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ABSTRACT

Small extracellular vesicles (sEVs) are natural lipid-enclosed vesicles that are secreted from
living cells and act as mediators of intercellular communication. They are biocompatible
nanovesicles that can transport a range of bioactive molecules, including nucleic acids, to
target tissues. mMRNA-loaded sEVs deliver functional expression of encoded proteins in vitro
and in vivo. They are therefore emerging as promising alternatives to synthetic lipid
nanoparticles for the delivery of therapeutic compounds such as mRNA. The current study
aimed to isolate and characterize sEVs generated from human embryonic kidney (HEK293)

cells and evaluate their potential to delivery mRNA in vitro.

Vesicles were isolated from the conditioned media of HEK293 cells using a polyethylene
glycol (PEG 6000) based precipitation approach and characterized using tunable resistive
pulse sensing (TRPS), transmission electron microscopy (TEM) and western blotting. sEVs
with a mean diameter of 119 £ 16 nm and an average concentration of 349,14 x 10°
particles/ml were successfully isolated and found to have a cup-shaped morphology and
contain specific SEV proteins, including CD63, TSG101, and flotillin-1. Cytotoxicity was
assessed using the MTS assay to confirm lack of vesicle toxicity for subsequent mRNA
delivery. Lipofectamine, a widely used transfection reagent, was used as a positive control to
introduce eGFP mRNA into HEK293 cells and compare GFP expression to that following
incubation and delivery with sEVs. sEVs were able to deliver mRNA as evidenced by GFP
expression in recipient cells at 24-hour post-incubation; strong expression was evident until
48 hours.

In conclusion, HEK293-derived sEVs represent a feasible and minimally cytotoxic mMRNA
delivery system. The use of PEG 6000 for sEV isolation provided a scalable and cost-
effective approach, enabling further exploration of sEV therapeutic potential. The
characterization methods and optimized mRNA loading protocols in this study provide
valuable insight for advancing sEV-based therapeutic applications. Further studies should
focus on optimizing cargo loading to improve delivery efficiency and evaluating long-term in

vivo safety.
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Chapter 1: Introduction

1. Extracellular vesicles
Extracellular vesicles (EVs) are lipid-bound nanoparticles released by cells of all species,
from prokaryotes to eukaryotes. They are found in biological fluids, as well as conditioned
media following their release from cells in vitro (Raposo & Stoorvogel, 2013; Yanez-Mo6 et
al., 2015). Depending on their biogenesis, size and content, EVs are classified into three
broad categories: apoptotic bodies, microvesicles and exosomes (Figure 1.1). EVs were
initially isolated 50 years ago, by Chargaff and West, from blood and observed as
procoagulant platelets (Chargaff & West, 1946). Wolf later referred to them as “platelet dust’
consisting of vesicles ranging between 20-50 nm in diameter (Wolf, 1967). Approximately 15
years later, small vesicles, released into the extracellular environment after fusion of
multivesicular bodies (MVBs) with the plasma membrane, were observed via electron
microscopy in rat reticulocyte (immature red blood cells) and later in sheep reticulocyte
preparations (Harding et al., 1985; Pan et al., 1985). These were referred to specifically as
“exosomes” because “the process seemed to be akin to reverse endocytosis, with internal
vesicular contents released in contrast to external molecules internalized in membrane-

bound structures” (Johnstone, 2005; Johnstone et al., 1987).

In contrast to exosomes, which form following inward budding of the plasma membrane
through the endocytic pathway and classically have diameters between 50 and 150 nm,
apoptotic bodies range in size from 1000 to 5000 nm and are formed following membrane
blebbing during apoptosis, while microvesicles are released through outward budding from
the plasma membrane and range in size from 100 to 1000 nm (Lu et al., 2018; Stoorvogel et
al., 2002) (Figure 1.1). It is important to mention that, when first defined, “exosomes” referred
to the vesicles in the pellet obtained following 100,000 x g ultracentrifugation (Johnstone et
al., 1987). Although this pellet was likely enriched in exosomes, it most likely also contained
other vesicles and protein aggregates. Due to this heterogenous nature, more recently it has
been suggested that the vesicles in this pellet should be referred to as small EVs) (Kowal et
al., 2016). Therefore, in this study we will use the term small extracellular vesicles (sEVs),

rather than exosomes.

sEVs are now known to be secreted by many different tissues and cell types, including
dendritic, tumour, epithelial, B and T cells (Mu et al., 2013; Théry et al., 1999). They have
been successfully isolated from various liquid biopsies including blood plasma, serum,

saliva, bronchial lavage fluid, urine, breast milk, synovial fluid, semen, and amniotic fluid



(Théry et al., 2018; Yafiez-Mo¢ et al., 2015). Furthermore, they are now commonly isolated
from conditioned media, following the culture of cells in vitro, highlighting their ubiquitous

nature in both in vivo and in vitro system (Mu et al., 2013; Simpson et al., 2008).

sEVs were initially thought to act as a waste disposal mechanism, removing unwanted
components from cells to maintain cellular homeostasis (Johnstone R. M. et al., 1987)
(Baixauli et al., 2014) (Hessvik et al., 2016). However, they were later identified as crucial for
intracellular communication whereby MHC class |, class Il and RNA molecules could be
transported to antigen-presenting cells (APCs), resulting in antigen presentation and T cell
stimulation (Raposo et al., 1996). This was a pivotal discovery as it emphasized that sEVs
actively contribute to immune regulation, rather than acting as passive bystanders. In
addition, these vesicles were suggested as natural carriers of cargo that can regulate tissue
repair processes, including angiogenesis (Gézsi et al., 2019). Cells were shown to
communicate with each other through either the direct release of proteins, including growth
factors, cytokines, hormones, into the extracellular environment or through the transport of
these factors, as cargo within sEVs, to target cells (Simons & Raposo, 2009; Valadi et al.,
2007). In addition, studies have shown that sEVs not only carried proteins, but also mMRNA
and miRNA as well as lipids which are important for cell-to-cell communication (Simons &
Raposo, 2009; Valadi et al., 2007). Importantly, sEVs derived from cancer cells promote
angiogenesis, alter the immune system and modify the surrounding parenchymal tissue,
aiding tumour progression (Becker et al., 2016). sEVs generated from pancreatic cancer
cells and injected via the tail vein of healthy mice induce liver metastasis, highlighting their

role in forming the pre-metastasis niche (Kamerkar et al., 2017; Peinado et al., 2012).

Beyond their natural function in intercellular communication, sEVs have emerged as
promising tools for therapeutic applications. Their biocompatibility, ability to cross biological
barriers, and capacity to transport proteins, lipids, and nucleic acids make them attractive
candidates for drug delivery (Somiya et al., 2018; Zeng, W. et al., 2023). Among these, their
potential for mRNA delivery has gained significant attention as a promising strategy for gene
therapy. mMRNA-loaded sEVs could serve as natural carriers for gene delivery, overcoming
challenges associated with synthetic nanoparticles, such as immunogenicity and rapid
clearance (Mashouri et al., 2019). However, optimizing sEV isolation and characterization
methods remains essential to ensure their effective use in RNA-based therapeutics. While
various cell sources have been explored for sEV production, HEK293 cells represent an
attractive model due to their high transfection efficiency and scalable production potential
(Kowal et al., 2016; Théry et al., 2018).
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In light of these considerations, this study aims to isolate and characterize sEVs derived
from HEK293 cells and evaluate their potential as mRNA delivery vehicles. HEK293 cells
were chosen due to their high transfection efficiency and scalable production potential,
making them an ideal model for sV isolation. The study focuses on optimizing the isolation
process, followed by comprehensive characterization of the sEVs to confirm their identity
based on size, concentration, morphology, and protein markers. The ability of these sEVs to
successfully deliver mRNA into target cells will also be assessed to evaluate their suitability
as a gene delivery platform. Through these objectives, this study seeks to contribute to the
growing body of research on sEV-based RNA delivery, offering insights that could further the

development of gene-based therapies.

1.1. sEV biogenesis

EV size, content and membrane composition are highly heterogenous and depend on
cellular origin and cargo. For instance, sEVs derived from tumour cells may contain tumour-
associated antigens (TAAs) or oncogenic mRNAs, while sEVs derived from healthy immune
cells may contain cytokines, co-stimulatory molecules and miRNAs (Gao et al., 2019). The
biogenesis of sSEVs is a regulated process that ensure selective cargo packaging (Figure
1.1).
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Figure 1. 1: A schematic diagram of the biogenesis and release of EVs. Exosome (small
extracellular vesicles; sEVs) formation begins with the inward budding of the endosomal membrane, a
process regulated by the Endosomal Sorting Complex Required for Transport (ESCRT) proteins. This
leads to the formation of multivesicular bodies (MVBs), which contain intraluminal vesicles (ILVs).
MVBs fuse with the plasma membrane, facilitating the release of ILVs (now referred to as exosome or
sEVs) into extracellular space. ILVs can also be delivered to lysosomes for degradation. Microvesicles
are released by outward budding of the plasma membrane into the extracellular space, while
apoptotic bodies are released following membrane blebbing during apoptosis. (Du et al., 2023;
Gurung et al., 2021).



During biogenesis sEVs are packed with various cargo components which originate through
endocytosis, membrane fusion, and the cytoplasm of the cell of origin; these are transported
to early endosomes (Hannafon et al., 2016). Early endosomes undergo maturation into late
endosomes, a process that requires the recruitment of regulatory proteins, including Rab
Ras-associated binding) GTPases, which control membrane trafficking, and tetraspanins
(such as CD9, CD63, CD81), which are enriched in sEV membranes (Jeppesen et al.,
2019). This process is critical in the formation of multivesicular bodies (MVBs), which act as
a primary site for sEV biogenesis. MVBs are dynamic organelles that contain numerous
intraluminal vesicles (ILVs), which serve as the precursors to sEVs (Yanez-Mo et al., 2015).
The formation of ILVs occurs via the inward budding of the MVB membrane, a process
regulated by the Endosomal Sorting Complex Required for Transport (ESCRT) machinery.
This machinery consists of four protein complexes (ESCRT-0, ESCRT-I, ESCRT-II, and
ESCRT-III), which coordinate the budding and sorting of cargo into ILVs (Harris M.S. et al.,
2020). In addition to the ESCRT complexes, proteins such as ALG-2-interacting protein X
(Alix; which interacts with ESCRT-III) and tetraspanins (which organize membrane
microdomains) are crucial for ILV formation and cargo selection (Hurley, 2015; Kowal et al.,
2014).

Cargo is sorted into ILVs through the presence of membrane lipids (such as ceramide,
cholesterol, sphingomyelin and phosphatidylserine) which are highly enriched in sV
membranes and play a key role in promoting vesicle budding while providing protection from
degradation and micro-environment changes (e.g. osmolarity and pH) (Simons & Raposo,
2009; Zhang & Grizzle, 2014). In addition to proteins and lipids, recent research has
highlighted a role for RNA-binding proteins, such as heterogeneous nuclear
ribonucleoproteins (HNRNPs) and Toll-like receptor (TLR) proteins, in the selective
packaging of RNA cargo into sEVs (Hessvik & Llorente, 2018). The lumen of EVs forms a
perfect environment for biologically active components (Zomer et al., 2010). After the
formation of MVBs, and the loading of their cargo, the next essential step in sEV biogenesis
is the fusion of the MVB with the plasma membrane. The fusion process is facilitated by a
complex network of proteins, including Rab GTPases and soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) proteins and results in the release of
ILVs into the extracellular space as sEVs (Liu et al., 2017). The MVB can also be degraded
via lysosomes, in which case, sEVs are not released. This process is regulated by the
ESCRT machinery, Rab GTPases (particularly Rab7), and autophagy-related proteins, which

promote MVB-lysosome fusion (Trajkovic et al., 2008).



1.2. sEV structure

sEVs are therefore lipid bilayer-enclosed structures that serve as carriers of proteins, lipids,
and nucleic acids, playing a crucial role in cell-to-cell communication. One of their defining
features is their overall negative surface charge, primarily attributed to the presence of
anionic phospholipids such as phosphatidylserine, as well as sulphated glycosaminoglycans
and sialylated glycoproteins (van Niel et al., 2018; Yuyama & Igarashi, 2016). This charge
influences their stability in biological fluids, their ability to evade immune clearance, and their
interactions with target cells, often facilitating endocytosis or direct membrane fusion
(Skotland et al., 2017; Zabeo et al., 2017).

Structurally, sEVs contain a distinct set of proteins essential for their biogenesis and function
(Figure 1.1). Tetraspanins (CD9, CD63, CD81) are abundant and play a key role in vesicle
formation, cargo sorting, and membrane dynamics (Andreu & Yanez-Mé, 2014; Kowal et al.,
2016). Additionally, proteins such as Alix and tumour susceptibility gene 101 (TSG101)
regulate the ESCRT machinery, which is crucial for MVB formation and sEV release
(Colombo et al., 2014; Mathieu et al., 2019). sEVs are also enriched in heat shock proteins
70 and 90 (HSP70, HSP90) which assist in protein folding, stress responses, and antigen
presentation (Abramowicz et al., 2018). Moreover, cytoskeletal proteins (e.g., actin, tubulin)
contribute to vesicle integrity and motility, while integrins mediate interactions with the

extracellular matrix and recipient cells (Bebelman et al., 2018).

Lipid composition is another defining factor, with sEV membranes being enriched in
cholesterol, sphingomyelin, ceramides, and glycosphingolipids, which contribute to
membrane rigidity, stability, and the process of cargo sorting (Llorente et al., 2013; Skotland
et al., 2017). Notably, ceramide plays a key role in vesicle budding and release by promoting
membrane curvature and facilitating the sorting of cargo into vesicles (Trajkovic et al., 2008).
These lipids not only impact vesicle formation but also influence how sEVs interact with
recipient cells, often engaging in receptor-mediated endocytosis, macropinocytosis, or lipid
raft-mediated uptake (de Gassart et al., 2003; French et al., 2017).

Beyond proteins and lipids, sEVs carry a wide range of nucleic acids, including messenger
RNA (mRNA), microRNA (miRNA), long non-coding RNAs (IncRNAs), and DNA, which can
be transferred to recipient cells to regulate gene expression (O'Brien et al., 2020; Valadi et
al., 2007). The presence of miRNAs is particularly significant, as they can modulate post-
transcriptional gene regulation in target cells, influencing processes such as proliferation,
apoptosis, immune responses, and tumour progression (Tkach & Théry, 2016; Zhang, X. et

al., 2015). The structural and molecular components of sEVs collectively determine their



stability, targeting specificity, and functional impact, ultimately shaping their role in

intercellular communication.

1.3. sEVs as intercellular communicators

There are multiple mechanisms through which sEVs interact with their target cells to deliver
their cargo as a means of intercellular communication (Figure 1.2). Direct membrane fusion
is a major pathway, where sEVs merge with the plasma membrane of target cells, releasing
their cargo into the cytoplasm. This process is mediated by surface proteins like tetraspanins
(e.g. CD9 and CD63), to ensure efficient delivery (Zhang, J. et al., 2015). Macropinocytosis
(which involves the engulfment of sEVs along with extracellular fluid into macropinosomes)
and phagocytosis (which enables the internalization of sEVs into phagosomes for pathogen
defence and tissue remodelling) both play a key role in immune surveillance and modulation
(Swanson & Watts, 1995) (Jiang et al., 2022). Receptor-mediated endocytosis involves
binding of sEV membrane proteins or lipids to specific receptors (such as integrins) on the
target cell surface ensuring targeted internalization (Zhang, J. et al., 2015). Clathrin-
mediated endocytosis involves clathrin-coated pits for sEV internalization; its exact role in
sEV uptake remains unclear (Cocucci & Meldolesi, 2011). Caveolin-mediated endocytosis
internalizes sEVs through lipid-rich caveolae, providing an alternative, non-clathrin pathway
(Doherty & McMahon, 2009). Collectively, these different uptake mechanisms ensure
efficient sEV cargo delivery, influencing immune modulation and tissue repair and also
playing a role in cancer metastasis; understanding these interactions provide critical insights
into sEV-mediated signalling that could address significant gaps in understanding disease

progression and therapeutic intervention (Mashouri et al., 2019).

