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Abstract 

Extracellular vesicles (EVs) are membrane bound cell secretions that are said to play a key role in 

intercellular communication through the delivery of their cargo or detection of their surface 

markers. Although EVs are secreted by nearly all cell types, cancerous cells have been found to 

secrete many more EVs compared to heathy cells, as well as EVs of altered compositions. As such, 

the potential of EVs to be diagnostic biomarkers has been a growing field of research in recent 

years. Here, we describe two platforms designed for the isolation of single cells and direct imaging 

of their secreted EVs at a single particle level with the goal to associate EV secretion dynamics to 

cell physiology and pathology. The first platform is fabricated from a biocompatible hydrogel and 

consists of an array of microwells for isolation of single cells. In this set up, cells are attached to 

the ceiling of their microwells and secreted EVs bind to the surface below, all while being confined 

by the hydrogel so that EVs can be reassigned to their cell of origin. The second platform is a 

shallow flow cell fabricated from PDMS and dispenses with confining walls. Instead, the platform 

promotes spatial isolation of cells and relies on a narrow 25 µm gap between the capture substrate 

and secreting cells, allowing EVs to bind within a short radial distance of the secreting cell on the 

ceiling and be reassigned to their cell. Each platform’s compatibility with extracellular matrix 

proteins to promote cell adhesion and ability to support long term culture of cells via media and 

nutrient exchange were characterized. EVs in the flow cell platform were captured by an antibody 

immobilized surface and imaged by confocal microscopy to achieve single EV resolution. To 

evaluate real-time imaging of single EVs, we incubated endogenously fluorescently labeled EVs 

at a concentration of 105 EVs/mL and tracked their binding to the capture surface over time. 

Finally, we demonstrate how EVs secreted directly from single cells can be detected in quasi real-

time, limited by the diffusion lag and uncertainly within minutes. Our results indicate the potential 

of the monitoring platform to serve as a new tool for quantitative analysis of single cell EV 

secretion dynamics as a response to intracellular events.   
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Résumé 

Les vésicules extracellulaires (VEs) sont des sécrétions cellulaires délimitées par une membrane 

qui jouent un rôle clé dans la communication intercellulaire par la livraison de leur contenu 

biomoléculaire ou la détection de leurs marqueurs de surface. Bien que les VEs soient sécrétées 

par presque tous les types de cellules, on a constaté que les cellules cancéreuses sécrètent beaucoup 

plus de VEs que les cellules saines, ainsi que des VEs de composition différente. Donc, le potentiel 

des VEs en tant que biomarqueurs diagnostiques a été un domaine de recherche croissant au cours 

des dernières années. Nous décrivons ici deux plateformes conçues pour l'isolement de cellules 

individuelles et l'imagerie directe de leurs VEs sécrétées au niveau de la particule unique, dans le 

but d'associer la dynamique de la sécrétion des VEs à la physiologie et à la pathologie des cellules. 

La première plateforme est composée d'un hydrogel biocompatible et comprend un réseau de 

micropuits pour l'isolement de cellules uniques. Dans cette configuration, les cellules sont fixées 

au plafond de leurs micropuits et les VEs sécrétés se lient à la surface en dessous, tout en étant 

confinés par l'hydrogel afin que les VEs puissent être réaffectés à leur cellule d'origine. La 

deuxième plate-forme est fabriquée à partir de PDMS et ne comporte pas de parois de confinement. 

Au lieu de cela, la plateforme favorise l'isolement spatial des cellules et s'appuie sur un espace 

étroit de 25 µm entre le substrat de capture et les cellules sécrétrices, ce qui permet aux VEs de se 

fixer à une courte distance radiale de la cellule sécrétrice sur le plafond et d'être réaffectés à leur 

cellule. La compatibilité de chaque plateforme avec les protéines de la matrice extracellulaire pour 

favoriser l'adhésion cellulaire et la capacité à supporter la culture à long terme de cellules par 

l'échange de milieux et de nutriments ont été caractérisées. Les VEs dans la plateforme de chambre 

PDMS ont été capturés par une surface couverte d’anticorps immobilisée et imagées par 

microscopie confocale pour résoudre les VEs individuelles. Enfin, pour évaluer l'imagerie en 

temps réel des VEs uniques, nous avons incubé des VEs marqués par fluorescence de façon 

endogène à une concentration de 105 VEs/mL et suivi leur liaison à la surface de capture au fil du 

temps. Enfin, nous démontrons comment les VEs sécrétées directement par des cellules uniques 

peuvent être détectées en quasi-temps réel, limitées par le délai de diffusion et l'incertitude en 

quelques minutes. Nos résultats indiquent le potentiel de la plateforme de suivi à titre de nouvel 

outil pour l'analyse quantitative de la dynamique de la sécrétion des VEs provenant de cellules 

individuelles en réponse à des événements intracellulaires. 
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1. Introduction 

1.1.  Motivation 

Extracellular vesicles (EV) are increasingly studied for their role in intercellular communication 

and value in clinical diagnostics1. EVs carrying numerous molecular information, such as proteins 

and nucleic acids, circulate in body fluids and are said to represent a fingerprint of their parent 

cell2. When the parent cell is cancerous, proteins on secreted EVs have been identified to be 

differentially expressed and different in abundance compared to healthy cells 1,3–5. Therefore, EVs 

have emerged as a promising prospect for cancer diagnostics. Beyond the heterogeneity between 

healthy and diseased cells, as revealed by single cell sequencing and proteomics, heterogeneity of 

individual EVs has also been found to be unexpectedly high6–8. Technical limitations of most 

existing approaches do not allow the direct detection of single EVs from single cells to uncover 

said heterogeneity and lack temporal resolution to capture short-term responses of cells to drugs 

and environmental changes. As a result, there is limited understanding how both individual EV 

proteomics and EV secretion rate can reflect a cell’s pathological state. EV heterogeneity could 

confound analysis and biomarker discovery; thus, it is important to map the heterogeneity of 

individual EVs from single cells with high temporal resolution to derive tumor cell heterogeneity.  

 

1.2.  Project goals 

The overall goal of this project is to develop a platform to track and count the single EVs secreted 

by single cells. The resulting platform will enable the study of EV heterogeneity and secretion 

dynamics by conducting time-lapse studies on single cells. The first challenge is to isolate single 

cells and their secreted EVs while still enabling media exchange to the cells and the second 

challenge is to capture time course images of EV secretions at the single particle level. This project 
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will describe the design, fabrication, and characterization of two platforms suitable for the real-

time analysis of single EVs secreted by single cells.  

 

1.3.  Contribution of Authors 

For the present thesis, Ashlyn Leung designed and performed all experiments and the majority of 

the data analysis. Programming for data analysis was done with the help of Drs. Andreas 

Wallucks and Félix Lussier. 293T-GFP cells used in the reported experiments were provided by 

Molly Shen. The particle tracing simulations were performed in collaboration with Geunyong 

Kim. Prof. David Juncker supervised this project and provided guidance throughout its 

development. The thesis and accompanying figures were prepared by Ashlyn Leung and edited 

with the help of Prof. David Juncker and Dr. Andy Ng. 
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2. Comprehensive review of the relevant literature 

2.1.  Extracellular vesicles 

Extracellular vesicles (EVs) are lipid bilayer membrane bound particles of various sizes, secreted 

by nearly all cell types into the extracellular space8. They carry various biological cargo such as 

lipids, nucleic acids, and proteins, and through the transfer of their cargo to recipient cells or 

detection of their specific surface markers, EVs play an important role in dictating intercellular 

communication and the regulation of physiological processes9. Depending on the physiological 

and pathological state of the cell, the EVs they secrete, and their associated cargo, can be 

altered10,11. As a result, there has been growing interest in the analysis of EVs for early disease 

detection and more recently, as universal biomarkers for cancer diagnostics and monitoring7 

 

2.1.1. EV subtypes 

As EV research has grown exponentially in the last several decades, the International Society for 

Extracellular Vesicles (ISEV) established minimum requirements for the definition of extracellular 

vesicles and their functions to improve the reliability and reproducibility of EV results among the 

scientific community12. “Extracellular vesicle” is the generic term used to describe particles that 

are naturally released from a cell that cannot replicate and are enclosed in a lipid bilayer. EVs can 

further be classified into the subtypes typically based on their size and biogenesis pathway (Figure 

1). However, due to the difficulty in tracing EV biogenesis pathways, the use of operational terms 

for EV subtypes that refer to physical size, such as “small EVs” and “medium or large EVs”, have 

become more common. Although the most conventionally used classification of EVs based on 

biogenesis will be described here: apoptotic bodies, microvesicles, and exosomes, the generic term 
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“EVs” will be used in the discussions that follow as the biogenesis pathways of the analyzed 

particles cannot be confirmed in the present work. 

 

Figure 1. The biogenesis and composition of EVs. A. The biogenesis of EV subtypes: apoptotic 

bodies, microvesicles, and exosomes. Apoptotic bodies are generated when cells undergo 

apoptosis, microvesicles are formed by outward budding, and exosomes are released when 

multivesicular bodies fuse with the cell membrane via exocytosis13. B. The composition of EVs: 

EVs consist of lipids, nucleic acids, and proteins both within the plasma membrane and in the 

cytosol14. Figures reused from [6] and [7], licensed under CY BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) 

 

Apoptotic bodies 

Apoptotic bodies (ABs) are vesicles released by dying cells undergoing apoptotic cell 

clearance15,16. Apoptosis is essential for cells during embryonic development, growth, and normal 

maintenance of multicellular organisms and ensures the removal of aged and damaged cells from 

healthy tissues17. ABs range from 50 – 5000 nm in size and are formed during the separation of 

the cell’s plasma membrane from the cytoskeleton due to increased hydrostatic pressure as the cell 

contracts16,18. The biogenesis of apoptotic bodies occurs in three stages: cell rounding, apoptotic 

membrane blebbing, and apoptopodia. Cell rounding describes dismantling of the cell performed 

mainly by caspases; cysteine proteases designed to cleave proteins. Proteolytic cleavage initiates 
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the dismantling of cell-cell adhesion complexes and cell-matrix focal adhesions16,18. Subsequently, 

an outward protrusion occurs that leads to plasma membrane (PM) blebbing and the formation of 

ABs16,18. ABs can contain fully intact organelles and therefore proteins associated with the 

mitochondria, nucleus, Golgi apparatus, and endoplasmic reticulum can be found in their 

cargo19,20. Relatively little is known about particular molecular compositions of ABs due to the 

diversity in apoptosis triggers and cell origins. Further characterization is needed to identify 

proteins and markers abundantly found in ABs.  

 

Microvesicles 

Microvesicles (MVs) are EVs ranging from 100 nm – 1000 nm in size and formed by ectocytocis, 

the direct outer pinching of the cell’s plasma membrane21. The biogenesis of MVs consist of a 

series of lipid and protein activations and deactivations that lead to changes in membrane dynamics 

that facilitates membrane bleb formation. Ca2+ is first mobilized in the cell, initiating the 

deactivation of flippases and the activation of floppases, two lipid transporter proteins, and the 

activation of scramblases, which results in a loss of membrane asymmetry15,22. Calpain, a cysteine 

protease, then facilitates membrane bleb formation by disrupting the anchoring between the cell 

cytoskeleton and the membrane. Finally, contraction of the cytoskeletal structures by actin-myosin 

interactions leads to the outer pinching that forms MVs22. MVs largely contain proteins that cluster 

at the cell’s plasma membrane as a result of their outward budding biogenesis pathway. Proteins 

markers commonly associated with MVs include tetraspanins, integrins, cytoskeletal proteins, and 

heat shock proteins; however, their proteomic profile can be highly dependent on the isolation 

method used due to the variability of size and density of the isolated MVs23,24. MVs have been 

found to be involved in cell-to-cell communication between local and distant cells, altering the 
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function of their recipient cells through the delivery of their cargo25–27. More recently, the role of 

atypically large MVs originating from cancer cells are found to be functionally distinct from other 

EVs and generally referred to as large oncosomes (LO)8,28,29. LOs are associated with abnormal 

assembly of molecular cargo and both structurally and morphologically unique30. In terms of 

abundance, they are far less abundant compared to smaller EVs and are difficult to purify 

accurately because of their large size28. As a result, the role of LOs has not been investigated in all 

tumor models yet. 

 

Exosomes 

Exosomes are EVs ranging from 30 – 150 nm in size and formed by an endosomal route, 

specifically through the inward budding of early endosome membranes15. Early endosomes 

themselves originate from the inward budding of the cell’s plasma membrane and mature into 

multivesicular bodies (MVB) during the exosome biogenesis process6. As MVBs are fused with 

the plasma membrane, the exosomes are released into the extracellular space. Exosomes are bound 

by a single outer membrane and are also referred to as intraluminal vesicles (ILVs). During the 

budding process, cargo in the cytosol as well as transmembrane surface cargo are captured by the 

vesicle. Depending on the specific biogenesis pathway, the associated protein cargo can vary. 

MVBs and exosome release are regulated through the endosomal sorting complexes required for 

transport (ESCRT) pathway and can be categorized into two mechanisms: ESCRT dependent and 

ESCRT independent18,27. Exosomes formed and regulated by ESCRT dependent mechanisms rely 

on ESCRT proteins which are expected to be found in the exosome’s cargo along with its accessory 

proteins, including Alix, TSG101, HSC70, and HSP90β)15. ESCRT is a molecular machinery 

consisting of ESCRT-0, I, II, and III, which sort ubiquitinylated proteins by working 
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sequentially31,32. Differing from the ESCRT-dependent pathway, exosomes formed and regulated 

by an ESCRT independent mechanism instead depend on the sphingomyelinase enzyme that 

converts sphingomyelin to ceramide33,34. Accumulation of ceramide then induces coalescence of 

the microdomain and triggers the formation of ILVs33,34. The resulting exosomes are often 

enriched with membrane proteins in the tetraspanin family, such as CD9, CD63, and CD81, and 

similar to MVs, exosomes play a role in cell-cell communication8. Additionally, exosomes 

participate in cell maintenance, tumor progression, and immune responses, leading to a growing 

interest in their use as biomarkers for disease, immunological applications, and drug delivery 

systems23. 

 

2.1.2. Tumor secreted EVs 

EVs have been found to play a role in every stage of cancer biology, from promoting tumor growth 

and stimulating angiogenesis to generating the formation of pre-metastatic niches and promoting 

metastasis8,35–37. Tumor secreted EVs dictate communication between tumor cells and stromal 

cells in both the local and distant microenvironments and can redirect the function of their recipient 

cells through the delivery of their bioactive molecules.  

 

The initiation and growth of tumors are not only regulated by tumor cells but also a variety of cells 

in the tumor microenvironment (TME) such as fibroblasts, endothelial cells, mesenchymal stem 

cells, and immune cells38. Tumor-secreted EVs are one of the main sources of communication 

between tumor cells and these neighbouring cells as well as the local microenvironment. These 

EVs can initially supress immune cells to decrease their proliferation and evade immune detection, 

either through the direct alteration of immune cell function or through indirect modification of 
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non-immune cells39,40. As a result, tumor secreted EVs influence non-cancerous cells to create a 

TME permissive to tumor growth and metastasis. One common characteristic of TMEs is hypoxia, 

the deprivation of oxygen in solid tumors due to inadequate blood supply and reduced 

microcirculation. In order for tumors to continue to grow despite hypoxic conditions, neo-

angiogenesis, the process of new blood vessel growth, is required. Tumors are known to induce 

vascular growth and remodeling through the secretion of VEGF and PIGF growth factors, 

however, cancer EVs have recently emerged as being key mediators inducing pro-angiogenic 

responses41,42. Specifically, myeloma cells under hypoxic conditions have been found to secrete 

greater amounts of EVs containing the onco-micro-RNA miR-135b.43 Endothelial cells receiving 

miR-135b containing EVs showed particularly accelerated angiogenesis ultimately as a response 

to hypoxia43.  

