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Unraveling the Role of Tumor Extracellular Vesicles in Angiogenesis to 

Inform the Design of Biomimetic Electronic Devices 

Abstract 

Extracellular vesicles (EVs) are lipid-bilayer particles secreted by various types of cells, 

including tumor cells. EVs are enriched with a discrete set of bioactive cargoes they can transfer 

to cells in both adjacent and distant sites to orchestrate multiple key pathophysiological events 

such as angiogenesis and cancer progression. Although several studies have emerged to probe and 

characterize these particles, the mechanisms involved in how EVs mediate their cargo transfers 

are still poorly understood. Accordingly, the development of model systems that may be able to 

recapitulate and expound upon these mechanisms have become attractive targets. Individually, 

supported lipid bilayers (SLBs) and organic electrochemical transistors (OECTs) have emerged as 

novel methods to study and monitor cellular functions. When combined, they have the potential to 

represent a versatile electronic biosensor capable of monitoring the properties and behavior of 

mammalian cell surfaces. Here, this hybrid SLB-OECT system is intended to analyze tumor EV 

(TEV) processes like binding, fusion, and potentially cargo transfer processes on model cell 

membranes in real-time. In this work, the interactions between TEVs and epithelial cells were 

studied to assess their ability to induce angiogenesis. The analyses revealed enhanced 

proangiogenic activity via Vascular Endothelial Growth Factor (VEGF) upregulation amongst 

cells infected with TEVs. In an effort to evade the effects of TEV exposure, they were treated with 

heparin to prevent the binding and uptake of TEVs by recipient epithelial cells. Cells exposed to 

heparin-coated TEVs showed minimal VEGF upregulation similar to the VEGF expression 

observed of untreated cells indicating successful TEV blocking. These results represent important 

feedback anticipated to aid in optimizing the design of the aforementioned model SLB-OECT 

device for the in-depth, mechanistic analysis of TEV-mediated processes.  
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Chapter 1: Introduction 

1.1. General Introduction 

Metastasis, the spread of cancer cells to a secondary site, remains the leading cause of death 

for cancer patients worldwide1,2. Despite the progress that has been made in cancer research to 

date, there is still much to be learned about the mechanisms that promote metastasis. Therefore, 

for future cancer therapies to be successful and efficacious, detailed knowledge of these 

mechanisms is necessary. Emerging evidence suggests that metastasis is not a cancer cell-

autonomous function, rather a collective effort that requires the support of the surrounding tumor 

tissue3,4. This complex environment consists of multiple components, including stromal cells, the 

extracellular matrix (ECM), surrounding blood vessels, and signaling molecules, which are 

collectively known as the tumor microenvironment (TME)3,5. While a healthy TME is known for 

its tumor antagonizing behavior6, rigorous scientific studies have identified the ability of cancer 

cells to communicate with and modulate components within the TME to generate an environment 

that is tolerant for tumor growth and spread7–10. 

One target of study that has emerged recently is extracellular vesicles (EVs). EVs are lipid-

bilayer particles secreted by several types of eukaryotic cells. There are two major subpopulations 

of EVs based on their biogenesis (Fig. 1): exosomes (30–150 nm in diameter), which are generated 

from late endosomes and multivesicular bodies, and microvesicles (0.1–1 μm), which bud directly 

from the plasma membrane11,12. Both types of EVs have been found to display adhesion molecules 

on their surface13 and encapsulate various types of cargoes including proteins, lipids, DNA, 

mRNAs, and miRNAs14,15. Extensive research has shown that EVs are an important avenue for 

intracellular communication through what seems to be orchestrated and deliberate processes of 

transferring their molecular contents via uptake and release into recipient cells16. Through tumor-
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derived EVs (TEVs), cancers have found a way to commandeer both malignant and non-malignant 

cells in the TME to facilitate tumorigenesis by regulating tumor angiogenesis, immunity, and 

metastasis 11,14,15,17–19. 

Despite the rapid rise in research interests seeking to explore these particles and their 

contents for potential uses as novel cancer diagnostic tools, the ability to accurately model and 

analyze EV transfer between cells remains a major challenge. To visualize this transfer in vivo, 

studies have employed methods to genetically modify cells which will then release TEVs 

containing labeled components for tracking through intravital microscopy on the animals 

involved20–23. While transfer was successfully observed in these cases, the mechanisms involved 

in TEV transfer or the contents of the TEVs involved in the transfers were still not clear. Thus, not 

only is there a need for tools to study the interactions between TEVs and recipient cells but also, 

to simultaneously identify the composition of EVs. 

Supported lipid bilayers (SLBs), may represent an ideal method to study the interactions 

between membranes TEVs and stromal cells as they have been widely employed to study and 

monitor interactions between biomolecules and cell membranes11,24–27. Due to their two-

dimensional lateral fluidity, tunable nature, and physical stability, SLBs can provide proper 

orientation and mobility of incorporated biological components, such as lipids and proteins, and 

are compatible with many surface characterization tools and optical microscopy. Despite these 

advantages, sizeable barriers remain when attempting to model the native membrane, namely 

maintaining fluidity, orientation, and function of native lipids and proteins28. The most significant 

hurdle is the purification and incorporation of these native components. In previous work, the 

Daniel Group has found a way around this hurdle and advanced this system by developing methods 

to incorporate native plasma cell membrane material through cell blebs that preserve the original 
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orientation and function of the membrane proteins from mammalian29, bacterial30, and most 

recently TEV membranes24. This coupled with another novel assay developed in the Daniel lab 

which integrates SLBs and single-particle tracking (SPT) represents a promising platform for 

examining the binding and fusion between TEVs and cells in a unique way. 

Another widely used tool for real-time cell monitoring is electrical devices, like organic 

electrochemical transistors (OECTs). OECTs are polymer-based conducting devices that have 

been shown to outperform many biosensors due to their high transconductance, biocompatibility, 

ionic-electronic conductivity, and versatility31,32.  The integration of OECTs with live cells has 

most notably been used to sense changes in paracellular ion flux which can indicate changes in 

cell morphology and integrity33. To address the need for simultaneous compositional and 

functional analysis, the Daniel lab and collaborators have recently been combined SLB technology 

with OECT technology to provide a novel approach to mimicking and monitoring the properties 

of mammalian cell surfaces34–37. Here, we aim to extend this to cancer studies to analyze the TEV 

binding, fusion, and potentially cargo transfer processes in real-time.  

Ultimately, this thesis contributes to the goal of developing a sensitive analytical platform 

to probe the interactions between a model lipid bilayer and TEVs. Possible applications of this 

technology may be found in biomedical diagnostics, where studying the efficacy of treatments in 

hampering the effects of cancer are of interest. 

 

1.2. Project Description 

The scope of this project can be framed within the context of developing a biomimetic 

electronic platform with a model lipid bilayer as a surface functionalization layer for the analysis 

of interactions with TEVs. This section describes the steps necessary to characterize and optimize 
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this platform. The experimental portion of this thesis is highlighted as contributions to some of 

these steps. 