In recent years, due to properties such as low toxicity, good biocompatibility, ability to cross
biological barriers and high in vivo stability, sSEVs have emerged as promising drug delivery
vehicles for a range of clinical applications, including cancer therapy, vaccine delivery and
the treatment of neurodegenerative disorders and cardiovascular disease (Somiya et al.,
2018; Zeng, W. et al., 2023; Zhu et al., 2017). Moreover, the delivery of cell-derived cargo by
sEVs might provide tissue-specific biomarkers which would allow for diagnosis of a range of
diseases at early stages (Théry et al., 2002). Given that sEVs protect cargo from enzymatic
degradation, clinical trials are evaluating the usefulness and effectiveness of sEV-based
delivery systems to increase the bioavailability of therapeutic agents (proteins, mRNA,
mMiRNA, siRNA, and chemical drugs) for treating diseases (Lener et al., 2015). Despite
technical difficulties in preparation and cargo-loading efficiency, sEVs hold significant

potential as a new approach for drug delivery.
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Figure 1. 2: Different mechanism whereby sEVs interact with target cells. 1) Direct interaction, 2)
Membrane fusion, 3) Macropinocytosis, 4) Phagocytosis, 5) Receptor-mediated endocytosis, 6)
Clathrin-mediated endocytosis, 7) Caveolin-mediated endocytosis. Adhesion molecules including
integrins, ICAM-1, CD9 and CD81 on membranes are crucial for sEV binding and uptake (Gurung et

al., 2021).

1.4. Isolation of sEVs

The isolation of sufficient, high-quality EVs for downstream purposes is a challenge, and is

influenced significantly by the method used to separate sEVs from other nanoparticles (Lin

et al., 2018; Shao et al., 2018). Ideal sEV isolation approaches would result in excellent

purity and yield with high throughput, and reliable repeatability (Mathivanan et al., 2010). A
range of isolation techniques exist, each with specific advantages and limitations (Table 1.1);

these will be discussed below.



1.4.1. Ultracentrifugation

Ultracentrifugation (UC) is the ‘gold’ standard technique that has been used widely for sEV
isolation from complex biological samples (Gudbergsson et al., 2016). The principle of
sedimentation relies on separation of particles by their size, shape and density using a
series of centrifugal forces and duration of centrifugation (Livshits et al., 2016). Factors that
affect the outcome of isolation are the time of centrifugation, acceleration (x g), rotor (k)
specification and the viscosity of the solution (Sidhom et al., 2020). No universal
ultracentrifugation protocol exists, as centrifugal forces and time depend on the volume and

density of the solution.

The procedure however generally begins with the removal of higher density particles (such
as cellular debris) at low-speed centrifugal forces of (300 - 2 000 xg) for 10-20 minutes
(Alzhrani et al., 2021). This is followed by centrifugation of the supernatant at higher forces
(10 000 - 16 500 xg) for 30 minutes to remove larger EVs (microvesicles, apoptotic bodies)
(Gudbergsson et al., 2016). After this step, the supernatant is centrifuged at 100 000 xg for 2
hours or longer, followed by resuspension of the pellet in a buffer for downstream analysis
(Kowal et al., 2017; Momen-Heravi, 2017). Throughout the process the temperature must be
maintained at 4 °C to ensure that proteases, DNases, and RNases remain inactive (Wang et
al., 2021).

Ultracentrifugation allows for the processing of a large volume of sample, thus increasing
potential sEV yield and making it suitable for studies using cell culture media or easily
accessible biofluids (Konoshenko et al., 2018; Zeringer et al., 2015). For instance, UC has
been used to isolate sEVs from urine to subsequently analyse the presence of biomarkers in
patients with prostate cancer and healthy controls (Bryzgunova et al., 2016). By using
multiple centrifugation steps, at various speeds, UC can provide high sample purity; it also
does not require specialized reagents or antibodies, which simplifies the process (Lobb et
al., 2015; Théry et al., 2006). However, while UC is a relatively simple technique, several
limitations including contamination of the final product with particles of a similar size to sEVs
(e.g. lipoproteins) affect the purity and yield (Linares R. et al., 2015). One of the major
drawbacks is the high cost of the ultracentrifuge and specialized rotors themselves; this can
make UC less accessible especially for researchers in resource-limited environments (Théry
et al., 2006; Witwer et al., 2013). Furthermore, high-speed centrifugation may result in EV
aggregation and degradation as high forces can lead to fusion of SEVs, fission of larger EV's
and can also lead to loss of their original bimolecular contents (Momen-Heravi, 2017).
Additional purification methods such as a sucrose density gradient, size-exclusion
chromatography or microfiltration (discussed below) have been applied to increase
subsequent sEV purity (Onddi et al., 2018; Théry et al., 2006).



1.4.2. Density gradient centrifugation

Density gradient centrifugation (DGC) is commonly used in combination with
ultracentrifugation to isolate sEVs from biological fluids (Karimi et al., 2018). This technique
separates sEVs based on size, mass and density, and involves addition of the sample of
interest onto a medium (such as sucrose, iodixanol or potassium bromide) with a range of
densities that cover the particle densities in the sample (Kuo & Jia, 2017; Onddi et al., 2018).
The process first uses filtration (0.22 um or 0.45 ym) to remove debris and large particles
from the sample, which is then layered on the top of a density gradient; a high-speed
centrifugal force is applied to allow the different components of the sample to settle to their
isodensity zones (Karimi et al., 2018). sEVs have a density of 1.10 — 1.19 g/ml on a sucrose
density gradient (Rosado et al., 2019). Therefore, using this method, sucrose solutions of
10%, 20% and 40% (w/v) are layered in a tube, with the higher concentration at the bottom
and the lower concentration at the top; the sample can then be layered on top of the
gradient. Following ultracentrifugation (100 000 xg or greater) for 16 hours at 4°C, the SEV
fraction is collected, washed with buffer and can be subjected to ultracentrifugation at

110,000 xg for further purification (Momen-Heravi et al., 2014).

Compared with differential ultracentrifugation alone, sEV yield obtained by density gradient
ultracentrifugation yields higher purity, although contamination with particles of similar
density such as lipoproteins or protein aggregation does still occur (Théry et al., 2018; Yuana
et al., 2014). For instance, the use of a sucrose density gradient ultracentrifugation on
cardiomyocyte culture media successfully isolated sEVs, which were subsequently loaded
with miR-133b for delivery to improve cardiac function(Zhang, X. et al., 2015). While this
technique has recently gained great popularity for sEV separation, it has some limitations.
Depending on the medium used, DGC requires an ultracentrifuge, specialized rotors and
buckets, and it is time-consuming (more than 18 hours centrifugation to reach density
equilibrium); this leads to DGC not being efficient enough for biomarker analysis in a clinical
setting (Konoshenko et al., 2018). Furthermore, intermixing of gradient interfaces and
fraction mixing may occur, leading to impurities and contributing to an increased

contamination and low yield (Konoshenko et al., 2018).

1.4.3. Poly-ethylene glycol (PEG) Precipitation

One of the earliest approaches to isolate sEVs from complex biofluids was the use of
hydrophilic polymers such as polyethylene glycol (PEG) to precipitate vesicles at lower
centrifugal forces (Weng et al., 2016). PEG, due to its hydrophilic nature, causes system

dehydration resulting in EV aggregation and precipitation due the lipophilic nature of the



vesicles; this produces a pellet of EVs leaving contaminants in the supernatant (Arakawa &
Timasheff, 1985). The PEG precipitation method involves the addition of PEG to the sample,
incubation and centrifugation at lower centrifugal forces than those needed in UC
(Konoshenko et al., 2018). The resulting pellet can be resuspended in phosphate buffered
saline (PBS) for further analysis or downstream applications(Abramowicz et al., 2016). Many
commercial EV precipitation kits, such as ExoQuick® (System Biosciences), ExoPrep™
(HansaBioMed), Total EV lIsolation Kit (Invitrogen), and miRCURY ™ (Qiagen) also utilize
PEG precipitation for their isolation process (Contreras-Naranjo et al., 2017) (Konoshenko et
al., 2018). PEG 6000 itself gives similar results to commercial reagents and is significantly

less expensive (Andreu et al., 2016).

Using precipitation for sEV isolation has increasingly gained popularity in recent years due to
its simplicity, cost-effectiveness, and high EV yield (Konoshenko et al., 2018). However, PEG
has limitations as it may not effectively remove all contaminants, particularly smaller particles
(such as lipoproteins) as well as contaminating proteins such as albumin (Lobb et al., 2015;
Shieh et al., 2022). For example, PEG-based EV precipitation from blood serum samples
obtained from healthy donors yield both higher EV numbers as well as protein content.
Which could suggest protein contamination (Garcia-Romero et al., 2019). Additionally, PEG
at concentrations above 10% can potentially damage sEV by disrupting the lipid bilayer
(Baranyai et al., 2015). To increase the purity of SEV, methods such as size-exclusion
chromatography, immunoaffinity or ultrafiltration can be used in combination with PEG
precipitation (Lobb et al., 2015).

1.4.4. Size exclusion chromatography

Size-exclusion chromatography (SEC) separates EVs based on their size using a porous
stationary phase such as ally dextran (Sephacryl), polyacrylamide, agarose (Sepharose) or
cross-linked dextran (Sephadex) (Alzhrani et al., 2021; Kaddour et al., 2021). The sample is
passed through the stationary phase of the chromatography column filled with porous beads
of different sizes, and with the flow of the mobile phase allowing for the removal of larger
contaminants and isolation of smaller EVs (such as sEVs) (Koh et al., 2018). Larger EVs
passes through the large channels while smaller EVs get trapped in the pores of the resin
and are eluted from the column later. The separated fraction is collected and analysed.
Commercially available SEC kits, designed specifically for sEV isolation include the gEV
columns (IZON Science). The separation of EVs from various biological fluids will depend on
the column length, size, type of resin and flow rate of mobile phase (Ter-Ovanesyan et al.,
2021)

10



SEC has been adapted as a single-step isolation process and over the years modified to
support structural integrity, high level of purity, good yield and biological activity of EVs
(Sidhom et al., 2020). The use of gravity rather than high g-forces (as required for UC or
DGC) ensure that isolated EVs are of superior integrity and high quality (Mol et al., 2017).
SEC can also partially remove co-separated contaminants, such as high-density lipoproteins
(HDL) and small molecule proteins, however it is difficult to remove very low-density
lipoproteins (VLDL) due to their overlapping size with sEVs (Liangsupree et al., 2021). To
overcome this Guo et al. developed a simplified dichotomic SEC using the CL-6B column,
optimizing bed volume and elution steps, making it more suitable for isolating sEVs and
proteins from FBS, human serum, and FBS-free cell culture supernatants (Guo et al., 2021).
A remaining drawback is that SEC cannot effectively differentiate sEVs from microvesicles of
similar size (Sidhom et al., 2020). Additional limitations include of the need for small volumes
and a requirement for specialized equipment (such as SEC column especially designed for
sEV purification), limiting its practicality for eventual scale-up (Baranyai et al., 2015). Despite
these limitations, SEC outperforms the UC and precipitation method in terms of purity and
can also be used in combination with these methods to give both high sEV yield and purity
(Shu et al., 2020; Ter-Ovanesyan et al., 2021).

1.4.5. Immunoaffinity isolation

Immunoaffinity (IA) is a more specific and targeted method of SEV isolation, which utilizes
antibodies or affinity ligands coated on the surface of magnetic beads to capture and purify
EVs (Konoshenko et al., 2018). Various magnetic bead-based approaches exist, including
magnetic bead-based immunoaffinity chromatography and magnetic bead-based ligand
affinity chromatography (Greening et al., 2015). Here, magnetic beads, coated with
antibodies that specifically recognise factors on the surface of sEVs, are utilised (Greening
et al., 2015; Konoshenko et al., 2018). The sample is incubated with these beads, and the
EVs captured through specific protein binding interactions. The sample is then passed
through a magnetic column, allowing for the separation of the sEVs from other vesicles. This
technique uses antibodies against specific SEV surface markers such as CD9, CD63, CD81
or CD82 (all tetraspanins) or lipids (such as phosphatidylserine) known to be enriched in
sEV membranes (Hong et al., 2014; Sidhom et al., 2020).

Immunoaffinity is advantageous as it enables the isolation of the sEV subpopulation with
high specificity (Greening et al., 2015). However, the method has limitations as it can be
time-consuming and expensive due to the need for specific antibody-based reagents;

furthermore, surface markers used to identify sEVs are not completely specific to these
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vesicles and therefore the technique may lead to inaccurate conclusions about the nature of
the isolated particles (Zhu et al., 2020). It is therefore very important to optimize bead-based
immunocapture of EVs as a successful validation can provide a powerful immune

enrichment of EVs and can highly be adaptable to the clinic.

1.4.6. Ultrafiltration

Ultrafiltration (UF) can be used as a stand-alone technique or in addition to UC or SEC for
isolation, based on the size of EVs. The process involves passing the sample through a
membrane filter with a specific pore size (Liangsupree et al., 2021) to separate the sEVs
from larger particles. UF, using 10 kDa regenerated cellulose membrane filters (Amicon
Ultra-2 10Kk) yield the highest sEV numbers compared to Amicon Ultra-2 100k filters
(Vergauwen et al., 2017). UF is advantageous as it is a relatively simple and fast method,
requiring minimal equipment. However, this method has some limitation as it may result in
loss of sEVs due to clogging of the filter or shear forces disrupting the integrity of sEVs
(Alzhrani et al., 2021; Mathivanan et al., 2010).

Table 1. 1: A summary describing the advantages and limitations of sEV isolation techniques.

Separation approach ucC DGC PEG SEC A* UF
Maximum sample
M M H L L H
volume (~0.1-500 ml)
sEV integrity M H M H H M
[ Time H H L M H M
Cost L H L M H M
Yield H M H M L M
Purity M H L H H M
Applicability t l-
pplicability to cell-type M H M M H M
specific EV isolation

(Théry et al., 2006) (Baranyai et al., 2015; Deville et al., 2022;
Lobb et al., 2015; Zhang, Y. et al., 2019)

References

L = low; (undesirable for most categories, except cost and time where low is preferred); M = medium;
(average); H = high (desirable for most categories, except cost and time where high is not preferred).
*Can be antibody dependent.

1.5. Characterization of EVs

It is critical to not only utilise reliable isolation protocols, but also to use appropriate
characterisation techniques to study the size, morphology, concentration, cellular origin, and
molecular composition of SEVs (van Niel et al., 2006). Common techniques used to

characterise sEVs include nanoparticle tracking analysis (NTA), tunable resistive pulse
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sensing (TRPS), dynamic light scattering (DLS), flow cytometry and electron microscopy.
These techniques collectively contribute to a comprehensive understanding of seV
properties and facilitate their potential applications as biomarkers for diagnostics or

therapeutic carriers to target various diseases.