 

Although cancer cells are detrimental to their local TME, 90% of cancer related deaths are in fact 

due to metastasis of the primary tumor44. A number of cascading metastatic events occur before a 

tumor grows successfully in a secondary organ. The premetastatic niche (PME) can be defined as 

the progression of a location secondary to the primary tumor that is appropriate for the survival 

and proliferation of arriving circulating tumor cells (CTC)45. The secretion of EVs have been 

recently identified as an intracellular signaling mechanism that cancerous cells use to modify local 

microenvironments and distant organs to contribute to the formation of the PME. EVs play a wide 

role in the formation of the PME, including recruitment of cells to facilitate metastatic outgrowth 

and the modification of the metabolic environment46. As in the TME, tumor EVs’ role in vascular 

remodeling through the delivery of miRNAs is a key step in PME formation. Presence of these 

miRNAs increases metastasis by facilitating the break down of endothelial cell barriers, allowing 
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cancer cells intravasate into the circulatory system and form metastatic lesions as they reach a 

secondary site47. Not only do EV miRNAs target endothelial cells, but the metabolic environment 

of the PME is also impacted. Recipient cells that take up miR-122 from tumor EVs were found to 

have reduced pyruvate kinase expression and decreased GLUT1 and glucose uptake48. This shows 

evidence that cancer cells can supress nutrient uptake by cells in secondary organs to renders the 

PME more nutrient rich for arriving tumor cells with high energy demands.   

 

EVs as cancer biomarkers 

Throughout the last decade, the role of liquid biopsies has been increasingly explored as a less 

invasive method for early cancer diagnosis. Patient samples from liquid biopsies, such as urine, 

saliva, and blood, can be abundant in biomarkers in the form of proteins, CTCs, platelets, and EVs. 

Among these, EVs have been shown to be one of the richest biomarkers as they are distributed 

throughout the body and their biological contents are well enclosed by a cellular membrane, 

allowing them to travel through the body’s circulatory system and deliver their cargo to recipient 

cells4. Cancer cells have been recognized to produce many more EVs, and of altered composition, 

compared to healthy cells49–51. Such EVs have been found to be involved in numerous tumor 

processes, further supporting their potential to be promising candidates for cancer diagnostic 

biomarkers. Not only can these biomarkers be useful for disease diagnosis, but recent research has 

shown the potential of liquid biopsies to be used for dynamics and heterogeneity of tumors, as well 

as treatment resistance and monitoring. Several different EV biomarkers that have been identified 

to be associated with specific types of cancers are summarized in other reviews3,5,52.  
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2.1.3. EV heterogeneity 

One of the major challenges in the field of EV research is addressing heterogeneity within EV 

populations. Within a seemingly homogeneous population of EVs, evidence shows that a large 

degree of heterogeneity exists6. Populations of EVs are commonly purified and characterized into 

one of the aforementioned subtypes with isolation methods that are limited to size and density, 

such as ultracentrifugation and nanoparticle tracking analysis (NTA). However, physical and 

biological characteristics of EVs may not be correlated as EVs of similar size and density may be 

very distinct in terms of function. There is currently no method to isolate EVs based on biogenesis, 

which can cause significant overlap in EV subtypes and subpopulations.  

 

 

Figure 2. Extracellular vesicle composition and heterogeneity. EVs carry a variety of proteomic 

and genetic information, including proteins, lipids, and mRNA. Their physical characteristics 

(size, density, morphology), and cargo can vary substantially, resulting in heterogeneous EVs with 

different biological properties53. Figure adapted with permission of the Royal Society of Chemistry 

from [50]; permission conveyed through Copyright Clearance Center, Inc. 

 

Beyond heterogeneity within an EV population, heterogeneity of individual EVs stemming from 

the same parent cell has been found to be unexpectedly high53. Uptake of cytosolic components 
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and packaging of EV cargo is reportedly a stochastic process, resulting in significantly different 

size, density, cargo, and composition of EVs secreted from even the same cell53. Therefore, EVs 

are said to represent a unique fingerprint of their parent cell. Moreover, EV heterogeneity arises 

as a result of physiological and pathological changes in the extracellular environment54. Cells are 

known to respond to external stimulus and changes in the form of modified EV secretions8. 

Modifications can consist of changes in the size and biogenesis of secreted particles, resulting in 

the secretion of a different subtype of EVs, but it can also involve changes in the cargo loaded in 

the EVs (Figure 2). Depending on the cell’s physiological changes and pathophysiological 

conditions, the packaged cargo and membrane markers can vary greatly as the secreted EVs carry 

out specific biological functions54. As the EV cargo and composition can reflect what a cell’s 

condition, EVs are a promising disease biomarker that can serve as a potential therapeutic tool. 

Isolating and characterizing distinct EV subpopulations can give insight into the state of parent 

cell and further uncovering EV heterogeneity and the role of subpopulations will advance the 

understanding of EV biology and their role in health and disease. 

 

2.1.3.1. EV subpopulations 

The heterogeneity among EVs could indicate that cells release EVs characterized by 

subpopulations with distinct composition or function. This suggests that subpopulations of EVs, 

beyond subtypes classified by size, with distinct cargo and membrane markers are released by cells 

to carry out specific biological functions. More recently, these subpopulations have been 

characterized based on the enrichment of certain protein markers, mainly tetraspanins and 

integrins. Tetraspanins are a class of surface proteins that transverse the EV membrane four times 

and contain four domains – N- and C-terminal cytoplasmic tails, a short and long extracellular 
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domain (ED)55. Tetraspanins are implicated in many cellular processes, such as cell signaling, 

fusion, adhesion, and regulation, and are generally said to have an important role as organizers of 

transmembrane and cytosolic proteins to create a multimolecular membrane network56. Because 

they have been found to be highly expressed in EVs, particularly CD63, CD9, and CD81, they are 

often used as specific EV markers23. Integrins are essential proteins involved in cell adhesion and 

extracellular matrix (ECM) attachment, and hence, favours long term interactions with cells 

targeted by specific EVs57,58. Integrins recognize proteins either on the surface of cells or in the 

ECM to mediate EVs binding to target cells and promote their fusion to deliver its molecular 

cargo57,58. Studies have illustrated that both tetraspanins and integrins found on EV membranes 

play a crucial role in guiding the targeting and selective uptake of EVs by recipient cells59.  

 

2.1.3.2. EV associated biomarkers 

Identifying EV subpopulations in cancer cells can aid in characterizing disease and treatment 

states. Studies have demonstrated certain EV protein biomarkers can be reflective of both the 

tumors presence as well as cancer staging, highlighting the potential of tumor-derived EVs for 

cancer diagnosis and monitoring. In pancreatic cancer, EV expression levels of gyypican-1, a cell 

surface proteoglycan, was found to distinguish benign disease from early and late-stage cancer60. 

In metastatic melanoma patients, EVs were found to be presenting significantly higher expression 

of the proteins MDA-9 and GRP78, and thereby considered as potential biomarkers for the early 

detection metastasis61. Further analysis of melanoma patients identified TYRP-2, VLA-4, HSP70, 

and HSP90 as additional EV-associated protein biomarkers62. In breast cancer, a number of EV 

associated protein diagnostic biomarkers have been identified, including Del-163, CD4764, 

HER265,66, EpCAM65,66, and LDH-C467. 
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Furthermore, in metastatic cancers, tumor cells often metastasize to a specific organ and EVs have 

been found to play a role in this process, known as organotropism. Protein evidence linking EV 

subpopulations to biological functions of metastasis was identified by Hoshino et al. who found 

that certain integrin expression profiles of tumor EVs are associated with specific metastatic 

sites68. For example, EVs expressing the integrin ITGαvβ5 were found to bind specifically to 

Kupffer cells, mediating metastasis to the liver68. On the other hand, EVs expressing ITGα6β4 and 

ITGα6β1 bind specifically to lung-resident fibroblasts and epithelial cells, mediating metastasis to 

the lungs68. These findings suggest that tumor cells secrete subpopulations of EVs that express 

certain integrins that adhere selectively to different organs. Leveraging this, analysis of circulating 

tumor derived EVs may be useful for early detection of future metastasis. 

 

 

2.2.  EV analysis 

EVs carry valuable cargo and are relatively new targets for bioassays, leading to many recent 

advances in the field of EV analysis. Although many techniques take advantage of physical 

characterization of EVs, purification and analysis of EVs based on protein enrichment provides 

much more relevant information as the transfer and detection of such proteins play a crucial role 

in cell communication69. As EVs carry these proteins from their cell of origin to recipient cells and 

are considerably stable biomolecules, EVs can mediate distant communication and modulate cell 

behaviors69. Furthermore, protein profiling of EVs, also referred to as EV proteomics, from healthy 

and diseased sources can help provide fingerprints for precision medicine. Analyzing EV 

proteomic signatures can uncover diverse signaling pathways, particularly in cancer where EV 

communication plays a role in many tumor processes38,70–72. 
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Although there is no single standard method for quantitatively profiling EV proteins, mass 

spectrometry is the most widely used gold standard approach in proteomics73. Although MS is a 

powerful, high throughput technique able to identify multiple peptides in a single sample, it 

requires many preprocessing steps, and the sample is destroyed in the analysis process so it cannot 

be used for further downstream analyses73,74. To address these limitations, there have been great 

advances in the development of proteomic tools for measuring or profiling EVs from biofluids in 

the past decade. 

 

2.2.1. Performance metrics of proteomic platforms 

Sensitivity 

The sensitivity of a method describes its ability to detect low concentrations of the analyte of 

interest and is often also related to as the limit of detection (LOD)75. In an assay, the sensitivity is 

typically the lowest concentration of signal that can be differentiated from the background75. In 

the context of EVs serving as diagnostic biomarkers for disease, a highly sensitive detection 

method is needed as acquiring large sample volumes is not always possible, especially in point-

of-care (POC) testing. Although conventional EV analysis tools such as traditional enzyme linked 

immunosorbent assays (ELISA) and Western blot are well established and attractive for their ease 

of use and versatility, they are often limited by their poor sensitivity76. Several different aspects of 

a platform can be optimized to improve its sensitivity. For example, signal amplifications 

modifications can be employed to improve signal intensity77, surface modifications can suppress 

nonspecific adsorption to reduce background signals or increase selectivity 78,79 or design 

modifications can be altered to increase binding probabilities80. Recent development of highly 



24 

 

sensitive EV analysis and visualization methods enable the resolution of EVs down to the single-

particle level. Visualizing single-EVs will be discussed in later sections.  

 

Multiplexing 

The surface composition of EVs plays an important role in their biological function23,81. EVs are 

decorated with a variety of membrane proteins and may contain specific biomarkers to certain 

diseases3,5,52. However, evidence based on one single biomarker is insufficient to draw an 

appropriate conclusion or to clinically support a diagnosis for disease or treatment monitoring. For 

both research and POC applications, multiplexed screening to profile various biomarkers is highly 

valuable. The ability to quantitatively profile the surface proteins of EVs allows researchers to 

identify potential EV fingerprints associated with disease3. The additional advantage of 

multiplexing and running analyses in parallel is the reduced number of experiments and overall 

reduced sample consumption. This is key for POC applications where the biological sample may 

be limited. Another advantage of multiplexing is the ability to acquire a more biologically 

representative readout. Proteins carried by EV are important communication mediums between 

cells, therefore targeting multiple analytes at once is likely to reveal much more on EV-mediated 

interactions82. 

 

Multiplexed molecular profiling is typically enabled by the use of many fluorescent antibodies 

specific for many ubiquitous EV markers83,84. In both planar and bead-based arrays, proteins are 

captured onto the surface and secondary antibodies targeting specific proteins are then used to 

form a detectable immuo-sandwich complex. Ideally, using many different fluorescent secondary 

labels would enable the detection of many proteins in a single sample. However, the multiplexing 
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capability when using fluorescent probes in a single experiment is limited by spectral overlap 

between common dyes which becomes unavoidable beyond two or three colours due to limited 

spectral bandwidth available (~350 – 750 nm)85. This is relevant in both cytometry and optical 

readouts as spectral overlaps can lead to overestimations of protein expression. Multiplexed 

platforms interested in quantifying greater number of protein targets may choose to run the same 

sample on several parallel and imaged separately to avoid spectral overlap, but this requires larger 

sample volume and can present a greater variability between samples. 

 

Temporal resolution 

Cellular response to environmental perturbations often leads to dynamic changes in protein 

synthesis and degradation, ultimately resulting in changes in protein expression levels86,87. 

Secretion time course experiments monitor these cellular dynamics and determine secretion rates 

by collecting data in a time-dependent manner. The temporal resolution of such experiments can 

be described as the amount of time between measurements or imaging at the same location88. 

Methods with low temporal resolution are typically associated to studies interested in mapping the 

temporal proteome in terms of changing protein abundance, interactions, or localizations over the 

course of health and disease89. Low temporal resolution indicates that the number of time points 

assayed is limited, however, the data from a resultingly relatively longer-term study can identify 

key temporal changes and potential targets for disease monitoring and therapy. Higher temporal 

resolution is typically desired for monitoring dynamic secretion changes caused by an external 

stimulus90,91. Specifically in the context of EVs analysis, high temporal resolution analysis can 

answer the longing question of whether EV secretion rate of a cell is hereditary and whether the 

proteomic profile of secreted EVs vary with time of secretion. In the last several years, studies 
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interested in the dynamics of EV secretions have reported results with temporal resolutions ranging 

from minutes 90,91, hours92,93, and days94,95. Real-time analysis of secretions describes 

measurements at the greatest temporal resolution. Otherwise, secretion rates can be normalized by 

back calculation, dividing the total secretions at a certain time point by the number of cells and 

time.  

 

Spatial resolution 

Here, spatial resolution refers to the measure of the smallest object that can be resolved by an 

imaging modality. This can be interpreted as the clarity of an image as low spatial resolution 

techniques are unable to differentiate between two objects that are relatively close together96. A 

method’s spatial resolution often comes as a tradeoff to its multiplexing capabilities. For example, 

microarrays can perform a high degree of multiplexed phenotyping in a high-throughput manner 

but at a low spatial resolution97,98. Micro-sized spots of capture antibodies printed on a substrate 

to enrich specific EV subpopulations are subsequently probed with labeled detection antibodies 

for surface protein profiling. Spatial resolution on the EV level is limited by the size of the 

microspot as one spot captures around 25 000 EVs and the associated digital scanning technology 

is unable to resolve the signal beyond a single spot97. On the other hand, high spatial resolution 

techniques enable the visualization of EVs at the single particle level yet is only capable of a 

fraction of the multiplexing achievable by microarrays99 . Such platforms are able to obtain much 

richer information, such as the heterogeneity of biomarker expression, the presence of EV 

subpopulations, and rates of EV secretion99. In the context of cancer EVs, resolution at the single 

EV level can enable the identification of tumor-derived EVs even in the presence of host cell-

derived EVs. The increased spatial resolution is typically achieved by sensitive optical microscopy 
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combined with labeled techniques that rely on fluorescence or label-free techniques, such as 

interferometric scattering (iSCAT). These single vesicle analytical methods will be further 

discussed in detail in following sections. 

 

2.2.2. Single EV proteomics 

As previously mentioned, evidence shows that within a seemingly homogeneous population of 

EVs, a large degree of heterogeneity exists6. Individual EVs can differ in size, molecular 

composition, biogenesis, and function, all of which is masked in conventional methods that 

provide only pooled information about bulk population of EVs100. Due to this heterogeneity, there 

has been a growing effort to measure EVs with single particle resolution. Single EV analysis can 

be extremely valuable for studying tumor heterogeneity, rare tumor subtypes, and phenotypic 

changes that occur during therapy53. Several advanced analytical methods have been developed 

for characterizing the biological properties of individual EVs. Many recent technological advances 

have led to commercially available platforms for single EV analysis, including CytoFLEX and 

ExoView®, as well as novel tools for lab-based devices. 

