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Cancer derived extracellular vesicles (CEVS) have been recognized as important
modulators of intercellular communication within the tumor microenvironment® 2, Two
main cEV subpopulations, microvesicles (MVs) and exosomes (EXOs), facilitate the
transfer of information between cancer and non-cancer cells, which has been determined
to be a major factor contributing to cancer progression®. For instance, previous research
showed that cEVs induce proangiogenic activity and myofibroblast differentiation in
adipose derived stem cells (ADSCs)*®, further promoting their role in metastasis’.
However, in most of the studies, the interactions leading to malignant outcomes induced
by cEVs, remained unexplored. One limitation is the lack of techniques available to
distinguish surface interactions from internalization to facilitate the investigation of
these specific processes®. Towards that end, | present two biomimetic membrane models
as tools to facilitate the isolation, study, and screening of blocking strategies of surface
interactions between cEVs and ADSCs. These models are hybrid supported lipid
bilayers (SLBs), a common biomimetic of cell membranes, but here, 1 am able to
incorporate native components of cEVs and ADSC membranes into these SLBs. Their

planar geometry enables the use of surface specific characterization techniques and
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advanced microscopy for these studies.

First, | describe an cEV- SLB (EVSB) that incorporates cEV membrane
material, working as an in vitro model of the cEV membrane that allows focused studies
of cell interactions with this surface and its chemistry, isolated from effects of cEV
cargo delivery. Using this system as a cell culture platform for ADSCs, we found that
surface interactions between cEVs surface and ADSCs enhance cell viability,
proliferation, adhesion, spreading, and proangiogenic activity, conditions that promote
oncogenic activity.

In a second embodiment of this platform, | create an ADSCs- SLB (ASB),
incorporating components of ADSC membrane, as a tool to study the initial EXO-cell
interaction, binding. ASB integration with multi-electrode arrays (MEASs) allows
recapitulation and dual detection, optical and electrical, of EXOs binding to ADSCs in
a cell-free and label-free manner. Moreover, using these two sensing modes, anti-CD29
antibody was found to reduce EXOs binding to ADSCs, demonstrating the ability of
this platform for therapeutic molecule screening and the potential of antibody treatment
to mitigate outcomes of EXOs-ADSCs interactions that favor cancer progression.
Lastly, these biomimetic membrane platforms are the first cell-free in vitro platforms
for the recapitulation and study of surface interactions between cEVs and human

primary stem cells compatible with scale-up and multiplexing.
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OUTLINE

In the last decade, cancer derived extracellular vesicles (EVs) have gained in
popularity among biomedical researchers as critical players in tumorigenesis and
metastasis. EVs are highly involved in intercellular communication and act as
“messengers” facilitating transfer of information between tumor and stromal cells,
which often leads to outcomes in the recipient cells favoring cancer progression.
Previous work has shown that interactions between adipose derived stem cells
(ADSCs), an important cell type in the tumor microenvironment’, and breast cancer
cell-derived EVs induce proangiogenic activity and differentiation to myofibroblasts, a
metastasis-favoring phenotype*®. However, these interactions are not fully understood
in part, due to a lack of techniques available to distinguish cell surface and vesicle
interactions from internalization and cargo delivery. Towards this end, I have developed
two hybrid supported lipid bilayers (SLBs) as biomimetic membrane models to facilitate
the isolation, study, and screening of blocking strategies of EVs-ASDCs surface
interactions.

To guide the research done in my PhD and its significance, the first chapter
presents a general background on the biology of EVs and ADSCs, what is known about
their interactions, and the importance of EVs on the tumor microenvironment and cancer
progression. SLBs are the standard technique used in many areas of research to study
cell membranes and their interactions with various proteins, pathogens, or molecules.
Thus, the second chapter reviews the formation and characterization techniques for

SLBs, and their functionalization with adhesion proteins and peptides for novel
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applications as cell culture substrates.

In the third chapter, | describe the model I have generated that consists of a
supported bilayer integrated with EV membrane components, called an EV supported
bilayer (EVSB)°. This system allowed the isolation of the EVs surface, away from their
cargo, to investigate the outcomes of their interactions with ADSCs. To do so, the EVSB
was employed as a cell culture platform for ADSCs, and their cell adhesion, spreading,
viability, VEGF secretion (as a sign of proangiogenic activity), and differentiation to
myofibroblast were examined. Results showed that as ADSCs grew on a “cancer-like”
surface, cell proliferation and viability, adhesion spreading, and proangiogenic activity
were all enhanced, creating conditions that favor oncogenic activity and formation of
pre-metastatic niches. Interestingly, cell differentiation was not enhanced when ADSCs
were cultured on EVSBs.

Although the nature of the interactions between cancer EVs and ADSCs is not
completely clear, it is known that receptor-mediated binding is the initial interaction
between EVs and cells. This interaction is independent of the route EVs take to transport
information into the cell. Therefore, understanding the mechanism of EV-cell binding
and identifying strategies to block this interaction are essential to potentially stop the
transfer of oncogenes from EVs to ADSCs and the associated malignant outcomes®®. To
the importance of understanding EVs cellular binding mechanisms and the absence of
in vitro techniques to study them in isolation, | developed a hybrid supported biomimetic
membrane derived from ADSC membrane components, called an ADSC-derived
supported bilayer (ASB)!. In the fourth chapter of this dissertation, | used the ASB

platform as an in vitro model of these stem cell membranes to detect and recapitulate
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breast cancer EVs binding to ADSCs. This approach enabled me to isolate vesicle
binding from downstream events, such as internalization and cargo delivery.
Additionally, it allowed me to identify strategies to decrease EV binding and thus
potentially prevent stem cells from adopting a pro-cancerous phenotype. The versatility
of the ASB allowed its integration into multi-electrode arrays (MEAS) to allow optical
and label-free electrical detection of EVs binding to ADSCs. We found that blocking
the adipose stem cell surface receptor integrin 1 or heparan sulfate proteoglycans
(HSPGSs) on the surface of EVs using an anti-CD29 antibody or heparin respectively,
successfully decreased EVs binding to ADSC. These results suggest that both cell and
EV surface proteins are required for EVs binding to ADSCs. Using these same blocking
strategies on EVs and cultured ADSCs caused a severe reduction in cell proliferation
and VEGF upregulation, two outcomes of EV binding®. These in vitro results further
validate our previous findings using the ASB and demonstrate that these two strategies
have therapeutic potential to target EVs-mediated cancer progression.

The fifth chapter of this dissertation describes a work in progress on a project
in collaboration with Owens lab at University of Cambridge in electrical monitoring of
cell epithelial to mesenchymal transition (EMT) induced by breast cancer derived
exosomes (EXOs), a subpopulation of EVs. EMT is a biological process and hallmark
of cancer in which epithelial cells lose important markers and characteristics and gain
those associated with mesenchymal cells. Previous evidence shows that EVs derived
from different types of cancer, especially EXOs and their cargoes, induce cancer-
associated EMT in epithelial cells, endowing them with migratory and invasive

characteristics. Therefore, we investigate the ability of breast cancer cells-derived EXOs
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to induce EMT-like behavior in breast epithelial. My work in this project is focused on
using conventional biochemical techniques like immunofluorescence, western blot, and
ELISA to detect EMT-like behavior as seen in my results in chapter 5. The Owens group
focuses on the electrical monitoring of barrier integrity, as a sign of EMT transition, to
validate the results found using conventional methods and offer a dual sensing system.
This project is under progress and all data presented in here is preliminary. We aim to
offer a label-free and convenient system to detect early changes associated with EMT
in epithelial cells induced by cancer EVs as a tool with therapeutic potential to study
strategies to block such mesenchymal transition. Finally, a closing chapter six offers a
summary and conclusions of my thesis work and the future directions for the research
conducted during my PhD.

Overall, my research contributes to the understanding of the interactions that
occur between breast cancer derived EVs with breast epithelial cell and ADSCs. This
approach offers a simplified in vitro system that enables the direct study of vesicle and
cell membrane interactions, and by extension, strategies to block those interactions. In
particular, | have focused on the surface interactions between EVs and ADSCs. The
EVSB platform introduced in this work represents the first biomimetic EV membrane
model used as a cell culture platform to study EVs surface interactions with stem cells.
Similarly, the ASB platform represents the first cell-free, potentially label-free,
biomimetic human primary stem cell membrane model to detect and study EV binding.
Both systems facilitate the study and understanding of surface interactions between EVs
and ADSCs and can be potentially used to develop therapeutics to limit EVs-ADSCs

interactions and the outcomes associated to them. Furthermore, their versatility makes
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them compatible with scale-up and multiplexing methods needed for drug development.
Furthermore, these two models are not limited to the study of breast cancer EVs-ADSCs
interactions; they can be used to investigate surface interactions across many different
biological systems in which EVs lead to cellular changes and abnormalities that progress

to disease.
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CHAPTER 1

1.INTERACTIONS BETWEEN EXTRACELLULAR VESICLES AND CELLS

1.1 Introduction

Cancer is the second leading cause of death in The United States and the third one
worldwide. However, 92% of cancer casualties are due to metastasis to a secondary site
and not disease of the primary tumor?3, Therefore, discovering mechanisms employed by
cells that promote metastasis and subsequently developing strategies to stop such
mechanisms will have vast impact on human health and are the main targets of cancer
research today. Between the mechanisms known to promote cancer metastasis, tumor
secreted factors such as cytokines, chemokines, and extracellular vesicles (EVs) have
been recently highlighted®. In particular, EVs, small vesicles shed from cancer cells,
have been implicated as important mediators of cellular communication and are suspected
to play an important role in cancer invasion, progression, and metastasis'® ¢, EVs, in
general, are a heterogeneous group of membrane encapsulated particles secreted into the
extracellular space by many eukaryotic cell types. In cancer, EVs production has been
shown to be upregulated and correlated with cancer progression®’, but how EVs may
regulate this progression is not fully understood.

EVs have received much attention in the last decade due to their capacity to
exchange information between cells and to work as information vehicles between
diseased and healthy cells®. In that manner, interactions between EVs and host cells have
been shown to lead to modifications in the molecular makeup and phenotype of the

recipient cell. In the case of cancer, cancer derived EVs are known to facilitate cell
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transformation leading to angiogenesis, epithelial-to-mesenchymal transition (EMT),
cancer aggression, and progression 1451820 Studies have shown acquired proangiogenic
activity and cell phenotype transformation when healthy cells were treated with cancer
derived EVs®8. For example, Song et al.* and Cho et al.> showed that breast cancer derived
EVs influence adipose derived stem cell proangiogenic potential activation and
transformation to myofibroblasts. In the same manner, it is thought that EVs carry critical
inducers of EMT in the form of lipids, nucleic acids, and proteins?. For instance, Rahman
et al?2. showed that EVs derived from highly metastatic human lung cancer cells promoted
EMT in in human bronchial epithelial cells. However, how interactions leading to such
malignant outcomes occur at the molecular level, and how they may be initiated, is not
always clear. We hypothesize that signals most certainly come from both the EV internal
cargo as well as its membrane components.

Therefore, to understand disease progression promoted by EVs, it is essential to
understand both the surface and internal cargo interactions occurring between EVs and
cells. As there is an absence of techniques in vivo to study molecular and surface-level
interactions between EVs and cells, our understanding is incomplete?®, yet this is the
initiation of EVs’ influence in the local microenvironment to favor metastasis. Towards
this end, in this thesis work, | developed two platforms that will allow the study of i) the
interactions between EV surface and cells and how that influences cell behavior and will
work as a cell culture platform, and ii) binding of EVs to cells and screening of strategies
to block those interactions as a proof-of-concept device for development of cancer
therapeutics. For i), | focused on how the cues coming from the surface of the EV

influences the otherwise healthy cells, isolating surface cues from the impact of the EV
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cargo and the mechanisms and factors favoring delivery of this cargo of it?. Then in ii),
| describe a platform that allows the optical detection and study of binding of EVs to
stromal cells and the possible factors/ proteins having a pivotal role in modulating this
interaction. Additionally, label-free, electrical monitoring of EVs binding to cells is also
facilitated by integrating this platform with an electrical device, multi-electrodes array.
In this work, we chose to focus on investigating the interactions between highly
metastatic human breast cancer cells, MDA-MB-231, derived EVs and human adipose
derived stem cells, ADSCs, as one of the possible applications for our platforms. As stated
before, it has been previously established that ADSCs treated with cancer derived EVs
acquired proangiogenic potential and phenotype transformation to myofibroblasts* °.
Hence, we generated a platform to investigate the molecular interactions leading to such
malignant outcomes.

Our platforms consist of tunable in vitro EV/ADSCs surface models having planar
geometry that mimics the membrane composition of EVs and ADSCs and allows the
study of molecular interactions between EVs and ADSCs. These platforms are hybrid
supported lipid bilayers (SLBs). SLBs are common model membrane systems used in
many areas of research to understand biomolecular interactions with cell membranes?-3,
SLBs can mimic the native configuration of the cell membrane, its protein and lipid
content, and its two-dimensional fluidity; and so they have made good cell culture
platforms to investigate cell interactions®® 2. In fact, chapter 2 of this work includes a
complete review on SLBs surface functionalization using adhesion peptides and proteins
and their applications in cell culture. Our group has furthered this important technology

platform recently by developing methods to incorporate native plasma cell membrane
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material that preserves the original orientation and function of the proteins from
mammalian® 3 membranes. In this thesis, we leverage this work to tailor our supported
bilayer platform to make “cancer-like” supported bilayers derived from EVs and ASDC-
like supported bilayers from ASDCs blebs (membrane protrusions shed by mammalian
cells) and we propose their use as an important tool to investigate interactions between
EVsand ADSCs and for various applications. In addition, in a distinction from most prior
studies in this field, we use microvesicles (MVs) and exosomes (EXOs) as two
independent EVs populations to assess how both subtypes interact and influence ASDC
biological behavior.

The tunability of our EVSB and ASB platforms allow us to study the outcome of
any type of EV interaction with a desired kind of cell, opening the possibility of studying
the effects of different types of cancer derived EVs on cells. As such, our platform will
facilitate the investigation different diseases in which EVs play an important role, such
as cardiovascular and metabolic diseases'®, neurodegenerative diseases®, and cigarette
smoke associated diseases*®. Finally, this platform can be deployed to develop ways to
disrupt deleterious surface interactions between EVs with recipient cells to avoid negative

outcomes that lead to disease.

1.2. Role of adipose derived stem cells in cancer progression

Obesity has been established to be a risk factor for many types of cancer, most of
which are more prevalent or specific to women including endometrial, gastric, colorectal,
breast, ovarian, cervical, and thyroid cancer®” %, As a matter of fact, excess body mass
index (BMI) is related to increased risk of invasive cancer®®. Therefore, research efforts

have been focused on establishing the effect of obesity in adipose tissue behavior and
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consequently in cancer development, invasiveness, and progression. Currently, it is
thought that increased adiposity dysregulates the secretion of proinflammatory cytokines,
chemokines, and adipokines contributing to cancer development*. The adipose tissue is
a complex system with high endocrine activity and plasticity. It is mainly composed of
immune cells, stromal vascular cells, adipocytes, and connective and nerve tissue
matrices.

Adipose derived stem cells (ADSCs) are one of the types of stromal vascular cells
forming the adipose tissue and are characterized by their high plasticity and ability to self-
renew and differentiate into several cell lineages including cells that are essential in the
formation of new vasculature promoting tumor proliferation, including fibroblasts and
myofibroblasts® 7 443, ADSCs are an important cell group in the tumor
microenvironment (TME) and have a critical role in tumor progression and
aggressiveness due to their angiogenic, anti-apoptotic, and immunomodulatory
properties” 1. ADSCs are chemoattracted to solid tumors and secrete cytokines, growth
factors, and inflammatory biomarkers such as VEGF, insulin-like growth factor (IGF),
IL6, and transforming growth factor beta (TGB1)*. Some of these secreted growth factors
contribute to tumorigenesis by generating a TME with high levels of inflammation* and
promoting angiogenesis to facilitate access of oxygen and nutrients to the tumor®* 46,
Furthermore, TGFB1 secreted by ADSCs contributes to an immunomodulatory effect*!
4748 and increases ECM production and collagen organization leading to a fibrous TME.
Therefore, several studies have shown that ADSCs can alter cancer properties by altering
tumor cell behavior towards a more aggressive one (Figure 1.2)*°. For example, Castro-

Oropeza® et al. studied the effect of ADSCs in cervical cancer (HeLa) cells and found
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that ASDCs promote cell migration, movement, angiogenesis, EMT, and malignant
properties. In the same manner, Strong and colleagues® showed enhanced proliferation
in breast cancer (MCF-7 and MDA-MB 231) cells when treated with ASDCs and an
increased effect when ADSCs were derived from abdominal obese tissue. Interestingly,
increased tumorigenesis is not just an effect of ADSCs in cancer cells, but it is the same
case for the opposite interaction, cancer cells to ASDCs. In general, interactions between
cancer cells, ADSCs, and peritumoral adipocytes lead to an increase in tumor aggressive
behavior®. For instance, cancer cells promote ADSCs proangiogenic potential as well as
their transformation into myofibroblasts, a highly contractile phenotype essential in
tumorigenesis, to enrich the TME and the metastatic niche >3, Although the mechanism
by which cancer cells lead to this differentiation is still not well understood, it is known
that TGF is a key inducer of this process since it contains the contractile gene machinery
that leads to myofibroblast differentiation in precursor cells # % 25535 QOne method of
transfer and activation of TGFp and other growth factors from cancer cells to ADSCs, is

through intracellular communication vehicles or EVs %%,

1.3. Extracellular vesicles (EVs)
1.3.1 Subpopulations of EVs, microvesicles and exosomes

EVs are membrane encapsulated particles generated and secreted by several types
of cancer and healthy cells with higher EVs secreted from cancer cells. Extensive research
has shown the existence of two major EVs subtypes: exosomes (EXOs) and microvesicles
(MVs) 115 16:24,58 'EXOs are membrane vesicles of endocytic origin that are generated
from late endosomes and multivesicular bodies (MVBs) and secreted to the extracellular

space by fusing with the plasma membrane (Figure 1.1) and thus may have a composition
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that does not necessarily reflect the plasma membrane of the mother cell. EXOs are
typically defined as a population subset of EVs, ranging 30 -120 nm in diameter and with
some specific protein markers >° . The second type, MVs, are a more heterogeneous EV
population, with a larger size range between 120 nm - 1um in diameter®t. MVs bud, and
are directly shed, from the plasma membrane into the extracellular space, preserving
native properties from the mother cell plasma membrane *> 24 (Figure 1.1). EVs of both
types contain an extensive variety of cargo and membrane components, which depends
on the physiological condition in which they are produced and the type of cell from which
they originate. Because of the endosomal nature, EXOs commonly express endocytic
proteins like Alix, Tsg101, and flotillin, and membrane tetraspanins like CD9, CD63, and
CD81. MV protein content is less generalized, and it depends on the mother cell
generating it; however, integrins, selectins, and CD40 ligand have been highly associated
with MVs®8, In general, some of the main cargo varieties that have been identified in both
types of EVs include miRNA, mRNA, DNA, proteins, lipids, oncogenes, and receptors’
62_

Most of the studies investigating outcomes of EV interactions with recipient cells
are done using a general population of EVs rather than two individual (MVs and EXOs)
subtypes* > 18, This is in part due to the difficulty in defining subpopulations; however, it
is reasonably well-established that there is a size cut-off that differentiates the broad class
of EXOs from MVs and some specific markers that will differentiate between both types
of EVs®. With this general distinction, MVs and EXOs have been shown to differ in

biogenesis, cargo, lipid composition, surface makeup, and functions®® &4,
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Figure 1.1. Cancer EVs biogenesis and biological outcomes of their interactions with
stromal adipose derived stem cells (ADSCs). MVs are bud and shed into the extracellular space
by the plasma membrane of cancer cells. EXOs are originated at multivesicular bodies (MVBS)
and secreted to the extracellular space as MVBs fuse with the plasma membrane. Both EVs
populations have a complex surface composition that aid their interactions with stromal cells. In
the case of ADSCs, EVs have shown to cause high vascular endothelial growth factor, VEGF,
secretion suggesting high proangiogenic activity, increment on fibers formation, and
transformation to myofibroblasts, which favor cancer progression* °.

Research findings also suggest that EXOs and MVs have different functions in cell-cell
communication®, and different intracellular routes with subsequent effects on healthy
cells®® %8, Consequently, we decided to distinguish between these populations in some of
our studies to test if EV subtypes interact differently with ADSCs and generate different

biological outcomes.

1.3.2. The role of EVs in cancer progression
Tumors consist of malignant cells embedded in vasculature (tumor parenchyma),
surrounded by nonmalignant cells (tumor stroma) like endothelial cells, myofibroblasts,

fibroblasts, adipose cells, neoplastic cells, pericytes, connective tissue cells, immune

32



cells, and several stem and progenitor cells®’” %, The tumor stroma, tumor parenchyma,
along with extracellular matrix (ECM), form the TME, a complicated signaling system
that plays a pivotal role in tumorigenesis “® ®°. Crosstalk between cancer cells and stroma
non-malignant cells within the TME, facilitated by EVs, promotes tumor formation and
progression’®. Cancer cell derived-EVs are known to contain oncogenic proteins and
nucleic acids that stimulate and regulate angiogenesis, remodeling of the TME, apoptosis
regulation, cell cycle, tumorigenesis, and metastasis’*""3. Horizontal exchange of such
material between cancer cells and neighboring and distant cells leads to significant
molecular and phenotypic changes in the recipient cell, commonly favoring disease
progression. In a study conducted by Fang et al.”, transfer of miRNA-103 associated with
EVs derived from hepatoma cells to human umbilical vein epithelial cells (HUVECS),
contributed to tumor metastasis by increasing vascular permeability and promoting cell
migration. Umezu et al.” presented evidence that miRNA-135 transferred from multiple
myeloma cells derived-EVs to HUVECs enhanced angiogenesis under chronic hypoxia.
In the context of breast cancer, Melo et al’®. studied how miRNA-21 and miRNA-10b
transferred from breast cancer cells-EVs (MDA-MB-231) to breast epithelial cells (MCF-
10A) enhanced epithelial cells proliferation, viability, and tumorigenesis.

These are just a small set of several studies showing that cancer cell derived-EVs
crosstalk with cancerous and healthy cells and enhance several cancer progression aspects
such as angiogenesis® > 1 77 EMT?: 8 cancer immunosuppression® ® & ECM

remodeling®:-, and contribution to a metastatic niche4-% as seen in Figure 1.2.
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Figure 1.2. Outcomes of interactions between stromal cells and cancer EVs in tumor
progression. Diagram of biogenesis of cancer MVs and EXOs and their effect when interacting
with stromal cells. MVs are shed by the cancer cell plasma membrane and EXOs originate within
the multivesicular bodies (MVB) and fuse with the plasma membrane to exit the cell into the
extracellular space. Both types of cancer EVs get transfer between cancer cells and neighboring
stromal cells like immune cells, fibroblasts, epithelial cells, and mesenchymal stem cells (and
vice versa). This transfer of information via cancer EVs contributes to cancer progression in the
TME through different mechanisms including but not limited to phenotype differentiation,
immune modulation, cancer, immunosuppression, EMT, cancer dormancy, increased cancer
aggressiveness, and angiogenesis®’. Created with BioRender.com

1.3.3. EVs isolation and characterization

EVs are naturally secreted by most cell types as key players in intercellular
communication. Therefore, no treatment is necessary to trigger EVs secretion by cells.
However, recent studies have shown that isolation of EVs from in vitro cultured cells will
potentially lead to not just isolation of EVs-associated RNA but to co-purification of
RNAs derived from cell medium supplement like fetal bovine serum (FBS) and bovine

pituitary extract (BPE). Despite the efforts done to eliminate this problem using non-
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serum cell medium supplements, Auber et al®®. showed that RNA contaminants derived

from those supplements are still carried into the purified EVs.
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Figure 1.3. Methods for EV isolation. The standard methods for EV isolation based on their
density and size are differential ultracentrifugation (dUC) and size exclusion chromatography
(SEC) respectively. dUC uses a cycle of gradually increased velocity centrifugations to separate
EVs, while SEC employs a porous filtration gel to elute bigger particles, MVs, followed by
smaller ones, EXOs. Several novel techniques have been developed to isolated EVs including
immunoaffinity (1A), microfluidics (MF), and ultrafiltration (UF). 1A uses antibodies specific to
EXOs surface to isolate and individual population of EVs; MF also uses antibodies that bind to a
specific exosomal surface protein to isolate EXOs from MVs, and UF employs a nanopore size
filter to create a filtrate rich in EVs of the desired size. Schematic adapted from Sidhom et al.®°.

Therefore, the standard procedure in EVs research is to use serum free cell medium or

medium containing EXOs- depleted FBS to grow cells in vitro prior to EV isolation
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(typically between 18-48 hours). Then, EVs are commonly isolated in two different
subpopulations, MVs and EXOs, based on their differences in size, density, and
immunoaffinity. Several methods have been developed towards this effort depending on
the target characteristic (Figure 1.3).

To isolate and separate EVs populations based on their size, techniques including
ultrafiltration®®, microfluidics®, size-exclusion chromatography®?, and lab-on-chip
technologies®® are commonly used. For EVs density-based isolation, standard techniques
include: ultracentrifugation®, polymeric precipitation®, and sucrose gradient®. Lastly,
EVs isolation based on immunoaffinity can be performed by immunomagnetic beads
separation®® and immunoassays®” *€. Furthermore, a combination of several isolation
techniques is a common approach to generate a larger yield of EVs. For instance,
ultracentrifugation remains by far the most widely used EV isolation technique across the
field, and it is usually performed along with filtration and several differential cycles of
centrifugation (differential ultracentrifugation (dUC)). This combination of techniques
has become the gold standard technique for EV isolation®®. For our purposes, EVs were
isolated and separated in two populations, MVs and EXOs, based on their density and
size difference using dUC and filtration, as described in detail in chapter 3 and 4.

A full understanding of EVs, their working mechanisms, and their potential as
important disease biomarkers relies on proper characterization of EV samples. It is
essential to study and understand EV physical and compositional characteristics to fully
exploit the potential of these nanoparticles as biomarkers, drug carriers, intracellular
communication vehicles, among others. For instance, identification of EV surface and

cargo composition is critical for the development of nanoparticles mimicking EV
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functions or to simply understand their effect on promoting disease. In the same manner,
to characterize individual subpopulations of EVs, MVs and EXOs, it is necessary to detect
surface- and/or cargo- associated proteins specific to each subpopulation. Towards this
end, Western Blot (WB) or immunoblotting is the most common technique to detect
specific protein markers associated to MVs and EXOs. Tetraspanins are a family of
proteins involved in several cell processes as cell adhesion, invasion, motility, and
signaling. Tetraspanins CD9, CD63, and CD8L1 are highly expressed in EXOs and have
become their main marker in WB!%, Besides CD8, CD63, and CD81, Alix, an important
protein in the formation of EXOs; and Flotillin, a protein that plays an essential role in
membrane fusion, are widely used as EXOs markers in WB%. On the other side, to
characterize MVs, membrane proteins of the mother cell are typically used as MVs
markers since they directly bud from the plasma membrane of the mother cell. For
instance, Grange and colleagues used CD105 as a marker of MVs derived from CD105*
cancer stem cells*®. Moreover, if a more comprehensive biological characterization of
EVs is needed, lipid, protein, and nucleic acid content are usually assessed by lipidomic,
proteomic, and transcriptome profiling. Towards this end, we offer a complete proteomics
analysis of MDA-MB-231-derived EXOs including the detection of main exosomal
markers (CD9, CD63, CD81, Flotillin, and ICAM-1) in chapter 4.

In the same manner, physical properties like morphology, size, concentration, and
charge have crucial contributions to the function and working mechanism of EVs (Figure
1.4). For example, EV size'® and charge have been shown to play a pivotal role in
molecular interactions and internalization by cells®®. Electron microscopy is the standard

technique to image EVs and study their morphology while atomic force microscopy
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(AFM)1% is typically the gold standard to study EVs structure!®. For EVs size
measurements, Nanoparticle Tracking Analysis (NTA) and Dynamic Light Scattering
(DLS) are the most commonly used methods'®. Both techniques analyze the Brownian
motion of EVs to find their size, but NTA measures the particle diffusion and DLS
measures the changes in scattering intensity of the bulk sample. Although less common,
high-resolution flow cytometry could also be used to measure the size of fluorescently
labeled EVs'® NTA is also the traditional system used to measure EV particle
concentration followed by Resistive Pulse Sensing (RPS) which uses the principles of the

Coulter effect to measure EVs particle concentration and size °’. To find EV charge,

EVs physical properties for characterization
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Figure 1.4. Physical properties and quantification of EVs. Size, concentration, density,
structure, optical properties, and charge are the most studied physical properties of EVs. All these
characteristics play an essential role in EVs function and interaction with cells1,

Laser Doppler electrophoresis ( LDE) and Electrophoretic Light Scattering (ELS) are
widely used to find the Zeta potential of EVs, a measure of the surface potential that
indicates surface charge and colloidal stability of EVs; RPS is also suitable to find EVs
charge!®®,

A complete characterization including both biophysical and compositional
aspects will generate a deeper knowledge of EV origin and biological function'®. EV

characterization aspects required are determined by the information needed for the
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particular study and by the minimal requirements established by The International Society
for Extracellular Vesicles (ISEV) for published work. Due to the large increase in
scientific publications involving EVs and their physiological and pathological roles in the
past two decades, the ISEV established the Minimal Information for Studies of
Extracellular Vesicles (“MISEV”) guidelines in 2014 and an updated version in 2018,
The MISEV includes: a) a quantitative measure of the source of EVs such as the number
of secreting cells, mass of tissue, or the volume of biofluid used; b) a measure of the
abundance/density of EVs like total particle number or concentration, protein content, or
lipid content; c) a test for the presence of proteins associated to EVs like immunaoblotting
to test specific markers of MVs and EXOs ; and d) a test for the presence of non-vesicular,
co-isolated components such as immunoblotting for the detection of proteins contained
in the cells as well as in MVs and EXOs, such as actin. All the guidelines dictated by
MISEV were followed for the characterization of EVs in our work as seen in chapter 3

and 4.

1.4. Molecular interactions between EVs and cells
1.4.1 EV targeting to cells

One of the key features of EVs is their large and highly interactive surface area,
compared to their volume. Their complex surface composition including, but not limited
to, proteins, lipids, glycans, and proteins specific to the mother cell, play pivotal roles in
EV surface interactions with components of the extracellular space!®. EV surface
composition mediates and facilitates many biological processes including EV motility,
target cell recognition, contact and fusion to the targeted cells and cellular uptake of EVs.

Both, EV surface composition and the origin of the mother cell, influences the types of
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target cells for a specific kind of EV. Targeting of cells by EVs relies on cells having
appropriate receptors for surface components to allow EV contact and binding (Figure
1.5). Since EV-cell interaction is a specific process, not all types of EVs interact with all
types of cells. For instance, Losche and colleagues showed that platelet-derived EVs
interact with endothelial cells and macrophages but did not exhibit any interaction with
neutrophils!™. However, conversely, several groups have shown that neutrophil-derived
EVs can interact with macrophages, endothelial cells, and platelets''?114,

Integrins and tetraspanins
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Figure 1.5. Molecules involved in EV-cell contact and binding. EVs surface components
including integrins, proteoglycans, tetraspanins, adhesion proteins, ECM proteins, and lipids,
mediate the contact and binding of EVs to target cells''®. PS: Phosphatidylserine, TIM4: PS
receptor, ICAM: intercellular adhesion proteins. Created with BioRender.com

The same pattern of specificity is observed in vivo where EVs from specific origins
interact with different target tissues/cells. In a study done by Wiklander and colleagues,
mice treated with EVs from different origins showed that melanoma derived EVs were
mostly attracted to the Gl-tract and lung areas while dendritic cells derived EVs mostly

accumulated around the spleen®'®,
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1.4.2. Mechanisms of interaction between EVs and target cells

Several interactions between EVs and target cells have been established, mostly
classified as direct interactions with the membrane or interactions mediated by a receptor
in the membrane of target cells. The mechanisms of EV-target cell interactions have been
studied and summarized by some thorough reviews!® 117 118 However, they can be
simplified in three main types: EVs attach to the surface or the target cells followed by:
1) direct fusion with the plasma membrane and release of EV cargo; 2) binding to a
receptor and activation of signaling pathways and downstream response; and 3) EV
internalization by several types of endocytosis and internal fusion with endocytic
membranes and release of EV cargo into the cytoplasm (Figure 1.6)10 115 119, 120
Outcomes of such interactions differ from case to case depending on the origin of EVs,
the nature of the interaction, and the type of target cell. In the case of cancer derived EVs,
existent evidence shows that such interactions lead to disease characteristic behavior in
the recipient cell* %1820, The surface composition of EVs influences the type of recipient
cell to target, whereas the kind of interaction (1, 2 or 3 in Figure 1.6) taking place between
the EV and the recipient cell, is mostly influenced by the surface composition of the
targeted recipient cell*®®. For instance, pancreatic cancer derived EVs were successfully
internalized by peritoneal exudate cells but their uptake was significantly lower when
internalized by T-cells!?!. These findings suggest that EV-cell interactions are highly
specific and depend on the right combination of ligand and receptor in EVs and target
cells. Therefore, EVs might be able to interact and influence different types of cells but
the mechanisms leading to it differ from cell to cell'®. These questions are still open and

an active area of research.
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Figure 1.6. Mechanisms of interactions between EVs and target cells. After initial contact,
there are three main routes employed by EVs to generate an effect on target cells. 1) EVs fuse
directly with the plasma membrane of the target cells and release their cargo; 2) EVs generate a
signaling response by interacting with surface components of the target cell, and 3) EVs are
internalized by the target cell by several endocytosis pathways. Created with BioRender.com

1.5. Supported lipid bilayers as a cell membrane model system

Supported lipid bilayers (SLBs) are a gold standard cell membrane model system
commonly used in several research fields to study the cell membrane, biomolecular
interactions of their components, and biointeractions with external particles'??. SLBs
mimic the configuration of the cell membrane, harbor the hydrophobic phase to protect
its constituents, and allow lateral diffusion of its lipid and protein constituents®. Their
solid support and two-dimensional geometry allow the use of several characterization

techniques described in detail in chapter 225, SLBs are commonly formed on a solid
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hydrophilic surface by several means: 1) the fusion of vesicles, 2) by transfer of sequential
monolayers with the Langmuir-Blodgett technique, or 3) by a mixture of both techniques.
However, several other techniques for formation of SLBs have been established and will
be reviewed in detail in Chapter 2.

Although some of the formation techniques allow incorporation of proteins into
the SLBs to better mimic the cell membrane, it is often a challenging process. One of the
main issues is the small aqueous space between the solid support and the bilayer (~1.0-
2.0 nm)?" 12 which often is not enough to accommodate and allow mobility of the
extracellular domain of some proteins, resulting on non-diffusivity in the plane of the
membrane or in protein denature'?*. Towards that end, several groups have incorporated
polymer cushions directly on the solid support to increase the water gap between the
support and the bilayer and to allow the incorporation of transmembrane proteins with
long cytoplasmic domains in a laterally mobile form!? 26 This polymer cushion
provides stability through their linkage of the bilayer to the solid support and a soft
support for the bilayer. Cellulose’?” and dextran'?® have been successfully used as
cushions for SLBs but polyethylene glycol (PEG) functionalized with lipids or acyl
chains is by far the most common polymer cushion used?® %%, Incorporation of PEG as a
cushion is thought to create a larger lubricating water space, estimated to be between 5.0-
10 nm depending on the length of PEG™?, between the support and bilayer to allow
incorporation of transmembrane proteins. Besides creating a larger water space, PEG has
an antifouling nature resulting in minimal interactions with proteins and lipids, within the
bilayer'3: 132 Another major challenge of protein incorporation into SLBs is the

reconstitution of membrane proteins into vesicles can result in altered or denatured
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proteins®®3. In this regard, our group has developed a technique to introduce membrane

proteins into SLBs using cell membrane blebs to form hybrid SLBs (Figure 1.7).
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Figure 1.7. Formation of hybrid SLBs without and with cushion. A) Cell blebs are generated
from the mother cell through chemical treatment. Blebs expressing native proteins of the mother
cell are initially adsorbed into the glass support followed by addition of B) fusogenic liposomes
or E) fusogenic PEGylated liposomes. Spontaneous rupture of liposomes (C) or PEGylated
liposomes (F) induces rupture of blebs to form a SLB. D) SLB components are stuck to the glass,
due to the small water gap, and are not mobile compared to G) where proteins are able to diffuse
in the plane of the bilayer as a result of the extra lubricating water space created by the PEG
cushion. Created with BioRender.com
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Cell membrane blebs are proteoliposomes bud by the plasma membrane of the mother
cell by chemical treatment. Blebs are adsorbed into a solid support and fused with the
help of PEGylated liposomes via vesicle fusion to form a SLB that retains the membrane
proteins from the mother cell membrane and have a larger water space between the bilayer
and the support as seen in Figure 1.7 . We have previously shown that our cell
membrane bleb bilayer is a great biomimetic mammalian cell surface platform that
preserves protein orientation, mobility, and activity under certain conditions®*. Therefore,
we used this technique to create systems to mimic the membrane of EVs and cell

membrane of ADSCs for the rest of this work.

