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Abstract

Extracellular vesicles (EVs) are membrane-enclosed vesicles that are released by
cells and mediate cell-cell communication via their protein, lipid, carbohydrate, and
nucleic acid (RNA, DNA) cargo. EVs are involved in a multitude of physiological
processes including development, cell differentiation and angiogenesis having also
been associated with tissue repair. The aim of this project was to optimise the
functionalisation of electrospun scaffolds with EVs and to evaluate biological
functionality for their future use in tissue engineering applications.

Extracellular vesicles were successfully isolated from oral cancer cell line (H357),
normal oral fibroblast (NOF) and human dental pulp stem cells (HDPS) cells in vitro
using ultracentrifugation (UC) and size exclusion chromatography (SEC) as assessed
by NTA and determination of the presence of EV marker proteins (CD9, CD63 and
CD81). Electrospun scaffolds were manufactured using an upright in-house
electrospinning rig using poly(caprolactone) (PCL).

A functionalisation comparative study showed that the use of air plasma treatment
(when compared to heparin treatment) increased the number of EVs attached to the
scaffolds and provided homogeneous incorporation of EVs within the fibrous network.
Over the course of 21 days, NTA showed a slow release of 40% of EVs from the
scaffolds.

The zetapotential of EVs and scaffolds was measured to provide a better
understanding of the mechanism of EVs attachment and release. All EVs exhibited
anionic character regardless of the cell type (with a significantly higher anionic
character of H357 EVs when compared to primary cells EVs). Plasma-treated

scaffolds exhibited a positive zetapotential in comparison to the neutral charge of PCL



and highly negative charge of heparin-treated scaffolds which may explain the high

attachment of negatively charged EVs on plasma-treated scaffolds.

In vitro, no effect of myofibroblast EVs or EVs-modified scaffold was found on the
migration of NOF cells. When using the Chick Chorioallantoic Membrane (CAM) assay
angiogenesis model, HDPS EVs modified scaffolds were able to induce vascular
formation at a level comparable to the positive control, VEGF. We also found that
plasma-treated PCL scaffolds promoted significant vascular formation in comparison
to untreated PCL. However, an osteogenesis assay showed no significant effect of

HDPS EVs on the osteo-differentiation rat bone marrow MSCs.

In conclusion, here we provide evidence that electrospun scaffolds can be
functionalized with EVs and provide sustained slow release, offering an opportunity to
develop novel, cell-free and tuneable approaches to tissue engineering. Furthermore,
HDPS EV-modified scaffolds provide a promising way to promote vascularization,

which can be used for a range of tissue engineering applications.
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Chapter 1 Introduction and literature review

Introduction

Tissue and organ failure or damage represents a devastating problem that affects
healthcare systems. During the last century, organ transplant has been a primary
solution to these problems; however, many drawbacks exist to organ transplantation,
including the lack of organ donors, high costs of treatment, the rejection of
transplanted tissues, and the long-term recovery process, which make this solution
less than optimal (Beyar., 2011).

To overcome these problems, research and innovation have been directed toward the
fabrication of bioengineered tissues and organs. Tissue engineering (TE) has become
an attractive area of research and has been defined as “an interdisciplinary field that
applies the principles of engineering and of the life sciences toward the development
of biological substitutes that restore, maintain, or improve tissue function” (Langer et
al., 1993). The overall requirements for TE include: 1) a appropriate source of target
cells and proper isolation and cultivation methods; 2) a biomaterial device capable of
transferring, supporting or encapsulating the cells, to enable their growth in the
required way; and 3) the essential growth factors and signals to guide the growth and
culturing process (Miller et al., 2003).

Because of their ability to promote regeneration, mesenchymal stem cells are one of
the most commonly used approaches in tissue engineering (Pittenger et al., 2019).
However, stem cells face a number of drawbacks, including an increased risk of
contamination and damage to genetic information during isolation and expansion
(Rsland et al. 2009), undesired differentiation as well as restricted circulation due to
their very large size (Rsland et al. 2009; Holkar et al., 2020).

Although the coining of tissue engineering (TE) as a term dates back to 1987

(Berthiaume et al., 2011), this field has shifted dramatically throughout the last decade.
1



Chapter 1 Introduction and literature review

Efforts to develop biomaterials that resemble the microscopic level of native tissue
have been fraught with difficulty and are generally not considered sufficient. Thus, new
TE approaches aim to mimic both the microscopic and molecular in vivo environment,
to improve the natural processes of tissue repair and development.

As a result, the concept of cell-free tissue engineering utilising extracellular vesicles
has sparked attention as a unique approach to overcoming the restrictions mentioned
above. Extracellular vesicles (EVs) are membrane-enclosed vesicles secreted by
various cell types; they include exosomes, microvesicles and others. The function of
EVs in TE can be justified by the role of EVs as paracrine mediators during cell-to-cell
communication by delivering biomolecules, such as cytokines, proteins, mRNA, and
regulatory micro RNAs, to target cells and modulate their behaviours (Yanez-Mo6 et
al., 2015). In addition, EVs may have an improved safety profile compared to their
parent cells since they lack a nucleus, making them incapable of self-replication and
preventing uncontrolled proliferation after delivery.