 

CytoFLEX 

Conventional flow cytometers are widely used for quantitative and multiparametric single-particle 

analysis, their low detection sensitivity (> 300 nm) presents a challenge for analyzing EVs that 

may be as small as 50 nm101. High resolution flow cytometers and imaging flow cytometers were 

developed to overcome the sensitivity limitation of conventional cytometers, namely a 

semiconductor -based flow cytometer called CytoFLEX. CytoFLEX combines several innovations 

to maximize signal and minimize noise, ultimately enabling single particle detection down to 65 

nm in size102. First, the use of silicone avalanche photodiodes (APD) with high quantum efficiency 
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and low electronic noise results in increased light-detection sensitivity102. Combined with low-

power diodes, electronic and thermal noise is further reduced. CytoFLEX also takes advantage of 

a wavelength-division multiplexing (WDM) design that eliminates dichroic mirrors traditionally 

used in flow cytometers to divide light into colour bands within filter trees. Eliminating dichroic 

mirrors with WDM prevents 20-50% of signal102. Single EVs can also be immunophenotyped by 

labeling samples with detection antibodies prior to being introduced to CytoFLEX. With additional 

double and triple labeling, multiplexed co-expression analysis can be conducted102,103. 

 

ExoView® 

The ExoView® platform from NanoView Biosciences is based on single-particle interferometric 

reflectance image sensing (SP-IRIS) coupled with immunofluorescence staining.  

SP-IRIS relies on the interference of two reflected light paths, one of which passes through a bound 

particle, and another that passes through the empty part of the chip104. The interference pattern 

created as a result provides an increased resolution beyond the diffraction limit, enabling a particle 

detection limit down to 50 nm104. EVs expressing proteins of interest are captured by antibodies 

immobilized to specific microchips. The protein-capture oriented platform allows nearly true 

single event detection for the quantification and size analysis of small EVs. ExoView® is a robust 

and sensitive nanoparticle sensing assay, detecting single particles in samples with as few as 5 x 

105 particles/mL. With the addition of fluorescent antibodies and overlaying images from 

fluorescence channels, quantitative information on co-expression of up to four markers per 

individual EV can be assessed. Valuable multi-phenotype information can be uncovered about an 

EV population with the ExoView® platform. Studies have reported the use of the ExoView® 

platform to characterize cell-specific EV populations based on their tetraspanins profiles104,105. 
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Additional recent technological advances in the field of EV analysis have been in EV labeling, 

device development and high-resolution microscopy, allowing researchers to study the behavior 

of EVs at the single-vesicle level without such large and expensive commercial instruments77,106–

108. With more accessible platforms for analyzing and visualize EVs a single-particle resolution, 

the complexity of EV biogenesis, cellular uptake, and secretion dynamics can be uncovered. 

 

2.2.3. Optical methods for visualizing single EVs 

Optical methods provide fundamental advantages that can address key challenges in studying EVs, 

including heterogeneity in EV populations, unknown sample concentrations, and correlating 

specific EVs to their origins. Although native EVs cannot be visualized by brightfield illumination 

due to their small size and the diffraction-limited capabilities of a microscope, attachment of a 

fluorophore which emits light enables the imaging of EVs by microscopy109. Rapid advances in 

fluorescent dye chemistries and labeling technologies provide unique opportunities for real-time, 

multiplexed rapid analyses otherwise not possible with non-optical techniques. Alternatively, 

label-free techniques that rely on light and optical properties to probe inherent features of EVs, 

such as interferometric scattering (iSCAT), are also being increasingly developed for single EV 

characterization. Other optical analytical approaches can enable the analysis of EVs in dynamic 

suspension with methods, such as nanoparticle tracking analysis (NTA) and flow cytometry, 

however, this section will focus on the analysis of EVs captured on a surface. 
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Figure 3. Overview of the main methods for visualizing single EVs discussed in this section. 

Schematic and data visualization using each technique are depicted. In the center of the figure, 

cancer cells releasing EVs is shown. A. Above: endogenous labeling of immunocaptured EVs with 

fluorescently labeled antibodies targeting membrane-expressed proteins. Below: multiplexed 

visualization of single EVs with fluorescence imaging104. Figures reused from [101], licensed 

under CY BY 4.0 (https://creativecommons.org/licenses/by/4.0/) B. Endogenous labeling of cells 

and their secreted EVs. Above: schematic diagram of EV membrane labeling with palmitoylated 

GFP (Palm-GFP) created with BioRender.com. Below: 3D reconstruction of confocal Z-stack 

images of a Palm-GFP-expressing 293T cells demonstrating EV release into surrounding 

regions110. Confocal microscopy of isolated single GFP-expressing EVs110. Figure reused from 

[107], licensed under CY BY 4.0 (https://creativecommons.org/licenses/by/4.0/) C. iSCAT, a 

label-free optical method for visualizing single EVs. Right: schematic demonstrating the operating 

principle of iSCAT detection111. The light reflected at the sample/glass interface is collected along 

with scattered light from the particle111. Ei, incident electric field; Es, scattered electric field; Er, 

reflected electric field. Left: iSCAT snapshot of single particles112, scale bar: 1 µm. Figures in C. 

Adapted by permission from Springer Nature: Nature Protocols [50] Copyright 2016 and adapted 

with permission from [51]. Copyright 2018 American Chemical Society. 

 

Exogenous EV labeling 

The most widely used method for visualizing single EVs is with the use of exogenous labels, such 

as lipid dyes and conjugated antibodies (Figure 3A)113. Lipophilic dyes bind to the lipid bilayer 

membrane of EVs and exhibit a strong fluorescence signal114. DiR and DiD are commonly used 
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long chain diaklylcarbocyanines and diaklylaminostyryl dyes for EV labeling that emit 

fluorescence in the infrared region and have been reportedly used in EV biodistribution 

studies115,116. Other lipophilic dyes, such as PKH dyes use aliphatic tails to anchor on to 

phospholipid bilayers113. Although lipid dyes exhibit strong and stable fluorescence signals for 

ease of imaging, they present several challenges that must be considered. Lipid dyes have a long 

in vivo half-life that outlast EV degradation117. This can be misleading for long term studies as the 

dye remains long after EVs have degraded. Additionally, lipid dyes tend to aggregate and form 

micelles which can lead to false positive signals114. Another common organic dye for EV labeling 

is carboxyfluorescein diacetate succinimidyl ester (CFSE). CFSE is cell permeable and covalently 

binds to intracellular molecules through its succinimidyl group and is commonly used with flow 

cytometry118,119. CellTracker deep red (CTDR) performs similarly to CFSE with excitation and 

emission in the red region120. Most dyes can be added directly to cell media for ease of use and 

fluorescence imaging with good spatial resolution under optical microscopy. 

 

EV-enriched surface proteins, most commonly tetraspanins CD9, CD81, and CD63 can also be 

targeted with fluorescently labeled antibodies to visualize EVs in both live and fixed cells (Figure 

3A). Labeling with conjugated antibodies is commonly used in conjunction with high resolution 

optical techniques, such as total internal reflection fluorescence microscopy (TIRFM) and 

stochastic optical reconstruction microscopy (STORM) for imaging at the single-EV level. TIRFM 

and STORM imaging require EVs to be purified and immobilized, followed by an antibody 

incubation period and washing steps90,107,121–123. The resulting fluorescent EVs can be imaged with 

a resolution of 100 nm with TIRFM and 20 nm with STORM at a throughput of hundreds of EVs 

per image107,123. Labeling EVs with specific protein markers will however limit the EV detection 
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to certain subpopulations that express that marker124. To address this limitation, several platforms 

enable multiplex detection with the use of multiple fluorescently labeled antibodies, however, this 

is also limited by spectral overlap between common dyes and may require multiple rounds of 

labeling for higher multiplexing. 

 

Endogenous cell labeling 

A more general labeling strategy that aims to label all secreted EVs rather than a subpopulation 

expressing a certain marker is via endogenous cell labeling. This method modifies the cell’s 

genetic material such that fluorescent proteins, such as GFP, are genetically fused with 

transmembrane proteins (Figure 3B)125,126. To track EV biogenesis, uptake, and dynamics, 

fluorescent proteins are typically fused with common endogenous EV membrane proteins, such as 

CD63 or CD9124,126,127. As EVs are derived from the cellular membrane, either through inward or 

outward budding, secreted EVs should also contain the fluorescent protein in their membranes124. 

Endogenous labeling therefore allows for direct visualization of cell secreted EVs with fluorescent 

proteins as reporters for EV imaging. Generally, plasmid DNA encoding the desired genetic 

sequence and cultured with the cells for transfection. To ensure stability of the cell line, the cells 

are often treated with drugs, such as puromycin, and considered to be stable when they are both 

fluorescent and drug resistant after long term culture127. However, genetically fusing fluorescent 

proteins to specific surface markers results in a fluorescence intensity that is dependent on the 

protein expression level and visualization is limited to certain subpopulation of EVs120. 

Alternatively, a more general labeling strategy tags the plasma membrane through S-

Palmitoylation which enables labelling of a wider EV population. Lai et al. engineered a 

fluorescent EV labeling strategy based on S-Palmitoylation, a thiolester linkage between a cysteine 
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group and a fatty acid palmitic acid124. As cysteine groups are found on proteins and palmitic acid 

in the cellular membrane, S-Palmitoylation enables the association of a fluorescent protein to the 

cell membrane for whole cell labeling and live-cell visualization. Still, endogenous labeling 

presents several challenges as steric hindrance of the genetically modified associated protein could 

affect EV cargo content and uptake120. Additionally, labeling efficiency can vary and is difficult 

to characterize. However, overall genetic labeling is more stable compared to fluorescence 

reporters, it is compatible with living cells, and most notably, it enables real-time monitoring of 

EVs.  

 

Interferometric scattering  

Interferometric scattering (iSCAT) is a label-free microscopy technique able to sense single 

particles by detecting the amount of light the particle scatters as it binds to a surface128,129. Single 

particle detection is achievable as iSCAT microscopy amplifies the weak scattered light by a single 

particle by interferometric mixing with a secondary reference wave (Figure 3C)130. The amount of 

scattered light is proportional with its polarizability, therefore, assuming the particles have a 

similar refractive index, the measured scattering signal can be correlated to the size of the 

particle130. The iSCAT microscope can be built by modifying an inverted microscope setup111,112. 

A beam splitter is added between the laser and the objective which transmits the incidence beam 

and reflects the reference and scattered beams at 90° to the incident beam. In this set up, a laser 

beam is focused to the back focal plane of an objective with a high numeral aperture, creating a 

plane wave at the objective’s forward focus. The beam is directed to the sample in an aqueous 

solution through a glass coverslip. The plane wave reflected at the liquid-glass interface is then 

collected back through the objective, split at the beam splitter, and recollimated into the camera 
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for detection. When a particle is captured onto the glass surface, light is scattered by the particle 

and the spherical wave it produces is also collected through the objective and focused in the 

camera112. When the reference beam is superimposed with the image of the scattered field, the 

scattered and reference beams interfere, and the detected particles appear as diffraction-limited 

dark spots. As iSCAT is a label-free microscopy method that does not rely on any secondary 

reagents or fluorescent probes, iSCAT can be a valuable tool for studying dynamics of cell 

secretions with subsecond temporal resolution131.   

 

2.3.  Single cell analysis 

Cell to cell variation is a well-established characteristic of multi-cellular organisms. Among a 

seemingly homogeneous population of cells, individual cells can be unique and behave differently 

from one another (Figure 4)132–134. Conventional studies of cell behavior in response to 

perturbations are obtained from bulk assays on a population of many cells. These assays cannot 

capture responses of individual cells, who’s behavior may not reflect those deducted from the bulk 

due to ensemble averaging135. In the context of cancer, intratumoral heterogeneity is directly 

observable in cell subpopulations harbouring unique genetic profiles and molecular signatures for 

distinct biological functions136. Within the same tumor, certain subpopulations may dominate the 

tumor composition, however, minor subpopulations can determine the progression and recurrence 

of the disease137. This phenotypic heterogeneity has greatly stimulated the advancement of 

analyses at the single cell resolution necessary for identifying the underlying complexity of cells 

in health and disease. 
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Figure 4. Biological implications and applications of single cell analyses. For example, 

measurements from individual cells can enable identification of immune cell types, achieve 

antibody screening, and assess of cancer cell heterogeneity138. Figure adapted with permission 

from Annual Reviews, Inc. from [7] conveyed through Copyright Clearance Center, Inc. 

 

2.3.1. Single cell proteomics 

Proteins provide essential details about a cell’s activity and structure, making proteomics and its 

adaptation to single-cell systems a high priority in recent research139. Proteomics has however been 

one of the most challenging aspects in single-cell studies for several reasons. Unlike genomics and 

transcriptomics, there is no amplification process available in proteomics as proteins are either 

detected directly based on its amino acid sequence or indirectly by detecting the presence of an 

affinity binder bound to the protein of interest 140. Sensitivity is of great importance to single cell 

protein characterization as protein abundance can vary greatly across the proteome of a single cell, 

with many found in low abundance141. Designing instruments and assays with sufficient sensitivity 

has been a key barrier to the widespread adaptation of single cell proteomics as the method must 

be sensitive enough to collect native data from a single cell. Specifically, methods that rely on 

affinity binders, such as antibodies, to detect select protein epitopes often struggle because many 

antibodies have low specificity for their targets, resulting in nonspecific protein detection142. 

Despite developments in recent years, current methods still suffer from low sensitivity and low 

throughput as single cell secretion samples are typically small in volume to reduce the loss of 
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proteins and limit the dilution of lower abundance secretions attributed to single cell140. But due 

to their small volume, conventional methods, such as mass spectrometry, often pool secreted 

protein samples across single cells to achieve protein quantification143. Although pooled samples 

achieve higher protein abundance signals, secretions cannot be traced back to their cell of origin 

even though secretions were collected from single cells. Furthermore, temporal resolution is 

greatly reduced, and secretion dynamics cannot be unraveled.  

 

Single cell protein analysis also has the added challenge of single-cell separation and capture 

methods, prior to cell treatment and subsequent protein quantification. Individual cells must be 

laboriously isolated and retrieved intact so that no material is lost. Cells must also be viable 

throughout, creating more time and handling constraints in sample preparation. Single cell 

separation strategies include cell sorting by microarrays, microfluidic devices, and droplet-based 

methods. These methods often require more careful handling and control of small volumes for 

rapid transport and accurate positioning of cells139. Another consideration is that most single cell 

analytical methods remove cells from their tissue context, however, where a cell resides impacts 

their behavior144. By disaggregating cells, researchers lose the way cells behave in the natural 

complex environments, surrounded by ECM and neighboring cells144. Combined with low 

specificity and limited throughput, current generation of single-cell protein analytical methods face 

many challenges for understanding the interactions and functions of proteins at single-cell 

resolution143. Yet, over the last several decades, numerous platforms have been developed in 

attempt to present solutions to these challenges and further advance the landscape of single-cell 

protein analysis (Figure 5). 
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2.3.2. Platforms for single-cell proteomic analysis 

 

Figure 5. Schematic representation of different technologies enabling analysis of protein 

secretions at the single cell level that are discussed in this review132. The described technologies 

all rely on spatial separation of individual cells and labeled reporters, however, differ in terms of 

read-out, multiplexing potential, throughput and resolution. Spot-based assays such as the ELISpot 

are based on seeding cells on a protein-binding membrane and enable simple determination of the 

frequency of secreting cells. Well-based assays encapsulate cells in individual small volume wells 

for accurate and rapid quantification of secretions. Droplet-based microfluidic assays encapsulate 

individual cells in an emulsion for surface-free high-throughput detection. Figure adapted from 

[129] licensed under CY BY 4.0 (https://creativecommons.org/licenses/by/4.0/) 

 

Enzyme-linked immunospot (ELISpot) 

The ELISpot assay is an adaptation of classic immunosandwich assays and is one of the most 

conventional platforms for single cell secretomic studies145. In an ELISpot assay, cells are first 
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placed into an antibody coated well and incubated as it secretes antigens that are captured by the 

immobilized antibodies. After the desired incubation period, the cell is washed away and the well 

is incubated with biotinylated detection antibodies followed by streptavidin conjugated to 

fluorescent substrate. Affinity between the biotinylated antibody and the streptavidin-fluorescent 

substrate results in a coloured spot, where each spot describes the secretions of a single cell. 