1.6. Summary:

Many types of eukaryotic cells produce EVs, but their secretion is upregulated
during cancer. Two main EVs subpopulations include MVs, bud from the cancer cell
plasma membrane and are typically between 120-1000 nm; and EXOs, ranging between
30 and 120 nm in diameter, are originated in the multivesicular bodies and as that fuse
with the plasma membrane, EXOs are secreted into the extracellular space. Both EVs
types have complex surface and cargo compositions including proteins, lipids, and
nucleic acids. EVs play an important role in the tumor microenvironment (TME)
facilitating intercellular communication between cells in the tumor and those in the
stroma and on distal sites. That exchange of information between cells favors
tumorigenesis and cancer progression in different ways including promotion of
angiogenesis, EMT, and cancer immunosuppression. For instance, interactions between
breast cancer EVs and ADSCs, an important cell type in the TME, and subsequent transfer

of oncogenic information, induce upregulation of VEGF secretion in ADSCs and their
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differentiation to myofibroblasts. Both outcomes highly favor tumorigenesis by
contributing to a highly inflamed TME and to angiogenesis to promote tumor
proliferation facilitating the access of nutrients and oxygen. The specific interactions
between breast cancer EVs and ADSCs leading to those outcomes have not been
understood, in part, due to the absence of techniques to study them and to decouple
surface interactions from internalization or cargo delivery. Towards this end, in the next
chapters, | will introduce two in vitro systems to facilitate the isolation, study, and
screening of blocking strategies of surface interactions between EVs and ADSCs. SLBs
are the standard membrane model system to study the cell plasma membrane and its
interactions with external agents. Our group developed a method to integrate membrane
proteins into SLBs using cell membrane blebs, proteoliposomes shed by the cell
membrane, to form hybrid SLBs. Using this method, | made two hybrid SLBs platforms
that incorporate membrane components of breast cancer EVs, both MVs and EXOs, and
of ADSCs, making fine biomimetic membrane models of EVs and ADSCs membrane.
Insights into their development and applications will be presented in chapters 3 and 4.
Additionally, the next chapter reviews SLBs formation, characterization, and applications

in cell culture, as the main system used in this body of work.
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2.2. Abstract

The development of biofunctionalized substrates that support cell adhesion and
growth is an ongoing effort in several fields including tissue engineering and drug
development. Glass and polystyrene treated with ECM proteins, like fibronectin and
collagen, or adhesion peptides, such as RGD and IKVAV, are the most common
substrates for cell culture. Despite the value of these approaches, they have their
limitations, as they do not fully recapitulate all of the characteristics of a cell’s
microenvironment. This can lead to altered morphology and non-physiologically relevant
cell behavior'®*. Supported lipid bilayers (SLBs) have recently emerged as cell culture
platforms with several applications including immunology®*®, neurology*, stem cell
differentiation’3” 138 among others. SLBs are the standard cell membrane model and can
mimic the native configuration and two-dimensional fluidity of the cell membrane,
providing a better biomimetic model of the cell microenvironment®?. Numerous
techniques have been developed to biofunctionalize SLBs to better recapitulate the in vivo
cell microenvironment and provide a more accurate cell culture system. Here, we review
several studies and approaches used to functionalize SLBs with ECM adhesion proteins
and adhesion peptides to study a wide range of cellular processes including neural cell

adhesion%, adherence junction formation*°, and stem cell differentiation%,

2.3. Introduction
Creating biofunctionalized surfaces for cell culture systems is an ongoing area of
research that is relevant to many applications including tissue engineering, regenerative

medicine, cell-based diagnostics, and drug screening and development. The most
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traditional and common systems used to adhere and support cell growth have been glass
and polystyrene (PS) substrates. Glass was historically the first cell culture surface used
at the beginning of the 20" century**! *2 Its broad availability, compatibility with
solvents for easy cleaning and reuse, and transparency, made it the perfect candidate. For
instance, experiments that advanced cell culture with the establishments of famous line
cells like HeLa and CHO, were performed on glass vessels**'. However, with the plastic
boom of 1950s in many industrial areas, plastic, particularly PS, became a popular cell
culture surface in many labs'*3. PS also offers great optical clarity, and it is widely
available, and it is disposable and inexpensive. Because of these advantages and its
compatibility with mass production, PS soon replaced glass and became the standard
platform for cell culture!**. Glass, on the other hand, is still the preferable choice for
imaging since its low refractive index allows better image quality®.

Although these mechanical and physical properties made glass and PS adequate
candidates for cell culture, cell adhesion and growth are difficult in the native form of
both materials since they are far from replicating the in vivo cell microenvironment
consisting of an organized combination of extracellular matrix (ECM), physical
properties, and mechanical support and applied forces!® 247, To overcome this drawback
and in an effort to better represent the native cell microenvironment, biofunctionalization
of PS and glass surfaces has been done using biological and synthetic materials able to
improve cell attachment and spreading. The most common biological coatings include
ECM proteins such as collagen, fibronectin, and laminin, and adhesion proteins like
RGD; and synthetic coatings commonly include poly-lysine and poly-L-ornithine®,

Although these treated platforms greatly favor cell adhesion and development, they still
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lack the rich mechanical properties characteristic of the cell microenvironment leading
often to physiologically irrelevant cell morphology and functions®** 14°,

Recently, SLBs have emerged as alternative cell culture systems that better mimic
aspects of the in vivo cellular microenvironment and facilitate the study of processes
occurring at the cell membrane interface. Complex processes such as cell adhesion, cell-
cell and cell-ECM interactions and drug interactions have been studied using SLBs %
13, SLBs can mimic the native configuration of the cell membrane by recapitulating the
membrane’s protein and lipid content, two-dimensional fluidity, and the surrounding
ECM that make up the cellular microenvironment. These biomimetic characteristics have
made SLBs the standard model cell membrane system and an attractive cell culture
platform in many areas of research 231, In particular, SLBs have been crucial to study
of specific cell-cell interactions within the immune system since the 1990s?" 1%,
Specifically, they have been used to reconstitute the immunological synapse!®, immune
cell adhesion®® and T-cell activation™®> %, In addition, SLBs have been used as a cell
culture platform for studies of neuronal activation and synapse®® 3!, the cell-ECM
microenvironment®®!, mechanobiology'®> %8, stem cell adhesion and differentiation**"
159 virus-cell fusion®®® 61 extracellular vesicle-cell interactions®, and signaling
studies'®?. The SLB system offers many advantages including: i) easy composition
tunability, ii) complete control over the bilayer composition, iii) compatibility with
several characterization and imaging techniques because of their planar geometry and
rigid support, and iv) cell membrane lateral diffusivity, allowing mobility of the proteins
present or functionalized on the surface of the bilayer mimicking native movement on the

cell membrane. These unique characteristics make SLBs an ideal tool to study a diverse
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range of membrane interactions at this interface. SLBs are also biocompatible because
they are composed of zwitterionic lipids, which are nonfouling and resistant to the
nonspecific adsorption of proteins and cells. Far from being a “disadvantage” of these
systems, this aspect can be engineered to control the adsorption of proteins and
attachment of cells to these platforms 3% 158 163-168 Towards this end, several research
groups have modified SLBs nonfouling nature to enhance cell adhesion using different
physiological and/or compositional strategies. In this review, we survey the main
techniques used for the formation and characterization of SLBs. We also present the
techniques implemented to biofunctionalize the surface of SLBs with adhesion proteins

and peptides and their applications as cell culture platforms in different research areas.

2.4. Supported lipid bilayer (SLBs) formation and characterization
2.4.1. Methods for the formation of SLBs

Supported lipid bilayers coupled to solid supports are formed in one of three ways:
vesicle fusion %°, Langmuir Blodgett/Langmuir Schafer'®> 170, or a combination of the
previous two techniques: Langmuir-Blodgett/vesicle fusion®®. In addition to these
standard approaches, alternative methods to form SLBs on solid supports include using
lipid/detergent mixed micelles’**3 a droplet interface bilayer method, a solvent-assisted

lipid bilayer (SALB) technique, and bicelle fusion 4,
2.4.1.1. Vesicle fusion technique

Vesicle fusion (VF) was first introduced as a technique to form SLBs 30 years
ago by Brian and McConnell'”® and Kalb et al.}’®. VF is considered the simplest SLB
formation technique and is based on the idea that when vesicles encounter a clean

hydrophilic support, they fuse spontaneously and form a supported bilayer?: 170 175,177,
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Small unilamellar vesicles (SUVs) of pure lipid composition or proteoliposomes between
20 to 100 nm'’® are prepared by the desired method and used as the starting material.
SUVs are usually prepared by extruding a lipid solution through a polycarbonate
membrane with pores <100 nm at high pressure!® 17°. However, other methods such as

180 and variation of pH®! have been

sonication and ultracentrifugation of lipid solutions
successfully used to form them. The prepared bulk solution of SUVs is then added onto
a clean hydrophilic surface (glass, quartz, or mica), where the vesicles adsorb, rupture
and fuse with another one to form a continuous bilayer; unruptured SUVs are washed
out with a buffer (Figure 2.1a)7% 173 175,182,183 " Although there are some gaps on the
understanding of SLB formation via SUVs fusion, it is thought that after a critical
concentration (0c) of SUVs are adsorbed onto the support, an initial vesicle fuses
spontaneously with the support forming a SLB patch. Other SUVs interact with the active
or energetically unfavorable edge of that SLB patch and fuse with it to form a continuous
bilayer?® 82, Interactions between SUVs and their subsequent fusion to form a continuous
bilayer depend on different conditions, such as their size, composition, and electrical
charge®® 165 182 a5 well as the properties of the surface used as a support and the
temperature!®* 18, Various strategies can be used to enhance the fusion of SUVs to the
surface such as the addition of fusogenic compounds like polyethylene glycol (PEG)® 18
and creating osmotic pressure through the SUV membrane!®> 182,185,

VF is an easy and accessible technique that enables high-quality SLBs to be
generated using simple equipment. It is also a very versatile technique allowing the

SUV’s lipid composition to be tuned to fit the desired experimental specifications®® 173

182 This adaptability has made VVF the base method to form multilayer supported lipid
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Figure 2.1. Methods for preparation of supported lipid bilayers. A) In the vesicle fusion (VF)
method, vesicles are adsorbed onto a support, where they rupture and form a bilayer
spontaneously. VF is the simplest and most common method to form SLBs but is not useful
preparing asymmetric bilayers. B) In the Langmuir-Blodgett (LB) method, the solid substrate is
drawn through a monolayer of one lipid A (blue) and pushed through a second layer of lipid B
(gray) producing an asymmetric layer. C) In the Langmuir-Blodgett/Langmuir-Schaeffer (LB/LS)
method, formed monolayers are transferred to a solid substrate in consecutive operations. D)
LB/VF method allows asymmetric bilayers to be made in situ and are ideal for conducting
measurements on SLBs immediately after preparation. Adapted from Sanderson et al.'®’.
Created with BioRender.com

membranes®® 188189 and complex SLB systems'®2, For instance, hybrid SLBs which are
composed of supported bilayers containing lipids and cellular membrane components, are
complex SLBs that closely mimic the native cell membrane of the originating species and
are formed using the VF method® 34 %0, Moreover, polymer-supported bilayers,*”

53



formed by SUV fusion on a polymer-treated surface, make excellent cell culture systems
where the polymer works as a cushion between the SLB and the solid support allowing
lateral mobility of proteins'®: %, In the same manner, complex SLBs needed to study
SLB-live cell interactions are commonly generated using the VF method and
functionalized using different strategies such as biotinylation'® %3 thiol maleimide
covalent coupling®4® 1% and protein incorporation!’’: 1% |

One of the original drawbacks of the VF method was the inability to visualize and
study domains within the bilayer, such as lipid rafts and protein clusters, using
epifluorescence microscopy due to their small size and difficulty to detect 17°. However,
techniques like atomic force microscopy (AFM), fluorescence recovery after
photobleaching (FRAP), and total internal reflection fluorescence microscopy (TIFRM)
can be utilized to overcome those challenges due to their high optical resolution. Another
disadvantage of using the VF technique to form SBLs is the inability to control the
orientation of the proteins within the supported bilayer'’® and the difficulty in making

asymmetric bilayers containing two different membrane layers'®,

2.4.1.2. Langmuir-Blodgett technique

The Langmuir-Blodgett (LB) was historically the first technique developed to
form SLBs. Developed by Irving Langmuir and Katharine Blodgett in 1919, this
technique allows the transfer of a fatty acid monolayer at the air-water interface onto a
solid substrate. This technique was not adapted to form SLBs until Tamm and McConnell
did so in 1985%". The LB technique results in the formation of stacked layers of
amphiphilic molecules such as lipids. Because of their innate properties, these molecules

self-organize in the air-water interface to minimize free energy and form a monolayer
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with headgroups immersed in the liquid phase and tail groups facing the air or gas phase,
known as a Langmuir film'%. Using a Langmuir trough filled with a subphase (water or
buffer), the monolayer is transferred from the air-water interface to a hydrophilic
substrate (glass, quartz, mica, silicon dioxide, silicon wafers, or thin sections of metals).
The transfer is done by dipping a hydrophilic slide into the subphase or buffer and
retracting it slowly, while the surface pressure is kept constant by compressing the
remaining part of the monolayer. During this process, the hydrophilic headgroups of the
monolayer interact with the hydrophilic surface, transferring the monolayer to a solid
support'® 1% To form a SLB, a second monolayer is transferred by submerging the
substrate into the subphase and repeating the process, as seen in Figure 2.1b. Therefore,
multilayers can be built by successive transfers of monolayers onto a substrate!®® 182, The
LB technique is often used to transfer the first or LB monolayer, and the outer monolayer
is transferred to the substrate by a technique known as the Langmuir—Schaefer (LS)
technique. Vincent Schafer and Irving Langmuir first introduced the LS technique to
form pepsin and urease monolayers®’. This technique is similar to the LB method, but
the substrate is submerged in the subphase in a parallel orientation to the air-water
interface for deposition of the monolayer. This is in contrast to the perpendicular
orientation used in LB technique. Because of the substrate orientation during monolayer
transfer, the LS method is also known as horizontal deposition®® 1%, The LS technique
is frequently used to deposit the outer monolayer to form a SLB, as shown in Figure 2.1c.

The LB/LB and LB/LS techniques are commonly used to form asymmetrical
SLBs since the composition of both monolayers is not necessarily identical. The ability

to form asymmetrical SLBs is the main advantage of these methods in comparison to the

55



VF technique since membrane asymmetry is an important property of cells. Furthermore,
this technique allows control over the thickness and molecular organization of the SLB.
However, the LB/LB and LB/LS techniques are not without their limitations. As
evidenced by Tamm and McConnell’s?’ pioneering work using LB, one of the main
disadvantages of this method is the difficulty of incorporating transmembrane proteins
into the monolayers. This is because part of the monolayers is exposed to the air-water
interface before monolayer transfer onto the substrate and this exposure can lead to the
irreversible denaturing of membrane proteins.
2.4.1.3. Langmuir-Blodgett/vesicle fusion technique

The Langmuir-Blodgett/vesicle fusion (LB/VF) technique, which combines the
LB and VF methods, was first used to form an SLB on a quartz supported LB monolayer
16 The inner first supported monolayer is formed first using the LB method by
transferring a lipid monolayer from the water-air interface to a hydrophilic substrate.
Then, using the VF method, unilamellar vesicles added to the dry LB monolayer fuse,
forming the outer or second layer of the SLB (Figure 2.1d). The LB/VF technique offers
the following advantages over the LB and VF methods: i) incorporation of
transmembrane proteins, by integrating them into the lipid vesicles, in the SLB99-2%1 ijj)
creation of asymmetric bilayers?®?, iii) and the formation of each monolayer from
different compositions®> 203, In addition, the lateral diffusion of integrated
transmembrane proteins in the SLB can be increased by adding a polymer cushion

between the bilayer and the substrate, like in \VF!31 204,205,
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2.4.1.4. Emerging techniques for SLB formation

Although VF, LB, and variations on these methods are the most common
techniques used to form SLBs, several promising methods to form SLBs have been
developed including spin coating, solvent exchange, and bicelle-based approaches.
Mennicke and Salditt?% first introduced spin coating (SC) in 2002 as a method to create
stacks of more than two SLBs, which is not possible with any of the previously mentioned
techniques. To make SLBs, a lipid mixture dissolved in an organic and volatile solvent is
deposited and spread onto a clean substrate on a spin coater. Next, it is accelerated to a
desired rotational speed (usually 1000-3000 rpm) to remove the solvent and generate a
dry lipid film that is then hydrated with the preferred buffer'? 170297 The main advantage
of the SC technique is the ability to form highly oriented stacks of up to 30 bilayers'®
206 Since SC is still a new technique, integrating proteins into the SLB using this method
has only been done with peptides and short membrane proteins mixed with the initial lipid
composition?%® 20° - Additionally, Mashaghi and Van Oijen combined VF and SC and
fused proteoliposomes containing membrane proteins on a SC-produced SLB!?°,

Solvent-assisted lipid bilayer (SALB) is based on the solvent-exchange concept,
which shows that as the solvent of a phospholipid mixture is exchanged from isopropanol
to water, the phospholipids have a series of phase transitions from inverted micelles to
lamellar phase vesicles leading to the formation of a SLB?* 2!, The SALB technique
was first introduced by Tabaei et al?'? in 2015 to easily form SLBs on silicon dioxide and
gold. In their method, lipid mixtures in a water-miscible organic solvent (preferably
isopropanol) on a solid substrate, are changed to an aqueous buffer in a single solvent

exchange step forming a SLB'"* 212, The main advantages of SALB are: i) simple
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experimental preparation, since lipids are dissolved in an organic solvent, ii) the ability
to use several types of substrates and lipids, and iii) the simplicity of the equipment
needed’* 213214 The main disadvantage of the SALB method is the need for extensive
washing of the SLB after formation to assure complete removal of the organic solvent
(isopropanol) used initially 1" 2!, Moreover, incorporating membrane proteins into the
SLBs using the SALB method is also challenging; the organic solvent-water mixture used
during solvent exchange can lead to protein denaturation®’* 25,

The bicelle method (BM) was first introduced by Zeineldin et al. in 2006 to form
supported and suspended lipid bilayers on flat and nanotextured silicon substrates?®. In
this procedure, a dry film of lipids is hydrated using a buffer followed by a series of
freeze-thaw-vortex mixing cycles*’* 2", Several groups have demonstrated the successful
formation of SLBs using bicelle mixtures of both long and short-chain phospholipids’*
216-218 - One of the advantages of using the BM is the ability to form SLBs with high
cholesterol concentrations'®. Jackman et al. showed that bicelles containing up to 40
mol% cholesterol formed homogeneous and complete SLBs; formation of SLBs with this
high amount of cholesterol using conventional methods like VVF is very challenging®®.
Furthermore, since bicelles are ideal environments to host membrane proteins?® 222, the
formation of SLBs with incorporated membrane proteins is a great advantage of BM?4,
To form SLBs using BM requires only simple laboratory equipment, such as a vortex and
a sonicator. Moreover, SLBs can be formed using very low concentrations of lipids, or
typically 10-fold less than the lipid concentration needed to form SLBs by VF4 27 |n
the field BM is a new technique that shows great potential as a simple, cost effective and

adaptable method to form SLBs.
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2.4.2. Characterization of SLBs

One of the main advantages of the SLB system is the compatibility that their 2D
geometry and solid support offer with several characterization tools. Fluidity and surface
coverage are the main characteristics of SLBs since they are fundamental qualities of a
strong cell membrane biomimetic model. The most common methods to characterize the
SLB surface coverage and fluidity are fluorescence microscopy, quartz crystal
microbalance with dissipation (QCM-D), atomic force microscopy (AFM), and surface
plasmon resonance (SPR).
2.4.2.1. Surface coverage

SLBs surface coverage is commonly assessed using several types of fluorescence
microscopy (FM). Simple techniques such as epifluorescence microscopy allow
visualization of the integrity of the bilayer through imaging fluorescent moieties that are
incorporated in the lipids or proteins used to generate the bilayer (Figure 2.2a). Higher-
resolution FM techniques like near-field scanning optical microscope, Forster resonance
energy transfer, and total internal reflection fluorescence (TIRF) have all been used to
study the integrity of SLBs. These imaging techniques have also been used to examine
more in-depth features of SLBs, including protein interactions??®, microdomains??, lipid
asymmetry?%2 22 and lateral diffusion of single proteins within the bilayer??°
Additionally, research groups have previously characterized the lipid bilayer phases of an

SLB using confocal microscopy??’

and two-photon fluorescence microscopy to examine
the texture/surface of lipid bilayer domains??. Fluorescence microscopy also allows one
to determine the lateral diffusion of a formed SLB, which is an essential feature of a good

bilayer. Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation
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spectroscopy are two types of microscopies that have been used towards this end.

High-resolution FM techniques, such as near-field scanning optical microscope
facilitate the visualization of small surface defects in a bilayer. Atomic force microscopy
(AFM) has become the standard technique to study the nanoscale structure of SLBs,
allowing the detection of surface defects on the order of 10 to 500 nm*®®. The basic
principle behind AFM is a sharp nanoscale tip attached to a cantilever forms a spring to
scan the surface of an SLB (Figure 2.2b). When the tip is in contact with the SLB, the
cantilever bends, and the deflection is captured by a laser diode and a split photodetector.
This deflection event is sensitively measured in piconewtons, and it is measured as a tip-
SLB interacting force. AFM generate 3D images of the SLB surface for further analysis.
Thus, this technique offers the measurement of a SLB’s physical and mechanical
properties at high spatial resolution and images surface defects at the nanoscale. AFM
also can provide analysis of SLB interactions with detergents, peptides, proteins, drugs,
and nanoparticles. Excellent reviews on the characterization of SLBs by AFM are
available by El Kirat et al.*®® and Dufréne and Lee??,

In the last two decades, quartz crystal microbalance with dissipation (QCM-D)

has become a standard technique to characterize SLBs?*°

. This technique is used to verify
their formation and assess bilayer quality, mass, and thickness. QCM-D can also provide
information about SLB interactions with external components, such as nanoparticles 2.
QCM-D characterization of SLBs is usually paired up with an optical tool to visualize the
formed SLB. QCM-D uses a quartz crystal sensor located between two electrodes excited

by an electric field generating oscillatory movements?:3. Frequency and dissipation

measurements from the oscillating sensor are generated, providing readouts on the
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mechanical properties of the SLB such as mass, thickness, and viscoelasticity (Figure
2.2c)17,

Surface plasmon resonance is another technique that provides real-time detection
of SLB formation and interactions between the formed bilayer and external agents. Its
basic principle is to measure the changes in the refractive index at the surface of a gold
sensor as interactions between two agents are happening. One of the agents (e.g. a ligand)
is immobilized on the surface of a gold sensor; the other agent (the analyte) is flowed in

excess over the surface to allow binding®3?

. Measurements generated by SPR allow the
study of SLB formation, bilayer thickness, and membrane binding kinetics.

A combination of the methods described above can provide a complete
characterization of SLBs. Parkkila and colleagues?*® used SPR and QCM to characterize
SLBs originating from synthetic lipids on silicon dioxide surfaces. This strategy allowed
them to assess the thickness, refractive indices, linear dispersion coefficient, and critical
biophysical details of the SLB with great accuracy. Similarly, a combination of optical
and analytical tools facilitates the improved analysis of the SLB formation process. AFM,
QCM-D, and ellipsometry were used in combination by Richter et al.?** to characterize
the formation of synthetic SLBs on mica and provided a detailed picture of the
mechanisms of lipid vesicle deposition. Using these methods, the authors obtained the

kinetics of SLB formation (QCM-D), the overall quality, stability, and mobility of small

regions of the SLB (AFM), and the total dry mass or desorption of lipids (ellipsometry).
2.4.2.2. Fluidity and lateral diffusion
The plasma membrane is a highly dynamic region in which integral-membrane

proteins and lipids are continuously moving laterally. The appropriate localization and
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lateral mobility of proteins within the membrane is partly determined by the fluidity of
the membrane. One of the key features of a SLB is the retention of this membrane fluidity.
Fluorescence recovery after photobleaching (FRAP) and fluorescence correlation
spectroscopy (FCS) are techniques used to study SLB fluidity by assessing the mobility
and lateral diffusion of membrane constituents. For both techniques, lipids or proteins
forming the SLB are fluorescently labeled to enable SLB imaging by FM. FRAP employs
a laser beam to photobleach a small area of the fluorescent bilayer, and the fluorescence
recovery is monitored over time. In a fluid bilayer, fluorescently labeled components
outside of the photobleached area will laterally diffuse through the membrane and restore
fluorescence to the previously photobleached spot. That time-dependent fluorescence
recovery data is used to find the diffusion coefficient (D) of the fluorescent tracer used
(Figure 2.2d) 3. Because of its simplicity, noninvasiveness, and compatibility with a
wide range of FM tools, FRAP is the standard technique used to assess the lateral
diffusivity of SLBs. FCS coupled with fluorescence microscopy is widely used to study
molecular diffusion in SLBs as well. FCS focuses on small volumes (1 pm?®) of
fluorescently labeled particles in the SLB, analyzes how the fluorescence intensity
fluctuates in that specific area, and records measurements with high temporal resolution
(Figure 2.2e). Using statistical analysis to measure the changes in fluorescence intensity
over time, the diffusion coefficient (D, pm?/s) of the fluorescent tracer can be obtained?3®.

To study lateral diffusion of individual proteins, single-particle tracking (SPT)
coupled with TIRF is a frequently used approach. Images obtained by TIRF are analyzed

using specialized software to find the location of each fluorescent molecule (Figure 2.2f).
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Figure 2.2. Methods for characterization of SLBs. A) Fluorescence microscopy (FM).
Visualization of SLB formation from 10-60 mol % cholesterol-rich bicellar mixtures®®. B)
Atomic Force Microscopy (AFM). Schematic of AFM set-up with two modes: imaging and force
microscopy. A 3D plot of Dipalmitoylphosphatidylcholine/Sphingomyelin (SM)/Cholesterol
(Chol) 2:1:1 (mol/mol/mol) supported bilayer is presented as well as a typical force curve
generated from a SLB?’. C) Quartz crystal microbalance with dissipation (QCM-D);
Representative frequency (blue) and dissipation (red) shifts during the formation of a DOPC-SLB
on asilica surface at pH 7.4%%, D) FRAP; fAPN supported bilayer characterization and mobility
by FRAP. R18 fluorescence recovery after photobleaching in a fAPN supported bilayer. The
images correspond to the times for each color-coded arrow on the plot. The data are fit to the
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curve (black line) to obtain the diffusion coefficient?®. E) TIRFM/AFM coupled for
characterization of SLB and study of protein-membrane interactions?®.

Then single-molecule positions across the frames are linked, generating a molecular track
for each molecule/protein studied??. SPT has been previously used to find the lateral
diffusivity of lipids as well. For more in-depth information about these techniques, two
reviews by Machan et al.?*®, and Rose et al.?*! compare the three standard techniques used

to study lateral diffusion in SLBs: FRAP, FCS, and SPT.

2.5. Biofunctionalization of SLBs for cell culture applications
2.5.1. Cell adhesion on SLBs

Cell adhesion is an important biological process by which cells contact other cells
or extracellular matrix (ECM) components via protein complexes. Cell adhesion is an
essential process that affects cell function, regulation, differentiation, migration, and
communication?*?. Changes in cell adhesion are associated with disease progression for
several pathologies, including cancer?® and atherosclerosis,?** making it an important
process study in biomedical research today 24°.

Most mammalian cells grown in vitro are anchorage-dependent, requiring strong
attachment to a substrate for survival and proliferation®*¢. The development of substrates
that facilitate cell attachment and adhesion is therefore imperative in mammalian cell
culture. Supported lipid bilayers have been recently gaining traction as cell culture
platforms®? 1%8.247 "1t was initially observed that SLBs generated from reconstituted lipids,
such as POPC, are not a favorable substrate for cell culture because phosphocholine-
containing lipids are zwitterionic, inert, and lack surface moieties essential for cell
adhesion. As a result, cells are incapable of creating strong adhesions to these platforms®?

158, 163-167 * Several strategies have been developed to modify SLBs to facilitate cell
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adhesion, spreading and proliferation. We will review the most common SLB-based cell

culture systems in the following section.

2.5.2. Functionalization of SLBs surface with adhesion peptides

The standard method used to functionalize the surface of SLBs for cell culture
involves incorporating cell adhesion peptides into the bilayers themselves. The tri-amino
acid sequence, arginylglycylaspartic acid (RGD), is the major integrin-binding domain
mainly present within the ECM protein, fibronectin®?®. Due to its mediating role in cell
adhesion to the ECM and its ability to bind multiple integrins, RGD has become the main
adhesion peptide motif used to promote and control cell attachment to different
biomaterials®*®. Additionally, RGD synthesis is a simple and low-cost process, and its
orientation and density can be easily controlled. For instance, RGD has been previously
utilized to functionalize SLBs surface and allow cell adhesion for different cell
culture/tissue engineering purposes. Different techniques have been employed to
incorporate cell-adhesive peptide ligands (i.e., RGD ligands) into the SLB surface to bind
integrin receptors on the surface of cells and promote cell attachment (Figure 2.3).

The most common method consists of adding free adhesion peptides (ligands) to
the lipid solution used to make the SLB, resulting in lipid vesicles with linked adehsion
peptide ligands'® 20, As the adhesion peptide-liposomes are adsorbed onto the surface,
they fuse spontaneously and form an adhesion peptide-SLB once a critical threshold of
adsorption is reached. Adhesion peptides also can be linked to the SLB via additional
proteins, such as Annexin 5 (Anx5). Anx5 is known to self-assemble into highly ordered
2-D lattices on the surface of SLBs, where they can serve as tethering and support posts

for smaller cell adhesion peptides. Regardless of the approach used, SLB

65



functionalization itself can be closely monitored using QCM-D*% %! and AFM,?? and

successful adhesion and spreading of cells on RGD-SLBs has been achieved by several

groups for different research applications?? 252,
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Figure 2.3. Methods for SLB functionalization with adhesion peptides. a) Schematic
representation of the method used to create peptide-functionalized surfaces for studying adhesion
of neural stem cells. Peptide amphiphiles were formed conjugating a hydrophobic ‘tail’ moiety
to the N-terminus of the RGD peptide via an intermediate PEG spacer consisting of two ethylene-
oxide units?®°, b) SLBs functionalized with bioactive molecules, RGD and Osteocalcin (OSN), to
evaluate cell surface interactions via QCM-D?*, ¢) Scheme of cell culture platform based on a
2D matrix of Anx5-RGD and Anx5-IKVVAV on a SLB. The top is the side view of Anx5-peptide
protein complexes self-assembled in a 2D matrix over a SLB. Peptides are exposed to the aqueous
solution. The bottom shows a top-down view of a closely packed assembly of Anx5-trimers?3,
d) Schematic of SLB containing 2% of biotinylated lipids (1) coated with streptavidin (2) which
binds to the SLB by biotin anchors. The RGD-containing biotinylated peptide is bound on top of
the streptavidin layer (3)%.

For example, Koger and Jonkheijm prepared synthetic SLBs composed of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPQ), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-dioleoyl-sn-glycero-3- phosphoethanolamine (Biotin

DOPE), and biotinylated RGD peptides. Neutravidin, a biotin-binding protein, was used
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to link biotinylated RGD peptides to the Biotin-SLB to form an RGD-SLB (Figure 2.4).
The resulting platform was used to study human mesenchymal stem cell (hMSC)
adhesion and differentiation. Using this platform to culture these cells, they found that
both ligand (RGD) density and mobility significantly affected aspects of the hMSC’s
osteogenic differentiation, such as cell morphology and adhesion?. The results of this
study, along with others, suggest that engineering of ligand presentation in SLBs has the
potential to greatly influence stem cell behaviort®® 2025 For better engineering of these
platforms, it is imperative to consider fundamental properties of the RGD-SLB affecting
cell adhesion, including ligand (RGD peptide) concentration and mobility.

Focal adhesions are organized integrin-containing assemblies that link the cell to
the ECM, via ligands, and directly influence cell signaling and downstream responses
involved in cell adhesion, migration, and differentiation®. One of the aspects interfering
in the maturation of cellular contacts to form focal adhesions is thought to be ligand
concentration and mobility!38 254 2%.257 Because of the versatility of SLBs and the ability
to control ligand presentation on them, they have been previously utilized towards a better
understanding of the role that ligand (adhesion peptide) density and mobility have on cell
adhesion and spreading?®® 2%, For instance, Sandrin and colleagues functionalized a SLB
with a clustered RGD-containing ligand to find the optimal ligand concentration to trigger
human embryonic kidney cells (HEK 293t) cell adhesion and spreading on a fluid
substrate, SLB. The clustered-RGD compound consisted of a cyclic decapeptide scaffold
with two functional domains: a clustered ligand domain for cell targeting via integrin
recognition and a lipid surface anchoring domain (Figure 2.5) to facilitate its

incorporation into the POPC derived SLB.
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on the surface of SLB was varied by tuning the molar concentration of biotinylated functional
lipids. b) hMSCs adhesion after 17 hrs on A) non-treated DOPC-SLB and B) FBS treated glass.
Vinculin staining after C) 17 hrs on 1 mol% biotinyl DOPE-SLB presenting RGD peptide ligands,
D) 24 hrs on 1 mol% biotinyl-N-cap-DOPE — SLB presenting RGD peptide. Actin is red, vinculin
is green, and nucleus in blue. E) Number of adhered cells per surface area after 17 hrs on RGD
presenting DOPC and DPPC-SLBs for each percentage mol% of biotin DOPE and for non-treated
SLBs*,

HEK 293t cells were cultured on the RGD-SLBs of varying molar ratios of the clustered-

RGD compound (from 0.01% to 5%). Results suggest that concentrations between 1430

2

ligands/ um? and 14300 ligands/um? were ideal for cell adhesion and spreading,

respectively, on a fluid substrate SLB%2,
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Figure 2.5. Structure of clustered RGD-containing compound?®®.

Studies on the effect of ligand mobility on cell adhesion were done using two
RGD peptide (ligand) functionalized-SLBs, of differing viscosities, as cell culture
platforms for C2C12 mouse myoblast?*’. The different viscosities of the RGD-SLBs were
obtained by manipulating the lipid composition of the bilayers; they resulted in largely
distinct ligand (RGD) mobilities in the bilayers. In another experiment one SLB
composed of DOPC (fluid phase) and another of DPPC (gel phase) were functionalized
with equal density of RGD peptide ligand via neutravidin-biotin coupling, as previously

explained®*. C2C12 cells showed adhesion to both RGD-SLBs with cells forming more
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stable integrin binding and focal adhesions in the most viscous RGD-SLB (DPPC, D =
0.1 pm? /s) compared to the least viscous RGD-SLB (DOPC, D = 3.6 um? /s). These
findings show that RGD ligand mobility, indicated by the diffusion coefficient (D),
sensed by the cells via the focal adhesion molecular clutch (actin-talin-integrin-
fibronectin), greatly influences cell signaling response, cell adhesion, migration, and

differentiation®*’

. The use of this system as a fluid tissue biomimetic model will allow the
study of cell mechanotransduction and signaling responses in tissues that are viscoelastic
by nature.