1.5.1. Nanoparticle tracking analysis.

Nanoparticle tracking analysis (NTA) is a gold standard technique that tracks the Brownian
motion of particles in suspension. By analysing the motion of each particle, NTA can provide
information about particle size and concentration (Soo et al., 2012). This technique is
particularly useful for studying nanoparticles with diameters ranging from 10 nm to 1000 nm.
A typical NTA device consists of a laser module, a microscope connected to a sensitive
charge-coupled device (CCD), or complementary metal-oxide-semiconductor (CMOS),
camera, a hydraulic pump, and a measuring chamber. The measuring conditions
(temperature and viscosity) should be specified in the NTA software before the actual
measurement. The technique involves the use of a hydraulic pump to inject particles in
suspension into the measuring chamber at a fixed flow rate, exposing them to a narrow laser
beam. The particles, and their movement over time, are then recorded by a highly sensitive
camera installed on an optical microscope (Figure 1.3A). From the acquired video recording,
the displacement of each particle is tracked and plotted as a function of time, enabling the
calculation of particle size distribution (Figure 1.3B) using the two-dimensional Stokes-
Einstein equation. NTA is a powerful tool for calculation the concentration and size-
distribution of particles, offering high resolution and sensitivity. If additional lasers are
installed, fluorescence can be used to enable the detection of specific antigens on the sEVs
(Saveyn et al., 2010). NTA does however face challenges with high-level aggregation when
particle concentration is too high due to its reliance on tracking individual sample particles.
Additionally, the Brownian motion principle can be distorted by the overlaying effect of larger
vesicles masking smaller ones; as a result, the accurate measurements of polydisperse

samples can therefore be challenging (Gardiner et al., 2013).
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Figure 1. 3: Nanoparticle tracking analysis (NTA). (A) An image taken showing optimal light scatter
of EVs of different sizes (white dots) during analysis using NTA video frames (B)The corresponding
EVs size and concentration distribution in a graphical format (Serrano-Pertierra et al., 2020)

1.5.2. Tunable resistive pulse sensing (TRPS)

Tunable resistive pulse sensing (TRPS) is a technique that utilizes nanopores to analyse
and measure particles based on their size and electrical properties. This technique involves
single particles passing through pores while a voltage is applied across the size-tunable
nanopore filled with electrolyte (Maas et al., 2014). As particles pass through the nanopore,
they displace the electrolyte solution causing a measurable drop in current, known as a
blockade magnitude (Figure 1.4A). While passing through the pore, the particle resistance
increases, which in turn generates a pulse (blockade) that is directly proportional to the
particle's size (www.izon.com). The magnitude and frequency of these blockade events
provides detailed information on the size, concentration and distribution of EVs present in
the sample (Figure 1.4B) (Vogel et al., 2011). TRPS is a valuable tool in the field of EV
research as it allows for the accurate measurement of EV size, concentration, and surface
charge (also referred to as zeta potential) in a small (35 pl) volume of sample (Vogel et al.,
2016). By providing real-time calibration, TRPS helps to address the difficulties encountered
when measuring EVs directly in fluid samples. The limitation of this technique includes the
risk of pores getting clogged with repeated use of the membrane, and the short lifespan of

the nanopore.
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Figure 1. 4: Tunable Resistive Pulse Sensing (TRPS). A) Signal trace of particles passing through
the nanopore indicating blockade magnitude (vertical pink lines). The more particles are present, the
faster the blockade events will appear. B) Analysis of the size distribution and concentration of a
sample following TRPS analysis. Information related to particle diameter (mean, mode, maximum and
minimum) and size distribution within the sample (d90, d50, d10) is reflected. The concentration of the
diluted sample (measured concentration) as well the original samples (raw concentration) is also
indicated.

1.5.3. Dynamic light scattering

Dynamic light scattering (DLS), also known as photon correlation spectroscopy, is a
technique where a monochromatic and coherent laser beam scatters through a suspension
of particles (Shao et al., 2018). If a particle passes through the beam’s path, the laser light is
dispersed and scattered (Sitar et al., 2015). The intensity of the scattered light is recorded as
a function of time, allowing for the observation of fluctuations due to Brownian motion of
suspended particles. During Brownian fluctuations, the distance between scattered light
beams constantly changes with time, leading to their interference, visible as minima
(destructive interference) or maxima (enhanced interference) in the recorded spectrum. The
autocorrelation function of the intensity spectra is generated to obtain a distribution of
particle size, which is used for size determination. The analysis is relatively easy when
suspended particles do not interfere with each other through collisions or electrostatic forces.
The DLS method has the advantage of measuring particles ranging from 1 nm to 6 um, but
is less accurate in suspensions of particles varying in size (Hoo, C. M. et al., 2008). In such
cases, even if larger vesicles are present in low quantity, they strongly influence the particle
size profile as smaller events becomes difficult to measure due to the fact that larger
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particles scatter more light (Maguire et al., 2018). This limitation can be overcome by using a
technique called multi-angle dynamic light scattering (MADLS), which allows for more
accurate measurements in suspensions with varying particle sizes. MADLS involves
measuring the scattered light at multiple angles, which provides a more comprehensive
analysis of the particle size distribution (Hoo, Christopher M. et al., 2008). Additionally,
advanced data analysis algorithms can be employed to further improve the accuracy of

particle size measurements in complex suspensions.

1.5.4. Flow Cytometry

Over the last two decades, flow cytometry scattering (FCS) has increasingly become an
accepted technique for EV analysis, with the ability to determine the cellular origin, and
morphology of single EVs. This technique involves directing a laser beam with a specific
wavelength through a stream of sheath fluid containing suspended particles. The presence
of particles causes light scattering; the studied particles can also be labelled with a
fluorescent dye or antibody. The detection of small particles based on their light scattering
signal is however a major challenge for conventional flow cytometers (van der Pol et al.,
2014). Flow cytometers which can detect violet side scattered light (SSC) (15-150°) can
however provide information about smaller particles and therefore enable the detection of
nanoparticles, showing better detection sensitivity and a lower background than forward
scatter (FSC) (Arraud et al., 2015). The CytoFlex flow cytometer is one of the few
instruments that can therefore reliably detect particles as small as 100 nm, through the
addition of fluorescent beads and the violet side scatter option (Morales-Kastresana &
Jones, 2017).

1.5.5. Transmission electron microscopy.

Transmission electron microscopy (TEM) is a technique that creates images through
electron interference when an electron beam crosses a sample. TEM requires specimens to
be fixed and dehydrated before imaging, and image acquisition is performed under vacuum
conditions for optimal resolution. Its high magnification and resolution capabilities facilitate
direct visualization of EVs, allowing for detailed observation of their characteristic cup-
shaped structure and morphology (Figure 1.5A; black arrow). It also offers the potential for
collecting biochemical information through immuno-gold labelling techniques, providing
insights into sEV composition (Pisitkun et al., 2004). By selectively labelling specific proteins
with gold nanoparticles, TEM allows researchers to visualize their distribution and

localization within the sEV structure (Figure 1.5A; yellow arrow). TEM also provides valuable
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information about sEV size, shape, and morphology, aiding in their characterization and
classification. Electron microscopy (EM) can however cause changes in sEV morphology
and damage biological samples. To address these issues, cryo-EM is commonly used for
sEV analysis. This method avoids invasive steps like dehydration or fixation, protects
specimens from damage, and generates 3-D images, verifying the spherical morphology of
sEVs based on cryo-electron tomography (Figure 1.5B) (Adrian et al., 1984; Glaeser & Hall,
2011)

Figure 1. 5: Transmission electron microscopy (TEM) of sEVs. (A) Classical TEM reveals the cup-
shaped morphology of unlabelled and gold-labelled sEVs. (B)Cryo- TEM image of sEVs purified from
mouse dendritic cells. Black arrows indicate cup-shaped sEVs while yellow arrow indicates immune-
gold labelled sEVs. Scale bar = 100 nm (Lima Moura et al., 2020);(Yang J. et al., 2018).

1.6. Cargo loading of sEVs

Efficient drug delivery systems are essential for ensuring the stability, bioavailability, and
therapeutic efficacy of various biomolecules, including nucleic acids, proteins, and small-
molecule drugs (Yerneni et al., 2022). Cargo loading into delivery vehicles is a fundamental
process that enables targeted and sustained release of therapeutic agents, enhancing their
stability and bioavailability while minimizing off-target effects (Tenchov et al., 2022). Lipid
nanoparticles (LNPs) have been a standard platform widely employed for delivering mRNA,
and other therapeutic compounds, due to their ability to encapsulate and protect cargo, as
demonstrated by their success in COVID-19 mRNA vaccines (Baden et al., 2021; Polack et
al., 2020). However, LNPs present limitations such as potential toxicity, rapid clearance, and
challenges in achieving tissue-specific targeting (Jeong et al., 2023). In response to these
limitations, small extracellular vesicles (sSEVs) have emerged as a promising alternative to
LNPs. sEVs are naturally occurring, offering a natural, membrane-bound vesicles that
facilitates intercellular communication by transporting proteins, lipids and nucleic acids
between cells (Kalluri & LeBleu, 2020). Their biocompatibility, stability, and ability to evade
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immune detection make them attractive candidates for therapeutic applications (Patil et al.,
2020)

Drug delivery technologies are essential for ensuring the stability, optimal delivery, and
therapeutic efficacy of mMRNA-based treatments. sEVs present a promising drug delivery
vehicle to deliver RNAs, particularly mRNA due to their high biocompatibility, stability, and
low immunogenicity (Tenchov et al., 2022). sEVs can provide a protective microenvironment
for loaded cargo, protecting it from degradation by extracellular enzymes and macrophages,
thereby ensuring its integrity, stability and extended circulation time during transit to target
cells (Yerneni et al., 2022). sEV-based mRNA delivery holds great potential in several
therapeutic areas, including COVID-19 vaccine development, cancer immunotherapy, and
treatment of neurodegenerative disorders (Bebelman et al., 2018; Pang et al., 2020). sEVs,
with their lipid bilayer membrane, acts as a natural barrier against cargo degradation and
enhance drug utilization by increasing solubility of poorly water-soluble drugs and promoting
the simultaneous delivery of drugs (Yerneni et al., 2022). Modified or unmodified sEVs
effectively deliver drugs to intracerebral regions for treating central nervous system (CNS)
disorders since they can cross the blood-brain barrier (BBB) (Terstappen et al., 2021).
However, cargo-loading sEVs remains challenging since these vesicles may already hold
endogenous content and the lipid bilayer may restrict loading of exogeneous cargo.

Loading of cargo into sEVs may occur passively during an incubation period or actively using
techniques such as electroporation, sonication, extrusion, freeze-thaw cycling, and
transfection. These approaches are discussed below, while their advantages and limitation

are summarized in Table 1.2.

Table 1. 2: A summary of the advantages and limitations of various sV cargo-loading
approaches.

Methods Cargo Advantages Limitations
Passiv Small molecule drugs, such Simple and convenient; Low loading efficiency;
s as doxorubicin and curcumin | can be adopted by most may affect the EV
incubation -
laboratories components
Small molecules drugs Potential to load Increase EV instability

(doxorubicin and curcumin); | macromolecules; loading | and aggregation; time-
Electroporation | biomolecules, including small | efficiency is relatively high | consuming
RNAs, mRNA, DNAs and

proteins _ _
Small molecules drugs Loading efficiency is Increase EV
(doxorubicin and curcumin); | relatively high aggregation

Sonication biomolecules, including small
RNAs, mRNA, DNAs and
proteins _

Extrusion Small molepgle drugs, such Load_ing eﬁ_"lciency is May lead tq variations in
as doxorubicin and curcumin | relatively high zeta potential and
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changes in
immunological aspects
of EVs

Freeze-thawing

Small molecules drugs

(doxorubicin and curcumin);
biomolecules, including small

RNAs, mRNA, DNAs and
proteins

Coading efficiency is
relatively high

‘Time-consuming and
may not be ideal for
large-scale
manufacturing

Transfection

Biomolecules, including small

RNAs, mRNA, DNAs and
proteins

Load large cargos;
efficiency is relatively high

‘Transfection reagent is
required; loading
efficiency of commercial
transfection may be low

1.6.1. Passive loading via co-incubation

Co-incubation is a simple method that involves two forms of passive loading: incubating
sEVs directly with the desired cargo or priming donor cells with the cargo and subsequently
generating sEVs from these so-called primed cells. Co-incubation also includes cationic
loading, where negative charged cargo is electrostatically complexed with cationic molecules
such as polymers or cationic lipids, before incubation with sEVs. These approaches have
been used to load sEVs with compounds (such as doxorubicin and curcumin) and nucleic
acids (such as mRNA and miRNA).

1.6.1.1. Direct loading
It is possible to load sEVs by co-incubating them with the desired cargo at 37°C for a period

of time (1-24 hours); this approach can include shaking at 500 xg (Goh et al., 2017). The
increase in temperature is thought to increase the fluidity of the lipid membrane, which is
beneficial for loading as the cargo interacts with the lipid bilayer of the vesicle. The loading
efficiency of a drug is primarily determined by its hydrophobicity and concentration gradient
in the solution (Haney et al., 2015). Gong et al. demonstrated increased loading of
macrophage-derived sEVs with cholesterol-modified miR-159, compared with miR-159 alone
(Gong et al., 2019). HEK293 cell- and breast cancer cell-derived sEVs have also been
directly cargo-loaded with miR-497 (Jeong et al., 2020) and miR-126 (Nie et al., 2020) using
commercial reagent kits. This approach has a high loading efficiency and good molecular

stability.

1.6.1.2. Priming of donor cells
Priming involves co-incubation of the cargo with the donor cells such that the cargo is taken

up by the cell and then packaged into the extracellular vesicles during endocytosis
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(Gebeyehu et al., 2021). Wang et al. incubated macrophages with curcumin to generate
curcumin-loaded sEVs and found these sEVs were able to cross the blood brain barrier
(BBB) for potentially treating Alzheimer's disease (AD) (Wang et al., 2019). Research has
demonstrated that co-incubation of MRNA with cells under optimized conditions (reflected in
the mRNA concentration, incubation time and donor cell state) can result in successful
encapsulation of MRNA in released sEVs (Zhang et al., 2010). Incubation of cells with mRNA
has also been found to increase the secretion of sEVs from cells, particularly when cultured
in serum-free media, thus enhancing the overall yield and quality of mMRNA-loaded vesicles
(Auber et al., 2019; Gudbergsson et al., 2019). The advantages of incubation of cargos and
cells is that the protocol is easy, highly reproducible, and does not significantly affect the
integrity of the sEVs. The drawback is that the loading efficiency is low, and the loading

quantitation is challenging due to physicochemical properties of both cargo and sEVs.

1.6.1.3. Cationic Loading
Cationic loading is a passive method for incorporating negatively charged cargo, such as

nucleic acids, into small extracellular vesicles (sEVs) using positively charged molecules,
including cationic lipids, polymers, or peptides (Chang et al., 2022). This approach relies on
electrostatic interactions between the cationic molecules and the negatively charged cargo,
facilitating complex formation that promotes cargo incorporation into sEVs through natural
diffusion or membrane association (Gurunathan et al., 2019). The primary advantage of
cationic loading is its simplicity and efficiency, as it does not require specialized equipment
or harsh treatment, thereby preserving sEV integrity. Additionally, cationic-loaded SEVs
exhibit enhanced cellular uptake due to electrostatic attraction with negatively charged cell
membranes, making this approach particularly suitable for drug and gene delivery
applications (Elsharkasy et al., 2020). Despite its advantages, cationic loading presents
certain challenges. Excessive positive charge can disrupt sEV membrane stability, alter
biophysical properties, and affect biodistribution, potentially compromising the vesicles’
functional integrity. Therefore, optimizing parameters such as charge ratio, incubation time,
and buffer conditions is critical to balancing loading efficiency with sEV stability (Zakeri et al.,
2018).

A commonly employed strategy for cationic loading involves polyethylenimine (PEI), a highly
cationic polymer widely used for the passive encapsulation of nucleic acids, including siRNA,
mMRNA, and plasmid DNA. PEI-mediated loading relies on electrostatic interactions between

the positively charged amine groups of PEI and the negatively charged phosphate backbone
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of nucleic acids, forming stable PEI-cargo complexes (Uchida et al., 2020). These
complexes are then incubated with sEVs, facilitating cargo incorporation either through
spontaneous diffusion or membrane association (Mohammadi et al., 2024). The efficacy of
PEI loading is highly dependent on the N/P ratio, which represents the ratio of positively
charged nitrogen (N) groups in PEI to the negatively charged phosphate (P) groups in the
nucleic acid cargo (Zakeri et al., 2018). Suboptimal N/P ratios (below 10:1 for small nucleic
acids such as siRNA and mRNA) may result in incomplete complex formation, leading to
inefficient loading. Conversely, excessively high N/P ratios can cause aggregation, vesicle
destabilization, or cytotoxic effects (Zakeri et al., 2018). Unlike electroporation, a widely used
active loading technique, passive PEI loading is ease of use, non-disruptive, preserving sV
morphology and function. However, passive methods generally exhibit lower encapsulation
efficiency, particularly for larger or highly charged biomolecules, necessitating careful

optimization of the loading conditions (Gurunathan et al., 2019).