Analysis of individual spots ultimately allows for comparison and differentiation between the 

secretions of various single cells145.  

 

Readout of the assay is based on analysis of the fluorescence intensity and size of the spots to 

determine and compare the relative frequency of secreting cells146. To run a successful assay, the 

concentration of cells seeded into each well must first be optimized to avoid overlapping spots that 

mask individual cell secretions, while ensuring enough spots are produced for statistical 

significance132. However, even with an optimal concentration of cells seeded, readout is often an 

underestimate since the surface will not capture all secreted molecules and only a subset of cells 

secrete at a high enough level to produce a resolvable spot147. Additionally, as the captured 

secretions are labeled for analysis after a set incubation period, the readout is done at a single 

timepoint which masks any dynamic changes due to cell communication or changes in cell 

environment. Another limitation of the ELISpot is that the secretions cannot be traced back to 

specific individual cells because the cells are washed away prior to fluorescent labeling and 

visualization. Although unique secretions can be identified, further data obtained from the assay 

is limited as additional studies cannot be conducted on cells that produced those specific secretions. 

Finally, commercial ELISpot wells are often only coated with one or two types of detection 

antibody, thus limiting multiplexed proteomic analyses146,148. The ELISpot derivative, the 
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FluoroSpot, was then developed to increase the multiplexing capability up to four targets by using 

fluorochrome-conjugated detection antibodies149,150.  

 

Microwell arrays 

Conventional well plate assays require large volumes of reagents and long incubation times to 

allow for diffusion of secretions and detection antibodies to the surface132. Recently engineered 

microwell arrays greatly reduces the dimensions of individual wells to tens of micrometers, 

resulting in nanoliter or even picoliter volumes in each well151,152. This allows secreted molecules 

to be captured much quicker and be more concentrated within the well. As the sensitivity in 

antibody-based assays relies on analyte concentration rather than number of analytes, the nanoliter-

sized wells concentrate analytes more effectively and increase the overall sensitivity of the 

assay153. Microwells are also able to achieve single cell resolution as cells compartmentalized and 

isolated from neighboring cells. Potential interactions between cells are avoided and secretions 

from individual cells can be analyzed without cross contamination of secretions from surrounding 

cells. Furthermore, the secreted EVs can be traced back to their cell of origin to identify unique 

single cells and be recovered for additional downstream analysis. One chip can contain an array of 

thousands of individual microwells, allowing for a much higher throughput compared to traditional 

well-based assays154,155. To load the wells with cells, a cell suspension is often introduced to the 

surface and cells are left to sediment passively or actively with centrifugation132. Loading 

efficiency can be optimized by modifying well diameter or by adjusting the cell suspension 

concentration156. Single cell loading can be challenging as the proportion of wells that are loading 

with a single cell rather than multiple cells is dictated by Poisson statistics157. With Poisson 

statistics, the concentration of cells that maximizes the loading of exactly one cell per well is 
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determined, however, the majority of wells will contain no cells or multiple cells157. For a single 

cell experiment in an array of thousands of wells, the user can choose to only look at wells where 

a single cell was loaded. 

 

For single cell proteomic analyses, microwell array chips are often coupled with a glass surface 

coated with capture antibodies94,158–160. As EVs are secreted by the cell, they diffuse across the 

microwell and are captured by antibodies immobilized on the surface. Following the desired 

incubation period, the chip can be separated, and the glass surface is incubated with detection 

antibodies, often fluorescently labeled. Quantitative data is obtained from the readout by 

comparing the fluorescence intensity of each well to a calibration curve94,158. However, as 

fluorescent labeling occurs at a single time point, current microwell arrays are not suitable for 

dynamic analyses of cell secretions. As previously mentioned, one of the main advantages of 

microwell arrays is its ability to recover cells for subsequent studies. Cells identified as rare or 

diseased can be further analyzed by different methods, such as single-cell RNA sequencing, to get 

a deeper understanding of cell heterogeneity92. 

 

Microfluidics 

Microfluidics takes advantage of the behavior and manipulation of minute volumes of fluid161,162. 

Contrary to fluids moving through large channels that mix convectively, fluid streams in 

microfluidic channels exhibit laminar flow characterized by a low Reynolds number162. In a 

laminar flow system, multiple fluids can flow in parallel with mixing only occurring as a result of 

the diffusion of molecules across the interface between fluids162. This is an attractive property as 

it enables the precise manipulation of fluids to perform relatively complex assays in addition to 



41 

 

reduced amounts of reagents and sample volumes. Single cell systems can take advantage of such 

fluid manipulation with a particular branch of microfluidics, known as droplet microfluidics, 

where individual cells and their secretions are isolated in precise volumes and analyzed in a high 

throughput manner134. Similar to microwell assays, cells are compartmentalized in individual 

droplets. Droplets are formed in microfluidic devices using two immiscible fluids to create an 

emulsion that encapsulates single cells in picoliter sized droplets. Most commonly, an aqueous 

fluid is used for the inner phase and encapsulated in an inert oil132. Similar to microwell arrays, 

single cell loading relies on Poisson statistics where the concentration of cells can be optimized to 

maximize the encapsulation of individual cells, but the majority of droplets will contain zero or 

multiple cells157. However, because droplet analysis has very high throughput, hundreds of 

thousands of cells can still be analyzed in each experiment163. Furthermore, cells, reagents, 

antibody modified beads, fluorescently labeled secondary antibodies, can all be encapsulated 

together to conduct complete experiments within a single droplet164.  Readout for droplet 

microfluidic experiments is typically achieved by fluorescence detection where the droplets pass 

through a laser to measure fluorescence, similar to flow cytometry77,134,164. Incubation time is thus 

a critical parameter that must be optimized as the binding of the detection antibody to the secretions 

must occur before the droplet reaches the laser. As this is measurement occurs at a final time point, 

the dynamics and patterns of cell secretions cannot be resolved with droplet microfluidics.  

 

2.4.  Single cell EV analysis 

Single cell analyses have shown that cells secrete unique EV subpopulations characterized by 

different membrane protein expression92–94,122,158. Since cell secretions are mediators of cell 

signaling and the expression level of proteins on EVs can be tightly controlled in a biological 
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system, single cell EV analysis can give an insight into an individual cell’s physiological and 

pathological conditions10,11. Further, as EVs contain biological cargo and membrane protein 

markers stemming from their cell of origin, EVs are said to represent a fingerprint of their parent 

cell, thereby indicating the parent cell’s physiological and pathological conditions2. Probing EVs 

at the single cell level is thus crucial to uncovering EV heterogeneity that is often hidden in larger 

cell populations94,122. Single cell EV analysis first requires the isolation of single cells from larger 

populations, followed by methods to capture secreted EVs and finally a highly sensitive detection 

method. By analyzing isolated single cells, EV biogenesis and secretion can be studied without 

any potential interaction with other cells. Ultimately, cell to cell paracrine communication through 

EV signaling can be assessed.  

 

2.4.1. Platforms for studying EV populations from single cells 

Several platforms have been developed in the past several years for the detection of EVs at the 

single-cell level, most of which use microwell array chip formats. Cai et al. developed the 

Transolcation Secretion Assay (TransSeA)92, an open platform for parallel single cell EV analysis 

(Figure 6A). TransSeA features an open design for facilitating media change and modifications of 

microenvironments, and technology for locating and tracking single cell secretions to enable 

correlation studies between secretion patterns and cell phenotypes. Single cells are positioned in a 

PDMS through hole layer attached to a polyester thin film with 0.8 µm pores to allow the passing 

of cell secretions while confining the cells. Secretions are then collected on one of two assay bases, 

one that is target specific and one that is holistic. The target specific assay is an antibody coated 

glass plate that immobilizes secreted EVs and is labeled with biotinylated detection antibodies 

followed by streptavidin-conjugated quantum dots for analysis. For holistic collection, the 



43 

 

secretions can be drained into an uncoated microwell and later analyzed by droplet digital PCR. 

TranSeA was used to study cell EV secretion rates over a 3 h collection period and found distinct 

differences between genetically identical single cells. The TranSeA targeted assay was however 

only a single-plex assay looking at CD63-positive EVs, limiting secretion analysis to one EV 

subpopulation. 

 

Ji et al., demonstrated a microchip platform for multiplexed profiling of single-cell EV secretions 

using antibody barcodes158 (Figure 6B). Their platform combines a high-density microchamber 

array to a spatially resolved antibody barcode glass slide to realize multiplexed detection. Single 

cells are isolated in the microchambers and concentrates the secreted EVs in just nanoliters of 

volume. The antibody barcode accommodates up to nine different antibodies used to form 

detectable immune-sandwiches for EV detection. The two surfaces are clamped together to trap 

the single cells and imaged to record cell positions. After an overnight incubation, the surfaces are 

separated, and the glass slide is incubated with a cocktail of detection antibodies for detection. 

Fluorescent positive spots intersecting antibody barcodes demonstrate the presence of EVs with 

different surface proteins secreted from the same single cell. The platform was successfully applied 

to the analysis of human oral squamous cell carcinoma (OSCC) cells to reveal secretion 

heterogeneities, in particular, observing that the expression of certain EV subpopulations 

decreased in metastatic tumor cells and the profiling EV secretions from the same single cells. 

 

 



44 

 

 

Figure 6. Schematics and images demonstrating recently developed platforms for single cell EV 

detection. A. The TransSeA platform enabling single cell culture and single cell secretion 

harvesting, either target specifically with an antibody functionalized plate for EV quantification or 

holistically for droplet digital PCR92. Figure used with permission of Royal Society of Chemistry 

from [31]; permission conveyed through Copyright Clearance Center, Inc. B. i. A platform for the 

multiplexed profiling of single-cell EV secretion that combines a microchamber array and a 

spatially resolved antibody barcode glass slide158. ii. Representative fluorescence detection images 

(partial and enlarged) showing data obtained from multiplexed single cell EV profiling. Figure 

adapted from [27] with permission. C. i. Preparation and operation of single cell assay for 

analyzing EV secretions93. The cell secreted EVs are collected on a functionalized cover glass and 

labeled with quantum dots to become fluorescently visible. ii. Photograph of the PDMS mesh 

supported by a PDMS ring. iii. SEM micrograph of PDMS mesh with through holes for cell 

loading. Scale bar is 100 µm. iv. Fluorescence image of loaded single cells spatially separated by 

loading with the PDMS mesh. Figure used with permission of John Wiley and Sons from [38]; 

permission conveyed through Copyright Clearance Center, Inc. 

 

One single cell assay for the study of EV secretions that did not use spatial confinements to isolate 

cells was the platform developed by Chiu et al. (Figure 6C)93. Here, single cells were pattered as 
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an array onto a glass surface using a temporary PDMS mesh to allow single-cell culturing without 

space restrictions. A second surface functionalized glass slide was placed 100 µm above the cell 

surface with the use of a support frame. The surface-treated glass slide collects EVs as they are 

secreted by the single cell. In a time course experiment, surface-treated glass slide captured EVs 

at certain time points which were then labeled with biotinylated antibodies and subsequently 

bonded to streptavidin conjugated quantum dots. The quantum dots were visualized by 

fluorescence microscopy and counted over each area corresponding to the location of a single cell 

to investigate the properties of secreted EVs by a single cell. Time-lapsed observations were made 

of single cells every 24 h over four days to derive single cell EV secretion rates. Chiu et al. 

demonstrated that their platform can be used to study the effects of drug treatment on different 

cancer cells by presenting treatments to the cells and studying the associated EV secretion rates by 

individual cells.  

 

2.4.2. Combining single cell and single EV detection 

This push is for single EV analysis is analogous to the development of single cell analysis that has 

driven the EV field in the past several years. A major challenge in the use of EVs as a source of 

biomarker for cancer diagnosis is the high variability of EVs secreted by individual cells due to 

the stochastic nature of EV biogenesis and release165. Purified EVs from liquid biopsy contains a 

mixture of EVs secreted by cells all throughout the body. The bulk analysis makes it is difficult to 

correlate specific EVs to their parent cells thereby identifying which EVs are secreted by tumor 

cells, and which are secreted by healthy cells166,167. As the combination of an EVs membrane 

proteins and biological cargo can differ substantially between EVs, heterogeneity exists even 

between EVs stemming from the same parent cell7,8,168,169. To truly uncover EV heterogeneity, 
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novel methods are needed to analyze EVs at the single particle level from the same parent cell 

without potential interaction with other cells.  

 

Of date, the only work reporting the analysis of single EVs directly from single cells was a platform 

developed by Nikoloff et al122. Their platform combines a microfluidic device containing isolated 

chambers with a multicolour TIRFM imaging platform for robust capturing, quantifying, and 

phenotypically classifying single cell secreted EVs at the single particle level (Figure 7). In their 

setup, cell suspension solution is flowed through the microfluidic device and single cells are 

hydrodynamically trapped by chambers enclosed by pneumatically controlled concentric valves. 

The region around the chamber surrounded by a second set of pneumatic valves and coated with 

antibodies targeting EV associated proteins to isolate and immobilize EVs secreted by the cell over 

the experimental period. Taking advantage of the microfluidic flow through system, fluorescently 

labeled antibodies can then be supplied to the captured EVs for imaging by four-colour TIRFM. 

TIRFM provided high optical sensitivity and spatial resolution to enable phenotypic-specific 

multiplexed classification of single EVs. In turn, this enabled the ability to track phenotypic 

variations between EVs secreted from single cells. Using antibodies targeting against four different 

protein markers, the distribution of EVs positive for only one, two, three, and all four markers 

outlines the heterogeneity of cell secretions and supported the hypothesis that subpopulations are 

secreted at different frequencies. Their system was then used to quantify the down-regulation of 

EV secretion by supplying cells with an enzymatic inhibitor. A general down-regulation in EV 

secretion was observed but few subpopulations were more strongly affected, indicating a 

nonhomogeneous effect on EV subpopulations. However, the platform did not operate without 

flaws as unspecific background adsorption was a notable issue, with 26% of unoccupied wells 
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showing positive EV signals. Moreover, constraints were observed in TIRFM imaging sensitivity 

as some EV populations that tested positive for certain markers did not appear above the signal 

detection threshold in their fluorescence channels. Although the platform had inherent limitations, 

this was the first demonstration of robust counting and classification of single EVs truly secreted 

by single cells. 