The aim of this project was to examine the ability to produce a novel electrospun
membrane by combining extracellular vesicles (EVs) with electrospun
polycaprolactone fibres and study its potential use in promoting wound healing,

angiogenesis and osteogenesis.
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Literature review

1.1 Extracellular vesicles

1.1.1 History of Extracellular vesicles

The field of extracellular vesicle (EV) research began in the 1940s, when the
coagulation route was first revealed. EVs were first defined by Peter Wolf, in 1967,
who introduced the term “platelet dust” to describe the plasma component originating
from platelets (Wolf, 1967). Wolf used high-speed centrifugation to sediment platelet
vesicles and identified different structures, which could be defined by electron
microscopy. In 1974, Albert Claude, Christian de Duve, and George E. Palade were
awarded the Nobel Prize in medicine for their work on endosomes, lysosomes and
other cellular compartments, which years later established the knowledge base for
understanding exosome biogenesis. In 1983, two papers were published in the same
week that both described the formation of small vesicles that originated at the
reticulocyte and were released into the bloodstream (Pan and Johnstone, 1983;
Harding and Stahl, 1983). A few years later, the word exosome was coined by
Johnstone et al., (1987) to describe these extracellular vesicles, although this term
had been used a few years earlier to describe another membrane fragment (Trams et
al., 1981; Harding et al., 2013).

Initially, EVs were believed to operate only in the removal of waste from cells and in
the maintenance of cellular haemostasis; however, a clear understanding of EV roles
began to appear in the late 90s. In 1996, Raposo G et. al., published ground-breaking
findings illustrating that EVs derived from B lymphocytes play roles in the immune

response. These results explained the first evidence that EVs perform important
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biological functions. Furthermore, remarkable results describing the use dendritic cell
-derived EVs as novel cell free vaccine were published by Zitvogel et al. (1998).

During the last decade, multiple studies have been published in the field of EVs, which
has become an exciting area of research. In 2005, a clinical trial was published in the
field of EVs examining the roles of exosomes as immunotherapy for patient with lung
cancer (Morse et al., 2005). The next ground-breaking research in the field was
published in 2007 by Valadi et al. This milestone report proved that EVs can deliver
functional mMRNA molecules to recipient cells and that this played a useful role in cell-
to-cell interaction. Since then, many papers have been published that have discussed
the importance of EVs in both therapeutic and diagnostic research. In 2011, Alvarez-
Erviti et al. targeted engineered EVs to mouse brains to study their ability to deliver
functional siRNA molecules. This pioneering article revealed the great potential for the

use of EVs in different therapeutic approaches.
1.1.2 Nomenclature and classification of EVs

Extracellular vesicle is a hypernym that includes a large range of vesicles obtained
from different types of cells. Lots of different names have been coined to define
different extracellular vesicles, according to vesicle origins (e.g., platelet dust; Wolf,
1967) or particular function (e.g., calcifying matrix vesicles; Anderson, 1969). Other
generic terms, including exosomes, microvesicles (MVs), microparticles, endosomes,
ectosomes, and multivesicular bodies, have been used subsequently to refer to
different types of EVs. Unfortunately, these terms have different definitions to different
researchers. For example, the term exosome has been used to describe vesicles that
have different sizes, biogenesis, density, or isolated by different centrifugal forces

(Gould et al., 2013).
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To resolve this misleading nomenclature, the International society of Extracellular
Vesicles suggested that the term “extracellular vesicles” should be used as a generic
term for any vesicles released from any cells that are delimited by a lipid bilayer and
contain functional nuclei (Théry et al., 2018). Furthermore, they suggested that
researchers should classify EVs according to the following attributes: a) size, as small
(< 100 nm), medium (100-200 nm), or large (> 200 nm); b) cell of origin (e.g., hypoxic
EVs and podocyte EVs); and c) the biochemical composition (e.g., CD81*-and
CD63*). In addition, the guidelines suggested that researchers avoid the generic
terms that have been used in the past, such as exosome and MV, unless the
researchers have a clear definition and evidence to support. Thus, these guidelines

will be employed throughout this study.
1.1.3 Biogenesis of EVs

EVs are categorised according to variations in their biogenesis routes, such as
exosomes, MVs, and apoptotic bodies. Exosomes are formed by the endocytic
pathway, beginning as intraluminal vesicles (ILVs) in multivesicular bodies (MVB),
which then release exosomes into the extracellular space (Colombo, Raposo and
Théry, 2014; Breakefield and Abels, 2016). In contrast, MVs form through the outward
budding and fission of the plasma membrane (Raposo et al., 2013). Apoptotic bodies
are formed by cellular disassembly during apoptosis (summarised in Error! Reference

source not found.).
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Figure 1.1. Biogenesis of various types of extracellular vesicle which showing
the different route for each EVs subtype. (Alqurashi et al. 2020)