1.6.2. Active Loading
1.6.2.1. Electroporation
Electroporation is a simple and efficient method for loading nucleotides (siRNA or miRNA),

doxorubicin, and other drugs into SEVs and offers higher loading efficiencies compared to
passive methods (Zhang, Y. et al., 2019). A short high-voltage pulse from an external
electrical field distributes the phospholipid bilayer of the sEV to produce micro-pores in the
membrane. This serves to enhance permeability and allows the cargo to penetrate into the
sEV (Johnsen et al., 2014). One study by Momen-Heravi et al. tested different
electroporation conditions to load miRNA-155 and found that higher voltages (between 0.14
kV to 0.2 kV) and a total sEV protein concentration between 500 ug/mL and 1000 ug/mL
resulted in better loading yields for miRNA-155 into B cell derived-sEVs (Momen-Heravi et
al., 2014). Rong et al. immobilized the target therapeutic peptide CAQK onto the sV
membrane, followed by incubation with siRNA, and then electroporation under specific
conditions. Furthermore, induced neural stem cell-derived sEVs exhibited anti-inflammatory
and neuro-reparative effects, and the co-delivery of siRNA enhanced the repair following
spinal cord injury in mice (Rong et al., 2023). A main drawback of electroporation is however
the aggregation and fusion of sEVs after electroporation. Additionally, this method has a low
loading rate, may also negatively affects the sEV structure and activity. To reduces the
likelihood of aggregation and fusion, the addition of 50 mM trehalose to a solution containing
50 ug total sEV protein results in improved colloidal stability of the sEV solution (Momen-
Heravi et al., 2014; Reshke et al., 2020).
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1.6.2.2. Sonication
Through sonication, cargo such as drugs, proteins and nanomaterials, can be loaded into

sEVs. An ultrasound probe applies a mechanical shear force to deform the membrane of the
sEV, which allows cargo to diffuse into the vesicle (Haney et al., 2020; Li et al., 2020). Haney
et al, successfully incorporated paclitaxel (PTX) into sEVs following sonication, resulting in
higher loading capacity than simple incubation strategies (Haney et al., 2020). Tao et al.,
isolated sEVs from milk, dispersed them in PBS, and added Bcl-2 siRNA at a mass ratio
(sEVs to siRNA) of 5:1. These sEVs were capable of targeting cancer cells by upregulating
apoptotic genes and downregulating metastasis-related genes, inducing apoptosis as well as
suppressing tumour migration and invasion (Tao et al., 2020). Sonication is therefore highly
effective in nucleic acid loading, but can damage the sEV plasma membrane, causing drug

leakage and sEV aggregation.

1.6.2.3. Extrusion
Extrusion-based techniques are used to load drugs into isolated sEVs. This method involves

passing a mixture of the drug and sEVs through a syringe-based lipid extruder with 100-400
nm porous membranes at controlled temperatures. This disrupts the sEV membrane and
allows for efficient drug loading. Zhang et al. used this approach to load PTX into sEVs
isolated from human umbilical cord-derived mesenchymal stem cells (huc-MSCs). They
extruded the PTX solution mixed with sEVs through a lipid extruder with a pore size of 100
nm and achieved efficient PTX encapsulation into sEVs without any significant alteration in
the lipid content of the loaded sEV membranes. The loading efficiency for PTX was recorded
to be 14.23 £ 0.25%, higher than the efficiency obtained using the conventional freeze—thaw
treatment (6.87 + 0.4%). The drug-loaded sEVs were successful in inducing differentiation of
neural stem cells into neurons (Zhang et al., 2021). Another study reported that sEVs
derived from MDA-MB231 breast cancer cells could be loaded with porphyrin using the
extrusion method (Fuhrmann G. et al., 2015). Although extrusion is a method with a high
cargo loading efficiency, it may compromise the immune-privileged status of sEVs due to

recombination of their surface structure (Fuhrmann et al., 2015).

1.6.2.4. Freeze-thawing
The freeze-thaw cycling method is a simple and effective method for loading drugs and

nucleic acid into sEVs. It involves repeated cycles of freezing at low temperatures (-80°C or
liquid nitrogen) and thawing at room temperature; this causes the sV plasma membrane to

rupture and repair multiple times. This continuous process (a minimum of 3 cycles) allows
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the drug to enter the sEVs, achieving successful loading. The freeze-thaw cycle is simple,
mild and suitable for mass production due to its stability at low temperatures. However,
repeated freeze-thawing could inactivate proteins and induce sEV aggregation. Zhuang et al.
utilized the freeze—thaw cycling approach, by adding ribonucleoprotein (RNP)solution to
sEVs and incubating for 30 minutes at room temperature, followed by freezing with liquid
nitrogen, and then thawing at room temperature. This process was repeated three times.
Compared to ultrasonication (where an efficiency of 15.34% was reached) under the same
conditions, the freeze—thaw cycle achieved a loading efficiency of 37.62%, making it well-
suited for subsequent targeted delivery of sEVs (Zhuang et al., 2020). This technique has no
significant impact on the structure of sEVs, but it may result in an uncertain loading efficiency

therefore methods such as incubation is incorporated with freeze-thawing (Tran et al., 2019).

1.6.2.5. Transfection
Transfection has emerged as the most common strategy for stably loading nucleic acids,

proteins, and peptides into sEVs. Transfection involves introducing specific plasmids into
cells to express desired nucleic acids, proteins, or peptides, which are packaged into sEVs.
Born et al., mixed the pCMV-HOTAIR plasmid with P3000 reagent, and added a liposome
solution. Then human bone marrow-derived mesenchymal stem cells (BDMSCs) were
incubated with the mixed solution, after which sEVs containing HOTAIR were collected
through multiple rounds of centrifugation. The high amounts of HOTAIR in sEVs were
effective in promoting angiogenesis and wound healing (Born et al., 2022). Similarly, BCR-
ABL siRNA was transduced into human embryonic kidney 293 (HEK293) cells and sEVs
subsequently collected from the culture medium (Bellavia et al., 2017). The siRNA-loaded
sEVs were able to target chronic myeloid leukaemia cells in vivo. However, certain
conventional transfection reagents are toxic and may pose safety issues (Xu et al., 2021).
Additionally, the direct chemical transfection of sEVs regularly induces sample impurities
(such as reagent residues and aggregated vesicles) (Shtam et al., 2013; Wahlgren et al.,
2012). Lipofectamine and other lipid-based formulations are commonly used in this context

and significantly increase the loading efficiency of mRNA into EVs (Didiot et al., 2016).

1.7. RNA-loaded sEVs

The efficient loading of RNA into sEVs is essential for maximizing their potential as RNA
delivery vehicles, especially in therapeutic applications. Understanding how RNA associates
with sEVs, either in the lumen, incorporated into the membrane, or bound to the outer

surface, is crucial for optimizing both the efficacy and safety of RNA-based treatments (Jiang
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et al., 2011; Liang et al., 2020). The lumen, being the internal compartment of the sEV, is the
most common site for RNA encapsulation. RNA is typically loaded into the lumen using
chemical treatments, such as surfactants and lipid-based agents, that transiently increase
the membrane’s permeability. These approaches allow RNA to be enclosed within the
vesicle’s interior, protecting it from external degradation and enhancing its stability for
targeted delivery (Zhang, J. et al., 2015). Such encapsulation is particularly important for
RNA therapies like mRNA vaccines and delivery of RNA interference (RNAi), where RNA
integrity is essential for therapeutic success (Alvarez-Erviti et al., 2011). Techniques like
electroporation and sonication have also been employed to improve RNA encapsulation
within the lumen, providing further strategies for efficient loading (Lai et al., 2013) (Bobrie et
al., 2011).

In addition to lumen loading, incorporating RNA into the membrane of sEVs holds
considerable potential for targeted delivery. This method ensures RNA interacts directly with
membrane proteins or receptors upon vesicle fusion, facilitating specific cellular interactions
(Simons & Raposo, 2009). The use of lipid agents or lipid rafts can enhance this mechanism,
ensuring that RNA remains integrated into the lipid bilayer. Alvarez-Erviti et al. (2011)
demonstrated that lipid transfection methods effectively load RNA into EV membranes,
improving the precision of cell targeting (Alvarez-Erviti et al., 2011). Membrane-associated
RNA can be advantageous for therapies where receptor-mediated uptake is crucial, such as
in the targeted delivery of RNAi agents or mRNA vaccines.

Although less commonly utilized, loading RNA onto the outer surface of EVs presents
another promising strategy. Surface-bound RNA enables rapid recognition by cells,
especially in applications like RNA-based vaccines and surface receptor binding. However,
surface-bound RNA is more vulnerable to degradation by extracellular RNases, which can
limit its stability compared to luminal or membrane-bound RNA (Borniego & Innes, 2023).
Nevertheless, the rapid cell-surface recognition enabled by surface-bound RNA can be
advantageous for immune activation, particularly in the context of vaccine development
(Jiang et al., 2011). This approach facilitates immune system recognition, promoting quicker

cellular uptake and enhancing therapeutic efficacy.

A comprehensive understanding of RNA loading mechanisms is essential for improving RNA
delivery systems. The localization of RNA within EVs affects its stability, targeting efficiency,
and ultimately its therapeutic potential. Despite significant progress, challenges remain in
achieving high-loading efficiency, ensuring RNA stability, and optimizing delivery to target
cells. Future research should focus on refining loading techniques, addressing the factors

that govern RNA compartmentalization, and advancing methods for high-throughput,
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scalable RNA loading. As RNA-based therapies continue to evolve, optimized loading
strategies will play a pivotal role in enhancing the development of novel, effective delivery

systems with improved therapeutic outcomes.

1.8. Therapeutic Applications of sEV-based RNA Delivery
1.8.1. mRNA Vaccines
One of the most significant recent advancements in nucleic acid-based therapeutics is the

development of MRNA vaccines, most notably for the prevention of infectious diseases like
COVID-19. Unlike traditional vaccines, which introduce attenuated or inactivated pathogens,
MRNA vaccines deliver a synthetic mMRNA encoding a pathogen protein (such as the spike
protein from SARS-CoV-2), triggering an immune response. The Pfizer-BioNTech and
Moderna COVID-19 vaccines are prime examples of mMRNA vaccines, using lipid
nanoparticles (LNPs) to deliver the mRNA encoding the SARS-CoV-2 spike protein to human
cells (Baden et al., 2021; Polack et al., 2020). These vaccines have shown high efficacy in
preventing severe illness, and death from COVID-19. Ongoing research is exploring mRNA
vaccines for other diseases, including influenza, Zika virus, HIV and even cancer (Pardi et
al., 2018) where they aim to stimulate a targeted immune response against tumour-specific
antigens.

1.8.2. Cancer Immunotherapy
Cancer immunotherapy uses the immune system to fight cancer cells, and mRNA-based

approaches are gaining traction. This can be achieved by using mRNA to either encode
tumour-associated antigens (TAAs) or enhance their anti-tumour activity (Guevara et al.,
2020).

sEVs are also emerging as a promising platform for cancer immunotherapy, particularly for
delivering tumour-associated antigens (TAAs) to immune cells, thereby stimulating targeted
anti-tumour immune response. By loading mRNA encoding TAAs into sEVs, these vaccines
enable recipient cells to produce antigens, which then activate cytotoxic T cells to recognize
and destroy tumour cells (Zhang, F. et al., 2019). Additionally, personalized cancer vaccines
are being developed where mRNA is tailored to a patient’s specific tumour mutations (Ott et
al., 2017). Dendritic cells (DCs) are crucial for initiating immune responses, and researchers
are exploring mRNA-based approaches within their role in cancer treatment. One strategy
involves using sEV-based mRNA encoding tumour-specific antigens (TSAs) to deliver these
antigens to DCs and activate cytotoxic T lymphocytes (CTLs) against tumour cells (Huang et

al., 2013). sEVs are known for their ability to cross biological barriers and target specific
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tissues enhances the effectiveness of mMRNA vaccines. Clinical trials are ongoing to test the
efficacy of mMRNA-loaded DCs in treating cancers such as melanoma and glioblastoma
(Sahin et al., 2017). In addition to directly encoding tumour antigens, mRNA can also encode
immune stimulatory factors such as cytokines or co-stimulatory molecules. For example,
encoding interleukin-12 (IL-12) in mMRNA delivered to tumour cells can enhance local
immune responses, making tumours more susceptible to immune attack (Nguyen et al.,
2020).

1.8.3. Gene Therapy for Genetic Diseases
Gene therapy aims to correct genetic defects by introducing new genetic material into the

patient’s cells. While traditional gene therapy uses DNA, mRNA therapy offers advantages,
such as avoiding permanent genetic modification and introducing the ability to control the

duration of gene expression (Wallen et al., 2023).

MRNA therapy is being explored for genetic diseases as a way to replace a non-functional or
absent protein in diseases like cystic fibrosis, Duchenne muscular dystrophy (DMD), and
haemophilia (Gussoni et al., 1999). For cystic fibrosis, mMRNA encoding the CFTR protein
(which is defective in cystic fibrosis patients) can be delivered to airway epithelial cells to
restore normal CFTR function (Munagala et al., 2021). sEV-based mRNA delivery of
dystrophin is being studied for DMD to restore protein production in muscles and potentially

target the central nervous system by crossing the blood-brain barrier (Liang et al., 2023).

mMRNA therapies are also being developed for liver-related genetic diseases such as
haemophilia or alpha-1 antitrypsin deficiency. By delivering functional copies to liver cells,
this approach aims to restore the synthesis of missing protein, thereby offering a promising
approach (Trepotec et al., 2019). In neurodegenerative diseases, sEVs can be used to
deliver mMRNA encoding neurotrophic factors, such as brain-derived neurotrophic factor
(BDNF), which promote the survival and regeneration of neurons. This approach could help
to repair damaged neural networks and slow the progression of diseases like Alzheimer’s or

Parkinson’s (Alvarez-Erviti et al., 2011).

1.8.4. CRISPR-Cas9 Gene Editing
CRISPR-Cas9 gene-editing enables precise genome modification by making targeted cuts at

specific locations. While plasmid DNA or viral vectors are commonly used to deliver CRISPR
components, MRNA delivery of the Cas9 protein and guide RNA is emerging as a safer

alternative, reducing the risks of DNA integration and providing better control over gene
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editing. mMRNA encoding the Cas9 protein and guide RNA can be delivered to somatic cells
to perform precise edits at specific loci. This approach has shown promise for correcting
mutations in diseases like sickle cell anaemia and cystic fibrosis, where the therapeutic goal
is to edit the patient’s own genome (Duan et al., 2021). sEVs could also be used to deliver
MRNA encoding CRISPR-Cas9 components to correct genetic mutations in
neurodegenerative diseases. For example, mRNA encoding the Cas9 protein together with
guide RNA can be delivered to neurons to perform precise genetic editing of disease-

causing mutations (Liang et al., 2023).

1.8.5. RNA Interference (RNAIi) Therapies
RNA interference (RNAI) is a process in which small RNA molecules, such as small

interfering RNAs (siRNAs) or microRNAs (miRNAs), inhibit the expression of specific genes
(Hannon G.J., 2002). RNAi-based therapies have been developed to target and silence
genes responsible for various diseases, including cancer, viral infections, and genetic
disorders (Kim D.H. & Rossi J.J., 2007; Sledz C. A., & Gross C., 2003). In cancer, RNAi
therapies can be used to target oncogenes. For example, siRNAs can be used to
downregulate the expression of anti-apoptotic proteins or growth factors that drive cancer
progression (Elbashir S.M., et al., 2001). Delivery of RNAi-based therapies to tumours can
be achieved using lipid nanoparticles, sEVs, or other targeted delivery methods (Wang Y. &
Yu. Y., 2020; Kalluri R. & LeBleu V.S., 2020). RNAI has also been explored as a therapeutic
approach for viral infections, such as HIV and hepatitis B. By delivering siRNAs targeting
viral RNA, it is possible to inhibit the replication of the virus and limit the spread of infection
(Rivara M., et al., 2018). For example, siRNAs targeting the HIV-1 genome have shown

promise in preclinical studies and early-phase clinical trials (Liu Y. & Zhang L. 2017).

