA lectin), GalNAc inhibitor control (cells with HPA and sugar-specific control 

GalNAc), and HPA positive control (cells with HPA to identify the presence of GalNAc glycans). Scale bars = 10 µm. (B) The same images as in panel A, without plasma membrane overlay. (C) Quantification of 

fluorescence intensity normalised to the area occupied by the plasma membrane (green) for hTERT-HME1, BT-474, and MCF-7 cells. (D) An example of a Z-stacking image of a cell highlighting HPA lectin binding 

on the cell surface (red arrows indicate what appears to be internal labelling, but when the image is flipped, they appear to be external, represented by the white arrows). (E) Huang’s thresholding method was used 

to highlight the plasma membrane region of breast cells. Each experiment was performed in triplicate, with error bars representing the Stdev of the data. A t-test followed by Welch’s correction was used for statistical 

analysis, and significance was set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Figure 4.2. HPA glycosylation profiling of colorectal epithelial cell lines by confocal microscopy. (A) Colorectal epithelial cell lines (NCM460, SW480, and HT-29) were probed with HPA lectin (red), CellMaskTM 

to label the plasma membrane (green), and DAPI to label the nuclei (blue). The images show HPA negative control (cells without HPA lectin), GalNAc inhibitor control (cells with HPA and sugar-specific control GalNAc), 

and HPA positive control (cells with HPA to identify the presence of GalNAc glycans). Scale bars = 10 µm. (B) The same images as in panel A, without the plasma membrane overlay. (C) Quantification of fluorescence 

intensity normalised to the area occupied by the plasma membrane (green) for NCM460, SW480, and HT-29 cells. (D) Huang’s thresholding method was used to highlight the plasma membrane region of breast cells. 

Each experiment was performed with biological triplicates with three technical triplicates with error bars representing the Stdev of the data. T-test followed by Welch’s correction was used for statistical analysis and 

significance were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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4.4.2. FLOW CYTOMETRY ANALYSIS OF HPA LECTIN BINDING OF BREAST 

AND COLORECTAL EPITHELIAL CELLS 

To quantify the binding profile of HPA lectin to human breast (hTERT-HME1, BT-474, and MCF-7) and 

colorectal (NCM460, SW480 and HT-29) cell lines, flow cytometry was performed and results are presented in 

Figure 4.3. Competitive inhibition of HPA binding in the presence of GalNAc was used as a lectin specificity 

control, and an HPA negative control (omission of lectin incubation) was employed to accurately identify positive 

fluorescence signals. The resulting histograms, depicted in Figure 4.3 A-F, revealed a significant increase in HPA-

binding fluorescence in all cell lines compared with both controls, indicating the presence of GalNAc-glycans. 

Interestingly, MCF-7 breast cancer cells exhibited an MFI average fold increase of 2 and 11 relative to BT-474 

and hTERT-HME1 cells, respectively (p < 0.0001) (Figure 4.3-G). In the colorectal cell line HT-29, the average 

MFI-fold increases were 2 and 5 relative to SW480 (p<0.001) and NCM460 (p < 0.0001), respectively (Figure 

4.3-H). 
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Figure 4.3. HPA glycosylation profiling on epithelial cell lines by flow cytometry. (A-C) Histogram profiles of breast cell lines showing HPA binding alongside ancestral gating of live and single-cell exclusion. (D-F) 

Colorectal cell lines. (G) Median fluorescence (AU) of breast cancer cell lines with the HPA negative control (cells without HPA lectin), GalNAc inhibitor control (cells with HPA and sugar-specific control GalNAc), and 

HPA positive control (cells with HPA to identify the presence of GalNAc glycans) (H) Median fluorescence (AU) of colorectal cell lines with the HPA negative control, GalNAc inhibitor control, and HPA positive control. 

(I) Staggered histogram comparison of breast cancer cell lines for HPA positivity. (J) Staggered histogram comparison of HPA positivity in colorectal cell lines. Each experiment was performed in triplicate, with error 

bars representing the Stdev of the data. T-test followed by Welch’s correction was used for statistical analysis and significance were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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4.4.3. TETRASPANIN SUBPOPULATION ANALYSIS OF BREAST AND 

COLORECTAL EPITHELIAL sEVs WITH FLUORESCENTLY LABELLED 

HPA  

This study focused on analysing HPA lectin recognising glycans on sEVs by refining the single-vesicle flow 

cytometry analytics described in section 2.6. This analysis employed separate CD81 and CD63 antibody 

detections, each paired with HPA lectin. To reveal distinct glycosylation patterns associated with sEVs positive 

for each tetraspanin, providing deeper insights into GalNAc glycan enrichment of sEVs from breast and colorectal 

epithelial cell lines. The raw results, including the mean ± SD of HPA binding via CD81 or CD63 detection 

normalised to CFSE events/ml and MESF values, are shown in Table 4.1. 

 

The binding of HPA lectin to breast and colorectal ‘CD81-positive’ and ‘CD63-positive’ sEVs exhibited a notable 

increase in fluorescent intensity compared to the lectin sugar specific control samples. In these control samples, 

GalNAc was utilised to inhibit the binding of HPA prior to labelling, confirming, through competitive inhibition, 

the recognition of GalNAc glycans on the sEVs by HPA (Figure 4.4 and 4.5 C-E, F-G). Analysis of breast 

epithelial-derived sEVs revealed varying HPA-binding profiles, which were observed in association with their 

tetraspanin composition (Figure 4.4-A). In MCF-7 sEVs, a pronounced increase in HPA binding was observed in 

CD81-postive sEVs showing a 1.4-fold higher level than that of ‘CD63-positive’ sEVs (p < 0.05).  For hTERT-

HME1 and BT-474 sEVs, there were no significant differences in HPA lectin binding between the ‘CD81-

positive’ and CD63-postive sEVs. This indicates a uniform pattern of HPA-lectin interactions across these 

tetraspanins. Interestingly, comparisons between the different phenotypes of breast sEVs HPA lectin binding were 

observed for ‘CD81-positive’ sEVs in ‘metastatic’ cancer-associated MCF-7 sEVs, which showed a significant 

increase of 1.5-fold higher than that in ‘normal’ hTERT-HME1 sEVs, and 2.5-fold higher than that in primary 

cancer-associated BT-474 sEVs (p < 0.01). However, no differences in HPA lectin binding were observed 

between BT-474-and HME ‘CD81-positive’ sEVs, reflecting similar findings in ‘CD63-positive’ sEVs for BT-

474 and MCF-7 sEVs. Similarly, no variations were observed in the MESF values across the different breast sEV 

phenotypes (Figure 4.4-B).  

 

The same comparisons were made for colorectal epithelial-derived sEVs, although the only significant differences 

were observed in the MESF values (Figure 4.5 A-B). Comparisons of the HPA MESF values of ‘CD81-positive’ 

and ‘CD63-positive’ sEVs revealed an increase of 1.2- in HT-29 compared to NCM460 sEVs (p < 0.01, CD81; 

p < 0.0001 for CD63) and SW480 sEVs (p < 0.001 for CD81 and p < 0.01 for CD63) (Figure 4.5-B). 
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Table 4.1. HPA lectin binding quantity (MESF) or percentage of total CFSE positive EVs split into CD81-

positive and CD63-positive sEVs from breast and colorectal epithelial cells by single-vesicle flow cytometry.  

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

 

 

 

 

 

 

Organ of Origin 
Cell Line 

sEVs 

CD81-positive 

sEVs HPA 

MESF (mean ± 

SD) 

CD63-

positive 

sEVs HPA 

MESF 

(mean ± SD) 

CD81-positive sEVs 

HPA events/ml % 

of CFSE events/ml 

(mean ± SD) 

CD63-positive sEVs 

HPA events/ml % of 

CFSE events/ml 

(mean ± SD) 

CD81-

positive vs 

CD63-

positive 

sEVs HPA 

Vs HME 

/NCM460 

sEVs 

Vs MCF-7/ 

HT-29 sEVs 

Breast 

hTERT

-HME1 

sEVs 

56.62 ± 

10.88 

49.86 ± 

7.19 
10.84 ± 1.00 14.52 ± 3.91 

Events/ml 
NS 

MESF 
NS 

 

Events/ml 
CD81= ** 
CD63= ** 

MESF 
CD81= NS 
CD63= NS 

BT-474 

sEVs 

 

52.21 ± 

13.56 

43.14 ± 

17.16 
5.85 ± 3.41 6.79 ± 6.36 

Events/ml 
NS 

MESF 
NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

Events/ml 
CD81= ** 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

MCF-7 

sEVs 
49.44 ± 6.15 

47.06 ± 

1.64 
16.82 ± 2.88 11.34 ± 3.28 

Events/ml 
* 

MESF 
NS 

Events/ml 
CD81= ** 
CD63= ** 

MESF 
CD81= NS 
CD63= NS 

 

Colorectal 

NCM46

0 sEVs 
52.09 ± 6.36 

53.15 ± 

1.05 
10.85 ± 6.30 11.46 ± 6.23 

Events/ml 
NS 

MESF 
NS 

 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= ** 

CD63= 
**** 

SW480 

sEVs 
50.88 ± 3.09 

52.44 ± 

6.16 
13.05 ± 6.06 13.43 ± 8.47 

Events/ml 
NS 

MESF 
NS  

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= *** 
CD63= ** 

HT-29 

sEVs 
61.48 ± 3.48 

65.06 ± 

2.95 
15.27 ± 3.20 17.44 ± 6.82 

Events/ml 
NS 

MESF 
NS  

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= ** 

CD63= 
**** 
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(A) 

(B) 
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Figure 4.4. Single-vesicle flow cytometry analysis of HPA lectin binding to CD81-positive or CD63-positive breast sEVs. (A) Quantification of HPA+ events/ml normalised to the percentage of CFSE events/ml for 

hTERT-HME1, BT-474, and MCF-7 sEVs which are either CD81-postive or CD63-positive. (B) APC MESF values of HPA+ for hTERT-HME1, BT-474, and MCF-7 sEVs with arbitrary units of MFI converted to 

standardised MESF units using vCalTM nanorainbow beads. (C-E) Histogram profiles of the breast sEVs after gating showing HPA lectin binding of CD81-positive sEVs fluorescence alongside the sugar-specific control 

GalNAc outlined in black. (F-H) Histogram profiles of the breast sEVs after gating showing HPA lectin binding of CD63-positive sEVs fluorescence alongside the sugar-specific control GalNAc outlined in black. Each 

experiment consisted of biological triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were 

applied accordingly. For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. Significance levels were set at *p < 0.05 and **p < 0.01. 
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Figure 4.5. Single-vesicle flow cytometry analysis of HPA lectin binding to CD81-positive or CD63-positive colorectal sEVs. (A) Quantification of HPA+ events/ml normalised to the percentage of CFSE events/ml 

for NCM460, SW480, and HT-29 sEVs which are either CD81-postive or CD63-positive. (B) APC MESF values of HPA+ for NCM460, SW480, and HT-29 sEVs with arbitrary units of MFI converted to standardised 

MESF units using vCalTM nanorainbow beads. (C-E) Histogram profiles of the colorectal sEVs after gating showing HPA lectin binding of CD81-positive sEVs fluorescence alongside the sugar-specific control GalNAc 

outlined in black. (F-H) Histogram profiles of the colorectal sEVs after gating showing HPA lectin binding of CD63-positive sEVs fluorescence alongside the sugar-specific control GalNAc outlined in black. Each 

experiment consisted of biological triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were 

applied accordingly. For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. Significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001. 
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4.4.4.  THE EFFECT OF sEVs TREATMENT ON RECIPIENT CELL MOTILITY  

To investigate the potential functional involvement of sEVs derived from breast and colorectal epithelial cell line 

in cell motility, a wound healing assay was conducted. In this study, the assay was used to investigate the potential 

functional involvement of sEVs treated on recipient cell motility.   

 

After the 24-hour time point, which corresponded to the peak of the observed gap closure in breast cells, colorectal 

exhibited minimal gap closure, indicating slower motility. hTERT-HME1 cells treatment with 1 × 108 particles/ml 

of MCF-7 sEVs induced motility by increasing gap closure by a fold difference of 4.8 times compared to hTERT-

HME1 sEVs at the same density (p < 0.01) (Figure 4.6-A). In contrast, treatment of MCF-7 cells with their 

respective sEVs was observed to induce an inhibitory effect on motility in comparison to the no-treatment group 

for the different densities, with a fold difference of 2.8 at 1 × 109 particles/ml (p < 0.001), 2.5 at 1 × 108 particles/ml 

(p < 0.01), and 2.6 at 1 × 107 particles/ml (p < 0.01) (Figure 4.7-A). Conversely, MCF-7 cells treated with hTERT-

HME1 sEVs at varying densities did not exhibit any significant differences, suggesting a consistent effect, 

irrespective of the concentration used. In addition, MCF-7 sEVs showed a greater inhibitory impact on cell 

motility, marked by fold differences of 2.9 at 1 x 109 particles/ml (p < 0.001), 3.1 at 1 x 108 particles/ml 

(p < 0.001), and 3.7 at 1x107 particles/ml (p < 0.001) compared to hTERT-HME1 sEVs treatment at the same 

densities. The same comparisons were also made for sEVs treatment on the colorectal cell lines; however, no 

statistically significant differences were revealed among the various sEVs densities and treatments for both 

NCM460 and HT-29 cells (Supplementary Figure 6 and 7). 

 

Because of the observed motility changes triggered by breast sEVs, HPA lectin was utilised to target and obstruct 

HPA-binding glycans on the surface of sEVs before treatment of recipient cells. To account for any residual lectin 

not removed during cleanup, an additional sample, labelled as the 'background control’, was processed with HPA 

and no sEVs, alongside the no-HPA and sEVs-treated samples. However, no significant differences were detected 

(Figure 4.6-B and 4.7-B). 
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(A) 

(B) 

(C) 

Figure 4.6. Wound healing assay using breast hTERT-HME1 cells. (A) The migration area of hTERT-HME1 cells after treatment with different densities of MCF-7 sEVs and hTERT-HME1 sEVs (1 × 109, 1 × 108, 

and 1 × 107 particles/ml as determined by NTA) alongside a no-treatment control comprising growth media. (B) The migration area of hTERT-HME1 cells after treatment with MCF-7 sEVs labelled with HPA lectin 

alongside MCF-7 sEVs without HPA labelling, a background control with no sEVs subjected to the same procedure as the HPA-labelled sEVs, and a no-treatment control consisting of growth medium. (C) Representative 

images of hTERT-HME1 wound healing assay used to quantify cell migration at 0, 4, 8, and 24 h time points. The quantified areas are shown in red. Scale bars are 25µm. Each experiment consisted of biological 

triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. For 

parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. Significance levels were set at *p < 0.05 and **p < 0.01. 
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Figure 4.7. Wound healing assay assessment of breast MCF-7 cells. (A) The migration area of MCF-7 cells after treatment with different densities of hTERT-HME1 sEVs and MCF-7 sEVs (1 × 109, 1 × 108, and 1 × 

107 particles/ml as determined by NTA) alongside a no-treatment control comprising growth media. (B) The migration area of MCF-7 cells after treatment with hTERT-HME1 sEVs labelled with HPA lectin alongside 

hTERT-HME1 sEVs without HPA labelling, a background control with no sEVs subjected to the same procedure as HPA-labelled sEVs, and a no-treatment control consisting of growth medium. (C) Representative 

images of the MCF-7 wound healing assay used to quantify cell migration at 0, 4, 8, and 24 h time points. Quantified area shown in red. Scale bars are 25µm. Each experiment consisted of biological triplicates with 

three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. For parametric t-tests, 

Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. The significance levels were set at *p < 0.05, **p < 0.01, and ***p < 0.001. 
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4.5. DISCUSSION 

4.5.1. HPA LECTIN BINDING CORRELATES WITH METASTATIC PHENOTYPE 

IN BREAST AND COLORECTAL EPITHELIAL CELL LINES 

Breast and colorectal epithelial cell lines representing different phenotypes, including ‘normal’, ‘primary’, and 

‘metastatic’ cancer, were assessed for HPA lectin binding using flow cytometry and confocal microscopy. The 

results revealed that both breast and colorectal cancer epithelial cell lines exhibited a higher HPA-binding capacity 

than ‘normal’ cell lines. HPA labelling was most pronounced in cell lines with a ‘metastatic’ phenotype, indicating 

the significant presence of GalNAc glycans. Confocal microscopy revealed that HPA binding specifically 

localised to the cell surface glycocalyx. These results align with prior investigations indicating a correlation 

between HPA binding and the metastatic cancer phenotype of breast and colorectal cells. Similarly, Brooks et al. 

(2001) conducted a study characterising various human breast cancer cell lines, such as BT-474 and MCF-7, along 

with normal breast epithelium, to assess HPA lectin binding using confocal microscopy and flow cytometry. Their 

findings revealed significant HPA lectin binding in ‘metastatic’ breast cells (MCF-7) compared to ‘primary’ BT-

474 cells, whereas HPA binding was nearly absent in selected normal breast epithelial cells (HMT 3522). 

Xenograft models of colorectal cancer, specifically HT-29 cells, have also confirmed that HPA-positive tumour 

cells have a higher metastatic potential, whereas HPA-negative tumour cells typically do not exhibit metastatic 

behaviour (Schumacher & Adam, 1997). In addition, investigations of clinical tissue samples have demonstrated 

a strong association between HPA binding and metastasis in breast and colorectal cancers as discussed in section 

1.4.3. However, it’s important to note that these clinical studies have utilised a subjective scoring system and a 

positive control to evaluate HPA labelling intensity. In contrast, this study demonstrates a computational workflow 

for confocal microscopy quantification, offering advantages like reduced technical variability, minimised bias, 

and increased efficiency. Additionally, employing advanced technologies like flow cytometry, as shown in this 

study, could offer a more reliable and quantitative approach. 

 

The specific recognition of HPA glycoproteins associated with cancer and metastasis, which is distinct from that 

found in normal cells, represents a crucial area for further exploration and understanding. Recently, by 

implementing lectin pulldown and proteomic tools, Khosrowabadi et al. (2022) uncovered ~85 glycoproteins with 

either known or potential binding for HPA in a variety of cancer cell line models. Among the glycoproteins, they 

identified several glycoproteins associated with metastasis, including MMP-14, EGFR, αV, β1, and β4 integrins, 

which displayed higher levels of the GalNAc glycotope in lectin pull-down samples of highly invasive cancer cell 

lines than in poorly invasive cells. However, the study highlighted the necessity for better identification of the 

glycoproteins that bind HPA, and a deeper understanding of how altered glycosylation regulates the activity of 

these proteins. Future research should focus on implementing advanced techniques to precisely identify 

glycoproteins associated with HPA binding and cancer metastasis. 
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4.5.2. CORRELATION OF HPA LECTIN BINDING WITH METASTATIC 

PHENOTYPE IN BREAST sEVs 

Confocal microscopy and flow cytometry analysis of HPA lectin binding revealed a higher abundance of GalNAc 

glycans in ‘metastatic’ phenotypes of both breast and colorectal cells. Consequently, this study sought to 

investigate whether sEVs derived from breast and colorectal cell lines exhibited a similar correlative effect in 

terms of HPA lectin binding across different phenotypes, with a particular focus on CD81 and CD63 tetraspanin 

composition. 

 

Similar to the tetraspanin analysis, two distinct analyses were conducted: quantification of MESF and assessment 

of the proportion of sEVs in a population positive for HPA binding by normalising against CFSE positivity. The 

MESF analysis is a technique used to quantify the number of fluorescent molecules bound to a single vesicle, 

which allows for the standardisation and comparison of fluorescence intensity across different samples. This is 

particularly useful for determining the relative abundance of a specific marker on the surface of the sEVs. In 

contrast, assessing the proportion of sEVs positive for HPA binding by normalising against CFSE positivity 

provided a more reliable and comprehensive measurement across the entire sample, allowing for an increased 

dynamic range of measurement. However, concerns emerged in regards to the MESF analysis which revealed 

minimal significant differences. Such analyses typically involve antibodies directly, and no studies have used this 

approach for lectins. With extensive labelling involving CFDA-SE, tetraspanins, and HPA, questions were raised 

about the instruments capability to directly measure single vesicles at such sensitivity levels, raising concerns 

about measurement reliability. Consequently, while these analyses were conducted to meet the MIFlowCyt-EV 

guidelines, they focused primarily on assessing the proportion of sEVs positive for lectin binding by the 

tetraspanin population (Welsh et al., 2020). This analysis was deemed more reliable because of the implemented 

normalisation process, which was absent in the MESF analysis. 

 

Notably, ‘metastatic’ MCF-7 ‘CD81-positive’ sEVs showed increased HPA lectin binding in comparison to 

‘CD63-positive’ sEVs. Moreover, ‘metastatic’ MCF-7 ‘CD81-positive’ sEVs showed increased HPA lectin 

binding compared with those from ‘normal’ hTERT-HME1 and ‘primary’ BT-474 cells. Interestingly, other 

studies have suggested the presence of mucin-type O-glycans on sEVs from other cancer types. For instance, Tn 

antigen has been detected on sEVs from brain, cervical, and pancreatic cancer cells (Dusoswa et al., 2019; Feng 

et al., 2018). Moreover, sTn has been described on sEVs derived from gastric and lung cancer cells (Freitas et al., 

2019; Nagao et al., 2022). T antigen has also been identified on ovarian and cervical cancer cell-derived sEVs 

(Feng et al., 2018; Gomes et al., 2015). The study described here, however, marks the first specific identification 

of the increased abundance of GalNAc glycans recognised by HPA lectin on ‘CD81-positive’ sEVs derived from 

breast ‘metastatic’ cancer cells in comparison to those derived from ‘normal’ cells.  

 

Moreover, analysis of the GalNac-glycans on sEVs align with what is seen at the cellular level, suggesting a 

potential parallel in glycan presentation between the cell surface and sEVs, but with nuanced specificity attributed 

to tetraspanin composition. However, recent evidence has suggested a more intricate relationship. For example, 

Nishida-Aoki et al. (2020) identified distinct glycosylation patterns on sEVs derived from BMD2a cells, a brain 
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metastatic subline of the human triple-negative breast cancer cell line, MDA-MB-231. Their study revealed unique 

glycosylation profiles in BMD2a sEVs compared to those in their parental cells, suggesting that sEVs possess a 

distinctive glycosylation pattern. Moreover, Gomes et al. (2015) demonstrated that sEVs derived from ovarian 

carcinoma cells, OVMz, exhibit distinct glycosignatures, such as complex N-glycans and T-antigen O-glycans, 

differentiating them from whole-cell membranes. These findings are consistent with those of Escrevente et al. 

(2011) who showed that sEVs from ovarian cancer were enriched in specific Man- and Sia-containing 

glycoproteins. Collectively, these contrasting findings underscore the likelihood of a selective mechanism 

dictating the glycan composition of sEVs, revealing the complex and highly specific processes of sEV 

glycosylation.  