 

Figure 7. The Nikoloff et al., platform for studying single EVs secreted directly from isolated 

single cells. i. Schematic showing the experimental approach of the PDMS microfluidic device in 

blue combined with the pneumatic control layer in red. ii. Image of a single culture well where the 

outer valves encloses the EV immobilization area and the inner valve physically isolates the single 

cell. iii. Schematic demonstration the assay operation. The surface is functionalized with 

biotinylated BSA, NeutrAvidin, and biotinylated antibodies to immobilize secreted EVs. The EVs 

are then labeled with fluorescent-conjugated antibodies and imaged by TIRFM. iv. TIRFM images 

of immobilized EVs after 24 h of incubation from MCF-7 cells labeled with HSP70-FITC, green 

(top) and TSG101-PE, yellow (bottom). Figure adapted from [119] licensed under CY BY 4.0 

(https://creativecommons.org/licenses/by/4.0/) 

 

Studying single EVs secreted directly from single cells is further motivated by interests in studying 

secretion dynamics. Secretion dynamics describes the time and rate of cell secretions112. All cells 
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secrete proteins and other biomolecules, but some cell types with regular secretion patterns have 

been found to secrete through different pathways when triggered an external stimulus170. The 

immune system is a well-known example of this as paracrine signaling by cytokine secretion is 

suggested to be a highly coordinated response171. Since EVs are also mediators of cell-to-cell 

communication, external stimulus may trigger similar secretion patterns to initiate a desired 

response. External stimulus could include hypoxia due to the tumor microenvironment or drug 

treatment targeting tumor cells172,173. By analyzing the secretion dynamics of tumor cells, we can 

gain a better understanding of the role of EVs in tumor progression, develop diagnostic standards, 

and monitor the effects of cancer treatments.  

 

2.5.  Project Rationale 

The analysis of single EVs secreted from single cells was previously explored in a microfluidic 

device using pneumatic valves to isolate cells and their secreted EVs and classified EVs by 

immunostaining122. While this platform established the feasibility of single cell, single EV 

measurements, experiments were limited in time resolution due to single timepoint fluorescence 

labeling for EV visualization. Lack of temporal resolution is seen across other EV analysis 

platforms as well, and as a result, little is known about how EV secretion abundances are affected 

by biological or external processes or whether the secretion rate is representative of a cell’s 

physiological and pathological state174. Without the ability to capture short-term responses, we 

have a limited understanding of EV secretion dynamics. We have therefore identified a need to 

develop a single cell, single EV platform that provides a robust means to characterize secretion 

dynamics and EV heterogeneity. The resulting platform can be leveraged to evaluate time coursed 
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EV secretion dynamics, identify conditions that enhance or inhibit EV secretion, and further 

understand cellular communication between cancer cells. 

 

The proposed platforms will meet the following requirements: (i) isolation of single cells, (ii) 

isolation of cell secreted EVs, (iii) media exchange to maintain cell viability, (iv) imaging at the 

single EV resolution, and (v) time course imaging. A number of design elements will be 

incorporated for the isolation of single cells and their secreted EVs. In order to capture such short-

term responses of EV secretion, we will employ endogenously fluorescently labeled cells that 

secreted labeled EVs. As a result, the secreted fluorescent EVs can be directly visualized, and high 

temporal resolution can be achieved beyond the means of traditional fluorescent labeling. Here, 

two proposed platforms will be discussed for their suitability for time course analysis of single 

EVs secreted by single cells. The first platform consists of a hydrogel microwell array (HMA) 

based on compartmentalization of single cells and the second is a simplified shallow flow cell 

(SFC) based on spatial isolation of single cells. Strengths and weaknesses of each platform will be 

discussed, followed by validation and proof of concept experiments of EV detection using the SFC 

platform.  
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3. Materials and Methods 

3.1.  Resin and prepolymer solution preparation 

Commercial MiiCraft BV-002a black resin (Creative CADworks) was used for 3D printing molds 

for casting. Low molecular weight (LMW) poly(ethylene glycol) diacrylate (PEGDA) (average 

molecular weight 250, Sigma-Aldrich) resin was prepared with an in-house formulation. High 

molecular weight (HMW) PEGDA prepolymer solution was also prepared in-house as a mixture 

of 4% PEGDA (average molecular weight 6000, Sigma-Aldrich), 10% hydroxypropyl acrylate 

(HPA) (Sigma-Aldrich, 95%), and 1% lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) 

photoinitiator (Sigma-Aldrich, >95%). LAP was dissolved at a concentration of 3% (w/v) in water 

and added at a concentration of 1% (v/v) to the prepolymer solution. All resins mixtures were 

stirred on a stir plate and stored in amber glass jars.  

 

3.2.  3D printing parameters and post processing 

A master positive mold of the microwell array platform was 3D printed with the Tiger Apex 4K 

XHD PRO optical 3D printer. Molds were printed with 20 µm layer thickness with a curing time 

of 1.60 s. Molds were washed in an isopropanol (IPA) bath on a shaker for 30 min after printing 

and post-UV cured for one minute twice, rotating the print 90°C in between, to remove and cure 

any excess resin. Finally, the molds were baked in a 60°C oven overnight and stored at room 

temperature until use.  
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3.3.  Hydrogel microwells fabrication and characterization 

3.3.1. Vacuum assisted hydrogel loading 

Polydimethylsiloxane (PDMS) base (Sylgard 184, Dow Corning) and curing agent were mixed at 

a 10:1 ratio and degassed in a vacuum desiccator. The PDMS mixture was then cast over the 3D 

printed positive molds and cured in a 60°C oven overnight. The resulting PDMS negative molds 

were cleaned by sonication in 100% ethanol for 5 min then washing with water and dried with 

nitrogen gas. A single inlet hole was punched at the main channel with a 0.5 mm punch. A 1.5 x 

1.5 mm piece of 3D printed LMW PEGDA was used as the base of the platform. An enclosed 

mold was then assembled by placing the replicated PDMS negative on the LMW PEGDA to seal 

the areas around the microwells and the channels. To fill the mold, HMW PEGDA prepolymer 

solution was applied as a droplet at the inlet. Vacuum was applied to degas the air in the gap, 

followed by re-pressurization of the system to drive the prepolymer solution through the channels 

and into the molds. The filled mold was crosslinked in a UV chamber for 20 s then the PDMS 

mold was carefully removed from the glass slide. The resulting PEGDA microwell array platform 

was immersed in phosphate buffered saline (PBS) overnight to equilibrate swelling of the 

hydrogel. 

 

3.3.2. ECM protein coating 

Collagen (Type I from bovine skin, fluorescein conjugate, Thermo Fisher Scientific) was prepared 

at a concentration of 0.1 mg/mL and loaded into sciFLEXARRAYER SX inkjet bioprinter 

(Scienion). A microarray of 400 pL droplets were dispensed, ensuring that the droplets aligned 

with the center of the microwells. After coating the inside of the microwells with fluorescein-

conjugated collagen for ease of imaging, the microwell array was gently washed once with PBS 
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1X and incubated at 37°C overnight in a humidity chamber. Fluorescence imaging the following 

day confirmed that collagen remained adhered to the PEGDA microwells. 

 

3.3.3. Diffusion properties 

Hydrogel prepolymer solution was injected into 0.022” ID polytetrafluoroethylene (PTFE) tubing 

(McMaster-Carr) and crosslinked in a UV oven for 20 s. Water was then injected into the tubing 

up to the interface of the hydrogel and left to equilibrate for two days prior to testing. After two 

days, water was removed at the interface of the hydrogel in the tube and 0.1 mg/mL of 20 kDa 

fluorescein isothiocyanate-dextran (FITC-dextran, Sigma-Aldrich) was injected into the tube to 

the interface of the gel. Both ends of the tube were sealed with melted paraffin wax and the 

interface of the hydrogel was imaged over time.  

 

3.4.  Shallow flow cell fabrication and characterization 

A 3D-printed master mold of shallow flow cells (SFCs) 40 µm in height was printed with the 

parameters described above and following the same post-processing protocol. PDMS base and 

curing agent were mixed at a 10:1 ratio. After degassing, the PDMS mixture was cast over the 

molds and cured in a 60°C oven overnight. Inlet and outlet holes were punched at both ends of the 

flow cell with a 1.5 mm punch. PDMS devices were sterilized by washing with 100% ethanol and 

rinsing with water, followed by UV sterilization.  

 

3.4.1. ECM protein coating 

A 10 ug/mL fibronectin solution in sterile, 0.22 µm filtered PBS 1X was prepared. 100 µL of 

fibronectin (bovine plasma, Sigma-Aldrich) was pipetted onto each sterilized SFC and incubated 
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at 37°C for 1 h. After the incubation period, the flow cells were washed gently with PBS and used 

immediately. 

 

3.4.2. Capture slide functionalization 

For the specific capture of EVs, a PolyAn 2D-Aldehyde slide (PolyAn) was functionalized with a 

cocktail of tetraspanin antibodies. Anti-CD63 (Biolegend), anti-CD9 (Biolegend), and anti-CD81 

(Biolegend) were each diluted at 30 µg/mL in 0.22 µm filtered 1X PBS and mixed together for a 

total antibody solution concentration of 90 µg/mL. Cleaned SFCs were physically adhered to the 

PolyAn slide and 4 µL of antibody solution was injected into the flow cell. The antibodies were 

incubated at 70% humidity for 1 h, then blocked with 3% bovine serum albumin (BSA, Jackson 

ImmunoResarch) on a shaker at 450 rpm for 2 h, and dried before being used for experiments.  

 

3.4.3. Particle tracing simulations 

The single particle traces of EVs were calculated using a numerical computing application 

(MATLAB R2021a). The analysis was modelled on a two-dimensional chamber by assuming that 

a single point source at the center of the ceiling secretes an EV and the single EV diffuses to the 

bottom surface coated with antibodies which then immobilizes it. The diffusion was modelled as 

cumulative displacement composed of a series of orientations and step sizes, each with a time step 

of 0.1 s. At each step, the orientation was a unit vector randomly picked from a uniform distribution 

and the step size was a random variable of a Gaussian distribution N(0,4Dτ), where D is the 

diffusion coefficient τ is time step. Binding kinetics were considered by introducing a binding 

probability that collectively represents binding kinetic parameters, including the dissociation 

constant and the surficial density of antibody. The binding probability determined whether the 
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single EV was immobilized upon contact with the surface, and in the case of failure, the EV 

continued the modelled diffusive displacement until immobilized. After iteration for multiple EVs, 

the final binding sites were plotted on a histogram for statistical analysis. 

 

3.5.  Cell culture and single cell loading 

Green fluorescent protein (GFP)-transfected 293T human epithelial-like cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo Fisher Scientific) supplemented 

with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific) and 1% penicillin-

streptomycin (PS, Thermo Fisher Scientific). Cells were grown at 37°C in a humidified incubator 

(5% CO2/95% air). Cells were harvested using TrypLE™ cell dissociation reagent (ThermoFisher) 

when 80% confluency was attained. The same volume of cell culture media was added to neutralize 

TrypLE™ before centrifuging down the cells at 200 rpm for 5 min. Cells were resuspended in 

fresh media supplemented with 5% exosome-depleted FBS (Fibco, Thermo Fisher Scientific) and 

1% PS. The concentration of cell was measured by MOXI Z automated cell counter (Orflo) before 

dilution to the desired concentration. Cells were loaded by pipetting 5 µL of cell suspension 

solution on top of the desired platform and incubated at 37°C. After 2 h, nonadherent cells were 

gently washed away and fresh media was replenished for overnight incubation. 

 

3.6.  Cell viability assay 

LIVE/DEAD™ viability/cytotoxicity kit (Thermo Fisher Scientific) was prepared according to the 

standard protocol. In this assay, live cells are stained with the esterase substrate calcein AM, while 

dead cells are stained with the membrane-impermeable DNA dye ethidium homodimer III. Prior 

to the assay, cells are seeded and cultured on the SFC for 24 h. Medium was removed from cells 
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and staining solution was added directly. Cells were incubated with the staining solution for 30 

min at room temperature then imaged. 

 

3.7.  EV purification from cell culture 

Cell media in flasks designated for EV purification was replaced DMEM supplemented with 5% 

exosome depleted FBS and 1% PS when cells were grown to 30-40% confluency. After an 

additional 2-3 days in culture, the cell media was removed from the flask and filtered with a 0.22 

µm syringe filter. The filtered media was concentrated to 500 µL per 30 mL of cell media with 

ultracentrifugation filters (Amicon® Ultra-15-10k) centrifuged at 4000 rpm for 25 min. Size 

exclusion chromatography with qEV columns (Izon Science) was used to purify EVs. The columns 

were washed by flushing 6 mL of 1X PBS through the column, after which 200 µL of concentrated 

EV sample was added to the column and passed through using PBS as the buffer. 500 µL eluate 

fractions were collected for each column.  

 

3.8.  EV capture validation experiments 

SFCs were washed in a water bath under sonication for 5 min and dried with nitrogen. The flow 

cells were placed on a functionalized EV capture glass slide and gently pressed down to ensure the 

PDMS was sealed to the glass. Epoxy glue was used along the edges to further ensure a tight seal 

to prevent leakage of fluid between the flow cells. 4 µL of purified EVs diluted in either 1X PBS 

or EV depleted DMEM media was injected into the inlet of each flow cell. 10 µL was further 

added to each the inlet and outlet to prevent evaporation during incubation. Purified EVs were 

incubated in each flow cell for 2 h at room temperature then washed twice with 1X PBS. A large 
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image of 6 x 6 fields of view (FOV) was taken of each flow cell at 60X magnification with 

fluorescence microscopy and the number of EVs in each FOV were counted. 

 

3.9.  Cell secretion time course experiment 

SFCs with 293T-GFP cells seeded on the surface were left to grow and adhere for two days while 

incubated at 37°C with media changes daily. After two days, excess media was removed and the 

SFC was gently sealed onto a functionalized EV capture glass slide. Epoxy glue was used along 

the edges to ensure a tight seal and prevent leakage and evaporation. 3 µm Dynabeads® 

(ThermoFisher) diluted in EV-depleted DMEM media was added to the flow cell through the inlet 

and allowed to settle onto the surface of the glass for ease of focusing. Areas of interest were 

identified as FOVs containing only a single cell. The areas directly below the areas of interest on 

the surface of the capture slide were imaged by confocal microscopy at predefined time intervals. 

Time course cell experiments were performed in a live cell imaging chamber, controlling CO2 and 

humidity. 

 

3.10. Imaging and data treatment 

All fluorescence images were taken with Nikon Ti2 confocal microscope using NIS-Elements 

Advanced Research software. Diffusion of FITC-dextran through PEGDA hydrogel was imaged 

over time and the spatial-temporal distribution of the diffusing dye was quantified with a custom 

MATLAB® script. For quantitative analyses of fluorescently labeled captured EVs, images were 

analyzed with another custom MATLAB® script. For each FOV, bright spots were identified 

based on a desired region of interest (ROI) size and by setting a threshold value where the spots 

could be confidently localized above the background. In validation experiments of bulk EVs, the 
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number of localized spots was averaged for all FOVs for each studied condition and the average 

number of spots per FOV and standard deviation were calculated. Error bars in EV counts represent 

the standard error of means (SEM) calculated by dividing the standard deviation by the square root 

of the sample size (number of FOVs). In time course experiments, EVs in a single FOV were 

counted cumulatively by localizing the positions of bright spots across all time points. Cell 

viability was counted using ImageJ software. Green and red channels were split to count live and 

dead cells separately. Images were converted into grey scale by thresholding and analyzed with 

the ‘Analyze Particle’ function. Cell viability was determined by dividing the number of live cells 

over the total number of cells and reported as a percentage.  
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4. Results 

Two unique platforms were designed for the culture of single cells and direct imaging of their 

secreted EVs. The first consisted of microwells that physically isolate single cells from 

neighbouring cells, formed from a hydrogel material that allowed the inward diffusion of nutrients 

for long term culture yet prevented the outward diffusion of larger EVs. The second consisted of 

a shallow flow cell (SFC) that relied on spatial distribution to isolate single cells and a shallow gap 

between seeded cells and the EV capture surface to minimize lateral diffusion of secreted EVs. 

This section will summarize the design, fabrication, characterization, and use of both platforms.  