1.9. Challenges and Future Directions

The delivery of nucleic acids, particularly mRNA, has vast therapeutic potential across a
wide array of diseases, from infectious diseases and cancer to genetic disorders and
diseases requiring protein replacement therapies. Despite the promising applications of sEV-
based mRNA delivery, several challenges remain, including the need for efficient sEV

isolation, cargo loading, and targeting specificity. Additionally, large-scale production of sEVs
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remains a significant hurdle for ultimate clinical use. Research should therefore also focus
on improving delivery efficiency of sEV-mediated mRNA, enhancing targeting accuracy to
specific tissues, and evaluating the safety and efficacy of sEV-based therapies in clinical
trials. sEVs have the potential to play a key role in mRNA-based therapeutics, particularly in

personalized medicine and targeted cancer therapies.
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1.10. Aims and objectives
The aim of the current study was to isolate small extracellular vesicles (sEVs) from HEK293

cells and evaluate their potential for mRNA delivery.
To achieve this, the objectives were set as follows:

1) Generation and isolation of extracellular vesicles from HEK293 cells
2) Characterisation of extracellular vesicles to confirm their sEV nature by analysing
vesicle:
a) Size and concentration
b) Morphology
c) Protein markers
3) Evaluation of the ability of sEVs to deliver mRNA into HEK293 cells.
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Chapter 2: Materials and Methods

2.1. General lab reagents and procedures
2.1.1. Cell culture medium

Serum containing medium (SCM) was prepared using Dulbecco’ Modified Eagle’s Medium
(DMEM, Capricorn Scientific, cat. DMEM-HPA; with L-Glutamine), containing 10% Foetal
Bovine Serum (FBS) (Capricorn Scientific, cat. FBS-GI-12A) and 2% Penicillin-Streptomycin
(Capricorn Scientific, cat. PS-B). SCM was stored at 4°C until use.

2.1.2. PEG 6000

PEG 6000 (3 g; uniLAB, cat. 504018) was dissolved in 10 ml distilled water containing 0.44 g
NaCl (MERCK, cat. SAAR5822320M) to make a stock solution of 20% (w/v) PEG 6000
containing 0.5 M NaCl. The solution was vortexed thoroughly until fully dissolved and stored
at 4°C until needed.

2.1.3.PBS

Phosphate-Buffered Saline (PBS) stock solutions were prepared free of Calcium and
Magnesium by dissolving 0.2 g KCL (MERCK, cat. 104936), 0.2 g KH2P0O4 (MERCK, cat.
SAAR5043600EM), 8.0 g NaCl, and 1.15 Na2HPO4 (MERCK, cat. 7558794) in 1 L distilled
water. The solution was sterilized by autoclaving at 120°C for 20 minutes and stored up to

several months at 4°C.
2.1.4. TRPS reagents

The wetting solution was used at a dilution of 1:100 in filtered PBS. The calibration particles

used for TRPS analysis are listed in Table 2.1 below:

Table 2. 1: Calibration Particles Carboxylate 100 (CPC100) Information

Reagent Concentration Mean particle diameter Batch 1D
~ (particles/ml) (nm) _
CPC 100 1.7x1013 100 12350B
2.1.5. TBS-T

Tris Buffered Saline - Tween (TBS - T) stock solution was prepared by dissolving 2.42 Tris
(Sigma — Aldrich, cat. 648310-M) and 11.69 NaCl in 950 ml distilled water. The pH was
adjusted to 7.4 with concentrated hydrochloric acid (HCL; Sigma-Aldrich, cat. 7647-01-0) and
added 10% Tween 20 (MERCK, cat. 822184) before autoclaving at 120°C for 20 minutes and

stored at room temperature until use.
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2.1.6. Blotting buffer

In a large beaker, 6.05 g Tris, 14.4 g glycine (MELFORD, cat. 56406) and 1 g Sodium Lauryl
Sulphate (SDS; MERK, cat. SAAR5823610EM) was dissolved in 700 ml distilled water and
200 ml methanol (MINEMA, cat. M5550). The volume was made up to 1000 ml and stored at

room temperature until use.
2.1.7. Tris-HCI buffer

A 1M Tris-HCL buffer was prepared in a 1L beaker, 121.14 g of Tris was dissolved in distilled
water and mixed using a magnetic stirrer. The pH was adjusted to 8.5 with concentrated
hydrochloric acid (HCL) and the total volume adjusted to 1L. The solution was stored

unopened at room temperature until use.
2.1.8. Stain stock solution

To prepare 1% (m/v) Coomassie Dye blue R-250 stain stock solution, 1 g of dye in 100 ml
dH20 was dissolved and stirred for 1 hour at RT and subsequently filtered through Whatman
No.1 filter paper. For a staining solution 62.5 ml stain stock solution was mixed with 250 ml
methanol and 50 ml acetic acid and the volume adjusted to 500 ml with distilled water. Solution

was stored at room temperature in a brown beaker to protect from direct light.
2.1.9. Destaining solution

In a 1L beaker, 70 ml acetic acid and 50 ml methanol was mixed, and the solution volume

adjusted to 1L with distilled water.
2.1.10. Mowiol mounting medium

Mowiol (9.6 g; Sigma—Aldrich, cat. 81381) and glycerol (24 g; Sigma—Aldrich, cat. 49770) were
mixed in a beaker with 24 ml distilled water and incubated at room temperature for 2 hours.
Following this, Tris-HCI buffer (48 ml) was added and dissolved using a magnetic stirrer on a
hot plate set to medium-low heat. Excess powder was pelleted using centrifugation at 5000
xg for 15 minutes. The supernatant was removed and stored in 500 pl aliquots in Eppendorf

tubes at -20°C until use.
2.1.11 Uranyl acetate

A stock solution of 2% (w/v) uranyl acetate was prepared by dissolving 1 g uranyl acetate (SPI-
CHEM, cat. 1070911) in 50 ml double-distilled water in a flask and slowly mixing until crystals
were completely dissolved. The flask was covered with aluminium foil to protect from light and

stored for up to 4 months at 4°C. Before use, the solution was filtered through a 0.2-um filter.
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2.1.12 Cell culture

Embryonic Kidney 293 (HEK293) cells were obtained from laboratory stocks in liquid nitrogen.
Cells were cultured under sterile conditions in a level 2 biological safety cabinet (Haier
Biomedical, product EN12469:2000). Surfaces were maintained in a sterile condition using

UV light exposure for 30 minutes daily and 70% ethanol for cleaning purposes.
2.1.13 Cell thawing

A cryogenic vial containing the cell line was selected from the liquid nitrogen dewar and thawed
using a water bath set to 37-C. Cells were then transferred into a sterile 15 ml falcon tube and
containing fresh prewarmed medium. The cells were centrifuged at 3200 xg for 5 minutes at
room temperature, using the bench top centrifuge (DSC-158T; MRC, serial. 0608318). The
supernatant was discarded, and cells resuspended in 1 ml SCM, 20 ul sample was removed
and cells were counted using a cell counter (Invitrogen Countess 3 FL, ThermoFisher,
AMQAF2000). The desired number of cells were then transferred to T75 tissue culture flasks
containing 10 ml warm SCM and maintained in a 37°C and 5% carbon dioxide (CO_) incubator
(ESCO, serial. 2018-124079). Adherence and cell growth was confirmed using the Olympus
CKX41 brightfield microscope.

2.1.14 Cell passaging

Cells were passaged once they are 70 — 80% confluent. The medium was aspirated from the
flask and cells rinsed twice with 5 ml warm PBS followed by the addition of 2 ml warm Trypsin-
Versene (BioWhittaker, 17-161E) for 3 minutes in the 37°C, 5% CO. incubator. Once cellular
detachment was confirmed using the brightfield microscope, the trypsin was inactivated by
adding an equal volume (1 ml) of serum containing media and mixing thoroughly via pipetting.
The mixture was pipetted into a 15 ml tube and centrifuged at 3200 xg for 5 minutes (DSC-
158T). The cell pellet was resuspended in growth medium as required. A 20 pl sample was
removed and cells were counted using a cell counter (Invitrogen Countess 3 FL,
ThermoFisher, AMQAF2000). A dilution was preformed to achieve the required number of cells
to be seeded, and the remaining cells were either frozen or divided into a new flask with fresh

growth media.
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2.1.15 Cryopreservation

Stocks of HEK293 cells were cryopreserved for later use. Briefly, cells (600 000 cells per 500
ul) were resuspended in freezing media containing 10% Dimethyl sulfoxide (DMSO; Sigma —
Aldrich, cat. RNBK7771) and 90% FBS (Capricorn Scientific, cat. FBS-GI-12A). The
resuspended cell volume was then transferred into labelled cryogenic vial and immediately
placed in Mr Frosty freezing container filled with isopropyl alcohol to freeze overnight at -80°C

before being transferred to liquid nitrogen for long-term storage.

2.2. Extracellular vesicles

2.2.1. Generation and isolation

Extracellular vesicles were generated from HEK293 cells using a protocol adapted from
previously (Lobb et al., 2015) with modification as illustrated in Figure 2.1. Cultured cells
(T175 culture flask; cat.709001) were washed twice with 10 ml PBS, followed by trypsinization
with 2 ml Trypsin-Versene (1X; BioWhittaker, cat. 17-161E) for 10 minutes at 37°C in a CO>
incubator (ESCO; 170L). Trypsin was then neutralized with an equal volume of SCM and 20
ul removed for cell counting (Countess™ 3 FL Automated Cell Counter, AMQAF2000) so that
the required cell number (minimum 40 x10° cells) could be pelleted by centrifugation at 3200
xg for 10 minutes. The cell pellet was then resuspended in serum-free medium (SFM; 1 ml)
and incubated using a rotating mixer (Revolver Rotator, Labnet, H5600) for 20 hours under
hypoxic conditions to generate conditioned media (CM). The CM was then centrifuged for 10
minutes at 300 x g to pellet cells and the supernatant transferred to a new tube and centrifuged
at 13 000 x g (Beckman Coulter Allegra X-22R centrifuge; F2402H rotator) at 4°C for 1 hour
to eliminate large EVs (microvesicles and apoptotic bodies) and remaining cell debris. This
was followed by addition of PEG 6000 (20% stock; uniLAB, 504018) to the supernatant to a
final concentration of 5% (v/v), which was gently mixed for 5 seconds and incubated on ice for
1 hour. The mixture was then centrifuged at 10 000 x g for 1 hour at 4°C to isolate EVs. The
resulting pellet was resuspended in 1X warm PBS (250 pl) or lysis buffer (100 pl) and then
aliquoted in 50 pl volumes and stored at -20°C until needed. Samples were named as

conditioned media (CM) 1-7, designating seven separate HEK293-generated EV isolations.
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Figure 2. 1: A schematic diagram illustrating the generation and isolation of EVs from HEK293
cells. EVs were generated over 20 hours in SFM. The sample was then centrifuged before adding PEG
6000 to the supernatant which was then incubated on ice for 1 hour. EVs were concentrated to the
pellet via centrifugation at 10 000 x g and the pellet is then resuspended in either PBS or lysis buffer as
required.

All collected samples were assessed for protein concentration using the BCA assay, for size
and particle number using TRPS, for morphology using TEM and analysed to detect specific
markers using Western blotting (WB). MTS assays were also carried out to determine
cytotoxicity (Figure 2.1).

2.2.2. Protein quantification - BCA Assay

Protein concentration was measured using the bicinchoninic acid (BCA) assay according to
Smith (Smith P.K. et al, 1985). A standard curve was prepared using bovine serum albumin
(BSA) protein standards (0, 25, 125, 250, 500, 700, 1000, 1500 pg/ml) in triplicate. The
standard was prepared from a 2 mg/ml BSA stock (Sigma, cat. P0834-10X) and the BCA
working reagents (WR) (Pierce™ BCA Protein Assay kit, Thermo Fisher Scientific, #23227)
were prepared by mixing 50 parts BCA reagent A with 1 part of BCA Reagent B. From each
standard, 25 ul was pipetted into the well of a 96-well plate and 200 pl of the WR was added
to each well. The plate was then incubated at 37°C, 5% CO, for 30 minutes and then cooled
for 10 minutes at room temperature (RT). The absorbance was measured at 562 nm using a
SpectreMax ABS Plus spectrophotometer and a BSA standard curve constructed (Figure 2.2).
The same protocol was then utilised to measure 25 ul of EV samples that had been lysed at
a 1:4 ratio using Bio-Plex cell lysis buffer (Bio-Rad, #171304011) and determine protein

concentration, in accordance with the Pierce BCA protein assay kit.
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Figure 2. 2: Standard curve of BCA protein assay. Bovine serum albumin concentrations ranging
from 0 — 1500 pg/ml were added to the BCA reagent and the absorbance values measured at 562 nm.
The protein concentration of EV samples was then determined using the equation y=0,016x + 0,2233
with correlation coefficient value of 0,9892 (n=3).

2.2.3. Tunable Resistive Pulse Sensing (TRPS)

The concentration and size of isolated vesicles was determined using TRPS (EXOID; Version
1.0, serial. EXOID-062-R; Izon Science, France) previously described from Izon
(www.izon.com) with modification (Kis et al., 2022). All samples and reagents were kept on

ice throughout analysis. Prior to analysis of biological samples, a wetting procedure |zon
wetting reagent diluted to 1:100 and nanopore characterisation are carried out to ensure a
stable baseline is achieved (Appendix 1). Calibration using Izon CPC100 polystyrene beads
of known diameter and concentration (100 nm; 1.2 x 10" particles/ml) was achieved prior to
each sample run at three different pressures (Appendix 1). Once run, samples were calibrated
at selected pressures to generate data on particle diameter (nm) and included maximum size,
minimum size, mode, mean, d90, d90/d10 as well as particle concentrations (raw and

measured concentration) (Figure 2.3).
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Analysis Report ’ IZON

Sample: EXOPBS 15-07-23_P2
Measurement date: 15 July 2023 14:07

Sample Statistics

Particle diameter (nm)

Mean: 90 (Std Dev=34.3) dso: 78

Mode: 60 di10: 59 doo: 142
Maximum: 260 d90/d10: 2.39

Minimum: 55 Span: 1.06

Concentration [0-e<] (particles/ml)

Measured Concentration: 1.08e+10
Raw Concentration: 1.08e+12

Figure 2. 3: Particle size distribution and concentration of EVs derived from HEK293 cells. Data
shown is from sample CM 1 and includes mean, mode, range and d-values. The raw concentration
represents the concentration of the sample prior to dilution. The histogram and dotted line show particle

diameter (nm) against particle concentration (particles/ml) of samples measured using the EXOID.

The raw concentration refers to the final concentration of particles once the dilution factor (to
generate the measured concentration) has been considered; in Figure 2.3, the final
concentration of the sample is 1.08 x 10" particles/ml, while the diluted sample (run on the
Izon EXOID) is 1.08 x 10'° particles/ml. The d-values (d90, d50, d10) represent the minimum
diameter that a specific percentage of measured particles fall within. For example, in Figure
2.3, the d90 value of 142 indicates that 90% of the particles have a diameter of 142 nm and
less, while the d10 value of 59 indicates that 10% of the particles have a diameter of 59 nm
and less. The d90/d10 value measures particle distribution and is directly proportional to
particle heterogeneity, the larger this value, the great the size heterogeneity of the sample.
The mean diameter of the detected vesicles was 90 nm, with a standard deviation of +34.3
nm, indicating a moderate degree of size variability within sample. This suggests that while

most vesicles are close to the average size, some are significantly smaller or larger. The mode
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diameter, representing the most frequently occurring vesicle size, was 60 nm, suggesting that
a majority of vesicles fall within the smaller size range. The vesicle diameter ranged from 55
nm to 260 nm, highlighting the board distribution of particle sizes in the sample. This range is

consistent with extracellular vesicles, such as sEVs.

To analyse our biological samples, filtered PBS was used to dilute our samples 1:100; the
diluted sample was then filtered through a 0,22 um filter (Pall Corporation, FL4758) to remove
any larger particle and thereby avoid nanopore clogging. To the lower fluid cell 75 ul filtered
PBS was added, while 35 pl of the diluted biological sample was added to the upper fluid cell.
Pressure and voltage were adjusted until particles were observed to pass through the
nanopore. The first pressure is set by the user and must be above 400 Pa to achieve optimum
particle rate (>100 particle/minute); the system then sets the next pressure value at 200 Pa
less and subsequently the third pressure is set at 400 Pa above the first pressure. The system
then applies the same settings to measure 500 particles of the diluted sample, using the same
conditions that were used for calibration with CPC100 beads; this ensures compatibility
between the calibration step and the sample analysis. The data is then analysed using the
IZON Data Suit Software; an analysis report (Figure 2.3) is generated for each sample, at

each pressure.

2.2.4. SDS PAGE and Western blotting
SDS PAGE and Western blotting was used to analyse samples as described previously

(Towbin et al., 1979) with modifications for the presence of specific proteins using antibodies
listed in Table 2.2 below.