 

4.5.3. BREAST CELL LINE TREATMENT WITH sEVs IMPACTS MOTILITY 

CHARACTERISITICS  

Initially, attempts were made to investigate the role of sEVs and their uptake by recipient cells in altering adhesive 

capabilities to endothelial monolayers, using a static adhesion assay (Supplementary Figure 8 and 9). However, 

no significant effects were observed, suggesting that sEVs may not influence adhesive interactions significantly 

under the conditions tested. This led to a focus on investigating a potential effect of sEVs in modulation of cell 

motility. Therefore, to investigate the specific role of sEVs in facilitating changes in cell motility, a wound-healing 

assay was performed. Owing to the current lack of definitive understanding of sEVs secretion rates for each cell 

line, which can be influenced by a variety of physiological conditions, the experimental design of the wound 

healing assay incorporated a range of sEV concentrations. Interestingly, significant changes in cell motility 

associated with sEVs treatment were observed only in ‘normal’ breast hTERT-HME1 and ‘metastatic’ MCF-7 

breast cancer cells. Specifically treating hTERT-HME1 cells with MCF-7 sEVs induced motility by increasing 

gap closure compared to hTERT-HME1 sEVs at 1 × 108 particles/ml. However, this effect was not evident at 

higher (1 × 109 particles/ml) or lower (1 × 107 particles/ml) concentrations of the MCF-7 sEVs. This pattern may 

indicate the presence of a specific concentration threshold or limit within which sEVs induce changes in cell 

motility. These findings contrast with those of a study conducted by Bertolini et al. (2020) who implemented a 

wound healing assay to assess normal MCF10A breast epithelial cells treated with MCF-7 sEVs and observed a 

minimal increase in cell migration compared to controls. This discrepancy might be attributed to factors such as 

the higher sEVs density used in their study, set at 3 × 108 particles/ml sEVs which may further support the notion 

of a concentration-dependent threshold for the role of sEVs in modulating recipient cell motility changes. In 

addition, the choice of a different representative ‘normal’ breast epithelial cell line (MCF10A vs. hTERT-HME1) 

was also implemented, as hTERT-HME1 cells are diploid, whereas MCF10A cells exhibit aneuploidy. 

Chromosomal instability (CIN) inherent in aneuploid cells could potentially influence their signalling pathways 

and cellular behaviours, thereby affecting their responses to sEV-mediated motility changes. Another study by 

Galindo-Hernandez et al. (2015) adopted a wound healing assay with MCF10A cells treated with sEVs from 

breast cancer patients and showed a significant increase in the migration pattern compared to sEVs isolated from 

‘healthy’ individuals. The study deduced that enhanced motility was attributed to sEVs harbouring molecules 

which facilitated the expression of mesenchymal markers such as N-cadherin and vimentin, which are indicative 

of EMT. These findings also suggest that the MCF-7 sEVs used in this study may carry bioactive cargo which 
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facilitates EMT to induce increased motility. Dalla et al. (2020) provided further insights into the molecular 

composition of MCF-7 sEVs using peptide-centric LC-MS/MS proteomics. Amongst the identified proteins of 

MCF-7 sEVs was CD147 (EMMPRIN), which several studies have described as playing a significant role in 

cancer cell adhesion and migration (Landras et al., 2019). MCF-7 sEV cargo, such as CD147, may influence the 

motility of recipient cells as observed in this study. 

 

Given that the wound healing assay primarily measures migration, other assays could be considered to 

complement these findings and provide a broader understanding of the effects of sEVs on recipient cells. 

Proliferation assays, such as the MTT assay or BrdU incorporation assay, can be employed to assess whether sEV 

treatment influences the proliferation rates of recipient cells (Bergler et al., 2010). For example, studies have 

demonstrated that sEVs can enhance the proliferation of cancer cells by delivering growth factors and signalling 

molecules (Chulpanova et al., 2022; Zakiyah et al., 2023). Moreover, as angiogenesis is one of the initial steps in 

metastasis, modelling this process could be crucial for evaluating the role of sEVs in facilitating metastatic 

progression. For instance, studies have highlighted the pivotal role of sEVs in promoting angiogenesis within the 

TME, thereby supporting tumour growth and dissemination (Kalfon et al., 2022; Ko et al., 2019; Roefs et al., 

2023). Therefore, for future investigations, the consideration of alternative assays that encompass a broader 

spectrum of metastatic processes will be essential to comprehensively elucidate the functional impact of sEVs in 

cancer progression. 

 

4.5.4. MASKING HPA LECTIN RECOGNISING GLYCANS OF BREAST sEVs DO 

NOT ALTER RECIPIENT CELL MOTILITY PHENOTYPE 

As a result of the motility changes observed following the administration of breast sEVs, the focus shifted towards 

masking GalNAc glycans on the sEVs by the application of HPA before initiating treatment. Initially, the decision 

to conduct the blocking experiment with MCF-7 sEVs administered to hTERT-HME1 cells and vice versa was 

made to explore the broader implications of sEVs on different cell types. This approach aimed to provide a more 

comprehensive understanding of sEV-mediated cell motility changes beyond self-treatment scenarios. However, 

it is acknowledged that the combination that demonstrated the most significant effects on motility was MCF-7 

and hTERT-HME1 cells self-treated with their sEVs was not included in the blocking experiments. This oversight 

was due to an initial hypothesis that cross-cell line treatments would reveal more generalisable insights into sEV 

functionality. 

 

The results revealed no significant differences, suggesting that HPA-binding glycans on sEVs had no effect on 

treated recipient cell motility. Notably, carbohydrate structures, such as oligosaccharides, polysaccharides, and 

glycoproteins, have been established to play pivotal roles on the vesicle surface, influencing the recipient cell 

uptake of sEVs (Becker et al., 2016; Lin et al., 2020; Martins et al., 2021). Specifically, Williams et al. (2019) 

investigated the role of surface glycans of sEVs in cellular uptake by measuring cellular sEVs uptake by flow 

cytometry after treatment with peptide-N-glycosidase F, which cleaves N-glycans and assesses glycan content by 

lectin microarray and established an increase uptake of sEVs. They attributed the increased uptake of sEVs to the 

removal of glycan structures which removes the steric hindrance of other vesicle surface ligands that are able to 
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encounter their cell surface receptors and through differences in charge-based effects. However, it is important to 

note that the exact digestion efficacy of peptide-N-glycosidase F cannot be determined using lectin microarray 

alone. Nevertheless, considering this, it is plausible that the addition of HPA, designed to obstruct specific glycans, 

may have introduced increased steric hindrance on the vesicle surface. This impedes the interaction of other 

vesicle surface ligands with their respective cell surface receptors, thereby affecting their cellular uptake. 

Furthermore, alteration of surface glycans through fluorescently labelled HPA lectin binding may induce changes 

in interaction properties. For instance, Romanowska et al. (2015) compared hen egg white lysozyme (HEWL) and 

HEWL labelled with fluorescein isothiocyanate, and demonstrated that a small label can significantly change the 

interaction properties of a protein. Collectively, the increased steric hindrance and changes in interaction 

properties through fluorescently labelled HPA lectin may have contributed to the observed absence of significant 

differences in cellular motility. Future work should consider implementing glycosidases to trim specific glycans 

and combining this approach with single-vesicle flow cytometry and a lectin panel encompassing a wide range of 

recognised structures. This would enable quality control of the trimmed glycans and allow for observation of the 

resultant effects on recipient cell motility, providing a more detailed understanding of the sEV glycan-related 

mechanisms at play. 

 

A discrepancy was also observed in the no-treatment control groups across the two experiments, which raises 

important considerations regarding the interpretation of the experimental outcomes. In both experiments, the no-

treatment control was intended to establish a baseline for cell motility, without the influence of sEVs. However, 

the noticeable difference in gap closure between these controls suggests that various factors beyond sEV treatment 

alone may influence cell behaviour in wound-healing assays. Several factors may have contributed to this 

observation. First, inherent variability in cell culture conditions, such as passage number, cell confluence at the 

time of the assay, and subtle differences in media composition or environmental conditions, can affect cellular 

responses. Moreover, methodological aspects, such as slight variations in the execution of the assay, including the 

precision of the scratch made during the assay setup or the timing of image acquisition, could also contribute to 

the differences observed in the no-treatment controls. These findings underscore the complexity of interpreting 

results from wound-healing assays and highlight the importance of considering multiple factors that may affect 

experimental outcomes. Future studies should aim to minimise variability by standardising experimental 

procedures and carefully controlling for environmental and methodological factors. 

 

Additionally, employing complementary assays that corroborate findings from wound healing assays, such as 

real-time cell tracking, transwell migration assays, and spheroid migration assays, could provide further insights 

into the mechanisms underlying cellular responses to sEVs glycans. Real-time cell tracking allows for continuous 

observation of cell movement and provides dynamic data on migration patterns. Transwell migration assays 

enable the assessment of chemotactic migration through a porous membrane, which can be particularly useful for 

studying directional movement (Justus et al., 2023). Spheroid migration assays, which involve three-dimensional 

cell cultures, offers a more physiologically relevant model for studying collective cell migration and invasion 

(Berens et al., 2015).  
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4.6. KEY FINDINGS 

• Increased HPA lectin binding in breast and colorectal cancer epithelial cells correlates with ‘metastatic’ 

phenotype, specifically MCF-7 (breast) and HT-29 (colorectal) in comparison to ‘primary’ BT-474 

(breast) and SW480 (colorectal) and ‘normal’ hTERT-HME1 (breast) and NCM460 (colorectal) cells.  

• Increased HPA lectin binding to breast ‘metastatic’ MCF-7 ‘CD81-positive’ sEVs in comparison to 

‘primary’ BT-474 and ‘normal’ hTERT-HME1 ‘CD81-positive’ sEVs. 

• Increased HPA lectin binding to breast ‘normal’ hTERT-HME1 ‘CD63-positive’ sEVs in comparison to 

‘metastatic’ MCF-7 ‘CD63-positive’ sEVs.  

• Treatment of breast cells with their respective sEVs resulted and facilitated an inhibitory effect on cellular 

motility. 

• Masking HPA-glycans on breast sEVs does not impact recipient cell motility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 
INVESTIGATING THE GLYCOME OF CANCER-

ASSOCIATED sEVs  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 
 

5. INVESTIGATING THE GLYCOME OF CANCER-ASSOCIATED sEVs 

5.1. BACKGROUND 

The experimental findings in Chapter 3 and Chapter 4 revealed higher levels of 'metastatic' MCF-7 'CD81-

positive' sEVs and HPA lectin binding, compared to 'primary' BT-474 and 'normal' hTERT-HME1 'CD81-

positive' sEVs. This pattern was also observed in parental cells with respect to HPA-lectin binding. Hence, it was 

hypothesised that other glycosylated targets on 'CD81-positive' breast sEVs might similarly reflect the glycan 

composition of their parental cell surfaces. In this chapter, 'CD81-positive' breast sEVs derived from the model 

cell lines were profiled for their glycosylated targets, by implementing a lectin microarray, aiming to identify 

lectins specifically bound to cancer-derived sEVs and specifically ‘metastatic’ cancer-derived sEVs. 

Subsequently, efforts shifted to validate the lectin microarray findings by adopting single-vesicle flow cytometry 

analysis. Additionally, flow cytometry was performed to determine whether the observed glycosylation patterns 

at the sEVs level reflected those of their parental cell surface glycosylation, in the same way as previously 

observed with HPA lectin binding of ‘CD81-positive’ breast sEVs. 

 

5.1.1. LECTIN MICROARRAY ANALYSIS 

Lectin microarray analysis has been adopted for a variety of sEVs studies as it allows targeting of all surface 

glycoconjugates of intact vesicles in a single analysis, making lectin microarrays advantageous for unbiased 

analysis (reviewed by Williams et al., 2018). For example, Shimoda et al. (2022) employed a lectin microarray to 

analyse the glycan content of sEVs from 20 distinct cell lines and compared it with the glycan profiles of parental 

cell membranes. Their study revealed notable differences in glycan profiles between the sEV groups and their 

respective original cells. sEVs and their parental cell membranes, in contrast to the observations of HPA lectin 

binding in the present study. This is intriguing not only for the clear application of lectin microarrays for sEVs 

analysis but also for the striking differences observed in glycan content between sEVs and their parental cell 

membranes.  
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5.2. AIMS AND OBJECTIVES 
The aim of this chapter is to explore alternative glycosylation targets of ‘CD81-positive’ breast sEVs that correlate 

specifically to cancer-associated sEVs or ‘metastatic’ cancer associated sEVs and assess whether these distinct 

glycans also reflect the surface glycosylation of their parental cells.  

 

The objectives were:  

 

1) To identify lectins binding ‘CD81-positive’ breast sEVs derived from ‘normal’, ‘primary’ and 

‘metastatic’ cancer cell phenotypes of breast epithelial cell lines using lectin microarray analysis.  

 

2) Validate the lectins binding to ‘CD81-positive’ breast and colorectal sEVs derived from ‘normal’, 

‘primary’ and ‘metastatic’ cancer cell phenotypes using single-vesicle flow cytometry. 

 

3) To quantify lectins binding to breast and colorectal epithelial cell lines derived from normal’, ‘primary’ 

and ‘metastatic’ cancer cell phenotypes using single-vesicle flow cytometry. 
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5.3. METHODS 

5.3.1. LECTIN MICROARRAY ANALYSIS OF CD81-POSITIVE BREAST sEVs 

To examine the surface glycan profiles of sEVs derived from breast cell lines representing different phenotypes, 

a lectin microarray comprising 95 different lectins was adopted following the methodology outlined in section 

2.8. (Figure 2.4 and Supplementary Table 3).  

 

5.3.2. SINGLE-VESICLE FLOW CYTOMETRY  

5.3.2.1. LCA LECTIN AND TL PROFILING OF EPITHELIAL DERIVED sEVs    

To quantify LCA and TL binding of epithelial-derived sEVs from breast and colorectal cells, single-vesicle flow 

cytometry was employed. The methodology for extracting sEVs from their parent cells is detailed in section 2.4.1, 

while section 2.6 outlines the procedure, including instrument settings (section 2.6.1), calibration for sizing and 

fluorescence before sEV acquisition (section 2.6.2), and staining and labelling steps for sEVs lipids, CD81, CD63, 

LCA and TL (section 2.6.3). 

 

5.3.3. FLOW CYTOMETRY ANALYSIS OF LCA LECTIN AND TL LABELLING 

ON EPITHELIAL CELL SURFACES 

To quantify LCA and TL lectin binding on the cell surface of epithelial cell models of breast and colorectal, flow 

cytometry was performed following the methodology outlined in section 2.2.  
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5.4. RESULTS 

5.4.1. LECTIN MICROARRAY ANALYSIS OF BREAST sEVs  

To analyse the surface glycan profiles of breast cell-line-derived sEVs, a lectin microarray comprising of 95 

different lectins was used (Figure 2.4 and Supplementary Table 3). MCF-7-derived sEVs displayed a higher 

overall fluorescence intensity for lectin binding than BT-474 and hTERT-HME1 sEVs (Figure 5.1 A-C). Volcano 

plots were generated to visualise the differences in the surface glycan patterns of sEVs between breast cell lines. 

This comparison was conducted using a two-tailed t-test across sEVs (BT-474 vs. MCF-7, hTERT-HME1 vs. BT-

474, and hTERT-HME1 vs. MCF-7), and the log2 fold change was calculated. A p-value < 0.05, and an absolute 

value of the average log2 fold-change > 1.5 were used to identify the lectins bound to each breast sEVs (Table 

5.1, Figure 5.2 A-C). Sixteen lectins showed a significant fold-change in recognising MCF-7 sEVs compared with 

hTERT-HME1 sEVs, including RPA, PTL-1, SNA-II, WGA, BPA, lentil, BANLEC, TL, UEA-II, PHA-L, GNA, 

UDA, GAL3 MNAM, ORYSATA, TL, and HAA.  Furthermore, five lectins showed a significant fold-change in 

binding MCF-7 sEVs compared with BT-474 sEVs, including RPA, BPA, lentil, SHA, ABA, and ASA. 

Additionally, 12 lectins demonstrated a significant fold-change in recognising BT-474 sEVs compared with 

hTERT-HME1 sEVs, including BANLEC TL, WGA, PHA-L, GAL2, CSA, GNA, PTL-1, UDA, ASA, GAL3C-

S, and HAA. A heatmap was also generated to depict the binding profiles of each breast cell line-derived sEV to 

the lectin microarray, as visualised through CD81 detection and is presented in Figure 5.3. 

 

Following the observation of higher overall fluorescence intensity for lectin binding in MCF-7-derived sEVs 

compared to BT-474 and hTERT-HME1 sEVs (Figure 5.1 A-C), further analysis focused on lectins, lentil and 

TL. Notably, lentil lectin, demonstrated significant binding to ‘metastatic’ MCF-7 ‘CD81-positive’ sEVs in 

comparison to ‘primary’ BT-474 sEVs, and is the only lectin among those mentioned with reported applications 

in cancer diagnostics. Whereas for TL, which demonstrated significant binding to ‘primary’ BT-474 and 

‘metastatic’ MCF-7 ‘CD81-positive’ sEVs in comparison to ‘normal’ hTERT-HME1 sEVs, no studies have 

investigated these findings in the context of its preferential binding to cancer-associated sEVs compared to normal 

sEVs. Therefore, given the established literature supporting the specific binding of lentil lectin in a tumour context 

and the absence of existing studies on TL, further investigation of these lectins is warranted. 

 

Table 5.1. Significant differences observed in lectin microarray analysis of CD81-positive breast sEVs 

COMPARISON OF BREAST sEVs  SIGNIFICANT LECTINS BOUND 

MCF-7 sEVs Vs hTERT-HME1 sEVs 
 

RPA, PTL-1, SNA-II, WGA, BPA, LENTIL, BANLEC TL, 
UEA-II, PHA-L, GNA, UDA, GAL3 MNAM, ORYSATA, 
TL, HAA 

MCF-7 sEVs Vs BT-474 sEVs RPA, BPA, LENTIL, SHA, ABA, ASA 

BT-474 sEVs VS hTERT-HME1 sEVs  BANLEC TL, WGA, PHA-L, GAL2, CSA, GNA, PTL-1, 
UDA, ASA, GAL3C-S, and HAA 
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(A) HME1 sEVs  BT-474 sEVs MCF-7 sEVs (B) (C) 

(D) (E) (F) 

Figure 5.1. Overview of lectin microarray analysis of breast cell line derived sEVs (A-C) Images of lectin array spots of hTERT-HME1, BT-474, and MCF-7 sEVs of CD81-positive sEVs (D-F) The 10 highest-

intensity lectin binding array spots after the addition of sEVs from each breast cell line. 
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BT-474 sEVs Versus MCF-7 sEVs HME1 sEVs Versus BT-474 sEVs HME1 sEVs Versus MCF-7 sEVs 

(A) (B) (C) 

Figure 5.2. Volcano plots generated from lectin microarray (A-C) Volcano Plot analysis of the lectin array data between BT-474 vs. MCF-7, HME vs. BT-474, and HME vs. MCF-7 sEVs. The vertical lines correspond 

to a 1.5-fold up- and down-regulation, whereas the horizontal lines represent a p-value of 0.05. The green dots to the left and right of the vertical lines indicate more than a 2.0-fold change, highlighting lectins that 

exhibit statistically significant differences in binding. 
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Figure 5.3. Heatmap of the lectin microarray for breast cell line derived sEVs. Normalised fluorescent intensities of the 95 lectins (rows) for breast epithelial sEVs, including hTERT-HME1, BT-474, and 

MCF-7 sEVs (columns). Each rectangle in the heatmap is colour-coded to represent the binding affinity of the corresponding lectin (white for no binding, blue for low binding, green for medium binding, and 

orange for high binding). Glycan binding specificities for the 95 lectins are indicated below: Fuc (Fucose), Gal (Galactose), Man (Mannose), GalNAc (N-Acetylgalactosamine), GlcNAc (N-Acetylglucosamine), 

LacNAc (N-Acetyllactosamine), NANA (N-Acetylneuraminic acid). 

 



106 
 

5.4.2. TETRASPANIN SUBPOPULATION ANALYSIS OF BREAST AND 

COLORECTAL EPITHELIAL sEVs WITH FLUORESCENTLY LABELLED 

LCA  

The lectin microarray results from section 5.4.1, utilising a CD81-only approach, highlighted a potential 

correlative link between LCA binding and the metastatic phenotype of breast cancer-associated sEVs. 

Specifically, the results revealed increased LCA binding on ‘metastatic’ MCF-7 sEVs compared to that of 

‘primary’ BT-474 and ‘normal’ hTERT-HME1 sEVs. Therefore, to confirm the lectin microarray results, single-

vesicle flow cytometry analysis was performed. The raw results, including the mean ± SD of LCA binding via 

CD81 or CD63 detection normalised to CFSE events/ml and MESF values, are shown in Table 5.2. 

 

Employing fetuin as a control was important in validating the specificity of interactions between LCA and the 

surface glycans of breast and colorectal epithelial sEVs. Fetuin, a protein abundant in both N-linked and O-linked 

sugars, served as a competitive inhibition control to confirm specific binding events between LCA and the target 

sEVs derived from breast and colorectal epithelial cells (Figure 5.4 C-G and Figure 5.5 C-G). The histograms, as 

depicted in Figure 5.4 and 5.5 C-H, show a notable increase in LCA-binding fluorescence across all breast and 

colorectal sEVs compared to the fetuin control. Initial comparative analysis revealed diverse LCA binding patterns 

in breast epithelial sEVs, based on their tetraspanin composition (Figure 5.4-A). Specifically, increased LCA 

binding was revealed by a 1.2-fold increase in MCF-7 ‘CD81-positive’ sEVs compared to ‘CD63-positive’ sEVs 

(p < 0.05). Conversely, increased LCA binding was observed in hTERT-HME1 CD63-postive sEVs in 

comparison to that in ‘CD63-positive’ sEVs (p < 0.0001). However, no significant differences were observed for 

LCA-binding BT-474 sEVs across different tetraspanin profiles. Further comparisons between the different 

phenotypes of sEVs revealed that MCF-7 ‘CD81-positive’ sEVs exhibited a 2-fold and 3.5-fold increase in LCA 

binding compared to hTERT-HME1 and BT-474 sEVs, respectively (p < 0.0001 for hTERT-HME1; p < 0.01 for 

BT-474). Moreover, hTERT-HME1 ‘CD81-positive’ sEVs showed a 1.8-fold increase in LCA binding compared 

to BT-474 ‘CD81-positive’ sEVs. In contrast, ‘CD63-positive’ sEVs showed different binding profiles for LCA 

lectin. Notably, hTERT-HME1 ‘CD63-positive’ sEVs displayed a 1.3-fold and 2.4-fold increase in LCA binding 

compared with MCF-7 and BT-474 ‘CD63-positive’ sEVs, respectively. MESF analysis revealed a general 

enrichment of CD63-postive sEVs compared with ‘CD81-positive’ sEVs across all breast sEVs phenotypes. 

Specifically, CD63-postive sEVs of hTERT-HME1 showed a 1.7-fold increase (p < 0.001), BT-474 sEVs showed 

a 1.3-fold increase (p < 0.05), and MCF-7 sEVs showed a 1.2-fold increase compared to CD81-postive sEVs (p 

< 0.05) (Figure 5.4-B). Comparisons of MESF values revealed that MCF-7 CD81-postive sEVs displayed a 1.4-

fold increase over BT-474 ‘CD81-positive’ sEVs for LCA lectin binding (p < 0.01). However, no significant 

differences were observed in MESF analysis of LCA lectin binding between ‘CD81-positive’ sEVs of MCF-7 and 

hTERT-HME1 or between hTERT-HME1 and BT-474 sEVs. Additionally, hTERT-HME1 CD63-postive sEVs 

showed increased MESF values of 1-2-fold and 1.4-fold compared to CD63-postive sEVs of MCF-7 (p < 0.05) 

and BT-474 sEVs (p < 0.01), respectively, for LCA lectin binding. MCF-7 CD63-postive sEVs also showed an 

increase in MESF values of 1.2-fold for LCA lectin binding in comparison to BT-474 CD63-postive sEVs (p < 

0.05). 
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Comparisons of colorectal sEVs revealed that LCA binding was increased in NCM460 ‘CD63-positive’ sEVs 

compared to ‘CD81-positive’ sEVs by 1.7-fold (p < 0.05) (Figure 5.5-A). Comparisons of the different phenotypes 

between ‘CD81-positive’ and CD63-postive sEVs revealed no significant differences in LCA binding. In contrast, 

MESF analysis indicated an overall increase in LCA lectin binding in CD63-postive sEVs for all colorectal sEV 

phenotypes: a 1.7-fold increase in NCM460 sEVs (p < 0.001), a 1.7-fold increase in SW480 sEVs (p < 0.0001). 