 

4.1.  HMA design, and fabrication 

The Hydrogel Microwell Array (HMA) platform is designed to isolate and adhere individual cells 

to the ceiling of their microwells and image their secreted EVs with high temporal resolution as 

they are captured on the functionalized surface below (Figure 8A). This approach using hydrogels 

enables the diffusion of ions and small molecules in cell media outside the wells to promote long 

term cell culture within the wells and the ability to change cellular environments through fluid 

delivery. At the same time, the hydrogel can remain impermeable to larger EVs, up to several 

hundred nanometers in size, to concentrate them in their respective wells and prevent cross 

contamination of EVs from nearby cells. Cell secreted EVs diffuse across the microwell space, are 

captured and immobilized by a functionalized surface, and detected in over time by microscopy.  

 

The microwells are embedded inside individual HMW PEGDA hydrogel pillars to enable the flow 

of media between each structure and ensuring the delivery of nutrients to each microwell (Figure 

8A).  Each microwell has a width and length of 80 µm to respect the lowest reliable xy-resolution 
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Figure 8. Schematics of the integrated single-cell HMA with EV capture on an imaging slide. A. 

EVs secreted by the single cell adhered to the ceiling of the hydrogel diffuse and bind to the 

antibody coated capture surface below. The use of hydrogel ensures the permeability of nutrients 

in cell media while preventing the permeability of smaller EVs. Live imaging detects the secreted 

EVs at different time points for high temporal resolution. B. The HMA platform which consists of 

390 identical microwells with microwells in columns connected by a microchannel for prepolymer 

solution filling. Parts of figures created with BioRender.com. 

 

achievable by the Tiger Apex 4K XHD PRO 3D printer and a depth of 40 µm to minimize the 

distance, and therefore diffusion time, between the cell sitting at the base of the microwell and the 

capture surface. Hydrogel pillars measured 320 µm in diameter and 80 µm in height and are spaced 

~100 µm apart to allow the HMW PEGDA to swell when wet without touching adjacent pillars 

(Figure 12A). The array measures 3.5 mm x 9.5 mm and is arranged as 13 columns of 30 pillars. 

Each array accommodates a total of 390 identical microwells for isolating and concentrating EVs 

secreted from a single cell (Figure 8B). The volume of each microchamber is approximately 256 

pL thereby concentrating the detected EVs in a small volume and ensuring high-sensitivity 

detection. All microwells in the same column were connected by a channel 120 µm in width and 

20 µm in height to adapt a method called vacuum assisted UV micromolding (VAUM) for 
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hydrogel molding175. A schematic of the fabrication process of the HMA platform is depicted in 

Figure 9. A PDMS mold is cast from a 3D printed master mold using a 10:1 mixture of PDMS 

base and curing agent. An enclosed mold was assembled by placing the PDMS mold on a clean 

3D printed LMW PEGDA surface to seal the cylinders and channels. LMW PEGDA contains 

poly(ethylene glycol) (PEG) monomers with which HMW PEGDA hydrogel can covalently 

crosslinked to without additional surface functionalizations. Additionally, as the surface is 3D 

printed, the inlet and outlet holes could be directly designed into the base. After enclosing the 

mold, photo-crosslinkable HMW PEGDA prepolymer solution was placed at the inlet and 

degassed to allow the solution to fully fill the cavities of the PDMS mold and be air-bubble free. 

After exposure to UV light for 20 s and demolding, a crosslinked HMW PEGDA HMA with the 

desired dimensions was created by replication from the PDMS mold.  

 

 

Figure 9. Molding and VAUM process for fabricating HMAs. A. Fabrication begins with a 3D 

printed mold from which a PDMS replication can be made. Then, an enclosed mold is assembled 

by placing the PDMS mold on a LMW PEGDA surface. The mold is degassed with a droplet of 

prepolymer solution at the inlet, then repressurized to fill the mold and UV crosslinked. B. Top 

view brightfield image of the hydrogel microwells. C. Side view differential interference contrast 

(DIC) image of individual hydrogel microwells. 
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4.2. Characterization of hydrogel microwells  

Several criteria were developed to select an appropriate material to fabricate the HMA platform. 

First, the material must be biocompatible and support the growth of cells over several days for a 

time course experiment. Second, the material must be sufficiently robust to retain the molded 

features over time in cell culture conditions and resistant to cell degradation processes. Third, the 

material must be permeable to the diffusion of small molecules with hydrodynamic radii less than 

10 nm, such as glucose, growth factors, vitamins, and minerals, yet be impermeable to the diffusion 

of EVs larger than 200 nm. Based on these criteria, photo-crosslinkable HMW PEGDA was chosen 

as the building material for this application, as it commonly used in biomedical applications, it 

exhibits excellent biocompatibility that has been widely studied176–178 , and its mechanical modulus 

and porosity can be tuned by altering the PEGDA molecular weight or polymer density179. 

A range of PEGDA formulations was tested in order to identify one that can provide the balance 

between mechanical robustness and permeability required for our platform. Specifically, PEGDA 

with molecular weights of 700, 3400, and 6000 were evaluated as they are commonly used for 

cell-based assays160,180–182. It was observed that lower molecular weight PEGDA formulations 

(700) formed robust hydrogel microwells yet performed poorly towards the diffusion of small 

molecules. In higher molecular weight PEGDA formulations (3400 and 6000), FITC-dextran was 

observed to diffuse more yet remained sufficiently robust to retain the microwell features. 

Diffusion properties will be discussed in detail in the following section. Further increasing PEGDA 

molecular weight, however, results in increased system swelling which is not favourable for two 

reasons: first, small molecules have a greater distance to diffuse through as the hydrogel becomes 

thicker, and second, individual hydrogel pillars need to be spaced further apart to prevent them 

from touching and sticking, leaving more space for uncaptured cells to be lost during seeding. To 
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address the swelling that is observed in HMW PEGDA, PEGDA 6000 was supplemented with 

10% hydroxypropyl acrylate (HPA). HPA contains acrylate groups that crosslinks with terminal 

acrylate groups on PEGDA. The greater extent of crosslinking creates a hydrogel network with 

greater integrity and less susceptible to swelling183,184. Finally, LAP was added as a photoinitiator 

for its reported biocompatibility, high water solubility, and high sensitivity to UV light185. 

Polymerization by UV light exposure allows for a fast and easy fabrication process. Combined 

with the described VAUM fabrication technique, only a small volume of prepolymer solution (4 

uL for a 3.5 mm by 9 mm array) is needed to be injected inside the final mold. 

 

Diffusion properties 

As previously mentioned, the permeability of the hydrogel microwells is key to enabling long term 

cell culture within the platform. To evaluate the hydrogel for the diffusion of soluble molecules, 

the diffusion profile of FITC and FITC-Dextran was analyzed. Essential small molecules in cell 

culture media includes amino acids, vitamins, growth factors, and albumins, up to approximately 

3.5 nm in size186–188. Specifically, 20kDa FITC-Dextran was chosen for its approximate 

hydrodynamic radius of 3.24 nm189 and FITC alone was used as a control molecule. Figure 11 

shows the movement of FITC and FITC-Dextran through the PEGDA hydrogel in a tube over 25 

min. As expected, we observed that the larger 20kDa FITC-Dextran diffused slower through the 

hydrogel matrix compared to FITC controls that enter the polymer matrix more readily due to their 

smaller size. The corresponding spatial-temporal diffusion profiles were characterized as a 

function of distance from the hydrogel interface, where the fluorescent dye solutions were loaded 

(Figure 11A). Diffusion profiles here are shown across 800 µm, more than required for the 

thickness of hydrogels in the HMA when swelled, approximately 300 µm. It is also important to 
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note that the reported diffusion profiles were results of bulk hydrogels measuring approximately 

550 µm in diameter. Hydrogel pillars in the HMA measure approximately 320 µm in diameter and 

only 80 µm in height. Although the resulting data is not completely representative of the HMA 

system, preliminary experiments on bulk systems presents a simplified approach that can deduce 

diffusion behavior of the hydrogel.  

 

Figure 11. Characterization of the diffusion properties of PEGDA hydrogels. A. The diffusion 

profiles of i. FITC and ii. FITC-dextran as a function of distance from the interface of the hydrogel. 

(n=3) B Confocal images of i. FITC control and ii. FITC-Dextran (20kDa) diffusion in the 

hydrogels at t = 0 and t = 25 min Dashed lines indicate the edges of the PTFE tubing. Scale bars 

are 500 µm.  
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In addition, swelling of the hydrogel was observed inside the tube as the experiment progressed, 

despite allowing the gel to equilibrate in PBS for 72 h prior to experimentation. Most notably in 

the FITC-Dextran profile in Figure 11A, the decrease in normalized fluorescence intensity at a 

distance of 0 µm is a result of shift of the interface towards the left as the hydrogel swelled over 

time. This behavior can perhaps explain the only minor increase in fluorescence intensity over 

time and an inaccurately portrayed spatial-temporal diffusion profile, yet, confocal imaging of the 

FITC-Dextran sample (Figure 11B) does confirm that at a size of 20 kDa, FITC-Dextran was still 

able to partially diffuse through. However, the poor diffusivity of FITC-Dextran through the 

hydrogel matrix suggests that it may also be difficult for proteins such as albumins to travel through 

the hydrogel, while the permeability of the hydrogel towards FITC suggests that diffusion of small 

molecules such as vitamins and growth factors will not be hindered by the hydrogel matrix. In 

order to investigate a more permeable hydrogel, the formulation of the prepolymer should be 

modified with even higher molecular weight PEGDA or by reducing the concentration of PEGDA 

to create a network with greater mesh size.  

 

Single cell loading in PEGDA HMA 

PEGDA is natively resistant to protein adhesion and cell nonadhesive due to its hydrophilic and 

highly mobile poly(ethylene glycol) (PEG) backbone181. Yet, in order to prevent isolated cells 

from falling onto the imaging surface, cells in the HMA must adhere to the PEGDA ceiling of their 

individual microwells. It has been widely reported that PEGDA hydrogels can be modified with 

various cell adhesive ligands and proteins to support cell adhesion and proliferation190–192. 

Collagen is one of the main proteins found in the extracellular matrix (ECM) and is well known to 

significantly promote cell adhesion and proliferation193. In the HMA platform, it is specifically  
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Figure 12. Swelling, patterning and cell seeding of hydrogel microwells. A. Hydrogels swell 

approximately 15% when wet (right) compared to their dry state (left), thus need to be spaced apart 

such that they do not touch when swelled. B. Precise patterning of the inside of individual 

microwells with fluorescein-conjugated collagen by inkjet spotting. Fluorescent collagen remains 

stable after 24 h of incubation. Scale bars are 100 µm. C. Cell seeding on the HMA. Two wells 

here contain a single cell seeded inside the microwells. Cells are labeled with DeepRed Cell 

Tracker Dye. Scale bar is 100 µm. 

 

important to enable cell adhesion only inside the microwells and not in surrounding areas where 

they won’t be isolated or on the surface of hydrogel pillars where they will be pressed against the 

capture glass. Piezoelectric inkjet printing is a systematic solution ideal for patterning 

biomolecules with precise control over both geometry and concentration. Collagen is prepared as 

the bioink and with the coordinates of the starting point aligned to the first microwell, it can be 

deposited as an array with high resolution according to the HMA design (Figure 12B). Collagen 

is coated by physical adsorption that occurs as a result of only weak Van de Waals and electrostatic 

interactions between the ECM protein and the hydrogel surface, therefore its stability over time 

was evaluated. As evidenced by the fluorescent signal that remains after a 24 h incubation and 

washing (Figure 12B), collagen appears to be successfully robustly coated inside the microwells. 

Cells are seeded by placing a droplet of cell suspension solution directly on top of the collagen 
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coated microwells and cells are given 10 min to settle into the microwells (Figure 12C). Single 

cell loading efficiency, calculated as the number of microwells containing a single cell after 

seeding over the total number of microwells, was approximately 20% with 50% of microwells 

containing zero cells. Given the HMA accommodates 390 microwells, there can ideally be up to 

roughly 80 isolated cells per platform.  

 

Transition to the Shallow Flow Cell platform 

The two main innovations behind the HMA platform were the microwell design to physically 

isolate cells and confine their secreted EVs, and the use of a hydrogel material to control diffusion 

and delivery of nutrients to cells. While the HMA platform successfully achieved cell 

compartmentalization, challenges were faced when moving forward to cell seeding and long-term 

culturing particularly concerning a lack of diffusion. These roadblocks are examined in further 

detail in Section 5. Rather than restarting at square one and reoptimizing the formulation and 

fabrication process to address these issues, it was decided that additional work to perfect the HMA 

platform outweighed the merits. Instead, a second platform fabricated from PDMS and based on a 

single shallow chamber that would isolate cells spatially was proposed. Details of the platform 

approach are outlined in Section 4.3. Use of the new Shallow Flow Cell (SFC) platform ultimately 

eliminates the use of hydrogel and individual confinement, thereby eliminating both the difficulties 

that came with seeding individual microwells and diffusion across the hydrogel. As a result of the 

shift in direction, all subsequent work presented in this thesis will be performed with the SFC 

platform.  
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4.3. SFC design and fabrication 

The SFC is a simplified platform designed to have a large surface area to distribute cells at a low 

density such that single cells are spatially isolated from one another. Similar to the HMA platform, 

cells will be adhered to the ceiling of the flow cell and secreted EVs will be captured and detected 

on a functionalized surface directly below under stop-flow conditions (Figure 10). The chamber 

has a height of 40 µm, conducive to EV binding following diffusion onto the capture slide with 

characteristic diffusion time of tens of seconds, and minimal lateral diffusion of EVs. Adequate 

distribution of single cells across the entire flow cell will prevent cross contamination of EVs 

secreted by neighbouring cells as EVs will be more likely to be captured and immobilized by the 

capture surface than diffusing laterally between fields of view (FOV). By setting the FOV directly 

under the spatially isolated cell, EVs can be detected with high temporal resolution and associated 

back to their cell of origin. To maintain cell viability, media can be flushed through the flow cell 

between imaging timepoints. EVs secreted during media exchange (few seconds) will be lost, 

hence, media exchange frequency can be optimized towards minimal EV loss.  

 

The SFC is cast from a 3D printed master mold using a mixture of 10:1 PDMS base and curing 

agent. The ellipse flow cell measures 9 mm in length and 4 mm in width, with a height of 40 µm. 

As the flow cell is shallow and risks collapsing when bonded to the functionalized glass surface, 

an array of 140 µm diameter pillars was embedded throughout.  
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Figure 10. Schematic of the SFC platform. Endogenously labeled single cells are spatially isolated 

and adhered to the ceiling of the flow cell. Secreted EVs are imaged directly below at high temporal 

resolution. Enlarged image on the right shows a cross section of the platform indicated by the 

dashed line. 
 

4.4. Characterization of the SFC 

Cell seeding on PDMS 

PDMS is widely used in microfluidic devices for bioassays for its biocompatibility, gas 

permeability, and optical transparency194. The main drawback of PDMS devices in cell biology is 

its intrinsic high surface hydrophobicity that strongly influences surface wettability and cellular 

attachment. To overcome this limitation, several surface modification methods have been 

developed to increase the hydrophilicity of PDMS for facilitating cellular adhesion and 

proliferation. In physiological conditions, ECM proteins, such as collagen, gelatin, and fibronectin, 

possess various cell adhesion moieties to promote cell attachment. Reportedly, fibronectin has the 

highest rate of protein adsorption onto PDMS195–197 and was therefore selected to coat the SFC. 

Different fibronectin coating protocols were tested, mainly to evaluate the effect of pre-activating 
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the PDMS surface with oxygen plasma and incubating fibronectin on the surface at various 

temperatures. Cell spreading differences of 293T epithelial cells are clearly shown in Figure 13A 

and surprisingly, greater cell spreading was observed on PDMS surfaces only coated with 

fibronectin compared to surfaces pre-activated plasma combined with fibronectin coating. 