Although RGD is the most common cell-adhesive peptide used to functionalize
SLBs and promote cell adhesion for different research purposes, IKVAV has been also
employed as an adhesion peptide/ligand to favor cell attachment on SLBs. IKVAV is a
pentamer peptide found in the o chain of laminin (an ECM protein) and it is actively
involved in several biological functions including cell adhesion, neurite outgrowth, stem
cell proliferation, and tumor growth. It is widely used in neuronal research to promote the
differentiation of neural progenitor cells AHP to neurons and sustain neuron adhesion and
growth?®. Svedhem and colleagues designed a method to functionalize POPC derived
SLBs in situ using an IKVAV-containing peptide to induce stem cell adhesion. Briefly,
POPC-SLBs were treated with maleimido-terminated phospholipids to facilitate their
covalent coupling to the cysteine at the C-terminal of the IKVAV adhesion peptide and
to a VKAIV scrambled sequence (as a negative control)*®’,

These platforms were then employed by Thid et al. as a cell culture substrate to

study AHP adhesion and growth and the specificity of IKVAV ligand-AHP interactions

(Figure 2.6).
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Figure 2.6. SLB functionalization with IKVAV peptide. a) Schematic of SLB surface
modifications. (Top) SLB formed from Maleimido-EG,-POPE doped POPC vesicles on SiOa.
The bilayer was functionalized with cysteine-terminated peptides, 19-mer IKVAV or 19-
mer VKAIV (scrambled sequence as negative control), via thiol-maleimide coupling. (Bottom)
SiO; coated with polyornithine and laminin was used as a control substrate for attachment of AHP
cells. b) Images of AHP cells after 8 days of culture on IKVAV-SLB, SiO;, and
polyornithine/laminin SiO, **¢. Scale bar is 100 um.

AHP successfully attached and spread on IKVAV-SLBs but did not differentiate,
suggesting a specific interaction between IKVAV ligand and its receptor in the surface
of AHPs'®, Similarly, Bérat and colleagues functionalized DOPC- and DOPS-SLBs with
RGD and IKVAV containing peptides and used them as cell adhesion platforms. RGD
and IKVAV peptides were selectively linked to annexin A5 allowing homogeneous
surface functionalization of the SLB. Both platforms, Anx5-RGD-SLB and Anx5-

IKVAV-SLB, successfully promoted specific cell adhesion of human saphenous vein
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endothelial cells (HSVESs) and mouse embryonic stem cells (MES) respectively?®,

2.5.3. Functionalization of SLBs’ surface with adhesion proteins
2.5.3.1. Cell-cell adhesion proteins

E-cadherin and N-cadherin are important cell to cell adhesion proteins located in
adherence junctions; structures formed between cells that act as adhesion zippers?!.
Cadherins form calcium-dependent, homophilic bounds with other cadherins at adjacent
cells allowing cell to cell adhesion and communication?®2, SLBs have been employed as
models to recapitulate and study the formation of E-cadherin- and N-cadherin-based
adherence junctions. For example, Biswas and colleagues used functionalized SLBs with
E-cadherin peptides to reconstitute and study E-cadherin-based adherens junction
formation in MKN-28 Callisaurus epithelial cells. In culture, MKN-28 cells typically
form packed colonies that synthesize high concentrations of E-cadherin and other
important proteins in cell-cell adhesion. To make E-cadherin containing SLBs, DOPC-
and DPPC-derived SLBs were prepared via the vesicle fusion method and functionalized
with the E-cadherin extracellular domain (E-cad-ECD) via kinetic-controlled Ni-
nitrilotriacetic acid (NTA)-poly-His chelation (Figure 2.7a). The E-cad-SLB was then
used as a cell culture substrate for MKN-28 cells to analyze their behavior and E-cadherin
adherens junction formation on E-cad-ECD-functionalized-SLBs offering different E-
cadherin mobilities, fluid (DOPC-E-cad-ECD-SLB) and gel phase (DPPC-E-cad-ECD-
SLB). Results showed formation of E-cadherin adherens junctions in both E-cad-ECD-
SLBs (fluid and gel phase) with higher E-cad enrichment and more stable adhesion
interactions being achieved in substrates with low mobility of E-cadherin, less fluid

bilayers (DPPC). This system facilitated the study of E-cadherin clustering and adherens
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nction formation and its mechanisms4°,

N-cadherin plays an essential role in the formation of cell-cell junctions
contributing to the formation of tissues. It is one of the few adhesion proteins expressed
in skeletal cells and it is thought to influence the development of cartilage and bone.
Moreover, N-cadherin highly influences chondro and osteogenic differentiation of
mesenchymal stem cells. In order to study the role of N-cadherin and cell-cell junctions
in cell primary adults periosteum derived multipotent cells (PDCs) differentiation and

263 sed N-cadherin functionalized SLBs as a cell culture

tissue generation, Evans et al.
platform for PDCs. A DOPC-SLB was functionalized with N-cadherin extracellular
domain via NTA-poly-His chelation (Figure 2.7b). PDC cells, found to express junctional
proteins ZO-1 (zona occludens 1) and N-cadherin, were seeded on the N-cadherin-SLB
and on N-cadherin functionalized glass, for comparison. Cells cultured on N-cadherin-
SLBs showed attachment, aggregation, and down-regulation in N-cadherin, ZO-1 and
Periostin (osteoblast factor). In addition, transcription of gene markers associated with
early lineage commitment (adipo, chondro, and osteogenic phenotypes) and
mesenchymal condensation (gathering of mesenchymal cells prior to differentiation)
were significantly downregulated on PDCs cultured on N-cadherin-SLB while hyaluronic
acid was upregulated. These results suggest that PDCs cultured on N-cadherin-SLBs
form successful cell-cell junctions and enter a precondensation state and do not
differentiate to a final fate. Furthermore, N-cadherin-SLB mimics the in vivo environment
in a better fashion than glass or tissue cultured polystyrene making a better cell culture

platform for PDCs. Lastly, the authors presented this system as a potential tissue

patterning platform to guide and control stem cell lineage commitment and cell fate.
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Figure 2.7. E-Cad-ECD and N-Cad-ECD functionalized SLBs. a) Schematic of E-cad-ECD
bound to SLB via Ni-NTA interaction and relative position of the fluorophore on the crystal
structure on the E-cad ECD'. b) Schematic of the SLB functionalized with N-cad ECD by Evans
et al.?

2.5.3.2. ECM proteins

Besides providing structural support for cells and tissues, the extracellular matrix
(ECM) is a group of proteins that plays an essential role in cell signaling and,
consequently, in the regulation of several cellular processes. For example, cell-ECM
interactions generate cell signals that influence several cell functions, including cell
morphology, adhesion, proliferation, migration, and differentiation. These cell-ECM
interactions are mediated by transmembrane protein receptors, like integrins, that act as
“bridges” to connect the cell cytosol proteins with ECM proteins. This cell-ECM contact
allows bi-directional signaling exchange and triggers a downstream response that
influences cellular behavior and fate?®*. Abnormalities and dysregulation of these cell-

ECM interactions are associated with several pathogenesis and diseases, including
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cancer, diabetes, osteoarthritis, and chronic wound healing®®. Therefore, due to the
importance of cell-ECM interactions, it is imperative to study and understand them to
develop biomaterials and cell culture substrates that properly mimic the in vivo cell
microenvironment and to find therapeutic applications.

SLBs functionalized with ECM proteins have become an attractive in vitro model
system for cell culture to mimic and study cell-ECM interactions. Huang et al.?®
pioneered this field working with type | collagen (Col)- functionalized SLB as a cell
culture platform. Synthetic SLBs derived from a mixture of POPC and DP-NGPE
(dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(glutaryl)) were formed on SiO;
substrates via the vesicle fusion method. DP-NGPE carries a free carboxylic acid that
allows chemical modifications to convert NHS -ester groups by EDC/sNHS treatment.
The NHS-ester groups bind to the e-amino group side chains of lysine residues on type |
collagen allowing direct attachment to the bilayer generating a collagen-SLB (Figure
2.8a). In addition, collagen type-lI surface coverage, molecular orientation, and
conformation were controlled by tuning the percentage of DP-NGPE used (0 to 40%) to
form the SLB. The collagen’s functionalization process and molecular properties in the
SLB were characterized using QCM-D, AFM, and FRAP. Vascular Smooth Muscle Cells
(SMCs) cultured on collagen-SLB showed successful attachment and spreading
compared to SMCs cultured on plane synthetic SLBs (Figure 2.8b). These results showed
that the collagen-SLB system makes a fine biomimetic strategy and cell culture platform
for the study of cell -ECM interactions. Moreover, using a SLB as a base system, instead
of rigid support like glass, allows a better recapitulation of the cell microenvironment like

collagen type I-lipids interactions happening in vivo required for many biological
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processes.
Fibronectin (FN) -collagen interactions, via specific binding domains, play an
important role in the organization of the ECM structure and in cell behavior?®’. For
instance, cell attachment to collagen, usually mediated by FN, is critical in subsequent
cellular processes like spreading, proliferation, and differentiation. During in vitro
culture, as a mechanism to adapt to the environment, cells remodel the culture surface
secrete ECM proteins for optimal adhesion and growth?®®, Because of the importance of
FN, collagen, and FN-collagen interactions in cell behavior, Huang and colleagues
conjugated collagen and/or FN on SLBs and study cell response to it as a cell culture
system. As done in the previous study, a synthetic SLB was made using a mixture of
POPC and 20% NGPE and EDC/sNHS treated to allow amine group binding from ECM
proteins. The activated NHS-NGPE-SLB and oxygen plasma pretreated polystyrene
(PSo0), as a control, were functionalized with direct addition of collagen type I, FN, or a
layer of collagen followed by a layer of FN (Figure 2.8c). Formation of resultant ECM-
SLBs was characterized using standard techniques like QCM-D for protein adsorption
and collagen-FN interactions and by FRAP for bilayer mobility and diffusivity. To test
their efficacy as cell culture platforms, NIH 3T3 fibroblasts were cultured on ECM-SLBs
as well as on ECM-PSo, for comparison. Their results showed successful adhesion of
cells to all ECM-SLBs with significantly increased cell adhesion and spreading on FN-
SLB and Col/FN-SLB than on the rest of the substrates (Figure 2.8d). Additionally, it was
observed that cells on Col-PSo secreted significantly more FN and laminin than cells on
Col-SLBs, showing that cells secrete ECM proteins to remodel the culture

microenvironment when cultured on rigid substrates, like PSo, towards more in vivo
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Figure 2.8. Schematics of ECM functionalized-SLBs and cell adhesion to them. a) schematic
of mimetic collagen binding strategy based on integrins in cells. Top, cells bind to collagen fibers
via integrins; bottom, collagen fibers are chemically conjugated to SLBs. The olive pentagons are
the NHS-ester groups of DP-NGPE, and the blue ones are POPC headgroups. b) Smooth muscle
cells (A10 cells) adhesion on SLBs activated with 20% NHS-DP-NGPE without collagen (top)
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or functionalized with collagen type I (bottom)?®. ¢) schematic of functionalization process for
PSo (negative control) and SLBs to study the response of 3T3 fibroblasts to the different
substrates. d) Images of 3T3 fibroblasts after 6 hrs of culture on: PSo, Coll 1-PSo, BSA/Coll I-
PSo, FN/Coll 1-PSo, and FN-PSo (A, B, C, D, and E) and on SLB, Coll I-SLB, BSA/Coll I-SLB,
FN/Coll I-SLB, and FN-SLB (F, G, H, I, and J)®°. All scale bars are 100 um.

conditions compared to when cultured on fluid substrates, like SLBs. In conclusion, their
results suggest that ECM-SLBs make a fine system to study specific protein-cell and cell-
materials interactions.

Cho group at NTU (Nanyang Technological University) Singapore has added
several contributions to this field. In their first study, they used ECM functionalized
SLBs, as low rigidity cell culture platforms, to mimic the mechanical properties of soft
tissues.’™>2 Towards this end, they made SLBs from a mixture of DOPC and varying
percentages of DP-NGPE using the SALB formation method and functionalized them
with collagen and FN via amine coupling, as previously done?’°. QCM-D characterization
of the bilayers showed 10-20% of DP-NGPE to be the optimal percentage to show a
homogeneous distribution of collagen and FN on SLBs. Effective use of collagen and
FN- functionalized SLBs as cell culture platforms were shown by the successful growth
of human hepatocarcinoma cells (Huh 7.5) on both bilayers. Additionally, cells cultured
on collagen/FN-SLBs showed lower spread and higher circularity than those cultured on
glass. This behavior is expected of cells on low rigidity substrates, which shows that
collagen/FN-SLBs are good mimetic models for low rigidity surfaces like soft tissues.
Furthermore, collagen and FN-SLBs with higher densities of proteins showed higher cell
adhesion and spreading, suggesting that cell adhesion efficacy depends on protein
density. Importantly, FRAP experiments were done on the collagen/FN-SLBs after cell

seeding showed retention of lateral mobility on collagen and FN functionalized bilayers
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with a small reduction in diffusivity to have final diffusion coefficients of 1.4 + 0.1
um?stand 2.0 + 0.1, for FN and collagen-SLBs, respectively. Lateral translocation of
collagen and FN on the bilayers was observed by forming of protein enrichment and
depletion areas underneath and around the cells, respectively. This phenomenon was
mediated and controlled by the diffusivity of collagen/FN functionalized-SLBs. Due to
the tunability of rigidity on the collagen/FN-SLBs and its success as a soft tissue mimic,
the authors proposed their use as a system to study gene expression and differentiation of
stem cells and study cell adhesion in very low-rigidity tissues such as neuronal. Moreover,
this group utilizes the same platforms to study and compare the biological activity of both
ECM proteins on a SLB versus on SiO2/glass® (Figure 2.9a and 2.9b).

For SiO: functionalization, collagen, FN, and Col/FN were nonspecifically
adsorbed onto the surface. QCM-D characterization of both processes showed that FN
and collagen have more stable interactions and higher structural flexibility on SLBs than
on SiO2/glass. Huh 7.5 cells cultured on collagen, FN, and collagen/FN-SLBs showed
higher proliferation and metabolic activity than their counterparts cultured on rigid
surfaces, glass and SiO2 (Figure 2.9¢). These results suggest the presence of more efficient
and stable adhesion interactions between cells and FN and/or collagen-SLB than those on
glass/SiOz surfaces showing that SLBs mimic the native microenvironment better than
rigid substrates like glass and SiO.. Decellularized ECM (dECM) has been highly used
as a natural 3D scaffold for numerous tissue engineering and biomedical applications. It
conserves the native 3D structure of the ECM and supports cellular functions, including

cell adhesion, proliferation, and survival.
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Figure 2.9. Functionalized SLBs as a mimic of the ECM. a) schematic of collagen type | bound
to SLB via amine coupling and chemical structures of lipids used to make the SLBs®. b)
schematic of SLBs functionalized with ECM molecules via covalent bonding to lipids with
reactive headgroups and chemical structures of SLBs lipids. ¢) confocal images of one day plated
Huh 7.5 cells on Col | and FN- functionalized SLBs and glass, and on non-functionalized SLBs
and glass. F-actin is red, and nuclei are blue. Scale bars are 40 um?. d) schematic of steps involved
in preparation of functionalized SLBs using dECM components. e) Brightfield images of Huh 7.5
cells on non-treated SLBs, dECM-SLB, and dECM-glass after 24 hours. Observe morphology of
cells on non-treated SLB is rounded, while those on DECM- SLB and -glass showed more spread
cells®®’,

Towards the development of a better biomimetic platform that resembles the ECM,
Vafaei et al."* functionalized SLBs with dECM components (Figure 2.9d). The SLB was
made from a mixture of DOPC and 20% DP-NGPE by the SALB formation method, as
in their previous work. To generate dECM components, a biopsy from murine adipose

tissue went through sequential treatments with organic solvents and enzymatic digestion
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to facilitate fat removal and cell detachment. Characterization of the tissue after treatment
showed successful decellularization. Scanning Electron Microscopy (SEM) images and
DNA quantification showed no remaining cells, 2% remaining DNA, and an organized
collagen fibers structure on the treated tissue. In addition, the analyses showed that
collagen and GAGs (glycosaminoglycans) levels were enriched and conserved,
respectively, on the decellularized tissue. Next, the dECM was solubilized via acid
treatment, its proteins were attached to the activated SLB by amine groups (in the
proteins) - carboxylic acid (in DP-NGPE) covalent bonding as previously done. dECM-
SLB was characterized by QCM-D, FRAP, and immunofluorescence microscopy.
Results showed the formation of a soft protein layer on the SLB where the ECM proteins
conserve their natural flexibility, a uniform fluorescence signal across the SLB from
collagen and FN staining, and retention of lateral fluidity in the SLB after
functionalization. Furthermore, the potential of the dECM-SLB as a cell culture substrate
was studied seeding Huh 7.5 cells on it and allowing cell adhesion for 24 hrs. Cells were
grown on the dECM-SLB showed significantly higher adhesion and spreading than cells
on non-treated SLBs, and comparable behavior to cells on ECM-glass (Figure 2.9¢).
These results indicate that functionalization of SLB using dECM components facilitates
specific cell adhesion mediated by cell-ECM interactions. The biological function of
ECM proteins in SLBs was compared to those on glass by analyzing cell viability,
proliferation, and metabolism markers after 3 days of culture on both substrates. There
was not a significant difference in those cell functions on both substrates suggesting that
the biological activity of ECM proteins functionalized on SLBs is conserved. In

summary, ECM-functionalized SLBs not only provide mechanical support to cells but
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also facilitate exchange of signals between cells and substrate important in regulation of
many cellular functions. The dECM-SLB is a great model to study the native ECM in

biological scenarios where ECM-mediated responses are imperative.

2.6. Conclusions

The unique characteristics of SLBs such as fluidity, fouling resistance,
biocompatibility, and versatility make them great scaffolds for cell culture with potential
biomedical applications. Although their nature is non-fouling and resistant to protein and
cell adhesion, several strategies have been developed to overcome this aspect. Moreover,
the flexibility of SLBs functionalization methods opens the possibilities for diverse uses.
Here, we showed how diverse techniques allowed the successful cell adhesion, spreading,
and in some cases, differentiation. These platforms will facilitate the study of
fundamental cell biology mechanisms such as cell adhesion, stem cell behavior and
differentiation, cell-cell, cell-ligand, cell-ECM, and cell-substrate interactions.
Functionalized SLBs could contribute towards the design and development of
biomaterials for tissue engineering. Because this is a very dynamic area, we do not have
doubt that the future SLB functionalization methods as well as applications will be as

creative as the ones we reviewed in this paper.
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Extracellular vesicles (EVs) are membrane encapsulated particles secreted by
eukaryotic cells that stimulate cell communication and horizontal cargo exchange. EV
interactions with stromal cells can result in molecular changes in the recipient cell, and
in some cases, lead to disease progression. However, mechanisms leading to those
changes are poorly understood. Few model systems are available for studying the
outcomes of surface interactions of the EV membrane with stromal cells. Here, we created
a hybrid supported bilayer incorporating EV membrane material, called an extracellular
vesicle supported bilayer, EVSB. Using EVSBs, we investigated the surface interactions
between breast cancer EVs and adipose-derived stem cells (ADSCSs) by culturing ADSCs
on EVSBs and analyzing cell adhesion, spreading, viability, VEGF secretion, and
myofibroblast differentiation. Results show that cell viability, adhesion, spreading, and
proangiogenic activity were enhanced, conditions that promote oncogenic activity, but
cell differentiation was not. This model system could be used to develop therapeutic
strategies to limit EV-ADSC interactions and proangiogenic conditions. Lastly, this
model system is not limited to the study of cancer but can be used to study surface
interactions between EVs from any origin and any target cell to investigate EV

mechanisms leading to cellular changes in other diseases.

3.3. Introduction

Extracellular vesicles, EVs, are membrane encapsulated particles secreted by
many eukaryotic cell types 272, There are two major EV subtypes: exosomes, ranging
between 30 -120 nm in diameter, which originate from late endosomes and are secreted
when multivesicular bodies fuse with the plasma membrane; and microvesicles (MVs),

ranging between 100 -1000 nm in diameter, which directly bud from the plasma
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membrane b 15 16.24.%8 Both types of EVs contain an extensive variety of biomolecules
on their membrane surfaces and internal cargo contents including nucleic acids, proteins,
lipids, oncogenes, and receptors * %2, However, their specific surface composition and
cargo contents depend on the physiological condition in which they are produced and the
type of cell and location from which they originate.

Due to their important role in cell communication, EVs have gained a great deal
of attention for their potential role as disease spreading agents. EVs work as “ messenger
vehicles” between cells, facilitating intercellular communication by horizontal transfer of
cargo 3. Their interactions with host cells have been correlated to modifications in
molecular makeup and behavior of the recipient cell* > '8 and promotion of disease
progression in cancer’® 7" 273275 infectious diseases?’®, neurodegenerative diseases®’4,
metabolic diseases'®, inflammatory diseases?’’, and several other human diseases?’®. In
the context of cancer, Grange et al. showed that lung endothelial cells acquired an
activated angiogenic function after treatment with EVs derived from CD105-positive
tumor-initiating renal cancer stem cells'®. Additionally, Song et al.* and Cho et al.’
showed that EVs derived from MDA-MB-231 breast cancer cells influence adipose
derived stem cell (ADSC) proangiogenic activity and transformation to myofibroblasts
when EVs were added in the cell culture media.

How the interactions between EVs and stromal cells leading to disease
progression occurs at the molecular level is not clear. Cues most certainly come from
both the EV membrane components, as well as the internal cargo, but specific
mechanisms to deliver information from EVs to stromal cells are poorly understood. This

is due, in part, to the absence of techniques available to investigate interactions between
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EVs and stromal cells. In particular, few systems exist to study the initial surface-level
interactions, though this is the first point at which EVs begin to influence the local
microenvironment to favor disease progression 23. Surface interactions are the “first
touch” between EVs and cells, so understanding this interaction better to disarm it would
potentially lead to highly impactful treatment options that reduce disease progression by
both disrupting the specific surface interactions, but also potentially disrupting the ability
to deliver the cargo as well.

To fill this need, we developed an in vitro EV surface model that allows us to
isolate and study the influence of EV surface components on stromal cell behavior. This
platform is a hybrid supported lipid bilayer (SLB) known as an extracellular vesicle
supported bilayer (EVSB). SLBs are a common model membrane system used in many
areas of research to understand biomolecular interactions with cell membranes?>3! and
have found utility as cell culture platforms to investigate various types of cell interactions
using simple reconstituted bilayer lipid compositions®® 3215 S|_Bs can mimic the native
configuration of the cell membrane. Importantly, their 2D geometry and stability make
them compatible with many surface characterization tools and optical microscopy. Our
group has advanced this important technology platform recently by developing methods
to incorporate native plasma cell membrane material that preserves the original
orientation and function of the membrane proteins from mammalian®? ** and bacterial*®°
membranes. Here, we leverage this work to tailor our platform to make “cancer EV-like”
supported bilayers derived from EVs. Importantly, here the EVSB mimics just the surface

of the EV type and eliminates the possibility of EV uptake and cargo delivery, allowing

87



us a convenient way to isolate the surface effects from these other factors and study how
those surface moieties affect cell behavior.

In the specific case of ADSCs, their exposure to EVs derived from breast cancer
cells have been correlated to elevated proangiogenic activity and transformation to
myofibroblasts* °. To isolate and study how the surface interactions between EVs and
ADSCs contribute to these biological outcomes, we made EVSBs from MDA-MB-231
derived EVs and used them as cell culture platforms to investigate the effect of EV
membrane components on ADSC adhesion, spreading, viability, proangiogenic potential,
and phenotype differentiation. In a distinction from most prior studies in this field, we
use MVs and exosomes as two independent populations to assess how both subtypes
influence stromal cell behavior.

It is important to note that outcomes of EV interactions with stromal cells, in the
studies cited above * > 18 were assessed for a general population of EVs. This is in part
due to the difficulty in defining subpopulations; however, it is reasonably well-
established now that there is a size cut-off that differentiates the broad class of exosomes
from MVs®. They have been shown to also differ in biogenesis, cargo, and surface
makeup®® %. Research findings suggest that they have different functions in cell-cell
communication®, and different intracellular routes with subsequent effects on cells® .
Therefore, we separated these populations to test if their surface compositions
differentially influence interactions with ADSCs and subsequent biological outcomes.

We show here that ADSCs cultured on both types of EVSB lead to enhanced cell
survival, adhesion, spreading, and proangiogenic activity, but did not lead to ADSC

differentiation to myofibroblasts in either case. MV-derived bilayers had a slightly
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stronger effect than the exosome-derived bilayers. Knowing that these outcomes are
observable in our platform, it opens up future studies of the EV-ADSC surface
interactions with an eye towards the development of strategies to disrupt or block such
interactions and thus limit these biological outcomes and, ultimately, one avenue of
promotion of cancer. On the other side, these results show that carefully tuned
compositions of supported bilayers can influence cells cultured upon them and this could
also lead to platforms that can be used to optimize tissue growth. As such, we note that
our platform is not limited only to the study of EVs-stromal cells surface interactions in
cancer progression, but it can be tuned to study nearly any cell type that generates vesicles
from a membrane surface, for broader impact across many disease and infection
processes.

As a last point, EVSB as a planar bilayer platform provides the understanding of
local surface interactions between ASDCs and EV membranes, especially its proteins, in
contact with the cells. Although this is a flat surface instead of the EV's natural spherical-
like shape, EV membrane properties are mimicked by our model, and we will show that
they reproduce known biological outcomes of these interactions. Thus, here we can
decouple the shape factor from the observations we make. Future studies will focus on
understanding how EVs are uptaken and internalized by cells, a process influenced by

EVs shape and size?”*-281,

3.4. Materials and Methods
3.4.1. Cell culture
StemPro Human Adipose-Derived Stem Cells (ADSCs) were bought from ThermoFisher

Scientific and cultured in ADSC growth media (Lonza). MDA-MB-231, highly
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metastatic breast adenocarcinoma cells were bought from American Type Culture
Collection (ATCC) and maintained in Dulbecco’'s Modified Eagle’s Media, DMEM
(Corning), complemented with 10% fetal bovine serum, FBS (Gibco), and 1% penicillin—
streptomycin, P/S (Corning). All cultures were maintained in a humidified incubator

(37°C and 5% COy).

3.4.2. MVs and exosomes isolation

MDA-MB-231 cells were cultured to 85% confluency and transferred to FBS-free media
for 18-30 hours?®?, Media was collected, subjected to a series of centrifuge cycles, and
filtered using a 0.22 pm Millipore Steriflip PVDF-filter (Millipore) to separate MVs and
exosomes. Particles retained by the filter, MV fraction, were resuspended in 0.5 mL of
serum-free media and stored at 4C. The remaining media was ultracentrifuged and the
pellet, exosomes fraction, was resuspended in 0.5 mL of serum-free media and stored at

4C. Procedure details are available at the SI materials and methods section.

3.4.3. EVs size and concentration measurements

EV size distribution was found using nanoparticle tracking analysis (NTA, Nanosight
NS300, Malvern), dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern), and
transmission electron microscopy (TEM, Spirit). EV concentration was found using NTA
as well. Procedure and equipment details are available at the SI Materials and Methods

section.

3.4.4. Transmission Electron Microscopy (TEM)
To visualize EVs individual populations, freshly isolated EVs were imaged using FEI

Tecnai-12 TEM (Spirit) at 120 kV at the Cornell Center for Materials Research. Samples
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were loaded onto a 300-mesh carbon-coated copper grid and negatively stained with 1.5%
uranyl acetate. Procedure and equipment details are available at the SI Materials and

Methods section.

3.4.5. Western blot

40 uL MDA-MB-231 derived MVs, exosomes, and whole cell lysates (WCL) were
loaded on a 4-12% Bis-Tris gel Bolt (Invitrogen), transferred onto a PVDF-membrane,
blocked with 5% non-fat dry milk, incubated overnight at 4 'C with primary antibodies
and with a secondary antibody for 1 hour. The membrane was imaged using a Western
ECL detection kit (BioRad). Procedure details are available at the SI Materials and

Methods section.

3.4.6. Preparation of fusogenic liposomes

Fusogenic liposomes consisting of 99.5% (mol/mol) POPC,1-Oleoyl-2-palmitoyl-sn-
glycero-3-phosphocholine, and 0.5 (%mol/mol) PEG2000, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (polyethyleneglycol)-2000], were prepared.

Procedure details are available at the SI Materials and Methods section.

3.4.7. Formation of POPC/PEG-SLB and EVSB

Polydimethylsiloxane, PDMS, wells were attached to previously cleaned glass slides. For
POPC/PEG-SLB formation, fusogenic liposomes self-assemble on the coverslip using
the well-established vesicle fusion method reported by our group 3 34, For EVSB, 100
pL of EVs were added to the well, incubated at room temperature for 8 minutes, and
thoroughly rinsed with PBS to remove unabsorbed EVs. Formation of the EVSB was

induced by addition of 70 pL of 1 mg/mL fusogenic liposomes, incubation for 20 min,
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and gently rinsing with PBS to remove unruptured EVs. Procedure details are available

at the SI Materials and Methods section.

3.4.8. Bicinchoninic acid assay (BCA)

Protein content of EVSBs was assessed by measuring the protein concentration of EVs
samples used to create the EVSBs. It was performed using a QuantiPro BCA Assay Kit
(Sigma-Aldrich) and following the manufacturer protocol. Procedure details are available

at the SI Materials and Methods section.

3.4.9. Detection of EGFR in MV-EVSB

MV-EVSB, exosome-EVSB, and POPC/PEG-SLB were treated with primary anti-
EGFR (R&D Systems) antibody, with Donkey Anti-Mouse 1gG NorthernLights (R&D
Systems) secondary antibody, and imaged using TIRFM (total internal reflection
fluorescence microscopy) to detect presence or absence of EGFR on the surfaces.

Procedure details are available at the SI Materials and Methods section.

3.4.10. Detection of HSP70 and CD63 in exosome-EVSB

The same procedure stated above for EGFR detection was followed to detect the
presence or absence of HSP70 and CD63 in exosome-EVSB, MV-EVSB, and
POPC/PEG-SLB using anti-HSP70 (R&D Systems) and anti-CD63 (R&D Systems) as
primary antibodies and the same secondary antibody as stated above. Procedure details

are available at the SI Materials and Methods section.
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3.4.11. Visualizing EVSB formation by FRAP (Fluorescence Recovery after

Photobleaching)

EVs previously labeled with Octadecyl Rhodamine, a membrane intercalating dye, were
used to form EVSBs following the procedure in section 2.7. Fluorescently labeled EVs
rupture was observed using an inverted Zeiss Axio Observer. Diffusivity and mobile
fraction measurements were found using photobleaching experiments. Procedure details

are available at the SI Materials and Methods section.

3.4.12. EV cargo tracking in EVSBs

EV cargo (MRNA) was labeled using ExoGlow-RNA EV Labeling Kit (System
Biosciences). Labeled EVs were incubated on glass to image EVs cargo before EVSB
formation. To image EV cargo after EVSB formation, labeled EVs were placed on glass
followed by addition of liposomes as described above in section 2.7, then imaged with
TIRFM to track EV cargo before and after EVSB formation. Procedure details are

available at the SI materials and methods section.

3.4.13. ADSCs culture on EVSBs, POPC/PEG-SLB, and EZ-slides
ADSCs were seeded, 1.05 x10* cells/well, on four surfaces: MV-EVSB: exosome-EVSB:
POPC/PEG-SLB as a negative control; and Millicell EZ slide (no bilayer present) as a

positive control. These four surfaces were used for all of the subsequent cell studies.

3.4.14. Quantification of cell surface area and focal adhesions
After 24 of incubation, ADSCs seeded on the four surfaces were immunostained for

vinculin and DAPI to detect the cell area, focal adhesions, and nuclei. Images were
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captured using the inverted Zeiss Axio imaging system described in section 2.11.

Procedure details are available at the SI Materials and Methods section.

3.4.15. Measurement of ADSC aspect ratio

Using ImagelJ software, the length and width of each vinculin-stained cell was measured.
To find the aspect ratio of each cell, the length: width ratio was determined. This
measurement was done for all ADSCs cultured on EVSBs, POPC/PEG-SLB, and EZ-

slides.

3.4.16. Cell viability analysis using a LIVE/DEAD kit

Viability of ADSCs on the four surfaces for day 1, 3, and 5 was assessed using a
LIVE/DEAD imaging kit (ThermoFisher Scientific) following the manufacturer’s
protocol. Viable cells generate a green signal and dead cells generate a red one. Images
were captured using 5X objective for day 1 and 20X for day 3 and 5 using the inverted
Zeiss Axio Observer. Procedure details are available in the SI Materials and Methods

section.

3.4.17. Assessment of VEGF secretion by ADSCs

As a measure of proangiogenic activity, VEGF secretion by ADSCs on the four surfaces
was assessed using a Human VEGF DuoSet ELISA kit (R&D systems). Following the
manufacturer’s protocol, VEGF concentration was measured on four wells containing
each a different cell culture substrate: MV-EVSB, Exo-EVSB, EZ-slides, and POPC, and
ADSCs seeded on them. VEGF concentration was found for each well on day 1 and 4
after seeding. Three independent replicates of the experiment were performed. VEGF

concentration secreted by ADSCs was normalized by the number of viable cells in day 4
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(assuming all cells are viable in day 1) and by EVSB protein content on day 1 and 4.

3.4.18. Statistical Analysis

For all experiments performed in this study, variance analysis was performed using a t-
test with unequal variances to find significant differences between substrates and
conditions. All data was plotted using Microsoft Excel and it is presented as mean + SD.
For diffusivity measurements, FAs, cell area, viability assays, and VEGF secretion, 3
independent replicates of each experiment were done. Statistical significance levels were

determined as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001.

3.5. Results and Discussion
3.5.1. Breast cancer cell EV isolation and characterization

Isolation of EVs from MDA-MB-231 cells, as described in the Methods section,
is summarized in Figure 3.1a. This procedure was optimized to yield two distinct
populations of EVs, MVs and exosomes, to later test differences in cell response to the
specific surface cues of each EV type. Isolated EV populations were characterized in
a number of ways. First, particle size was measured for each type using dynamic light
scattering (DLS) and nanoparticle tracking analysis (NTA). To further confirm the
results, EVs were imaged using Transmission Electron Microscopy (TEM) as observed
in Figure 3.1d and 3.S1. Sizes of MVs and exosomes found by NTA, DLS, and TEM
are reported in table 1 and EV size profiles are shown in Figure 3.1b, 3.1c, and 3.1d.
Reported EV sizes agree with standard literature designations in which MVs range
between 120 - 1000 nm diameter, and exosomes range between 30 -120 nm diameter

5961 NTA was also employed to obtain the concentration of MVs and exosomes and
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found to be on average 1.62x107 + 1.34 x10% MVs/mL and 4.77 x107 + 1.78 x10°
exosomes /mL, respectively. Concentration of MVs is consistently lower than
exosomes for each batch, presumably because of retention of some MVs on the filter
used during the isolation processes. However, the same concentration of EVs, 1.62x10’
+ 1.34 x10°% EVs/mL, was used during these experiments and formation of supported
bilayers. Zeta potentials of MDA-MB-231 derived EVs have been previously reported in
the literature to range between -12.7 mV to -9.0 mV for EVs between 60 nm to 450 nm
in size?®3 284,

Besides differing in size, MVs and exosomes differ in surface composition.
Exosomes are known to contain membrane proteins of endosomal origin called
tetraspanins, such as CD6328°, MVs, in contrast, preserve membrane proteins from the
mother cell plasma membrane, such as epidermal growth factor receptor EGFR, which
is overexpressed in MDA-MB2312%, To reassure the presence of two distinct EV
populations, Western blot was performed on MDA-MB-231 whole cell lysates (WCL),
MV lysates, and exosome lysates to detect markers specific to each EV population.
Samples were immunoblotted for CD63, as an exosomal marker, and EGFR, as a MV
marker. Figure 3.1e shows a band detecting presence of CD63 in WCL and exosomes as
expected. Note that the original CD63 band is smeared and it falls between 35 kDa and
65 kDa, which is normal, and attributed to heavy glycosylation'® 28’ On the other side,
EGFR, represented by a band around 175 kDa, is detected in WCL and MVs but not in

exosomes, confirming that our isolation procedure can separate these populations.