 

Table 5.2. LCA lectin binding of CD81-positive and CD63-positive sEVs on breast and colorectal epithelial 

sEVs by single-vesicle flow cytometry.  

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

Organ of Origin 
Cell Line 

sEVs 

CD81-positive 

sEVs LCA 

MESF (mean ± 

SD) 

CD63-

positive 

sEVs LCA 

MESF 

(mean ± SD) 

CD81-positive sEVs 

LCA events/ml % 

of CFSE events/ml 

(mean ± SD) 

CD63-positive sEVs 

LCA events/ml % of 

CFSE events/ml 

(mean ± SD) 

CD81-

positive vs 

CD63-

positive 

sEVs LCA 

Vs HME 

/NCM460 sEVs 

Vs MCF-7/ 

HT-29 sEVs 

Breast 

hTERT

-HME1 

sEVs 

20.66 ± 2.83 
34.34 ± 

4.33 
10.84 ± 0.96 22.61 ± 3.61 

Events/ml 
**** 

MESF 
*** 

 

Events/ml 
CD81= 

**** 
CD63=* 
MESF 

CD81= NS 
CD63= * 

BT-474 

sEVs 

 

17.86 ± 1.41 
23.62 ± 

2.48. 
5.72 ± 3.08 9.20 ± 6.16 

Events/ml 
NS 

MESF 
* 

Events/ml 
CD81= * 
CD63= * 
MESF 

CD81= NS 
CD63= ** 

Events/ml 
CD81= ** 
CD63= NS 

MESF 
CD81= ** 
CD63= * 

MCF-7 

sEVs 
23.86 ± 3.37 

28.43 ± 

2.98 
21.63 ± 3.07 18.57 ± 0.4 

Events/ml 
* 

MESF 
* 

Events/ml 
CD81= **** 

CD63= * 
MESF 

CD81= NS 
CD63= * 

 

Colorectal 

NCM46

0 sEVs 
17.30 ± 4.13 

30.20 ± 

2.80 
13.01 ± 3.01 9.44 ± 4.52 

Events/ml 
* 

MESF 
*** 

 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

SW480 

sEVs 
18.06 ± 3.49 

31.03 ± 

2.34 
15.09 ± 2.80 12.70 ± 6.44 

Events/ml 
NS 

MESF 
**** 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

HT-29 

sEVs 
19.38 ± 5.37 

32.65 ± 

2.84 
15.37 ± 6.31 10.90 ± 8.74 

Events/ml 
NS 

MESF 
*** 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 
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HME1 sEVs BT-474 sEVs MCF-7 sEVs (C) (D) (E) 

(F) (G) (H) MCF-7 sEVs BT-474 sEVs HME1 sEVs 

C
D

8
1 

C
D

6
3 

(B) 

(A) 

Figure 5.4. Single vesicle flow cytometry analysis of LCA lectin binding of CD81-positive or CD63-positive breast sEVs. (A) Quantification of LCA+ events/ml normalised to the percentage of CFSE events/ml for 

hTERT-HME1, BT-474, and MCF-7 CD81-postive or CD63-positive sEVs. (B) APC MESF values of LCA+ for hTERT-HME1, BT-474, and MCF-7 sEVs with arbitrary units of MFI converted to standardised MESF units 

using vCalTM nanorainbow beads. (C-E) Histogram profiles of the breast sEVs after gating showing LCA lectin binding of CD81-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. 

(F-H) Histogram profiles of the breast sEVs after gating showing LCA lectin binding of CD63-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. Each experiment consisted of 

biological triplicates with three technical triplicates, and the error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. 

Welch’s correction was used for parametric t-tests, and the Mann-Whitney test was used for nonparametric t-tests. Significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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NCM460 sEVs SW480 sEVs 
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3 

HT-29 sEVs 
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(C) (D) (E) 

(F) (G) (H) HT-29 sEVs SW480 sEVs NCM460 sEVs 

(A) 

(B) 

Figure 5.5. Single vesicle flow cytometry analysis of LCA lectin binding of CD81-positive or CD63-positive colorectal sEVs. (A) Quantification of LCA+ events/ml normalised to the percentage of CFSE events/ml 

for NCM460, SW480, and HT-29 CD81-postive or CD63-positiv sEVs. (B) APC MESF values of LCA+ for NCM460, SW480, and HT-29 sEVs with arbitrary units of MFI converted to standardised MESF units using 

vCalTM nanorainbow beads. (C-E) Histogram profiles of the colorectal sEVs after gating showing LCA lectin binding of CD81-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. (F-

H) Histogram profiles of the colorectal sEVs after gating showing LCA lectin binding of CD63-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. Each experiment consisted of 

biological triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. 

For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. Significance levels were set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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5.4.3. TETRASPANIN SUBPOPULATION ANALYSIS OF BREAST AND 

COLORECTAL EPITHELIAL sEVs WITH FLUORESCENTLY LABELLED 

TL 

The lectin microarray results presented in section 5.4.1, utilising a CD81-only approach, highlighted increased 

binding of TL with ‘primary’ BT-474 and ‘metastatic’ MCF-7 sEVs in comparison to ‘normal’ hTERT-HME1 

sEVs. Therefore, to confirm the lectin microarray results, single-vesicle flow cytometry analysis was performed. 

The raw results, including the mean ± SD of TL binding via CD81 or CD63 detection normalised to CFSE 

events/ml and MESF values, are shown in Table 5.3. 

  

The histograms, as depicted in Figure 5.6 and 5.7 C-H, show a notable increase in TL-binding fluorescence across 

all breast and colorectal sEVs compared to the fetuin competitive inhibition control. Comparative analysis of TL 

binding showed a 2.2-fold increase on ‘normal’ hTERT-HME1 ‘CD63-positive’ sEVs compared to ‘CD81-

positive’ sEVs (p < 0.05) (Figure 5.6-A).  No significant differences were observed in TL binding between ‘CD63-

positive’ and ‘CD81-positive’ sEVs on MCF-7 and BT-474 cells. In-depth analysis of MCF-7 ‘CD81-positive’ 

sEVs showed that TL binding was increased by 2-fold and 3.3-fold compared to hTERT-HME1 and BT-474 

sEVs, respectively (p < 0.01). However, no significant differences were observed in TL binding between CD81-

postive sEVs for hTERT-HME1 and BT-474 sEVs. hTERT-HME1 ‘CD63-positive’ sEVs showed a 2.2-fold 

increase in TL binding compared to ‘CD63-positive’ BT-474 sEVs (p < 0.05).  No significant differences were 

observed when comparing TL binding between ‘CD63-positive’ sEVs from hTERT-HME1 and BT-474 to those 

from MCF-7 cells. Analysis of MESF values revealed increased TL binding in hTERT-HME1 ‘CD63-postive’ 

sEVs in comparison to their CD81-postive sEVs by 1.1-fold (p < 0.05) (Figure 5.6-B). Moreover, comparative 

analysis of MESF values also revealed that TL binding increased by 1.1-fold in BT-474 ‘CD81-positive’ sEVs 

compared to that in hTERT-HME1 and MCF-7 ‘CD81-positive’ sEVs (p < 0.05). TL binding of hTERT-HME1 

‘CD63-positive’ sEVs increased by 1-fold relative to MCF-7 ‘CD63-positive’ sEVs (p < 0.05), with no other 

significant differences observed. Comparisons of colorectal epithelial sEVs for TL binding across both CD81 and 

CD63 tetraspanins revealed no significant differences (Figure 5.7 A-B). 
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Table 5.3. TL lectin binding of CD81-positive and CD63-positive sEVs on breast and colorectal epithelial 

sEVs by single-vesicle flow cytometry. The asterisks (*) in the table denote significance levels. 

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

 

 

 

 

 

 

 

Organ of Origin 
Cell Line 

sEVs 

CD81-positive 

sEVs TL 

MESF (mean ± 

SD) 

CD63-

positive 

sEVs TL 

MESF 

(mean ± SD) 

CD81-positive sEVs 

TL events/ml % of 

CFSE events/ml 

(mean ± SD) 

CD63-positive sEVs 

TL events/ml % of 

CFSE events/ml 

(mean ± SD) 

CD81-

positive vs 

CD63-

positive 

sEVs TL 

Vs HME 

/NCM460 sEVs 

Vs MCF-7/ 

HT-29 sEVs 

Breast 

hTERT

-HME1 

sEVs 

11.23 ± 0.31 
11.75 ± 

0.11 
10.62 ± 1.72 22.32 ± 9.92 

Events/ml 
* 

MESF 
* 

 

Events/ml 
CD81= ** 
CD63=NS 

MESF 
CD81= NS 
CD63= * 

BT-474 

sEVs 

 

12.03 ± 0.33 
11.69 ± 

0.12 
6.24 ± 4.30 9.20 ± 9.23 

Events/ml 
NS 

MESF 
NS 

Events/ml 
CD81= NS 
CD63= * 
MESF 

CD81= ** 
CD63= NS 

Events/ml 
CD81= ** 
CD63= NS 

MESF 
CD81= * 

CD63= NS 

MCF-7 

sEVs 
11.57 ± 0.14 

11.60 ± 

0.11 
21.34 ± 1.51 17.16 ± 6.46 

Events/ml 
NS 

MESF 
NS 

Events/ml 
CD81= ** 
CD63= NS 

MESF 
CD81= NS 
CD63= * 

 

Colorectal 

NCM46

0 sEVs 
11.63 ± 0.24 

11.88 ± 

0.37 
15.24 ± 5.39 21.85 ± 8.72 

Events/ml 
NS 

MESF 
NS 

 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

SW480 

sEVs 
11.53 ± 0.29 

11.76 ± 

0.46 
17.85 ± 5.37 25.58 ± 10.61 

Events/ml 
NS 

MESF 
NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 

HT-29 

sEVs 
11.70 ± 0.39 

11.72 ± 

1.01 
17.67 ± 6.65 25.93 ± 9.74 

Events/ml 
NS 

MESF 
NS 

Events/ml 
CD81= NS 
CD63= NS 

MESF 
CD81= NS 
CD63= NS 
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HME1 sEVs BT-474 sEVs MCF-7 sEVs (F) (H) (G) 

(A) 

(B) 

Figure 5.6. Single vesicle flow cytometry analysis of TL binding of CD81-positive or CD63-positive breast sEVs. (A) Quantification of TL+ events/ml normalised to the percentage of CFSE events/ml for hTERT-

HME1, BT-474, and MCF-7 CD81-postive or CD63-positive sEVs. (B) APC MESF values of TL+ for hTERT-HME1, BT-474, and MCF-7 sEVs with arbitrary units of MFI converted to standardised MESF units using 

vCalTM nanorainbow beads. (C-E) Histogram profiles of the breast sEVs after gating showing TL lectin binding of CD81-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. (F-H) 

Histogram profiles of the breast sEVs after gating showing TL binding of CD63-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. Each experiment consisted of biological triplicates 

with three technical triplicates, and the error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. Welch’s correction 

was used for parametric t-tests, and the Mann-Whitney test was used for nonparametric t-tests. Significance levels were set at *p < 0.05, **p < 0.01. 
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   HT-29 sEVs SW480 sEVs NCM460 sEVs 

HT-29 sEVs SW480 sEVs NCM460 sEVs 

(B) 

(A) 

Figure 5.7. Single vesicle flow cytometry analysis of TL binding of CD81-positive or CD63-positive colorectal sEVs. (A) Quantification of TL+ events/ml normalised to the percentage of CFSE events/ml for NCM460, 

SW480, and HT-29 either CD81-postive or CD63-positive sEVs. (B) APC MESF values of TL+ for NCM460, SW480, and HT-29 sEVs with arbitrary units of MFI converted to standardised MESF units using vCalTM 

nanorainbow beads. (C-E) Histogram profiles of the colorectal sEVs after gating showing TL binding of CD81-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. (F-H) Histogram 

profiles of the colorectal sEVs after gating showing TL lectin binding of CD63-positive sEVs fluorescence alongside the sugar-specific control fetuin outlined in black. Each experiment consisted of biological triplicates 

with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. For parametric t-tests, 

Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. 
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5.4.4. FLOW CYTOMETRY ANALYSIS OF LCA AND TL BINDING OF BREAST 

AND COLORECTAL EPITHELIAL CELLS  

To identify LCA and TL binding to cell surface of the breast and colorectal epithelial cell models flow cytometry 

was adopted. The aim of this study was to assess whether the distinct LCA and TL binding patterns observed on 

sEVs, particularly those influenced by tetraspanin composition, were also evident at the cellular level. 

 

The histograms, as depicted in Figure 5.8 A-F, show a notable increase in LCA and TL binding fluorescence 

across all cell lines compared to both the fetuin competitive inhibition control and the negative control. 

Interestingly, ‘normal’ hTERT-HME1 breast cells demonstrated a significant increase in LCA-binding with an 

average 14.7-fold and 6.3-fold MFI increase compared with BT-474 and MCF-7 breast cancer cells, respectively 

(Figure 5.8-G). Moreover, MCF-7 cells also demonstrated a significant increase in LCA-binding with an average 

2.3-fold MFI increase compared with that of BT-474 cells. In the analysis of colorectal cell lines, SW480 cells 

exhibited a significant increase in LCA-binding by 1.8-fold MFI increase compared to HT-29 cells (p<0.05) 

(Figure 5.8-H).  

 

Notably, hTERT-HME1 breast cells showed a substantial increase in TL-binding with an average 1.6-fold and 

1.8-fold MFI increase compared to the cancer-associated cells BT-474 (p < 0.01) and MCF-7 (p < 0.001), 

respectively (Figure 5.9-G). In contrast, TL binding in colorectal cells, including NCM460, SW480 and HT-29 

cell lines, did not exhibit statistically significant differences between them (Figure 5.9-H). This lack of significant 

variation suggests a uniform TL-binding pattern across colorectal epithelial cell models, distinct from the observed 

variability in TL binding among breast epithelial cells.  
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(B) 

(C) 

(D) 

(E) 

(F) 

(G) (H) 

(I) (J) 

Figure 5.8. LCA lectin binding profiling in breast and colorectal epithelial cell lines using flow cytometry. (A-C) Histogram profiles of breast cell lines showing LCA binding alongside ancestral gating of live and 

single-cell exclusion. (D-F) Colorectal cell lines. (G) Median fluorescence (AU) of breast cancer cell lines with LCA negative control (cells without LCA lectin), fetuin control (cells with LCA and sugar-specific control 

fetuin), and LCA positive control (cells with LCA to identify the presence of LCA binding glycans). (H) Median fluorescence (AU) of colorectal cell lines treated with LCA negative control, fetuin inhibitor control, and 

LCA positive control. A t-test followed by Welch’s correction was used for statistical analysis, and significance was set at *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (I) Staggered histogram comparison of 

colorectal cell lines positive for LCA. 



116 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5.9. TL binding profiling in breast and colorectal epithelial cell lines by flow cytometry. (A-C) Histogram profiles of breast cell lines showing TL binding alongside ancestral gating of live and single-cell 

exclusion. (D-F) Colorectal cell lines. (G) Median fluorescence (AU) of breast cancer cell lines with TL negative control (cells without TL), fetuin control (cells with TL and sugar-specific control fetuin), and LCA positive 

control (cells with TL to identify the presence of TL-binding glycans). (H) Median fluorescence (AU) of colorectal cell lines with TL negative, fetuin inhibitor, and TL positive controls. The t-test followed by Welch’s 

correction was used for statistical analysis, and significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001. (I) Staggered histogram comparison of breast cell lines for TL positivity.  (J) Staggered histogram 

comparison of colorectal cell lines for TL positivity. 
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5.5. DISCUSSION 

5.5.1. LECTIN MICROARRAY ANALYSIS REVEALS INCREASED LECTIN 

BINDING OF BREAST CD81-POSITIVE CANCER-ASSOCIATED sEVs 

To gain further insight into the glyco-heterogeneity of ‘CD81-positive’ sEVs across different phenotypes of breast 

sEVs, lectin microarray analysis was conducted. The shift in focus to breast epithelial derived sEVs was prompted 

by the observation that CD81-positivity appeared to correlate with a metastatic cancer phenotype in breast cancer 

models, contrasting with the absence of significant findings in colorectal sEVs. Moreover, whilst it would have 

been more efficient to investigate the breast epithelial derived sEV glycome profile before initiating the initial 

work, this approach was not initially adopted. Instead, it was necessary to first confirm whether the epithelial 

model sEVs were glycosylated. Consequently, HPA was introduced to verify glycosylation as established in 

section 4.5.1, followed by lectin microarray analysis. This sequential approach allowed for the establishment of 

the presence of glycosylation and informed the selection for further targeted investigations. It's also important to 

note that HPA was absent from the lectin microarray analysis, so direct comparisons of lectin binding with other 

lectins through this assay was not feasible. 

 

Initial observations of lectin binding among ‘CD81-positive’ breast sEVs revealed the absence of lectin binding 

to Sia, specifically N-acetylneuraminic acid (NANA), across all ‘CD81-positive’ breast sEVs. In contrast, studies 

have reported that Sia, namely α2,6-linked Sia, are enriched in cancer-associated sEVs (Escrevente et al., 2011; 

Gomes et al., 2015; Harada et al., 2019; Matsuda et al., 2020; Williams et al., 2019). A study by Matsuda et al. 

(2020) performed simultaneous glycomic analysis by lectin microarray analysis and lectin blotting of pancreatic 

cancer derived sEVs and identified unique surface glycomic signatures. The study compared lectin binding of 

membrane glycoproteins of lysed parental cells, as well as the supernatant taken from the pelleted sEVs denoted 

as the ‘secreted glycoprotein fraction’ before the pelleted sEVs were resuspended and further isolated by a 

commercially available sEVs isolation kit by precipitation.  They found that the secreted glycoprotein fraction 

preferentially bound α2,6 Sia-binding lectins such as Sambucus sieboldiana agglutinin (SSA), Sambucus nigra 

agglutinin (SNA), and Trichosanthes japonica agglutinin. Consistent with this study, Matsuda et al. (2020) found 

that the α2,6 Sia-binding lectin signals of sEVs were relatively low in pancreatic cancer-derived sEVs. In contrast, 

secreted glycoproteins, which are often co-isolated with sEVs depending on the isolation method, bind α2,6 Sia-

binding lectins. This highlights that depending on the effectiveness of the sEV isolation technique, certain 

glycosylated structures may be enriched, potentially skewing the results. This variability may explain the 

contrasting findings in studies that report Sia glycans as enriched in cancer-associated sEVs and underscores the 

need for a more standardised isolation protocol.  

 

In this study, six lectins exhibited higher binding affinities for cancer-associated ‘CD81-positive’ sEVs than for 

hTERT-HME1 ‘CD81-positive’ sEVs. These included Musa acuminata lectin (BANLEC), wheat germ agglutinin 

(WGA), Phaseolus vulgaris leucoagglutinin (PHA-L), Galanthus nivalis agglutinin (GNA), Urtica dioica 

agglutinin (UDA), and Tulipa lectin (TL). This indicates a broad spectrum of glycan recognition, including α1,3-

glycoside bonds (BANLEC), α-Man (GNA), α-GlcNAc (WGA and UDA), α-GalNAc (TL), and 2,6-branched tri- 
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and tetra-antennary complex-type oligosaccharides (PHA-L). This suggests that these glycans may be notably 

increased in ‘CD81-positive’ breast cancer-associated sEVs compared with their normal counterparts. In 

particular, Man binding is interesting because other studies have reported that tumour-derived sEVs are enriched 

with specific Man-containing glycoproteins identified in breast, ovarian, melanoma, and glioblastoma cancer 

sEVs (Costa et al., 2018; Escrevente et al., 2011; Harada et al., 2019). Kondo et al. (2022) also established WGA 

binding to small-cell lung carcinoma H446 sEVs by lectin blotting and identified its enrichment on sEVs 

compared to cell membranes, thereby suggesting a potential commonality in α-GlcNAc glycan profiles across 

different types of cancer associated sEVs. The binding of PHA-L is also of interest because PHA-L binding to 

clinical tumour samples has been widely documented to be associated with poor prognosis in colorectal and breast 

cancers (Dennis et al., 1987; Fernandes et al., 1991). Matsuda et al. (2020) reported a strong association of PHA-

L binding with pancreatic cancer cell-derived sEVs through lectin microarray analysis. Specifically, analysis of 

the CD81 and CD63 sEVs subpopulations revealed reduced PHA-L lectin signals in ‘CD81-positive’ sEVs, 

whereas increased signals correlated with ‘CD63-positive’ sEVs. Furthermore, Freitas et al. (2019) detected faint 

PHA-L binding in gastric cancer MKN45 cell EVs by lectin blotting. However, they conducted the same blotting 

with sEVs cultured without FBS, and observed no binding. They suggested that the observed binding of branched 

N-glycans by PHA-L was likely nonspecific and possibly attributable to binding to BSA. These findings may 

explain the discrepancies observed by Matsuda et al. (2020) and this study, highlighting the importance of 

experimental conditions and emphasising the necessity of considering other underlying factors, such as potential 

non-specific interactions when interpreting lectin-binding results. Notably, TL significantly bound ‘CD81-

positive’ cancer-associated sEVs compared to their normal counterparts. Based on this observation, it is interesting 

to note that the literature suggests that TL recognises a broad range of glycans. For example, TL is characterised 

as a superlectin with two distinct carbohydrate-binding domains that recognises sugars of varying structures, 

including GalNAc, lactose, Fuc, and Gal (Cammue et al., 1986). Studies have also shown that TL contains binding 

sites for Man (Barre et al., 1996). A recent machine learning analysis of TL binding conducted by Bojar et al. 

(2022) revealed that TL also binds to biantennary N-glycans with a significantly enhanced affinity in the presence 

of core fucosylation. In addition, TL can tolerate binding Sia substituents, fucosylation, GlcNAc, and LacNAc; 

however, bisecting GlcNAc negatively affects the binding affinity. TL also demonstrates a lower affinity for 

triantennary N-glycans, but exhibits a preference for β1,4-branched structures over β1,6-branched structures. 

While previous research has indicated a broad repertoire of glycans recognised by TL, no studies have investigated 

its binding to cancer-associated sEVs compared to normal sEVs. Therefore, future investigation is warranted to 

investigate this interaction and shed light on its potential implication on breast cancer progression  

 

Lectin binding comparisons were also conducted between the ‘CD81-positive’ sEVs derived from the ‘primary’ 

BT-474 and ‘metastatic’ MCF-7 cells to identify lectins associated with both primary and metastatic cancer 

associated sEVs. These included Robinia pseudoacacia agglutinin (RPA), Bauhinia purpurea agglutinin (BPA), 

lentil lectin, Salivia horminum agglutinin, (SHA), Agaricus bisporus agglutinin (ABA) and Allium sativum 

agglutinin (ASA). These lectins recognise glycan structures comprising α-GalNAc (RPA), Gal(β1,3)GalNAc 

(BPA and ABA), D-Man, D-Glu, α-Fuc (lentil), α-GalNAc (SHA), and α-Man (ASA). It is worth mentioning that 

lentil lectin is the only lectin among those mentioned with reported applications in cancer detection. Lentil lectin 

comprises of two discrete proteins, LCA-A and LCA-B (Howard et al., 1971). Both proteins are described as 
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immunochemically indistinguishable and have identical haemagglutinin activities, and the term 'LCA' is often 

used in the literature interchangeably for both proteins. Studies have also shown LCA specificity towards Glu, 

Man, and glycoproteins with branched N-glycans, wherein GlcNAc is substituted into the Man3GlcNAc2 core and 

core α1,6-Fuc glycans (Casset et al., 1995; Debray et al., 1981; Howard et al., 1971b; Kornfeld et al., 1981; 

Kornfeld et al., 1971; Loris et al., 1994). LCA has been used in affinity chromatography for the separation of 

alpha-fetoprotein-L3 (AFP-L3), and the FDA has approved AFP-L3 as a tumour marker in human serum samples 

for primary hepatic cancer because of its high specificity and sensitivity for early diagnosis, differential diagnosis, 

and prognosis assessment (Malaguarnera et al., 2010; Song et al., 2002; Yamamoto et al., 2010; Zhang et al., 

2016). However, the observations of increased binding of LCA to breast ‘metastatic’ ‘CD81-positive’ sEVs in 

this study is largely unexplored making this finding particularly interesting. Therefore, future investigations are 

also warranted to further explore this interaction and its potential implication on cancer metastasis.    