To successfully develop this platform a multi-component plan has previously been 

developed by the Daniel Lab and collaborators. The projected milestones needed before 

conducting mechanistic analyses of TEV mediated processes on the electrical platform are: 

1. Collect and characterize TEVs 

2. Conduct and analyze the behavior of cells infected with TEVs 

3. Make and optimize SLBs on OECTs (SLB-OECT platform) 

4. Perform electrical TEV characterizations on OECTs 

5. Characterize electrical outputs of cells infected with TEVs on OECTs  

 

 The work of this thesis is centered on the characterization of TEVs and analyzing their 

effect on cells (Fig. 1.1). Briefly, model epithelial cells were infected with TEVs and observed to 

show the ability of TEVs to promote angiogenesis, the formation of new vasculature. Furthermore, 

a method to block the behavior of TEVs was also explored. Taken together these studies allowed 

questions like “How long after exposure to TEVs will cells display signs of malignancy?” and 

“Can the effects of TEV exposure be eluded?” to be answered.  
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Figure 1.1. Flow Tasks for the Overall SLB-OECT Project. The project road map for the SLB-OECT 

platform. The boxed portion indicates the areas of contribution outlined in this thesis. 

 

The data obtained in these studies will be leveraged to understand and optimize the 

readouts of the TEVs and TEV-infected cells on OECT only devices in milestones 4 and 5. 

Moreover, the observations from each of these milestones will not only inform the design and 

subsequent improvements of the SLB-OECT device itself, but also the TEV analyses to be 

conducted using the SLB-OECT device.  

1.3. Future Applications 

The work described in this thesis will serve as preliminary results for the SLB-OECT device 

being developed. The outcomes observed here provide baseline data for this same subset of 

experiments to be carried out on both OECTs and the model SLB-OECT platform. If successful, 

this device has immediate applications in screening drugs, to characterize their interactions with 

cellular membranes, and personalized medicine, as patient samples could be collected, purified, 
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and examined for certain biomarkers. This device also opens the potential for use in studies seeking 

to explore and characterize TEV effects on other cell types not explored in these studies. Moreover, 

this device can also be used to characterize the pathological mechanisms of other diseases, outside 

of cancer, that act on membranes. 

1.4. Conclusions 

Overall, the experimental work presented in this thesis represents a contribution to 

important innovations in the deposition and characterization of SLBs for biosensing and cancer 

diagnostic applications. Although model lipid membranes used in neuronal, immune, and other 

cell studies are reviewed for preparation and characterization methods employed, they serve as 

examples of the versatility and potential of this platform. 
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Chapter 2: Background 

2.1. Introduction 

This chapter aims to contextualize and motivate the methods to be used for the SLB portion 

of the SLB-OECT platform to be optimized following this work. First, is a brief description of the 

functionalization methods commonly used in SLB studies. This will be followed by a review of 

relevant studies utilizing the SLB platform for cell culture studies. Finally, important outcomes 

from the reviewed literature will be summarized. The in-depth review will be split into two 

subsections: compositional functionalization and physiological functionalization. As previously 

mentioned, SLBs have emerged as a model membrane system to study key cellular interactions on 

a molecular level. The studies seeking to employ SLB technology typically aim to investigate the 

role of proteins, peptides, and other molecules in cell behavior through the incorporation of 

bioactive molecules of interest into the bilayer, or they will tune the SLBs to investigate how 

physiological conditions affect cell behavior. The second method will typically involve the study 

of mechanistic factors or environmental conditions to best replicate a cell’s microenvironment in 

vivo and identify preferential or adverse conditions that may serve as biomarkers or indicators of 

key biological processes. Here the conjugation of ECM molecules and optimization of surface 

electrostatics will be reviewed as the SLB-OECT system will need to capitalize on the foundational 

knowledge gained from these compositional and physiological studies, respectively. 

2.2. Review of Literature 

This section is a review of the literature necessary to both contextualize the project and 

identify the potential areas in which this project can be applied. This review section will be 

presented in the following subsections to highlight some of the methods employed in SLB 

studies and the circumstances in which these methods were most useful: 
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- 2.2.1. Bilayer Functionalization Methods 

- 2.2.2. ECM Molecule Functionalization of Supported Lipid Bilayers 

- 2.2.3. Surface Electrostatic Functionalization of Supported Lipid Bilayers 

 

2.2.1. Bilayer Functionalization Methods 
 

There are several well-studied methods to deposit SLBs on surfaces including Langmuir-

Blodgett1,2/Langmuir-Schaffer deposition3, vesicle fusion4, and solvent-assisted lipid bilayer 

(SALB) formation5. These methods can be used separately or jointly, and they each have intrinsic 

advantages or disadvantages, making their uses contingent upon the intended application. Below, 

brief descriptions of each deposition technique are provided.  

Langmuir-Blodgett/Langmuir-Schaffer deposition 

        

The Langmuir-Blodgett (LB) method, which originated in 1917, is a means of transferring 

a floating monolayer from water or buffer surfaces to a solid substrate by vertically dipping or 

pulling the substrate perpendicular to the deposition medium’s surface2 (Fig. 2.1a). The substrate 

can also be dipped repeatedly to make multilayer films1. With this method, the monolayer floating 

on the air-water interface must be an amphiphile, such as a fatty acid or phospholipid, and in the 

case of SLBs, the substrate surface must be hydrophilic. Once the substrate is drawn through the 

medium’s surface, the monolayer is transferred with the hydrophilic headgroup facing the 

substrate. To make a bilayer, the substrate, containing the already LB deposited monolayer with 

hydrophobic tail groups sticking out, is then horizontally dipped onto the deposition medium in 

what is referred to as the Langmuir-Schaefer (LS) method3. As seen in Figure 2.1b this transfers 

the upper leaflet of the bilayer where the hydrophobic tail groups of both leaflets face each other, 

and the hydrophilic headgroups face the substrate and the environment. Key advantages to this 
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method are precise control over surface pressure and monolayer thickness6 as well as the ability to 

deposit asymmetric bilayers7 where the composition of the leaflets are different. An inherent 

disadvantage of this method, however, is the difficulty incorporating proteins onto the monolayers. 

In some applications, exposure of samples to air can lead to the denaturing of the proteins requiring 

additional measures to be taken to successfully incorporate active proteins. 

Vesicle Fusion 

 

Many SLB studies use vesicle fusion, a method developed by the McConnell laboratory in 

the 1980s4,8, to prepare bilayers because of its simplicity and accessibility. In this method, 

sonicated vesicles in aqueous suspension spontaneously adsorb and fuse with an appropriately 

cleaned surface to form a continuous bilayer9 (Fig 2.1c). The fusion process is reliant on the 

instability of vesicles interacting with the substrate surface, and the surface tension between the 

vesicles and the surface to promote vesicle rupture and spontaneous SLB formation10,11. Outside 

of its convenience, a key advantage of this method is its versatility in lipid composition and 

protein/peptide conjugation methods. Through this method, biomolecules of interest can be 

incorporated into the bilayer in vesicular form to create complex SLBs that can be varied by 

composition, surface charge, fluidity, etc. Hybrid SLBs that incorporate native plasma cell 

membrane material while preserving the original orientation and function of the membrane 

proteins through cell blebs also utilize this method to form highly complex SLBs without the need 

for protein conjugation12–14. The versatility of this method can also be a restriction, however, as 

increasing SLB complexity also increases the factors that may affect, and even prevent, successful 

vesicle adsorption and fusion. These factors include vesicle composition, size, solution pH, surface 

cleanliness, and charge to name a few15,16. Furthermore, SLB formation via vesicle fusion does not 
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readily facilitate the formation of asymmetric bilayers unless combined with a Langmuir 

deposition method. 