96



o
=
o

8

8

MDA-MB-231
Media Cell Debris ~ Size based
Collection  Removal filtration .

e MVs

Exosomes

Intensity (percent)
8 &

Concentration

(particles E6/mL)
o - N w -~ o

g5 - 0
0 200 400 600 800 0
Size (nm)

200 _400 600 800
Size (nm)

WCL MVs Exo.
¥ i

65 kDa

35 kDa
180 kDa

EGFR ]
170 kDa

Actin 42 kDa

Figure 3.1. Isolation and characterization of MDA-MB-231 derived EVs. a) Isolation of
MDA-MB-231 derived EVs through differential centrifugation, vacuum filtration, and
ultracentrifugation. b) Size distribution of MVs and exosomes by NTA. c) Size distribution of
MVs and exosomes by DLS. d) TEM images showing a population of exosomes on the left
panel and one of MVs on the right panel, white arrows pointing at EVs. e) Western blot
showing presence of EGFR in MVs and WCL, CD63 in exosomes and WCL, and actin in
MVs, exosomes, and whole cell lysates (WCL).

Table 3.1. EVs Size Characterization by NTA, DLS, and TEM.

EV type Diameter (nm) by Diameter (nm) by Diameter (nm) by
NTA DLS TEM

MVs 286 + 7.35 265 +3.34 263 £34.7

Exosomes | 63.2 +5.82 51.4 +1.87 53.2+19.9

Lastly, actin cytoskeleton is highly expressed in mammalian cells like MDA-MB-
23128, MVs have also been shown to be actin positive and to have actin-ring
structures®®® 2% and since maturation of multivesicular bodies to eventually generate
exosomes is an actin guided process, exosomes are also actin positive2®®2°2, Therefore,
WCL, MVs, and exosomes were immunoblotted for actin to assess the presence of

particles in the three samples. Figure 3.1e shows an actin band at around 42 kDa
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showing the expected results, presence in all three samples. These results taken together
conclude that there is little cross contamination between these two EV populations. Given
that we were able to achieve this degree of separation of populations, we proceeded to

examine the differences between each type in the following studies.

3.5.2. Formation of EVSBs

EVSBs were made from MVs or exosomes using a modified protocol
previously reported by our group to form proteinaceous bilayers3?® 34, Briefly, MVs and
exosomes previously labeled with a membrane-intercalating fluorophore, octadecyl
rhodamine, R18, were incubated on a cleaned glass slide (Figure 2a). R18 was initially
confined to exosomes and/or MVs. Next, unlabeled “fusogenic” liposomes were added
to the well to induce rupture of EVs and spreading of R18 signal through the bilayer3*
181 This process mirrors what has been observed by us for other vesicle types, indicating
that EVs also follow a similar rupture and relaxation process to form a planar bilayer®.
After 40 min of incubation followed by PBS rinsing, a contiguous supported bilayer was
formed and R18 signal uniformly spread out, diffusing freely within the planar bilayer
surface. A time lapse video of this process can be found in the supplemental information
3.51.

FRAP was utilized to determine mobility of R18 in the 2D plane of the
supported bilayers. Using a laser beam, a 23 pm diameter spot was photobleached in
the supported bilayers at time zero as indicated by the blue arrow on Figure 3.2b.
Partial recovery of the photobleached spot in the bilayers is observed in Figure 3.2b at
108 sec, 217 sec, and 157 sec for exosome-EVSB MV-EVSB, and POPC/PEG-SLB

respectively, indicated by the green arrows. Final recovery of the photobleached spot
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is indicated by the orange arrow at around 900 sec. Color coded FRAP images
presented in Figure 3.2c are micrographs of a supported bilayer at the corresponding
time indicated by the color-coded arrows. The ability of EVSBs to recover confirms
the formation of planar, mobile supported bilayers. Fluorescence recovery curves
presented in Figure 3.2b were used to determine the Diffusion coefficient (D) and
mobile fraction of EVSBs, and a control POPC/PEG-SLB, as described in the Methods

section, and reported in table 3.2.

Table 3.2. Diffusion coefficient and mobile fraction of R18 in EVSBs.

Type of SLB Diffusion coefficient (um?/s) Mobile Fraction
MVs-EVSB 0.23+0.071 0.94
Exosomes-EVSB 0.32 +£0.033 0.94
POPC/PEG- SLB | 0.49+0.031 0.98

These data importantly show that the bilayer platforms that we generated are fluid
over a scale of 20 microns and minimally free of defects, as noted by the very high mobile
fraction (a low fraction would be indicative of a lack of unruptured vesicles that are not
able to exchange with surrounding bilayer). Finally, comparing D values for all bilayers,
we observe that both MV- and exosome- EVSBs are less fluid and diffusive than the
POPC/PEG-SLB. These results are aligned with the expectation that the protein-laden
SLBs would have lower diffusion coefficients due to obstacles that prevent lipid and
protein diffusion?®,

Protein content of EVSBs from MVs and exosomes was assessed to allow cross

comparison of our results between both types of EVSBs and to ensure the replication of
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the same conditions between both types of EVSBs. To do so, the protein concentration
on samples used to make EVSBs, 1.62x107 + 1.34 x10°% EVs/mL, was found using a
BCA protein assay. The protein content of MVs-EVSB was found to be 7.369 pg and
6.539 g for exosomes-EVSB. Note that protein content of MVs-EVSB is slightly higher
than that of exosomes-EVSB. However, the difference in protein content between the two
EVSBs is not statistically significant as seen in Figure 3.2d.

Lastly, EV cargo was tracked before and after EVSB formation to ensure that no
left-over cargo was present in the platform that could affect the results. EVSB, as a model
of EVs surface, should contain just the components of EVs membrane and not their cargo
after rupture and rinse. As EVs rupture, their cargo has two choices: it is either released
to the bulk space (and so able to rinse away) or trapped underneath the created SLB. After
being formed, EVSBs are thoroughly washed with PBS, to ensure any soluble EV cargo
is removed. EV cargo was labeled using an RNA probe that crosses the EVS membrane
and labels mRNA in the vesicles. Figure 3.2e and 3.2g displays presence of cargo
(mRNA) of intact, adsorbed exosomes and MVs, respectively, as they are absorbed on
the glass slide. After fusogenic liposome addition and subsequent rupture to form the
EVSB, followed by copious PBS buffer washing, Figure 3.2f and 3.2h show no punctate
fluorescence signal and therefore suggest no presence of EV cargo on either the exosome-
EVSB or the MV-EVSB, respectively. Hence, any biological outcomes observed from
interactions between EVSBs and ADSCs are most likely due to ADSCs interacting with

EVs membrane constituents and not with their cargo.
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Figure 3.2. EVSBs formation and characterization. a) Diagram showing formation of MVs-
EVSB and exosomes- EVSB. b) Profile of MVs- EVSB, exosomes-EVSB, and POPC/PEG-SLB
fluorescence recovery after photo bleaching. ¢) Color coded pictures corresponding to the
fluorescence recovery of the supported bilayers at the time indicated by the correspondent-colored
arrow. d) protein content of EVSBs. e) Exosomes mRNA absorbed on glass. f) Exosomes mRNA
after EVSB formation. g) MVs mRNA absorbed on glass. h) MVs mRNA after EVSB formation.
n =4, mean £+ SD, *p <0.05, **p <0.01.

3.5.3. Protein characterization in EVSBs
3.5.3.1. Detection of EVs membrane components in EVSBs

Detection of HSP70 and CDG63 presence in exosome-EVSBs. EVSBs are in
vitro models of EV membranes and so must preserve components of the EV membrane
to be useful. HSP70, a heat shock protein specific to, and highly expressed in exosomes?%
295 ‘and CD63, were utilized to verify the presence of native exosome surface components

in exosome-EVSBs. Anti-HSP70 and anti-CD63 antibodies were employed as primary
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antibodies and complemented with a fluorescent secondary antibody for HSP70 and
CD63 fluorescent detection. Figure 3.3f and 3.S3c show exosome-EVSBs displaying
specific binding and presence of HSP70 and CD63, suggesting that the generated
EVSB preserves surface components similar to exosomes and that proteins in the
bilayer conserve the same orientation as in exosomes derived from MDA-MB-231
cells®, that is, the binding site for the antibody is facing towards the bulk phase. In
contrast, Figure 3.3d and 3.3e, and 3.S3a and 3.S3b are controls to show no specific
binding of CD63 and HSP70 to MV-EVSBs nor POPC/2k-SLBs. These results were
expected since no CD63 nor HSP70 are present in POPC liposomes, nor in MV
membranes.

Detection of EGFR presence in MV-EVSB. In the same manner, EGFR was
used as a marker of MVs?%2%.2%7 and its binding and presence was tested on MV-EVSBs

to assess the preservation of native MV surface components in the EVSB.

MVs EVSB POPC/PEG SLB Exo. EVSB

Anti EGFR

Anti CD63

Figure 3.3. Detection of EVs membrane components in EVSBs. (a-c) EGFR detection on
EVSBs. a) MVs- EVSB displays binding of EGFR, as a MVs native component. b) POPC/PEG-
SLB (control) shows no binding of EGFR. ¢) Exosomes-EVSB (control) shows no specific
binding of EGFR. (d-f) CD63 detection in EVSB. d) MVs- EVSB (control) shows not binding
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of CD63. €) POPC/PEG-SLB (control) show no binding of CD63. f) Exosomes- EVSB shows
specific binding of CD63, an exosome native component.

This experiment was conducted in the same manner as for exosomes but using a primary
anti-EGFR antibody in conjunction with a fluorescent secondary antibody. Figure 3.3a
shows a MV-EVSB displaying specific binding and presence of EGFR in the MV-EVSB.
The results suggest that our MV-EVSB mimics the properties of cancer MVs in a planar
platform containing these proteins and in the same orientation as MVs derived from
MDA-MB-231 cells. Our results show that EGFR orientation in MVs is preserved in MV-
EVSB because anti-EGFR antibody was able to bind to EGFR on the surface of MVs-
EVSBs. Figure 3.3b and 3.3c are controls that show no specific binding to EGFR and
no presence of it in exosome-EVSB and POPC/2k-SLB. These results are expected as
EGFR is not an exosomal marker 2° and POPC liposomes do not contain any proteins
such as EGFR. Note that presence of EGFR in exosome-EVSB, Figure 3.3c, and of CD63
and HSP70 on MV-EVSB, Figure 3.3d and 3.S3a, is negligible. These results reassure
the presence of two different EVs populations, exosomes and MVs.
3.5.3.2. Protein orientation and mobility in EVSBs

Protein orientation. In previous work, our group has shown that supported lipid
bilayers made directly from mammalian cell blebs®***, bacterial outer membrane vesicles
(OMVs) and virus-like particles®®®, preserve much of the complexity of the cell plasma
membrane and preserve protein orientation and mobility. Moreover, it was shown that
the rupture process of such nanoparticles (cell blebs, OMVs, and virus-like particles)
forming supported bilayers results in primarily outward facing membrane proteins
following a “parachute” mechanism of bleb rupture®* 34, which is a similar behavior to a

mechanism proposed in the literature®®®, and corroborated by computational
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simulations®®. An enzymatic accessibility assay was conducted to find that the
orientation of proteins in the supported bilayers made by our protocol results in the protein
orientation matching the native state (outside facing up)®* 1% 2% Therefore, we believe
that during EVSB formation, EVs will rupture following the same “parachute”
mechanism that cell blebs and OMVs display, with membrane proteins predominantly
facing outwards. To corroborate that our EVSBs also preserve EV membrane complexity
and native protein orientation, we conducted antibody binding experiments, as described
above. In the previous section (3.5.3.1.), immunolabeling was employed to detect the
presence of native MVs membrane components (EGFR), and native exosomal membrane
components (CD63 and HSP70). These tests also demonstrate the preservation of these
proteins in their natural orientation in our EVSBSs, by showing specific binding to the
extracellular target.

Protein mobility. As mentioned above, figure 3.3a, 3.3f, and 3.S3c display the
presence of EGFR on MVs-EVSB, and of CD63, and HSP70 on exosomes-EVSB.
These proteins appear as bright punctuate clusters. Three main possibilities exist for this
clustering we observe. First, the proteins in the EVSB, which originate from the EVs,
may already be in a cluster within the EV before rupturing. Second, once EV ruptures
and forms a planar patch, the protein within it interacts with the support and become
immobilized at that point, thus they are unable to spread out radially from the rupture site.
Third, the primary and secondary antibodies can link together multiple proteins, hindering
their diffusion.

For the first possibility, there is no current information on aggregation of EGFR

in MV membranes, nor on aggregation of CD63 and HSP70 in exosome membranes, so
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we cannot rule out this possibility entirely. For the second possibility, we attempted to
limit the interactions of proteins with the support by including PEG2000 spacers.
Although these EVSBs exhibit full lipid mobility, the labeled proteins did not,
presumably because the space between the bilayer and the glass was not enough to
accommodate the cytosolic tails of EGFR, CD63, and HPS70. While a larger PEG
molecular weight could have been used, we elected to use a short chain of PEG (MW of
2000) to limit its influence on the membrane surface presented to the cultured cells, as
we expect PEG to be present on both sides of the liposome. It is of note that our results
show that PEG2000 does not interfere with the ability of antibodies to bind to target
proteins in the ESVBs. Thus, cells cultured on EVSBs should be able to interact with
these species in the presence of PEG2000 as well. Our results suggest that the space
generated between the bilayer and glass was not enough to allow the mobility of cytosolic
tails in some proteins, but that this immobilization of proteins does not causes substantial
changes to the protein structure facing the bulk solution since antibodies successfully
bounded their target proteins (EGFR, CD63, and HSP70). For the last possibility,
antibody binding and secondary labeling of those antibodies can also lead to reduced
diffusion/immobilization due to linking of several proteins together that effectively
increases the size of the diffusing entity. All things considered, we believe the most likely
cause of the protein aggregation observed here is immobilization of proteins in our
supported bilayer platform, but this is certainly a point of further investigation, and may

be a combination of these possibilities.
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3.5.4. Cell spreading and adhesion of ADSCs on EVSBs

In the past several years, SLBs have gained attention as potential cell culture
platforms®? 1°8:247 However, it has been observed that SLBs generated from reconstituted
lipids, as POPC, are not a favorable substrate for cell culture. Because phosphocholine
lipids are zwitterionic, inert, and lack surface moieties essential for cell adhesion, cells
are incapable of creating strong adhesions on those surfaces? 18163167 To gvercome this
difficulty, several research groups have modified SLBs to enhance cell adherence with
different approaches such as coating them with ECM proteins®, incorporating RGD
moieties %, and modifying with in-situ peptides®’. However, all these modified SLBs
as cell culture platforms use a peripheral agent (antibody, peptide, ECM protein, etc.)
external to the supported bilayer to aid cell growth and adhesion rather than an embedded,
integrated component of the membrane; the lipids merely serving as an inert background,
and not really serving the purpose of being true plasma membrane mimics.

As our goal is to isolate just the surface effects of the EVs on the behavior of cells,
we endeavored to make bilayers that would more closely represent the surface of the
native membranes from these vesicles. Here we showed that we can form hybrid bilayers,
EVSB, derived from EVs. Then, we wanted to test if we could culture ADSCs on these
surfaces and observe any differences in the cell morphological or biochemical behavior.
To do so, ADSCs were cultured on four surfaces: MV-EVSB, exosome-EVSB,
POPC/PEG-SLB, and EZ-slides. POPC/PEG-SLB was chosen as a negative control since
cells should not adhere and grow on these substrates, as noted above *2; and as a positive
control, EZ-slides, were used, which allow cell adhesion and spreading. As a cell model,

human ADSCs were used. These primary cells make an appropriate model for this study
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as previous groups have shown that their interactions with MDA-MB-231 derived EVs
may influence their phenotype and proangiogenic potential® °. Lastly, literature suggests
the ADSCs play an important role in cancer metastasis and progression’: 4301,

After 24 hours of incubation, ADSC adhesion and spreading were assessed by
immunofluorescence detection of focal adhesions per cell and cell surface area
respectively. Cells were fluorescently stained for vinculin, as a marker of focal adhesions,
and DAPI to distinguish the cell nuclei. Vinculin is a cytoplasmic actin-binding protein
highly expressed in focal adhesions and essential in cell-substrate adhesion3%? 3%, |n
addition, as it delineates the cytoskeleton, it allows measurements of cell surface area.
Figure 3.4 shows fluorescence images of ADSCs cultured on the four surfaces, with red
stain delineating the area of the cell and blue stain representing the nuclei.

Figure 3.4a indicates that ADSCs seeded onto a MV-EVSB, readily adhere to the
bilayer leading to focal adhesion formation and elongation as suggested by a high cell
aspect ratio of 2.57. In the same manner, ADSCs cultured on an exosome-EVSB (Figure
3.4b) adhere to the bilayer and spread with a slightly higher aspect ratio, 3.78, than cells
on MVs-EVSB. As expected, ADSCs on POPC/PEG-SLBs (Figure 3.4d) generate fewer
adhesions to the substrate compared to cells culture on EVSBs, and display low cell
spreading on the substrate with a characteristic small aspect ratio of 1.09. This behavior
may be attributed to a slow rearrangement of the cytoskeleton leading to incomplete
spreading of cells on this bilayer, as has been described in the literature**’. ADSCs
cultured on EZ-slides (Figure 3.4c) adhere to the substrate and spread with a high aspect
ratio of 3.71 as seen in Figure 3.S5. ADSCs exhibit similar adhesion behaviors on both

EVSB types as ADSCs on EZ-slides with ADSCs on MV-EVSBs presenting increased
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spreading and higher number of focal adhesions than ADSCs on exosome-EVSB.
Individual focal adhesions images presented in Figure 3.4e-h were obtained from image
processing of Figures 3.4a-d. The image processing technique used was an approach
developed by Horzum et al. *°* using ImageJ software. It allows quantification of focal
adhesions and its analysis as shown in Figure 3.4i-j. Moreover, data displayed in 3.S4a
and 3.54b is the data from Figure 3.4i and 3.4j, normalized by the total protein content of
EVSBs. This normalization allows us to compare the effect that exosomes and MVs
surface have on ADSCs spreading and focal adhesion formation independent of their
different protein content. As presented in Figure 3.4i and 3.4j, ADSCs on MV-EVSBs
spread more and form an increased number of focal adhesions per cell than ADSCs on
exosome-EVSB and on POPC/2k-SLBs. The same trend is observed when cell area is
normalized to EVSB protein content, whereas a different trend was noted when FA
number is normalized to EVSB protein content, Figure 3.S4. In that case, number of FAs
of ADSCs on both types of EVSBs are not significantly different.

Moreover, ADSCs on exosome-EVSBs spread more and formed an increased
number of focal adhesions than cells on POPC/PEG-SLBs. As expected, ASDCs on EZ
slides (i.e., soda lime silica glass coated with ECM proteins) spread readily and formed a
high number of focal adhesions as these conditions enable optimal cell attachment and
spreading. Lastly, ADSCs on POPC/PEG-SLBs display a round shape with decreased
cell surface area and focal adhesion number per cell compared to ADSCs cultured on the
other surfaces.

In general, our results show that ADSCs on EVSBs spread more and form more

focal adhesions per cell than ADSCs on POPC/PEG-SLB. In addition, we showed that in
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effect MV and exosome surfaces influence ADSC behavior in the same way, but MVs
have a stronger influence than exosomes. We note here that one reason for the observed
differences in spreading and focal adhesion formation can be differences in surface
viscosity 247 but because the difference in diffusion coefficients across these samples is
not large (factor of at most 2), we believe the effect we see here reflects the influence of
the chemical composition of the supported bilayers.

MVs EVSB Exo EVSB EZ slides (glass) POPC/PEG SLB

| ! -

Focal adhesions

i. j.
s 80 8
Q. B * % K %
g * % % -
s % . L. % 5
w o~
© = e E
% 8 40 = 74
© 1 g
7 ! :
20 1 = 2
2 3
*
’ MVs Exo POPC/EZ-slides 0 MVs Exo POPC/ EZ-slides
PEG PEG

Figure 3.4. Cell surface area and focal adhesions of ADSCs cultured on different surfaces.
(a-d) ADSCs on MVs-EVSB, exosomes- EVSB, EZ slides, and POPC/PEG-SLB. Vinculin (FAS)
generates a red signal and DAPI (nuclei), a blue one. (e-h) Isolated focal adhesions obtained from
images on the top (a-d). i) Quantitative analysis of number of focal adhesions per cell on all
substrates. j) Quantitative analysis of cell surface area for ADSCs cultured on all substrates. n =
3, mean + SD, *p <0.05, **p <0.01, and ***p<0.001
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3.5.5. Cell Viability and angiogenic activity of ADSCs cultured on MV or exosome-

EVSB

For further investigation of biological activity of ADSCs on EVSBs, the viability
of cells cultured on EVSBs was assessed and compared to the viability of cells seeded on
EZ slides and on POPC/PEG-SLBs (Figure 3.5a) for day 1, 3, and 5 after seeding. Green
signal represents live cells and red represents dead cells. As shown in the top row of
Figure 3.5a, ADSCs on MV-EVSB reach about 95% confluency on day 5 and have a
constant viability of around 91% on all examination days. The second row shows ADSCs
on exosome-EVSB that reach around 85% confluency on day 5 and keep a constant
behavior of around 92% viability on all days. ADSCs on EZ slides, third row, reach
confluency of about 95% at day 5 and show constant viability of around 94% during all
times. Lastly, ADSCs on a POPC/PEG-SLBs, fourth row, tend to form aggregates and
display a round morphology with low aspect ratio as expected from previous literature
reports. Cells reach about 50% confluency at day 5 and show constant viability of around
68% during all examination days. Our results suggest that modification of SLB surface
composition with cancer EVs, generating EVSBS, contributed to a less fluid composition
and to the preservation of some EVs membrane native proteins that allow cell attachment,
cell spreading, and cell viability. Besides influencing adhesion, spreading, and viability,
we hypothesized that EV components maintained in the EVSBs may trigger differences
in cellular phenotype that may lead to altered production of proteins and growth factors.
As mentioned before, it has been established that ADSC morphology and proangiogenic
activity, indicated by high levels of VEGF secretion, are altered by addition of EVs to

ADSCs culture *°: however, it is not known what drives these outcomes. Our aim was to
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test the impact of the surface moieties of the EVs on these cellular activities using the
EVSB platform, since this represents the first point of contact between ADSCs and EVs
and an opportunity to change the microenvironment for eventual tumor growth.
Furthermore, with this platform we can isolate the surface effects from any effects
of the cargo delivery. We note that the converse studies of cargo delivery are challenging
due to the unknown entry pathway EVs take and the triggers that open the particle to
deliver the contents inside the cell. Therefore, here we set out to assess first the role of
the EV surface moieties on ADSCs and if there are any differences between MVs and
exosomes. To do so, we measured VEGF secreted by ADSCs on the four test surfaces.
VEGF was measured on day 1 and 4 after seeding to observe if VEGF secretion varies as
a function of time. VEGF secretion by cells on all surfaces is similar on day 1. Figure

3.5¢ shows that ADSCs on MV-EVSB secreted nearly double
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Figure 3.5. Viability and angiogenic activity of ADSCs on different surfaces. a) Top row
displays viability of ADSCs seeded on MVs- EVSBs at day 1, 3, and 5 after cell seeding. Second
row displays ADSCs on exosomes-EVSBs at day 1, 3, and 5. Third row displays ADSCs on EZ-
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slides, and bottom row shows ADSCs on POPC/PEG-SLB at day 1, 3, and 5. Viable cells express
green signal, and death cells originate red signal. b) Viability of cells on EVSBs and EZ slides is
between 85% and 95% during all examination days, and cells on POPC/PEG-SLB have lower
viability starting at 84% and decreasing to 67% from day 1 to 5. ¢) VEGF concentration secreted
by ADSCs cultured on MVs derived EVSB, exosomes derived EV SB, POPC/PEG-SLB, and EZ
slides on day 1 and 4 after cell seeding.

their VEGF secretion by day 4 compared to day 1 after seeding. In the same way, ADSCs
on exosome-EVSB significantly increased their VEGF secretion by 50% on day 4
compared to day 1. In contrast, ADSCs on POPC/PEG-SLB did not show a significant
difference between VEGF secreted on day 1 and 4. Finally, cells on EZ slides secreted
significantly less VEGF on day 4 compared to day 1. That VEGF secretion levels
decreased from day 1 to 4 in ADSCs on EZ-slides, contrary to the behavior in the rest of
the culture surfaces where VEGF secretion increases over time, suggests that cell
proangiogenic activity increases as a function of time on these other surfaces. However,
VEGEF secretion of ADSCs on MVs and exosomes-EVSBs is significantly higher than on
ADSCs cultured on EZ slides and POPC/PEG-SLB at day 4, suggesting that cell
proangiogenic activity increases not just as a function of time, but as ADSCs interact with
EV surfaces.

In addition, our results showed preservation of an intact biological composition
of EVSBs after four days of cell culturing. We can deduce that at least some of the cues
for upregulating growth factor comes from the surface of the EVs themselves since cells
on EV surfaces have a higher proangiogenic activity than cells on non-EV derived
surfaces.

Data presented in Figure 3.5¢ was normalized by the protein content of EVSBs,
Figure 5.S6a, and by the number of viable cells, Figure 3.S6b. These normalizations make

the comparison of VEGF secretion of ADSCs on MV-EVSBs and exosome-EVSBs more
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impartial since not just the EV concentration is considered but also the protein content
and the number of viable cells in each EVSB. Normalized VEGF secretion of ADSCs on
all surfaces maintains the same behavior as data presented in Figure 3.5c. These results
suggest that the surfaces of EVs, with a higher impact from MVs, present cues that
influence the receiving cell to promote growth factors and changes that support the
microenvironment that can lead to new tumor growth.

Treatment of ADSCs with cancer EVs during cell culture results in myofibroblast
differentiation compared to non-treated cells # °. Hence, we wanted to investigate the
influence that EVs surface, represented by EVSB, have on promoting myofibroblast
differentiation. To do so, ADSCs cultured on MV-EVSB, exosome-EVSB, POPC/PEG-
SLB, and EZ-slides, grew for 3 days and were stained against alpha smooth muscle actin,
a-SMA. a-SMA is a marker of myofibroblasts and was used to detect phenotypic changes
on ADSCs to myofibroblast-like. Results presented in 3.56 show that ADSCs on MV-
EVSB and exosomes-EVSB do not express higher a-SMA than ADSCs on EZ-slides
and/or POPC. Therefore, the interaction between EVs surface and ADSCs is not enough
to trigger phenotype differentiation to myofibroblasts. We hypothesize then that
phenotypic differentiation may result instead from the delivery of EVs cargo into ADSCs.

This hypothesis will be further investigated in the future.

3.6. Conclusions

Using our EVSBs as models of EV surfaces, we were able to show that
interactions between ADSCs and EV surfaces contribute to cell adhesion and spreading,
proliferation, viability, and proangiogenic potential. Moreover, MV-EVSB influenced

cell spreading and VEGF secretion significantly more than exosomes-EVSB. Since all
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data was normalized by EVSBs content, we can say that those results were not necessarily
due to different proteins levels in both EVs types EVSBs. However, we cannot rule out
that size differences, and thus higher EV content (area) in the EVSB, between MVs and
exosomes, could be a possible reason for MVs-EVSB to have stronger effects on cell
spreading, adhesion, and proangiogenic activity than exosomes-EVSB.

We were able to show that rupture of EVs forms a homogeneous bilayer and no
presence of EV cargo in the formed EVSB platform. Therefore, we suggest that the
biological outcomes observed in ADSCs cultured on EVSBs are due to their interactions
with EV membrane constituents and not a result of EV cargo. While it remains to be
tested if the cargo delivery further enhances growth factor levels, we believe these
platforms will be useful to defining the impact of the surface cues on cellular behavior
and biological outcomes in various contexts. Furthermore, given that the interaction of
the particle surface yields cellular impacts that promote conditions for oncogenic activity,
this platform will be a useful tool for the development of strategies to limit these
interactions for future therapeutic development.

Finally, the ability of our EVSB platform to be made with any type of EV allows
us to study the outcome of any type of EV (used to make the EVSB) surface interaction
with a desired kind of cell, opening the possibility of studying the effects of different
types of cancer derived EVs on stromal cells and/or cancer cells that are cultured upon
them. As such, our platform can facilitate the investigation different diseases in which
EVs play an important role, such as cardiovascular and metabolic diseases?,
neurodegenerative diseases®, and cigarette smoke associated diseases®. Finally, this

platform can be deployed to develop ways to disrupt deleterious surface interactions

114



between MVs or exosomes with healthy cells to avoid negative outcomes that lead to

disease progression.

3.7. SUPPORTING INFORMATION

3.7.1. Experimental Section

3.7.1.1. Cell Culture

StemPro human adipose-derived stem cells (ADSCs) were obtained from ThermoFisher
Scientific (Rochester, NY) and cultured in ADSC growth media purchased from Lonza
(Walkersville, MD). Experiments were performed with cells between passages 3 and 8.
MDA-MB-231 cells, which are highly metastatic human adenocarcinoma cells, were
purchased from ATCC (Manassas, VA) and maintained in Dulbecco’s modified Eagle’s
media, DMEM, Corning (Corning, NY) supplemented with 10% fetal bovine serum,
FBS, ThermoFisher (Waltham, MA) and 1% penicillin-streptomycin, P/S (Corning). For
serum free media used for EVs isolation, MDA-MB-231 cells were maintained in DMEM
media supplemented with 1% P/S. All cell cultures were maintained at 37°C and 5%

CO:2 and media was changed every two days as recommended by manufacturers.

3.7.1.2. Preparation of Glass Slides for Formation of Supported Bilayers

Glass coverslips 25 x 25 mm, No. 1.5, VWR (Radnor, PA) were the rigid surfaces for
supported lipid bilayers. They were cleaned by washing with 45 mL of 50% hydrogen
peroxide, Sigma (St. Louis, MO) followed by 105 mL of 70% sulfuric acid, VWR
(Radnor, PA) for 10 min. (Note: use extreme caution with this solution; highly oxidative).
Coverslips were then rinsed for 30 min with generous amounts of deionized water
generated by an Ultrapure water system, Siemens pureLab (Malvern, PA). Clean

coverslips were stored in deionized water at room temperature until needed. For
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formation of bilayers, coverslips were washed with deionized water and dried with high

purity nitrogen gas before each use.

3.7.1.3. Polydimethylsiloxane (PDMS) Well Fabrication

A 10:1 ratio mix of Poly(dimethylsiloxane), PDMS, SYLGARD 184 (Ellsworth, ME)
monomer and crosslinker was thoroughly stirred and degassed to make sure it was fully
mixed. It was poured in a 100 mm petri dish and baked at 70 C for 5 h. The cured PDMS
sheet was cut in pieces to fit on top of a coverslip. Using a hole puncher, a circular hole
of 1 cm diameter was made in each of the PDMS pieces to create a well when affixed to
the coverslip. To ensure attachment of the PDMS to the clean coverslip, the well was

placed in the oven at 65 °C for 10 min.

3.7.1.4. Preparation of Fusogenic Liposomes

1-Oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine, POPC, Avanti Polar Lipids
(Alabaster, AL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy
(polyethylene glycol)-2000], PEG2000-PE, Avanti Polar Lipids (Alabaster, AL) were
used to create fusogenic liposomes. POPC/PEG liposomes were made with 99.5%
(mol/mol) POPC and 0.5 %(mol/mol) PEG2000-PE. The lipid mixture was prepared by
dissolving the powdered lipids in chloroform, Sigma (St. Louis, MO), adding appropriate
ratios to a previously cleaned glass vial, and drying them with nitrogen gas followed by
desiccation in a vacuum chamber for 3 h. The lipid film was resuspended in phosphate
buffered saline, PBS, pH 7.4, to a final concentration of 1 mg/mL and stored at -20 " C
overnight. After thawed, liposomes were extruded through a 100 nm membrane,

Whatman (Maidstone, UK) and stored at 4" C for up to two weeks.
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3.7.1.5. MVs Isolation

MDA-MB-231 cells were cultured on a 150 cm? cell culture flask (Corning, NY) in 15
mL of DMEM media (Corning, NY) supplemented with 10% FBS and 1% P/S until they
reached 75-85% confluency. To avoid the presence of serum-derived exosomes during
EVs isolation, cells were incubated in serum-free DMEM supplemented with 1% P/S for
18-30 h. at 37°C and 5% CO.. Media was collected and centrifuged at 280 x g for 12 min
at 21 C to remove cells, followed by a second centrifugation at 10000 x g for 25 min. at
21 C to remove cell debris. The cleared media was vacuum filtered using a 0.22 um
Millipore Steriflip poly (vinylidene difluoride) (PVDF) filter, Millipore (Burlington,
MA) to separate MVs and exosomes. The particles retained by the 0.22 um filter
(designated MV fraction) were resuspended in 0.5 pL of serum-free media and stored at
4°C. Remaining filtrate from the vacuum tube was stored at 4 C for subsequent isolation
of exosome fraction (next section). Characterization of MVs was performed with NS300
NanoSight (Malvern, UK), Nano-ZS Zetasizer (Malvern, UK), and Transmission
Electron Microscopy, TEM, FEI Tecnai-12 Spirit (Hillsboro, OR). All experiments were
done with MVs within two days of isolation. To obtain MVs lysates further used for
western blot detection of MV markers, MVs captured on the PVDF filter were
resuspended in 100 pL of lysis buffer, RIPA buffer and Pierce proteinase inhibitor

cocktail tablet, Thermo Fisher Scientific (Waltham, MA), and kept at -20 C until needed.

3.7.1.6. Exosome Isolation
Filtrate generated in the vacuum tube during MVs isolation was centrifuged for 5 min at
300 x g to eliminate any bigger particles and cell debris. Supernatant was transferred into

ultracentrifuge tubes followed by ultracentrifugation at 100,000 x g at 4 C for 4 h. The
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generated exosome pellet was resuspended in 50 pL of serum-free media. Exosomes were
kept at 4 C until subsequent use. Characterization of exosomes was performed in the same
way as MVs characterization. Exosomes sample preparation for Western blot was done

following the same procedure as for MVs.

3.7.1.7. EVs Size and Concentration

NTA measures nanoparticles in suspension by analyzing Brownian motion tracking of
particles and determining the corresponding the size of the translational diffusion
diameter (hydrodynamic diameter) of each sphere/nanoparticle. The lower resolution
limit of NTA depends on the scattered intensity of the particle and the sensitivity of the
camera. Biological particles such as EVs have a refractive index of about 1.37-1.45 giving
a lower limit of detection of around 30 nm®. For our study, NS300 Malvern was utilized.
Using this equipment, particles between 30-800 nm can be measured with a concentration
resolution of 108 to 10° particles/mL. In addition, EV size was also measured by dynamic
light scattering (DLS, Zetasizer Nano ZS, Malvern), and transmission electron
microscopy (TEM, FEI T12 Spirit, Tecnai). DLS measures the diffusion of particles in
solution under Brownian motion using scattering of light and determines particle size
distribution using the Stokes-Einstein relationship. Nano ZS (Malvern), the Zetasizer
used for our study, has a particle size measurement range of 0.3 nm to 10 um. Finally,
TEM uses an electron beam to visualize particles and generate a highly magnified image
of EVs. FEIT12 Spirit Tecnai TEM, the equipment used for our study, is capable of

imaging particles as small as 0.20 nm.
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3.7.1.8. Transmission Electron Microscopy (TEM)

Freshly isolated MVs and exosomes were visualized using a FEI Tecnai-12 Spirit TEM
(Hillsboro, OR) at 120 kV at the Cornell Center for Materials Research. Samples were
loaded onto a 300-mesh carbon-coated copper grid and negatively stained using 1.5%
uranyl acetate.

3.7.1.9. Western Blot

Equal volume, 40 pL, of MVs lysate, exosomes lysate, and WCLs derived from MDA-
MB-231 cells were loaded on a 4-12% bis-Tris gel Bolt, Invitrogen (Waltham, MA) and
transferred onto a PVDF-membrane at 20V constant. Membranes were blocked with 5%
nonfat dry milk in TBST (tris-buffered saline and Tween20) and incubated overnight at
4 C with primary antibodies in TBST for the appropriate target protein. After washing,
membranes were incubated with secondary antibody in TBST for one 1 h. at room
temperature and imaged using a Western ECL detection kit, BioRad (Hercules, CA) on a
ChemiDoc XRS, BioRad (Hercules, CA) imaging system. Primary antibodies used were:
0.8 pg/mL CD63, ab193349, Abcam (Cambridge, MA), 1:1000 EGFR, 2232, Cell
Signaling Technology (Danvers, MA), and 0.20 pg/mL Actin, AF4000, R&D Systems
(Minneapolis, MN). Secondary antibodies used were: 1:2500 Goat Anti-mouse (HRP),
ab6789, Abcam (Cambridge, MA) for CD63, 1:2500 Goat Anti-Rabbit IgG H&L (HRP),
ab205718, Abcam (Cambridge, MA) for EGFR, 1:1000 and Sheep 1gG HRP-conjugated

Antibody, HAF016, R&D systems (Minneapolis, MN) for actin.