Table 2. 2: Details of primary and secondary antibodies used for Western blotting.

Primary Antibodies Dilutions Suppliers Catalogue Number
Santa Cruz
Mouse monoclonal flotillin-1 1:100 ) sc-74566
Biotechnology
Santa Cruz
Mouse monoclonal TSG 101 1:100 . sc-7964
Biotechnology
Alpaca Anti-human CD63 (His _
1:500 Afrobodies AFB-CD63-2
tagged)
Secondary Antibodies Dilutions Suppliers Catalogue Number
HRP—conjugated Rabbit anti-mouse
1:16 000 DAKO 20039216
secondary antibody
HRP—conjugated Mouse anti-His
1:500 Roche 11965085001

Tag secondary antibody
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EVs in lysis buffer (Bio-Plex Cell Lysis kit, #171304012), were vortexed and incubated on ice
for 1 hour before quantification of protein using BCA (section 2.2.2). Subsequently, the sample
(30 ug protein) was mixed (1:1) with bromophenol blue and reducing buffer (125 mM Tris-HCI,
pH 6.8, 4% (m/v) SDS, 20% (v/v) Glycerol, 0.03% Bromophenol Blue and 10% (v/v) B-
mercaptoethanol), and boiled for 5 minutes. Samples and Spectra Multicolour Broad Range
Protein Ladder (3 pL, Thermo Scientific, #2632508) were then loaded onto and separated
using 12.5% Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) at
140 V for 2 hours. Gels were stained with 1% Coomassie Brilliant Blue R-250 Dye for 1 hour
and destained for 30 minutes to visualise proteins. Proteins were transferred onto
nitrocellulose membrane by semi-dry transfer method for 1 hour. The nitrocellulose membrane
was then blocked for 1 hour with 5% skim milk powder in Tris-buffered saline containing 0,01%
Tween-20 (TBS-T). The membranes were washed with TBS-T (3 times, 5 minutes each) and
probed with appropriate primary antibody diluted in TBS-T (either anti-human CD63, mouse
monoclonal TSG101 IgG2a or mouse monoclonal flotillin-1 IgG) overnight at 4°C (Table 2.2).
After washing with TBS-T (3 times for 5 minutes each), the membranes were then incubated
for 1 hour with the appropriate secondary antibody, either polyclonal rabbit anti-mouse
immunoglobulin-horseradish peroxidase or anti-His-horseradish peroxidase, at room
temperature (Table 2.2). The membranes were then washed with TBS-T (3 times for 5 minutes
each), incubated with Clarity TM Western ECL Substrate (Bio-Rad, #170-5060) and visualized
using the Syngene G: Box.

2.2.5. Transmission Electron Microscopy (TEM)

To study EV morphology using TEM, samples (5 ul diluted in 1/100 with PBS) were loaded
onto a Formvar-coated copper grids. After 5 minutes, excess sample was removed using
Whatman's filter paper. Once dried, negative staining was performed using 2% Uranyl acetate
for 30 seconds and excess liquid removed using Whatman'’s filter paper. The grid was allowed
to dry completely at RT before viewing the sample using the JEM 1400 transmission electron
microscope (JOEL, serial. EM18480030). Images were generated using the Gatan

Microscopy Suite software.
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2.2.6. MTS Assay

The MTS toxicity assay was used to evaluate the effect of EVs on cellular proliferation. To
construct a standard curve (Figure 2.4), increasing numbers of HEK293 cells (0, 5000, 10000,
20000, 40000, and 80000; each in triplicate) were plated in a 96-well plate. The cells were
allowed to adhere for 3 hours at 37°C in a CO; incubator in a final volume of 200 pl/well in
serum containing media (SCM). The cells were then incubated with 20 ul MTS reagent (Cell
Titer 96® Aqueous One, cat. G3580) for 3 hours to allow for the colour formation and
absorbance measured at 490 nm using a SpectraMax Spectrophotometer with SoftMax Pro
7.

y=0.0184x +0.1364
R®=0.9725 ®

Absorbance (490 nm)
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Figure 2. 4: MTS assay standard curve. An increasing number of HEK293 cells (0-80x103cells) were
plated in a final volume of 200 pl/well and incubated for 3 hours at 37°C and 5% CO2. MTS reagent (20
pl) was added and absorbance measured at 490 nm. The equation of the trendline is given by y =
0,0184x + 0,1364 with a correlation coefficient of 0.9725 (n=3).

To assess the proliferation of HEK293 cells in response to EVs, 10 000 cells were plated in 96
well plates in triplicate in SCM. The cells were allowed to adhere for 4 h, after which the wells
were washed gently and 200 ul of SCM, SFM, or SFM-containing EVs added Cells were
incubated for 24 hours, after which 20 yl of MTS reagent was added for 3 hours and

absorbance measured at 490 nm.
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2.3. Cargo Loading

2.3.1. mRNA

The eGFP mRNA used in this study was a gift from Prof Patrick Arbuthnot (University of
Witwatersrand, South Africa). The full MRNA sequence is provided in Appendix 2. The mRNA
was received at a concentration of 1.2 ng/ul and stored at -80°C until use. Prior to loading into
sEVs, the mRNA was thawed on ice and diluted to a working concentration of 1.2 ng/ul in 50
ul OptiMEM (Gibco, 31985-062).

2.3.2. Lipofectamine complex
To prepare the lipofectamine complex, 1.2 uL of Lipofectamine MessengerMax was mixed

gently with 50 uL Opti-MEM | reduced serum in a 2 ml Eppendorf.

2.3.3. Cell preparation

In preparation for transfection experiments, 2.5 x 10* HEK293 cells were plated on coverslips
in a volume of 500 uL SCM per well of 24-well plate (Nest Biotechnology, cat. 112720BA01).
The cells were incubated overnight at 37°C, 5% CO..

2.3.4. sEV staining

Prior to application, sEVs were stained with the red fluorescent PKH26 dye (Sigma — Aldrich,
cat. MIDI26-1kt). The dye was first diluted in 250 L diluent C to a final concentration of 20 uM.
Subsequently, 25 yL sEV-containing sample (in PBS) was incubated with 25 yL dye solution
for 1 minute while continuously resuspending with gentle pipetting. The unbound PKH26 dye
in the sEV mixture was quenched with 1% bovine serum albumin ((BSA) Roche, cat.
107350860010) in SFM.

2.3.5. Fluorescence microscopy/Confocal microscopy

To visualise fluorescence, cells were washed twice with PBS, fixed in 100% cold methanol for
10 min, then washed twice with PBS and nuclei stained with Hoechst 33342 nuclear stain
(Sigma — Aldrich, cat. B2261; 1/50 dilution of stock 10 mg/ml concentration). Cells were then
washed again with PBS (twice) and mounted onto glass microscope slides, using Mowiol
mounting medium. Imaging was carried out using either the Zeiss LSM 710 confocal

microscope or the Olympus AX70 Fluorescence microscope.
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2.3.6. Optimization of eGFP-mRNA delivery to HEK293 cells

To determine the optimal amount of eGFP mRNA to use when transfecting HEK293 cells, a
standard lipofectamine protocol was applied (Figure 2.5). HEK293 cells (2.5 x 10*) were
prepared by plating in 24-well plates, washed with 500 pyl PBS/well and subsequently
incubated with 500 pl OptiMEM reduced serum media for 1 hour at 37°C and 5% CO.. For
transfection, 50 yl Opti-MEM | reduced serum media containing either 0, 0.5, 1.2 or 2.4 ug
eGFP-mRNA was added to the Lipofectamine complex and gently mixed every 5 minutes for
30 minutes before being added dropwise to the cells. Cells were then incubated for 24 hours
at 37°C and 5% CO., fixed (section 2.3.4) and viewed using fluorescence microscopy

(Olympus AX70 Fluorescence microscope) to verify presence of positive eGFP expression.
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Figure 2. 5: Experimental procedure for the optimization of eGFP-mRNA delivery to HEK293 cells
using Lipofectamine MessengerMax reagent.

2.3.7. Delivery of mRNA using sEVs

To determine whether sEVs can delivery eGFP-mRNA to HEK293 cells in the absence of
lipofectamine, PKH-dyed sEVs (25 pl; 4 billion sEVs) were incubated with 50 ul Opti-MEM |
reduced serum media containing either 0, 0.5, 1.2, 2.4 or 4.8 uyg mRNA by gently mixing it
every 5 minutes for 30 minutes and subsequently adding it dropwise to the HEK293 cells.
Cells were incubated for 24 hours at 37°C and 5% CO., fixed (section 2.3.4) and viewed using

fluorescence microscopy to verify eGFP expression (Figure 2.6).
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Figure 2. 6: Experimental procedure for the delivery of eGFP-mRNA to HEK293 cells using
PKH26 dyed sEVs.

2.3.8. Determination of eGFP expression in transfected cells over time

To evaluate the duration of eGFP expression in cells, fluorescence was analysed daily from 1
to 4 days post-mRNA delivery. Transfection complexes were generated in 50 ul Opti-MEM |
reduced serum media by adding of 2.4 ug eGFP mRNA and 25 ul PKH-dyed sEVs, which
were gently mixed while incubating and added dropwise to the cells. Cells were cultured for 1,
2, 3 and 4 days in the cell incubator, fixed (section 2.3.4) and analysed using fluorescence

microscopy (Figure 2.7).
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Figure 2. 7: Experimental procedure for the delivery of 2.4 uyg eGFP-mRNA to HEK293 cells over
time.
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2.3.9. Optimization of sEV number for mRNA delivery

To determine whether fewer sEVs could be used for optimal mRNA delivery, the use of 4 x
10°, 1 x 10°, 400 x 10° and 100 x 10° SEV's were compared. For transfection of one well of 24-
well plate, 50 yl Opti-MEM | reduced serum media containing 2.4 uyg eGFP mRNA and the
respective number of PKH-dyed sEVs was prepared. The transfection mixture was gently
mixed and were added dropwise to the cells. Cells were incubated for 24 hours at 37°C and
5% COg, fixed (section 2.3.4) and using confocal, the eGFP expression in the cells was verified
(Figure 2.8).
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Figure 2. 8: The delivery of 2.4 yg eGFP-mRNA to HEK293 cells using different sEV numbers.
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Chapter 3: Results

3.1. Isolation and characterisation of EVs

3.1.1 Size and concentration

Conditioned media (designated CM1 — CM7), generated from different HEK293 cell

passages following the protocol described in Chapter 2 (section 2.2.1) was first

characterized using TRPS to determine the presence of EVs. Several key parameters were

analysed, including particle concentration (particles/ml), their size distribution (mean, mode,

min, max), and statistical metrics (d90 and d90/d10) as presented in Table 3.1. These data

provide critical insights into the characteristics and quality of the EV preparation.

Table 3. 1: Particle characteristics of EVs isolated from different HEK293 cell passages.

generated following TRPS runs at multiple pressures and subsequent analyses.

Data

Samples EV Mean Mode Minimum Maximum doo0 d9o0/d10
Concentration | diameter (nm) (nm) (nm) (nm) (nm)
(nm)
(billion
particles/ml)
CcM1 1000 90 60 95 260 142 2,39
CM2 329 116 100 94 240 141 1,45
CM3 174 141 123 114 354 172 1,46
CMm4 125 130 95 92 421 203 2,14
CM>S 50 111 87 13 278 152 1,94
CM6 30 122 107 99 205 153 1,5
[CM7 20 122 102 08 249 152 1,51
Average 247 119 96 89 287 159 2
SD 349,14 16,00 19,49 19,37 14,87 21,80 [ 0,38

The concentrations of particles, measured as the number of EVs per ml, revealed significant

variation across samples CM1 to CM7. CM1 exhibited the highest concentration, at 1000 x

10° particles/ml, while CM7 presented the lowest concentration at 20 x 10° particles/ml. On

average, the particle concentration was 247 x 10° particles/ml, with a standard deviation

(SD) of 349,14 x 10° particles/ml, indicating considerable variability in vesicle yield between

samples (Table 3.1 and Figure 3.1A).
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The size distribution of EVs was assessed through analysis of the mean, mode, minimum
and maximum diameters, providing a comprehensive overview of particle size heterogeneity.
The mean (average) diameter of particles within a CM sample ranged from 90 nm (CM1) to
141 nm (CM3), with an overall mean diameter of 119+16 nm. Similarly, the mode, indicating
the most frequently observed particle diameter varied between 60 nm (CM1) and 123 nm
(CM3), with an average of 96+ 19 nm; therefore, all vesicles had a mode value below 150
nm which indicated that our samples comprised of vesicles within the sEV desired size
range. The minimum diameter ranged from 55 nm (CM1) to 114 nm (CM3), while the
maximum diameters extended from 205 nm to 421 nm. These findings highlight the
presence of both small and large vesicles, with sample CM4 (421 nm) exhibiting the widest

range of diameters (Table 3.1 and Figure 3.1).

To further understand the size distribution, statistical size metrics such as d90 and the
d90/d10 ratio were analysed. The d90 metric, with an average of 159+22 nm, further
confirms that the majority of vesicles were within the correct size-range of seVs. Only CM 3
(d90 of 172 nm) and CM 4 (d90 of 203 nm) were observed to be substantially above this
value (Table 3.1, Figure 3,1B), confirming the presence of larger vesicles in some samples.
The d90/d10 ratio, used to assess the spread of particle sizes, ranged from 1.45 to 2.39,
with an average of 2.0. Higher d90/d10 ratios, such as those observed in CM1 (2.39 nm) and
CM4 (2.14), suggest broader heterogeneity in particle sizes whereas lower ratios (CM2,
CM3, CM5, CM6, CM7) suggesting more uniform/homogeneous population of vesicles
(Table 3.1).
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Figure 3. 1: Graphical representation of A) Particle concentration and B) d90 particle size
distribution values of EVs in the CM samples. Data generated following TRPS analysis.

3.1.1.1. Analysis of protein concentrations of isolated EV samples
The analysis of the total protein content across all seven samples (CM1 -7) revealed

concentrations ranging from 0.336 ug/ul to 0.614 ug/ul (Figure 3.2A). Interestingly, there was
no correlation observed between total protein concentration and number of EVs (billion/ml),
as indicated by poor regression correlation of 0,3385 (Figure 3.2B). For example, samples
CM3 and CM5, both of which exhibited the same protein concentrations of 0,47 ug/ul (Figure
3.2A), displayed a substantial difference in the number of EVs, with CM 3 containing 174
x10%ml and CM 5 containing 46,7 x10°ml EVs (Figure 3.1A). This highlights that the total
protein concentration dos not reliably predict the quantity of EVs.
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Figure 3. 2: Analysis of EV protein concentration in CM1-CM7. A) Protein concentration of
isolated EVs using BCA assay. B) Relationship between EV number and total protein concentration.

3.1.2. EV Purity

To analyse the purity of EVs isolated from HEK293 cells using PEG 6000 precipitation,
particle-to-protein ratio was calculated (Webber J. & Clayton A., 2013). The purity of EVs is
defined by the particle-to-protein ratio and was calculated for each sample (Table 3.2). CM1
achieved the highest purity (1,63 x 10° particle/ug), followed by CM2 (9,70 x 108 particle/ug)
and CM3 (4,45 x 108 particle/ug). The lowest purity was observed in CM7 (4,26 x 10’
particle/nug) as shown in Table 3.2. According to Webber and Clayton, purity ratios >3.0 x
10'° particle/ug are indicative of high vesicular purity, suggesting that none of our samples
met a high purity threshold. However, Webber and Clayton also reported that EVs from cells

cultured in T75s generally yield purity ratios of approximately 1x10” particles/ug protein; all
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our CM samples had purity levels greater than this, which is promising, but suggests that
refinement is necessary.

Table 3. 2: Purity evaluation of EVs isolated from HEK293 cells using PEG 6000 precipitation.