Solvent-Assisted Lipid Bilayer (SALB) Formation 

Inspired by the well-studied fact that phospholipids can self-assemble in certain solvent 

environments, a solvent-exchange process was developed in 2010 where lipids in a pure organic 

solvent (isopropanol) were incubated with a solid support, and aqueous buffer solution was 

gradually introduced, step-by-step, to induce a series of phase transitions from inverted micelles 

to lamellar-phase lipid bilayers17. Expanding upon this protocol, Tabei et al. introduced the SALB 

method which completes the aforementioned solvent exchange from pure organic solvent to 

aqueous buffer in just one step so that an SLB can be quickly formed18 (Fig 2.1d). Two principal 

advantages of this approach are the increased versatility in lipid assemblies and bilayer supports, 

bypassing the need for vesicle preparation and expanding the capabilities of SLB formation to 

materials otherwise unsuitable when using vesicle fusion and Langmuir methods19–21. At the same 

time, extreme care is needed during the washing step of this method as solvent can easily be left 

behind leading to the denaturing of proteins over time22,23. There is also a limitation as larger 

proteins denature in solvent making this method unfitting for those studies24. 
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Figure 2.1 SLB Formation methods. A) Langmuir-Blodgett method involves the dipping or pulling of a 

substrate through a monolayer on the water-air interface. B) Langmuir-Schaefer method requires the 

substrate containing a LB deposited monolayer to be horizontally dipped onto the deposition medium to 

form a bilayer. C) Vesicle fusion involves the spontaneous adsorption, rupture, and fusion of a vesicle to a 

substrate’s surface. D) SALB formation occurs in a single step through the exchange from organic solvent 

to an aqueous buffer. During this step, the initial phospholipids go through phase changes to eventually 

self-assemble into a bilayer. 

 

2.2.2 ECM Molecule Functionalization of Supported Lipid Bilayers 
 

The proteins within the extracellular matrix (ECM) have long been recognized for their 

central roles in cell adhesion, and subsequently, proliferation and differentiation. In studies that 

seek to investigate cell-ECM interfaces, these roles have been exploited in vitro to facilitate cell 

adhesion to ECM protein-coated synthetic surfaces. One major challenge, however, to using 

traditional culture surfaces like glass or polystyrene, is their facilitation of non-specific protein 

adsorption which hinders studies seeking to study the correlation between cells and specific ECM 

components. In response to this, targeted cell-matrix interaction studies have capitalized on the 

anti-fouling properties of SLBs to conduct their investigations while eluding the risks of 

misleading cellular responses promoted by non-targeted proteins.  

Collagen type I (Col I) and fibronectin (FN) are major ECM proteins most often implored 

in cell studies. They are both widely known for their vast abundance throughout the body and 

a

. 

b

. 

c

. 
d

. solvent water 
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ability to provide structural and biochemical support to surrounding cells. In SLB studies, Col I 

and FN can be coupled to or inserted into the SLBs to evaluate cellular responses to these proteins. 

In the earliest example, Col I was covalently bound to POPC bilayers functionalized with NHS-

activated DP-NGPE to investigate smooth muscle cell (A10) behavior. To do this, Col I was 

conjugated on POPC/NGPE bilayers through amide bond formation where primary amine groups 

of Col I reacted with DP-NGPE. The bound collagen molecules were then able to interact with 

integrin receptors on the A10 cell surface to facilitate successful cell culture unlike bare POPC and 

POPC/NGPE SLBs without Col I. This method also allowed control over the binding capacity of 

Col I within the SLB through the variation of NHS DP-NGPE molar fraction. Thus, offering the 

ability to potentially investigate cellular response to both specific ECM molecules and biophysical 

cues like fluidity and ligand density25.  

Following this work, studies adopting this method sought to further investigate cell growth and 

response to more complex systems of conjugated proteins. In one such study by the same group, 

NIH 3T3 cells were cultured on Col I, FN, or combined Col I-FN conjugated bilayers and 

compared in parallel to cells on oxygen plasma-treated polystyrene (PSo) surfaces coated with the 

same proteins. For SLBs containing both proteins, Col I was covalently bound via the 

aforementioned amine coupling chemistry followed by the adsorption of FN through presumed 

Col I-FN binding domains. Cell counts and spreading areas were observed to be highest on both 

the combined Col I-FN and FN only SLBs compared to both Col I only SLBs and PSo surfaces. 

Furthermore, immunofluorescent data revealed that the NIH 3T3 cells were able to remodel their 

microenvironment by secreting FN on PSo surfaces likely explaining the insignificant differences 

in cell behavior across all protein-coated and non-coated PSo surfaces26. This endogenous FN 

expression caused by NIH 3T3 secretion was only minimally seen on Col I SLBs though, 
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presumably due to the anti-fouling nature of the SLBs used, highlighting their ability to circumvent 

unwanted cell remodeling. This study also identified a potential preference or necessity of FN to 

mediate NIH3T3 cell adhesion. In another study, Col I or FN were covalently bound to 

DOPC/NGPE bilayers formed via the SALB formation method. As previously mentioned, the 

SALB method of formation allows for bilayer formation on substrates otherwise obstinate to the 

commonly used vesicle fusion method. This formation method coupled with amide chemistry 

enabled protein conjugation to SLBs on SiO2 substrates. When compared to protein-coated SiO2 

surfaces, Col I and FN on SLBs displayed higher structural flexibility and greater surface binding 

efficiencies. In addition, cell adhesion and proliferation trends were enhanced on SLBs despite 

greater protein coverage on SiO2 surfaces due to nonspecific adsorption suggesting a correlation 

between the improved biological activity of Col I and FN within the SLBs and cell behavior27.  

In an effort to develop a platform that more closely mimics the compositional complexity 

of the ECM, an SLB was functionalized with decellularized extracellular matrix (dECM) extracted 

from mouse adipose tissue. dECM components, decellularized via chemical/enzymatic treatments, 

were covalently attached to DOPC/NGPE bilayers through amine coupling chemistry28. A key 

benefit of this method is the dECM’s ability to retain its natural ultrastructure and protein 

compositions. Therefore, attaching dECM components to SLBs enabled the investigation of 

cellular response to native ECM constituents like collagen, fibronectin, and glycosaminoglycans 

(GAGs) in a manner that had yet to be explored. This platform not only supported Huh 7.5 cell 

attachment and proliferation but also promoted albumin production – a cellular function mediated 

by cell-ECM interactions28. While this study is currently the only of its kind, the dECM-SLB’s 

ability to mimic both the mechanical and complex biochemical properties of the native ECM will 
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likely garner much attention for future studies seeking to investigate whole ECM-mediated 

responses.  

Although the direct conjugation of proteins to SLBs offers a more realistic representation 

of the ECM, risks of pathogen transfer or adverse immune reactivity, from proteins derived from 

xenografts or cadavers, or general instability caused by denaturation or batch-to-batch variability 

before SLB conjugation can cause limitations in long-term studies29–32. Peptide-associated bilayers 

are commonly employed to elude these risks while still mimicking the bioactivity of parent ECM 

proteins via specific recognition by integrins on cell membranes. Furthermore, the precise control 

over ligand density and orientation enabled through the use of short peptides is likely an appealing 

feature for studies seeking to connect cellular responses to specific biological events or conditions.   