3.7.1.10. Fluorescent Labeling of Liposomes and EVs
To visualize the formation of supported bilayers, liposomes were fluorescently labeled

with a membrane-intercalating fluorophore, octadecyl rhodamine (R18). 1 pL of 0.1
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mg/mL R18, Molecular Probes (Eugene, OR) was incubated with 100 pL of liposomes,
sonicated, Model # BD2500A-DTH, VWR (Radnor, PA) for 30 min, and the
unincorporated fluorophore was removed using a G25 spin column, GE Healthcare
(Pittsburgh, PA). The same procedure was followed to label exosomes and MVs, using

100 pL of each of the samples.

3.7.1.11. Formation of Phosphatidylcholine Supported Lipid Bilayers

Supported lipid bilayers, SLB, self-assemble on a clean coverslip using the well-
established vesicle fusion method as shown previously®® 3. 100 pL of 1.0 mg/mL of
POPC/PEG were added into a well and incubated for 20 min. at room temperature. Wells
were thoroughly washed with phosphate buffered saline, PBS, to remove excess lipid
vesicles remaining in the bulk phase after bilayer formation. This surface was used as a

negative control surface for ADSC culture.

3.7.1.12. Formation of MVs- or Exosome- EVSBs

For EVSB formation, 100 pL of MVs (concentration 1.623 x 10" MVs/mL) solution were
added to the a PDMS well and incubated at room temperature for 7 min. The well was
thoroughly rinsed with phosphate-buffered saline, PBS, to remove unabsorbed MVs.
Formation of the bilayer was induced by addition of 70 uL of 1 mg/mL POPC/PEG into
the well and incubated for 20 min at room temperature followed by rinsing with PBS.
The same procedure was followed to form an exosome - EVSB, using 100 pL of
exosomes (concentration 1.623 x 107 exosomes/mL). Millicel EZ- glass slides (Millipore,

Burlington, MA) were utilized as a positive control surface for ADSC cell culture.
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3.7.1.13. Detection of Epidermal Growth Factor Receptor (EGFR) in MVs- EVSB

MV- EVSB were incubated in 70 pL of 20% normal goat serum, GS, Thermo Fisher
Scientific (Waltham, MA) for 30 min for nonspecific binding blocking. The well was
washed with phosphate-buffered saline, PBS, and incubated in 70 pL of pg/mL EGFR,
aa 746-750 deletion, R&D Systems, (Minneapolis, MN) for 2 h. at room temperature.
The well was incubated in 70 pL of 1:2000 Donkey Anti-Mouse IgG NorthernLights
R&D Systems, (Minneapolis, MN) secondary antibody for one hour at room
temperature and imaged using total internal reflection fluorescence microscopy
(TIRFM) to detect the presence or absence of EGFR on MVs-EVSB. The same
procedure was repeated with a POPC/PEG-SLB and an exosome- EVSB as negative

controls to show no specific EGFR binding.

3.7.1.14. Detection of HSP70 and CD63 in Exosome- EVSB

The same procedure stated above for EGFR detection in MVs-EVSB was followed for
detecting the presence of HSP70 and CD63 in exosomes-EVSB. Antibodies used were:
20 pg/mL  Human/Mouse/Rat HSP70/HSPA1A Antibody, R&D Systems
(Minneapolis, MN) and 20 pg/mL Human CD63, R&D Systems, (Minneapolis, MN)
as primary antibodies and 1:2000 Donkey Anti-Mouse IgG NorthernLights R&D

Systems, (Minneapolis, MN) as secondary antibody.

3.7.1.15. EVSB Formation and Diffusivity by Fluorescence Recovery After
Photobleaching (FRAP)

Fluorescently labeled EV rupture was observed using an inverted Zeiss Axio observer.Z1
microscope with o Plan-Apochromat objectives, a Hamamatsu EM-CCD camera, Image

EM, model C9100- 13 (Bridgewater, NJ), and a X-Cite 120 microscope light source,

121



Lumen Dynamics Group Inc. (Ontario, Canada). To accumulate the fluorescence emitted
by the fluorophores (R18), an ET MCH/TR filter cube, 49008, c106274, Chromatech Inc.
(Canton, MI) was utilized. Labeled EVs were first incubated on the coverslips as
described above, followed by addition and incubation of POPC/PEG vesicles (unlabeled)
to rupture them. Formation of EVSBs was recorded and full rupture observed as shown
in the Figure S2, supplemental movies, further corroborated by FRAP and additional
techniques.

Diffusivity and mobile fraction measurements were carried out using
photobleaching experiments. Using a 4.7 mW 488 nm krypton/argon laser, a 23 um spot
was photobleached for 300 ms followed by 40 min (30 sec intervals) of recovery of the
photobleached spot. The fluorescence intensity of the photobleached spot was determined
by subtracting the background from a reference spot that was unbleached and normalizing
to each image captured to the maximum difference between the initial photobleached spot
and the original intensity of that area. Using MATLAB, the spot recovery data was fit
into a Bessel function model by the method of Soumpasis® to extract the half time to
recovery, t*2. The following equation was used, D = w2 /4t"2 (Eq. S1), to determine the
diffusion coefficient (D) for each bilayer type, where w is the full width at half-maximum
of the Gaussian profile of the focused beam. The mobile fraction was determined by the

final intensity over the initial intensity of the bleached area.

3.7.1.16. EVs Cargo Tracking in EVSBs
EVs cargo messenger RNA (MRNA) was labeled using an ExoGlow-RNA EV labeling
kit, System Biosciences (Palo Alto, CA) and following the manufacturer’s protocol. The

Labeled MVs and exosomes were placed and adsorbed on PDMS wells to image EVs
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cargo prior to EVSB formation. To image EV cargo after EVSB formation, the labeled
MVs and exosomes were placed on a PDMS well followed by the addition of POPC/PEG
to aid EVs rupture. Images of EV cargo before and after EVSB formation was carried out

using total internal reflection fluorescence microscopy, TIRFM.

3.7.1.17. Bicinchoninic Acid Assay (BCA)

To measure the protein content of EVSBSs, a BCA assay was performed to find the protein
concentration on the EV samples used to prepared EVSBs. The assay was performed
using a QuantiPro BCA assay kit, Sigma-Aldrich (St. Louis, MO) and following the
manufacturer’s protocol. MilliQ water was used as a blank for the BCA assay, and MVs
and exosomes samples of varying dilutions were prepared and used as unknown protein
concentration samples. A Corning 96 well plate with flat bottom, Sigma-Aldrich (St.
Louis, MO) was used to conduct the BCA assay. 150 uL of BSA protein standards,
blanks, or EVs unknown concentration samples were added in each of the wells. The
same volume, 150 uL, of BCA working reagent were added to each of the wells
containing standards, blank, or unknown EVs sample. Replicates were done for all the
samples. Using the standard curve and the Ase2 obtained for each of the EVs samples, the

protein concentration in MVs and exosomes was determined.

3.7.1.18. ADSCs Culture on EVSBs and on POPC/PEG- SLBs

ADSCs were seeded at a density of 1.05 x 10* cells/well on each of the following
substrates. MVs-EVSB, exosome-EVSB, POPC/PEG-SLB, as a negative control, and
Millicell EZ slide (no bilayer present) as a positive control. Four replicates of the

experiment were performed.
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3.7.1.19. Quantification of Cell Surface Area and Focal Adhesions (FAs)

ADSCs seeded on the four platforms were incubated for 24 h. at 37 C and 5% CO prior
to cell imaging. Cells were fixed using a solution of 3.7% formaldehyde, Sigma-Aldrich
(St. Louis, MO) and were incubated with 20% normal goat serum, GS, Thermo Fisher
Scientific (Waltham, MA) for 30 min. to block unspecific binding. Cells were then
incubated with 1:300 anti-vinculin antibody, Sigma-Aldrich (Waltham, MA) overnight at
4C to label cell focal adhesions, FAs ,and cell area. Cells were incubated with secondary
Donkey Anti-Mouse 1gG NorthernLights antibody, R&D Systems (Minneapolis, MN)
at room temperature in the dark for 1 h. for detection of vinculin and with 6-diamidino-
2-phenylindole (DAPI) SouthernBiotech (Birmingham, AL), for detection of cell nuclei.
Cells were then imaged using the inverted Zeiss Axio imaging system stayed before. For
each of the substrates, 45 images of the cells were taken with a 20X objective and analysis
of focal adhesions and cell area were completed using ImageJ. Images were taken in
frames where individual cells could be identified to allow the quantification of cell area
and FAs. A total of 180 images, from 4 replicates, were obtained and analyzed for cells
in each of the substrates. Quantitative analysis of focal adhesions was done following a

protocol developed by Horzum et al.3%,

3.7.1.20. Cell Viability Analysis Using a LIVE/DEAD Kit

Viability of ADSCs cultured on the four platforms was assessed using LIVE/DEAD
imaging kit obtained from Thermo Scientific (Pittsburgh, PA). ADSCs were cultured on
the substrates and grown for 5 days with viability assessments done on days 1, 3, and 5.
Following the manufacturer’s protocol, the content of the green (live) vial was transferred

into the red (dead) vial and gently mixed to create a 2x stock solution. Cells were
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incubated with the generated 2x solution for 15 min. at room temperature and fluorescent
images were captured. Using a 5x objective in the inverted Zeiss Axio observer stated
before, 15 images were captured on each of the days for each of the substrates. Since the
experiment was performed 3 times, 45 images were analyzed for each of the substrates
on each of the examination days. Calcein is converted to a fluorescent molecule, green,
when it interacts with viable cells, and EthD-1, which reacts with the nuclei content of

dead cells, generated a red signal.

3.7.1.21. Assessment of Vascular Endothelial Growth Factor (VEGF) Secretion by
ADSCs

To assess the proangiogenic activity of ADSCs, represented by VEGF secretion levels,
VEGF concentration secreted by ADSCs cultured on the fourth different substrates was
assessed on day 1 and day 4 after seeding. VEGF secretion levels were measured using a
human VEGF DuoSet ELISA kit, R&D systems (Minneapolis, MN) according to the
manufacturer’s protocol. A standard curve was obtained by measuring the intensity of
known VEGF concentrations. Using this formula, VEGF concentrations secreted by
ADSCs in each of the four substrates were found by the intensity emitted by the samples.
Three replicates of the experiment were performed. VEGF concentration secreted by
cells on the four substrates were normalized by the number of viable cells in day 4 and

by EVSB protein content in day 1 and 4.

3.7.1.22. Detection of Alpha Smooth Muscle Actin (a-SMA) in ADSCs on EVSBs
To investigate in ADSCs undergo myofibroblast transformation when seeded on

EVSBs, levels of alpha smooth muscle actin, a-SMA, a marker or myofibroblasts, were

measured on ADSCs on the four substrates. ADSCs cultured of EVSBs, POPC/PEG -
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SLB, and EZ-slides were fixed 7 days after seeded. Cells were incubated in 20% goat
serum, ThermoFisher Scientific (Waltham, MA) and 0.1% Triton X, VWR (Radnor,
PA) for unspecific blocking and cell permeabilization. Cells were incubated with 15
pug/mL anti-a-SMA antibody, R&D Systems (Minneapolis, MN) overnight at 4C.
Secondary Donkey Anti-Mouse 1gG NortherLights, R&D Systems (Minneapolis, MN)
was incubated with cells at room temperature in the dark for 1 hour for the detection of
a-SMA. To detect cell nuclei, 6-diamidino-2-phenylindole (DAPI, SouthernBiotech,
Birmingham, AL) was incubated with the cells. Cells were then imaged using the inverted
Zeiss Axio imaging system. Using a 20x objective, 20 images of cells in each of the
substrates were captured and analysis of a-SMA fluorescence intensity was done using
ImagelJ. Captured images were taken of individual cells to distinguish a-SMA fibers in

cells.

3.7.1.23. Statistical Analysis

For all experiments performed in this study, variance analysis was performed using a t-
test with unequal variances to find significant differences between substrates and
conditions. All data was plotted using Microsoft Excel, and it was presented as mean *
standard deviation (SD). For FAs and cell area experiment, three replicates were
performed; hence, ADSCs on 16 wells were analyzed. For cell viability assays, three
replicates of the experiment were done; hence, ADSCs in 12 wells were analyzed. VEGF
secretion level experiment was performed 3 times, so 12 wells were analyzed for the
experiment. Statistical significance levels were determined as follows: *p < 0.05, **p <

0.01, ***p<0.001, ****p<0.0001.
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3.7.2. Results and Discussion
3.7.2.1. Visualization of MVs and Exosomes Using Transmission Electron
Microscopy (TEM)

Populations of MVs and exosomes derived from MDA-MB-231 cells were
isolated following the protocol presented in Section 3.S1. To visualize the size,
dispersion, and morphology difference between both EV subtypes, transmission electron
microscopy (TEM) was employed. Images of MVs and exosomes can be observed in
Figure 3.S1. Note that exosomes tend to aggregate and are a more homogeneous and less
disperse population than MVs. Size characterization of both EVs populations is presented

in Table 3.1 in the main manuscript and agrees with the standard literature designations.

- s

Figure 3.S1. MVs and exosomes visualized by transmission electron microscopy (TEM). (a-
d) TEM images of exosomes populations. (e-h) TEM images displaying populations of
microvesicles. White arrows point at MVs and exosomes. Note that populations of exosomes are
more homogeneous than MVs populations.

3.7.2.2. Visualization of EVSB Formation

EVSBs from MVs and exosomes were made following the protocol explained in
Section 3.S1. To allow visualization of the formation process, EVs used to generate the
EVSB were labeled with octadecyl rhodamine (R18). Videos 3.S1a and 3.S1b show the

formation of a MVs-EVSB and an exosomes-EVSB captured by FRAP. Note that R18-
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labeled MVs initially looked like punctuate white dots on the glass slide at 0 sec, after
addition of fusogenic liposomes (POPC/PEG) at 1 sec, the MVs start rupturing and the
R18 is diffusing in the plane. This process continues until the end of video at 13 sec, when
a formed bilayer can be observed. A more homogeneous bilayer is formed after 20 min.
of incubation and thoroughly washing process. The upper left scratch is made to aid the
focus of the bilayer in the Z plane. The same procedure was followed to form an exosome-
EVSB.

ol o

MVs_EVSB_Formation.avi Exo_EVSB_Formation.avi

Figure 3.S2. Formation of EVSBs visualized by fluorescence recovery after photobleaching
(FRAP). (Sla) MVs-EVSB formation. R18-labeled MVs were adsorbed on a previously cleaned
glass. POPC/PEG liposomes were added to aid MVs rupture and formation of a bilayer. (S1b)
Exosomes-EVSB formation. R18-labeled exosomes were adsorbed on a previously cleaned glass.
POPC/PEG liposomes were added to aid exosomes rupture and formation of a bilayer.

3.7.2.3. Detection of HSP70 Presence in Exosome-EVSBs

As in vitro models of exosome membrane, exosome-EVSB must preserve
components of the exosomal membrane. HSP70 is a heat shock protein highly expressed
in exosomes lumen and membrane 2% 2%, HSP70 presence was detected in exosome-
EVSB to verify the presence of native exosomal membrane components in our generated
exosomes-EVSB. A primary anti-HSP70 antibody and a secondary Northern Lights
fluorescent antibodies were used for HSP70 detection. Figure 3.S3 shows the presence of
HSP70 in an exosome-EVSB (Figure 3.S3c), and the absence of HSP70 in MVs-EVSB
and POPC/PEG-SLB, in figure 3.S3a and 3.S3b respectively. These results suggest that

the generated exosome-EVSB preserves surface components similar to exosomes and

128



that proteins in the bilayer keep the same orientation as in exosomes 3 since the binding

site for the antibody is facing toward the bulk and not the glass.

MVs- EVSB POPC/PEG SLB Exosomes- EVSB

Anti - HSP70

Figure 3.S3. Detection of extracellular vesicles membrane components in EVSBs. (a-C)
HSP70 detection on EVSBs. (a) MVs- EVSB (control) treated with both primary and secondary
antibody, not specific binding detected since HSP70 is not a marker of MVs. (b) POPC/PEG-SLB
(control) to show no specific binding when treated with primary and secondary antibodies for
HSP70. (c) Exosome-EVSB treated with primary and secondary antibodies. Specific binding and
expression of HSP70 shows that exosome- EVSB preserve native components of exosomal
membrane.

3.7.2.4. ADSCs Spreading and Adhesion Normalized by EVSBs Protein Contents

As seen in Figure 3.4i and 3.4j, ADSCs cultured on MVs-EVSB have a
significantly higher cell area and generated focal adhesions than ADSCs cultured on
exosomes-EVSB. To investigate if these results are caused by the difference in protein
contents between both types of EVSBs, the data presented in Figure 3.4i and 3.4j was
normalized by each EVSB protein content and Figure 3.S4a and 3.S4b show the resultant
data. This normalization allows the comparison of the effect that MVs and exosomes
membrane have on ADSCs spreading and attachment independent of their different
protein content. Figure 3.S4b shows that after normalization, ADSCs cultured on MVs-
EVSB still show significantly higher cell area than cells cultured on exosome-EVSB.
However, in the case of focal adhesions, Figure 3.S4a shows that after normalization, the

number of FAs per cell between both types of EVSBs is not significantly different.

129



w
o
()

*okok

e
o

L
—

B
——

Now
e
n

—
L
o
N
1

# FAs per celll EVSB protein
content (FAs/cell *ug)
Cell area x 104/ EVSB

protein content (pm?/ug)

o

o

MVs Exo MVs Exo

Figure 3.S4. Number of focal adhesions generated and cell area of ADSCs cultured on
EVSBs normalized by EVSB protein content. (2) data presented in Figure 4i, number of focal
adhesions per cell, normalized by EVSB protein content. Note that after normalization, there is
not a significant difference between the number of FAs generated by ADSCs on MVs-EVSB
compared to the number of FAs generated by ADSCs on exosomes-EVSB. (b) data presented in
Figure 4j, cell area, normalized by EVSB protein content. In this case, after normalization,
ADSCs on MVs-EVSB still display significantly higher cell area than ADSCs on exosomes -
EVSB. n =4 ***,<0.001

3.7.2.5. Aspect Ratio of ADSCs Cultured on EVSBs

As mentioned in the main manuscript in the section of cell spreading and adhesion
of ADSCs on EVSBs, one of the differences between ADSCs cultured on exosome-EVSB
compared to ADSCs cultured on MV-EVSB, is that cells on exosome-EVSB displayed

higher aspect ratio than cells on MV-EVSB, as shown in Figure 3.S5.
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Figure 3.S5. Aspect ratio of ADSCs cultured on EVSBs, POPC/PEG-SLB, and EZ-slides.
Aspect ratio of cells on different surfaces as measured using ImageJ software.
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Aspect ratios of ADSCs cultured on EZ-slides and exosome-EVSB is similar. Lastly,
ADSCs cultured on POPC/PEG-SLB presented the lowest aspect ratio compared to

ADCs cultured on all other substrates.

3.7.2.6. ADSCs Secretion of VEGF Normalized by EVSB Protein Content and
Number of Viable Cells

In the same manner as in Section 3.7.2.4., data obtained for VEGF concentration
secreted by ADSCs on EVSBs (Figure 3.5¢) was normalized by EVSBs protein contents
and by number of viable cells. These normalizations were done to investigate if the effect
of EVs membrane on ADSCs secretion of VEGF and proangiogenic activity was
influenced by the protein content of each EVSB of by the number of viable cells in each
of the substrates. Figure 3.S6a shows that the trend presented by the data in Figure 3.5¢
was conserved when the data was normalized. That is the ADSCs on MV-EVSB secreted
higher VEGF concentration than ADSCs on exosomes-EVSB on day 4 independent of

the EVSB protein content or the number of viable cells on the substrate.
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Figure 3.S6. Secretion of VEGF by ADSCs normalized by EVSB protein content and
number of viable cells. VEGF concentration secreted by ADSCs cultured on MVs- EVSB,
exosomes- EVSB, POPC/PEG- SLB, and EZ slides was measured by ELISA and displayed on
Figure 5c. a) VEGF concentration secreted by ADSCs on EVSBs on day 1 and 4 normalized by
EVSB protein content. b) VEGF concentration secreted by ADSCs on EVSBs, POPC/PEG-SLB,
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and EZ-slides on day 4 normalized by number of viable cells in each substrate. We assume that
100% of cells on the substrates were viable at day 1, hence normalization was done just for day
4. *p <0.05, **p < 0.01, ***p<0.001, and ****p<0.0001.

3.7.2.7. Effect of EVSBs on ADSCs Differentiation to Myofibroblasts

Previous studies suggested that ADSCs have the potential to act as a tumor
promoter for various types of cancer, supporting disease progression, invasiveness, and
metastasis “¢. This potential is thought to be developed through the activation of different
signaling pathways resultant from ADSCs interactions with the microenvironment.
Among the possible mechanisms leading to ADSCs potential as a cancer promoter,
interactions with the tumor microenvironment and with oncogenic EVs are the most
studied in the field today*>“2.

In the case of ADSCs interactions with oncogenic EVs, it has been shown that
treatment of ADSCs with breast cancer derived EVs leads to ADSCs transformation to
myofibroblast phenotype*>. Myofibroblasts are highly contractile cells with high levels
or stress fibers and alpha smooth muscle actin (a-SMA)* 3% 3%, |n the case of normal
tissue repair, this transformation is beneficial for tissue healing and repair. However, in
the case of cancer, this transformation to myofibroblasts, leads to fibrosis, tissue
stiffening, and generation of a metastatic niche® 4% 302,

We showed that ADSCs grown on EVSBs produce higher VEGF levels than cells
cultured on glass and POPC/PEG-SLBs. These results suggest that interactions between
ADSCs and EVs membrane led to proangiogenic activity, represented by high levels of
VEGF secretion. In the same manner, we wanted to investigate if ADSCs interactions
with EV membranes by being cultured on EVSBs was a trigger for ADSCs transformation

to myofibroblasts. To do so, ADSCs were cultured on MV- and exosome-EVSBs, EZ-
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slides, and POPC/PEG -SLB. After seven days of culture, cells were subjected to
immunofluorescent staining for a-SMA as a marker of myofibroblasts.

Figure 3.S7a, 3.S7b, S7c, and 3.57d, showed ADSCs on MV-EVSB, exosome-
EVSB, EZ-slides, and POPC/PEG -SLB respectively expressing a-SMA, red signal, and
DAPI (nuclei), blue signal. Figure 3.S7¢ displays the quantitative data of a-SMA
fluorescence intensity in ADSCs culture on different substrates. Observe that a-SMA
fluorescence intensity is similar and low for ADSCs cultured on EVSBs and POPC/PEG-
SLB, and it is significantly higher on ADSCs cultured on EZ-slides. In the same manner,
Figure 3.S7f shows the data of Figure 3.S7e normalized by the protein content of EVSBs.
Note that a-SMA intensity levels on ADSCs cultured on MV -EVSB:s is not significantly

higher than a-SMA levels on ADSCs cultured on exosome-EVSBs.
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Figure 3.S7. Expression of a-SMA, as a marker of myofibroblast transformation, on ADSCs
cultured on EVSBs, POPC/PEG -SLB, and EZ-slides. (a- d) ADSCs cultured on MVs- EVSB,
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exosomes-EVSB, EZ-slides, and POPC/PEG - SLB were immunoassayed for o, smooth muscle
actin (a-SMA), red signal, and for DAPI, blue signal, seven days after seeding. (e) Quantitative
data for a-SMA fluorescence intensity of ADSCs on different substrates. (f) Data from (e)
normalized by protein contents of EVSBS. n=3. Mean £SD. *p < 0.05, **p < 0.01, ***p<0.001,
and ****p<0.0001

These results suggest that interactions between ADSCs and EV membranes, by
being cultured on EVSBs, do not lead to myofibroblast transformation. This leads us to
the conclusion that myofibroblast transformation of ADSCs treated with EVs that has
been observed in the past, may be due to the EVs cargo delivery into ADSCs and not a

result of the surface interactions.
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4.2. Abstract

cEXO binding
binding ' blocked

Upregulation of VEGF
& Cell proliferation

TOC Figure. Graphical abstract

Cancer derived exosomes (CEXOs) facilitate transfer of information between
tumor and human primary stromal cells, favoring cancer progression. Although the
mechanisms used during this information exchange are still not completely understood,
it is known that binding is the initial contact established between cEXOs and cells. Hence,

studying binding and finding strategies to block it is of great therapeutic value. However,
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such studies are challenging for a variety of reasons, including the need for human
primary cell culture, the difficulty in decoupling and isolating binding from
internalization and cargo delivery, and the lack of techniques to detect these specific
interactions. In this work, we created a supported biomimetic stem cell membrane
incorporating membrane components from human primary adipose derived stem cells
(ADSCs). We formed the supported membrane on glass and on multi-electrode arrays
(MEAS) to offer the dual option of optical or electrical detection of cEXOs binding to the
membrane surface. Using our platform, we show that cEXOs bind to the stem cell
membrane and that binding is blocked when an antibody to integrin f1, a component of
ADSCs surface, is exposed to the membrane surface prior to cEXOs. To test the
biological outcome of blocking this interaction, we first confirm that adding cEXOs to
cultured ADSCs leads to upregulation of VEGF, a measure of proangiogenic activity.
Next, when ADSCs are first blocked with anti-integrin f1and then exposed to cEXOs,
the upregulation of proangiogenic activity and cell proliferation are significantly reduced.
This biomimetic membrane platform is the first cell-free, label-free, in vitro platform for
the recapitulation and study of cEXO binding to human primary stem cells with potential

in therapeutic molecule screening as it is compatible with scale-up and multiplexing.

4.3. Introduction

Cui and colleagues recently showed that cancer derived extracellular vesicles
(cEVs) transfer miR-630 to fibroblasts promoting their differentiation to carcinoma-
associated fibroblasts and ovarian cancer invasion and metastasis'®. Similarly, several
others have implicated cEVs in cancer development and progression in other types of

cancers® 18 70 In particular, a subset of cEVs called exosomes (CEXOs), are known to
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mediate transfer of information between cells within the tumor and distal sites
contributing to tumor growth and formation of pre-metastatic niches®®” 3%, For instance,
interactions with breast cancer derived cEXOs induced pro-angiogenic behavior,
indicated by upregulation of vascular endothelial growth factor (VEGF) in adipose-
derived stem cells (ADSCs) and their subsequent differentiation to myofibroblasts® °.
Both outcomes favor tumorigenesis by promoting tumor vasculature formation and high
levels of inflammation at the tumor microenvironment (TME), respectively” 4 48,
Therefore, hindering interactions between cEXOs and healthy cells is expected to reduce
these types of negative outcomes and possibly mitigate the progression of cancer.
Blocking specific interactions as a route to inhibit the transfer of information
between cEXOs and cells and subsequent outcomes is an important emerging avenue for
cancer therapeutics. However, given the complexity of the plasma membrane surface and
all the possible targets for cEXOs to bind to and deliver their message, screening for such
interactions is a challenge that could benefit from new ways to mimic the surfaces and
interactions between the cell plasma membrane and cEXOs, as well as technologies to
read out these interactions. These types of screening studies are complicated because the
molecular interactions between cEXOs and cells are specific to each type of cEXO-cell
pair and are determined by the surface composition of both entities'*® 1% 3% All possible
cEXO-target cell interactions are expected to be begin by surface contact that involves
binding of at least two surface components, one from the cEXO surface and one from the
cell plasma membrane!*™ *°, Subsequently, cEXOs can take different routes for transfer
of information including: binding-induced activation of signaling pathways at the plasma

surface that leads to downstream cellular responses, cellular internalization via various
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endocytosis pathways that leads to delivery of contents to various organelles, and direct
fusion with the cell plasma membrane that leads to direct release of information into the
cytosol'> 119 110 Of note, however, is that a common theme among the different routes
is that binding is the initial interaction where cEXOs begin to influence the local
microenvironment to promote tumorigenesis and cancer progression. Being able to assess
binding isolated from these subsequent biological processes, and with an easy readout
that can be scaled up to integrate technologies for high throughput screening to identify
effective blocking agents, is a current need in the field. To create a model system to study
and visualize cEXO-cell binding, we report here a planar and tunable in vitro ADSC
plasma membrane model system that allows us to study the interactions of cEXOs and
ADSCs and to test potential binding blockers using both optical and electrical readout of
binding interactions, isolating the membrane interaction without the complexity of the
whole cell. Our platform’s central element is a hybrid supported lipid bilayer (SLB)
incorporating native ADSC membrane components derived from plasma membrane blebs
from human primary stem cells. We refer to this element as an Adipose derived stem cell
supported bilayer (ASB).

SLBs are employed in several research fields as cell membrane models 2527 165
310,311 and have been used as cell culture platforms® 3% %2 and as tools to investigate
interactions at the cell membrane interface including cell-cell interactions?® and cell-
particles interactions ° 3% 32 158 and strategies to inhibit virus binding®!? 313, In the past,
our group has expanded SLB platform molecular complexity by developing methods to
integrate native components from cell membranes that preserve the natural function and

orientation of the proteins in mammalian cell membranes 3% 3. Here, we adapted these
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methods to create a stem cell supported bilayer from human primary stem cells that
maintains much of the authenticity of the plasma membrane of ADSCs, preserving native
constituents, molecular complexity, and lateral diffusivity of the membrane. Because this
platform is a representative mimic of the plasma membrane that is free of the dynamism
of live cells, it is useful for isolating and focusing on cEXO binding and blocking without
competing effects of cEXO uptake and cargo delivery. Here we demonstrate using ASBs
combined with two different sensing modalities to assess binding/blocking in one
example of this application.

The versatility of our “native-like” lipid bilayer platform to be formed on surfaces
compatible with multiple sensing modes, allows us to use both optical and label-free
electrical means to readout membrane-related events. For example, glass surfaces enable
optical techniques like fluorescence recovery after photobleaching (FRAP) for bilayer
fluidity characterization® 3234 19 2% and total internal reflection fluorescence
microscopy (TIRFM) to detect interactions such as nanoparticle binding®#3!" and
blocking virus binding®!? 313, Moreover, given the practicality of label-free methods for
screening applications, we create these bilayers on customized bioelectronic sensors, to
electrically monitor molecular events at the cell membrane3!® 319,

Using these sensing modes, we validate the detection of cEXO binding to ASBs,
and subsequent blocking by an antibody to integrin f1/CD29 on the surface of ADSCs.
First, using fluorescence microscopy on glass surfaces. Secondly, using electrochemical
impedance spectroscopy (EIS) via poly(3,4-ethylenedioxythiophene) doped with poly
(styrene sulfonate), PEDOT:PSS-based devices for sensitive measuring of the ASB

frequency-dependent impedance.
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PEDOT:PSS is a conducting polymer which acts as a cushioned interface between the
electrode and the ASB; mimicking an in vivo-like environment, and enables direct
electronic signal transduction for sensing biological events with excellent sensitivity3%,
PEDOT:PSS-coated electrodes have previously been used to detect the open/close state
of transmembrane proteins in an SLB*!8, The addition of an insulating layer between
these electrodes, here the ASB, alters the impedance characteristics of the system, and
the resistance and capacitance properties of this layer can be extracted using equivalent
electrical circuit (EEC) modelling®!. When cEXOs bind or are blocked by antibodies,
these changes can be detected in the ASB resistance and used for label-free detection of
binding interactions, which we demonstrate with the same antibodies used in the
fluorescence study. Finally, as a means to corroborate our platform’s results, in the
context of live cells, we show that this antibody blocking strategy stops the upregulation
of VEGF and cell proliferation in ADSCs that are direct outcomes of cEXO-ADSCs
surface interactions. This result supports that blocking cEXO binding is a potential
therapeutic strategy and validates the utility of this ASB sensing platform in finding

successful targets that reduce cEXO binding and reduce proangiogenic outcomes when

applied to cells.

4.4. Materials and Methods

4.4.1. Cell Culture

StemPro Human Adipose-Derived Stem Cells (ADSCs) were obtained from
ThermoFisher Scientific (Rochester, NY) and cultured in ADSC growth medium Kit
purchased from Lonza (Walkersville, MD). Experiments were performed with cells

between passages 1 and 6. MDA-MB-231 cells, highly metastatic human
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adenocarcinoma cells, were purchased from American Type Culture Collection, ATCC
(Manassas, VA) and maintained in Dulbecco’'s Modified Eagle’s Medium, DMEM,
Corning (Corning, NY) supplemented with 10% fetal bovine serum (FBS) ThermoFisher

(Waltham, MA) and 1% penicillin—streptomycin (P/S) Invitrogen, (Carlsbad, CA). For

serum free medium used for cEXO isolation, MDA-MB-231 cells were maintained in
DMEM medium supplemented with 1% P/S. Experiments were performed with cells
between passages 1 and 8 after received. All cell cultures were maintained at 37°C and
5% CO and the media were changed every two to three days as recommended by

manufacturers.

4.4.2. Preparation of ADSC membrane blebs

Cell blebbing was performed through chemical induction. ADSCs were seeded in 10 cm
culture dishes (Corning, NY) at a density of 1.2 x 10° cells/mL. After 72 hours of
incubation at 37" C and 5% CO or until they reached 85% confluency, cells were washed
with Giant Plasma Membrane Vesicle (GPMV) buffer (2 mM CaClz, 10 mM HEPES,
and 150 mM NacCl) at pH 7.4. Cells were then incubated in 4 mL of blebbing buffer (25
mM  formaldehyde, FA, (Sigma, St. Louis, MO) and 2 mM
Dichlorodiphenyltrichloroethane, DDT, (Sigma, St. Louis, MO) in GPMV buffer) on a
rocker for one hour at room temperature and for one hour at 37 * C. Blebs were then
transferred to a falcon tube and incubated on ice for 25 minutes. Supernatant was

transferred to a new tube and stored at 4" C for up to two weeks.

4.4.3. cEXOs isolation and characterization

CEXOs derived from MDA-MB-231 breast cancer cells were used for this study. Detailed
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isolation and characterization procedure are found in Sl experimental procedures

section.

4.4.4. Characterization of cEXOs and ADSCs blebs

ADSCs blebs and cEXOs size were measured by nanoparticle tracking analysis (NTA),
dynamic light scattering (DLS) and further corroborated using transmission electron
microscopy (TEM). Laser Doppler electrophoresis respectively (LDE) was used to
measure the zeta potential of both nanoparticles. Finally, bicinchoninic
acid assay (BCA) and NTA were used to find particle concentration and protein
content, respectively. Experimental procedure for characterization methods is reported

in SI experimental procedures section.

4.4.5. Preparation of glass slides for formation of supported bilayers

Glass coverslips 25 x 25 mm, No. 1.5, VWR (Radnor, PA) were used as a rigid surface
for supported lipid bilayers. They were cleaned by piranha washing consisting of 45 mL
of 50% hydrogen peroxide (Sigma, St. Louis, MO) followed by 105 mL of 70% sulfuric
acid, VWR (Radnor, PA) for 10 minutes (Note: use extreme caution with this solution;
highly oxidative). Then, coverslips were rinsed for 30 min with generous amounts of
deionized water generated by an Ultrapure water system, Siemens pureLab (Malvern,
PA). Clean coverslips were stored in deionized water at room temperature until needed.
Immediately prior to the formation of bilayers, coverslips were rinsed with deionized

water and dried with high purity nitrogen gas.

4.4.6. Polydimethylsiloxane (PDMS) well fabrication

A 10:1 ratio mix of PDMS, SYLGARD 184 (Ellsworth, ME) monomer and crosslinker
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was thoroughly stirred, degassed, and poured in a 100 mm petri dish and baked at 70 C
for 5 hours. The cured PDMS sheet was cut into pieces to fit on top of a coverslip. A
circular hole of 1 cm diameter, using a 1 cm hole puncher, was made in each PDMS piece
to create a well when affixed to the coverslip. To ensure attachment of the PDMS to the

clean coverslip, the well was placed in the oven at 65 °C for 10 minutes.