Visually, the optimal cell spreading was determined to be on the fibronectin surface not 

preactivated with plasma and where the fibronectin was incubated at 37°C prior to cell seeding. 

Further culture of cells grown on the optimized fibronectin coated PDMS surface is shown in 

Figure 13B where cells showed healthy proliferation and growth to confluency on the surface after 

four days. 

 
Figure 13. Cell seeding on the PDMS SFC platform. A. The capacity of the fibronectin-coated 

surface prepared by different coating conditions to promote cell adhesion was inspected by 

verifying cell spreading and adhesion. Scale bar is 50 µm B. Long term cell culture of 293T cells 

on PDMS surface treated with fibonectin incubated at 37°C after 4 days showing high cell growth 

and healthy cell spreading. C. Cell viability after 24 h of culture. Fluorescent images of 

LIVE/DEAD stained images of cells grown on PDMS where live cells appear green (488 nm) and 

dead cells are orange (555 nm). Scale bar is 100 µm 
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Short- and long-term cell viability 

Cell viability of 293T cells on the SFCs was assessed using a LIVE/DEAD™ assay on cells 

cultured on the fibronectin coated flow cell over 24 h. Cell counting was done using ImageJ, giving 

a total cell count number of cells in the 460 nm green channel (live) and cells in the 555 nm orange 

channel (dead). Result of the assay indicated 88% cell viability across cells seeded on three 

separate flow cells (n=105). Confocal images of live cell morphology further confirm that 293T 

cells are able to spread and grow on the fibronectin coated SFCs (Figure 13C). 

 

Particle tracing simulations 

Computational modelling of particle tracing inside the SFC showed that with the given parameters, 

almost all particles secreted from the ceiling of the flow cell are captured on the surface below 

within one experimental FOV. The flow cell was simulated with a height of 25 µm, modeled from 

confocal images measuring the distance between a cell spread and adhered to the ceiling to the 

capture surface below (Figure 14A). In the model shown in Figure 14B, N secreted particles are 

initially at one point on the ceiling of the simulation box. They diffuse between the ceiling and the 

bottom surface, on which a static array of binding sites is located. Upon contact with the surface, 

the binding probability determined whether the particles would bind irreversibly to the bottom 

surface, and if not bound, the particle continued the modelled diffusive displacement until 

immobilized. The simulation assumed a no flow condition within the chamber, allowing the 

particle motion to be entirely dictated by Brownian motion and diffusion. The binding probability 

considers binding kinetics and collectively represents parameters including dissociation constant 

and the surficial antibody density. After iteration for multiple particles, the final binding sites 
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Figure 14. Simulation of particle tracing in the SFC platform. A. Z-stack volume projection 

confocal imaging of the inside the 40 µm deep flow cell. A single 293T-GFP cell spread and 

adhered to the ceiling of the SFC. B. Particle tracing simulation showing traces of three particles 

(coloured) secreted from a point on the ceiling, their diffusion across the chamber, and 

immobilization on the bottom surface (marked by an X) when the binding probability is 0.1. On 

the x-axis, 0 indicates the position directly below the point of secretion C. Histograms of the 

distribution of particle final binding sites, fitted with a normal distribution (red) when the binding 

probability is (i) 0.1 and (ii) 0.01. D. Summary of the area where 95% of secreted particles in the 

simulation bound to the surface with decreasing binding probabilities. As the simulation is run in 

2D, length indicates the range in the x-axis where particles were bound. 

 

were plotted on a histogram for statistical analysis (Figure 14C). As the binding probability cannot 

be empirically determined, arbitrary binding probabilities based on calculations with classical 
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diffusion mass transport were inputted and compared. Details of these calculations are outside the 

scope of this thesis but will be further discussed in a future manuscript by Kim et al. The chosen 

binding probabilities are far below reported values in from computation models to investigate the 

lower threshold of the system198. The histograms demonstrating the possible outcomes of EV 

binding sites were fitted with a normal distribution and the 95% confidence interval was 

determined. This range indicates where 95% of secreted particles will be bound to and is 

summarized in Figure 14D. As one imaging FOV at 60X magnification is approximately 250 µm 

by 250 µm, we expect 95% of secreted particles to bind within one FOV even with a binding 

probability as low as 0.005. Our particle tracing simulation supports our confidence that the almost 

all cell secreted EVs will be captured on the imaging surface below as only 5% of secreted EVs is 

expected to be lost outside of the FOV due to lateral diffusion.  

 

4.5. Validation of EV detection 

Optimization of EV immobilization 

The principle of antibody-based EV capture and detection within the SFC platform was initially 

assessed at a bulk level with purified EVs. First, the EV immobilization strategy would affect the 

result of EV analyses, so an optimized immobilization surface is demonstrated here. If EVs are 

immobilized using a single targeted antibody, captured EVs will only reflect EVs positive for that 

protein marker and the results will not be reflective of the entire population of EVs. Therefore, to 

increase both the shear number and diversity of captured EVs, the advantage of surface 

immobilization with a combination of antibodies was explored. Endogenously GFP-labeled EVs 

harvested from 293T cell culture media were diluted in media and immobilized on one surface 

coated with only CD63 antibodies and another with a cocktail of CD9, CD63, and CD8 tetraspanin 
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antibodies. Both EV-immobilized surfaces showed clear single-EV images. When the number of 

each EV signal was quantified and compared, with the same concentration of EVs introduced to 

each surface, the tetraspanins cocktail capture sample showed distinctly higher counts of EV 

signals compared to the single anti-CD63 capture sample (Figure 15A). This demonstrates that a 

cocktail capture strategy provides both a greater amount of capture as well as more diverse results 

in terms of captured EV population.  

 

To further verify the capture antibody functionalization, the cocktail capture surface was compared 

to one coated with only 3% BSA to passivate the surface. Additionally, the complexity of cell 

culture media and the effects of its added supplements on EV surface capture was investigated. 

EVs harvested from the same population of endogenously labeled 293T-GFP cells were diluted 

into either PBS or EV-depleted cell culture media, flushed into their respective chambers, 

incubated for 2 h, and washed. The resulting fluorescent regions and the immobilized EVs were 

then visually inspected and enumerated. At least 25 FOVs were imaged and counted for each 

condition and averaged. First, images of control surfaces, where just PBS or media was flushed in, 

revealed little to no fluorescence signals, indicating that EVs were not present on the surface 

(Figure 15B). In contrast, confocal images of EV-immobilized surfaces showed distinct EV-like 

signals (Figure 15C). Regions blocked by BSA showed less than 140 EVs per FOV, while the 

immobilized EVs captured by the functionalized surface showed over 400 EVs per FOV. These 

results demonstrate substantial blocking of nonspecific EV binding from the BSA-passivated areas 

and the successful immobilization of EVs at the functionalized areas. Furthermore, the capture of 

EVs in media is similar to the capture of EVs in PBS, indicating that additional proteins and 
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molecules in cell culture media that are essential for long term cell culture do not hinder the binding 

of EVs to the capture surface.  

 

Evaluating the capture of low EV concentrations 

Next, the capacity of the platform to quantify low counts of EVs expected from a single cell was 

assessed. A series of control experiments were performed to estimate the ability of the platform to 

capture and detect known concentrations of EVs. EVs harvested from cell culture media were 

quantified by NTA to determine the concentration of particles in solution. EVs were then diluted 

10-fold and 50-fold in PBS before being flushed into flow cells so the number of captured EVs 

from different known dilutions of EVs can be compared to the expected count. The expected 

number of EVs was calculated from the known volume of EVs, total area of the capture surface 

below each flow cell, and the area of a single imaging FOV. Additionally, it was assumed that the 

distribution of EVs throughout the flow cell was homogeneous. At the three concentrations of 

purified EVs investigated, the analysis of ~10 confocal images per dilution showed that after a 2 

h incubation followed by washing, the counted number of EVs is similar to those obtained from 

calculations (Figure 15D). Few EVs may be lost as the flow cells are washed post incubation, yet 

the majority of EVs appear to remain on the imaging surface. With these observations, we conclude 

that the functionalized surface successfully immobilizes most of the EVs in the flow cell.  
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Figure 15. Validation of SFC platform and capture surface for EV immobilization. A. Comparison 

of EVs captured per FOV on a surface coated with only CD63 antibodies and one coated with a 

cocktail of tetraspanin antibodies. B. Comparison of EVs captured per FOV on a blocked aldehyde 

surface and a surface coated with a cocktail of tetraspanin antibodies when EVs are diluted in PBS 

and media. Capture by the tetraspanin cocktail surface was much greater. Control indicates no EVs 

were injected into the flow cell. C. Confocal images of EVs diluted in media injected into the flow 

cell and i. non-specifically adhered to a blocked aldehyde surface as a negative control and ii. 

captured by a surface coated with a cocktail of tetraspanins antibodies D. Comparison of EV 

capture count at different known dilutions of purified EVs to the expected number of EVs per 

FOV. Total number of EVs in flow cell was determined based on the known volume and 

concentration of EVs. Expected number of EVs/FOV was calculated by dividing the total number 

of EVs by the total surface area below the flow cell and the area of a single FOV. Counts of EVs 

from three flow cells were averaged. Differences between the expected number and the counted 

average are low and indicates that nearly all EVs are captured. E. Comparison of the capture of 

purified EVs injected into the flow cell on a tetraspanin cocktail antibody coated surface in the 

presence and absence of cells and fibronectin are coated on the ceiling. No significant differences 

between the two conditions indicates that EVs minimally lost to the coated ceiling surface. All 

error bars indicate standard errors of means (SEM). 

 

Effects of fibronectin coating on EV capture 

To demonstrate that EVs will not be lost due to interactions with the fibronectin coating of the 

SFC platform, purified endogenously GFP-labeled EVs were flushed into flow cells containing 

cells adhered to fibronectin on the ceiling. The fibronectin coating protocol was performed as 
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previously described and cells were seeded at a low density after 1 h of fibronectin coating. Cells 

were incubated at 37°C overnight to allow for adhesion and spreading before sealing the flow cell 

closed with an anti-CD63 functionalized glass capture surface. The same concentration and 

volume of purified GFP-EVs were flushed into a bare flow cell without any surface treatments and 

sealed with the same anti-CD63 functionalized glass capture surface. After a 2 h incubation 

followed by washing, the average number of EVs detected per FOV in the cell coated chamber 

compared to a bare chamber decreased by only 13% or an approximately 13% loss of EV capture 

due to fibronectin (Figure 15E). As demonstrated by the proportional of positive signal still 

achieved in the cell seeded chamber, the majority of EVs were still able to be captured on the 

functionalized glass surface. This indicates that EV capture on the imaging surface is not 

substantially affected by the presence of fibronectin.  

 

4.6. ‘Real-time’ capture and detection of EVs 

To assess the functionality of our time-resolved analysis platform, a low concentration of purified 

EVs was introduced into the SFCs to mimic EVs secreted from a single cell. Dynabead® magnetic 

beads were used to facilitate image focusing on the surface of the capture platform and a 1 µm Z-

stack was taken at each FOV of interest. FOVs were imaged every 2 min over an 80 min period to 

capture immobilization of EVs on the surface at high temporal resolution. Fluorescence signals 

started appearing soon after injecting the EVs (Figure 16). Few signals were seen to be almost 

instantly captured by antibodies on the capture surface before latter EVs diffused across the 

chamber to reach the surface. At each time point, the captured EVs were localized and counted in 

each FOV of interest. Some EVs did not change in localization over time, suggesting robust 

immobilization, whereas many signals disappeared in subsequent frames.  
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Figure 16. Confocal images of a single FOV at the capture surface showing EV immobilization 

over time. A magnetic bead (annotated by the yellow arrow) at the center is used for focusing and 

the annotated white arrows indicate fluorescent EV signals as they appear. Signals that remain 

over time are not annotated in subsequent images. Scale bar is 50 µm.  

 

Time course capture of EVs 

Results from six FOVs were pooled together to analyze the times of EV capture, and the binding 

of EVs to the surface. In Figure 17A, time of capture describes at which point during the 80 min 

experiment an identified EV was captured on the surface. The majority of EVs were found to be 

captured within the first 10 min of the experiment, and we observe a sharp decrease after 30 min. 

The system then appeared to reach a steady state after approximately 40 min. These results provide 

information to support the assumption that there is little to no flow within the system, therefore, 

EV capture is reliant on diffusion. Initially, the EVs close to the surface of the glass will diffuse 

towards the surface and be captured. The rate of EV capture then decreases as the EVs near the 

surface have been depleted, and remaining EVs must diffuse across the platform. A constant rate 

of capture was seen after 40 min. Additionally, as the experiment progresses, EVs may also diffuse 

towards the ceiling of the PDMS and be lost to adhesion, resulting in a lower count of EV capture 

over time.   
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EV surface affinity 

Another aspect of EV capture that was analyzed was the affinity of EVs to the capture surface. 

Robust binding affinity is essential as monitoring real-time rate of secretion relies on the 

cumulative collection of EVs over the analysis period. In Figure 17B, residence time describes the 

duration of time an EV was localized in the same FOV, where higher residence time indicates a  

strong immobilization of the EV to the capture surface. Almost 70% of captured EVs had a 

residence time of less than 10 min, suggesting high dissociation of captured EVs. EVs may not be 

tightly bound to the antibodies on the glass surface due to an antibody’s high dissociation constant 

(koff). koff is a measure of how quickly an antibody dissociates from its target. A high koff results in 

quick dissociation time so the EV is released and able to diffuse away from the surface. Because 

a cocktail of different antibodies is used the koff of each antibody differs and it is difficult to 

characterize each one without individual investigations. Residence time is also, however, a biased 

measurement due to the duration of experiment. For example, as analysis only ran for 80 min, EV 

captured at 40 min could only record a maximum residence time of 40 min. 

 

Figure 17. Quantified EV signals throughout a time course analysis. A. Time, based on imaging 

frame, when identified EVs are captured by a cocktail of tetraspanins antibodies (n=6). Almost 

70% of EVs are captured within the first 10 min of the experiments and a steady state is reached 

after approximately 40 min. B. Distribution of residence times of single EVs imaged on the capture 

surface (n=6). Most EVs bind and detach within 10 min, while a significant fraction stayed bound 

for over 60 min.  
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4.7. Proof-of-concept time course detection of cell-secreted EVs  

As a proof-of-concept experiment, the performance of the platform for time-resolved EV secretion 

analysis by a single cell was assessed. 293T cells were cultured on the SFC platform for 48 h 

before the chamber was sealed to a tetraspanin cocktail of antibodies coated on glass slide for EV 

capture. A single cell with healthy morphology was identified and its position was registered 

(Figure 18A). The Z-position was then moved below the single cell to focus on the glass surface, 

using Dynabead® magnetic beads for ease in focusing. The captured EVs on the surface were 

imaged every 15 min over 2 h to quantify the rate and abundance of EV secretion by a single cell 

over time (Figure 18B). Although imaging can be achieved in almost real-time at intervals on the 

scale of seconds, analysis of cell secretions here should be described as quasi-real-time as we must 

take into consideration the diffusion lag between the time of secretion and time of capture on the 

surface, and our time between imaging on the scale of minutes. Similar to what was observed in 

the validation experiments with purified EVs, robust affinity of EVs to the capture surface was 

found to be low. Figure 18B shows images of the first several time points of the secretion 

experiment. Most localized EVs were not observed in subsequent imaging frames, suggesting that 

they were not strongly immobilized. Still, the captured EVs in each frame were quantified and a 

summary of EV secretion over time is shown in Figure 18C. Heterogeneity in the number of 

secreted EVs at each time point was observed, with the greatest number of EV capture after 60-75 

min. Based on the data, we can interpret a single cell secretion rate of approximately 10 EVs/h, 

however, heterogeneity in EV capture suggests that secretion is not occurring at a regular rate. The 

reported rate is specific for a 293T cell in steady state conditions, and we expect rates to differ 

between cell types and cellular environments. As very few EVs were observed over the 2 h, and 

there is uncertainty whether EVs captured in later frames are newly secreted or the recapture of 
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dissociated EVs, further statistics on EV secretion rate were not determine at this time. 