Many strategies have been implored to conjugate peptides to SLBs. In one such method, bioactive 

peptide sequences are conjugated with hydrophobic tails via spacer groups to create peptide 

amphiphiles (PAs). The tails of the PAs enable spontaneous self-association with equally 

hydrophobic lipids to form vesicles for bilayer formation. In one study using this method, mouse 

fibroblast (L-Cells) cell behavior was observed on bilayers functionalized with two RGD-

containing peptide amphiphiles: shorter (C16)2-Glu-C2-GRGDSP or longer (C16)2-Glu-PEO-

GRGDSP33. The tri-amino acid sequence arginine-glycine-aspartate (RGD) is a ubiquitous 

integrin-binding domain found in several ECM proteins. Extensive research has shown RGD’s 

ability to engage several integrin species and established the efficiency in which RGD-containing 

peptides can promote cell adhesion to several substrates34,35. Along this line, this study and many 

others have functionalized SLBs with RGD peptides to analyze cell adhesion, proliferation, and 

viability36–40. The results of this study showed fibroblast adhesion was only successful on SLBs 

functionalized with the larger (PEO) amphiphile suggesting the presence of RGD alone is not 
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sufficient to promote cell adhesion. Instead, peptide presentation and accessibility may be equally 

as important as seen by the inability of cells to adhere to SLBs functionalized with the shorter (C2) 

amphiphile33.  

Another study observing adult hippocampal neural stem cell (NSC) behavior on PA SLBs 

functionalized with longer GGGNGEPRGDTYRAY derived from bone sialoprotein (bsp-

RGD(15)) or shorter GRGDSP derived from fibronectin yielded similar results. Although NSCs 

were able to successfully attach, proliferate, and differentiate on all tested surfaces, cells on 

GRGDSP SLBs appeared loosely attached and aggregated compared to the monolayer of cell 

attachment observed on bsp-RGD(15) SLBs and control laminin surfaces. This difference in 

attachment between SLBs was attributed to PA conformation in which the increased flexibility of 

longer bsp-RGD(15) likely promoted a ‘looped’ peptide presentation29. Previous studies have 

shown the structure of RGD to influence cell behavior with looped or cyclic peptides selectively 

recruiting different integrins on cell surfaces than linear peptides41–43. To illustrate this, cell 

attachment to bsp-RGD(15) has been found to be mediated by 𝛼vβ3 integrins44. Furthermore, 

cyclic or looped peptides exhibit a higher affinity for the 𝛼vβ3 compared to linear peptides, 

supporting the presumption of bsp-RGD(15)’s looped conformation and illuminating a likely cause 

for reduced adhesion on SLBs containing linear GRGDSP45,46. By conjugating RGD peptides of 

varying lengths and conformations with SLBs, researchers can effectively dissect the role of 

specific ECM ligand-receptor interactions on the behavior of cells. 

An alternative peptide conjugation method is through covalent coupling. Studies using 

IKVAV, another well-known binding motif derived from laminin, utilize terminal cysteines to 

bind IKVAV containing peptides to thiol-reactive maleimido lipids in the bilayer. Svedhem et. al 

investigated the performance of SLBs containing synthetic 19-mer IKVAV-containing peptide 
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(CS- RARKQAASIKVAVSADR) in model neuronal PC-12 cell studies and found the platform 

to be successful47. Following this work, Thid et al. investigated adult hippocampal progenitor 

(AHP) behavior on IKAVAV functionalized bilayers. Their results elucidated a dependence of 

AHP attachment on the density of IKVAV peptides tethered to the SLB and proved AHP 

recognition of IKVAV is specific as cells did not adhere to bilayers conjugated with peptides 

containing the scrambled IKVAV sequence, VKAIV48. However, long-term studies also revealed 

cells grew in clusters forming networks of 3D colonies instead of monolayer-like growth seen on 

the laminin-coated control surfaces. This behavior was attributed to the depletion of available 

ligand attachment sites within the bilayer due to the early recruitment of laterally mobile peptides 

by initially seeded cells causing newly developed cells to adhere to ligands on the surfaces of 

adjacent cells 48. Future studies seeking to overcome this may be able to employ methods to reduce 

the lateral translocation of the ligands to decrease the amount of ligand depletion within the 

bilayers as cells may not be able to recruit ligands as easily. 

2.2.3. Surface Electrostatic Functionalization of Supported Lipid Bilayers 

A basic requirement for any cell culture platform is its ability to promote cellular 

attachment. Accordingly, the electrostatic functionalization of cell culture substrates with 

materials that can interact with the negatively charged cell membrane has been widely used to 

study cell adhesion and neuronal processes. Coating surfaces with positively charged materials 

such as poly-l-lysine (PLL) and polyethyleneimine (PEI) enhances the adhesion capabilities of 

cells with known weak adhesion properties while also removing the need for additional adhesion 

molecules49,50. Furthermore, neurons and neurites have been repeatedly shown to preferentially 

adhere to and form on positively charged surfaces over native ECM proteins as was the case in 

cell patterning studies in which glass and other substrates were co-coated with charged materials 

and ECM protein laminin51,52. This improved attachment, however, limits the capacity for studying 
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the role of electrostatics in cell migration and differentiation as cells were postulated to be resistant 

to changing positions or migrating following deposition onto positively charged surfaces51. To 

further investigate the role of electrostatics on cell behavior and overcome this barrier of 

immobility, it is valuable to utilize the biomimetic and fluidic nature of SLBs to induce functional 

cellular processes.  

As previously mentioned, SLBs composed of zwitterionic lipids such as POPC carry a 

neutral charge preventing nonspecific, electrostatic interactions from occurring with charged cell 

membranes53–55. One way to overcome this is through mixed lipid bilayers. In this method, cationic 

or anionic lipids are integrated into neutrally charged SLBs at varying concentrations. Similar to 

results yielded from the aforementioned substrates, the addition of positively charged lipids like 

1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) improved neuronal cell attachment 

compared to POPC-only SLBs55,56. When compared to control PLL coated glass, positively 

charged DOTAP SLBs also displayed comparable neuronal cell attachment with pure DOTAP 

SLBs attachment surpassing the PLL control. However, cell proliferation and bilayer diffusivity 

of purely cationic SLBs were found to be low with overall best performance occurring in partially 

cationic bilayers containing 30% positively charged lipids55,56. This finding suggests charge 

density to be an additional parameter impacting cell behavior on SLBs. Additionally, a threshold 

for ideal charged lipid densities required for optimum cell attachment, cell proliferation, and SLB 

functionality could potentially be identified through further investigation.  

Due to the highly tunable nature of SLBs, there are a number of potential explanations for the 

depreciating results reported as charge density increases. First, lipid headgroup interactions might 

fuse the bilayer together57,58. Studies revealed the headgroup for some cationic lipids and the 

negative end of zwitterionic lipids headgroup lie within the same plane enabling potential 
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electrostatic interactions between headgroups thereby slowing the mobility of the SLB. In addition, 

the electrostatic repulsion between lipid molecules of similar charge may suppress diffusivity in 

SLBs of higher cationic concentration59. The suggested decreases in cell proliferation while still 

yielding increased cell attachment implies a mobility problem similar to the coated static substrates 

mentioned early on. Therefore, the reported decrease in bilayer diffusivity is a likely contributor 

as fluidity has been proven to be a necessary component in these studies. Lastly, the purely cationic 

SLBs are likely to generate strong interactions with the negative cell membranes rendering the 

cells once again unwilling to migrate. Identifying and maintaining the charge density threshold for 

charged lipids within SLBs will help to preserve a physiologically relevant model. 

In biosensing studies, a major challenge is the restriction on support materials suitable for 

bilayer formation as metals and other conducting materials require additional surface 

modifications to promote the rupture and fusion of vesicles in order to properly form bilayers. 