4.4.7. Preparation of liposomes

1-Oleoyl-2-palmitoyl-sn-glycero-3-phosphocholine, POPC, Avanti Polar Lipids
(Alabaster, AL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- [methoxy
(polyethylene glycol)-2000], PEG2000-PE, Avanti Polar Lipids (Alabaster, AL) were
used to create liposomes. POPC-PEG2k liposomes were made with 99.5% (mol/mol)
POPC and 0.5 (%mol/mol) PEG2000. The lipid mixture was prepared by adding
appropriate ratios to a previously cleaned glass vial and drying them with nitrogen gas,
followed by desiccation in a vacuum chamber for 3 hours. The lipid film was resuspended
in phosphate-buffered saline solution (PBS) pH 7.4 to a final concentration of 2 mg/mL
and stored at -20° C overnight. After thawed, liposomes were extruded through a 100 nm

membrane 12 times, Whatman (Maidstone, UK), and kept at 4" C for up to two weeks.

4.4.8. Fluorescent labeling of liposomes, ADSCs blebs, and cEXOs

To visualize the formation of supported bilayers and for diffusivity measurements using
fluorescence recovery after photobleaching (FRAP), liposomes were fluorescently
labeled with a membrane intercalating fluorophore, Octadecyl Rhodamine (R18). 2 pL
of 0.1 mg/mL R18 (Molecular Probes, Eugene, OR) were incubated with 100 pL of

liposomes, sonicated (Model # BD2500A-DTH; VWR) for 30 min, and the

145



unincorporated fluorophore was removed using a G25 spin column (GE Healthcare,
Pittsburgh, PA). The same procedure was followed to label ADSCs blebs and cEXOs,

using 100 uL of each sample.

4.4.9 Formation of phosphatidylcholine supported lipid bilayers

Supported lipid bilayers (SLBs) self-assemble on a clean coverslip using the well-
established vesicle fusion method as shown previously 34, 100 uL of a 2.0 mg/mL
liposome solution (POPC-PEG 2k) were added into a well and incubated for 20 minutes
at room temperature. Wells were thoroughly washed with PBS pH 7.4 to remove excess
lipid vesicles remaining in the bulk phase after bilayer formation. This surface was used

as a negative control surface.

4.4.10. Formation of ASB

For ASB formation, 100 pl of ADSC membrane blebs (2.48 x 102 blebs/mL) in GPMV
buffer were added to a PDMS well and incubated at room temperature for ~10 min. Then,
the well was thoroughly rinsed with PBS pH 7.4 to remove unabsorbed blebs. Formation
of the bilayer was induced by adding 100 pL of 2 mg/mL POPC-PEG2k into the well and

incubation for 20 min at room temperature followed by rinsing with PBS.

4.4.11. Observing ASB formation and measuring diffusivity with fluorescence

microscopy

The rupture of fluorescently labeled ADSC blebs was observed using an inverted Zeiss
Axio Observer.Z1 microscope with a Plan-Apochromat objectives, a Hamamatsu EM-

CCD camera (Image EM, model C9100- 13, Bridgewater, NJ), and a X-Cite 120
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microscope light source (Lumen Dynamics Group Inc., Canada). To accumulate the
fluorescence emitted by the fluorophores (R18), an ET MCH/TR filter cube (49008,
c106274, Chromatech Inc.) was used. Labeled ADSCs blebs were first incubated on the
coverslips or PEDOT:PSS-coated coverslips as described above, followed by addition
and incubation of POPC-PEG2k vesicles (unlabeled) to rupture them. The process was
recorded with the camera and complete rupture observed as shown in the supplemental
movie, further corroborated by FRAP and additional techniques.

Diffusivity and mobile fraction measurements were carried out using
photobleaching experiments. Using a 4.7 mW 488 nm krypton/argon laser, a 25 pum spot
was photobleached for 300 ms followed by 40 min (30 s intervals) of recovery of the
photobleached spot. The fluorescence intensity of the photobleached spot was determined
by subtracting the background from a reference spot that was unbleached and normalizing
to each image captured to the maximum difference between the initial photobleached spot
and the initial intensity of that area. Using MATLAB, the intensity recovery data was fit
into a Bessel function model using the Soumpasis®** method to extract the half time to
recovery, tiz. The following equation was used, Eq. 4.1: D = w? /4 ty,, to determine the
diffusion coefficient (D) for each bilayer type, where w is the full width at half-maximum
of the Gaussian profile of the focused beam. The mobile fraction was determined by the

final intensity over the initial intensity of the bleached area.

4.4.12. Testing integrin f1/CD29, a native component of ADSCs membrane, presence

in ASB

ASB was formed as stated above. After washing the residual POPC-PEG2k vesicles
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away with PBS, 70 uL of 20% normal goat serum (GS, ThermoFisher Scientific
(Waltham, MA)) was added to the well and incubated for 30 min at room temperature.
The well was thoroughly washed with PBS one more time to remove GS excess. 100
pL of 1:100 anti-integrin B1/CD29 antibody solution (MAB1778, R&D Systems,
Minneapolis, MN) was added to the well and incubated for 2 hours at room
temperature. The well was thoroughly washed with PBS to remove excess primary
antibody and incubated with 100 pL of 1:2000 Donkey Anti-Mouse IgG
NorthernLights (NL009, R&D Systems, Minneapolis, MN) conjugate antibody for one
hour at room temperature in the dark. After, the bilayer was washed one last time with
PBS to remove excess secondary antibody, then was imaged using total internal
reflection fluorescence microscopy (TIRFM) to detect specific binding of
integrinB1/CD29 antibody to ASB. As a negative control, an ASB was treated just with
the secondary conjugated antibody to show nonspecific binding of integrinf1/CD29 to
the ASB with the absence of the primary antibody. Additionally, treatment with both
antibodies as done with the first condition was repeated with a POPC-PEG2k SLB (no

ADSC material) as a negative control to show nonspecific binding of integrin1/CD29.

4.4.13. Binding of cEXOs to ASB

ASB was formed as stated above and blocked using 70 uL of 20% normal GS for 30
min at room temperature to prevent nonspecific binding. After thoroughly washing the
well with PBS to remove excess GS, 100 uL of R18 labeled cEXOs were added to the
ASB and incubated for 30 min in the dark to allow binding. Finally, the well was
thoroughly washed with PBS to rinse unbound vesicles. Binding of cEXOs to ASB

was imaged using TIRFM and quantified by ImageJ software.
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4.4.14. Blocking binding of cEXOs to ASB using Integrin f1/CD29

An ASB was incubated with 100 uL of 20% normal GS for 30 min at room temperature,
followed by a thorough wash with PBS to remove excess GS. 100 pL of 1:100 anti-
integrin B1/CD29 were added to the well and incubated for 2 hours at room temperature.
The well was thoroughly washed with PBS to remove the primary antibody, followed
by incubation with 100 uL of R18 labeled cEXOs at room temperature for 30 minutes
to allow binding. The ASB was washed with PBS to rinse unbound cEXOs and images

were captured using TIRFM.

4.4.15. TIRFM Setting and Operation

Total Internal Reflection Fluorescence Microscopy (TIRFM) was conducted on an
inverted Zeiss Axio Observer.Z1 microscope with an o Plan-Apochromat 100x objective;
488 nm and 561 nm wavelength from solid-state lasers were used to excite the samples.
A Laser TIRF 3 slider (Carl Zeiss, Inc., Oberkochen, Germany) was used to adjust the
angle of incidence at approximately 68.2° generating an evanescent wave at 100 nm and
total internal reflection. The excitation light was filtered by a Semrock LF488-B-ZHE
filter cube and sent to the electron multiplying CCD camera (ImageEM C9100-13,

Hamamatsu).

4.4.16. Multi-electrode array Fabrication

Multi-electrode arrays (MEAS) were fabricated using an established photolithography
process on 4-inch glass wafers. The wafers were cleaned using a piranha (H202:H2SO4,
ratio 1:3-4) bath, washed with water and cleaned with O2 plasma (Nanoplas DSB 6000).

The electrode areas were defined using standard photolithography steps. To perform the
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lift-off step, the wafers were coated with a photoresist bilayer consisting of LOR 5B
(Microchem) and S1813 (Shipley) and exposed to UV light using the EVG 6200 mask
alignment system and developed using MF319 developer. A 10 nm layer of Cr and a
100 nm layer of Au were deposited using magnetron sputtering (Equipment Support
Company Ltd. ESCRD4) and lifted using appropriate solvents. After the lift-off step, the
first Parylene C layer was vaporized to a thickness of 1.7 um using a SCS Labcoater 2
with Silane as an adhesion promoter. A second Parylene C layer was vaporized to act as
the sacrificial layer for polymer film patterning. A layer of AZ9260 was spun cast and
developed using AZ developer as a mask for reactive ion etching (Oxford Instruments
Plasmalab 100-ICP 380) which was used to expose the device channels and pads for
polymer deposition. Each chip consists of four circular electrodes of 500 um in diameter

(0.00196 cm?).

4.4.17. Electrochemical Impedance Spectroscopy (EIS)

EIS was utilized as a label-free approach to assess cEXO binding capabilities. ASBs were
formed on PEDOT:PSS-coated MEAs and cEXOs binding and blocking experiments
were carried out in the same manner as described for glass substrates in 2.18 and 2.19.
ASBs were prepared fresh on the devices and were stable for 48 hours, meaning device
performance did not decrease during this time nor did the membrane resistance change.
A potentiostat (Autolab PGSTAT128N) equipped with a frequency response analysis
module was used to record impedance spectra at the frequency range between 100 KHz
— 0.1 Hz. Commercially available Ag/AgCl and platinum mesh were used as reference
and counter electrodes, respectively. The PEDOT:PSS-coated Au MEAs were used as the

working electrodes. The PEDOT:PSS solution contained 95% v/v Clevios PH 1000
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(Heraeus), 5% v/v ethylene glycol (Sigma-Aldrich), 0.002% viv 4-
dodecylbenzenesulfonic acid (Sigma-Aldrich), and 1% v/v (3-glycidyloxypropyl)
trimethyoxysilane (Sigma-Aldrich). PEDOT:PSS was spin coated onto MEAs (dried
under nitrogen and treated with oxygen plasma for 2 min just prior to use) at 3,000 rpm
for 35 s and baked at 140 °C for 1 h. A glass cloning cylinder was glued onto the MEA
using PDMS to act as a well. The electrodes were circular, 500 um in diameter, and thus,
the active electrochemical area was 0.00196 cm?. The applied AC voltage was 0.01 V
and a DC voltage of 0 V versus open circuit potential. All measurements were taken in
1X PBS buffer contained in a glass well attached to the MEAs. To monitor cEXOs
binding, we took EIS measurements on individual electrodes after each step as follows:
(1) bare PEDOT:PSS electrodes, (2) ASB formed on top, (3) after incubation with anti-
CD29 antibody, in the case of blocking, and (4) after addition of cEXOs. Nova software
was then used for data analysis and electrical equivalent circuit (EEC) modeling to extract

the membrane resistance values.

4.4.18. Assessment of VEGF secretion by ADSCs

ADSCs were seeded on a Millicell EZ-slide (Millipore, Burlington, MA) at a density of
8 x 10% cells/well. After 48 hours, ADSCs were changed to 2% FBS media to slow down
cell proliferation and incubated overnight at 37 °C and 5% CO,. Each well had a different
treatment, as follows: negative control with no treatment (NT), ADSCs treated with 40
ug of cEXOs, ADSCs incubated with 20 pg/mL of anti-integrin $1/CD29 antibody (MAB
2253Z, Millipore, Burlington, MA) for two hours at 37°C followed by addition of 40 ug
of cEXOs, and ADSCs treated with 10 ng/mL of TGFB1 (ThemoFisher Scientific,

Waltham, MA). Cell media was changed every other day along each of the treatments. In
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addition, 100 pL of media from each well were removed on days 0, 2, and 5 and stored
at -20°C for VEGF-ELISA assay. As a measure of proangiogenic activity, VEGF
secretion by ADSCs in all mentioned conditions was assessed using a Human VEGF
DuoSet ELISA kit (R&D Systems, Minneapolis, MN) following the manufacturer's
protocol. VEGF concentration was normalized by the number of alive cells in each
condition. The number of alive cells was assessed for each well/treatment on days 2 and
5 by staining cells nuclei using Hoechst (ThermoFisher Scientific, Waltham, MA) and
getting the average number of cells in 30 frames per well in images acquired by an
inverted Zeiss Axio Observer. Z1 microscope with a Plan-Apochromat objectives, a
Hamamatsu EM-CCD camera, Image EM, model C9100- 13 (Bridgewater, NJ), and an
X-Cite 120 microscope light source, Lumen Dynamics Group Inc. (Ontario, Canada).

Four independent replicates of the experiment were performed.

4.4.19. Statistical Analysis

For all experiments performed in this study, variance analysis was performed using a t-
test with unequal variances to find significant differences between substrates and
conditions. All data were plotted and analyzed using Microsoft Excel, and it is presented
as mean + SE. Statistical significance levels were determined as follows: *p < 0.05, **p

<0.01, ***p<0.001, ****p<0.0001.

4.5. Results and Discussion
Overview. Here, we present the use of ADSCs-derived SLB (ASB) to facilitate the
studies of cancer cEXOs-ADSCs binding and blocking strategies. First, we use optical

means to characterize the formation of an ASB and binding of cEXOs, followed by
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screening the potential of blocking B1/CD29 with a specific antibody to reduce cEXOs
binding. Next, these results are repeated using a label-free electrical approach. Lastly,
to corroborate the results obtained using our cell-free ASB platform, we used a cell
culture assay to investigate the effect of blocking integrin B1 in the surface of ADSCs
for the prevention of cEXOs binding and show that this stops the upregulation of VEGF
secretion and cell proliferation, which are direct outcomes of cEXOs and ADSCs

binding® °.

4.5.1. ASB as an in vitro model of ADSC membrane

We chose to study ADSCs because they are an important cell group in the tumor
microenvironment (TME) with a critical role in cancer progression and aggressiveness’
41 In particular, ADSCs secrete inflammatory biomarkers, such as VEGF, that promote
angiogenesis and a TME with high levels of inflammation, fostering tumorigenesis** #°.
Notably, surface interactions between cEXOs and ADSCs, are known to stimulate VEGF
secretion in ADSCs contributing to their angiogenic potential®. Because of these
malignant implications, it is imperative to study cEXOs-ADSCs binding and to find
treatments to block it as a mean to decrease ADSCs angiogenic properties. Towards this
end, we developed a tool to study cEXO-ADSC binding by replicating it in an in vitro
setting using an ADSCs-membrane model, ASB.

To recapitulate the membrane of ADSCs in the ASB, we incorporated native
components of the cell membrane into a SLB using ADSCs membrane blebs33 34, Cell
blebs are proteoliposomes that protrude and bud from the cell surface and retain the lipid
and protein composition of the mother cell membrane34. Here, ADSCs membrane blebs

were obtained by chemical treatment and characterized by several techniques. Size was
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obtained by complementary methods such as nanoparticle tracking analysis (NTA),
dynamic light scattering (DLS), and transmission electron microscopy (TEM).
Concentration was determined also by NTA. Total protein concentration was
determined by bicinchoninic acid assay (BCA). Finally, laser Doppler electrophoresis
was used to assess their zeta potential. The size of the blebs found by the three methods
were highly comparable ranging between 214 + 22.8 nm (NTA) and 232 + 39.3 nm
(TEM), and zeta potential of membrane blebs in GPMV buffer was 14.3+1.22 -mV,
these are both in the range of values reported in the literature3% 284 322,

CEXOs were isolated from breast cancer cells (MDA-MB-231) and
characterized in the same manner as cell blebs. cEXOs isolation and characterization
is described in detail in the supporting information section. Our average cEXOs size,
109 £ 12.3 nm, agreed with reported values in literature in which their diameters range
between 30-120 nm* %81 A complete characterization of cell blebs and cEXOs is
reported in Table 4.1 and Figure 4.S1.

Table 4.1. Characterization of cEXOs and ADSC cell blebs

Particle Diameter Diameter Diameter Zeta Concentration Protein content
Size by Size by Size by potential (particles/mL) (4ug/mL)

NTA (nm) DLS (nm) | TEM (nm) (-mV)

cEXOs 93.9+222 [ 116+ 119 | 118 +28.3 | 10.3+0.41 [ 2.26 %108 + 9.21 x107 638 £+ 11.9

ADSCs |214+228 |229+33.6 |232+39.3 [ 14.321.22 | 6.25x10% 5.70 x107 1.23x103+ 89.2

blebs

4.5.2. Formation and characterization of ASB
ASBs were produced from membrane blebs from ADSCs using a protocol

previously established by our group to form proteinaceous bilayers from mammalian
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cells (Figure 4.1a)%. In brief, cell membrane blebs labeled with octadecyl rhodamine
(R18) a membrane-intercalating fluorophore, were incubated, and adsorbed on a
cleaned glass slide. The fluorophore, R18, was initially confined to cell blebs and
visualized as bright dots, as shown in the left image of the fluorescence images (Figure
4.1a). Next, fusogenic POPC-PEG2k liposomes were added to the well to induce rupture
of blebs and spreading of R18 signal through the bilayer, as seen in the middle image of
the fluorescence images®* 61, After 30 min of incubation followed by thorough PBS
rinsing, a contiguous supported bilayer was formed and R18 signal from blebs uniformly
spread out, diffusing freely within the planar bilayer surface as seen in the right
fluorescence image. The dark scratch in the lower right (Figure 4.1a and 4.1b) of
microscopy images was made to assess focus at the z-plane of the bilayer during image
acquisition. The formation of an ASB can be found in Video 4.S1.

Lateral diffusion of components within the cell membrane is a fundamental
process involved in many biological functions including binding and fusion of external
particles3?® 2%6. 241,324 Eor proper mimicking of ADSCs plasma membrane, ASB should
retain the fluidity of the cell membrane since it allows diffusion within its 2D plane?*!,
influences binding-avidity®?>, and facilitates lateral rearrangement of ligands to

optimize binding3?®

. We assessed the diffusivity of octadecyl rhodamine (R18) in the
2D plane of ASB using Fluorescence Recovery After Photobleaching (FRAP). Using
a laser beam, a 22 um diameter circle was photobleached in the bilayer at time zero as
indicated by an arrow in the fluorescence recovery graph in Figure 4.1c and as shown in

the top fluorescence image in Figure 4.1b. Partial recovery of the photobleached circle

can be visualized in Figure 4.1b and 4.1c at around 350 sec for ASB. Lastly, final recovery
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of the photobleached circle was achieved at about 1600 sec for ASB as shown in the
fluorescence recovery graph in Figure 4.1c and in the bottom fluorescence image in
Figure 4.1b. The ability of the ASB to undergo fluorescence recovery and its resultant
high mobile fraction value of 90% and above validates the formation of a diffusive and
mobile supported bilayer, minimally free of defects. Fluorescence recovery curves
(Figure 4.1c) formed as described in the experimental section and used to determine the
diffusion coefficient (D) of ASB and a control POPC/PEG-2k SLB are reported in Figure
4.1d. ASB was found to be less diffusive (D: 0.297 + 0.035 pum?/s) than POPC/PEG-2k
SLB (D: 0.486 + 0.096 um?/s). These results were expected since POPC/PEG-2k SLB
contains only lipids and ASB consists of not just lipids, but also ADSCs membrane
proteins from ADSCs blebs, which have been established to reduce diffusion within
the bilayer?®. Therefore, ASB conserves the characteristic fluidity properties of cell

membranes.

4.5.3. Detection of Integrin #1/CD29, a native component of ADSC membrane, in
ASB

To recapitulate the cell membrane of ADSCs, ASBs should retain its native
components. Integrin 1 is a protein highly expressed in the plasma membrane of
ADSCs and is implicated in several biological functions including cell adhesion, wound
repair, tumor directed angiogenesis, and tumor cell growth®?" 328, ASB, as an in vitro
model of ADSC membranes, should preserve this component. Here, we confirmed the
presence of integrin B1 in the ASB using immunofluorescence with an-anti integrin
1/CD29 antibody, directed to recognize the extracellular portion of this

transmembrane protein. We then labeled with a fluorescent secondary antibody for
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Figure 4.1. ASB formation and characterization. a) Diagram and fluorescence images of ASB
formation. Created with BioRender.com. b) Pictures depicting pre-bleached, photobleached,
partially recovered, and completely recovered ASB. c) ASB fluorescence recovery after
photobleaching curve. d) Coefficient of diffusivity of ASB and POPC/PEG2k SLB. e) TIRF
microscopy images of ASB treated with CD29/integrin 1 antibody shows specific binding of
CD29/integrin B1 to ASB and its presence in it. f) Absence of CD29/integrin B1 in ASB treated
with secondary antibody in the absence of primary antibody. g) Absence of CD29/integrin B1 in
POPC/PEG2k-SLB. N = 4, mean £ SE, ***p < 0.001.

integrin B1 detected using TIRFM. Figure 4.1e depicts the bright spots associated with
binding and presence of integrin B1 in an ASB. Furthermore, given that the antibodies

bound to the appropriate epitope that faces away from the membrane, it suggests that
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the orientation of the integrins is also intact. This result agrees with our previous
observations for protein orientation where the extracellular portions face the bulk phase
after bleb rupture®® 3. To reassure that our results were specific and not reflective of
nonspecific adsorption, we used two negative controls shown in Figure 4.1f and 4.1g.
Figure 4.1f depicts an ASB treated with conjugated secondary antibody in absence of
primary antibody. Since the secondary antibody label is specific for the primary
antibody®?°, absence of the latter led to lack of detection of integrin f1/CD29 in the
ASB. Moreover, in Figure 4.1g, a POPC/PEG2K-SLB is treated with primary and
secondary antibodies, and no presence of integrin B1 is detected since it is a synthetic
and inert bilayer that does not contain adhesion molecules like integrins. Collectively,
these results suggest that our ASB preserves native membrane components, making it a

good platform to study cEXOs interactions with ADSCs.

4.5.4. Optical detection of cEXOs binding to ASB

Independent of the route taken by cEXOs after initial contact with the cell
membrane, binding is a common initial step for all mechanisms. Therefore, targeting it
as a way to universally inhibit these malignant outcomes of cEXO-cell interactions is a
strategy with high therapeutic potential. To detect binding to the ASB platform, R18-
fluorescently labeled cEXOs were incubated with an ASB, and their initial interactions
were captured using TIRFM and reported in Video 4.52. We observed cEXOs binding to
the ASB within 3 min of contact, with some of them being stably bound and some others
binding and detaching from the ASB. Images captured by TIRFM after 30 additional
minutes of incubation, show that cEXOs remained attached to ASBs (Figure 4.2a)

suggesting a stable binding, however further experiments must be performed to confirm
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that. In contrast, Figure 4.2c shows a negligible amount of cEXOs binding to
POPC/PEG2k-SLB as expected since POPC/PEG2k-SLBs are inert, non-fouling
surfaces, and do not contain adhesion proteins to mediate binding. It also suggests that in
the ASB, the cEXOs binding specificity comes from the ADSCs membrane components

that come from the blebs.

4.5.5. Blocking of Integrin 1/ CD29 reduces cEXOs binding to ASB

Binding between cEXO and ADSCs is known to be mediated by at least two
proteins, one on the surface of each entity. Since it is established that integrins, including
B1, a3, and a5 have been involved in binding of different types of EXOs to recipient
cells®3% 331 we suspect that integrin B1, present on our ASB, could be one of the proteins
involved in cEXO-ADSC binding. Figure 4.S2a, an schematic of the EXOs-cell surface
interactions previously established!'®, shows that integrins on the surface of the target
cell potentially bind to ICAM and/or ECM proteins (fibronectin, laminin and collagen)
on the EXOs surface!'®. To confirm the presence of those ligands on the surface of breast
cancer cEXOs that will facilitate binding to integrin 1 on the surface of ADSCs, we
performed a proteomics analysis available on File 4.S1. Figure 4.S2b shows several
integrin B1 ligands on the surface of cEXOs including ICAMI, fibronectin, laminin, and
collagen subunits, among others. Therefore, we decided to focus on investigating the role

of integrin f1 in ADSCs membrane, on CEXOs-ADSCs binding, specifically the ability

to block that binding by antibodies directed against integrin 1.
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Figure 4.2. Integrin 1/CD29 plays a role in cEXOs binding to ASBs. TIRFM images of
cEXOs binding to a) ASB with no treatment. b) ASBs treated with CD29/integrin 1 antibody. c)
POPC/PEG2k SLB. d) Quantification of cEXOs bound to ASBs, non-treated and treated with
integrin B1/CD29 antibody, and POPC/PEG2k SLB after 30 min incubation. Created with
BioRender.com. N = 3, mean + SE, ****p <(.0001.

To examine the potential of blocking integrin 1 as a strategy to decrease cEXO

binding, the surface of the ASB was treated with an anti-integrin $1/CD29 primary

antibody (referred as CD29 Ab here) prior to incubation with cEXOs. Following the same

procedure previously stated, treatment of the ASB with CD29 Ab resulted in significantly

reduced binding compared to cEXOs binding to the untreated ASB, Figure 4.2b and 4.2a
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respectively. Additionally, as seen in figure 4.2d, the number of cEXOs binding to the
CD29 Ab-treated ASB is significantly less than cEXOs bound to untreated ASB, and
similar to the number of cEXOs binding to the POPC/PEG2k-SLB. These results indicate
that integrin B1 plays a specific role in cEXO-ADSCs binding, recapitulated in ASB, and
its blockage decreases attachment of cEXOs to ASB.

A convenient aspect of our platform is that ASBs are free of maintenance required
for live cells, simplifying that aspect of assay and drug screening development.
Furthermore, we can focus on binding, isolated from cEXQOs internalization by cells, to
target that conserved aspect of cEXO-cell interactions. We demonstrated that ASB is a
functional in vitro ADSC cell membrane model able to detect cEXOs binding using
optical approaches and can be leveraged to develop strategies to block it. A great
advantage of SLBs is their high amenability to scale up, through rapid functionalization
and patterning of surfaces and integration of microfluidic and electrical components.
Toward this end, we coupled the ASB with an electrical device forming a bioelectronic

platform to allow label-free and sensitive detection of cEXOs binding.

4.5.6. Electrical monitoring of cEXOs binding to ASB

By coupling the ASBs with MEAs we can probe changes in the electrical signals
resulting from modifications of the membrane properties associated with the binding of
CEXOs. We have previously demonstrated the capability of electrical methods for
monitoring biological events at the cell plasma membrane3® 332 333 This led us to
integrate  ASBs with poly(3,4-ethylenedioxythiophene) doped with poly(styrene
sulfonate) (PEDOT:PSS) -based MEAs (Figure 4.3a) for electrical sensing of cEXOs

binding to ASB using EIS. PEDOT:PSS has overall low impedance and can hence be
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ideal for biological sensing applications. Additionally, PEDOT:PSS films modified with
silane based crosslinkers swell in aqueous biological environments and act as a hydrogel-
like cushioned support well suited for cell - cell membrane integration while preserving
mechanical and electrical properties®*#3%, This more native-like environment ensures
transmembrane protein functionality by facilitating their free lateral movement in the
membrane®*?,

ASB lipid membranes were successfully formed on PEDOT:PSS transducers
and initially characterized using FRAP to reassure the formation of a proper bilayer to
the electrical transducer. Results in Figure 4.S3 show FRAP images and fluorescence
recovery of an ASB on PEDOT:PSS after 400 sec suggesting successful formation of
a diffusive lipid bilayer on PEDOT:PSS. The reported coefficient of diffusivity of ASB
on PEDOT:PSS (0.500 + 0.022 pum?/s) is slightly higher than on glass (D: 0.297 +
0.035 um2/s), and we hypothesize that this increase in diffusivity is due to the ability
of PEDOT:PSS to act as a cushion for the ASB, as it has been previously observed for
other hybrid-SLBs formed on polyelectrolyte cushions3’.

EIS measurements of ASBs formed on PEDOT: PSS-coated electrodes were
performed for the electrical monitoring of the bilayer formation too. Here, the impedance
magnitude, Z, as a function of frequency, is captured in the Bode plot shown in Figure
4.3b and 4.3c and Figure 4.S5 and 4.S6, and the fitted resistance values were used as
figures of merit. The magnitude of the calculated membrane resistance relates to the
membrane ion permeability and has thus been successfully used in similar setups as a
figure of the membrane “leakiness” or the membrane “integrity”. For example, we have

shown in the past that membrane binding events result in an increase in the membrane
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resistance whereas membrane events that could potentially result in membrane
“leakiness” (i.e., disruption, pore formation, ion channel opening) result in a decrease in
the calculated resistance values. EEC model was fitted to the raw impedance as illustrated
in the Nyquist plot of Figure 4.S4b, allowing extraction of the membrane resistance (R,,
) using the EEC. R,,, was calculated for ASB and for ASB with integrin B1 blocking

(ASB+CD29), and again after the addition of cEXOs (+cEXOs) for each condition.
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Figure 4.3. Electrical readouts support the role of integrin p1/CD29 in cEXOs binding to
ASB:s. a) Experimental setup showing ASB formed on top of PEDOT:PSS-coated Au electrode.
RE: Reference electrode, CE: Counter electrode. The EEC is shown with R being the
solvent/electrolyte PBS 1X, R,, and C,, being the membrane resistance and capacitance,
respectively, and the PEDOT:PSS modeled as a constant phase element (CPE), Created with
BioRender.com. b) Bode plot of cEXOs binding to the ASB. c) Bode plot of cEXOs binding to
the CD29 Ab-treated ASB. (d). Rm normalized to the ASB prior to cEXO binding showing ASB
+ cEXOs in the absence and presence of CD29 Ab treatment. e) Comparison of the normalized
percentage increase in R,, between the ASB + CcEXOs addition and between the
ASB+CD29+cEXQs addition as defined by equation 2. N= 5, mean + SE, **p <0.01.

The experimental protocol was carried out using multiple single MEAs for each
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condition to control for MEA batch-to-batch variability. Measurements were taken from
multiple electrodes within the same MEA (i.e., of the same ASB) for each condition to
control for electrode-to-electrode variability and to ensure that measurements were only
collected from electrodes where there was good coverage of the ASB. ASB sealing
quality was assessed based on the increase in impedance compared to the bare
PEDOT:PSS impedance, as observed in the Nyquist and Bode plots (see Figure 4.54-5)
and as determined from the increase in the derived R,,, value. It was typical to achieve a
25-50% success rate of electrodes whose R,,, reflected a tightly-sealed lipid bilayer. The
calculated R,,, values were normalized for each measurement due to the variability in
absolute R, between MEAs, which ranged between 0.01 and 1.02 kQ cm?. This range in
R, values was likely caused by small differences in the ASBs, as the MEASs are very
sensitive to defects found in the bilayer. These values are comparable to values obtained
from similar setups that used mammalian cell-derived SLBs. To address this variation,
R,,, normalization was performed to assess the relative change in magnitude of R,,, before
and after cEXOs binding for each condition (Figure 4.3d). This allows cEXOs binding to
be inferred from changes in R,,, essentially rendering R,, a function of the abundance
cEXOs binding to the membrane and allows comparison across multiple experiments
performed on different MEAS regardless of the baseline R,,, obtained. In the case of the
CD29 Ab condition, the R,,, of the ASB after treatment with CD29 Ab was used as a
reference for cEXOs binding. The addition of anti-CD29 Ab to the ASB resulted in a

small increase in R, ~14% (from 0.010 to 0.011 kQ cm?) (Figure 4.S6).
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The relative change in normalized R,,,, AR,,, is defined as:

Rm,cEXO -R ASB*
Eq. 4.2 AR,, = .
Rm,asB*

Where R,,, 455+ is either ASB or ASB+CD29, we can calculate the relative change
in R,,, before and after cEXO binding. The results presented here are an average of these.
The addition of cEXOs caused an average increase in normalized R,,, of ~54% and ~9%
for the non-treated and anti-CD29 Ab-treated conditions, respectively (Figure 4.3e).
These results align with the ones from the optical experiments and provide further proof
that blocking integrin 1 receptors with anti-CD29 Ab reduces cEXO binding to the ASB.

In summary, using our ASB platform with optical and electrical analytical
approaches, we were able to detect cEXOs binding and to verify the mediating role of
integrin B1 on it. Fluorescence/label-based methods are more established in this field and
in this study, and we confirmed the fluorescence data with the novel electrical data and
demonstrated the capability of detecting cEXOs binding in a label-free manner for the
first time. Further analysis to compare the two techniques is part of our future work as it
will require us to establish a more thorough understanding of the EIS data, such that we
can tune the sensitivity of the devices to quantitatively assess cEXOs binding events.

To validate our results obtained by both sensing methods (optical and electrical),
we investigated the biological outcome of blocking integrin f1 in ADSCs in an in vitro
cell setting. However, the utility of this platform is only promising if the results obtained
here translate to changes in biological outcomes. To assess this, we next carry out the
same studies in cell culture and measure changes in pro-angiogenic behavior to determine

if the binding we block here leads to a reduction in negative outcomes.
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4.5.7. Blocking of integrin B1 decreases cell proliferation and VEGF secretion by

ADSCs in culture

We previously used an in vitro cEXO-membrane platform (EVSB) to isolate
interactions between cEXOs surface and ADSCs and found proangiogenic markers
including upregulation of VEGF and cell proliferation to be a direct outcome®. Therefore,
to validate the mediating role of integrin f1 in cEXOs-ASDCs binding, found in the
previous sections, we investigated its influence on VEGF and cell proliferation
upregulation, as binding outcomes. Towards this end, we conducted an in vitro assay to
assess the number of alive cells and concentration of VEGF secreted by ADSCs treated
with cEXOs in the presence and absence of CD29 Ab (anti-CD29 antibody), as a blocking
treatment for integrin 1, in ADSCs.

ADSCs grown to 80% confluency were treated during 5 days with four
conditions: 40 pg of cEXOs (cEXOs), CD29 Ab followed by cEXOs (CD29),
transforming growth factor beta (TGFp) as a positive control, and no treatment (NT) as a
negative control (Figure 4.4d). ADSCs with no treatment (NT) were expected to secrete
less VEGF than the treated counterparts® °. Conversely, ADSCs treated with TGFp were
expected to show increased VEGF secretion since TGFp plays a key role in VEGF
regulation and induction of proangiogenic factors®3-34, Secreted VEGF concentration
per cell for all conditions was assessed by ELISA assay at days 2 and 5 of treatment. For
easier data interpretation, results displayed in Figure 4.4a and 4.4b represent VEGF
secretion per cell for all conditions normalized by the no treatment (NT2) values on day
2. Therefore, NT. values were used as a baseline to analyze VEGF concentration by

ADSCs.
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Figure 4.4. Blocking of integrin f1/CD29 decreases cell number and VEGF secretion by
ADSCs treated with cEXOs. a) Normalized secreted VEGF concentration by ADSCs for all four
conditions: NT, CD29 Ab +cEXOs, cEXOs, and TGFp on day 2 and b) on day 5 of treatment.
VEGF secretion for all conditions was normalized by VEGF concentration at no treatment (NT>)
on day 2. c) Number of alive ADSCs at days 0, 2, and 5 of treatment for the same conditions as
in (a). d) Schematic representation of experiment done on section 3.6 of ADSC-cEXOs leading
to upregulation of VEGF secretion and cell proliferation on ADSCs; and inhibition of ASDC-
CcEXOs binding and decrease in those outcomes by blocking integrin f1 with CD29 Ab. Created
with BioRender.com. N = 3.

As expected, VEGF secretion is significantly upregulated in ADSCs treated with
CEXOs and with TGFp compared to the NT counterparts for both days. Results displayed
in Figure 4.4a show that cells treated with cEXOs and TGFp for two days secreted
approximately 3 and 4 times more VEGF than NT2 cells. Interestingly, ADSCs treated
with CD29 Ab, previous to cEXOs addition, secreted similar VEGF concentration as NT»
cells. The same behavior was observed on day 5 of treatment where cells treated with
cEXOs and TGFp secreted around 6 times more VEGF than NT2 and NTs cells, and cells

treated with CD29 Ab secreted just 2 times more VEGF than N2> and Ns cells. As
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expected, VEGF quantity was slightly higher on day 5 than on day 2, for all conditions
as shown in Figure 4.4b. These results indicate that blocking integrin f1 in ADSCs
prevent the pro-angiogenic activity, indicated by upregulation of VEGF observed in
ADSCs treated with cEXOs (Figure 4.4d).

Since cell proliferation is also influenced by cEXOs binding to ADSCs, we
counted the number of alive cells under the same conditions. As seen in Figure 4.4c,
treating ADSCs with cEXOs and TGFf leads to a higher number of alive cells than NT,
as we previously reported. Conversely, a decrease on cell number was observed with
CD29 Ab treatment before cEXOs addition. Given these results, it suggests that integrin
B1 plays an important role in cEXO-ADSC binding and blocking it is a strategy with
therapeutic potential to decrease pro-angiogenic activity that occurs from VEGF

upregulation and proliferation of ADSCs in the tumor microenvironment.