 

5.5.2. VALIDATION OF CD81-POSITIVE AND CD63-POSITIVE sEVs FOR TL AND 

LCA BINDING BY SINGLE-VESICLE ANALYSIS  

Consistent with the lectin microarray findings, LCA and TL demonstrated significantly increased binding to 

‘metastatic’ MCF-7 ‘CD81-positive’ sEVs in comparison to ‘primary’ BT-474 and ‘normal’ hTERT-HME1 sEVs. 

It’s important to note that LCA recognises α-Fuc, given its strong association with ‘metastatic’ MCF-7 ‘CD81-

positive’ sEVs. Liang et al. (2018) delved into this aspect by investigating the effects of knocking out α1,6-

fucosyltransferase (FUT8), an enzyme responsible for catalysing the transfer of Fuc to N-linked-type complex 

glycopeptides, using a mouse model. Their findings revealed downregulation of CD81 expression, suggesting a 

pivotal role of core fucosylation in regulating CD81 tetraspanin expression. This intriguing association, coupled 

with the observed increase in LCA binding to ‘CD81-positive’ ‘metastatic’ MCF-7 sEVs, suggests the 

dysregulation of fucosylation patterns. This dysregulation may contribute to the heightened ‘CD81-positive’ LCA 

binding observed in ‘metastatic’ MCF-7 breast sEVs.  

 

Matsuda et al. (2020) also conducted a glycome analysis of pancreatic cancer cell-derived sEVs using a lectin 

microarray that included LCA and TL, with a focus on tetraspanin antigens such as CD81 and CD63. However, 

the results revealed minor associations with the CD81 subpopulations for both lectins, whereas a significant 

increase in the association was observed with the CD63 subpopulations. Interesting, when extending the analysis 

of LCA binding in this study to ‘CD63-positive’ sEVs it revealed an increased binding to ‘normal’ hTERT-HME1 

sEVs compared to that of BT-474 and MCF-7 ‘CD63-positive’ sEVs. The contrasts in findings to this study are 

likely attributed to the different cancer types used further highlighting the complexity of glycan enrichment of 

sEVs between different cancers or different cell lines. Nevertheless, the observed differences in glycomic 

signatures in this study, particularly when focusing on various tetraspanin subpopulations of sEVs, raises the 

question of a subpopulation-specific biogenesis pathway for sEVs. This suggests that distinct tetraspanin-defined 

subsets of sEVs may undergo disparate sorting mechanisms during their formation and warrants further 

investigation. 
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Building on the findings from the lectin microarray and single-vesicle flow cytometry analyses, it is important to 

note that lectin analyses of LCA, TL, and HPA were not conducted concurrently in this study. Consequently, 

direct comparisons of their binding profiles to ‘CD81-positive’ breast cancer-associated sEVs cannot be 

performed definitively. The absence of simultaneous analysis introduces complexities due to potential variations 

in experimental conditions, sample handling, and technical methodologies, which may influence lectin-binding 

outcomes. Therefore, future studies should consider running these lectins concurrently to comprehensively 

evaluate their overall binding affinity and specificity for different subpopulations of sEVs. Such comparative 

analyses would provide deeper insights into the glycan diversity and specific binding preferences of these lectins, 

thereby enhancing our understanding of their role in cancer-associated sEV biology. 

 

5.5.3. FLOW CYTOMETRY ANALYSIS OF BREAST AND COLORECTAL CELLS 

FOR LCA AND TL BINDING 

Remarkably, LCA binding in the cellular models of breast cancer revealed increased LCA lectin binding on 

‘normal’ hTERT-HME1 cells compared to that of ‘primary’ BT-474 and ‘metastatic’ MCF-7 cells, thus mirroring 

the observations of ‘CD63-positive’ LCA binding at the sEV level. Cancer cells like BT-474 and MCF-7 cells 

often display aberrant glycosylation patterns on their cell surfaces, as confirmed by the HPA lectin cell surface 

analysis (section 4.4.1). In contrast, glycan structures in normal breast epithelial cells, such as hTERT-HME1, 

typically exhibit basic bi- and tri-antennary patterns (reviewed by Scott & Drake, 2019). The observed 

discrepancy, where LCA displayed stronger binding to ‘normal’ hTERT-HME1 breast cells than to ‘primary’ BT-

474 and ‘metastatic’ MCF-7 cells in this study, may be attributed to the increased glycan composition of the 

glycocalyx in cancer-associated cells. It's plausible that LCA's binding to ‘normal’ hTERT-HME1 breast cells 

was more pronounced due to the presence of additional glycans, potentially masking the recognition sites for LCA 

on BT-474 and MCF-7 cells. 

 

In contrast, colorectal cells showed increased LCA binding to ‘primary’ SW480 cells compared to ‘metastatic’ 

HT-29 cells. The observed variation in LCA lectin binding among different breast and colorectal cell types 

highlights the intricate and heterogeneous nature of the glycan composition within these distinct cell phenotypes. 

However, it is essential to acknowledge the limitations of using a limited number of cell lines, which may not 

capture the diversity of cell surface glycan profiles. Similar observations were also made for TL binding at the 

cellular level in breast cancer cell lines, albeit with significantly lower detected fluorescence. This suggests that 

although TL binding was increased in ‘normal’ hTERT-HME1 cells, the abundance of TL-recognising glycans 

remained relatively low. Interestingly, the discrepancy between the low abundance of TL-recognising glycans on 

the cell membranes of the parental cells and the high abundance observed at the sEV level may suggest 

independent cargo sorting mechanisms for these particular glycans. However, such mechanisms have largely been 

unexplored, owing to the limited literature on this specific lectin and warrants further investigation to support this 

hypothesis.  
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5.6. KEY FINDINGS 
• Elevated lectin binding of breast cancer-associated ‘CD81-positive’ sEVs (MCF-7 and BT-474) in 

comparison to ‘normal’ (hTERT-HME1) sEVs, including by the lectins BANLEC, WGA, PHA-L GNA, 

UDA and TL.  

• ‘Metastatic’ breast ‘CD81-positive’ sEVs (MCF-7) exhibit heightened lectin binding compared to 

‘primary’ (BT-474) sEVs, including by the lectins RPA, BPA, lentil, SHA, ABA, ASA.  

• Elevated LCA binding of breast ‘metastatic’ ‘CD81-positive’ sEVs (MCF-7) in comparison to ‘normal’ 

(hTERT-HME1) and ‘primary’ (BT-474) sEVs. 

• Increased LCA binding of breast ‘normal ‘CD63-positive’ sEVs (hTERT-HME1) in comparison to 

‘primary’ (BT-474) and ‘metastatic’ (MCF-7) sEVs. 

• Increased LCA cell surface binding of ‘normal’ breast epithelial cells (hTERT-HME1) in comparison to 

‘primary’ (BT-474) and ‘metastatic’ (MCF-7) cells. 

• TL binding shows a significant increase in ‘metastatic’ breast ‘CD81-positive’ sEVs (MCF-7) compared 

to ‘normal’ (hTERT-HME1) and ‘primary’ (BT-474) sEVs. 

• Enhanced TL cell surface binding is observed in ‘normal’ breast epithelial cells (hTERT-HME1) relative 

to ‘primary’ (BT-474) and ‘metastatic’ (MCF-7) cells. 
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6. CLINICAL SIGNIFICANCE OF LECTIN BINDING BREAST CANCER ASSOCIATED sEVs 

6.1. BACKGROUND 

The experimental findings reported in Chapters 4 and 5 revealed an increase in HPA, LCA, and TL lectin binding 

on breast ‘metastatic’ MCF-7 ‘CD81-positive’ sEVs in comparison to ‘primary’ BT-474 and ‘normal’ hTERT-

HME1 sEVs. Because sEVs can be isolated from a variety of body fluids, including blood, it was hypothesised 

that probing for these specific associations in breast cancer patient-derived sEVs may offer potential biomarkers 

for breast cancer diagnosis. Therefore, this chapter focuses on investigating the diagnostic application of these 

lectins in distinguishing blood sEVs derived from cancer patients from those derived from ‘healthy’ individuals. 

 

6.1.1. PLASMA-ENRICHED sEVs 

Unmanipulated blood can contain sEVs originating not only from leukocytes, platelets, erythrocytes, and 

endothelial cells but also from various other cell types (reviewed by Alberro et al., 2021; Webber & Clayton, 

2013; Yáñez-Mó et al., 2015). This diverse mixture of sEVs may pose challenges for downstream analysis 

especially with the aim of specifically identifying cancer-associated sEVs. Alternatively, serum and plasma are 

promising sources of sEVs, offering a promising avenue for identifying valuable biomarkers crucial for disease 

diagnosis, prognosis, and monitoring (reviewed by Hu et al., 2021; Mustapic et al., 2017). More specifically, 

plasma has been suggested to serve as a more appropriate source of sEVs because additional platelet-derived EVs 

are released during clot formation during serum preparation (reviewed by Coumans et al., 2017). Therefore, 

plasma was chosen as the source of sEVs in this study. Additionally, given the more promising results of lectin 

binding showing increased association with breast cancer in epithelial models compared to colorectal models, 

plasma from breast cancer patients was specifically chosen for investigation. sEVs were isolated from plasma 

samples derived from ‘healthy’ individuals and patients with ‘non-metastatic’ and ‘metastatic’ breast cancer by 

SEC and subjected to standardised characterisation by NTA, western blotting key markers, and TEM.    

 

6.1.2. ADDITIONAL TARGETS OF PLASMA-ENRICHED sEVs ASSOCIATED 

WITH HPA LCA AND TL  

The experimental findings in Chapters 4 and 5 revealed an increase in HPA, LCA, and TL lectin binding of 

‘CD81-positive’ sEVs, with ‘metastatic’ MCF-7 sEVs. However, given the highly heterogeneous nature of these 

vesicles, concerns were raised regarding the specificity of tetraspanin detection in relation to the specific detection 

of plasma-enriched sEVs. This heterogeneity poses a challenge because of the variable expression of tetraspanins 

such as CD81 across diverse sources of sEVs. Such variability can impede the detection of specific cancer-

associated sEVs of interest, thereby hindering the assessment of glycans recognised by these lectins for diagnostic 

capability assessment. In light of these challenges, the focus shifted to identifying additional glycosylated targets 

of plasma-enriched sEVs specifically associated with cancer-associated sEVs, with the aim of enhancing the 

diagnostic capability of these lectins. This was achieved by implementing the MACSPlex analysis exosome kit, 

which facilitates the identification of binding subpopulations of HPA, LCA, and TL in plasma-enriched sEVs, 

specifically those derived from patients with breast cancer in comparison to ‘healthy’ individuals. 
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6.1.3. THE DIAGNOSTIC APPLICATION OF PLASMA-ENRICHED sEVs AND 

LECTINS AS BLOOD-BASED BIOMARKERS IN CANCER 

Interestingly, the majority of serum cancer biomarkers currently used in the clinic are glycoproteins for monitoring 

responses to treatment and disease recurrence in patients with breast cancer such as CA15-3 (section 1.6.2) 

(reviewed by Hashim et al., 2017). Although the exploitation of glycoproteins has proven invaluable for the 

detection and monitoring of cancer, studies have also shown the potential of sEVs surface glycans as an alternative 

biomarker source. For example, Yokose et al. (2020) identified an increase in O-glycosylated sEVs in the serum 

of patients with early stage pancreatic cancer, even when the samples were negative for the established CA 19-9 

blood antigen test. Specifically, they observed a notable increase in the binding of lectins Agaricus bisporus 

agglutinin (ABA) and Amaranthus caudatus agglutinin (ACA) to O-glycans. The serum of 117 patients with 

pancreatic cancer exhibited a significant increase in ABA- and ACA-positive sEVs compared to 98 normal 

controls, with corresponding AUC values of 0.838 and 0.810, respectively, on the ROC curve. This study 

underscores the potential of sEVs surface glycans derived from blood samples as an alternative biomarker source 

for cancer diagnostics. Therefore, to investigate the diagnostic capability of HPA, LCA, and TL in distinguishing 

plasma-enriched sEVs derived from breast cancer patients and those derived from ‘healthy’ individuals, single-

vesicle flow cytometry was used.  

 

6.1.4. EpCAM DETECTION OF BREAST CANCER-ASSOCIATED sEVs 

Epithelial cell adhesion molecule (EpCAM) is frequently found to be overexpressed in human breast cancer 

(Tandon et al., 1990). EpCAM is a transmembrane glycoprotein that facilitates cell-to-cell adhesion within 

epithelial tissues (reviewed by Keller et al., 2019). EpCAM contains three N-glycosylation sites, all of which are 

glycosylated in human cell lines (Schön et al., 1993; Thampoe et al., 1988). The glycosylation of Asn198 is 

particularly important for EpCAM cell surface expression and protein stability, with mutations at this site leading 

to decreased expression and a reduced protein half-life from 21 to 7 hours (Munz et al., 2008). Differential 

glycosylation of EpCAM may contribute to its varied functions in healthy and malignant tissues, as observed with 

other cell surface molecules such as Notch, E-cadherin, integrins, and CD44 (Haines & Irvine, 2003; Hakomori, 

1996; Haltiwanger, 2002; Pinho et al., 2011). In head and neck carcinoma, EpCAM is hyperglycosylated 

compared to healthy tissues, suggesting that glycosylation plays a significant role in cancer progression (Pauli et 

al., 2003). EpCAM overexpression has been reported to be an independent prognostic marker for poor overall 

survival in node-positive breast cancer (Gastl et al., 2000). Over the past decade, there has been a significant 

interest in the detection and molecular characterisation of EpCAM-positive CTCs. As the most extensively studied 

and only FDA-cleared system for CTC detection and analysis is the CellSearch® system, which isolates CTCs 

from whole blood by using ferrofluid coated with EpCAM antibodies (Krebs et al., 2010). Despite the FDA 

approval for metastatic breast cancer prognosis, its efficacy in early-stage cancer detection is hindered by the 

rarity and antigenic diversity of CTCs (Cohen et al., 2008; de Bono et al., 2008). Given these limitations, 

researchers have sought alternative targets such as plasma-enriched sEVs. Interestingly, studies have highlighted 

a notable increase in the abundance of ‘EpCAM-positive’ sEVs in plasma-enriched samples derived from patients 
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with breast cancer compared to those from ‘healthy’ individuals (Tian et al., 2021; Vitale et al., 2021). As EpCAM 

is characterised as a glycoprotein, it raises the question of whether the introduction of lectins enhances its 

diagnostic capability. To further investigate the diagnostic capability of HPA, LCA, and TL in distinguishing 

plasma-enriched sEVs derived from patients with breast cancer from those derived from ‘healthy’ individuals, 

EpCAM was utilised as an additional target alongside these lectins.  

 

 

6.2. AIMS AND OBJECTIVES 
The aim of this chapter is to explore the diagnostic capability of HPA, LCA and TL in distinguishing between 

plasma-enriched sEVs derived from ‘healthy’ individuals and those from breast cancer patients.  

 

The objectives were:  

 

1) To isolate plasma-enriched sEVs from ‘healthy’ individuals and perform characterisation of each SEC 

fraction by NTA and BCA assay to identify fractions that most likely contain sEVs. 

 

2) To characterise the pooled fraction that most likely contained plasma-enriched sEVs by NTA, western 

blotting key sEVs markers and TEM. 

 

3) Assess the diagnostic potential of HPA, LCA, and TL binding of ‘EpCAM-positive’ sEVs to distinguish 

between plasma-enriched sEVs from ‘healthy’ individuals and those from cancer patients, from patients 

with ‘non-metastatic’ and ‘metastatic’ stages of cancer. 
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6.3. METHODS 

6.3.1. EXTRACTION AND CHARACTERISATION OF PLASMA-ENRICHED sEVs 

6.3.1.1. EXTRACTION OF PLASMA-ENRICHED sEVs    

sEVs were isolated from patient samples by implementing SEC as detailed in section 2.4.2.2 and shown in Figure 

2.1. 

6.3.1.2. NTA AND BCA ASSAY  

NTA and BCA assay was performed on the SEC fractions to confirm effective isolation of the pooled fractions to 

assess their concentration and size, as described in section 2.5.1 and section 2.4. 

6.3.1.3. WESTERN BLOTTING KEY sEVs MARKERS 

Western blotting was performed on the pooled SEC fraction to confirm the presence of plasma-enriched sEVs by 

blotting for key markers of sEVs (Table 2.4), as described in section 2.5.2. 

6.3.1.4. TEM 

TEM was performed on the pooled SEC fractions to identify the morphological and size characteristics of the 

plasma-enriched sEVs as described in section 2.5.3. 

 

6.3.2. SINGLE-VESICLE FLOW CYTOMETRY  

6.3.2.1. HPA, LCA AND TL PROFILING OF PLASMA-ENRICHED sEVs    

Single-vesicle flow cytometry was used to quantify HPA, LCA, and TL binding of plasma-enriched sEVs derived 

from ‘healthy’ individuals and patients with ‘non-metastatic’ and ‘metastatic’ breast cancer. The methodology for 

isolating plasma-enriched sEVs from plasma samples is outlined in section 2.4.2. The experimental procedure 

(section 2.6) includes instrument settings (section 2.6.1), calibration for sizing and fluorescence before sEV 

acquisition (section 2.6.2), and staining and labelling steps for plasma-enriched sEVs with antibodies and lectins 

(section 2.6.3). 
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6.4. RESULTS 

6.4.1. CHARACTERISATION OF PLASMA ENRICHED sEVs  

To confirm the effectiveness of SEC for isolating plasma-enriched sEVs, a series of characterisations was 

conducted.  NTA analysis of the patient plasma-enriched sEVs revealed peaks in particle number in SEC fractions 

5, 6, and 7, while also demonstrating the lowest protein contamination in the BCA assay (Figure 6.1-F). Therefore, 

these fractions were pooled to maximise yield and obtain a single sEV sample for further characterisation by NTA, 

western blotting, and TEM. Further, NTA indicated that the median particle size across all donor groups fell within 

the 30-150 nm range, a size characteristic of sEVs (Figure 6.1 B-D). More precisely, the average size of plasma-

derived sEVs varied by cohort, with ‘healthy’ individuals showing an average sEV size of 75 nm, whereas those 

with ‘non-metastatic’ and ‘metastatic’ cancer exhibited an average sEV size of 105 nm. The same key markers 

employed for the western blotting analysis of epithelial cell line-derived sEVs were similarly utilised for the 

identification of plasma-enriched sEVs. These markers included CD81, CD63 and syntenin-1 (reviewed by 

Jankovičová et al., 2020). Additionally, the ultralow density lipoprotein marker (LDL), ApoB, was included in 

the analysis (Sódar et al., 2016). To confirm the specificity of antibody binding and ensure that the observed bands 

were related to the proteins of interest, a H2O control was included, revealing no bands for the antibodies used. 

Western blotting of the plasma-enriched sEVs revealed that CD81 and syntenin-1 were not detectable, whereas 

bands were only visible for CD63 and ApoB (Figure 6.1-E).  Further analysis of the pooled plasma-enriched sEVs 

fractions by TEM revealed structures with the typical cup-shaped morphology expected for sEVs, in the size range 

of 30-150 nm (Figure 6.1-A). However, LDL particles were also detected, suggesting their potential to mimic 

sEVs and co-isolates during the isolation procedure. 
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Figure 6.1. Characterisation of SEC fractions for the isolation of healthy plasma-enriched sEVs by NTA BCA TEM and western blotting. (A) TEM analysis of plasma-enriched sEVs from fractions 5, 6, 

and 7 pooled together. (Scale bars = 100, 200, and 500 nm). (B-D) NTA size characterisation of plasma-enriched sEVs from pooled fractions 5, 6, and 7. (E) Western blotting of the sEVs protein marker CD63 and 

lipoprotein marker ApoB. (F) SEC fractions (500ul) containing plasma-enriched sEVs were subjected to NTA and BCA analysis to determine particle and protein concentrations to identify fractions which most 

likely contained sEVs. The SEC fractioning experiment and western blotting consisted of one biological and technical replicate, whereas NTA each experiment consisted of three biological triplicates with three 

technical triplicates, and the error bars indicate the Stdev. 
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6.4.2. EpCAM ANALYSIS OF PLASMA-ENRICHED sEVs  

In continuation of single-vesicle flow cytometry, the investigation was extended to evaluate EpCAM on the 

surface of plasma-enriched sEVs across the various patient cohorts (Figure 6.2).  Primary data, including the mean 

± SD of EpCAM binding normalised to CFSE events/ml and MESF values, are presented in Table 6.1. 

 

The initial assessment of EpCAM abundance revealed a significant 3.3-fold increase in the plasma-enriched sEVs 

derived from breast cancer patients in comparison to ‘healthy’ individuals (p < 0.0001) (Figure 6.2 A-B). ROC 

curve analysis underscored the diagnostic potential of EpCAM, with an AUC value of 0.9474 for differentiating 

EpCAM-postive plasma-enriched sEVs derived from breast cancer patients in comparison to ‘healthy’ individuals 

(Figure 6.2-C). Analysis of EpCAM binding across the different patient cohorts revealed a 3.3-fold increase in 

plasma-enriched sEVs derived from ‘non-metastatic’ breast cancer patients (p < 0.0001) and a 3.4-fold increase 

in those from ‘metastatic’ breast cancer patients (p < 0.001) in comparison with ‘healthy’ individuals’ samples 

(Figure 6.2-D). Analysis of EpCAM MESF values revealed a significant 1.3-fold increase in plasma-enriched 

sEVs derived from ‘healthy’ individuals in comparison to those of ‘non-metastatic’ (p < 0.01) and ‘metastatic’ 

breast cancer patients (p < 0.05) (Supplementary Figure 19). Comparative analysis of EpCAM MESF values also 

indicated a 1.3-fold increase in plasma-enriched sEVs derived from ‘healthy’ plasma-enriched sEVs in 

comparison to breast cancer- associated patients (p < 0.01) (Supplementary Figure 19). Interestingly, ROC curve 

analysis of EpCAM MESF values demonstrated an AUC value of 0.8842, for differentiating plasma-enriched 

sEVs derived from breast cancer patients in comparison to ‘healthy’ individuals (Supplementary Figure 19). 

 

 Table 6.1. EpCAM binding of plasma enriched sEVs derived from healthy individuals, non-metastatic and 

metastatic breast cancer patients.  

 

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

Plasma enriched 

sEVs 

 EpCAM PE 

MESF (mean ± SD) 

EpCAM events/ml % of 

CFSE events/ml (mean ± 

SD) 

Vs healthy 

sEVs 

Vs metastatic 

sEVs 

 Healthy individuals 

sEVs 
210.755 ± 39.895 0.527 ± 0.170  

Events/ml 
*** 

MESF 
* 

Non-metastatic 

cancer patient sEVs 
166.051 ± 6.218 1.773 ± 0.551 

Events/ml 
**** 

MESF 
** 

Events/ml 
NS 

MESF 
NS 

Metastatic cancer 

patient sEVs 
150.676 ± 38.430 1.757 ± 0.918 

Events/ml 
*** 

MESF 
* 

 



130 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Healthy individuals sEVs Non-Met patient sEVs Met patient sEVs 

(A) 

(D) 

(B) (C) 

(E) (F) (G) 

Figure 6.2. Single-vesicle analysis of EpCAM detection of plasma-enriched sEVs from metastatic breast cancer patients (n = 5), non-metastatic breast cancer patients (n = 5), and healthy individuals (n = 5). 