Currently, chemical modifications such as the use of thiol either in thiol labeled lipids or thiol self-

assembled monolayers are employed to adjust surface hydrophilicity. However, these 

modifications have been found to affect the electric and dynamic response of bilayers impeding 

the electrical and optical signals necessary for these studies. To overcome this, Choi et al. used 

varied ratios of POPC and positively charged DOTAP on negatively charged gold substrates to 

promote an attractive electrostatic interaction that was strong enough to induce vesicle rupture and, 

therefore, bilayer formation56. The use of electrostatics as a means to physiologically provoke 

bilayer formation without additional surface modifications was also coupled with previous 

knowledge of the suitability of positively charged bilayers for cell adhesion and proliferation to 

demonstrate the capabilities of gold-supported bilayers in long-term neuronal cell studies. With 

positively charged PDL film on the gold substrate taken as a control, viability and morphology of 
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primary neuronal cells on mixed lipid SLBs on gold were similar to the conventional control group. 

Moreover, POPC-only SLBs inhibited cellular attachment on the gold substrates further proving 

the importance of surface charge on cell adhesion56. 

These mixed lipid electrostatic systems can also be used to optimize protein and peptide-

associated bilayers, offering the potential to enhance protein/peptide-specific studies. For example, 

at physiological pH, most biomolecules bear an overall positive or negative charge, so the 

incorporation of oppositely charged lipids could improve the protein/peptide-lipid association. 

Demonstrating this, Travaglia et al. introduced an approach to associate the nerve growth factor 

peptide sequence, NGF(1–14), with lipid vesicles using an electrostatic model. In this proof-of-

concept study, negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) 

lipids were mixed with POPC to attract positively charged NGF(1-14). 24hr incubation of Human 

neuroblastoma (SH-SY5Y) cells showed improved cell adhesion and proliferation on the POPS-

NGF bilayer compared to the POPC-NGF bilayer60. Similarly, retinal microvascular endothelial 

cells (ECs) were cultured on mixed bilayers containing varying ratios of POPC and cationic 1-

palmitoyl-2-oleoyl-sn-glycero-3-ethylphosphocholine (POEPC). These SLBs were then further 

functionalized with negatively charged ferritin. Similar to the results of the electrostatic studies by 

Choi and Afanasenkau mentioned earlier, EC attachment improved as the concentration of POEPC 

increased with optimum cell performance on EPC25 SLBs containing 25% POEPC. Once 

functionalized with ferritin, EC viability improved across all platforms including mostly 

zwitterionic EPC5 SLBs made of 5% POEPC which did not adequately support cell adhesion prior 

to ferritin functionalization.  Furthermore, ferritin further enhanced adhesion and proliferation on 

EPC25 SLBs compared to both the charged EPC25 SLBs and ferritin-only SLBs yielding the 

highest cell number and proliferation values of all platforms within the study61. These results along 
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with Travalia et al’s findings allude to the synergistic nature of this predominantly electrostatic 

method of association being an enhancing factor to cell behavior and response to these platforms.  

Although the use of polyelectrolyte multilayer (PEM) films is still fairly underexplored in 

bilayer-associated cell culture studies, PEM films are a versatile tool for investigating the role of 

electrostatic interactions in traditional cell culture studies. By varying electrolyte composition and 

assembly conditions, this method offers the potential to regulate properties, such as surface 

topography, surface charge, and stiffness, all of which may alter cell adhesion, protein adsorption, 

and cell differentiation62. In this method, films constructed from charged materials such as native 

polypeptides, poly-L-lysine (PLL), poly-L-glutamic acid (PLGA), hyaluronic acid, and chitosan 

can be deposited onto the SLBs to produce layered microenvironmental substrates. This system is 

characterized by the electrostatic interactions established when oppositely charged layers are 

adsorbed onto one another to not only promote electrostatic attraction amongst layers but also 

between the uppermost layer and seeded cell membranes. Lee et al. investigated the effects of 

SLBs with adsorbed PEM films on adhesion and differentiation of neural stem/progenitor cells 

(NSPCs). Short-term cell culture studies showed PEM-SLBs with polycation PLL as the terminal 

film layer induced differentiation into functional neurons, strong axonal growth, and 

synaptogenesis compared with those on PEM-SLBs with polyanion PLGA as the terminal film 

layer63. Additionally, cell performance was enhanced as the number of layers increased predictably 

due to the decrease in stiffness observed with the addition of each layer as neurons are known to 

favor softer substrates. The ability to simultaneously adjust surface charge and stiffness within 

SLBs will allow the relationship between electrostatics and mechanics to be investigated in 

parallel. 
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2.3. Summary of Background 
 

The preceding was a brief review of examples from literature where SLBs were used as 

cell culture platforms and the methods taken by various groups to functionalize these bilayers, 

usually to promote cell adhesion and observe cellular response to these functionalization methods. 

These applications exemplify only a snapshot of the breadth of interactions that are mediated by 

SLBs and showcase a few of the areas in which the SLB-OECT platform could be of future use. 

Various existing techniques for depositing lipid bilayers on various substrates were also reviewed. 

These techniques are based on either the spontaneous self-assembly of bilayers through vesicles 

or organic solvents, or on Langmuir trough deposition. The SLB-OECT to be optimized following 

the work of this thesis focuses on vesicle fusion as the SLBs to be deposited on the OECT devices 

will be derived from cell blebs to form SLBs that closely mimic the native cell membrane. The 

lessons learned from literature will be used to inform and further optimize the protocols to 

functionalize the SLB-OECT platform. 
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Chapter 3: Extracellular Vesicle Characterization 

3.1. Introduction 

While much attention in TEV-related studies surrounds the compositional characteristics of TEVs, 

physical properties may also impact the way they facilitate transfer and communication. Studies 

have shown that preferential targeting can be either an EV-mediated or recipient cell-mediated 

process1. One factor that plays a role in both selection processes is EV size. Evidence suggests 

smaller EVs lead to faster and/or preferred uptake by recipient cells and easier EV diffusion into 

cells via certain pathways2,3. 

Previous experiments done within the Daniel lab have revealed that TEVs begin to aggregate as 

soon as they are isolated leading to an increase in perceived size over time. To alleviate potential 

changes in cell uptake or response to EVs over multi-day studies both during these preliminary 

studies and during studies using the OECT model system, it is imperative to define potential 

aggregation patterns to determine if, at any point, fresh EVs will need to be introduced to the cell 

culture medium or platform. Therefore, this preliminary study will focus on a) characterizing the 

initial size and concentration of MV and exosome populations isolated and b) identifying whether 

significant aggregation will occur during later assays.   

In this chapter Nanoparticle Tracking Analysis (NTA) was employed to track the 

movement of laser-illuminated individual TEVs under Brownian motion and calculate their 

diameter using statistical methods4. Here, size distributions and concentrations of separated MV 

and exosome samples were obtained and compared with established literature. Furthermore, 

exosome samples were analyzed over time and showed an insignificant particle aggregation rate 

within the experimental time parameters (72-h). As a result, it was determined that potential 

changes in vesicle uptake or response by cells as a result of exosome size would likely be avoided.   
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3.2. Materials and Methods 
 

Cell Culture 

For regular cell culture, Triple-Negative Breast Cancer cells, MDA-MB-231 (ATCC), were 

maintained in Dulbecco׳s Modified Eagle׳s Media, DMEM (Corning) supplemented with 10% 

FBS and 1% penicillin-streptomycin (P/S)(Corning) and used between passages 2 and 12. All 

cultures were split 1:5 once they reached 85% confluence. Subsequently, the medium was changed 

every 2 days. All cultures were kept in a humidified incubator with % CO2 at 37 °C. 