4.6. Conclusions

We have successfully generated an ASB platform that conserves lateral fluidity
and presence of integrin B1, important characteristics of ADSCs surface, making an
adequate in vitro model of human primary ADSC plasma membrane. Using this system,
we were able to replicate cEXO binding, isolating it from subsequent cEXO
internalization and cargo delivery, in a cell-free manner. The planar nature of the stem
cell membrane model renders it amenable to surface sensitive techniques, optical and
electrical, which hold potential for extracting valuable information regarding cEXOs
binding and function that would otherwise remain elusive to cell-based systems and its
complementary analytical techniques. This geometry facilitated the integration of the

ASB to a PEDOT:PSS-based MEA and detection of cEXO binding using optical

168



(TIRFM) and electrical (EIS) techniques, allowing visualization and label-free
monitoring of such interaction. Moreover, we showed a significant decrease of cEXO
binding to the ASB with anti-CD29 Ab treatment (as a mean to block integrin 1) with
both optical and electrical readouts. These results suggest that integrin 1 receptors were
bound to CD29 Ab and not available to interact with cEXQOs, supporting our initial
hypothesis that integrin 1 facilitates CEXO binding to ADSCs. Likewise, treatment of
cultured ADSCs with CD29 Ab prior to cEXO addition led to a small change in VEGF
secretion and cell proliferation, both processes highly upregulated in ADSCs treated with
CEXOs in the absence of CD29Ab. This validates our results obtained with the ASB
showing the ability of CD29 Ab to reduce cEXOs binding to ADSCs and its malignant
outcomes, and it further corroborates an important role of integrin 1/ CD29 on cEXOs-
ADSCs binding.

Moreover, the detection of low levels of remaining cEXOs-ASB binding and
some increase in VEGF secretion and cell proliferation in ADSCs despite CD29 blocking,
suggests the involvement of other molecules in this binding. This possibility opens a new
avenue to use our ASB system and study the role of other ADSCs and cEXOs surface
components in cEXOs-ADSC binding and find strategies to inhibit it through drug
screening. The proteomics analysis available in the Sl offers several cEXOs surface
molecules, including possible ligands for integrin B1, that can be further analyzed.
Furthermore, our ASB will facilitate the study of cEXOs binding kinetics and the
mechanisms behind it to further attain its complete inhibition along its malignant

outcomes.

169



Here we showed how our ASB platform allows the recapitulation of human
primary ADSCs plasma membrane and the monitoring of cEXOs binding in a simpler
manner than the available conventional methods such as optical tweezers® and
immunofluorescence®*. Although previous groups have used native cell membrane
models to screen virus binding inhibitors®'? 313 to the best of our knowledge, we are the
first study to propose the use of biomimetic membrane models incorporating native
components of human mammalian cells to screen strategies to block EXOs binding to
cells. Our system offers several advantages including: (i) it is free of the dynamic
complexity of cells; (ii) it does not need the aseptic conditions required in cell culture;
(iii) reduces the need for extensive human primary ADSCs culture which are highly
sensitive, not widely available, and have a limited number of cell culture passages
allowed before they differentiate; and (iv) the ability to use complementary analytic
techniques like TIRFM and EIS, for visual detection in real time and for label-free and
sensitive electrical monitoring of cEXOs binding/blocking, respectively. This versatility
makes the ASB an excellent option for screening potential therapeutic molecules as it is
compatible with scale-up and multiplexing, with the option to be label-free. Therefore,
multiple testing conditions can be screened using ASBs originated from a single batch of
human primary cells. Lastly, the ASB can be tuned to generate model systems of the
plasma membrane of different types of cells to investigate their binding to diverse types
of EXOs. This model will facilitate the study of different types of cancer and other
diseases for which the prognosis is worsened as communication between diseased and
healthy cells progresses via EXOs % 5274275342 Qyr platform will make then a great tool

for drug discovery and the development of treatments and therapeutics to mitigate the
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strong effect that cEXOs have on tumorigenesis and metastasis.

4.7. SUPPORTING INFORMATION

4.7.1. Experimental Section

4.7.1.1. cEXOs isolation

MDA-MB-231 cells were cultured on a 150 cm? cell culture flask (Corning, NY) in 15
mL of complete media until they reached 75-85% confluency. To avoid the presence of
serum-derived EXOs during isolation, cells were incubated in serum-free media for 18-
48 hours at 37°C and 5% CO». Media was collected and centrifuged at 280 x g for 12 min
at 21 C to remove cells, followed by a second centrifugation at 10000 x g for 25 minutes
at 21 C to remove cell debris. The cleared media was vacuum filtered using a 0.22 um
Millipore Steriflip PVDF-filter, (Millipore, Burlington, MA) to separate bigger particles
from exosomes. The filtrate generated in the vacuum tubes was transferred to
ultracentrifuge tubes followed by ultracentrifugation at 100,000 x g at 4 C for 4 hours.
The cEXO pellet was resuspended in 1 mL of PBS pH 7.4 supplemented with 1% P/S.
cEXOs were kept at 4 C until needed. To obtain exosomes lysates further used for protein
quantification by Bicinchoninic acid assay (BCA), the cEXOs pellet was resuspended in
200 uL of lysis buffer, RIPA buffer and Pierce proteinase inhibitor cocktail tablet,
Thermo Fisher Scientific (Waltham, MA) and kept at -20 C until needed. All experiments
were done with exosomes within five days of isolation.

4.7.1.2. Characterization of cEXOs and adipose derived stem cell blebs: size

Adipose derived stem cells (ADSCs) blebs and cEXOs size and concentration were found
by nanoparticle tracking analysis (NTA). NTA measures nanoparticles in suspension by

analyzing Brownian motion and finding the size of the translational diffusion diameter
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(hydrodynamic diameter) of each sphere/nanoparticle. The lower resolution limit of NTA
depends on the scattered intensity of the particle and the sensitivity of the camera.
Biological particles such as cEXOs have a refractive index of about 1.37-1.45 giving a
lower limit of detection of around 30 nm®8. For our study, NS300 Malvern was utilized.
Using this equipment, particles between 30-800 nm can be measured and concentration
resolution is 10° to 10° particles/ml.

Additionally, cEXOs and ADSCs blebs size and zeta potential were found by

dynamic light scattering, DLS, and laser Doppler electrophoresis respectively, LDE.
DLS measures the diffusion of particles in solution under Brownian motion and obtains
particle size distribution using the Stokes-Einstein relationship. Nano ZS, Malvern, the
Zetasizer used for our study, has a measurement range of 0.3 nm to 10 um for particle
size measurement. Finally, LDE finds the surface charge of particles in suspension or zeta
potential by measuring the movement of the charged particle in an applied electric field
using the Doppler principle. The Nano ZS used for this study can measure the zeta
potential of particles ranging between 3.8 nm and 100 pm in diameter and has no limits
for zeta potential value.
4.7.1.3. Transmission Electron Microscopy (TEM)
Size and morphology of ADSCs blebs and cEXOs was further corroborated using
transmission electron microscopy (TEM). TEM uses an electron beam to visualize
particles and generate a highly magnified image of cEXOs and blebs. FEIT12 Spirit
Tecnai TEM, the equipment used for our study, is capable of imaging particles as small
as 0.20 nm.

Briefly, freshly isolated cEXOs and ADSCs blebs were visualized using FEI
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Tecnai-12 Spirit TEM (Hillsboro, OR) at 120 kV at the Cornell Center for Materials
Research. Samples were loaded onto a 300-mesh carbon-coated copper grid and

negatively stained with 1.5% uranyl acetate.

4.7.1.4. Characterization of cEXOs and ADSCs blebs: protein concentration

A Bicinchoninic acid assay (BCA) assay was performed to find the protein concentration
of cEXOs and ADSCs blebs. The assay was performed using a QuantiPro BCA Assay
Kit (Sigma-Aldrich, St. Louis, MO) and following the manufacturer's protocol. PBS was
used as a blank for the BCA assay, and cEXOs and blebs of varying dilutions were
prepared and used as unknown protein concentration samples. 150 pL of BSA protein
standards, blanks, or unknown concentration of cEXOs samples were added in each
PORVAIR 96 well plate wells with flat bottom (Porvair, UK). The same volume, 150 pL,
of BCA working reagent was added to each well, containing standards, blank, or
unknown concentration samples. Replicates were done for all the samples. Using the
standard curve and the Ase> obtained for each of the samples, the protein concentration

of cEXOs and ADSCs was determined.

4.7.1.5. Isolation and extraction of exosomal proteins for single-pot, solid-phase-
enhanced sample preparation (SP3) for mass spectrometry analysis

After isolation of cEXOs, previously described, total proteins were then extracted using
the RIPA lysis buffer supplemented with 1X Halt protease and phosphatase inhibitor
cocktail, ThermoFisher Scientific (Waltham, MA) after which the exosomal protein
sample was processed using the SP3 protocol as previously described®*. Briefly, 100 g
of exosomal protein were reduced with 10 mM of TCEP (tris(2-carboxyethyl) phosphine)

at 55 °C for an hour followed by alkylation of the reduced disulfides with 17 mM of
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iodoacetamide at room temperature in the dark for 30 mins. The alkylation reaction was
subsequently quenched with 5 mM of DTT by incubating at room temperature for 15
mins. The SP3 beads, GE Lifesciences (Chicago, IL) were added to the protein sample at
a bead/protein ratio of 10:1 (w/w) and were mixed by pipetting. Absolute ethanol was
then added to the protein-beads mixture at a final concentration of 50 % (v/v) and
incubated at room temperature for 5 mins to induce protein binding to the beads. Using a
magnetic rack, the protein sample bound to the SP3 beads was washed thrice with 80 %
ethanol, after which the protein was digested overnight at 37 °C in trypsin digestion
solution (1:25 (w/w) trypsin to protein ratio in 100 mM Triethylammonium bicarbonate,
TEAB). After digestion, the peptide sample was recovered from the beads by centrifuging
at 20 000 x g for 1 min at 24 °C followed by elution on the magnetic rack. The peptide

sample was processed by KAUST Bioscience Core Lab for mass spectrometry analysis.
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4.7.2 Results
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Figure 4.S1. Characterization of ADSCs blebs and cEXOs. Size distribution of ADSCs
membrane blebs by a) NTA and by c) DLS. Size distribution of cEXOs by b) NTA and by d)
DLS. Particle concentration of ADSCs blebs and cEXOs by e) NTA and protein concentration by
f) BCA. g) Zeta potential of ADSCs blebs and cEXOs using laser Doppler electrophoresis. h)
exosomal markers detected in cEXOs sample by proteomics analysis in File S1. i) TEM images

of ADSCs cell blebs (top) and cEXOs (bottom).
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Figure 4.S2. Surface components possibly involved in ADSCs-cEXO interactions. a)
Schematic of EVs and cell surface components that mediate the binding of EVs to target cells!!;
PS: Phosphatidylserine, TIM4: PS receptor, ICAM: intercellular adhesion proteins. Created with
BioRender.com Possible ligands in the surface of MDA-MB-231- derived cEXOs to bind integrin
Bl in the surface of ADSCs directly (b), or indirectly (c) using an ECM protein as an
intermediating binding agent as seen in the third and fourth configuration in a.
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File 4.S1. Proteomics Analysis of MDA-MB-231 derived cEXQOs

MDA-MB-231 cEXOs proteome.xlsx
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Figure 4.S3. FRAP of ASB on PEDOT: PSS. Fluorescence recovery after photo bleaching
curve for ASB on PEDOT: PSS and pictures depicting photobleached, initial recover, partial
recover, and completely recovered ASB. D = 0.50 + 0.02 pm?/s, MF=0.99 + 0.03.
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Figure 4.S4. Nyquist plots of cEXOs binding to ASB on PEDOT: PSS. S4b shows a zoomed
in view of S4a. The capacitance of bare PEDOT: PSS is Cp pgpor-pss = 1.09 nF cm?. Nyquist
plots showing the EEC model fitted to the raw impedance data. Membrane resistance values are
extracted from this model. This data complements the Bode plots presented in Figure 3b (main
text) and is further evidence that cEXOs binding results in a detectable electrical change.
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5.2. Abstract

Cancer derived exosomes (CEXOs) have been reported to favor tumorigenesis and
metastasis owing to their ability to transmit oncogenes. One of their mechanisms to
contribute to metastasis is thought to be the induction of epithelial-to-mesenchymal
transition (EMT), a hallmark of cancer, characterized by the loss of barrier integrity and
function, loss of epithelial proteins, and gain of mesenchymal markers, in barrier tissue-
forming cells. In this work, we aim to investigate the ability of breast cancer cells (MDA-
MB-231) derived cEXOs to induce EMT in non-tumorigenic breast epithelial cells (MCF-
10A). We first show that breast cEXOs induce an EMT-like behavior in breast epithelial
cells indicated by changes to cell morphology, loss of epithelial markers, and gain of
mesenchymal ones, characteristic of the transformation using conventional techniques:
immunofluorescence, western blot, and ELISA. However, these current techniques for
investigating the spatial and temporal aspects of EMT are long and tedious and lack the
ability to obtain quantitative data in real time. Hence, we describe a system to use organic
electrochemical transistors (OECTs) based on the conducting polymer poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) as cell culture substrates
for MCF-10A cells to facilitate, optical and electrical, real-time monitoring of EMT. To
do so, ongoing studies will be focused on electrically monitoring the changes in barrier
integrity of MCF-10A monolayers treated with cEXOs on OECTSs, gaining a truly
quantitative insight into cEXOs-induced EMT with higher temporal resolution than
conventional, orthogonal methods. This complement of optical and electrical readouts
will provide invaluable information for developing strategies that may inhibit cEXOs

interactions with epithelial cell monolayers thereby preventing cEXO-induced EMT with
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implications for preventing cancer progression and metastasis.

5.3. Introduction

Epithelial to Mesenchymal Transition (EMT) is a reversible biological process in
which cells lose epithelial characteristics, including cell-cell adhesion and baso-apical
polarity, and acquire mesenchymal traits. In embryonic development, EMT is a
fundamental cellular process for organogenesis, stem cell differentiation, induction of
pluripotency, and wound healing®*. However, in adults, EMT has been mostly associated
with chronic fibrosis and disease states, including cancer. For instance, cells that undergo
EMT show several changes in their cytoskeleton and secrete more ECM components
acquiring migratory and invasive properties characteristic of metastatic cells3*°. The loss
of epithelial properties in cells during EMT is characterized by a decreased expression in
E-cadherin, an epithelial surface marker, and loss of barrier integrity. On the opposite,
cells undergoing mesenchymal transformation present an increased expression of
mesenchymal markers, including N-cadherin, vimentin, alpha-smooth muscle actin (a-
SMA), fibronectin, and EMT- associated transcription factors4®.

Cancer-derived exosomes (CEXOs) are membrane encapsulated vesicles
produced by cancer cells, originated in multivesicular bodies, and secreted into the
extracellular space. They facilitate communication between cells within the tumor
microenvironment (TME) and are known to influence tumorigenesis and cancer
progression. One of the mechanisms used by cEXOs to facilitate cancer metastasis 2% 3%/
is the modulation of EMT, characterized by the loss of barrier function in barrier tissue-

forming cells.
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The limited methods available to investigate cEXOs interactions with cells, often
optical, lack the ability to obtain quantitative data in real time® %3434 In order to create
new ways to study these interactions, we have developed a bioelectronic platform
consisting of complex biological systems coupled to organic electronic
devices based on the conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)(PEDOT:PSS) that facilitate quantitative

real-time monitoring of biological interactions®®

and detection of cell damage at early
stages with high sensitivity®°. The optical transparency of our PEDOT: PSS-based
devices provides the unique advantage of dual transduction increasing the credibility of
our platform and enriching the biological information obtained. Moreover, their
compatibility with microfabrication methods allows for high throughput studies. Thus, in
this study, we aim to elucidate and monitor the ability of cEXOs to induce EMT and to
disturb barrier integrity as a precursor of metastasis, using our bioelectronic platform.
Here, we used conventional biochemical techniques to show that cancer-derived
cEXOs induce EMT-like behavior in non-tumorigenic breast epithelial cells. Signs of the
generated EMT-like behavior includes changes in cell morphology, loss of apico-basal
polarity, reorganization of cytoskeleton proteins like F-actin, decreased expression of E-
cadherin, and increased expression in N-cadherin. An important feature of EMT process
is the disorganization of cell junctions and the consequential loss of lateral cell-cell
adhesion, which leads to increased motility and invasiveness, favoring a metastatic
phenotype. In ongoing studies by our collaborators, organic electrochemical transistors

(OECTs) based on PEDOT: PSS conductive polymer will be used to monitor the loss of

the barrier integrity, as a sign if EMT, of the cell monolayer in real time. This electrical
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monitor strategy will give us a complete insight into the cEXO-induced EMT with
quantitative data and higher temporal resolution than the conventional methods used
above. Additionally, immunofluorescence of barrier-forming adherent junction proteins
and EMT markers will be performed on the OECTs to complement the electrical data and
show the ability of this system to allow simultaneous electrical and optical monitoring of
barrier integrity. This combination of optical and electrical measurements of cEXOs
interactions with epithelial cell monolayers will provide essential information for
developing new strategies to inhibit them. Thus, this innovative system offers the
possibility to study novel ways to prevent cancer metastasis induced by cEXQOs and to

facilitate rapid and large-scale drug screening compared to conventional methods.

5.4. Experimental section

5.4.1. Cell Culture

Mammary non-tumorigenic epithelial cells (MCF-10A) were purchased from American
Type Culture Collection, ATCC (Manassas, VA) and cultured in MEGMTM epithelial
cell growth medium bulletKit from Lonza (Walkersville, MD) supplemented with 100
ng/mL cholera toxin, Sigma (St. Louis, MO) and 1% penicillin—streptomycin (P/S)
Invitrogen, (Carlsbad, CA). Experiments were performed with cells between passages 1
and 8 received. To slow down cell proliferation during cEXQOs treatment, MCF-10A cells
were cultured on a growth medium in the absence of bovine pituitary extract (BPE, BPE-
free medium), one of the growth supplements included in the MEGMTM bulletKit.
MDA-MB-231 cells, highly metastatic human adenocarcinoma cells, were purchased
from American Type Culture Collection, ATCC and maintained in Dulbecco’s Modified

Eagle’s Medium, DMEM, Corning (Corning, NY) supplemented with 10% fetal bovine
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serum (FBS) ThermoFisher (Waltham, MA) and 1% P/S, Invitrogen. For serum-free
medium used for cEXOs isolation, MDA-MB-231 cells were maintained in DMEM
medium supplemented with 1% P/S. Experiments were performed with cells between
passages 1 and 8 after being received. All cell cultures were maintained at 37°C, 5%
COo, and the media were changed every two to three days as recommended by

manufacturers.

5.4.2. Isolation and characterization of cEXOs
Exosomes derived from MDA-MB-231 cells were isolated and characterized as

previously established in chapter 3 and chapter 4.

5.4.3. Treatment of MCF-10A cells with cEXOs

MCF-10A cells were seeded on Millicell EZ-slides, Millipore (Burlington, MA), at a
density of 68,000 cells/cm?. As 90-95% confluency was reached, cells on 3 of the wells
were fixed (initial time), and the other 3 wells undergo different treatments: 50-100 pg of
CEXOs, 5-10 ng/mL TGFB1, ThermoFisher Scientific (Waltham, MA), and a negative
control well with no treatment, all in BPE-free medium. Media was changed and
treatments were repeated every 12 h for 48, 60, and 96 h, and 7 days. Cells were fixed at
the final time of the experiment and stored at 4°C for subsequent immunofluorescence
(IF). For ELISA and western blot, the same procedure was followed, but cells were lysed

and stored at -20 C until needed.

5.4.4. Cell fixation and lysis
For IF, MCF-10A cells were fixed with ice cold 99% acetone, Alfa Aesar (Haverhill,

MA) at initial and final treatment time. Cells incubated at -20 °C for 5 min, followed by
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washing 3X with phosphate-buffered saline, PBS (1.37 M NaCl, 27 mM KCI, 100 mM
NaHPO4, and 18 mM KH2PO450 at pH 7.4) and stored in PBS at 4°C until needed. For
western blot and ELISA, MCF-10A cells were lysed (at initial and final time of treatment)
in ice-cold RIPA buffer (ThermoFisher Scientific) plus proteinase inhibitor cocktail,
Pierce (Sigma), scraped using a pipette tip, collected, and stored at -80°C until needed.
Lysed samples were thawed at 37 °C for one min, vortexed for 3 min, and centrifuged at
14,000 rpm for 5 min. Bicinchoninic acid assay (BCA) assay was done in all samples to

determine protein concentration.

5.4.5. Bicinchoninic acid assay (BCA)

BCA assay was performed using a QuantiPro BCA Assay Kit (Sigma) and following the
manufacturer protocol. BSA was used as a protein standard, PBS as a blank, and MCF10-
A samples with varying treatments were used as unknown protein concentration samples.
The assay was conducted in a Corning 96-well plate with a flat bottom (Sigma) using 150
pL of standard, blank, or unknown concentration samples and 150 pL of BCA working
reagent in each well. Protein concentration was determined using a standard curve and

the Ase obtained for each of the MCF-10A samples.

5.4.6. Immunofluorescence

Previously fixed MCF-10A were incubated in 1% bovine serum albumin, BSA (Sigma)
in PBS for one hour at room temperature (RT) to block non-specific binding. Then, cells
were incubated with 1:300 primary antibodies followed by incubation with 1:1000
secondary antibodies, at 37°C for one hour for each antibody. Samples on EZ-slides were

mounted with SlowFade antifade mountant with DAPI (Life Technologies, Carlsbad,
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CA) to preserve the fluorescent samples. Images were captured with a Zeiss Axio

Observer Z1 LSM 710 confocal microscope.

5.4.7. Antibodies

For immunofluorescence, the following primary antibodies were used: E-cadherin
(24E10) Rabbit monoclonal, (Cell Signaling, Danvers, MA); N-cadherin (13A9) Mouse
monoclonal (Cell Signaling); Vimentin (D21H3) Rabbit monoclonal (Cell Signaling); a-
SMA (MAB1420) Human/Mouse/Rat monoclonal (R&D Systems, Minneapolis, MN).
Secondary antibodies: Donkey anti-Rabbit 1gG (H+L) Alexa Fluor 488-conjugated
antibody (Life Technologies) and Donkey Anti-Mouse IgG NorthernLights antibody
(R&D Systems). For western blot, primary antibodies used include the ones used for
IF and Actin, (AF4000), Sheep polyclonal (R&D Systems) antibody. Secondary
antibodies: Donkey Anti-Sheep IgG HRP-conjugated antibody (R&D Systems); Goat
Anti-lgG  Mouse Polyclonal Antibody HRP-conjugated antibody (Rockland
Immunochemicals, Pottstown, PA); and Donkey Anti-lgG Rabbit Polyclonal Antibody

HRP-conjugated antibody (Rockland Immunochemicals).

5.4.8. Western blot

Equal volume (35 pL) and protein content of cell lysates from section 3.4 were mixed
with NUPAGE LDS sample buffer and sample reducing agent (Life Technologies),
loaded on a 4-12% Bis-Tris gel Bolt (Life Technologies), and transferred onto an
immobilon-P PVDF-membrane (Sigma) at 20V constant. Membranes were blocked for
an hour with 5% non-fat dry milk in TBST (tris-buffered saline and 0.1% Tween 20) at

RT and incubated overnight and rocking at 4 C with primary antibodies specific to the
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target protein. After thorough washing with 1% non-fat dry milk in TBST, membranes
were incubated with secondary antibody for one hour and rocking at room temperature.
Membranes were imaged using a Western ECL detection kit (BioRad, Hercules, CA) on
a ChemiDoc XRS (BioRad) imaging system. The concentrations for antibodies used were

1:1000 and 1: 2500 for primary and secondary, respectively.

5.4.9. Enzyme-linked immunosorbent assay (ELISA)

To investigate the expression of epithelial marker E-cadherin, and mesenchymal marker
N-cadherin, in MCF-10A cells before and after treatment, ELISA assay was done for both
proteins. Following the manufacturer’s protocol, Human E-Cadherin and N-cadherin
DuoSet ELISA kits (R&D Systems) were utilized to measure the concentration of both
cadherins in MCF-10A lysates for 0 and 7 days of treatment. Absorbance at 450 nm, as
recommended, was measured for all samples, and the concentration of both cadherins
was found using the absorbance and concentration of the protein standards and the
absorbance of the unknown concentration samples. E- and N-cadherin protein
concentration present in MCF-10A lysates were normalized by the total protein
concentration at each time point to reassure those values were not influenced by the

amount of protein or number of cells in each condition.

5.4.10. Confocal microscopy

IF images were captured by confocal (LSM 710) inverted Zeiss Axio Observer. Z1
microscopes (Zeiss, Oberkochen, Germany) with o Plan-Apochromat objectives and an
Andor SIM camera (Andor, Belfast, UK). A 63x oil immersion objective was used to

capture the images.
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5.4.11. Organic electrochemical transistor (OECT) fabrication

Fabrication of OECTs was done as previously reported®* *%2, In brief, gold source and
drain contacts were patterned on a previously cleaned glass slide (75 mm x 25 mm) using
photolithography, followed by thermal evaporation and lift-off. The patterns were
designed using Chrome mask and Mask Aligner. A S1813 photoresist, Kayaku Advanced
Materials, Inc. (Westborough, MA), was spin-coated at 3000 rpm during 30 seconds on
the glass, and microposit MF-26A was employed as a developer. Evaporation of 5 nm of
chromium and 100 nm of gold was achieved followed by lifting-off the photoresist in an
acetone bath in sonication for one hour, leaving only the gold source and drain contacts
on the substrate. A PEDOT: PSS channel and a gate with dimensions (50 x 50 pm? x 460
nm thick) and (1 x 1 mm?) respectively, were patterned by a perylene peel-off method
previously described®®® 4 The conducting polymer (CP) preparation consisted of:
PEDOT: PSS, Heraeus, Clevios PH 1000 (Leverkusen, Germany) plus 0.25 mL of
ethylene glycol (Sigma-Aldrich), 0.5 uL of 4-dodecylbenzenesulfonic acid (DBSA), and
10 mg of 3-glycidoxypropyltrimethoxysilane (GOPS), for each ml of PEDOT:PSS. After
CP deposition, the device was baked at 140 °C for one hour under atmospheric conditions.
The cell growth area was defined by polydimethylsiloxane (PDMS) wells of 0.9 cm

diameter and 0.64 cm? area.

5.4.12. OECT operation

Experiments were performed at 37 °C, 5% COzin an XL multi-SI humidified incubator,
PeCon GmbH (Erbach, Germany), mounted on a Axio Observer Z. microscope, Carl
Zeiss (Oberkochen, Germany). The following parameters were used for

experiments: Vps= —0.2 V,Ves= 0.3 V,Vgson time = 2 s, off time = 28 s. All
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experiments were done with voltages under 0.5 V to avoid cell membrane damaging
previously associated with higher ones. OECT data was acquired using a 2612 Source

Meter SMU, Keithley (Cleveland, OH) and customized LabView software.

5.5. Results and discussion

Overview: Cancer-derived exosomes, CEXOs, are recognized as molecular vehicles that
carry messages from tumor and transformed cells to healthy ones and are thought to
deliver signals to induce EMT in healthy endothelial cells’. It has been previously shown
that intensive treatment, every 3 hours of mammary epithelial cells with extracellular
vesicles from the plasma of women with breast cancer promotes transient EMT-like
behavior®®. As previously established, we aim to monitor the effect of breast cancer
cEXOs on MCF-10A (mammary non-tumorigenic epithelial cells) barrier integrity as a
sign of EMT induction using OECTs. However, first, we focused on elucidating the
ability of cEXOs to induce EMT-like behavior in MCF-10A cells using conventional
techniques like western blot, ELISA, and immunofluorescence, followed by electrical

monitoring.

5.5.1. Breast cancer-derived cEXOs lead to morphology changes in MCF-10A cells
cEXOs were isolated from MDA-MB-231, highly metastatic adenocarcinoma
breast cancer cells, as previously done and presented in chapter 3. Size, Zeta potential,
particle concentration, total protein concentration, and proteomic characterization of
CEXOs is found in chapter 4.
It is known that as non-tumorous breast epithelial cells, MCF-10A, reach high

confluency, they acquired a cobblestone epithelial morphology, apicobasal polarity, and
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are bound via cell-cell junctions forming an impermeable barrier®® 7. As MCF-10As
reached this stage and formed a homogenous monolayer, they were treated with various
cEXOs dosages for different periods of time to obtain the optimal conditions to induce
EMT. Two control conditions were also implemented, a negative one, consisting of cells
with no treatment; and a positive control where cells undergo treatment with 5 ng/mL
transforming growth factor beta, TGFp, to also induce EMT. The TGFp signaling
pathway is a key player in EMT process and commonly used to induce EMT in epithelial
cells in culture®® 3%, Figure 5.1 schematized the changes that cells undergo during EMT
process, expected to be triggered by cEXOs and TGFf treatment of MCF-10A cells.
Initially, to assess the ability of cEXOs to trigger morphology changes in MCF-
10A monolayer, cells were treated with cEXOs and TGFp (100 pg and 5 ng/mL,
respectively) every 24 hours for 6 days and Figure 5.2 displays images captured on day
7, 24 hours after the last treatment. Cells under no treatment (left panel) conserve the
cobblestone morphology and organized F-actin cytoskeleton characteristic of healthy
epithelial cells observed in Figure 5.1a. Cells under treatment with cEXOs (middle panel)
exhibit a less organized cobblestone morphology with loss of apico-basal polarity and a

disorganized cytoskeleton characteristic of cells undergoing mesenchymal transition as
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Figure 5.1. Changes in morphology, epithelial, and mesenchymal markers in epithelial
monolayer undergoing EMT induced by cEXOs treatment. a) Polarized epithelial cells joined
by tight, GAP, and adherens junctions, involving E-cadherin and F-actin, forming a homogeneous
monolayer. b) after cEXOs and/or TGFP stimuli, cells secrete higher levels of EMT-associated
transcription factors (EMT-TFs) causing disorganization of cell junctions with lower E-cadherin
expression resulting in loss of apico-basal polarity and barrier integrity. c¢) Further stimulation
leads to disorganization of the cytoskeleton, expression of mesenchymal markers such as
vimentin, a-SMA, N-cadherin, and secretion of matrix metalloproteinases (MMPs) leading to
dissolution of basement membrane extracellular matrix resulting in cell transformation to an
invasive and migratory phenotype. Created with BioRender.com and adapted from Vaquero et
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seen in Figure 5.1b and 5.1c. Moreover, cells treated with TGF (right panel) reveal

morphology changes similar to the cEXOs-treated counterparts but with less pronounced

changes possibly caused by treatment with low concentration of TGFf. As morphology

changes were observed in cells treated with cEXOs, changes in epithelial and

mesenchymal standard markers, E- and N-cadherin induced by cEXOs treatment were

investigated using a variety of conventional biochemical methods.
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Brightfield

F-actin

Figure 5.2. Morphology changes in MCF-10A treated with cEXOs. Images of MCF-10A cells
with no treatment, treated with 100 pg of cEXOs, and with TGFP on day 7 of treatment; left,
middle, and right panel, respectively. Top row displays brightfield images and bottom row, F-
actin images of two different areas for each condition. Note cobblestone morphology on cells in
control condition, and loss of polarity and acquisition of mesenchymal-like morphology and
disorganized cytoskeleton (F-actin) on cells under cEXOs and TGFp treatment.

5.5.2. Breast cancer-derived cEXOs induce EMT-like behavior in MCF-10A cells
MCF-10A cells forming a monolayer were treated with 50 ug of cEXOs and 5
ng/mL TGFB every 24 hours for 6 days followed by E-cadherin and N-cadherin
immunostaining, as epithelial and mesenchymal markers, respectively. Figure 5.3a top
row shows reduced E-cadherin expression, labeled in green, on cells treated with cEXOs
and TGFp (middle and right panel) compared to no-treated cells (left panel). Besides
intensity, the localization of E-cadherin also differs among the conditions. Control cells
show the typical localization of E-cadherin in adherents junctions around the cells
forming a honeycomb pattern,®! but it is delocalized in cells treated with TGFp and
CEXOs. This behavior is expected in cells undergoing mesenchymal transformation as

decrease in cell junction organization is one of its main characteristics*2. Moreover,
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Figure 5.3. EMT markers in MCF10A cells treated with cEXOs for 7 days. a)
Immunofluorescence of E-cadherin (green), N-cadherin (red), and nuclei (blue), and integration
of all in a 3D composite on MCF-10A monolayer with no treatment (left column), treated with
100 pg of cEXOs (middle column), or with 5 ng/mL TGF (right column) every 24 hours for 7
days. White arrows indicate dome-like structures formed by cells at high confluency. b) ELISA
quantitation of E-cadherin (left) and N-cadherin (right) in MCF-10A cells on day 7 of treatment.
Dashed line indicates initial concentration. CT: control (non-treated MCF-10A cells).
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images in the second row of Figure 5.3a show higher expression of N-cadherin on cells
treated with cEXOs and TGF compared to no-treated cells. N-cadherin, a hallmark of
EMT, is expressed around the membrane of mesenchymal and transformed cells®®, as
seen in cEXOs- and TGF - treated cells. Lastly, images of the cell nuclei in the third row
show a reduced number of nuclei in cEXOs -treated cells compared to the other two
conditions. We hypothesize that treatment with cEXOs resulted in increased cell
proliferation, as seen in other epithelial cells*®*, leading to cell over confluency and
subsequent detachment of some cells from the substrate. Moreover, in all three
conditions, cells still formed dome-like structures, indicated by white arrows,
characteristic of breast epithelial cells with high confluency. Lastly, images in the bottom
row show 3D composites integrating E-cadherin, N-cadherin, and DAPI in all treatment
conditions. Note that control cells show a cobblestone morphology with high expression
of E-cadherin and none of N-cadherin. On the other side cells treated with cEXOs and
TGFp loss some of that epithelial morphology and the expression of E-cadherin and
acquired N-cadherin expressed around cell adhesions.

To further test the expression of EMT markers, ELISA assays specific to E- and
N-cadherin were done in cell lysates to detect proteins present in cell-cell adhesions.
Figure 5.3b shows the concentration of both cadherins in cells before and after treatment
with initial concentrations (day 0), marked with a dashed line, used as a baseline to
compare to values after treatment. In the left graph, it can be observed that E-cadherin
concentration decreases in all cells after treatment with the lowest concentration exhibited
by cells treated with cEXOs followed by those treated with TGFp. On the other side N-

cadherin concentration increases in cells treated with cEXOs or with TGFp. These results
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align with the results shown in Figure 5.3a suggested that cEXOs induce EMT-like
behavior in MCF-10A cells by reduced expression and disorganized localization of E-
cadherin and increased expression of N-cadherin in cells treated with cEXOs. The
unexpected decrease of both cadherins by control cells after treatment could be possibly
due to the high confluency that cells reach at day 7 after treatment suggesting shorter
treatment times for future experiments.

Previous evidence indicates that stimulus with physiological relevant
concentrations (30 pg) of cEXOs for 9 hours induce a transient EMT-like behavior in
MCF-10A cells®®. With this in mind, several conditions were screened to induce
permanent EMT-behavior in MCF-10A cells using more physiologically relevant cEXOs
concentrations, shorter periods of treatment time, and lower initial cell confluency.

Several conditions were altered to optimize the experiment to induce EMT-like
behavior in MCF-10A via cEXOs. Physiologically relevant conditions were
implemented, including a lower concentration of cEXOs (50 pg), a higher concentration
of TGFP (10 ng/mL), around 85% confluency at day 0, and a cEXOs administration in
12 hours intervals for 60 hours. Figure 5.4 shows that under these conditions, a more
homogenous monolayer without dome-like structures is achieved for all conditions with
a higher number of cells treated with cEXOs and TGF.