Nevertheless, we demonstrate that, as a platform technology, EVs secreted directly from single 

cells can be imaged with high temporal resolution. 

 

Figure 18. Time course detection of secreted EVs from a single cell imaged at 15 min intervals. 

A. A single 293T-GFP cell adhered to the ceiling of the SFC platform. B. The antibody 

functionalized surface directly below the area in panel A. x- and y- coordinates of the FOV are 

identical to those in panel A, while the focus is approximately -25 µm in the z-axis. Confocal 

images were taken at different time points to observe secreted EVs over time. A subset of images 

is shown with larger magnetic beads (annotated with yellow arrows in the first frame) for focusing 

and captured EVs annotated by white arrows as they appear over time. Scale bar is 50 µm. C. 

Time, based on imaging frame, when cell secreted EVs were captured on the imaging slide. The 

highest number of EV capture was seen after 60-75 min of incubation, however, there is 

uncertainty whether the captured EVs are freshly secreted or rebinding of existing EVs.  
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5. Discussion 

Here, two platforms were developed for time course imaging of single cell EV secretions at the 

single particle level. In these two designs, single cells and their secreted EVs can be isolated either 

by compartmentalization or spatially. Both platforms presented here leverage endogenously 

labeled cells and EVs to enable direct imaging of cells and secretions without the need for 

additional labeling steps. Although this bypasses the lag between secretion and detection caused 

by exogenous labeling and washing steps, we acknowledge there is still a diffusion lag within our 

platforms limiting true ‘real-time’ secretion analysis. However, because we can visualize single 

EVs as they are being captured on a surface over time, we can use the described platforms to 

conduct time course experiments to deduce EV capture rates. In this manner, the dynamics of EV 

immobilization on a capture surface have been investigated using purified endogenously labeled 

EVs to validate our platforms’ imaging capabilities. 

 

Novelties and advantages of the HMA platform 

The first platform presented was the HMA. The two main innovations behind the HMA platform 

were the microwell design to physically isolate cells and confine their secreted EVs, and the use 

of a hydrogel material to control diffusion and delivery of nutrients to cells. Cell 

compartmentalization is a traditional method for isolating single cells, however, most other 

platforms are unable to resolve single cell secretions to the single particle level, as the HMA 

platform is designed to. Such microwell platforms and microfluidic devices also rely on 

photolithography as a fabrication method, requiring a cleanroom and complex equipment158,160, 

whereas the preparation of the HMA platform demonstrated here does not require any 

microfabrication techniques. A major advantage of our fabrication process is that it is much more 
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simplified, relying only on 3D printing, soft lithography, and the VAUM process which uses 

readily available instruments. Moreover, experiments with the HMA platform can be run and 

imaged directly on a conventional confocal microscope. 

 

Challenges faced with HMA platform 

As the HMA platform was being developed and optimized, a number of unexpected hurdles arose 

that hindered its application for biological studies. First, imaging preparation was tedious and 

experimental throughput was found to be low due to low seeding efficiency. For each 6400 µm2 

of microwell area where the cell could be loaded, there is 89 600 µm2 of surrounding area where 

the cell can land and become unusable for secretion experiments. With only ~20% of microwells 

containing a single cell after loading, the microwells of interest must be identified for each 

experiment manually before programming the imaging software to sequentially move between the 

desired FOVs for time course imaging. In a single platform where all conditions can be kept 

consistent, including fibronectin coating density, antibody coating density, and environmental 

conditions, having multiple cells for analysis is important to achieve multiple repeats to confirm 

findings and identify outliers. Without a robust system for conducting multiple repeated 

experiments, it is difficult to confidently compare different environmental conditions in cell 

studies.  

 

The biggest roadblock when optimizing the HMA platform were the challenges faced with the 

diffusion properties of the hydrogel. The poor diffusivity of 20 kDa FITC-Dextran shown in 

section 4.2 raises concerns regarding the ability of cell media components to diffuse through the 

hydrogel and reach the single cell in culture. As a time course secretion profiling experiment relies 
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on the healthy long-term culture of cells, small molecule diffusion through the hydrogel was an 

essential element of the HMA platform. Rather than restarting at square one and reoptimizing the 

hydrogel formulation to address the issue, as well as given the aforementioned challenges, it was 

decided that additional work to perfect the HMA platform outweighed the merits. Instead, a second 

platform fabricated from PDMS and based on an open concept flow cell that would isolate cells 

spatially was proposed. Details of the platform approach are outlined in section 4.1. Use of the 

new PDMS platform ultimately eliminates the use of hydrogel and individual confinement, thereby 

also eliminating the challenges that came with seeding individual microwells.  

 

Advantages and challenges of SFC platform 

The second platform presented in this work is the SFC. Platform fabrication was further simplified 

as the flow cell requires only one-step soft lithography with PDMS from a 3D printed mold. While 

the design and fabrication of the SFC was much simplified, operation of the platform was not 

without challenges. First, the intrinsic high surface hydrophobicity of PDMS causes poor cell 

adhesion and therefore must be reduced to facilitate long-term cell studies. One method to achieve 

a more hydrophilic cell adhesive surface is with an ECM protein coating. We show optimized 

fibronectin protocols for the PDMS SFC platforms that enabled healthy cell adhesion and 

spreading on the ceiling of the flow cells as verified by cell viability assays and fluorescence 

microscopy. Although fibronectin was essential for cell adhesion to PDMS, one concern of the 

ECM protein coating was the loss of captured secretions due to EV adhesion to the ECM surface. 

Further experiments revealed lower EV counts in flow cells coated with fibronectin, suggesting 

that certain EVs bind to the coated ceiling, as supported by reports of subpopulations of EVs 

expressing higher levels of fibronectin on their surface199–201. Although some EVs may be 
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unaccounted for due to adhesion to the ceiling, a rate of secretion experiment comparing secretions 

by single cells induced by external stimulations remains unaffected since it can be assumed that 

individual cells lose the same number of EVs. Furthermore, experiments within the SFC platform 

rely on no-flow conditions to minimize lateral diffusion of secreted EVs and their capture in the 

FOV directly below the secreting cell. Attempts to control a static environment within the chamber 

were made by ensuring large liquid droplets at the inlets and outlets to prevent evaporation of the 

liquid within the chambers. To confirm zero flow conditions however, additional efforts will need 

to be made to quantify flow in the chamber with beads and particle tracing experiments. 

 

Considerations to spatial resolution in microscopy imaging  

Spatial resolution plays an important role in confirming our ability to resolve EVs at the single 

particle level and to differentiate closely binding EVs from EV clusters. With our fluorescence 

confocal microscope, 100 nm liposomes have been experimentally imaged successfully. 100 nm 

is similar to the expected size of secreted EVs, allowing us to interpret the fluorescent dot signals 

as single EVs with confidence. Additionally, from early validation experiments using fluorescent 

beads prior to EV experiments, we were able to image 50 nm beads both in solution and when 

settled onto a surface. Individual beads were optically resolvable from one another even when they 

landed approximately 100 nm apart (data not shown here). As a result, unless EVs are binding 

within approximately 100 nm of one another, we can confidently assess the signal as a single EV. 

Given the low abundance of EVs in our experiments, only a few EVs released in the span of 10 

minutes in a chamber containing ~0.9 µL of media, it is unlikely that EVs will bind within 100 nm 

of one another or interact and bind with one another in solution to form a cluster.  This is seen in 

our experiment detecting single EVs secreted from a single cell. EVs imaged on the surface were 
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typically separated by 50 µm, with the closest two EVs being approximately 10 µm apart (Figure 

18B). While it is possible that EVs are directly released as clusters, it has not been found to be an 

issue in most literature reported single EV studies. In the case that larger clusters are secreted or 

formed, they can be investigated by looking at the size and shape of the fluorescent signal and 

eliminated during data processing if necessary.   

 

Shortcomings of time course imaging experiments 

As we are interested in quantifying the secretions that diffuse downward and are captured and 

imaged on the glass surface, efforts were made to optimize the binding of EVs. EV capture using 

a cocktail of tetraspanin antibodies showed high levels of EV immobilization compared to capture 

with only CD63 antibodies. Using a mixture of antibodies, a wider population of EVs could be 

analyzed, rather than only EVs bearing specific epitopes. However, in later time course 

experiments, a high degree of EVs signal loss was observed. This may be a result of the unbinding 

of EVs from the capture surface, yet it is difficult to attribute a high dissociation constant to one 

antibody species in particular due to the use of multiple antibodies. Additional control experiments 

where surfaces are coated with only anti-CD9 and only anti-CD81 will be beneficial to determine 

which antibody has larger binding constants and promote stronger EV affinity. It is also important 

to consider photobleaching as a reason for EV signal loss. Although possible, we don’t expect a 

large degree of photobleaching with the presence of multiple fluorophores and low imaging power, 

and loss of signal is believed to be more consistent with EV unbinding.  Lastly, loss of signal could 

also be a result of inaccuracies in imaging. A 1 µm Z-stack of images was acquired to account for 

drifts and assuring the capture surface was always in focus. However, this may have led to the 

imaging of EVs in motion that are close to the surface and within the range of the Z-stack, but not 
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actually bound to an immobilized antibody. To circumvent these errors, future experiments will 

use smaller magnetic beads, to ensure that the focus on the beads is equivalent to the focus of only 

EVs bound to the surface.  

 

Finally, in our proof-of-concept experiment, we showed that single cell studies may not need to 

compartmentalize cells, but rather analysis platforms can be highly simplified like the SFC. The 

larger surface area of the SFC enables spatial isolation of single cells. Further, the shallow chamber 

design and no-flow condition throughout experiments promotes the capture of diffusing EVs to 

the bottom capture surface and minimizes lateral diffusion of the secreted EVs.  Collectively, our 

preliminary results demonstrate that the potentials of the developed platforms for the analysis of 

single secreted EVs from single cell at high temporal resolution. The unexpected dissociation of 

EVs to the capture surface, however, also highlight the challenges in time course analysis of EV 

secretion and several aspects of this work.  

 

Future directions 

While the utility of the platform was demonstrated for single cell single EV secretion analysis, 

addressing the challenges mentioned throughout is paramount for the applicability of the platform 

for biological samples. The next steps for this work are to (i) perform additional control 

experiments to characterize EV binding, (ii) explore different chemistries to promote covalent 

binding of EVs to the capture surface, (iii) extend the length of secretion experiments beyond 2 h, 

and (iv) use the platform for biological experiments. First, the binding affinity of different 

antibodies should be characterized to determine whether a capture surface with a single species of 

antibody will be more effective for single EV capture. For control, biotinylated EVs and an 
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immobilized streptavidin capture surface can be employed. Biotinylation is a widely used strategy 

for engineering the surface of cells and EVs and can be leveraged for quantification based on the 

high affinity between streptavidin and biotin202,203. As the association and disassociation constants 

for biotin-streptavidin interactions are well known, they can serve as the baseline for which EV-

antibody binding can be compared.  

 

Alternatively, we can aim to eliminate EV dissociation all together by exploring methods to bind 

EVs more robustly to the surface, beyond the use of antibodies. Several recent studies have 

attempted to shift to the use of “universal” EV markers, such as the lipid membrane, and covalent 

interactions via click chemistry. A promising approach that could be incorporated in our platform 

is the use of amphipathic peptides, amino acid sequences that reportedly binds to highly curved 

lipid nanovesicles, including EVs204,205. Peptides are covalently immobilized on a surface in a 

click-type reaction via copper catalyzed azide-alkyne cycloaddition (CuAAC)205. The highly 

curved EV membrane approaches the specifically designed and synthesized amphipathic peptide 

through electrostatic forces. The peptide is subsequently inserted into lipid-packing defects, 

resulting in a robust binding of EVs stabilized by peptide folding within the membrane and 

facilitated by the presence of hydrophobic groups205. Another approach could explore modifying 

the EV membrane itself with click chemistry moieties via metabolic labeling techniques. L-

azidohomoalanine (AHA) contains a modified azido moiety that can be fed to cells in culture to 

incorporate into proteins during active protein synthesis206,207. Proteins that are incorporated within 

the EV membrane should therefore also express the modified azido element. Used in conjunction 

with a capture surface immobilized with biotin alkyne able to detect the azido-modified protein, 

covalent capture of EVs can be achieved206.  The use of click chemistry for secretion dynamics 
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studies will, however, be limited by labeling efficiency of the chemical methods. Without a 

sufficiently high labeling efficiency, secreted EVs will remain undetected, and the determined 

secretion rate will be underestimated. Nevertheless, proper optimization of these platform 

modifications preventing the disassociation of capture EVs could be essential to the use of the 

platform for dynamic rate of secretion analysis of cell secreted EVs.   

 

A natural extension of this work would be to use the platform for the analysis of biological samples 

and compare the rate of EV secretions of single cells in different environments. Hypoxia is a 

common feature of tumor microenvironments due to abnormal vascularization and poor blood 

supply and has been associated with tumor progression208,209. In breast cancer, hypoxia-induced 

EV release has been suggested to be a cause of malignant transformation210. Time course 

experiments have shown enhanced EV secretion after 24 h following the onset of hypoxia in 

various cell types172,173. With our developed platform, quantification and proteomic analysis of 

hypoxia induced single EVs from single cells can also be investigated at much higher temporal 

resolution. Cells can be cultured in hypoxic media prior to seeding and further maintained in a 

hypoxic environment while in the flow cell. As their secretions are imaged below, EV secretion 

dynamics and abundance will be compared to healthy cells. Ultimately, we can further isolate 

hypoxia induced EVs and deduce their potential role as non-invasive biomarkers for diseases.  

 

 

 

 

 



89 

 

6. Conclusion 

In summary, we presented the design, fabrication, characterization, and analysis capabilities of 

single-cell platforms that enable visualization of secreted single EVs at a high temporal resolution. 

The platforms described herein are, to the best of our knowledge, the first to report a combination 

of (i) single cell isolation, (ii) detection of EVs secreted directly from single cells at a single particle 

resolution, and (iii) quantification of secretion dynamics at 15 min time intervals. Isolation of cells 

was achieved by either compartmentalization or by spatial isolation and their long-term culture 

within the platform supported by media perfusion and nutrient replenishment was validated. 

Combining the cell isolation portion with a glass EV capture surface and confocal imaging then 

enables the time course detection and counting of endogenously labeled single EVs truly secreted 

by single cells. We demonstrate the platform’s ability to capture and detect first bulk purified EV 

populations, then EVs secreted directly from cells cultured in the platform. Proof-of-concept 

experiments shows that our platform could be well suited for studying cellular responses to 

dynamic stimuli. Secretion imaging from a single cell was achieved on the scale of minutes and a 

secretion rate of approximately 10 EVs/h was derived.  Imaging, however, indicated a high degree 

of EV unbinding that could result in the repeated binding of EVs, and thus a misrepresentation of 

the true EV secretion rate. As such, future improvements for our platforms include modifications 

to the capture surface for more robust EV affinity, which will allow the monitoring of EV secretion 

dynamics in parallel to cell environmental changes. The ability to monitor rates of secretion and 

future downstream phenotyping of single EVs secreted from single cells will allow us to uncover 

the heterogeneity of EVs and cell to cell communication at the single cell level. 
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