For extracellular vesicle (EV) isolation, MDA-MB-231 at 85% confluency were washed with 

Dulbecco’s phosphate-buffered saline (DPBS) (Corning) and changed to FBS-free DMEM 

(Corning) supplemented with 1% penicillin-streptomycin (Gibco). Following 24hrs incubation at 

37°C, EVs were collected and purified. 

Extracellular Vesicle Isolation 

To isolate EVs, the medium was collected from the culture plates and subjected to sequential 

centrifugation cycles. The first spin was carried out at 4,000 rpm for 12 min, followed by an 8,000 

rpm spin for 30 min. Following this centrifugation, the supernatant was filtered through a 0.22 µm 

Millipore Steriflip PVDF filter (Millipore) to separate MVs and exosomes. The suspected MV 

yield retained on top of the filter was resuspended in 1mL DPBS and stored at 4 °C for later 

characterization. In order to isolate the exosome population, the filtered medium was centrifuged 

at 32,000 rpm for 4hrs at 4°C. The supernatant was discarded, and the exosome pellet was 

resuspended in 1mL serum-free media and stored at 4 °C. 

EV Size Distribution and Concentration 

Size distribution and concentration of EVs were measured using a NanoSight NS300 (Malvern 
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Preanalytical). Samples were diluted at 1:10 and 1:100 for MVs and exosomes, respectively, to 

achieve a concentration below 109 particles/ml. Samples were manually inserted into the 

instrument using a 1mL syringe. For each sample, five videos were captured for 60 s at a camera 

level between 14-16. All measurements were carried out at room temperature and the chamber was 

cleaned 3x with DI water between each sample. Sample videos were analyzed by the NanoSight 

with a detection threshold set between 4-5 to obtain vesicle concentration (particles/ml) and size 

distribution (nm). 

Exosome Aggregation Study 

Size distribution and concentration of exosomes were measured using a NanoSight NS300 

(Malvern Preanalytical) immediately following isolation and every 24hrs for 72hrs using the same 

protocol and machine settings described above for the initial EV size distribution and concentration 

measurements. 

Data Analysis 

Variance analysis was performed using a t-test with unequal variances to find significant 

differences between experimental conditions. Three independent replicates were performed and 

analyzed using Excel (Microsoft) for all experiments in this study.  

3.3. Results and Discussion 

Size and Concentration Distribution 

Extracellular vesicles were isolated from triple-negative breast cancer cells as described in 

the methods section above to estimate the size distribution of the particles in the isolated MV and 

exosome samples. A graphical representation of the isolation protocol is shown in Figure 3.1.  
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Figure 3.1. Extracellular Vesicle Isolation.  Graphical Representation of the isolation protocol for MVs 

and exosomes through sequential centrifugation and filtration.  

 

The average TEV size and concentration across three replicates were estimated through 

NTA showing an exosome concentration of 8.74 ×108 ± 3.32 ×107 particles/mL and uniform size 

distribution with mean particle sizes between 100 nm and 150 nm, in alignment with literature5,6 

(Fig. 3.2a). The MV samples’ size distribution, on the other hand, was polydisperse with 5 

population sizes (Fig. 3.2b). While the lower particle density of 6.52×107 ± 1.41 ×106 particles/mL 

and 200 nm - 450 nm size range of the particles in the 3 peaks on the right are in alignment with 

what literature characterizes for MVs5,7, the size range of smaller particle population seen in the 

two peaks on the left suggests the presence of exosomes within the MV sample.  
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The low MV yield, and the likely presence of exosomes, can both potentially be explained 

by the plugging and retention of MVs and exosomes within the filter as a result of the high 

concentration of TEVs passing through or coming into contact with the filter at once. To test this 

theory, following the initial filtering of the supernatant to separate the exosome and MV 

populations, the filter was flushed 3 additional times with pure DPBS to potentially allow any 

remaining exosomes to pass through the filter and dislodge any MVs stuck within the filter. The 

bimodal distribution seen in Figure 3.2c shows that, although the presumed exosome presence was 

decreased, two distinct populations were still present in the sample. Furthermore, there was also 

no increase in MV yield revealing a need for further optimization of the MV isolation protocol. 

This optimization is beyond the scope of this work, however, as exosomes were solely used within 

the cell studies described later in this work. The observed uniform size distribution, with particles 
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exosome samples estimated through NTA.  
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following additional filter flushing. n =3 
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outside of the designated exosome size range making up less than 0.5% of the particle population 

(Fig 3.2a), suggested the exosome samples were largely homogeneous providing sufficient 

evidence to proceed with future studies. 

Exosome Aggregation Study 

  To assess the extent of vesicle aggregation within the isolated exosome samples over time, 

NTA was used to obtain a particle size distribution every 24hrs, for 72hrs, as described in the 

methods section above. Since the cell studies described later in this work were conducted over a 

48hrs period, this study was conducted for 72hrs to also account for the time between exosome 

isolation and exposure to cells - usually 2-12 hours following isolation.   

 

Figure 3.4. Size distributions of MDA-MB-231 exosomes over time. a) Average size of exosomes over 

3 days. n = 3, mean ± SD, ns = not significant b) Average concentration of exosomes over 3 days. n = 3, 

mean ± SD, ns = not significant. 

 

From Figure 3.4, aggregation can be seen by the simultaneous increase in mean particle 

diameter and decrease in mean concentration as would be expected of particles clumping together 

to physically measure as larger particles in lower concentrations. The exosome aggregation 

observed over the 72hrs period is minimal, however, with mean sample sizes at 72hrs measuring 

less than 10 nm greater than exosome sizes at initial isolation (Fig. 3.4a). With such an insignificant 

amount of aggregation occurring over the observed period, it was deemed safe to assume that 

exosome aggregation would not affect cell behavior or response during the cell studies. Therefore, 
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exosomes would only need to be introduced to the cells once, in the beginning, for the entirety of 

the experiment.  

3.4. Conclusions 

In this section, the size distributions and concentrations of isolated exosome and MV samples were 

characterized. Additionally, the size distributions of exosomes were measured over a 72hrs period 

and reveal an insignificant rate of aggregation during this time period. This is an important 

observation as it informs the best practices for exposing exosomes to cell medium and the model 

cell membranes of the SLB-OECT system during multi-day studies. As a result of the observations 

here, it is believed that exosomes will only need to be added once during the 48hrs studies 

performed in this work and subsequently the 48hrs studies to be performed on the SLB-OECT 

platform. Further testing should be performed to determine best practices for studies longer than 

48hrs. The findings observed herein were extended to the 48hrs cell studies discussed in the next 

chapter to better understand the role of exosome uptake in angiogenesis. 
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Chapter 4: Cancer-Derived Exosomes in The Promotion of Angiogenesis via 

Vascular Endothelial Growth Factor (VEGF) Upregulation 

 

4.1. Introduction 

Rapidly growing solid tumors depend on angiogenesis, the formation of new blood vessels. 