EV concentration
Samples (billion particles/ml) Protein content (ug/pl) Purity ration (particles/ug)
CM1 1000 0,014 1,63 x 107
CM 2 329 0,336 9,70 x 108
CM3 174 0,391 445 x 108
CM4 125 0,466 2,68 x 10°
CM5 50 0,387 1,29 x 108
CM6 30 0,516 5,817 x 107
CM 7 20 0,469 4,26 x 107

3.1.3. Transmission Electron Microscopy (TEM)

To further characterize the isolated EVs and confirm their SEV morphology, we carried out
transmission electron microscopy (TEM). Following a 1/100 dilution, samples (5 ul) of EVs
were loaded onto formvar-coated copper grids, counterstained, and then viewed using TEM.
TEM analysis revealed vesicles consistent with the expected size range for sEVs (Figure
3.3A). The vesicles displayed the characteristic cup-shaped morphology (Figure 3.3B, C)
that is commonly associated with sEVs, in accordance with the MISEV2018 guidelines for
EVs characterization (Théry et al., 2018). The use of negative staining provided clear
visualization of EVs of different sizes (Figure 3.3A & B) further confirming their known
structural features of sEVs (cup-shaped morphology). These findings support the successful

isolation and identification of sEVs from the sample.

Figure 3. 3: TEM image of EVs derived from HEK293 cells. Cup-shaped structures, with 30 —150
nm diameter (blue arrows) were identified at different magnifications. Images were captured using a
JEM-1400 electron microscope (20x objective). Scale bar (A & B) 200 nm and (C) 100 nm.
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3.1.4. SDS-PAGE and Western blotting

The International Society for Extracellular Vesicles (ISEV’s) minimal experimental
requirements emphasize the analysis of specific proteins to determine the purity of the sV
isolate. SDS PAGE and Western blot analysis was therefore used to determine the presence
of proteins known to be enriched on or in SEVs, including flotillin-1, TSG101 and CD63. EV
samples (30 ug) were separated on a 12% SDS-PAGE gel and then transferred to a
nitrocellulose membrane for protein detection using relevant primary and secondary
antibodies followed by chemiluminescence. While these results suggest the presence of
flotillin-1, TSG101 and CD63, the sizes of these proteins do not align exactly with the
previously reported molecular mass ranges for these proteins (Figure 3.4). Flotillin-1 is
typically observed at 49 kDa, TSG101 at 44 kDa and CD63 at 63 kDa (Fengyan Deng &
Josh Miller, 2019). As confirmatory controls were not included, it is not possible to rule out
the possibilities that some of the observed bands may represent nonspecific binding rather

than true detection of the intended proteins.
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Figure 3. 4: Western blot analysis of EVs derived from conditioned media. Representative blots
of membrane probed with antibodies against sEV markers flotillin-1 (A: 1/100), TSG101 (B: 1/100)
and CD63 (C: 1/500).
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3.1.5. Effects of sEVs on proliferation

We finally wanted to confirm the non-toxic nature of the generated sEVs on HEK293 cells,
and selected CM1, CM2, CM4 and CM6 to determine the effect of sEVs on cell proliferation.
To achieve this, cells were treated in either SCM (positive control), SFM (negative control) or
SFM supplemented with increasing numbers of SEVs (ranging from 3 x 10° to 3 x 10°) for
24h at 37°C, 5% CO,, after which the MTS reagent was added and absorbance measured
as described in section 2.1.2. Results were expressed as a percentage relative to the SFM

condition, which was set at 100% (Figure 3.5).

Cells cultured in SFM showed the lowest relative cell proliferation, confirming the adverse
effect of serum deprivation on HEK293 cell growth. In contrast, cells in SCM showed
significantly higher cell growth (~ 150% relative to SFM) (p<0.01), confirming its role as a
positive proliferation control. Supplementation of SFM with increasing number of sEVs
significantly increased cell proliferation in a concentration-dependent manner, when
compared with SFM alone. At the highest SEV concentrations, cell proliferation increased
significantly with sEV1 and SEV2 at 180% and 135% compared with SFM respectively
(p<0.05). Importantly, sEV1 not only restored variability but also exceeded the growth
observed in SCM, suggesting a significant growth-promoting effect at this concentration.
Moderate concentrations (sEV3) resulted in 120% cell growth, partially restoring proliferation
to levels comparable to SFM, whereas the lowest concentrations (sEV4 and sEV5) resulted
in 111% and 103% cell growth, respectively, maintaining viability close to SFM. Importantly,
incubation with seVs from CM1, CM2, CM4 and CM6 showed no negative effects on cell
proliferation at any concentration, suggesting that these sEVs do not induce any toxicity in
these cells. Therefore, these findings suggest that sEVs from CM1, CM2, CM4 and CM6 do
not inhibit HEK293 cell proliferation, even at the lowest concentration tested. Furthermore, at
higher concentrations of sEVs can enhance growth, suggesting their potential to promote

cell viability under serum-free conditions.
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Figure 3. 5: MTS assay analysing cell growth in response to an increasing number of sEVs.
Average effect of sEVs from CM1, CM2 and CM4 on HEK293 cell growth. Cells were treated either in
SCM, SFM or SFM containing increasing numbers of sEVs 3x1070 (sEV1), 3x109 (sEV2), 3x108
(sEV3), 3x107 (sEV4) and 3x106 (sEV5) sEVs. n=4; each repeat in duplicate. * = p<0.05; ** = p<0.01;
*** = p<0.001.

3.2. mRNA cargo-loading

3.2.1. Delivery of eGFP mRNA to HEK293 cells using Lipofectamine

To establish a positive control for eGFP-mRNA delivery and expression in HEK293 cells, we
used Lipofectamine MessengerMax as a transfection reagent, as it has been successfully
employed for mRNA delivery in previous studies (Avci-Adali M. et al., 2014). Different
amounts of eGFP-mRNA (0, 0.5, 1.2 or 2.4 ug) were then incubated with lipofectamine and
added to HEK293 cells, which were then allowed to incubate for 24 hours at 37°C. Strong
expression of GFP protein (as indicated by green fluorescence) following transfection with
either 0.5 ug mRNA or 1.2 ug mRNA was not evident, particularly when compared with the
controls which lacked either mRNA or lipofectamine (Figure 3.6A-C, E). However, following
transfection with 2.4 ug mRNA, cells with higher fluorescence intensity (Figure 3.6D) were
observed when compared to control. Importantly, in the absence of lipofectamine
MessengerMax, the resulting absence of GFP within cells (Figure 3.6E), confirmed the

essential role of lipofectamine in facilitating mRNA delivery under these conditions.
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Figure 3. 6:HEK293 cells following transfection with Lipofectamine MessengerMax and
different amounts of eGFP mRNA, HEK293 cells were transfected in the presence of Lipofectamine
and either A) 0 ug mRNA, B) 0.5 ug mRNA, C) 1.2 ug mRNA, D) 2.4 ug mRNA, or in the absence of
Lipofectamine with E) 2.4 yg mRNA with no lipofectamine for 24 hours in OptiMEM. GFP expression
is indicated by the green staining. Nuclei stained with Hoechst (blue). Images were obtained using a
confocal microscope. Scale bar = 20 ym (A-D) and 100 um (E).
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3.2.2. Delivery of mRNA to HEK293 cells using sEVs

To determine whether sEVs can be used to effectively deliver mRNA into cells, an incubation
technique was employed based on a method escribed by Avci-Adali M et al., (2014). In this
study, the protocol was adapted by first incubating the cells with Opti-MEM for 1 hour,
followed by a 24-hours incubation with the sEV-mRNA mixture. The transfection complexes
were generated by incubating eGFP mRNA (0, 0.5, 1.2, or 2.4 ug) with 25 yL PKH-stained
sEVs (CM3, CM4 and CM7); these were subsequently incubated with HEK293 cells for 24
hours. As expected, incubation of cells with sEVs in the absence of eGFP mRNA did not
result in detectable green fluorescence, while PKH staining (red) was evident, confirming the
presence of sEVs (Figure 3.7A). Incubation of cells with sEVs and 0.5 yg mRNA led to
detection of eGFP positive cells (Figure 3.7B), confirming that SEVs can indeed deliver
mMRNA into cells. Increasing the amount of mMRNA to 1.2 pg or 2.4 ug further increased the
intensity of the GFP fluorescence, while the PKH fluorescence remained relatively
unchanged (Figure 3.7C & D), indicating a dose-dependent relationship with respect to the
delivery of mRNA. Despite this, transfecting cells with more than 2.4 ug did not increase the
eGFP expression to a large degree (Figure 3.7E), suggesting that there may be a saturation
point beyond which increasing eGFP-mRNA quantity no longer result in a significant
increase in transfection efficiency. Overall, this data demonstrates that sEVs are capable of
delivering mRNA into cells, and as the amount of MRNA increases, a corresponding

increase in eGFP expression is observed, with 2.4 ug reaching the highest expression.
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Figure 3. 7: HEK293 cells following incubation with 25 yl PKH-stained sEVs and increasing

0 ug mRNA

0.5 yg mRNA

1.2 yg mRNA

2.4 uyg mRNA

4.8 ug mRNA

amounts of eGFP mRNA. HEK293 cells were incubated with either A) 0 ug mRNA, B) 0.5 pg mRNA,
C) 1.2 yg mRNA, D) 2.4 ug mRNA (green) and sEVs (CM7) stained with PKH26 (red) for 24 hours in

OptiIMEM. After treatment fluorescent images were obtained using a fluorescence/confocal

microscopy. Scale bar = 100 um (A-D) and 20 um (E).
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3.2.3. Duration of GFP expression following delivery of mRNA using sEVs

The duration of eGFP-mRNA expression in HEK293 cells was then determined following
transfection of cells with 2.4 yg mRNA using 25 ul PKH dyed sEVs (CM3 or CM4) with
approximately 150 x 10° particles/ml of sEVs (Figure 3.8). The eGFP expression in cells was
monitored at 1-, 2-, 3- and 4-days post-delivery, using a fluorescence microscope. On day 1,
the cells exhibited the highest fluorescence intensity (Figure 3.8A), indicating strong eGFP
expression shortly after transfection. GFP fluorescence was still easily detected by day 2
(Figure 3.8B), however by day 3 and 4, very little eGFP expression remained visible (Figure
3.8C, D). This time-dependent decline in fluorescence is consistent with expected kinetics of
MRNA expression following on integrative delivery by extracellular vesicles. As sEVs deliver
mRNA into the cytoplasm without integrating into the genome, the mRNA is subjected to
natural degradation by RNAses and dilution through cell division (Andaloussi et al., 2013;
Kalluri & LeBleu, 2020). Over time, the delivered eGFP expression therefore reached a
maximum between day 1 and 3, gradually decreased beyond that with minimal expression
detected by day 4, reflects the typical transient nature of exogenously delivered mRNA via
sEVs.

55



1 day

2 days
c 3 days
4d
D ays

Figure 3. 8: HEK293 cells following delivery of eGFP mRNA via sEVs to determine eGFP
expression over 4 days. HEK293 cells were incubated with sEVs (CM3) and either A) 2.4 yg mRNA
for 1 day, B) 2.4 uyg mRNA for 2 days, C) 2.4 yg mRNA for 3 days, D) 2.4 uyg mRNA for 4 days in
OPTIMEM. The cell nucleus stained with the Hoechst (blue). After treatment fluorescent images were
obtained using a fluorescence microscopy. Scale bar = 100 ym.
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To determine whether GFP expression reached a maximum earlier than 24 hours, HEK293
cells were subsequently assessed after delivery using PKH dyed sEVs incubated with 0.5,
1.2 and 2.4 ug mRNA at 6 hours and 24 hours (Figure 3.9). The eGFP-mRNA transfected
cells at 24 hours showed significantly higher e GFP expression compared to cells transfected
at 6 hours, regardless of the amount of eGFP-mRNA used. Specifically, cells incubated with
2.4 ug eGFP-mRNA-sEVs for 24 hours showed the greatest eGFP expression (Figure 3.9F),
with much higher fluorescence intensity than those transfected with lower amount of eGFP-
MRNA. At 6 hours, GFP was not easily visible in HEK293 cells (Figure 3.9A-C), indicating
that 6 hours is not sufficient time to facilitate significant mMRNA GFP expression in these
cells. However, at 24 hours an increase of fluorescence intensity was observed as the
amount of mRNA increase (Figure 3.9D-F), suggesting that 24 hours allows for more
efficient expression, especially at higher mMRNA concentrations. This data highlights that both
the amount of MRNA and the transfection duration are important factors in determining the
level of eGFP expression in cells, with a longer incubation period (at least 24 hours) and

higher mRNA load (2.4 pg) yielding the best results.
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Figure 3. 9: HEK293 cells following sEV delivery of eGFP mRNA and analysis of expression at
6h and 24h. PKH-dyed sEVs (CM3) delivered either A, D) 0.5 yg mRNA, B, E) 1.2 uyg mRNAor C, F)

2.4 ug mRNA to HEK293 cells and expression was analysis at were 6 hours (A, B, C)or24 h (D, E, F)
in OptiMEM. Images were obtained using a confocal microscope. Scale bar = 20 um.
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3.2.3. Analysis of sEV number related to mRNA delivery efficiency

We finally wanted to determine whether the delivery of mMRNA to HEK293 cells is affected by
the number of sEVs used. HEK293 cells were incubated with complexes containing 2.4 ug
eGFP mRNA using 4 x 10%, 1 x 10° and 0.4 x 10° PKH-dyed sEVs for generation (Figure
3.10). The use of 4 x 10° PKH stained EVs revealed higher fluorescence intensity in HEK293
cells than incubation with 1 x 10° PKH stained or 0.4 x 10° PKH sEVs (Figure 3.10 A-C). This
suggest that the use of higher sEV numbers (4 x 10%) sEVs are needed to generate eGFP

positive cells.

Figure 3. 10: HEK293 cells following incubation with 2.4 uyg eGFP mRNA and different amounts
of PKH-dyed sEVs. HEK293 cells were incubated with either A) 4 x10° PKH dyed sEVs, B) 1 x10°
PKH dyed sEVs or C) 0.4 x10° PKH dyed sEVs for 24 hrs in OptiMEM. Nuclei stained with Hoechst
(blue). After treatment fluorescent images were obtained using a confocal microscope. Scale bar = 20
pm.
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Chapter 4: Discussion

Small extracellular vesicles (sEVs), a subclass of extracellular vesicles, have emerged as
critical mediators of intercellular communication and hold immense potential in therapeutic
applications, including targeted drug and mRNA delivery (Andaloussi et al., 2013; Théry et
al., 2018). Their nanoscale size, lipid bilayer composition, and cargo-carrying capacity
enable them to transport bioactive molecules such as proteins, lipids, and nucleic acids,
enable them to influence diverse cellular processes (Lobb et al., 2015). Notably, sEVs offer
advantages over synthetic delivery systems (such as LNPs), including enhanced
biocompatibility, reduced immunogenicity, and the ability to cross biological barriers, making
them a promising candidate for gene therapy and regenerative medicine (Théry et al., 2018).
This study provides a comprehensive review of small extracellular vesicles (SEVs),
highlighting their significance in therapeutic applications, including mRNA delivery. Vesicles
were then successfully generated from HEK293 cells, isolated using PEG 6000,
characterised as sEVs, and subsequently investigated for their ability to deliver mRNA in

vitro.

The characterization of HEK293-generated EVs using TRPS revealed particles within the
correct diameter, but with vary variable concentrations. TRPS itself is technically challenging
as it requires the establishment and maintenance of a stable baseline for successful sample
analysis. The conditions for an acceptable baseline are different for each new nanopore and
are time-consuming. Once established, particle analysis can be further disrupted due to
nanopore clogging, which requires further extensive intervention to resolve. Such challenges
can affect the accuracy of the measurement of particle size and concentration. To mitigate
nanopore clogging, we implemented a pre-filtration step and optimized dilution of EV
samples as part of preparation process, ensuring that the particle concentration was within
the optimal range of TRPS measurement. TRPS successfully confirmed that the majority of
vesicles had a diameter of 159 nm or less as indicated by the average d90 value. These
findings align with established criteria for exosome-like EVs (i.e. sEVs), which are optimal for
therapeutic delivery due to their efficient cellular uptake and prolonged circulation times
(Théry et al., 2018). Particle concentrations ranged from 20 x 10° to 1,000 x 10°
particles/mL, with variability across samples likely reflecting the passage of the HEK293 cells
used, variations in isolation efficiency or inherent SEV production heterogeneity (Witwer et
al., 2013). These findings underscore the importance of refining isolation protocols to ensure

reproducible and high-quality sEV preparations for therapeutic applications.
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One advantage of TRPS is its ability to detect individual particles with high sensitivity,
enabling precise quantification of size and concentration even in heterogeneous samples.
Compared to bulk methods, such as nanoparticle tracking analysis (NTA), TRPS provides
higher resolution, allowing for the identification of minor variations in vesicle populations
(Vogel et al., 2016). However, TRPS is highly sensitive to sample purity, requiring careful
preparation to minimize artefacts such as aggregates or co-isolated debris. Furthermore, a
range of nanopore sizes are available (e.g. NP100, NP150, NP250), each accommodating
particle characterisation across a specific size range. In our studies, the NP100 and NP150
were utilised; these nanopores accommodate analysis across approximate size ranges of
50-330 nm (NP100) and 70-420 nm (NP150). This could result in the underestimation of the
smaller sEVs (below 50 nm). Complementing TRPS with additional techniques, such as NTA
would enhance the accuracy of size and concentration data while providing insights into
vesicle heterogeneity (Lobb et al., 2015). Such multi-technique approaches are essential for
ensuring that sEVs are consistently characterized, particularly when they are used for
applications like mRNA delivery, where precise particle size and concentration are critical for

therapeutic efficacy.