Increased cell proliferation has been previously observed in cells treated with
CEXOs as seen in chapter 3 and 4. E-cadherin (green) expression in cells treated with
cEXOs or TGFp is lower and less localized at the cell borders than in non-treated cells,
as expected. In the case of N-cadherin (red), its expression is notably higher in cells

treated with cEXOs or TGFp than in control cells, and it is localized to the cell membrane

196



as expected and seen in Figure 5.3a. Together, these results suggest that treatment with
CEXOs every 12 hours for 60 hours induces EMT-like behavior in MCF-10A cells
indicated by a low and disorganized E-cadherin localization and high expression of N-
cadherin around cell membranes.
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Figure 5.4. EMT markers in MCF10A cells treated with cEXOs for 60 hours.
Immunofluorescence of E-cadherin (green), N-cadherin (red), and nuclei (blue) on MCF-10A
monolayer with no treatment (left column), treated with 50 ug of cEXOs (middle column), or
with 10 ng/mL TGF (right column) every 12 hours for 60 hours.

5.5.3. Organic electrochemical transistors (OECTs) to monitor cell barrier integrity

Epithelial cells form layers that naturally work as protective barriers by strictly
controlling the flux of ions between cells. Tight junctions, cell-cell adhesions, regulate
the ion flow between cells and their malfunctioning or deterioration is associated to
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several disease states including cancer. The EMT process is characterized by the loss of
tight junctions leading to a “leaky” cell barrier allowing the uncontrolled passage of ions.
Electrical measurement of the epithelial cell layers electrical resistance (transepithelial
resistance) is commonly used as a strategy to monitor tight junctions and epithelial
barrier. Organic electrochemical transistors (OECTS) have been previously used for dual
monitoring, optical and electrical, of epithelial barrier formation and integrity3°2 365 366,
In the previous sections, we showed that MCF-10A cells treated with cEXOs for
seven days, displayed an EMT-like behavior indicated by changes in morphology, loss of
E-cadherin and gain of N-cadherin, via conventional biochemical methods like IF,
ELISA, and western blot. Here, we will use OECTs to measure the transepithelial
resistance of MCF-10A layer before and during cEXOs treatment to monitor the barrier
integrity over time, as a measure of EMT. We hypothesize the ability of this system to
detect disruption of barrier integrity, as a sign of EMT, sooner than IF as previously
reported with the detection of nephrotoxicity due to cistplain®°. To do so, OECTs were
fabricated and operated as previously reported®®® and explained in the experimental
section. The device consists of three terminals including two gold/Au (to improve the
contact measurement) electrodes, source and drain, and a conducting polymer (PEDOT:
PS) channel in between (Figure 5.5). Two polymer layers, a vapor deposited parylene C
layer, to insulate the contacts and interconnects, and a PEDOT: PSS layer, were patterned
at the same time by a peel-off process. In addition, a PDMS well was fixed on the device

(Figure 5.5a) to enclose the seeded cells and cell growth medium.
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Figure 5.5. Schematic of OECT biosensor. a) The device consists of a PEDOT:PSS channel,
gold source (S) and drain (D) electrodes, and a PEDOT:PSS gate patterned on a glass substrate.
The MCF-10A cells cultured on the device along their growth medium are constrained by a
PDMS well. b) Gate voltage is applied to the system causing flow of cations from the media,
through the cell layer, into the PEDOT:PSS channel. This system allows simultaneous optical and
electrical monitoring of cell layer integrity®®®. Created with BioRender.com.

Briefly, operation of OECTSs involves application of a positive pulse voltage from
the gate to the source electrode and the cell layer, acting as an ion flow barrier, reduces
the passage of cations from the cell medium to the PEDOT:PSS channel (Figure 5.5b).
That blockage of cations flow leads to slow dedoping of the channel and modifications
in its current. The measurement of the PEDOT:PSS channel-current during this process
is fitted to a gate square pulse to find a time constant (1), which reveals the ability of the
cell layer to block the flow of cations into the channel and quantifies the quality/integrity
of the cell barrier. A healthy epithelial cell layer with intact tight junctions will cause a
long time to dedope the PEDOT:PSS channel with cations, resulting in a large t value.
However, a small t value is expected from an unhealthy and leaky cell barrier with loss

of tight junctions, characteristic of cells that undergo EMT.

5.5.4. cEXOs induce loss of barrier integrity, as a marker of EMT, in MCF-10A cells

MCF-10A cells were seeded and attached to OECTs as shown in Figure 5.6a, day
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0. As ~90% confluency was reached and a monolayer was formed (day 3), the cells were
treated with 100 pug of cEXOs every other day for 7 days. Brightfield image in Figure
5.6a at the end of the experiment (day 10) shows a cell layer covering the surface of the
device with absence of the cobblestone morphology, characteristics of epithelial cells. A
positive pulse voltage of Ves = 0.3 V was applied between the gate and the source and
measurements of the transconductance, or modifications in the PEDOT:PSS channel
current, were recorded and used to find the time constant, 1, for every time point. Figure
5.6b shows that 1 increases from day 0 to 3 as expected since the cells are growing to
confluency and starting to form a layer; as the layer forms (closer to day 3), t is higher
suggesting the formation of a tight layer and the slow dedoping of the channel.

cEXOs treatment begins on day 3 as the cells formed a monolayer and t is at its
highest point and mostly stable until day 6, indicating reduced cation flow through the
cell layer leading to slow dedoping of the channel and indicating good barrier integrity.
As EXOs treatment progresses, there is a notable decrease in t value from day 6 to day 9
indicating faster dedoping of the channel and poor barrier integrity, characteristic of cells
under EMT. These results suggest that cEXOs induce loss of barrier integrity in MCF-
10A cells monolayers, a sign of EMT, and it is detectable at least 4 days after the
beginning of treatment. However, the validation of these results remains to be tested with
experiment replicates and inclusion of positive and negative controls. This is just an
initial preliminary set of data that shows early detection of changes in barrier integrity

in MCF-10A treated with cEXOs, in a label-free manner.
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Figure 5.6. Electrical detection of decrease in barrier integrity of MCF-10A cells treated
with ¢cEXOs. a) schematic of electrical monitoring of MCF-10A cells forming a layer (day 0), in
a tight layer with high barrier quality and at the beginning of treatment with cEXOs (day 3) and
after 7 days of treatment, low barrier integrity and expected EMT (day 10). Brightfield images of
cells on the device on day 0 and 10. Created with BioRender.com. b) time constant t values
derived from transconductance measurements indicating an increase in barrier integrity from day
0 to 3 as the monolayer forms, stable barrier integrity from day 3 to 6 with the beginning of
cEXOs addition and decrease in barrier integrity starting from day 6 to day 9, at day 3-6 of cEXOs
treatment.

5.6. Conclusions and future work
These preliminary results suggest that it is possible to induce an EMT-like
behavior in non-tumorous breast epithelial cells, MCF-10A, with low concentrations and

periodic applications of cEXOs derived from breast cancer cells, MD1-MB-231.
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However, to confirm this, more experiments will be performed using different treatment
times and more mesenchymal markers including smooth muscle actin, a-SMA, and
vimentin. These EMT- associated changes including changes in cell morphology, f-actin
reorganization, loss of endothelial and gain of mesenchymal markers, E-cadherin, and N-
cadherin  respectively, were detected wusing conventional methods like
immunofluorescence, ELISA, and western blot.

Simultaneously, our collaborators at Cambridge University are working with the
same cell system forming monolayers on the OECTs to electrically monitor tight junction
(TJ) integrity to determine when TJ disruption happens, as a sign of loss of barrier
integrity and EMT. Once the time at which TJ disruption takes place is known, EMT
markers characterization will be repeated by IF, western blot, and ELISA. Those results
will allow a comparation of both systems at the same time and treatment conditions and
asses if the electrical system, using OECTSs, can detect EMT-associated changes at faster
times, which we expect based on previous evidence*°. Lastly, since the OECTSs are based
on PEDOT: PSS, a low impedance and clear polymer, it will allow the recording of
electrical characteristics of the cell monolayer while simultaneously collecting optical
images of the monolayer in time-lapse mode. Therefore, this system facilitates precise
correlation between the function and integrity of the cell monolayer (electrical
characteristics) and the morphology of the cells forming the monolayer (optical

characteristics).
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CHAPTER 6

6. CONCLUSIONS AND OUTLOOK

Both subsets of cancer derived EVs, MVs and EXOs, have been recognize as modulators
of communication between cancer cells and cells at the TME and at distal sites® 117272,
Evidence shows that transfer of information between cells, facilitated by EVs, leads to
changes in recipient cells favoring tumorigenesis and cancer progression® & 8367 Several
aspects are involved in the exchange of EVs- associated oncogenic information between
cells and understanding them is essential to develop strategies to hold back cancer
progression influenced by EVs. For instance, several groups have examined the
biogenesis and composition of EVs® 3%, transfer of EVs?™ 2% and information between
cells’™ %% as well as the outcomes of EVs-cell interactions® " 37°, However, just a few
studies have investigated the specific interactions between specific EVs-cell pairs® 115349,
This has created absence of information in an essential aspect of EVs-facilitated
intercellular communication, how do EVs interact with the surface of the recipient cell to
deliver their signals or cargo? Surface interactions are the first step at which EVs begin
to influence the cell and its microenvironment!®®. Therefore, understanding them, the
mediating factors, and finding strategies to stop them and subsequently, their malignant
outcomes are strategies with great therapeutic value.

This information gap is partially due to the lack of tools to facilitate the study of
EV-cell interactions including EVs binding to recipient cell and route for information
delivery. To fulfill this need, this thesis work offers two biomimetic membrane models
as tools to simplify the study of surface interactions between EVs and cells. Particularly,

these systems facilitate the investigation of surface interactions between breast cancer
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cells (MDA-MB-231) derived EVs and human primary ADSCs. However, their
application is not limited to studying this EV-stromal cell pair since their versatility
allows them to be tuned to investigate surface interactions for different types of EVs and
cells. We chose to study ADSCs because they are important cell type in the TME and
favor cancer progression by modulating angiogenesis, through secretion of growth factors
and differentiating to new vasculature-forming cell types that promote tumor
proliferation, like fibroblasts and myofibroblasts® - 443, Additionally, MDA-MB-231
derived EVs have shown to further favor their contribution to disease progression by
inducing ADSCs proangiogenic potential, indicated by upregulation of VEGF, and
differentiation to pro-angiogenic and pro-invasive myofibroblasts*®. The biogenesis®’
372 and characteristics of this type of EVs®’® and their influence in ADSCs have been
previously studied, yet the surface interactions leading to those outcomes and the
strategies to stop them remain unknown. Towards that end, chapter 3 and 4 described a
biomimetic EV and a ADSC membrane model, respectively, to investigate surface
interactions between EVs and ADSCs. Our models are hybrid SLBs, which are the
standard membrane system introduced in chapter 2 with incorporated membrane native
components.

First, using the standard gold technique for EVs isolation, differential
ultracentrifugation (dUC), effective isolation of EVs from breast cancer MDA-MB-231
cells was achieved. Differences in characterization aspects including size, appearance,
and proteins specific to each EV subtype, indicated successful isolation of two different
subpopulations, EXOs and MVs. A complete characterization of MVs and EXOs was

done agreeing with the MISEV (Minimal Information for Studies of Extracellular
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Vesicles) guidelines for EVs published work. Additionally, in the case of EXOs, a
complete proteomics analysis is offered in this body of work, allowing further
investigation of this EV subpopulation.

In the first part of this work, | offered the EVSB platform to offer the EVs surface
components, solely, to ADSCs, facilitate interactions at that biointerface, and investigate
their biological outcomes. EVs, EXOs and MVs, separately, ruptured upon interaction
with PEGylated liposomes, successfully forming EXOs- and MVs-EVSBs. These EVSBs
make good biomimetic in vitro models of EVs membrane since they preserve some of its
natural features, including native components and its characteristic lateral fluidity; but
did not retain any EVs cargo. Moreover, ADSCs were successfully cultured on the
EVSBs; and using them as EVs membrane models, we showed that interactions between
ADSCs and EVs surface led to enhanced cell adhesion and spreading, proliferation,
viability, and proangiogenic potential, indicated by upregulated VEGF secretion, but did
not induce myofibroblast differentiation. Most likely, myofibroblast differentiation is
attributed to EVs cargo, but it remains to be tested. Due to the presence of membrane
components and absence of EVs cargo in our EVSBs, we suggest that the biological
outcomes observed in ADSCs were induced merely by EVs surface constituents and not
by internal components. This observation indicates that as expected, our EVSB system
allows the isolation of EVs surface interactions from others. Furthermore, the stronger
enhancement of ADSCs adhesion, spreading, and VEGF upregulation by MVs-EVSB
membrane compared to EXOs-EVSB is possibly due to their difference in size, and so in
content/ surface area in the EVSBs.

The EVSB system presented here offers several advantages including i) the
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exclusive decoupling of EVs surface components, ii) its tunability to be made from
different type of EVs and to investigate their surface composition and/or their interactions
with different types of cells, and iii) their planar geometry and versatility to be used with
different characterization tools including TIRFM, FRAP, QCM-D, AFM, among others.
Additionally, the development of EVSBs requires a low concentration of EVs compared
to the amount needed for commonly done periodic treatments of cells with EVs for
several days, which often requires the use of several EVs batches. This is a huge
advantage given that isolation of EVs is a tedious and extensive process, sometimes
challenging, with a final low yield of EVs. Furthermore, the adhesion and growth of
ADSCs on EVSBs further corroborates the presence of EVs membrane components that
mediate cell adhesion on the biomimetic membrane model, that otherwise is not favorable
on standard SLBs. Therefore, our system makes one more strategy, along those in chapter
2, to modify SLBs composition and so, their nonfouling nature for their application as
cell culture platforms. In fact, our EVSB model is the first EVs-derived SLB developed
and used as a cell culture system?®.

To further investigate the specific interactions happening at the ADSCs plasma
membrane interface with EVs, | offered the ASB system to facilitate the study of EVs
binding, as the initial step for EVs to influence ADSCs and their microenvironment. The
ASB showed preservation of lateral fluidity and integrin B1, native components of
ADSCs plasma membrane, making a suitable biomimetic model of it. This model allowed
the isolation of EVs (MVs and EXOs) binding, from EVs uptake, to ADSCs and its
optical detection and real time monitoring and quantification using TIRFM. Particularly,

the ASB-MEA system introduced in chapter 4, facilitated label-free electrical monitoring

206



of EXOs binding to ADSCs. Moreover, optical and electrical readouts showed that
blocking integrin $1/CD29, in the ASB, using an anti-CD29 Ab led a significant decrease
of EXOs binding to ASB. Analogously, the same strategy to block integrin B1 in live
ADSCs, resulted in a slight increase in ADSCs proliferation and VEGF secretion,
otherwise highly upregulated upon treatment with EXQOs. Therefore, these results indicate
that integrin B1 plays an important role in EVs binding to ADSCs and that CD29Ab is a
potential strategy/ therapeutic to reduce it along its biological consequences. Although
EXOs binding to ADSCs and its outcomes were significantly reduced using CD29Ab,
some remaining binding was still observed, which suggests the participation of other
proteins/ molecules in this interaction. Appendix 1, as a complement to chapter 4,
explored the potential participation of HSPGs in EVs-ADSCs binding. It further
corroborated the ability to recapitulate and optically monitor not just EXOs, but also MVs
binding to ADSCs using the ASB system. Likewise, using the ASB as a drug-screening
tool, heparin was found to successfully decrease MVs and EXOs binding to ADSCs.
Likewise, treatment of live ADSCs with heparin resulted in no significant increase in
VEGF secretion and cell proliferation upon interactions with EXOs, whereas cells in the
absence of heparin showed upregulation of both processes. We hypothesize that heparin,
as a free HS, interacted with EXOs and MVs blocking their subsequent interactions with
ADSCs. Therefore, these results indicate that HSPGs along integrin f1 play mediating
roles in EVs binding to ADSCs and that heparin and CD29Ab are two strategies with
therapeutic value to decrease EVs binding, VEGF upregulation and cell proliferation in
ADSCs. Together these outcomes indicate the drug-screening value of our ASB and

ASB-MEA systems as tools to screen potential therapeutics to block EVs binding to cells
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and decrease its associated malignant effects'!.
The ASB system presented here offers several advantages over the conventional

techniques available to study EVs binding to cells like immunofluorescence*!

and optical
tweezers®. The ASB is free from the dynamism of cells and several studies can be done
with one batch of ADSCs, which are human primary stem cells and so, are not easily
found and usually costly, very sensitive, and have a short number of passages before they
lose their stemness. In addition, the composition of the ASB can be adjusted to using
blebs from any type of mammalian cell to work as its biomimetic membrane model and
to facilitate the study of EVs, from any type of cancer or disease advanced by EVs,
binding to the desired cell. Lastly, the ASB offers the possibility to use several
characterization tools to monitor EVs binding to cells including optical and label-free,
electrical techniques.

To further examine the contributions of EVs to tumorigenesis and metastasis, we
investigated the role of breast cancer derived EXOs on breast epithelial cells (MCF-10A).
Treatment of epithelial cells with EXOs led to f-actin reorganization, decrease and
delocalization of the epithelial protein E-cadherin, and the gain of the mesenchymal
marker N-cadherin. These results indicate that EXOs induced EMT-like, a hallmark of
cancer, behavior in breast epithelial cells, further corroborating the favoring role of EXOs
in cancer progression. Using conventional techniques for EMT detection, ELISA, western
blot, and immunofluorescence, those EMT associated changes with observed in epithelial
cells after periodic treatments with EXOs for 60 hours. Future work in this project

includes electrical monitoring of epithelial cells, periodically treated with EXOs, barrier

integrity using OECTSs. Loss of tight junctions and barrier integrity in epithelial cells is a
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marker of EMT. Therefore, the time at which significant decrease of barrier integrity is
sensed by electrical readouts suggests the time at which EMT is detected in epithelial
cells. Using that stated time, EMT-like signs will be evaluated by conventional techniques
to compare the detection of epithelial transformation using conventional vs. electrical
means at the same time point. Based on previous research, we expect the electrical system
to capture cell changes prior to conventional methods, showing then the potential of this
PEDOT: PSS-OECT platform for early and label-free detection of EMT induced by
breast cancer EXOs. Additionally, due to its transparency, this electrical platform also
offers the option for simultaneous monitoring of EMT by optical and electrical means.
Another possible avenue of research using this electrical system is the integration of an
EXOs-EVSB (derived from any type of cancer EXO) with the PEDOT: PSS-OECT
system as a cell culture platform for epithelial cells to electrically monitor the barrier
integrity of the epithelial cell-monolayer as it is in constant interaction with EXOs
surface. This will reduce the need for periodic EXOs dosage and potentially facilitate the
detection of EMT-associated loss of barrier integrity induced by cancer EXOs, using any
cancer EXOs-epithelial cell pair. In the same manner, using the same approach to make
the ASB model, a biomimetic MCF-10A membrane model could be developed to identify
the membrane components of MCF-10A facilitating EXOs binding and to investigate

strategies to block it and the subsequent mesenchymal transition.

Although the results presented in this body of work contribute important insights
for the understanding and study of EVs and ADSCs surface interactions, several aspects
remain to be investigated, which open diverse avenues for research in the field. For

instance, our EVSB system, as an in vitro model of EVs membrane has several
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applications as a drug-screening tool. It will facilitate the investigation on the effect that
existent chemotherapeutic agents have on the membrane of EVs and on the outcomes of
interactions between cells and EVs. Analogously, it will aid to investigate the role that
EVs membrane components play in drug resistance observed in several types of cancer
derived EVs®. Besides favoring the study of existent chemotherapies, the development
of new strategies with therapeutic potential to disarm EVs or to interrupt their surface
interactions with cells, will be highly benefited by the EVSB model as a screening tool.
Moreover, our EVSB could be used as a cell culture platform for different applications.
For example, clinical evidence indicate that bone, lung, and liver are the most common
sites for breast cancer metastasis®’>3"’. Therefore, the use of EVSBs as cell culture
platforms for bone, lung, and liver derived cells, will advance the understanding on the
role that breast cancer EVs surface plays in cell behavior and subsequently, in metastasis.
The versatility of the EVSB allows the composition to be modified for any other type of
EV of interest. Therefore, this model is not limited to breast cancer but it allows the study
of EVs surface influence in cell behavior for any type of cancer or disease advanced by
EVs communication with cells, such as cardiovascular and metabolic !¢, and
neurodegenerative diseases *°. Another research scenario is to explore and block the
interactions of a particular EVs membrane protein with a desired type of cell. In this case,
transfection of EVs generating cell leading to overexpression of the membrane protein in
the cell, will result in overexpression of it in the EVSB as well, enabling a deeper
investigation on the role of a specific EV membrane component on disease progression.
Towards that end, the EXOs proteomic analysis offered in this work facilitates the

identification of EXOs membrane components involved in particular diseases, and
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biological and cellular pathways. Lastly, the study done with EVSB indicated the

outcomes of the interactions between ADSCs and EVs surface, specifically. Therefore,

the outcomes attributed to EVs cargo (possibly myofibroblast differentiation), and the
mechanisms and places within the cell for cargo delivery are still unknown. Investigating
these aspects will further contribute to the understanding of breast cancer progression
favored by EVs and ADSCs communication and to further develop more target strategies
to disable it.

Equivalently, the ASB system is not restricted to monitoring binding/blocking of
EVs to ADSCs. Offering the same flexibility as the EVSB, this model can incorporate
native material of different types of mammalian cell membrane and work as its in vitro
model. This allows the monitoring, with the option to be label-free of binding and
screening of binding blocking strategies for any EV- cell pair. The scope of this thesis
was to offer a platform to facilitate the study of EVs-ADSCs binding and potential
strategies to block it. Therefore, we were able to recapitulate binding, to monitor it
optically and electrically, and to screen potential strategies to block it. However, we did
not investigate EVs binding kinetics, but rather offered a system to do it as future work.
We hypothesize that as investigating virus binding Kinetics is essential for the discovery
of novel receptors and development of vaccines®’®, understanding EVs binding and fusion
kinetics is imperative for the development of chemotherapies to inhibit EVs binding and
decrease cancer progression. However, as of today, EVs binding kinetics is an unexplored
topic that remains to be understood and the ASB platform presented here will facilitate
its research. Additionally, using the ASB, several factors were screened as potential EVs

fusion triggers including an acidic pH, increased levels of extracellular calcium, and
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presence of hemagglutinin, but our attempts were unfruitful. Therefore, this avenue of
research remains open to identify strategies to prompt EVs fusion or EVs uptake by
ADSCs and delivery of their cargo.

The complete EXOs proteomics analysis offered here opens several avenues for
future research in this field. For instance, integrin 1 and HSPGs were identified as two
of the ADSCs membrane components modulating EVs binding, but their ligands in the
surface of EXOs are still unknown. The proteomic analysis includes possible ligands for
integrin 1 and HSPGs on the surface of EXOs, and this material will facilitate the
identification of the specific molecules binding the integrin f1 and HSPGs present on
ADSCs. Analogously, our collaborators in KAUST are working in a proteomics analysis
of MDA-MB-231- derived MVs. This material will allow us to compare side to side the
composition of MVs and EXOs from the same batch of cells to further corroborate the
presence of two distinct EVs subpopulations. Additionally, it will offer the surface
components of MVs to further investigate their ligands binding integrin 1 and HSPGs
in the surface of ADSCs. On the other side, EVs binding to ADSCs was greatly reduced
using CD29 Ab and heparin, but it was not completely inhibited, suggesting the
participation of other molecules in the surface of ADSCs and of EVs in this process.
Several groups offer proteomic analysis of ADSCs*?" 37 allowing the identification of
membrane proteins potentially involved in EVs-ADSCs binding. Using those resources
and the ASB as a drug/molecule-screening tool, the role of those proteins in EVs binding
and strategies to block it can be further explored.

Conclusively, our EVSB and ASB offer flexibility to be modified and make

biomimetic membrane models for different types of cells and EVs, compatibility with
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scale-up and multiplexing, and the option to be label-free. These facilitate testing of
multiple conditions while using just one batch of cells or EVs. Therefore, both platforms
make great tools for drug screening and for the development of therapeutics to mitigate

the effect of EVs on cancer, or on other diseases involving EVs, progression.
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APPENDIX 1

1.HEPARIN BLOCKS BINDING OF ONCOGENIC EXTRACELLULAR VESICLES
TO ADIPOSE DERIVED STEM CELLS

This material is complementary to chapter 4.

1. Introduction: Development of strategies that can block extracellular vesicles (EVS)
binding and subsequent delivery of information from cancer to stromal cells is of great
therapeutic value and importance. Heparan sulfate proteoglycans (HSPGs) have been
recognized as mediating agents in binding of virus, peptide-nucleic acid complexes, and
lipoproteins to the recipient cell surface®®%-382, In the same manner, previous studies have
established that HSPGs, on the surface of EVs and recipient cells, act as receptors to
facilitate EVs binding and transfer of information333 384,

Heparin, a heparan sulfate (HS) mimetic, has been shown to disrupt several
particle-cell interactions mediated by HPSGs including: EVs binding and uptake®®,
binding and infection of viruses,®® including the novel SARS-CoV-2 to cells*®, and
HSPG-fibronectin cell surface interactions®’. Although it is a Food and Drug
Administration (FDA) drug approved to treat blood clots, it purpose has been redirected
and proposed as a potential therapeutic or prophylactic to COVID-19, the disease cause
by the SARS-CoV-2 virus infection3® 38 389 and as a therapy for multiple myeloma
patients for its ability to decrease EXOs- cell interactions, in the form or Roneparstat

(ClinicalTrials.gov identifier NCT01764880)3%.

Several HSPGs, as transmembrane proteins or GPI-anchored membrane proteins,
are present on the surface of ADSCs** 3%2, and we hypothesize their important role as

receptors mediating breast cancer EVs binding to the cell surface. Here, we test our
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hypothesis assessing the ability of heparin, as an HS mimic, to block such interaction by

competitive binding EVs and disabling their contact with HPSGs on the surface of

393 384

ADSCs, as seen in leukemia virus®* and glioblastoma derived EVs***. To do so, we used
our ASB platform, as a model of human primary ADSCs plasma membrane, presented in
chapter 4, as a tool to detect breast cancer EVs binding to ADSCs and to screen potential
therapeutics to block it. In our previous work, we used this platform to detect binding of
exosomes (EXOs) to ADSCs, the participation of integrin f1/CD29 in it, and the ability
of blocking integrin B1 in the surface of ADSCs to decrease it. In this study, we use the
ASB to detect binding of both subpopulations of EVs, EXOs and MV, and the ability of
heparin to block it. Furthermore, we test the ability of heparin to decrease the malignant
outcomes of EVs-ADSCs binding, upregulated VEGF secretion and cell proliferation, in
an in vitro cell setting, to validate the results obtained using our ASB platform and the
role of HSPGs in breast cancer EVs binding to ADSCs.

Therefore, this work further corroborates the therapeutic value of our ASB as a
platform to screen drugs or biomolecules to block EVs binding to ADSCs along its
biological outcomes. This value is not limited to just breast cancer EVs and ADSCs
interactions, the versatility of our platform allows its application to study binding between
different mammalian cells and EVs involved in cancer and other diseases for which
progression is influenced by EVs!® 274 Lastly, the results obtained here along the
previously reported ones establishing heparin ability to block interactions between EVs

and cells34 3% 3% "gpen an avenue to further study the therapeutic potential of heparin

and its derivatives in such diseases.
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2. Materials and Methods

Cell culture of Adipose-Derived Stem Cells (ADSCs) and human adenocarcinoma cells
(MDA-MB-231 cells), isolation, characterization, fluorescence labeling of MDA-MB-
231 derived EXOs and MVs, and formation and characterization of ASBs were done as
previously reported in chapter 3 and 4°. Heparin sodium salt from porcine intestinal
mucosa, (180 USP units/mg, (Sigma, St. Louis, MO)) was used for all experiments.

The following experiments were adapted from chapter 4 using heparin:

2.1. Blocking binding of cEVs to ASB using heparin

To block non-specific binding, an ASB was incubated with 100 uL of 20% normal goat
serum for 30 min followed by thoroughly washing with PBS. 100 puL of R18-labeled
EVs, MVs and EXOs separately (previously incubated with 20 pg/mL heparin for 30
min at room temperature) were added and incubated with the well for 30 minutes to
allow binding time. ASB was washed with PBS to rinse unbound EVs and images were

captured using total internal reflection fluorescence microscopy (TIRFM).

2.2. Assessment of VEGF secretion by ADSCs

ADSCs were seeded at 150,000 cells/well on Millicell EZ-slides (Millipore). After
reaching around 80% confluency, cells were changed to 2% FBS media, to slowdown
cell proliferation, and incubated overnight. Six different treatment conditions were done,
one per well, as follow: a negative control with no treatment (NT), treatment with 5.96 x
10" EVs/mL (EXOs and MVs independently), treatment with 5.96 x 107 EVs-Heparin/mL
(EXOs and MVs independently previously treated with 20 pg/mL heparin for 30 min at

RT), and treatment with 10 ng/mL of TGFp. Every other day cell media was changed,
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and each treatment was repeated. 100 puL of media from each well were sampled on day
0,2, and 5 and stored at -20°C for ELISA assay. As a measure of proangiogenic activity,
VEGF secretion by ADSCs in all the mentioned conditions was assessed using a Human
VEGF DuoSet ELISA kit (R&D systems) following the manufacturer’s protocol. Three

independent replicates of the experiment were performed.

3. Results and discussion

A convenient aspect of the ASB platform, presented in chapter 4, is that we can
focus on EVs binding isolated from EVs uptake by cells and cargo delivery. Therefore,
here, we use the ASB to screen the ability of heparin, as a HS mimic, to block binding of
EXOs and MVs to ADSCs. To do so, breast cancer cells (MDA-MB-231) derived EVs,
MVs and EXOs separately, were labeled with Octadecyl Rhodamine (R18) and incubated
with an ASB, formed as previously described. Images of EVs bound to the ASB were
captured by total internal reflection fluorescence microscopy (TIRFM) and displayed in
Figure A.1. Both subpopulations of EVs, EXOs and MVs, bound to the ASB upon contact
as seen in Figure A.laand A.1d, respectively. Oppositely, neither EVs population formed
a stable bound with a POPC/PEG2k-SLB, (Figure Alc and Alf) as expected since
POPC/PEG2k-SLBs do not contain HSPGs or other adhesion molecules to mediate EVs
binding. Heparin has shown to work as an exogenous HS, it binds to EVs and causes their
aggregation, subsequently blocking their binding to the recipient cell®. To investigate
the therapeutic potential of heparin to block breast cancer EVs binding to ASDCs, we
used our ASB, as a model of ADSCs plasma membrane, and screened heparin ability to
block EVs binding to it. To do so, the ASB was treated R18-labeled EXOs and MVs,

previously incubated with 20 pg/ml heparin. Images in Figure Alb and Ale and data
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presented in Figure Alg and Alh show that heparin significantly decreases binding of
EXOs and MVs, respectively, to the ASB. These results suggest a mediating role of
HSPGs in breast cancer EVs binding to ADSCs, such as previously reported for other cell

types, and the therapeutic potential of heparin to decrease such binding 384 3%,
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Figure A.1. Heparin blocks binding of EVs to ASB. Binding of EXOs to a) ASB, b) ASB
treated EXOs + heparin, ¢) POPC/PEG-SLB. Binding of MVs to d) ASB, e) ASB treated with
MVs + heparin, f) POPC/PEG2k SLB. Quantification of EXOs (g) and MVs (h) bound to ASBs,
with and without heparin, and to POPC/PEG2k SLB after 30 minutes of incubation.

To further validate the results obtained using our ASB, we investigated the effect
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of heparin in the biological outcomes of breast cancer EVs-ADSCs binding, upregulation
of VEGF secretion and cell proliferation. To do so, we assessed total cell number and
VEGF concentration secreted by cultured ADSCs treated with breast cancer EVs, EXOs
and MVs, in the presence and absence of heparin treatment for 5 days. As seen in Figure
2a, six conditions were used in this experiment, as follows: non-treatment (NT), treatment
with EXOs, treatment with EXOs previously incubated with heparin (Hep + EXOs),
treatment with MVs, treatment with MVs previously incubated with heparin (Hep +
MVs), and treatment with TGFB. NT was implemented as a negative control and a
baseline to compare the other conditions since ADSCs under no treatment are expected
to secrete less VEGF than their treated counterparts, and TGFp was used as a positive
control because it has an effect of VEGF regulation and induction of proangiogenic
activity338 340,

After 5 days of treatment, results displayed in Figure 2b show that ADSCs treated
with EXOs, MVs, and TGFp, secreted approximately twice the concentration of VEGF
than NT cells, as previously seen. Conversely, cells treated with EXOs and MVs
previously incubated with heparin (Hep + EXOs and Hep + MVs conditions), secreted
less VEGF than those without heparin treatment, EXOs and MVs, and similar VEGF
concentration than NT cells. In the same manner, after 5 days of treatment, the number
of cells for EXOs-, MVs-, and TGFp-treated ADSCs is higher than for NT cells.
Interestingly, treatment EXOs and MVs previously incubated with heparin, led to a lower
cell number than in the absence of heparin, and even than in NT cells (Figure A2c). These
results suggest that treatment of ADSCs with EXOs and MVs lead to upregulation of

VEGF secretion and cell proliferation, as previously reported, and that such outcomes are
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decreased by heparin treatment. This observation further validates our results presented
in Figure 1 and our hypothesis that HSPGs on the surface of ADSCs mediate breast cancer
EVs binding and heparin is a strategy to block it.
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Figure A.2. Heparin decreases VEGF secretion and cell proliferation in ADSCs treated with
breast cancer EVs. a) schematic of experiment to assess VEGF secretion and cell number of
ADSCs treated with EVs in the presence and absence of heparin; conditions included ADSCs
treatment with: no treatment (NT), EXOs, EXOs with heparin, MVs, MVs with heparin, and
TGFB. b) VEGF concentration secreted by ADSCs under all conditions mentioned in (a)
normalized by the concentration of NT cells, on day 5 of treatment. ¢) Number of alive cells on
day 5 of treatment for all conditions.

The low number of cells resultant on ADSCs treated with EVs previously incubated with
heparin could be possible due to some cytotoxicity associated with heparin, as previously
reported®®®. Different doses will be evaluated to find the optimal heparin dosage to inhibit
breast cancer EVs binding to ADSCs and to decrease its outcomes, while avoiding
damage of the cells. Note that treatment with the same concentration of both types of

EVs, EXOs and MVs, had the same effect on ADSCs, upregulation of VEGF secretion
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and cell proliferation, but the effect of MVs was slightly higher. This pattern was also
observed in our previous work®, and we believe that the characteristic bigger and
consequently higher surface area of MVs compared to EXOs, could lead to MVs having

a stronger effect than EXOs on ADSCs behavior.

4. Conclusions

Here, we utilized our ASB platform, introduced in chapter 4, to screen the
potential of heparin, as an HS mimic, to block breast cancer EVs binding to ADSCs and
decrease the outcomes associated with it. Using the ASB as a biomimetic model of human
primary ADSCs, we detected MVs and EXOs binding using TIRFM and its blocking,
indicated by a significant decrease in binding events, using heparin. Furthermore, heparin
treatment led to a decrease in VEGF secretion and cell proliferation, otherwise
upregulated in ADSCs treated with breast cancer EVs. These results suggest that heparin
decreases breast cancer EVs binding to ADSCs and its associated outcomes and furthers
validate our hypothesis that HSPGs on the surface of ADSCs play an important role in
EVs-ADSCs interactions. Furthermore, we were able to verify one more time the value
of our ASB, as a biomimetic model of human primary ASDCs, to detect binding of EVs
and screen strategies to block in a cell-free manner without the challenges of culturing
and maintaining human primary stem cells and conducting long and complicated cell
experiments.

Lastly, we contributed to the field with one more example of heparin ability to
disrupt EVs interactions with cells. The advantage of being an FDA-approved drug and

the number of studies indicating its potential to disrupt HSPGs-mediating interactions,
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has given heparin an increased popularity in the last years and several proposals to
redirect its main purpose, from preventing and treating blood clots to become a COVID-
19 and multiple myeloma therapeutic. Here, we show one more value of heparin, to
disrupt breast cancer EVs binding to human primary ADSCs and reduce pro-angiogenic
activity of ADSCs. Although the specific mechanisms used by heparin to achieve those
outcomes are not explored here and remain unknown, we think it is possibly due to
competitive binding of heparin to breast cancer EVs decreasing their availability to bind
the HS chains in HSPGs on the surface of ADSCs, as previously seen in other types of
cells and EVs34 394397 and viruses®®®. Therefore, this opens a new avenue of research to
further explore heparin mechanism of action in breast cancer EVs-ADSCs binding and

its potential use as a breast cancer therapeutic.
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