Recent studies have shown that exosomes discharged by various cells can aid in this process1,2. As 

previously mentioned, TEVs supply an exchange of information between cells and can evoke a 

malignant chain reaction leading to enhanced tumor proliferation. In the case of angiogenesis, 

tumor-derived exosomes have been found to influence endothelial cells by promoting their 

vascular endothelial growth factor (VEGF) expression3,4. VEGF is a principal pro-angiogenic 

factor that prompts the proliferation and migration of endothelial cells and increases vascular 

permeability. Therefore, upregulation of VEGF contributes to tumor development and metastasis 

by increasing tumor-related angiogenesis5–7.  

Although many studies have investigated the ability of exosomes to regulate VEGF, great 

effort should be applied to recognize this process thoroughly as both recipient and secreting cell 

types have previously been found to induce varying effects8. In the present study, exosomes 

derived from triple-negative breast cancer cells (MDA-MB-231) were investigated for their effect 

on model epithelial Madin-Darby Canine Kidney (MDCKII) cells. This cell line was chosen, in 

part, due to initial constraints in collaborator access to human breast epithelial cell line MCF-10a 

and components like Cholera Toxin which is a requirement for MCF-10a cell culture medium. 

Nonetheless, despite being a canine cell line, MDCKII is a well-known model epithelial cell line 

with surplus data justifying its capability to provide physiologically relevant responses to 

exosomes from human cells.  
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Since the work described in this thesis will aid in establishing proper controls for a 

biomimetic electronic platform, the goal of this study was to investigate the angiogenic activity of 

MDCKII cells over a short-term study to elucidate any potential trends or time-dependent findings 

that may be referenced when repeating this study on the SLB-OECT system. Furthermore, an 

attempt to block exosome binding was also explored within this study since the functional effects 

of exosomes rely heavily on the binding, uptake, and subsequent release of cargo into recipient 

cells. Although the future SLB-OECT system studies are not anticipated to include drug discovery, 

identifying a small subset of known compounds that successfully block vesicle binding can serve 

as a proof of concept for the capabilities of the device as a drug testing platform. The blocking 

study discussed in this chapter will serve as the groundwork for one such compound, to be later 

corroborated by the SLB-OECT device. The results of this study show that exosome uptake 

contributes to the exponential upregulation of VEGF in MDCKII cells, and the treatment of 

exosomes with heparin can effectively prevent the upregulation of VEGF presumably due to the 

blockade of exosome uptake into MDCKII cells.  

 

4.2. Methods and Materials 
 

Cell Culture 
For regular cell culture, MDCK II (Sigma) were maintained in Eagle's Minimum Essential 

Medium (EMEM) (Sigma) supplemented with 10% fetal bovine serum (FBS)(Gibco) and 25mM 

of L-Glutamine (Sigma) and used between passages 10 and 20. MDA-MB-231 (ATCC) were 

maintained in Dulbecco׳s Modified Eagle׳s Media, DMEM (Corning) supplemented with 10% 

FBS and 1% penicillin-streptomycin (P/S)(Corning) and used between passages 2 and 12. All 

cultures were split 1:5 once they reached 80-85% confluence. Subsequently, the medium was 

changed every 2 days. All cultures were kept in a humidified incubator with % CO2 at 37 °C. 
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For extracellular vesicle (EV) isolation, MDA-MB-231 at 85% confluency were washed with 

Dulbecco’s phosphate-buffered saline (DPBS) (Corning) and changed to FBS-free DMEM 

(Corning) supplemented with 1% penicillin-streptomycin (Gibco). Following 24hrs incubation at 

37°C, EVs were collected and purified. 

For VEGF assays, MDCK II at 80% confluency were treated with 1x 0.25% trypsin at 37 °C for 7 

min to detach cells. The cells were subsequently seeded at 70% confluency and cultured on three 

60 mm x 15 mm cell culture dishes in the aforementioned culture medium. Once cells reached the 

desired 80% confluence, the culture medium was removed, and cells were washed with DPBS 

(Corning) and incubated with Hoechst 33342 dye (ThermoFisher) for 10min at 37 °C to stain the 

nuclei of the cells for visualization and counting purposes. The cells were subsequently washed 3x 

with DPBS and cultured in EMEM supplemented with 1% FBS and 25mM L-Glutamine for 5hrs 

at 37 °C prior to exposure to assay treatment conditions. 

Exosome Isolation 

Protocol outlined in Chapter 3. 

VEGF Expression Assay 

Following a 5hrs incubation period, 100µL of the supernatant was collected from each well and 

stored at -20 ºC. The entire exosome yield achieved from MDA-MB-231 isolation (8.74 ×108 ± 

3.32 ×107 particles/mL) was then incorporated into the media of one well, 5ng/mL TGFβ was 

added into the second well as a positive control, and the third well remained untreated as a negative 

control. Each well was then incubated at 37 °C for 48hrs. 100µL of each sample condition’s media 

was collected at 12hrs, 24hrs, 36hrs, 39hrs, 42hrs, and 48hrs and stored at -20 ºC for ELISA. The 

cells were imaged at 0hrs, 24hrs, 36hrs, and 48hrs for cell counting. VEGF concentration 

determined through ELISA was normalized by total cell number per well.  
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Heparin Coating 

Purified exosomes were incubated with 100 μg/ml heparin (Sigma) in serum-free media at RT 

for 30 min. This mixture was then added to cells9. 

Heparin Blocking Assay 

Following a 5hrs incubation period, 100µL of the supernatant was collected from each well and 

stored at -20 ºC. Heparin-coated exosomes were then incorporated into the media of one well, 

exosomes without heparin incubation were added into the second well as a positive control, and 

the third well remained untreated as a negative control. Each well was then incubated at 37 °C for 

48hrs. 100µL of each sample condition’s media was collected at 12hrs, 24hrs, 36hrs, 39hrs, 42hrs, 

and 48hrs and stored at -20 ºC for ELISA. VEGF concentration determined through ELISA was 

normalized by total cell number per well.  

ELISA 

Enzyme-Linked Immunosorbent Assay (ELISA) was conducted according to the protocol defined 

by the Canine VEGF DuoSet Kit (R&D Systems) on 96-Well plates (Corning Costar). Following 

the addition and incubation of the TMB Substrate Solution (ThermoFisher) for 20min, the reaction 

was stopped by adding 0.18 M H2SO4, and the plates were read at a 450 nm absorbance using a 

microplate reader. 

Fluorescence Microscopy 

Fluorescent images were captured by an inverted Zeiss Axio Observer to image the fluorescently 

labeled nuclei of the MDCKII cells. 40-50 images were taken per well at 200x magnification. 

Cell Number Calculations 
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Image analysis was performed using ImageJ (NIH) and Excel (Microsoft). The total number of 

cells per image was counted and then averaged to determine the average cells per image and 

standard deviation between images. Cell numbers for time points 0hrs, 24hrs, 36hrs, and 48hrs 

were plotted in Excel, and the best-fit line (~2-3%) equation was used to extrapolate for estimated 

cell number at time points not imaged. To estimate the total cell count per well, the scaling factor 

was determined based on the ratio between the area of the well captured within the images and the 

total area of the well.  

Data Analysis 

Variance analysis was performed using a t-test with unequal variances to find significant 

differences between experimental conditions. Four independent replicates were performed for this 

study and analyzed using Excel (Microsoft).  