(A) EpCAM+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of EpCAM+ events/ml normalised to % CFSE events/ml between 

plasma-enriched sEVs derived from healthy individuals and cancer patients. (C)  ROC curve analysis measuring EpCAM+ events/ml normalised to % CFSE events/ml, yielding an AUC of 0.9474 for discriminating 

patients with cancer from healthy individuals. (D) Comparison of EpCAM+ events/ml normalised to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and non-metastatic and metastatic 

patients. (E-G) Histogram profiles of plasma-enriched sEVs after gating showing EpCAM fluorescence. Each experiment comprised biological triplicates with three technical triplicates; error bars represent the Stdev. 

The t-test followed by Welch’s correction was used to determine the significance level: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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6.4.3. EpCAM ANALYSIS OF PLASMA-ENRICHED sEVs WITH 

FLUORESCENTLY LABELLED HPA 

Prior results have already established the efficacy of using EpCAM detection via single-vesicle flow cytometry 

on plasma-enriched sEVs for distinguishing cancer patients from ‘healthy’ individuals (section 6.4.2). Therefore, 

in continuation of adopting single-vesicle flow cytometry, the investigation shifted to explore the potential of 

HPA lectin binding in ‘EpCAM-positive’ plasma-enriched sEVs samples, with the aim of increasing the 

diagnostic potential for identifying samples from ‘healthy’ individuals and those with cancer (Figure 6.3). The 

primary data, including the mean ± SD of HPA lectin binding of ‘EpCAM-positive’ plasma-enriched sEVs 

normalised to CFSE events/ml and MESF values, are presented in Table 6.2.  

 

Before diagnostically assessing HPA lectin binding to ‘EpCAM-positive’ sEVs, the study first explored the 

potential of HPA lectin alone to differentiate between plasma-enriched sEVs derived from ‘healthy’ individuals 

and those from breast cancer patients (Supplementary Figure 18). This preliminary analysis revealed a 1.2-fold 

increase in HPA lectin binding to plasma-enriched sEVs derived from ‘healthy’ individuals compared to those 

with cancer (p < 0.05) (Supplementary Figure 18). Specifically comparing HPA lectin binding of EpCAM-postive 

plasma-enriched sEVs revealed a 3.3-fold increase in cancer patients in comparison to ‘healthy’ individuals 

(p < 0.0001). ROC curve analysis revealed an AUC value of 0.9474 in distinguishing HPA lectin binding of 

EpCAM-postive plasma-enriched sEVs derived from ‘healthy’ individuals and breast cancer patients (Figure 6.3 

A-C). Specifically, HPA lectin binding of ‘EpCAM-positive’ plasma enriched sEVs revealed a 3.1-fold and 3.4-

fold increase from those derived in ‘non-metastatic’ and ‘metastatic’ breast cancer patients in comparison to 

‘healthy’ individuals (p < 0.0001 and p < 0.001, respectively) (Figure 6.3-D). Moreover, analysis of MESF values 

for HPA lectin binding of ‘EpCAM-positive’ plasma-enriched sEVs derived from breast cancer patients and 

‘healthy’ individuals revealed no significant difference (Supplementary Figure 20). 
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Table 6.2. HPA lectin binding of EpCAM-positive plasma enriched sEVs derived from healthy individuals, 

non-metastatic and metastatic breast cancer patients. 

 

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Plasma enriched 

sEVs 

 HPA APC 

MESF (mean ± 

SD) 

HPA events/ml % of CFSE 

events/ml (mean ± SD) 

Vs healthy 

sEVs 

Vs metastatic 

sEVs 

 Healthy individuals 

sEVs 
63.748 ± 26.446 0.341 ± 0.168  

Events/ml 
*** 

MESF 
NS 

Non-metastatic 

cancer patient sEVs 
76.597 ± 9.989 1.106 ± 0.296 

Events/ml 
**** 

MESF 
NS 

Events/ml 
NS 

MESF 
NS 

Metastatic cancer 

patient sEVs 
79.633 ± 27.297 1.153 ± 0.624 

Events/ml 
*** 

MESF 
NS  
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Healthy individuals sEVs Non-met patient sEVs Met patient sEVs 

Figure 6.3. Single-vesicle analysis of HPA lectin detection of EpCAM-positive plasma-enriched sEVs from metastatic breast cancer patients (n = 5), non-metastatic breast cancer patients (n = 5), and healthy 

individuals (n = 5). (A) HPA+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of HPA+ events/ml normalised to % CFSE events/ml 

between plasma-enriched sEVs derived from healthy individuals and cancer patients. (C)  ROC curve analysis measuring HPA+ events/ml normalised to % CFSE events/ml, yielding an AUC of 0.9474 for discriminating 

patients with cancer from healthy individuals. (D) Comparison of HPA+ events/ml normalised to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and non-metastatic and metastatic 

cancer patients. (E-G) Histogram profiles of plasma-enriched sEVs after gating showing HPA fluorescence. Each experiment comprised biological triplicates with three technical triplicates; error bars represent the 

Stdev. The t-test followed by Welch’s correction was used to determine the significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

(A) (B) (C) 

(D) (E) (F) (G) 
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6.4.4. EpCAM ANALYSIS OF PLASMA-ENRICHED sEVs WITH 

FLUORESCENTLY LABELLED LCA 

Previous findings have confirmed the effectiveness of utilising EpCAM detection through single-vesicle flow 

cytometry to differentiate between cancer patients and ‘healthy’ individuals (section 6.4.2). Building on this, the 

current investigation has transitioned towards examining the feasibility of LCA lectin binding in ‘EpCAM-

positive’ plasma-enriched sEV samples. The primary data, including the mean ± SD of LCA lectin binding of 

‘EpCAM-positive’ plasma-enriched sEVs normalised to CFSE events/ml and MESF values, are presented in 

Table 6.3. 

 

Before diagnostically assessing LCA lectin binding to ‘EpCAM-positive’ sEVs, the study first explored the 

potential of LCA lectin alone to differentiate between plasma-enriched sEVs derived from ‘healthy’ individuals 

and breast cancer patients (Supplementary Figure 18). This preliminary analysis revealed a 1.1-fold increase in 

LCA lectin binding to plasma-enriched sEVs derived from ‘healthy’ individuals compared to those from cancer 

patients (p < 0.05) (Supplementary Figure 18). Specifically comparing LCA lectin binding of ‘EpCAM-positive’ 

plasma-enriched sEVs revealed a 2.9-fold increase in cancer-associated patients in comparison to ‘healthy’ 

individuals (p < 0.01). ROC curve analysis revealed an AUC value of 0.8 in distinguishing LCA lectin binding of 

‘EpCAM-positive’ plasma-enriched sEVs derived from ‘healthy’ individuals and breast cancer patients (Figure 

6.4 A-C). Specifically, LCA lectin binding of ‘EpCAM-positive’ plasma enriched sEVs revealed a 2.4-fold 

increase from those derived in ‘non-metastatic’ breast cancer patients in comparison to ‘healthy’ individuals 

(p < 0.01) (Figure 6.4-D). Whereas no significant differences were observed for LCA binding ‘EPCAM-positive’ 

plasma-enriched sEVs derived from ‘metastatic’ breast cancer patients in comparison to ‘non-metastatic’ breast 

cancer patients and ‘healthy’ individuals. Moreover, analysis of MESF values for LCA lectin binding of ‘EpCAM-

positive’ plasma-enriched sEVs revealed a significant 1.4-fold and 1.3-fold increase in those derived from ‘non-

metastatic’ and ‘metastatic’ breast cancer patients respectively, in comparison to ‘healthy’ individuals (p < 0.01). 

Whereas ROC curve analysis of MESF values demonstrated an AUC value of 0.6925 in distinguishing LCA lectin 

binding of EpCAM-postive plasma-enriched sEVs derived from ‘healthy’ individuals and breast cancer patients 

(Supplementary Figure 21). 
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Table 6.3. LCA lectin binding of EpCAM-positive plasma enriched sEVs derived from healthy individuals, 

non-metastatic and metastatic breast cancer patients. 

 

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plasma enriched 

sEVs 

 LCA APC 

MESF (mean ± 

SD) 

LCA events/ml % of CFSE 

events/ml (mean ± SD) 

Vs healthy 

sEVs 

Vs metastatic 

sEVs 

 Healthy individuals 

sEVs 
39.632 ± 10.676 1.427 ± 1.747  

Events/ml 
NS 

MESF 
NS 

Non-metastatic 

cancer patient sEVs 
52.227 ± 6.824 3.584 ± 0.489 

Events/ml 
** 

MESF 
** 

Events/ml 
NS 

MESF 
** 

Metastatic cancer 

patient sEVs 
42.122 ± 8.300 4.346 ± 3.096 

Events/ml 
NS 

MESF 
NS  
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Healthy individuals sEVs Non-met patient sEVs Met patient sEVs 

(A) (B) (C) 

(D) 
(E) (F) (G) 

Figure 6.4. Single-vesicle analysis of LCA lectin detection of EpCAM-positive plasma-enriched sEVs from metastatic breast cancer patients (n = 5), non-metastatic breast cancer patients (n = 5), and healthy 

individuals (n = 5). (A) LCA+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of LCA+ events/ml normalised to % CFSE events/ml 

between plasma-enriched sEVs derived from healthy individuals and cancer patients. (C)  ROC curve analysis measuring LCA+ events/ml normalised to % CFSE events/ml, yielding an AUC of 0.8 for discriminating 

patients with cancer from healthy individuals. (D) Comparison of LCA+ events/ml normalised to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and non-metastatic and metastatic 

cancer patients. (E-G) Histogram profiles of plasma-enriched sEVs after gating showing LCA fluorescence. Each experiment comprised biological triplicates with three technical triplicates; error bars represent the 

Stdev. The t-test followed by Welch’s correction was used to determine the significance levels. *p < 0.05, **p < 0.01. 
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6.4.5. EpCAM ANALYSIS OF PLASMA-ENRICHED sEVs WITH 

FLUORESCENTLY LABELLED TL 

Prior investigation has established the efficacy of EpCAM detection via single-vesicle flow cytometry for 

distinguishing between cancer patients and ‘healthy’ individuals (section 6.4.2). Expanding on this, the current 

study has shifted its focus to investigate the potential of TL binding on ‘EpCAM-positive’ plasma-enriched sEVs 

samples. The primary data, including the mean ± SD of TL binding of ‘EpCAM-positive’ plasma-enriched sEVs 

normalised to CFSE events/ml and MESF values, are presented in Table 6.4. 

 

Before diagnostically assessing TL lectin binding to ‘EpCAM-positive’ sEVs, the study first explored the potential 

of TL alone to differentiate between plasma-enriched sEVs derived from ‘healthy’ individuals and those from 

breast cancer patients, however no significant differences were observed (Supplementary Figure 18). Specifically 

comparing TL binding of EpCAM-postive plasma-enriched sEVs revealed a 6.4-fold increase in cancer patients 

in comparison to ‘healthy’ individuals (p < 0.001). ROC curve analysis revealed an AUC value of 0.8889 in 

distinguishing TL binding of EpCAM-postive plasma-enriched sEVs derived from ‘healthy’ individuals and 

breast cancer patients (Figure 6.5 A-C). Specifically, TL binding of ‘EpCAM-positive’ plasma enriched sEVs 

revealed a 4.8-fold and 7.7-fold increase from those derived from ‘non-metastatic’ and ‘metastatic’ breast cancer 

patients in comparison to ‘healthy’ individuals (p < 0.0001 and p < 0.001, respectively) (Figure 6.5-D). Moreover, 

analysis of MESF values for TL binding of ‘EpCAM-positive’ plasma-enriched sEVs revealed a significant 1.1-

fold increase in those derived from ‘non-metastatic’ and ‘metastatic’ breast cancer patients, in comparison to 

‘healthy’ individuals (p < 0.01). Whereas ROC curve analysis of MESF values demonstrated an AUC value of 

0.5278 in distinguishing TL binding of ‘EpCAM-postive’ plasma-enriched sEVs derived from ‘healthy’ 

individuals and breast cancer patients (Supplementary Figure 22). 
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Table 6.4. TL binding of EpCAM-positive plasma enriched sEVs derived from healthy individuals, non-

metastatic and metastatic breast cancer patients. 

 

 

The asterisks (*) in the table denote significance levels. 

The NS in the table indicates no significance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plasma enriched 

sEVs 

 TL APC MESF 

(mean ± SD) 

TL events/ml % of CFSE 

events/ml (mean ± SD) 

Vs healthy 

sEVs 

Vs metastatic 

sEVs 

 Healthy individuals 

sEVs 
13.156 ± 0.392 1.302 ± 0.805  

Events/ml 
* 

MESF 
NS 

Non-metastatic 

cancer patient sEVs 
14.287 ± 0.869 6.034 ± 1.286 

Events/ml 
**** 

MESF 
** 

Events/ml 
NS 

MESF 
** 

Metastatic cancer 

patient sEVs 
12.557 ± 1.627 9.734 ± 6.047 

Events/ml 
* 

MESF 
NS  
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Figure 6.5. Single-vesicle analysis of TL detection of EpCAM-positive plasma-enriched sEVs from metastatic breast cancer patients (n = 5), non-metastatic breast cancer patients (n = 5), and healthy 

individuals (n = 5). (A) TL+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of TL+ events/ml normalised to % CFSE events/ml 

between plasma-enriched sEVs derived from healthy individuals and cancer patients. (C)  ROC curve analysis measuring TL+ events/ml normalised to % CFSE events/ml, yielding an AUC of 0.8889 for discriminating 

patients with cancer from healthy individuals. (D) Comparison of TL+ events/ml normalised to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and non-metastatic and metastatic 

cancer patients. (E-G) Histogram profiles of plasma-enriched sEVs after gating showing TL fluorescence. Each experiment comprised biological triplicates with three technical triplicates; error bars represent the 

Stdev. The t-test followed by Welch’s correction was used to determine the significance levels: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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6.5. DISCUSSION 

6.5.1. CHARACTERISATION OF PLASMA-ENRICHED sEVs 

To ensure reliability and standardisation, the MiBlood-EV guidelines were followed for the isolation and 

characterisation of plasma-enriched sEVs (Lucien et al., 2023). Examination of SEC fractions using NTA and 

BCA assays indicated that fractions 5, 6, and 7 were most likely to contain plasma-enriched sEVs, based on higher 

particle counts and lower protein contamination. Although fraction 8 had the maximum particles, fractions 5-7 

were selected to maintain consistency with the protocol used for isolating sEVs from epithelial cell lines. This 

approach ensures comparability across different sample types and consequently these fractions were pooled and 

subjected to further characterisation. NTA revealed that sEVs derived from donor plasma samples were within 

the established size range of 30-150 nm (reviewed by Doyle & Wang, 2019).  

 

Isolated plasma-enriched sEVs derived from ‘healthy’ individuals have also been characterised using key markers 

for sEVs, such as CD81, CD63, and syntenin-1 (reviewed by Jankovičová et al., 2020). Notably, CD81 and 

syntenin-1 were undetectable by western blot analysis, whereas a band for CD63 was observed, which raises 

intriguing questions regarding the pre-analytical variables that can affect the isolation and physiological state of 

individuals from whom plasma-enriched sEVs were isolated. It is widely documented that  plasma from healthy 

individuals typically has a lower concentration of sEVs than plasma from cancer patients (Huang et al., 2019). 

This disparity may account for the absence of certain sEV markers in healthy plasma samples. Moreover, it is also 

established that factors such as the size of the needle used to draw blood, proper handling of blood samples, and 

timely and thorough separation of plasma from uncoagulated blood cells and platelets can affect the 

characterisation of sEVs (reviewed by Holcar et al., 2021). Additionally, patient health, medication use, and 

genetic and environmental factors can potentially influence the expression and release of specific sEV markers. 

Understanding these factors is essential for isolating plasma-enriched sEVs for downstream analyses (Cesselli et 

al., 2018; Macia et al., 2020; Pink et al., 2022). However, it is important to note that these factors were largely 

unknown in this study because plasma samples were purchased commercially. This highlights the need for further 

investigation of the potential impact of these pre-analytical variables on the characterisation of plasma-enriched 

sEVs. 

 

Western blotting also revealed the presence of ApoB in plasma-enriched sEV samples. This indicated the presence 

of LDLs particles alongside plasma-enriched sEVs. This was also apparent in TEM analysis, however ‘cup-

shaped' particles, within the size range of 30 nm to 150 nm were also revealed and presumed to be plasma-enriched 

sEVs. Studies using SEC to isolate plasma-enriched sEVs have also identified the presence of LDLs (Holcar et 

al., 2020; Yang et al., 2021). Moreover, LDLs are approximately 107 times more abundant in human plasma than 

sEVs (Johnsen et al., 2019; Simonsen, 2017). Recent studies have focused on adopting isolation protocols to 

eliminate unwanted LDLs from sEVs (Iannotta et al., 2023). While such adaptations offer opportunities to improve 

isolation efficiency and specificity, they also present limitations, including the potential loss of sEVs of interest. 

Researchers must carefully weigh the advantages and disadvantages of each technique to optimise the results for 

downstream applications (Théry et al., 2018). Given the lack of established isolation techniques to remove 

lipoproteins and their effects on altering the sEV glycan composition, the original isolation protocol was retained 
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for downstream analysis. In addition to LDLs, it is also important to consider the co-isolation of other particles in 

plasma-enriched sEVs, such as non-vesicular extracellular nanoparticles (NVEPs), that may impact data 

interpretation. While research on  NVEPs, such as exomeres and supermeres, is limited, it is becoming 

increasingly evident that they contain bioactive cargo that has been previously attributed to sEVs (Jeppesen et al., 

2019; van Niel et al., 2022). For example, Zhang et al. (2021) identified NVEPs, such as supermeres, as a 

predominant component in their plasma-enriched sEVs preparations and established them to be particularly rich 

in TGF-β1.  This overlap in size and function poses a challenge for accurately distinguishing and characterising 

sEVs from other particles, potentially leading to confounding results and misinterpretation of the data. Future 

work should focus on addressing these challenges by refining the isolation and characterisation protocols to better 

distinguish sEVs from NVEPs. This includes the implementation of more specific markers and techniques to 

identify and quantify NVEPs, such as advanced proteomic and lipidomic analysis. For instance, incorporating 

additional markers, such as cytochrome C, could also help assess potential cell contamination and confirm the 

absence of cellular debris in sEV preparations, as demonstrated for epithelial-derived sEVs. Further 

characterisation should involve thorough investigations into the functional roles and bioactive cargo of NVEPs to 

avoid misattributing their effects to sEVs. Additionally, standardised protocols for isolating sEVs and removing 

contaminants are crucial for ensuring the accuracy and reliability of downstream analyses. By enhancing these 

methodologies, researchers could improve the specificity of biomarker discovery and mitigate the risk of 

conflating sEVs with other plasma components. 

 

6.5.2. DIAGNOSTIC ASSESSMENT OF LECTINS BINDING PLASMA-ENRICHED 

EpCAM-POSITIVE sEVS  

Initially, plasma-enriched sEVs were subjected to MACSPlex analysis alongside each lectin to identify unique 

colocalised marker proteins that may enhance the discriminatory capabilities of these lectins through single-

vesicle analysis. Notably, HPA-positive plasma-enriched sEVs derived from breast cancer patients revealed a 

significant increase of co-localisation with CD9 in comparison to those derived from ‘healthy’ individuals. 

However, contrasting results emerged upon validation using single-vesicle analysis which revealed no 

significance of HPA lectin binding of CD9-positive sEVs in distinguishing plasma-enriched sEVs derived from 

‘healthy’ individuals and those from breast cancer patients (Supplementary Figure 10-17). This prompted the 

introduction of the well-established breast cancer marker EpCAM to complement the diagnostic assessments 

facilitated by lectins. 

 

The results revealed the high diagnostic capability of EpCAM to differentiate between plasma-enriched sEVs 

derived from patients with cancer and ‘healthy’ individuals. These findings align with those of other studies that 

have employed various technologies to identify EpCAM from breast cancer plasma-enriched sEVs compared with 

those from ‘healthy’ individuals (Tian et al., 2021; Vitale et al., 2021). To further enhance the diagnostic potential 

of EpCAM, lectins HPA, LCA and TL were used in conjunction. Single-vesicle flow cytometry analysis revealed 

that the lectins HPA, LCA, and TL were significantly associated with EpCAM in patient-plasma-enriched sEVs. 

However, detecting HPA, LCA, and TL on ‘EpCAM-positive’ sEVs did not significantly enhance the diagnostic 

capability compared with detecting ‘EpCAM-positive’ sEVs alone. EpCAM is a transmembrane glycoprotein 
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with three N-glycosylation sites that are important for stability and cell surface expression (Schön et al., 1993; 

Thampoe et al., 1988). Studies have shown that these glycosylation sites, particularly Asn198, are crucial for 

maintaining protein function and half-life (Munz et al., 2008). Interestingly, previous studies have revealed strong 

glycosylation of EpCAM in cancer, in contrast to its weak or absent glycosylation in healthy tissues. By inhibiting 

N-linked glycosylation with tunicamycin, followed by western blotting, Pauli et al. (2003), demonstrated a 

decrease in glycosylated EpCAM levels. In contrast, the inhibition of O-linked glycosylation with N-acetyl 

galactosaminide had no effect, thereby highlighting the N-glycosylation of EpCAM. Although, it’s important to 

note that the exact glycosylation patterns on EpCAM at the sEV level have not been fully elucidated; therefore, 

implementing these lectins provided a broad approach to identifying glycosylated structures associated with 

EpCAM.. Although this study did not directly identify the exact N-linked glycans responsible for the strongly 

glycosylated forms of EpCAM in cancer tissues, future investigations should aim to elucidate this aspect which 

may enable improved detection specifically associated with cancer, particularly in the context of its abundance on 

sEVs. Furthermore, in the current study, all lectins were tested in the absence of EpCAM and assessed for their 

diagnostic capability to distinguish plasma-enriched sEVs from patients with breast cancer and ‘healthy’ 

individuals. The results revealed a decreased diagnostic capability compared to the detection of lectins with 

‘EpCAM-positive’ sEVs, indicating the importance of EpCAM in enhancing the diagnostic accuracy of HPA, 

LCA, and TL detection. 

 

6.6. KEY FINDINGS 

• The extraction of plasma-enriched sEVs by SEC reveals the co-isolation of LDLs alongside sEVs. 

• Increased ‘EpCAM-positive’ sEVs in plasma samples from cancer patients in comparison to ‘healthy’ 

individuals revealed diagnostic capability by single-vesicle flow cytometry. 

• The detection of HPA, LCA, and TL lectins bound to ‘EpCAM-positive’ sEVs did not increase diagnostic 

capability compared to solely detecting ‘EpCAM-positive’ sEVs by single-vesicle flow cytometry. 
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7. FINAL DISCUSSION AND FUTURE WORKS 

7.1. COMPARISONS OF GLYCOSYLATION BETWEEN CELLS AND 

THEIR DERIVED sEVs  

The glycosylation profiles of the model breast and colorectal epithelial cell lines and their derived sEVs were 

assessed using HPA, LCA, and TL binding assays to determine similarities in glycosylation patterns. Cancer cells 

in both breast and colorectal lines showed increased HPA binding compared to normal cells, especially in 

metastatic phenotypes, consistent with previous studies, as highlighted in section 4.5.1. Notably, these findings 

also mirrored observations established from their derived sEVs, as ‘CD81-positive’ sEVs from MCF-7 cells 

showed increased HPA lectin binding compared to those from ‘normal’ hTERT-HME1 and ‘primary’ BT-474 

cells. Interestingly, Fan et al. (2023) performed a subcellular distribution analysis of CD81 and CD63 in MCF-7 

cells using confocal microscopy and revealed that while CD81 was mainly localised at the plasma membrane, 

CD63 expression was predominantly intracellular. The localisation of HPA binding to the cell surface, as 

established in this study, alongside previous findings of CD81 localisation in MCF-7 cells and the observed 

increase in HPA lectin binding to ‘CD81-positive’ sEVs, is particularly intriguing. These observations suggest a 

potential connection between sEVs' glycosylation patterns and the surface localisation of HPA-binding glycans 

and CD81. Moreover, TL and LCA breast cellular flow cytometry analyses revealed increased binding of ‘normal’ 

hTERT-HME1 cells compared to that of ‘primary’ BT-474 and ‘metastatic’ MCF-7 cells. Their respective ‘CD63-

positive' sEVs also mirrored this observation as observed with HPA lectin analysis. However, it is important to 

note that the glycans recognised by LCA and TL were much broader than those of HPA, as highlighted in section 

5.5.1. Specifically, the broader glycan recognition by LCA and TL encompasses both O-linked and N-linked 

glycans.  