The EVs were further characterized using TEM, confirming the characteristic cup-shaped
morphology of sEVs, consistent with their biogenesis from multivesicular bodies (Théry et
al., 2018). This morphology, coupled with the absence of large aggregates or debris,
highlights the structural integrity of the vesicles and validates the isolation protocol. TEM
analysis also confirmed the relatively narrow particle size distribution observed in TRPS,
emphasizing the reliability of the combined analytical approach to ensure comprehensive
vesicle characterization (Théry et al., 2018). Western blot analysis detected hallmark sEV
markers, including CD63, TSG101, and flotillin-1, further confirming the successful isolation
of vesicles enriched in exosomal markers. These markers are integral to vesicle membrane
structure and biogenesis, validating the purity and functionality of the isolated sEVs (Yafez-
Mo et al., 2015). The enrichment of markers such as CD63 and TSG101 further supports the
vesicles’ potential to encapsulate and deliver therapeutic molecules, including mRNA (S et
al., 2013). Western blotting proved to be one of the more technically challenging aspects of
this study. Although bands were detected for CD63, flotillin-1, and TSG 101, the observed
molecular weight did not consistently match standard values reported in the literature.
However, similar findings have been described in previous studies where these EV markers
exhibited a range of molecular weight due to factors such as post translation modification,

protein degradation and alternative isoforms. As confirmatory controls were not included it is
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not possible to rule out the possibilities that some of the observed bands may represent

nonspecific binding rather than true detection of the intended proteins.

For instance, a band presumed to represent TSG101 appeared around 40 kDa-lower than
the expected range of 43 to 48 kDa (Praja et al., 2021). While such shifts have been
attributed to post translation modifications like ubiquitination or phosphorylation, it is possible
that the bands were non-specific. Additionally, variation have been reported that TSG101
molecular weight could shift depending on sample type and experimental conditions (Théry
et al., 2006). We also observed a higher molecular weight band (70kDa), which is likely due
to ubiquitin conjugation or complexed form of TSG101, as previously reported (Bache et al.,
2003; Cheng et al., 2014). However, the specificity of this band remains uncertain without
supporting evidence from positive control lysates, knockdown experiments or mass
spectrometry, it is not possible to confidently verify its identity. Flotillin-1, is another
commonly used marker for EVs. It typically appears at 45-50 kDa (Berrone et al., 2015). Our
result shows approximately 40kDa which is slightly lower than the expected size, and a
lower observation could be due to post-translation or partial degradation of flotillin-1
produced smaller fragments that are detectable. CD63 marker is heavily glycosylated
tetraspanin, and its glycosylation status can significantly affect its molecular weight and
detection. Therefore, it is common to have multiple isoforms of the protein at different sizes
based on their glycosylation state. Researchers have reported observing CD63 bands at
various molecular weights, ranging from 30 kDa to as high as 80 kDa (Bobrie et al., 2012; Le
et al., 2017; Mathieu et al., 2021; van Niel et al., 2011), depending on the sample source and
antibody used (Fordjour et al., 2022). I'm not familiar with this but some have mentioned
glycan extension such as polyactosamine of CD63 is known (Latysheva et al., 2006; Yarez-
Mé et al., 2015). Polyactosamine is disaccharide unit of N-acetyllactosamine that can extend
from N-linked or O-linked glycans on glycoproteins and since CD63 is a heavily glycosylated
protein and its glycan structure can be attached to polylactosamine chain, potentially
influencing its function, interaction and stability (Ageberg & Lindmark, 2003; Kavanagh et al.,
2021).

Despite repeated optimization-adjusting antibody dilutions, protein loading, and transfer
conditions-the TSG101 signal remained inconsistent and non-specific. These challenges
were likely compounded by low sample purity, a known limitation of PEG-based EV isolation.
If additional time and resources had been available, future validation strategies such as
testing different commercial antibodies, optimizing lysis buffer composition, using protease
inhibitors and enriching EV fraction using density gradient ultracentrifugation or size-

exclusion chromatography.
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Protein concentration analysis revealed levels ranging from 0.336 to 0.614 pg/pL. Notably,
no direct correlation was observed between protein concentration and vesicle number, as
exemplified by CM3 and CM5, which had identical protein levels but completely different
particle concentrations. This discrepancy suggests the potential presence of co-isolated non-
vesicular proteins, emphasizing the need for advanced purification methods, such as size-
exclusion chromatography or ultrafiltration, to ensure sample purity (Kowal et al., 2016). The
use of PEG 6000 to isolate sEVs is often challenging due to the co-isolation of non-
associated proteins. Analysis of purity revealed a potential positive correlation between
particle concentration and purity ratios, with CM1 yielding the highest particle concentration
(1 000 x 10° particles/mL) and purity (1.63 x 10° particles/ug), and CM7 the lowest. These
findings align with prior studies by Webber and Clayton, which reported that EVs from cell
culture in T75s generate purity ratios of approximately 1x10’ particles/ug protein (Webber &
Clayton, 2013). Although Webber and Clayton (2013) used the particle-to-protein ratio to
indicate EV purity by relating particle number to the amount of contaminant proteins external
to the vesicles. Other studies have used this type of approach to measure EV purity as well
(Yang et al., 2021). To quantify total protein and prepare samples for western blotting, we
lysed our EVs, which allowed detection of both surface-associated protein and internal
cargo. While for purity assessment the protein measurement should ideally reflect only
external contamination, we compared lysed and unlysed EV samples and found no
significant difference in total protein concentration between the two.

This observation suggests that the EVs contained very little internal protein, and that most of
the proteins detected likely originated from the external source or surface associated
contaminants. Therefore, although this is not strictly correct method for assessing impurity-
since the internal content is included- our findings still speak to purity, because the vesicles
appear to be mostly “empty” inside, and the measured protein likely reflects external
contamination. This interpretation provides useful insight and supports the continued use of
the particle-to-particle ratio in this context. Nonetheless, this approach is not strictly the way
one should do it for proper external contamination measurements going forward, and with
more time and resources this analysis would be repeated. Incorporating size-exclusion
chromatography (SEC) as a secondary purification step could further refine sEV purity by
selectively removing non-vesicular contaminants and large aggregates (Yang et al., 2021). A
combined PEG 6000-SEC approach may help balance high yield with improved purity,

ensuring more consistent results across all samples (Yang et al., 2020).

The study then explored two distinct approaches for mRNA delivery into HEK293 cells:

Lipofectamine MessengerMax was compared with the use of sEVs as delivery vehicles.
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While both methods demonstrated the ability to facilitate mRNA delivery and subsequent
eGFP expression, they exhibited differences in transfection efficiency, dose-dependent
behaviour, and operational requirements, providing complementary insights into optimizing
mMRNA delivery systems. Lipofectamine MessengerMax, a lipid-based transfection reagent,
achieved good transfection efficiency, with e GFP expression peaking at 2.4 ug of mRNA. A
dose-dependent increase in fluorescence intensity was observed up to this concentration,
after which no further significant enhancement was detected, indicating a plateau effect.
sEVs, a biologically derived delivery system, showed a dose-dependent increase in eGFP
expression, with 2.4 uyg of mRNA also achieving the highest transfection efficiency.
Transfection efficiency generally increases with mRNA dosage until saturation of cellular
machinery or the delivery reagent’s capacity is reached; it would therefore be interesting to
extend the analysis to higher mMRNA amounts and to further measure the green fluorescence
to achieve a quantifiable measure of transfection; this would allow us to compare the two
methods of mMRNA delivery in a quantifiable manner (Zhu et al., 2020). The absence of eGFP
expression in cells transfected without Lipofectamine MessengerMax underscores its critical
role in facilitating cellular uptake and cytoplasmic release of mMRNA (Moradian et al., 2020).
Its reliance on lipid-based chemistry may limit its use in certain in vivo applications due to
potential toxicity and off-target effects; in this regard, the use of natural lipid-based
nanoparticles such as sEVs is beneficial (Zhang X. et al., 2021). Notably, the use of PKH26
staining confirmed the internalization of sEVs into HEK293 cells, further validating their role
as delivery vehicles. The presence of sEVs within cells was consistent across all tested
mRNA dosages, highlighting their capability for cargo delivery. However, while sEVs are a
promising alternative to synthetic reagents, further optimization, such as improving loading

efficiency or engineering vesicles for enhanced delivery, is needed (Elsharkasy et al., 2020).

In conclusion, this study provides valuable insights into the isolation and characterization of
sEVs from HEK293 cells using PEG-based precipitation and employed the delivery of eGFP
mMRNA to recipient cells, marking an initial step towards developing a non-viral, EV-based
mMRNA deliver platform. While the results are promising, this study was limited to a single
isolation approach and passive mRNA loading techniques. Given more time and resources,
several enhancements could have strengthened the study’s robustness. For instance,
repeating key experiments such as mRNA delivery assay and analysing sEVs protein
markers with additional biological and technical replicates would improve statistical
robustness. Incorporating ELISA to validate EV-associated protein markers could have
strengthened the conclusion regarding characterisation. While sEVs offer key advantages
such as low immunogenicity and endogenous targeting, they face limitation in scalability and

loading capacity. Consideration of alternative platforms such as lipid nanoparticles, viral
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vectors, or virus like particle could provide useful context for optimizing delivery efficiency
(Albanese et al., 2021; Lu et al., 2023). Combining sEVs with these platforms or integrating
them into hybrid delivery system may represent a future direction for enhancing functionality
(Mendt et al., 2018). Notably, although EV research has been widely published in the field,
this study represents the first time that EVs isolation and mRNA delivery using sEVs were
implemented and optimized within our laboratory. This work marks the initial setup of this
platform, establishing protocol that can now be used by future students and researchers in

the lab for EV based applications.

Introducing size exclusion chromatography such as gEV columns alongside PEG
precipitation could enable more selective isolation of sEV subpopulations with higher purity
(Lobb et al., 2015). Further optimization is necessary to enhance the loading efficiency of
sEVs and improve their mRNA delivery capabilities. Future studies could explore
engineering vesicles to increase their loading capacity or modify their surface properties for
more targeted delivery, thereby advancing their therapeutic potential (Elsharkasy et al.,
2020; Igbal et al., 2024). Alternative loading techniques such as electroporation, sonication,
or biomaterials-assisted encapsulation (e.g. hydrogels) could also be explored in future
experiments to improve mRNA encapsulation efficiency and loading uniformity (Xie et al.,
2022; Zeng, H. et al., 2023).

The successful isolation of sEVs with well-defined size, morphology, and protein marker
profiles, combined with their ability to efficiently deliver mRNA to target cells, establishes
sEVs as a promising alternative to synthetic delivery systems. Vesicles within the 70-150 nm
range are preferentially taken up by cells via endocytosis or membrane fusion, facilitating
efficient cargo delivery (Manzanares & Cefia, 2020). sEVs therefore offer unique
advantages, including biocompatibility and reduced immunogenicity, and hold great potential
for targeted delivery, which are particularly valuable for therapeutic applications. Ultimately,
while this research provides foundational insight into the potential of HEK293 derived sEVs
as mRNA delivery vehicles, much work remains to optimize and standardize isolation,
loading and analytical methods. The findings of this study lay important groundwork for the
ongoing development of sEV-based drug and gene delivery platforms, offering a potential

avenue for future therapeutic applications.
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Appendix 1: TRPS Optimisation

A standard operating procedure (SOP) had to be established using 100 nm nanoparticles
(CPC100; 1.2 x 10" particles/ml). To establish this, a nanopore membrane (NP100 or
NP150) was loaded onto the EXOID and stretched to 47 mm. The surfactant-containing
wetting solution (Izon Science Ltd.), which allows contact between upper and lower fluid cell
through the nanopore, was prepared by diluting it at 1:100 (v/v) with filtered PBS. A volume
of this wetting solution (75 pl) was then loaded in the lower fluid cell, while 35 ul was loaded
in the upper fluid cell. A pressure of 2500 Pa was then applied for 10 minutes. After
removing the wetting solution 10% (w/v) filtered Izon coating solution in filtered electrolyte-
PBS was loaded in the upper and lower fluid and applied 2500 Pa pressure for 10 minutes
this avoids contamination binding to the nanopore. The nanopore membrane as well as the
upper and lower fluid cells (loading chambers) were rinsed with filtered electrolyte-PBS and
dried using lint-free paper towels. After assembling the loading chambers back,
characterisation of the nanopore was done using CPC100 (1.2x10"*particles/ml) which was

diluted 1:5000 in filtered PBS initial applied pressure was set to 1000 Pa.

Prior to subsequent EV sample analysis, one needs to ensure that the pressure, voltage and

nanopore membrane stretch are set such that:
o The baseline current is maintained between 100 nA to 140 nA
¢ RMS noise is below 15 pA

e Particle rate is between 100 particles/minute to 1500 particles/minute to obtain

accurate results.

After optimization and baseline establishment, analysis can begin. The Izon Data Suit
Software generates a particle rate plot for both the sample and the calibration. The rate plot
below reflects the results for a CPC100 sample run at three different pressures: 400 Pa, 600
Pa and 1000 Pa; it is critical to check this rate plot to determine the best pressures at which
to calibrate unknown samples (Figure A1). As the pressure increases, the rate should also
increase (in other words the time taken to measure at least 500 particles should decrease as

the pressure increases (Figure A1).
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Figure A 1: Particle rate plots for sample analysis run at 3 different pressures. Pressure 1 at 400
Pa (green), pressure 2 at 600 Pa (blue) and pressure 3 at 1000 Pa (red). The analysis was carried out
using NP100 nanopore and calibrated with 110 nm polystyrene beads (CPC100).
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Appendix 2: eGFP DNA sequence

GACGCGCCCTGTAGCGGCGCAT (T7

promoter) TAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTC
GCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATT
TAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTT
TTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTC
TATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAA
TTTTAACAAAATATTAACGCTTACAATTTCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTC
TTCGCTATTACGCCAGCTGGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATA
TATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAA
TGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGACTATTTACGGTAAACTGCCCACTTG
GCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCA
GTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGC
AGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTT
TGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTG
GGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATA
GGGACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCGCC (5’ UTR) GCCACC (ORF-eGFP
region) ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCC
ACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCARG
CTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCA
GCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGA
CCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC
ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGT
GAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACG
GCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATG
GTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAAGCTCGCTTTCTTGCTGTCCA
ATTTCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATGAAGGGCCTTGAGCATCTGGATTCT
GCCTAATAAAAAACATTTATTTTCATTGC (poly (A) tail)
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAGAGACCATAGCAGGTGCATACACCTGCATATAGACGGCTAGCCCGC
TGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGC
CACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGG
TGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGAAAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGGCGGCCGCCAT
GTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTARAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACG
AGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAARAGATACCAGGCGTTTCCCCCTGGAAGC
TCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTC
TCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGC
CCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT
GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAG
AACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCA
CCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGARAAAAAAGGATCTCAAGAAGATCCTTTGATCTTT
TCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTA
GATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAA
TCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATA
CGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGATCCACGCTCACCGGCTCCAGATTTATCAGCAATAAA
CCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAG
CTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTT
GGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTC
CTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTA
CTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCG
AGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTC
TTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGT TGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAG
CATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAARAAACAGGAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGG
AAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATT
TGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCT -3
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