4.3. Results and Discussion  

Exosome-Mediated Angiogenesis  

 The cell experiments were motivated by previous studies showing the role of exosomes in 

inducing angiogenesis in tumors and tumor-free tissues. In accordance with the established 

interaction between exosomes and certain types of epithelial cells, the introduction of MDA-MB-

231 derived exosomes to the seeded MDCKII cells showed an exponential VEGF upregulation 

over time in comparison with the linear upregulation exhibited by cells treated with positive 

control TGFB, as well as with the minimal upregulation in cells that had not been treated with 

anything (Figure 4.1). The results with respect to time were also very promising: the impact of 

exosome exposure was not observed until approximately 36hrs after the addition of the exosomes 

to the cell culture medium. This finding contrasts the consistent upregulation observed of TGFB 

treated cells which was to be expected as TGFB is known to increase VEGF secretion and promote 
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angiogenic activity10. Interestingly, though, even with a delayed response, the VEGF expression 

of exosome-treated cells surpassed that of TGFB treated cells within 6hrs. Moreover, the VEGF 

expression from the exosome-treated cells at 48hrs was observed to be over 2x greater than TGFB 

treated cells at the same time point and almost 4x greater than the initial expression (0hrs) of the 

same treatment condition.  

 

Figure 4.1. VEGF expression over time. Total VEGF expressed over 48 hours by MDCKII cells 

treated with breast cancer-derived exosomes, TGFB, or no treatment (NT). n = 4, mean ± SD,  

* = p ≤ 0.05, ** = p ≤ 0.01 

 

These results support the hypothesis that exosomes from triple-negative breast cancer cells possess 

the potential to upregulate VEGF signaling in epithelial cells. Although the mechanisms 

underlying this data remains unclear, the notable exponential and time-dependent trends are seen 

here serve as clear reference data for future studies aiming to further probe the exosome uptake 

and cargo release processes. 
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Blocking Exosome Uptake with Heparin 

To determine if exosome uptake could be inhibited, exosomes derived from MDA-MB-

231 cells were pretreated with heparin and introduced to the MDCKII cell culture medium as 

described in the methods section. The heparin-treated exosome condition showed effective 

blocking of exosome-mediated VEGF upregulation. This can be seen in Figure 4.2 as the heparin 

treated condition mimics the same minimal upregulation as was observed of the untreated 

condition.  

 

Figure 4.2. VEGF expression over time with heparin. Total VEGF expressed over 48 hours by 

MDCKII cells treated with heparin-coated exosomes, breast cancer-derived exosomes, TGFB, or 

no treatment (NT). n = 3, mean ± SD, * = p ≤ 0.05, ** = p ≤ 0.01 

 

Since more than one route can be taken to internalize exosomes, the heparin’s interference 

with exosome uptake may have occurred via more than one process. The use of heparin here 

referenced several studies which showed heparin may act as a decoy for exosome receptors such 

as heparin sulphate proteoglycans, effectively preventing them from binding with cells9,11,12. 
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Furthermore, since in this study, the excess heparin not bound to exosome receptors was not 

removed from the exosome sample, it is possible that heparin also bound to MDCKII surface 

receptors acting as a secondary blockage from exosomal binding and uptake. Although these 

results are preliminary and these hypotheses were not investigated, future studies may unveil the 

mechanisms involved in the regulating effects of heparin and provide further insight into how it 

can be used to limit the effects of cancer-derived exosomes. 

4.4. Conclusions 

In summary, exosomes derived from MDA-MB-231 cells were found to possess a higher 

capacity to enhance angiogenesis in vitro via VEGF signaling when compared to control 

conditions. Markedly, VEGF expression began to upregulate exponentially at 36hrs, suggesting 

this to be the potential time needed to effectively complete the binding, uptake, release, and 

response processes. The ability to block exosome uptake was also explored. Treating exosomes 

with heparin was found to effectively prevent VEGF upregulation suggesting exosome blocking 

was successful. Further study using the SLB-OECT platform is anticipated to be able to test these 

hypotheses and elucidate the mechanisms involved in each of these processes. 

  

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/angiogenesis
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Chapter 5: Summary and Future Work 

5.1. Summary of Results 

The studies I conducted in this thesis were not only able to provide relevant size and 

concentration characterizations for TEV derived from triple-negative breast cancer cells but also 

demonstrate the ability of TEVs, specifically exosomes, to regulate the angiogenic behavior of 

model epithelial cells. The isolation protocol and use of NTA revealed the need for additional 

measures to purify isolated MV populations as I observed two distinct populations suggesting a 

notable exosome presence contaminating the MV samples. The isolated exosome samples, on the 

other hand, appeared largely pure with a single, uniform size distribution of particles. Using NTA, 

I also monitored the aggregation of exosomes finding sufficient evidence that while aggregation 

does occur within the exosome samples, the aggregation rate was minimal for at least 72 hours 

following isolation. As a result, cells were only infected with exosomes once, at the beginning of 

the 48hrs experiments conducted, since the slight increase in size eliminated the need to add 

another batch of freshly isolated exosomes at any point during the experimental period.  

In the cell experiments, cells were treated with exosomes and observed for 48hrs to assess 

the ability of exosomes to induce pro-angiogenic behavior in epithelial cells via VEGF expression. 

When stimulated with exosomes, I observed an exponential upregulation of VEGF about 36 hours 

following exosome exposure indicating an increase in angiogenic activity within the epithelial 

MDCKII cells. This trend was notably different than the linear upregulation seen in the positive 

control, TGFB treated sample, as well as the near-constant VEGF expression seen in the negative 

control with no treatments. To determine whether the effects of exosome infection could be 

circumvented, I attempted to block the initial binding and uptake of exosomes altogether by using 

heparin to potentially block the receptors needed for exosomes to bind with cells. Here, I 
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demonstrated the reversal of exosome-mediated VEGF upregulation as cells treated with heparin-

coated exosomes showed behavior consistent with cells that had no treatment suggesting exosomes 

were unsuccessful in either binding or being taken up into the MDCKII cells. While I was able to 

show that exosomes can induce angiogenesis with VEGF signaling and that heparin can prevent 

this, time was a prominent limitation preventing me from being able to further explore the 

mechanisms involved in these processes. However, the SLB-OECT platform to be developed will 

allow for an in-depth compositional and mechanistic analysis of the mechanisms promoting the 

outcomes observed in these studies.  

5.2. Future Work 

As mentioned in Ch. 1, many milestones are necessary to successfully develop and 

optimize the SLB-OECT platform described in this thesis. While additional cell studies and TEV 

characterizations were simultaneously being performed by collaborators and other members of the 

Daniel lab, milestones 4 and 5 will serve as the direct next steps following the experimental work 

performed in this thesis. Briefly, these milestones would be to document and characterize the 

electrical readouts of the interplay between exosomes and epithelial cells on OECTs during the 

exosome infection and heparin blocking processes. This data combined with the trends and time 

data I acquired here will educate device users on what the electrical readouts represent in live TEV-

cell interactions allowing for design improvements and implementations to recapitulate this study 

with TEVs on the model SLB-OECT platform. 

Additional routes for future studies, specifically cell studies, is to perform these 

experiments with MVs once the purification process is improved. With the understanding that 

MVs and exosomes may carry different cargo or undergo separate uptake processes, it would be 

beneficial to determine if MVs will evoke a different cell response. Additionally, it may be useful 
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to attempt additional compounds for blocking TEV uptake. As mentioned previously, there are 

multiple routes in which a cell can internalize TEVs, so there are most certainly multiple 

compounds that may be capable of interfering with TEV uptake. Exploring a few of these 

compounds in cell studies and ultimately the SLB-OECT platform will assist in enhancing the 

capabilities of the SLB-OECT system as a potential drug testing platform.  
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