 

Other investigations comparing the glycosylation profiles of cells and their derivatives suggest that the 

glycosylation patterns of sEVs membranes are only partially correlated with those of cellular membranes across 

various cell types, as discussed in section 4.5.2. However, it is important to acknowledge that these studies did 

not specifically investigate the glycosylation profiles of sEVs based on tetraspanin subpopulations, in contrast to 

the present study. Therefore, the findings in this study may suggest a parallel glycan presentation between the cell 

surface and their derived sEVs, but nuanced specificity attributed to the tetraspanin composition. Interestingly, 

growing evidence supports the hypothesis that glycans interact with specific cellular lectins to selectively sort 

carrier glycoproteins into sEVs in the endosome, potentially leading to enrichment of specific membrane domains 

which could be the case for tetraspanin platforms (Gomes et al., 2015). According to Batista et al. (2011), the 

conservation of specific glycan structures, such as increased Man, polylactosamine, α-2,6 sialylation, and complex 

N-linked glycans, is due to the sorting mechanisms of glycoproteins and glycolipids into sEVs. For example, 

sorting Ewing’s Sarcoma-Associated Transcript 2 (EWI-2), an immunoglobulin glycoprotein, into sEVs leads to 

altered protein cargo profiles in secreted sEVs (Liang et al., 2014). This may indicate a potential alternative 

pathway for glycoprotein sorting into sEVs, which is related to its glycan moiety and is distinct from the well-

characterised ESCRT machinery pathway (Gomes et al., 2015).  
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Following these observations, it becomes apparent that the glycosylation patterns of sEVs, especially those 

identified as ‘CD81-positive’, likely mirror their parental cell counterparts, as recognised by HPA lectin binding. 

Conversely, the presence of glycan structures, as recognised by LCA and TL, may serve as indicators of cellular 

surface composition, particularly when the sEVs are identified as ‘CD63-positive’. However, future investigations 

are warranted to validate and support these conclusions, such as the use of additional breast epithelial cell lines. 

 

7.2. GLYCOSYLATION OF CANCER-ASSOCIATED sEVs   

Initially, HPA lectin was used to identify the O-GalNAc glycosylation profiles of breast and colorectal epithelial 

cell line-derived sEVs. Notably, ‘CD81-positive’ sEVs derived from MCF-7 cells showed increased HPA lectin 

binding compared with those from ‘normal’ hTERT-HME1 and ‘primary’ BT-474 cells. Interestingly, other 

studies have highlighted the presence of GalNAc glycans on sEVs derived from other cancer types, as discussed 

in section 4.5.2. However, to date, these represent the first findings demonstrating the presence of GalNAc glycans 

on ‘CD81-positive’ sEVs, specifically attributed to those derived from a ‘metastatic’ cell phenotype. The interest 

sparked by these findings raised questions about which alternative glycosylation targets are also specifically 

enriched on ‘CD81-positive’ sEVs derived from cancer or cancer metastatic cell sources. Therefore, a lectin 

microarray was implemented for wider analytical coverage. 

 

The lectin microarray revealed overall increased lectin binding to ‘CD81-positive’ sEVs derived from ‘primary’ 

BT-474 cells and ‘metastatic’ MCF-7 cells compared to ‘normal’ hTERT-HME1 cells. As discussed in section 

5.5.1, the lectins, BANLEC, WGA, PHA-L, GNA, UDA and TL have also been shown to significantly bind other 

cancer-associated sEVs derived from other cell types. However, one lectin that sparked interest was TL, given the 

broad range of sugars it recognises and the absence of literature documenting its binding and association with 

cancer, especially within the context of sEVs. Other comparisons were also made between the ‘CD81-positive’ 

sEVs derived from ‘primary’ BT-474 and ‘metastatic’ MCF-7 cells to identify unique glycans associated with 

both ‘primary’ and ‘metastatic’ cancer-associated sEVs. Despite variations in lectin binding between cancer-

associated sEVs versus ‘normal’ sEVs, as well as between ‘metastatic’ sEVs versus ‘primary’ sEVs, there was a 

notable overlap in recognising sugars such as α-GalNAc and α-Man glycans. However, it is important to note that 

the precise glycans recognised by these lectins often remain largely unknown, leading to ambiguous interpretation. 

This is also highlighted by the affinity of ‘CD81-positive’ ‘normal’ breast sEVs for Helix aspersa agglutinin 

(HAA) compared to ‘CD81-positive’ ‘primary’ and ‘metastatic’ sEVs. HAA is one of the five members of the H-

type lectin family that is specific to GalNAc glycans along with HPA. However, it is important to acknowledge 

that the crystal structures of lectins such as HPA and HAA exhibit significant differences (reviewed by 

Jeyachandran et al., 2024). Therefore, although the agglutination of both glycans is inhibited by GalNAc, their 

specific binding affinity for GalNAc is dependent on a variety of other factors, including the proximity of other 

glycans, their charges, and other molecular characteristics. Nevertheless, the lectin microarray also revealed the 

increased binding of lentil lectin, or more commonly referred to LCA, which raised interest because of its already 

notable application in cancer diagnostics as discussed in section 5.5.1. To further validate findings of the lectin 
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microarray, and dismiss any non-specific interactions, TL and LCA were chosen to analyse by single-vesicle flow 

cytometry.  

 

Consistent with the lectin microarray findings, LCA demonstrated a significantly higher affinity for ‘metastatic’ 

‘CD81-positive’ MCF-7 sEVs than ‘CD81-positive’ BT-474 sEVs. In contrast, TL only exhibited increased 

binding to ‘metastatic’ ‘CD81-positive’ MCF-7 sEVs in comparison to ‘normal’ hTERT-HME1 sEVs. 

Collectively, these results suggest that glycans recognised by HPA, LCA, and TL were abundant on ‘CD81-

positive’ sEVs derived from ‘metastatic’ MCF-7 cells compared to ‘primary’ BT-474 and ‘normal’ hTERT-

HME1 cells.  However, the factors underlying the enrichment of these glycans associated with breast ‘metastatic’ 

MCF-7 ‘CD81-positive’ sEVs remain largely elusive. One possibility, as discussed in section 7.1, is the parallel 

of glycan presentation between the cell surface and their derived sEVs, but the nuanced specificity is attributed to 

the tetraspanin composition. Moreover, the presence of these distinct glycans on cancer-derived sEVs may result 

not only from the observed changes in the N- and O-linked glycosylation machinery within cancer cells but also 

from diverse regulatory factors that control glycan synthesis. These factors may include the availability, presence, 

and activity of glycosyltransferases, which are modulated by transcription factors, miRNAs, and DNA 

methylation (reviewed by Dall’Olio & Trinchera, 2017; Kasper et al., 2014; Neelamegham & Mahal, 2016; Rini 

et al., 2022). Moreover, the localisation of these enzymes within the ER or Golgi apparatus, availability of 

nucleotide donors, and local environmental factors, including pH, may also influence the enrichment of particular 

glycan on sEVs (Colley et al., 2022; Rudd et al., 2022). For example a pioneering study by Zheng et al. (2022) 

genetically engineered human embryonic kidney 293 cells to co-express  fucosyltransferase VII or IX to catalyse 

fucosylation of GlcNAc of a distal alpha 2,3 asialylated lactosamine unit to produce sialyl Lewis-X and Lewis X 

antigen and demonstrated the enrichment of these specific glycan on their derived sEVs by cytometric analysis. 

Remarkably, another pioneering study by Hirata et al. (2023) demonstrated the enrichment of GnT-V in B16 

mouse melanoma, A549 human lung cancer, and Neuro2A mouse neuroblastoma sEVs in comparison to their 

parental cells by implementing reverse-phase HPLC and specific substrates. The study also identified that GnT-

V sEVs remodelled N-glycan profiles in recipient cells by lectin flow cytometry. Collectively these studies 

underscore the intricate interplay of factors governing the enrichment of specific glycans on sEVs, suggesting a 

need for further investigations to elucidate their role in cancer development. 

 

7.3. THE CLINICAL APPLICATION OF GLYCAN COMPOSITION OF 

sEVs, BY SINGLE-VESICLE ANALYSIS 

Breast and colorectal cancers represent significant public health challenges in the UK, as highlighted in sections 

1.1.2.1 and 1.1.3.1, respectively. While screening programs and novel biomarkers have contributed to improved 

mortality rates, as outlined in section 1.6, there remains a critical need for innovative approaches to enhance early 

detection, prognostic accuracy, and therapeutic efficacy of these cancers. Therefore, this study aimed to determine 

whether the distinct glycosylation profile identified in breast epithelial cell line-derived sEVs, as discussed in 

section 7.2, could serve as an alternative approach and prove valuable in a diagnostic capacity when applied to 

plasma-enriched sEVs.  



147 
 

In the context of diagnostics, sEVs offer several compelling advantages over conventional biomarker targets such 

as CTCs and ctDNA. For example, the concentration of membrane-enclosed sEVs in healthy human blood plasma 

is approximately 10x1010 which is maintained by the continuous turnover of cell-secreted sEVs (Johnsen et al., 

2019). This abundance, combined with their ability to protect molecular cargo, makes sEVs a stable and reliable 

source of biomarkers. In contrast, CTCs are present at much lower concentrations, often less than 10 cells/mL of 

blood, making their isolation and detection challenging (Chen et al., 2017). One of the significant advantages of 

sEVs over ctDNA is the diversity of their cargoes. sEVs carry a wide range of biomolecules, including proteins, 

lipids, and nucleic acids, reflecting the physiological state of their cells of origin and providing a comprehensive 

snapshot of the tumour molecular landscape (reviewed by Chuo et al., 2018).  

In this study, a combination of centrifugation and SEC was implemented to recover sEVs from plasma samples. 

Characterisation efforts of the plasma-enriched sEVs revealed the co-isolation of LDLs in samples, which was 

problematic given their established glycosylation (Sukhorukov et al., 2019). Attempts have been made to develop 

protocols for removing unwanted LDLs from plasma-enriched sEVs samples. For example, Iannotta et al. (2023) 

isolated plasma-enriched sEVs using SEC and treated the samples with styrene-maleic acid (SMA) to break down 

lipoprotein contaminants. Through SMA treatment, they effectively removed lipoprotein from plasma-enriched 

sEV samples, resulting in enhanced labelling of sEVs and reduced interactions with other particles. Although this 

method proved effective, considerations into its adaptation in this study prompted questions regarding the 

potential impact of chemically induced lipoprotein removal on the glycan composition of plasma-enriched sEVs, 

which was the central focus of this study. In addition, implementing different techniques to improve the efficiency 

of isolation and removal of LDLs is problematic because it is well documented that different isolation techniques 

yield sEVs with varying glycan compositions (Freitas et al., 2019). Given the variability in sEV glycan 

composition resulting from different isolation techniques and the aim of replicating the glycosylation profile of 

sEVs derived from breast epithelial cell line-derived sEVs, the implementation of SEC to isolate plasma-enriched 

sEVs was deemed necessary to maintain consistency across observations. To overcome the challenges presented 

by the co-isolation of LDL with plasma-enriched sEVs, a method to selectively target cancer-associated sEVs was 

adopted, specifically by detecting ‘EpCAM-positive’ subpopulations using single-vesicle flow cytometry. While 

this method was effective for research purposes, it is important to note that its complexity and resource intensity 

pose challenges for routine diagnostic applications. For practical diagnostic implementation, simpler and more 

rapid methods could be considered. Immunoaffinity capture techniques, which use antibodies targeting specific 

surface markers like EpCAM, offer a promising alternative (Lo et al., 2020). These methods can selectively isolate 

sEVs expressing the target marker from a complex biological fluid, potentially streamlining the process. 

Techniques such as magnetic bead-based isolation or microfluidic devices can further enhance the practicality and 

scalability of sEV isolation in clinical settings (De Sousa et al., 2023). These approaches not only simplify the 

workflow but also reduce the time and cost associated with sEV recovery, making them more suitable for 

diagnostic applications. 

Single-vesicle flow cytometry revealed the high diagnostic capability of EpCAM to differentiate between plasma-

enriched sEVs derived from cancer patients and ‘healthy’ individuals. These findings are consistent with previous 

studies that utilised different technologies to detect EpCAM on plasma-enriched sEVs. For instance, Vitale et al. 

(2021) quantified EpCAM expression on plasma-enriched sEVs derived from breast cancer patients using 
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enzyme-linked immunosorbent assay (ELISA) and observed a significant increase compared to those from healthy 

individuals. Another intriguing aspect of EpCAM is its strong glycosylation in cancer tissues compared to weak 

or absent glycosylation in healthy tissues, as discussed in section 6.5.2 (Pauli et al., 2003). With this in mind, the 

study shifted its focus to establishing whether the binding of HPA, LCA, and TL would enhance the sensitivity of 

detection of EpCAM and therefore the diagnostic capability of distinguishing ‘EpCAM-positive’ plasma-enriched 

sEVs derived from breast cancer patients and those from ‘healthy’ individuals. While the results did not show a 

significant increase in diagnostic capability compared to solely detecting 'EpCAM-positive' sEVs, as outlined in 

section 6.5.2, the strong glycosylation of EpCAM observed in cancer is linked to N-linked glycans which may not 

be recognised by these lectins (Pauli et al., 2003). This raises the question of whether understanding the specific 

N-linked glycans abundantly expressed on EpCAM in cancers and implementing lectins that specifically 

recognise them may be an area of future research. One approach would be to mirror the methodology implemented 

for the lectin microarray in this study, but with EpCAM detection alongside plasma-enriched sEVs to identify 

unique glycans associated with each cohort. In addition, it is crucial to recognise the impact of age, sex, and 

ethnicity on EV-related studies, and how they may affect the overall characteristics and functionality of EVs, 

including their glycosylation patterns. For example, Eitan et al. (2017) observed that sEVs in plasma decreased 

with age using NTA, and MUCIN16 protein levels increased with age using ELISA. Given that MUCIN16 is a 

highly glycosylated protein, differences in the age of EV sources may influence its glycosylation profiles, thereby 

potentially explaining the lack of significant findings as the plasma-enriched sEVs used in this study were derived 

from individuals spanning a wide range of ages. Previous studies have indicated no significant differences in sEVs 

characteristics related to sex and race, suggesting that sex may not affect glycosylation patterns or other 

fundamental properties of sEVs (Bæk et al., 2016; Enjeti et al., 2017; Grenier‐Pleau et al., 2020; Noren-Hooten 

et al., 2019). Therefore, the lack of sex- and race-related differences in sEVs characteristics alleviates concerns 

when using plasma-enriched sEVs from sources of different sexes and ethnicities. 

 

Navigating the translation of a clinical sEV diagnostic assay presents challenges in relation to the technology 

adopted, specifically the use of single-vesicle flow cytometry, which was optimised and adopted throughout this 

study. As discussed by Nolan et al. (2022) challenges associated with measuring single sEVs include the 

development of appropriate concentration, size, and molecular cargo standards for single EV measurements; 

calibrating instrument responses in absolute rather than relative units; and creating assays that report EV number, 

size, and molecular cargo in absolute units that can be compared across instruments and between laboratories. 

However, while the adoption of the MIFlowCyt-EV guidelines as outlined by Welsh et al. (2020), has facilitated 

the standardisation of experimental reporting, enabling a more robust and standardised approach to the application 

of single-vesicle flow cytometry, specific challenges persist in the context of this study, highlighting the need for 

continued refinement and improvement in the methodology. One such challenge was the technical variation 

between analysing plasma-enriched sEVs on different days. This emphasises the importance of running a known 

non-biological standard alongside each experimental run to ensure the comparability of the results and warrants 

further investigation. Additionally, translating the capabilities of this technology into clinical settings raises 

important considerations regarding affordability and expertise required to operate such advanced systems 

effectively. The complexity and scale of single-vesicle flow cytometry demands a high level of technical 

proficiency, which may present a barrier to its widespread adoption in clinical settings. This process requires 
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specialised training for technicians and considerable hands-on time, which can add to the overall cost and render 

the technique less practical for routine use. The instrumentation required for single-vesicle flow cytometry is 

sophisticated and expensive. High-end flow cytometers, along with the associated reagents and maintenance, 

significantly contribute to the overall cost. The time-consuming nature of the current protocols, which involve 

multiple steps including isolation, purification, and characterisation of sEVs, further complicates their integration 

into routine clinical practice. Each of these steps requires precision and consistency to ensure reliable results in 

addition to the operational burden. The high throughput necessary for clinical applications is another challenge. 

Single-vesicle flow cytometry, while powerful, is not yet robust enough to handle the large sample volumes 

typically seen in clinical settings without compromising accuracy or efficiency. This limitation underscores the 

need for further advancement to enhance the throughput and reliability of this technology. Future investigations 

should focus on simplifying and automating the isolation and analysis processes to make sEV-based diagnostics 

more practical and cost effective. Developing streamlined protocols and integrating these methods with existing 

diagnostic platforms could reduce the time and expertise required, making this technology more accessible. 

Additionally, exploring alternative, less complex technologies for sEV analysis that can still provide reliable 

diagnostic information could be beneficial. In conclusion, although the potential diagnostic benefits of single-

vesicle flow cytometry are significant, careful consideration must be given to the practical and financial aspects 

of its implementation in clinical practice. Addressing these challenges will be crucial for facilitating the earlier 

detection of cancer and improving patient outcomes. 
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7.4. LIMITATIONS 

In summary, this work acknowledges several limitations that impact the work carried out in understanding the 

role of extracellular vesicles and glycosylation in cancer metastasis, as outlined below. 

 

• Limited Cell Line Coverage: The study used a restricted number of cell lines, covering each phenotype 

for breast and colorectal cancers. Future research should incorporate multiple cell lines for each 

phenotype, including normal, primary, and metastatic, to ensure a more comprehensive understanding. 

• Ambiguity in Lectin Specificity: The exact glycan recognition by the lectins used in this study is not 

fully clear. This ambiguity makes it challenging to precisely identify the specific glycans abundant on 

sEVs. Future work should focus on elucidating the exact glycan structures present to improve the 

specificity and reliability of lectin-based detection methods. 

• Absence of CD81 Detection: The absence of CD81 detection in MCF-7 sEVs during western blotting 

is likely due to a technical error. Future work should aim to repeat the western blotting to reliably identify 

and validate the isolation of MCF-7 sEVs, ensuring accurate characterisation and consistency of results. 

• Impact of MESF Analysis on Lectins: There is a lack of understanding regarding the impact of MESF 

analysis on lectins, which are labelled differently from conventional antibodies. This discrepancy 

warrants further investigation to fully understand how MESF values correlate with lectin-labelled 

vesicles and to ensure accurate quantification and interpretation of the results. 

• Lack of Detailed Clinicopathological Characteristics: The plasma samples used in this study lacked 

detailed clinicopathological information. As a result, unknown underlying factors such as medications 

and therapies may have interfered with the results. Future studies should aim to include comprehensive 

clinical data to better account for these variables. 

• Impact of Using Male Healthy Plasma Controls: The use of male healthy plasma controls in a study 

focused on breast cancer may affect the results, as sex-related differences could influence the downstream 

analysis of sEVs. Future work should consider matching the sex of control samples to that of the patient 

samples to ensure more accurate and relevant comparisons. 

• Lack of Non-Biological Standard: The absence of a non-biological standard alongside each 

experimental run in single-vesicle analysis limited the comparability of results across different days. To 

ensure consistency and reliability, future investigations should introduce non-biological standards to 

standardise measurements and validate the accuracy of single-vesicle analyses. 
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7.5. NOVEL CONTRIBUTIONS 

In summary, this work presents several novel contributions to the understanding the role of extracellular vesicles 

and glycosylation in cancer metastasis as outlined below.  

 

• Identification of increased ‘CD81-positive’ sEVs in association with the ‘metastatic’ phenotype (MCF-

7), whereas ‘CD63-positive’ sEVs were linked to the ‘normal’ phenotype (hTERT-HME1) on breast 

epithelial derived sEVs indicating distinct tetraspanin expression patterns.  

• Demonstration that treatment of breast cells with sEVs induces changes in cellular motility. 

• Observation of elevated overall lectin binding of breast cancer-associated ‘CD81-positive’ sEVs (MCF-

7 and BT-474) compared to ‘normal’ (hTERT-HME1) sEVs by lectin microarray, suggesting an 

increased glycan composition of cancer-associated sEVs. 

• Finding that breast ‘metastatic’ MCF-7 ‘CD81-positive’ sEVs exhibited increased lectin binding 

compared to ‘primary’ BT-474 by lectin microarray analysis, indicating an enriched glycan composition 

of CD81 tetraspanin sEVs, potentially linked to metatasis.  

• The correlation between increased HPA, LCA, and TL binding with breast ‘metastatic’ MCF-7 ‘CD81-

positive’ sEVs compared to ‘normal’ hTERT-HME1 and ‘primary’ BT-474 sEVs, suggests an elevated 

glycan composition recognised by these lectins, potentially associated with breast metastatic sEVs, 

depending on the tetraspanin subpopulation. 

• The correlation between increased HPA and LCA binding with breast ‘normal’ hTERT-HME1 ‘CD63-

positive’ sEVs compared to ‘primary’ BT-474 and ‘metastatic’ MCF-7 sEVs suggests an elevated glycan 

composition recognised by these lectins potentially associated with the non-cancer phenotype dependent 

on the tetraspanin subpopulation.  

• HPA lectin recognition mirrors breast cell surface glycosylation seen in ‘CD81-positive’ sEVs, while 

LCA and TL binding corresponds to ‘CD63-positive’ sEVs, thereby suggesting a partial correlation 

between the glycosylation patterns of sEVs membranes and their parental cells.  

• Development of an adapted single-vesicle flow cytometer to analyse ‘EpCAM-positive’ sEVs, 

demonstrating diagnostic significance in distinguishing breast plasma-enriched sEVs derived from 

patients with cancer compared to ‘healthy’ individuals. 
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Supplementary Figure 1. Flow cytometry optimisation of lectins using MCF-7 cells with concentrations ranging from 

1 to 5 µg/ml at 10, 30, and 60-minute incubation times, employing a stain index calculation. Methods outlined in section 

2.3. (A) HPA lectin optimisation, (B) TL optimisation, (C) LCA lectin optimisation.  

(A) 

(B) 

(C) 
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(A) (B) (C) 

(D) (E) 

Supplementary Figure 2. CellStream sEVs size calibration. Methods outlined in section 2.6.2. (A-B) Vesicle flow cytometry time gate of vFRed TM stained Lipo100 TM vesicle size standard to eliminate background 

from fluidic disturbances (C) The selection of events with  vFRedTM stained Lipo100TM, pulse height and area that can eliminate low intensity background events (D) Vesicle size calibration of Lipo100 TM with a measured 

diameter distribution measured by NTA (E) The fluorescence distribution of vFRedTM stained Lipo100TM vesicle standards which is proportional to the surface area distribution.  
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(A) 

(B) 

(C) 

(D) 

Supplementary Figure 3. CellStream sEVs fluorescence calibration employing vCalTM nanorainbow beads to calculate MESF standardised 

units from median values. Methods outlined in section 2.6.2. (A) FSC and SSC gate to identify vCalTM nanorainbow bead population (B) 

Histogram gating of vCal™ nanorainbow beads at 488 nm wavelength to determine median values corresponding to known MESF values (C) 561 

nm wavelength (D) 647 nm wavelength. 
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Supplementary Figure 4. Optimisation of the antibodies and lectins used for single-vesicle analysis by determining the optimum events/ml 

achieved in MCF-7 sEVs. Methods outlined in section 2.6.3. (A) LCA DyLight 649 optimisation 8µg/ml (B) HPA Alexa Fluor 647 optimisation 

4µg/ml (C) CD81 PE 561 optimisation 0.75µg/ml (D) EpCAM PE 561 optimisation 2µg/ml (E) CD63 PE 561 optimisation 3µg/ml (F) TL Cy5 650 

optimisation 4µg/ml (G) CD9 PE 561 optimisation 2µg/ml. 

 

CellStream sEV fluorescence calbration employing vCalTM nanorainbow beads (A) FSC and SSC gate to identify vCalTM nanorainbow bead 

population (B) Histogram gating of vCal™ nanorainbow beads at 488 nm wavelength to determine median values corresponding to known MESF 

values (C) 561 nm wavelength (D) 647 nm wavelength. 
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(D) (E) (F) 

(G) 



209 
 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5. Gating strategy adopted to identify sEVs. Methods outlined in section 2.6.3. (A) SSC and FSC gate to identify vFRed TM stained Lipo100 TM vesicle size standards used to size calibrate 

instrument. (B) Control samples comprised of staining reagents used in experiment without sEVs to omit background signal. (C) Isotype control of detection antibodies used in experiment to omit background signal (D) 

The quantified signal of interest after gating comprising of staining reagents used in experiment with sEVs.  

 

(A) (B) (C) (D) 
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(A) 

(B) 

Supplementary Figure 6. Wound healing assay assessment of colorectal NCM460 cells. Methods outlined in section 2.7.2. (A) The migration area of NCM460 cells after treatment with different densities of HT-

29 and NCM460 sEVs (1 × 109, 1 × 108, and 1 × 107 particles/ml, as determined by NTA) alongside a no-treatment control comprising growth medium. (B) Representative images of the NCM460 scratch assay used to 

quantify cell migration at 0, 4, 8, and 24 h time points. Quantified area shown in red. Scale bars are 25µm. Each experiment consisted of biological triplicates with three technical triplicates, and error bars indicate the 

Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. For parametric t-tests, Welch’s correction was utilised, and for nonparametric 

t-tests, a Mann-Whitney test was used.  
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(A) 

(B) 

Supplementary Figure 7. Wound healing assay assessment of colorectal HT-29 cells. Methods outlined in section 2.7.2. (A) The migration area of HT-29 cells after treatment with different densities of NCM460 

and HT-29 sEVs (1 × 109, 1 × 108, and 1 × 108 particles/ml, as determined by NTA) alongside a no-treatment control comprising growth medium.  (B) Representative images of the HT-29 scratch assay used to quantify 

cell migration at 0, 4, 8, and 24 h time points. Quantified area shown in red. Scale bars are 25µm. Each experiment consisted of biological triplicates with three technical triplicates, and error bars indicate the Stdev. 

Normality of datasets was assessed using the Shapiro-Wilk test, and parametric or non-parametric tests were applied accordingly. For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, 

a Mann-Whitney test was used. 
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(D) 

Supplementary Figure 8. Static adhesion assay of breast epithelial cells. Methods outlined section 2.7.3. (A) hTERT-HME1 and MCF-7 breast epithelial cells were quantified for the number of cells bound to the 

HUVEC after 10 min of incubation. (B) hTERT-HME1 cells were treated for 1 h with metastatic MCF-7 derived sEVs and normal hTERT-HME1 derived sEVs and quantified for the number of cells bound to HUVEC 

alongside a no-treatment control containing only growth media. Raw counts of the adhered cells were normalised to those of the untreated control group. (C) MCF-7 cells (D) Image representation of the tiling images 

taken of coverslips containing HUVEC and bound breast epithelial cells (green); 16 images were taken to another window and subjected to Otsu auto thresholding, and bound cells were quantified by the analysis of 

particle function. (scale bar = 1000 μm). Each experiment consisted of biological triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk 

test, and parametric or non-parametric tests were applied accordingly. For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. The significance level was 

set at * < 0.05. 
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(A) (B) (C) 

(D) 

Supplementary Figure 9. Static adhesion assay of colorectal epithelial cells. Methods outlined in section 2.7.3. (A) Colorectal epithelial cells NCM460 and HT-29 were quantified for the number of cells bound to 

HUVEC after 10 min of incubation. (B) NCM460 cells were treated for 1 h with metastatic HT-29 dervived sEVs and normal NCM460 derived sEVs and quantified for the number of cells bound to HUVEC alongside a 

no-treatment control containing only growth media. Raw counts of the adhered cells were normalised to the no treatment control group. (C) HT-29 cells (D) Image representation of the tiling images taken of coverslips 

containing HUVEC and bound colorectal epithelial cells (green); 16 images were taken to another window and subjected to Otsu auto thresholding, and bound cells were quantified by the analysis of particle function 

(scale bars = 1000 μm). Each experiment consisted of biological triplicates with three technical triplicates, and error bars indicate the Stdev. Normality of datasets was assessed using the Shapiro-Wilk test, and parametric 

or non-parametric tests were applied accordingly. For parametric t-tests, Welch’s correction was utilised, and for nonparametric t-tests, a Mann-Whitney test was used. 
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Supplementary Figure 10. MACSPlex analysis of plasma-enriched HPA-positive sEVs. Methods outlined in section 2.9. 

(A) Relative expression of each marker bound to plasma-enriched sEVs in each patient group, normalised to mean fluorescence 

intensity (red = plasma enriched sEVs derived from metastatic patients, blue = plasma enriched sEVs derived from non-

metastatic patients, green = plasma enriched sEVs derived from healthy individuals). (B) Venn diagram showing the number 

of unique markers associated with HPA-positive sEVs in each patient cohort. (C) CD9 marker's relative expression of HPA-

positive sEVs binding significantly more to cancer-associated plasma-enriched sEVs than to healthy individuals’ plasma-

enriched sEVs. Experiments were performed in triplicate, and error bars represent the Stdev. The t-test followed by Welch’s 

correction was used to determine the significance levels: *p < 0.05. 
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Supplementary Figure 11.  Heatmap of the MACSPlex analysis of plasma-enriched HPA-positive sEVs. Methods outlined in section 2.9. Heatmap of MACSPlex analysis of plasma-

enriched HPA-positive sEVs. Heatmap displaying fluorescence intensities of plasma-enriched sEVs after background subtraction of controls. Each rectangle is colour-coded to indicate lectin 

association with each group (white, no binding; purple, low binding; blue, medium binding; green/yellow, high binding). The proposed marker groups are listed: Experiments were performed 

in biological triplicates. 
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Supplementary Figure 12. MACSPlex analysis of plasma-enriched LCA-positive sEVs. Methods outlined in section 2.9.  

(A) Relative expression of each marker bound to plasma-enriched sEVs in each patient group, normalised to mean fluorescence 

intensity (red = plasma enriched sEVs derived from metastatic patients, blue = plasma enriched sEVs derived from non-

metastatic patients, green = plasma enriched sEVs derived from healthy individuals). (B) Venn diagram showing the number 

of unique markers associated with LCA-positive sEVs in each patient cohort. Experiments were performed in triplicate, and 

error bars represent the Stdev. The t-test followed by Welch’s correction was used to determine the significance levels. 
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Supplementary Figure 13. Heatmap of the MACSPlex analysis of plasma-enriched LCA-positive sEVs. Methods outlined in section 2.9. Heatmap of MACSPlex analysis of plasma-

enriched LCA-positive sEVs. Heatmap displaying fluorescence intensities of plasma-enriched sEVs after background subtraction of controls. Each rectangle is colour-coded to indicate lectin 

association with each group (white, no binding; purple, low binding; blue, medium binding; green/yellow, high binding). The proposed marker groups are listed: Experiments were performed 

in biological triplicates. 
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Supplementary Figure 14. MACSPlex analysis of plasma-enriched TL-positive sEVs. Methods outlined in section 2.9.  

(A) Relative expression of each marker bound to plasma-enriched sEVs in each patient group, normalised to mean fluorescence 

intensity (red = plasma enriched sEVs derived from metastatic patients, blue = plasma enriched sEVs derived from non-

metastatic patients, green = plasma enriched sEVs derived from healthy individuals). (B) Venn diagram showing the number 

of unique markers associated with TL-positive sEVs in each patient cohort. (C) CD209 marker's relative expression of TL-

positive sEVs binding significantly more to non-metastatic cancer-derived plasma-enriched sEVs than to metastatic cancer-

derived plasma enriched sEVs. (D) CD3 marker's relative expression of TL-positive sEVs binding significantly more to healthy 

individuals derived plasma-enriched sEVs in comparison to non-metastatic cancer-derived plasma-enriched sEVs. 

Experiments were performed in triplicate, and error bars represent the Stdev. The t-test followed by Welch’s correction was 

used to determine the significance levels: *p < 0.05.  



219 
 

 

Supplementary Figure 15. Heatmap of the MACSPlex analysis of plasma-enriched TL-positive sEVs. Methods outlined in section 2.9. Heatmap displaying fluorescent intensities of 

plasma-enriched sEVs after background subtraction of controls. Each rectangle is color-coded to indicate lectin association to each group (white = no binding, purple = low binding, blue 

= medium binding, green/yellow = high binding). Proposed marker groups are listed. Experiments were performed with biological triplicates. 
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Supplementary Figure 16. Single-vesicle analysis of CD9 detection of plasma-enriched sEVs from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy individuals (n = 3). Methods 

outlined in section 2.6.3. (A) CD9+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of CD9+ events/ml normalised to % CFSE 

events/ml between plasma-enriched sEVs derived from healthy individuals and cancer patients. (C)  ROC curve analysis measuring CD9+ events/ml normalised to % CFSE events/ml, yielding an AUC of 0.6235 for 

discriminating patients with cancer from healthy individuals. (D) Comparison of CD9+ events/ml normalised to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and non-metastatic 

and metastatic patients. (E-G) Histogram profiles of plasma-enriched sEVs after gating showing CD9 fluorescence. Each experiment comprised biological triplicates with three technical triplicates; error bars represent 

the Stdev. The t-test followed by Welch’s correction was used to determine the significance levels. 
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Supplementary Figure 17. Single-vesicle analysis of HPA lectin detection of CD9-positive plasma-enriched sEVs from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy individuals 

(n = 3). Methods outlined in section 2.6.3. (A) HPA+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of HPA+ events/ml normalised 

to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and cancer patients. (C)  ROC curve analysis measuring HPA+ events/ml normalised to % CFSE events/ml, yielding an AUC of 

0.6420 for discriminating patients with cancer from healthy individuals. (D) Comparison of HPA+ events/ml normalised to % CFSE events/ml between plasma-enriched sEVs derived from healthy individuals and non-

metastatic and metastatic patients. (E-G) Histogram profiles of plasma-enriched sEVs after gating showing HPA fluorescence. Each experiment comprised biological triplicates with three technical triplicates; error 

bars represent the Stdev. The t-test followed by Welch’s correction was used to determine the significance levels. 
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Supplementary Figure 18. Single-vesicle analysis of HPA, LCA and TL of plasma-enriched sEVs derived from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy individuals (n = 

3). Methods outlined in section 2.6.3. (A) HPA+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. (B) LCA+ events/ml normalised to % CFSE events/ml 

for each healthy and cancer-associated plasma enriched sEVs sample. (C) TL+ events/ml normalised to % CFSE events/ml for each healthy and cancer-associated plasma enriched sEVs sample. Each experiment 

comprised biological triplicates with three technical triplicates; error bars represent Stdev. T-test followed by Welch’s correction determined significance levels: *p < 0.05. 
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Supplementary Figure 19. Single-vesicle analysis of EpCAM detection of plasma-enriched sEVs derived from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy individuals (n = 3). 

Methods outlined in section 2.6.3. (A) EpCAM+ MESF PE for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of EpCAM+ MESF PE between plasma enriched sEVs derived from 

healthy individuals and cancer-associated patients. (C) Comparison of EpCAM+ MESF PE between plasma enriched sEVs derived from healthy individuals, non-metastatic and metastatic patients. (D) ROC curve 

analysis measuring EpCAM+ MESF PE, yielding an AUC of 0.8842 for discriminating cancer patients from healthy individuals. Each experiment comprised biological triplicates with three technical triplicates; error 

bars represent Stdev. T-test followed by Welch’s correction determined significance levels: *p < 0.05, **p < 0.01. 
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Supplementary Figure 20. Single-vesicle analysis of HPA lectin binding of plasma-enriched EpCAM-postive sEVs derived from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy 

individuals (n = 3). Methods outlined in section 2.6.3. (A) HPA+ MESF APC for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of HPA+ MESF APC between plasma enriched 

sEVs derived from healthy individuals and cancer-associated patients. (C) Comparison of HPA+ APC between plasma enriched sEVs derived from healthy individuals, non-metastatic and metastatic patients. (D) ROC 

curve analysis measuring HPA+ MESF APC, yielding an AUC of 0.7737 for discriminating cancer patients from healthy individuals. Each experiment comprised biological triplicates with three technical triplicates; error 

bars represent Stdev. T-test followed by Welch’s correction determined significance levels. 
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Supplementary Figure 21. Single-vesicle analysis of LCA lectin binding of plasma-enriched EpCAM-postive sEVs derived from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy 

individuals (n = 3). Methods outlined in section 2.6.3. (A) LCA+ MESF APC for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of LCA+ MESF APC between plasma enriched 

sEVs derived from healthy individuals and cancer-associated patients. (C) Comparison of LCA+ APC between plasma enriched sEVs derived from healthy individuals, non-metastatic and metastatic patients. (D) ROC 

curve analysis measuring LCA+ MESF APC, yielding an AUC of 0.6925 for discriminating cancer patients from healthy individuals. Each experiment comprised biological triplicates with three technical triplicates; error 

bars represent Stdev. T-test followed by Welch’s correction determined significance levels: *p < 0.05, **p < 0.01. 
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Supplementary Figure 22. Single-vesicle analysis of TL binding of plasma-enriched EpCAM-postive sEVs derived from breast metastatic patients (n = 3), non-metastatic patients (n = 3), and healthy individuals 

(n = 3). Methods outlined in section 2.6.3. (A) TL+ MESF APC for each healthy and cancer-associated plasma enriched sEVs sample. (B) Comparison of TL+ MESF APC between plasma enriched sEVs derived from 

healthy individuals and cancer-associated patients. (C) Comparison of TL+ APC between plasma enriched sEVs derived from healthy individuals, non-metastatic and metastatic patients. (D) ROC curve analysis measuring 

TL+ MESF APC, yielding an AUC of 0.5278 for discriminating cancer patients from healthy individuals. Each experiment comprised biological triplicates with three technical triplicates; error bars represent Stdev. T-

test followed by Welch’s correction determined significance levels: *p < 0.05, **p < 0.01. 
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Supplementary Table 1. List of cleared or approved diagnostic tests for breast cancer applications 

Diagnostic Name 

Manufacturer 
Sample Type 

Biomarker 

details  
Clinical Application Assay 

FDA Approval 

(PMA or 510(k)) 
Bond Oracle HER2 
IHC System (Leica 

Biosystems) 

Breast Cancer - 
Tissue 

HER-2 protein overexpression Predication of 
therapy 

Immunohistochemistry P090015 

(04/18/2012) 

BRACAnalysis CDx 
(Myriad Genetic 

Laboratories, Inc.) 

Breast Cancer - 
Whole Blood 

BRCA1 and BRCA2 
Mutations 

Predication of 
therapy 

PCR (Polymerase Chain 
Reaction) and Sanger 

sequencing 

P140020/S012 
(01/12/2018) 

ADVIA Centaur CA 
15-3 

Breast Cancer - 
Serum 

CA 15-3 Predication of 
therapy, 

Monitoring 

Sandwich immunoassay K012357 
02/28/2002 

ADVIA Centaur CA 
27.29 

Breast Cancer - 
Serum 

CA 27.29 Predication of 
therapy, 

Monitoring 

Sandwich immunoassay K193489 
02/13/2020 

VIDAS CEA (S) 
ASSAY 

(BIOMERIEUX, 
INC.) 

Breast Cancer – 
Serum / Plasma 

Carcinoembryonic Antigen 

(CEA) 

Prognosis, 
Monitoring 

Sandwich immunoassay K080194 
10/09/2008 

FoundationOne CDx 
(Foundation 

Medicine, Inc.) 

Breast Cancer - 
Tissue 

ERBB2 (HER2) amplification Predictive of 
therapy, 

Monitoring, 
Staging 

Next-generation 
sequencing (NGS)-based 

assay 

P170019 
(11/30/2017) 

FoundationOne CDx 
(Foundation 

Medicine, Inc.) 

Breast Cancer - 
Tissue 

PIK3CA by C420R, E542K, 
E545A, E545D [1635G>T 

only], E545G, E545K, Q546E, 
Q546R, H1047L, H1047R, and 

H1047Y mutations 

Predication of 
therapy 

NGS-based assay P170019/S006 
(12/03/2019) 

FoundationOne CDx 
(Foundation 

Medicine, Inc.) 

Breast Cancer - 
Tissue 

PIK3CA by AKT1/PTEN 
alterations 

Predication of 
therapy 

NGS-based assay P170019/S048 
(11/16/2023) 

FoundationOne 
Liquid CDx 
(Foundation 

Medicine, Inc.) 

Breast Cancer - 
Plasma 

PIK3CA by C420R, E542K, 
E545A, E545D [1635G>T 

only], E545G, E545K, Q546E, 
Q546R, H1047L, H1047R, and 

H1047Y 

Predication of 
therapy 

NGS-based assay P200006 
(10/26/2020) 

Guardant360 CDx 
(Guardant Health, 

Inc.) 

Breast Cancer - 
Plasma 

ESR1 missense mutations 
between codons 310 and 547 

Predication of 
therapy 

NGS-based assay P200010/S010 
(01/27/2023) 

HER2 CISH 
pharmDx Kit (Dako 

Denmark A/S) 

Breast Cancer - 
Tissue 

HER-2/neu (ERBB2) gene 
amplification 

Prognosis chromogenic in situ 
hybridization (CISH) 

P100024 
(11/30/2011) 

HER2 FISH 
pharmDx Kit (Dako 

Denmark A/S) 

Breast Cancer - 
Tissue 

HER-2/neu (ERBB2) gene 
amplification 

Prognosis, 
predication of 

therapy 

Fluorescence in situ 
hybridization (FISH) 

P040005/S009 
(02/22/2013) 

HercepTest (Dako 
Denmark A/S) 

Breast Cancer - 
Tissue 

HER-2 protein overexpression Predication of 
therapy 

Immunohistochemistry P980018/S016 
(02/22/2013) 

INFORM HER2 
Dual ISH DNA 
Probe Cocktail 

(Ventana Medical 
Systems, Inc.) 

Breast Cancer - 
Tissue 

HER-2/neu (ERBB2) gene 
amplification 

Prognosis, 
Predication of 

therapy 

FISH P100027/S030 
(05/03/2019) 

InSite Her-2/neu 
(CB11) Monoclonal 
Antibody (Biogenex 
Laboratories, Inc.) 

Breast Cancer - 
Tissue 

HER2 protein overexpression Predication of 
therapy 

Immunohistochemistry P040030 
(12/22/2004) 

Ki-67 IHC MIB-1 
pharmDx (Dako 
Omnis) (Agilent 
Technologies) 

Breast Cancer - 
Tissue 

Ki-67 protein expression Predication of 
therapy 

Immunohistochemistry P210026 
(10/12/2021) 

PATHWAY anti-
Her2/neu (4B5) 

Rabbit Monoclonal 
Primary Antibody 
(Ventana Medical 

Systems, Inc.) 

Breast Cancer - 
Tissue 

HER-2 protein overexpression Predication of 
therapy 

Immunohistochemistry P990081/S047 
(09/30/2022) 

PD-L1 IHC 22C3 
pharmDx (Dako 

North America, Inc.) 

Triple-Negative 
Breast Cancer 

(TNBC) - Tissue 

PD-L1 protein expression Predication of 
therapy 

Immunohistochemistry P150013/S020 
(11/13/2020) 

SPOT-LIGHT HER2 
CISH Kit (Life 
Technologies 
Corporation) 

Breast Cancer - 
Tissue 

HER-2/neu (ERBB2) gene 
amplification 

Predication of 
therapy 

CISH P050040 

(07/01/2008) 

therascreen PIK3CA 
RGQ PCR Kit 

(QIAGEN GmbH) 

Breast Cancer - 
Tissue or Plasma 

PIK3CA by C420R, E542K, 
E545A, E545D [1635G>T 

only], E545G, E545K, Q546E, 
Q546R, H1047L, H1047R, and 

H1047Y 

Predication of 
therapy 

PCR P190001 
(05/24/2019) 

P190004 
(05/24/2019) 

Ventana HER2 Dual 
ISH DNA Probe 

Cocktail (Ventana 

Breast Cancer - 
Tissue 

HER-2/neu 
(ERBB2) gene 
amplification 

Predication of therapy CISH P190031 
(07/28/2020) 
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Supplementary Table 2. List of cleared or approved diagnostic tests for colorectal cancer applications 

 

 

 

 

 

 

Medical Systems, 
Inc.) 

Diagnostic Name 

Manufacturer 
Sample Type Biomarker details  Clinical Application Assay 

FDA Approval 

(PMA or 

510(k)) 
cobas KRAS 
Mutation Test 

(Roche Molecular 
Systems, Inc.) 

Colorectal Cancer - 
Tissue 

KRAS by Mutations in codons 
12 and 13 of KRAS gene 

prediction of therapy PCR P140023 

(05/07/2015) 

CRCDx RAS 
Mutation Detection 

Assay Kit 
(EntroGen, Inc.) 

Colorectal Cancer - 
Tissue 

KRAS wild-type biomarkers 
(the absence of mutations in 
exons 2, 3, or 4) and NRAS 
wild-type biomarkers (the 

absence of mutations in exons 
2, 3, or 4) 

prediction of therapy PCR P220005 
(09/29/2023) 

Dako EGFR 
pharmDx Kit (Dako 
North America, Inc.) 

Colorectal Cancer - 
Tissue 

EGFR (HER1) protein 

expression 

prediction of therapy Immunohistochemistry P030044/S002 
(09/27/2006) 

Carcinoembryonic 
antigen flex reagent 

cartridge (Dade 
Behring, Inc) 

Colorectal Cancer - 
Serum 

CEA Monitoring, 
Prognosis 

Sandwich 
immunoassay 

k071603 
06/25/2008 

Epi proColon 
(Epigenomics AG) 

Colorectal Cancer - 
Plasma 

Methylated Septin 9 DNA Screening and 
prognosis 

PCR P130001 
04/12/2016 

FoundationOne CDx 
(Foundation 

Medicine, Inc.) 

Colorectal Cancer - 
Tissue 

KRAS wild-type (absence of 
mutations in codons 12 and 13) 

prediction of therapy NGS-based assay P170019 
(11/30/2017) 

FoundationOne CDx 
(Foundation 

Medicine, Inc.) 

Metastatic Colorectal 
Cancer - Plasma 

BRAF by V600E alteration prediction of therapy NGS-based assay P190032/S010 
(06/08/2023) 

Hemoccult® ICT 
(Beckman Coulter, 

Inc) 

Faeces  Hemoglobin Screening Immunochemical assay K080812 
06/25/2008 

OC-Light S FIT 
(EIKEN 

CHEMICAL CO. 
LTD)  

Faeces Hemoglobin Screening Immunoassay K143325 
08/20/2015 

ONCO/Reveal Dx 
Lung & Colon 
Cancer Assay 

(O/RDx-LCCA) 
(Pillar Biosciences, 

Inc.) 

Colorectal Cancer - 
Tissue 

KRAS wild-type (absence of 
mutations in codons 12 and 13) 

prediction of therapy NGS-based assay P200011 
(07/30/2021) 

Praxis Extended 
RAS Panel 

(Illumina, Inc.) 

Colorectal Cancer - 
Tissue 

KRAS wild-type (absence of 
mutations in exons 2, 3, and 4) 
and NRAS wild type (absence 
of mutations in exons 2, 3, and 

4) 

prediction of therapy NGS-based assay P160038 
(06/29/2017) 

therascreen BRAF 
V600E RGQ PCR 

Kit (QIAGEN 
GmbH) 

Colorectal Cancer - 
Tissue 

BRAF by V600E alteration prediction of therapy PCR P190026 
(04/15/2020) 

therascreen KRAS 
RGQ PCR Kit 

(Qiagen Manchester, 
Ltd.) 

Colorectal Cancer - 
Tissue 

KRAS by G12A, G12D, 
G12R, G12C, G12S, G12V, 

G13D 

prediction of therapy PCR P110027 
(05/23/2014) 

therascreen KRAS 
RGQ PCR Kit 

(Qiagen Manchester, 
Ltd.) 

Colorectal Cancer - 
Tissue 

KRAS wild-type (absence of 
mutations in codons 12 and 13) 

prediction of therapy PCR P110027/S013 
(12/02/2022) 

xT CDx (Tempus 
Labs, Inc.) 

Colorectal Cancer - 
Tissue (Matching 

Blood/Saliva) 

KRAS wild-type (absence of 
mutations in exons 2, 3, or 4) 
and NRAS wild-type (absence 
of mutations in exons 2, 3, or 

4) 

Prognosis, 
predication of 

therapy 

NGS-based assay P210011 
(04/28/2023) 
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Supplementary Table 3. Overview of the 95 lectins used on the lectin microarrays, forms, abbreviations, 

specificity groups, and specificities as provided by manufacturer (RayBiotech Life). 

Lectin form Abbreviation Specificity Group Specificity 
Anguilla anguilla  AAA fucose αFuc  
Aleuria aurantia AAL fucose Fucα6GlcNAc  

Burkholderia cenocepacia  BC2LCN fucose Fucα1-2Galβ1-3GalNAc, Fucα1-2Galβ1-
3GlcNAc 

Laburnum anagyroides  LAL fucose LALa-Me-L-Fuc 
Lotus tetragonolobus  LOTUS fucose αFuc  

Pseudomonas aeruginosa II PA-IIL fucose Fuc and Fuc containing oligosaccharides 

Pseudomonas aeruginosa I PA-IL fucose Fuc and Fuc containing oligosaccharides 

Ralstonia solanacearum  RS-FUC fucose Fuc 

Ulex europaeus I  UEA-I fucose αFuc  

Agaricus bisporus  ABA galactose Gal (β1,3) GalNAc  

Agaricus bisporus  ABL galactose Gal (β-1,3) GalNAc 
Gal (β-1,3) GlcNAc 

Amaranthus caudatus ACL galactose Gal (β1,3) GalNAc  

Bauhinia purpurea  BPA galactose Gal (β1,3) GalNAc  

Clitocybe nebularis  CNL galactose Gal (β1-4) GlcNAc  

Dictyostelium discoideum  DISCOIDIN II galactose Gal, LacNAc, asialoglycans, 
Gal/GalNAcβ1-4GlcNAcβ1-6Gal/GalNAc 

Erythrina cristagalli  ECA galactose Galβ4GlcNAc  

Eunonymus europaeus EEL galactose Galα3Gal  

Human galectin 7-S  GAL-7S galactose Galβ1-3GlcNAc  

Glechoma hederacea  GHA galactose Gal, methyl a-D-galactopyranoside, 
GalNAc 

Griffonia (Banderaea) 
simplicifolia I GSI galactose αGal, α3GalNAc 

Jacalin  JACALIN galactose Galβ3GalNAc  

Maackia amurensis I MAA galactose Galβ4GlcNAc  

Pure Morniga G  MNA-G galactose Gal 

Marasmius oreades  MOA galactose 3Galβ1-4GlcNAc, Galα1-3Gal 

Maclura pomifera MPL galactose Galβ3GalNAc  
Phaseolus vulgaris 
erythroagglutinin PHA-E galactose Bisected bi- and tri-antennary complex-

type oligosaccharides 
Phaseolus Vulgaris 

leucoagglutinin PHA-L galactose 2,6-Branched tri- and tetra-antennary 
complex-type oligosaccharides 

Phaseolus Vulgaris 
phytohemagglutinin PHA-P galactose Branched complex-type poly-

oligosaccharides 
Peanut  PNA galactose Galβ3GalNAc  

Ricinus communis agglutinin 
I  RCA120 galactose Gal, Lac 

Ricinus communis agglutinin 
II RCA60 galactose Gal, αGalNAc, Lac 

Vigna radiata  VRA galactose α-Gal 

Arum maculatum  AMA mannose αMan 

Allium sativum ASA mannose αMan  

Musa acuminata  BANLEC mannose containing α1,3-glycoside bond 

Burkholderia cenocepacia  BC2L-A mannose αMan 

Calystegia sepium  CALSEPA mannose αMan 
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Coanavalin A CONA mannose αMan, αGlc 

Galanthus nivalis GNA mannose αMan  

Griffithia sp.  GRFT mannose αMan 

Hippeastrum hybrid  HHA mannose αMan  

Lentil  LENTIL mannose D-Man, D-Glu 

Human malectin  MALECTIN mannose Glc2-N-biose  

Morniga M  MNA-M mannose αMan 

Narcissus pseudonarcissus NPA mannose αMan  

Oryza sative  ORYSATA mannose αMan 

Phlebodium aureum  PALa mannose αMan 

Pisum sativum PSA mannose αMan, αGlc, αFuc 

Vicia faba  VFA mannose αMan  

Vicia villosa  VVA-M mannose αMan 

Colchicum autumnale CA N-acetylgalactosamine Lac > αGalNAc > Gal 

Caragana arborescens CAA N-acetylgalactosamine αGalNAc 

Coprinopsis cinerea  CGL-2 N-acetylgalactosamine GalNAcα1-3Gal, Galα1-3Gal 

Cicer arietinum  CPA N-acetylgalactosamine fetuin  

Cytisus scoparius  CSA N-acetylgalactosamine αGalNAc 

Dolichos biflorus DBA N-acetylgalactosamine αGalNAc 

Dictyostelium discoideum  DISCOIDIN I N-acetylgalactosamine αGalNAc, LacNAc 

Human galectin 2  GAL-2 N-acetylgalactosamine GalNAcα1-3Gal, branched LacNAc 

Helix aspersa  HAA N-acetylgalactosamine αGalNAc 

Iris hybrid  IRA N-acetylgalactosamine αGalNAc 

Phaseolus lunatus LBA N-acetylgalactosamine GalNAcα(1,3)[αFuc(1,2]Gal  

Pleurocybella porrigens  PPL N-acetylgalactosamine α/βGalNAc  
Psophocarpus 

tetragonolobus I PTL-1 N-acetylgalactosamine αGalNAc, Gal 

Psophocarpus 
tetragonolobus II PTL-2 N-acetylgalactosamine blood group H structures and the T-antigen 

Robinia pseudoacacia  RPA N-acetylgalactosamine αGalNAc,  

Soybean  SBA N-acetylgalactosamine α > βGalNAc  

Salivia horminum  SHA N-acetylgalactosamine αGalNAc 

Sophora japonica  SJA N-acetylgalactosamine α > βGalNAc  

Tulipa TL N-acetylgalactosamine αGalNAc 

Vicia villosa  VVA N-acetylgalactosamine αGalNAc 

Wisteria floribunda  WFA N-acetylgalactosamine αGalNAc 

Datura stramonium DSA N-acetylglucosamine αGlcNAc 

e. coli  F17AG N-acetylglucosamine αGlcNAc 
Griffonia (Banderaea) 

simplicifolia II GSII N-acetylglucosamine α or βGlcNAc  

Lycopersicon esculentum LEA N-acetylglucosamine αGlcNAc 

Phytolacca americana  PWA N-acetylglucosamine GlcNAc(β1,4) GlcNAc oligomers, [Gal-
(β1,4)  

Solanum tuberosum  STL N-acetylglucosamine αGlcNAc 

Urtica dioica  UDA N-acetylglucosamine αGlcNAc 
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Ulex europaeus II  UEA-II N-acetylglucosamine αGlcNAc 

Wheat germ agglutinin  WGA N-acetylglucosamine αGlcNAc 

Human galectin 1  GAL-1 N-acetyllactosamine branched LacNAc, Gal 

Human galectin 1-S  GAL-1S N-acetyllactosamine branched LacNAc 

Human galectin 3  GAL-3 N-acetyllactosamine poly LacNAc 

Human galectin  3C-S  GAL-3C-S N-acetyllactosamine poly LacNAc 

Human galectin 9  GAL-9 N-acetyllactosamine poly LacNAc, GalNAcα1-3Gal  

Laetiporus sulphureus  LSLN N-acetyllactosamine LacNAc, poly LacNAc 

Agrocybe cylindracea  ACG sialic acid αSia 

Homarus americanus  HMA sialic acid αSia, GalNAc 

Limulus polyphemus LPA sialic acid αSia 

Polyporus squamosus  PSL-1A sialic acid α2-6 Sia 

Sambucus sieboldiana  SAMB sialic acid NeuAcα2-6Gal/GalNAc  

Sambucus nigra I  SNA-I sialic acid αSia (2,6)GalNAc > GalNAc = Lac >  

Sambucus nigra II  SNA-II sialic acid αSia (2,6)GalNAc > GalNAc = Lac >  

Salvia sclarea  SSA sialic acid αSia(2,6)GalNAc > GalNAc = Lac >  
 

Supplementary Table 4. The MACSPlex EV kit comprising of 37 surface epitopes that are present on sEVs 

plus two isotype control beads 

Antibody Isotype Marker Groups 
CD81 Recombinant human IgG1 Exosome marker 

CD63 Mouse IgG1k Exosome marker 

CD9 Mouse IgG1 Exosome and platelet markers 

CD41b Recombinant human IgG1 Platelet marker 

CD42a Recombinant human IgG1 Platelet marker 

CD62P Recombinant human IgG1 Platelet marker 

CD29 Mouse IgG1k Platelet and leukocyte marker 

CD45 Mouse IgG2a Platelet and leukocyte marker 

CD142 Mouse IgG1k Leukocyte marker 

CD24 
Mouse IgG1 

Neutrophil, platelet and leukocyte 

marker 

CD14 Mouse IgG2a Monocyte and leukocyte marker 

HLA--DRDPDQ 
Recombinant human IgG1 

Leukocyte, monocyte and 

macrophages marker 

CD40 
Mouse IgG1k 

Leukocyte, monocyte and 

macrophages marker 

CD86 
Mouse IgG1 

Leukocyte, monocyte and 

macrophages marker 

CD1c 
Mouse IgG2a 

Leukocyte, monocyte and 

macrophages marker 

CD11c 
Mouse IgG2b 

Leukocyte, monocyte and 

macrophages marker 

CD209 
Mouse IgG1 

Leukocyte, monocyte and 

macrophages marker 

CD2 Mouse IgG2b T cell and leukocyte marker 

CD3 Mouse IgG2a T cell and leukocyte marker 

CD4 Mouse IgG2a T cell and leukocyte marker 

CD8 Mouse IgG2a T cell and leukocyte marker 
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Supplementary Table 5. MIFlowCyt-EV checklist for epithelial cell line sEVs and human plasma-enriched 

sEVs experiments 

CD56 
Recombinant human IgG1 

Natural killer cell and leukocyte 

marker 

CD69 Mouse IgG1k T cell and leukocyte marker 

CD25 Mouse IgG1 T cell and leukocyte marker 

CD19 Mouse IgG1 B cell and leukocyte marker 

CD20 Mouse IgG1 B cell and leukocyte marker 

CD31 
Mouse IgG1 

Platelet, endothelium and leukocyte 

marker 

CD146 Mouse IgG1 Endothelium marker 

CD105 Recombinant human IgG1 Endothelium marker 

CD326 Mouse IgG1 Epithelium marker 

SSEA-4 Recombinant human IgG1 Stem cell marker 

CD133/1 Mouse IgG1 Stem cell marker 

HLA-ABC Recombinant human IgG1 Multiple cell marker 

CD44 Mouse IgG1 Multiple cell marker 

CD49e Recombinant human IgG1 Multiple cell marker 

ROR1 
Mouse IgG1k 

Adipocytes, parathyroid and cancer 

marker 

MCSP 
Mouse IgG1 

Melanocytes, smooth muscle cell and 

cancer marker 

REA ctrl Recombinant human IgG1 Isotype control 

mIgG1 ctrl Mouse IgG1 Isotype control 

Framework criteria What to report 
Epithelial cell line sEVs 

experiments 

Human plasma enriched 

sEVs experiments  
1.1 Preanalytical variables 

conforming to MISEV  
guidelines. 

Preanalytical variables relating to EV sample including 
source, collection, isolation, storage, and any others 

relevant and available in the performed study. 

Epithelial cell line derived sEVs 
were isolated as described in section 

2.4.1. 

Human plasma enriched derived 
sEVs were isolated as described in 

section 2.4.2.2. 
1.2 Experimental design 
according to MIFlowCyt 

guidelines. 

EV-FC manuscripts should provide a brief description 
of the experimental aim for the performed FC experiment(s) using 

MIFlowCyt checklist criteria: 1.1, 1.2, and 1.3, respectively. 

Aims 
To identify CD81 and CD63 
tetraspanin composition of epithelial 
cell line sEVs (section 3.4.3). 
 
To identify HPA, LCA and TL 
binding to ‘CD81-positive’ and 
‘CD63-positive’ epithelial cell line 
sEVs (section 4.4,3, 5.4.2, 5.4.4). 

Aims 
To identify the diagnostic potential 
of HPA, LCA and TL lectin to 
‘EpCAM-positive’ plasma-enriched 
derived sEVs (section 6.4.3, 6.4.6, 
6.4.7, 6.4.8, 6.4.9). 

2.1 Sample staining 
details 

State any steps relating to the staining 
of samples. Along with the method used 

for staining, provide relevant reagent descriptions as 
listed in MIFlowCyt guidelines (section 2.6 fluorescence 

reagent(s) descriptions). 

Methods used for the staining of 
sEVs are outlined in section 2.6. 

The methods for staining 
optimisation are described in section 

3.3.3. 

Methods used for the staining of 
sEVs are outlined in section 2.6. 

The methods for staining 
optimisation are described in section 

3.3.3. 
2.2 Sample washing 

details 
State any steps relating to the washing 

of samples. 
Epithelial cell line sEVs were 

stained with CFDA-SE and washed 
using NAP-5 SEC columns before 

further labelling as outlined in 
section 2.6. 

Human plasma enriched sEVs were 
stained with CFDA-SE and washed 
using NAP-5 SEC columns before 

further labelling as outlined in 
section 2.6. 

2.3 Sample dilution 
details 

All methods and steps relating to sample 
dilution. 

Samples were diluted 1:20 to a final 
volume of 500 µL prior to 

acquisition. 

Samples were diluted 1:20 to a final 
volume of 500 µL prior to 

acquisition. 
3.1 Buffer alone controls. State whether a buffer-only control was analysed 

at the same settings and during the 
same experiment as the samples of interest. 

If utilized it is recommended that all 
samples be recorded for a consistent set 

period of time e.g. 5 minutes, rather 
than stopping analysis at a set recorded 

event count e.g. 100,000 events. This allows 
comparisons of total particle count between controls 

and samples. 

Dilution buffer only control (PBS) 
(pH 7.4) was run alongside each 

experiment 

Dilution buffer only control (PBS) 
(pH 7.4) was run alongside each 

experiment 

3.2 Buffer with reagent 
controls. 

State whether a buffer with reagent control 
was analysed at the same settings, same 

concentrations, and during the same experiment as 
the samples of interest. If used state 

what the results were. 

PBS dye, antibody and lectin 
control samples were run for each 

experiment and in combination 
when dual labelling was performed. 

PBS dye, antibody and lectin 
control samples were run for each 

experiment and in combination 
when dual labelling was performed. 
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3.3 Unstained controls State whether unstained control samples were analysed 
at the same settings and during the 

same experiment as stained samples. If used, 
state what the results were, preferably in 

standard units. 

Unstained epithelial cell line sEVs 
samples were analysed using the 
same settings as stained samples. 

Unstained epithelial cell line sEVs 
samples were analysed using the 
same settings as stained samples. 

3.4 Isotype controls The use of isotype controls is applicable 
to immunofluorescence labelling only. State whether isotype 

controls were analyzed at the same settings 
and during the same experiment as stained 

samples. If utilized, state which antibody they 
are matched to, the concentration used, and 

what the results were (section 4.2, 4.3, 
4.4). Due to conjugation differences between manufacturers 

if should be stated if the isotype 
controls are from the same manufacturer as 

the matched antibodies. 

Isotypes were used for detection 
antibodies at the same concentration 
and used for gating purposes (Table 

2.5). 

Isotypes were used for detection 
antibodies at the same concentration 
and used for gating purposes (Table 

2.5). 

3.5 Single-stained 
controls. 

State whether single-stained controls were included. If 
used state whether the single-stained controls were 

recorded using the same settings, dilutions, and 
during the same experiment as stained samples 

and state what the results were, preferably 
in standard units (section 4.2, 4.3, 4.4). 

Single stained controls were 
included, recorded in 

the same settings, and dilutions. 

Single stained controls were 
included, recorded in 

the same settings, and dilutions. 

3.6 Procedural controls. State whether procedural controls were included. If 
used, state the procedure and if the 

procedural controls were acquired at the same 
settings and during the same experiment as 

stained samples. 

N/A N/A 

3.7 Serial dilutions. State whether serial dilutions were performed on 
samples and note the dilution range and 

manner of testing. The fluorescence and/or scatter 
signal intensity would ideally be reported in 

standard units (see section 4.3, 4.4) but 
arbitrary units can also be used. This 
data is best reported by plotting the 

recorded number events/concentration over a set period 
of time at different sample dilution. The MFI at each of the 

dilutions should also ideally be plotted on 
the same or a separate plot 

Serial dilution controls for each 
experiment were included and 

recorded using the same settings 

Serial dilution controls for each 
experiment were included and 

recorded using the same settings 

3.8. Detergent treated 
EVsamples 

State whether samples were detergent treated to 
assess lability. If utilized, state what detergent 

was used, the end concentration of the 
detergent, and what the results were of 

the lysis. 

Detergent treated controls for each 
experiment were included and 

recorded using the same settings. 

Detergent treated controls for each 
experiment were included and 

recorded using the same settings. 

4.1 Trigger Channel(s) 
and 

Threshold(s). 

The trigger channel(s) and threshold(s) used for 
event detection. Preferably, the fluorescence calibration (section 

4.3) and/or scatter calibration (section 4.4) should 
be used in order to report the 

trigger channel(s) and threshold(s) in standardized units. 

The Amnis Cellstream instrument 
triggers automatically on all 

channels for any signal/pixel above 
background levels. No additional 

thresholds were defined 

The Amnis Cellstream instrument 
triggers automatically on all 

channels for any signal/pixel above 
background levels. No additional 

thresholds were defined 
4.2 Flow Rate / 

Volumetric 
quantification. 

State if the flow rate was quantified/validated 
and if so, report the result and 

how they were obtained. 

The volumetric flow rate was 3.66 
µL/min and was otherwise not 

investigated. 

The volumetric flow rate was 3.66 
µL/min and was otherwise not 

investigated. 
4.3 Fluorescence 

Calibration. 
State whether fluorescence calibration was implemented, and 

if so, report the materials and methods 
used, catalogue numbers, lot numbers, and supplied 

reference units for the standards. Fluorescence parameters 
may be reported in standardized units of 

MESF, ERF, or ABC beads. The type 
of regression used, and the resulting scatter 

plot of arbitrary data vs standard data 
for the reference particles should be supplied. 

Fluorescence calibration was 
performed (Supplementary figure 3) 

and all data is provided in PE or 
APC MESF units. Details regarding 
calibration beads used are provided 

in section 2.6.2.  

Fluorescence calibration was 
performed (Supplementary figure 3) 

and all data is provided in PE or 
APC MESF units. Details regarding 
calibration beads used are provided 

in section 2.6.2. 

4.4 Light Scatter 
Calibration. 

State whether and how light scatter calibration 
was implemented. Light scatter parameters may be 

reported in standardized units of nm2, along 
with information required to reproduce the model 

Light scatter calibration method is 
described in section 2.6.2 and 

illustrated in supplementary figure 
2.  

Light scatter calibration method is 
described in section 2.6.2 and 

illustrated in supplementary figure 
2.  

5.1 EV diameter/surface 
area/volume 

approximation. 

State whether and how EV diameter, surface 
area, and/or volume has been calculated using 

FC measurements. 

Diameter of particles has been 
estimated by NTA throughout. EV 

diameter has been qualitatively 
evaluated by TEM  

Diameter of particles has been 
estimated by NTA throughout. EV 

diameter has been qualitatively 
evaluated by TEM 

5.2 EV refractive index 
approximation. 

State whether the EV refractive index has 
been approximated and how this was done. 

EV refractive index has not been 
assessed in this study. 

EV refractive index has not been 
assessed in this study. 

5.3 EV epitope number 
approximation. 

State whether EV epitope number has been 
approximated, and if so, how it was 

approximated. 

N/A N/A 

6.1 Completion of 
MIFlowCyt checklist. 

Complete MIFlowCyt checklist criteria 1 to 4 
using the MIFlowCyt guidelines. Template found at 

www.evflowcytometry.org. 

Table S2 Table S2 

6.2 Calibrated channel 
detection range 

If fluorescence or scatter calibration has been 
carried out, authors should state whether the 

upper and lower limits of a calibrated 
detection channel was calculated in standardized units. 

This can be done by converting the 
arbitrary unit scale to a calibrated scaled, 

as discussed in section 4.3 and 4.4, 
and providing the highest unit on this 

scale and the lowest detectable unit above 

Fluorescence calibrated data based 
on usage of PE and APC calibration 

beads as shown in supplementary 
figure 3. Unit scale conversion was 
used to convert median values to 

MESF.  

Fluorescence calibrated data based 
on usage of PE and APC calibration 

beads as shown in supplementary 
figure 3. Unit scale conversion was 

used to convert median values to 
MESF. 
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the unstained population. The lowest unit at 
which a population is deemed ‘positive’ can 
be determined a variety of ways, including 

reporting the 99th percentile measurement unit of 
the unstained population for fluorescence. The chosen 

method for determining at what unit an 
event was deemed positive should be clearly 

outlined. 
6.3 EV 

number/concentration. 
State whether EV number/concentration has been reported. 

If calculated, it is preferable to report 
EV number/concentration in a standardized manner, stating 

the number/concentration between a set detection range. 

Cellstream enables output for 
events/ml. To facilitate comparison 
and normalisation for the varying 
amounts of loaded sEVs in each 

sample, the events/ml for the final 
gated lectin+ signal was calculated 

as a percentage of the CFSE+ 
events/ml. 

Cellstream enables output for 
events/ml. To facilitate comparison 
and normalisation for the varying 
amounts of loaded sEVs in each 

sample, the events/ml for the final 
gated lectin+ signal was calculated 

as a percentage of the CFSE+ 
events/ml. 

6.4 EV brightness. When applicable, state the method by which 
the brightness of EVs is reported in 

standardized units of scatter and/or fluorescence. 

All experimental runs data is 
reported in PE or APC MESF 

depending on label used.  

All experimental runs data is 
reported in PE or APC MESF 

depending on label used.  