1.1.3.1 The formation of MVBs

During the endocytic pathway, early endosomes mature into late endosomes
(Stoorvogel et al., 1991). Meanwhile, the formation of ILVs occurs through the inward
budding of the endosomal membrane, which subsequently leads to the formation of
MVBs. This process is regulated by the endosomal sorting complex required for
transport (ESCRT), which includes a four-protein complex (ESCRT-O0, -I, -II, and -III).
First, outside of the endosomal membrane, ESCRTO identifies ubiquitinated proteins.
Then, ESCRT | bind ubiquitinated proteins, which activates ESCRT Il. ESCRT Il is
recruited by programmed cell death 6 interacting protein (PDCDG6IP, also known as
ALIX) and associates with tumour susceptibility gene 101 (TSG101) on the ESCRT |
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complex. PDCDG6IP links ESCRT | with ESCRT |Il, which binds to TSG 101. Finally,
the ubiquitin tag is removed from the cargo proteins to complete the process, and
ESCRT Il is disassembled by the ATPases associated with diverse activities (AAA)-
ATPase suppressor of potassium transport growth defect 1 protein (SKD1) and
recycled for another round of cargo recruitment (D’'Souza-Schorey et al., 2018).
ESCRT I and ESCRT Il are believed to initiate the process of ILV membrane budding,
whereas the completion of the process is performed by ESCRT Ill (McCullough et al.,
2008).

In addition, the ESCRT-independent pathway can also form MVBs (Trajkovic et al.,
2008), and this mechanism is believed to rely on lipids and lipid biogenesis.

1.1.3.2 The formation of exosomes

The biogenesis of exosomes includes the formation of MVBs and the invagination of
ILVs (Abels et al., 2016). MVBs recycle, degrade, or exocytose proteins, nucleic acids,
and lipids via the endosomal or lysosomal pathways. The endosomal system can be
divided into early endosomes, late endosomes, and recycling endosomes (Grant et
al., 2009). Early endosomes fuse with either endocytic vesicles, if the content is fated
for degradation or secretion, or recycling endosomes, if the content is fated for
recycling (Morelli et al., 2004). Then, residual early exosomes mature into late
endosomes (Stoorvogel et al., 1991). Once late endosomes are formed, they
accumulate ILVs that are formed by inward budding and contain cytosolic proteins,
lipids, and nucleic acids sorted into small vesicles.

Late endosomes, also called MVBs, can fuse with lysosomes for degradation or with
cellular membranes for the release of their contents into the extracellular space, as

exosomes (Akers et al., 2013).
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1.1.3.3 The release of exosomes

The mechanisms associated with the release of exosomes and the fusion of MVBs
with lysosomes are still being dissected, and a number of mechanisms have been
proposed. Different Rab GTPases are thought to direct the endosomes toward
different fates (Stenmark, 2009). Each member of the Rab GTPase family localises to
different membrane compartments, where they control the direction of vesicular
membrane trafficking (Zhen et al., 2015). For example, Rab7 and Rab 9 direct late
endosomes toward lysosomal degradation (Jordens et al., 2001), whereas Rab11 and
Rab35 facilitate the release of exosomes through the fusion between MVBs and the
plasma membrane (Savina et al., 2003). Furthermore, differences in the cholesterol
levels of MVBs can also affect their trafficking, as cholesterol-enriched MVBs are
directed towards the plasma membrane, whereas cholesterol-poor MVBs are directed
towards lysosome fusion (Mobius et al., 2002).

1.1.3.4 Biogenesis and release of microvesicles (MVs)

The biogenesis of MVs, sometimes called “ectosomes”, is less well-defined and
involves different pathways compared with exosomes. The outward budding and
fission of the plasma membrane is thought to comprise the primary mechanism for MV
formation, aided by phospholipid rearrangement and the activation of cytoskeletal
proteins (Akers et al., 2013). The distribution of phospholipids and proteins within the
plasma membrane is heterogeneous, and this asymmetric distribution is regulated by
aminophospholipid translocases such as scramblases, flippases, and floppases,
which can transfer phospholipids between the inner and outer surfaces (Hankins et

al., 2015).
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Different descriptions in the literature exist for the initiation of MV biogenesis. Some
have suggested that the initiation step involves the exposure of phosphatidylserine
(PS) to the outer surface (Akers et al., 2013), whereas others have shown that the
redistribution of phospholipids, triggered by increases in calcium levels, result in MV
release (Pasquet et al, 1996). In addition, cholesterol plays a major role, as
demonstrated by the impaired EV production from monocytes when cholesterol was
depleted (Del Conde et al., 2005).

After phospholipid redistribution, the contraction of cytoskeletal proteins completes the
budding process through actin-myosin interactions. In detail, ADP-ribosylation factor
6 (ARF6) begins the process by initiating a cascade that activates phospholipase D
(PLD). Then, myosin light chain kinase (MLCK) is activated via phosphorylation by the
extracellular signal-regulated kinase (ERK), which triggers the release of MVs

(Breakefield and Abels, 2016).
1.1.4 Isolation of extracellular vesicles

The isolation of EVs is challenging, due to their heterogeneity, small size, and
physicochemical properties. However, the isolation of EVs has been performed
successfully from body fluids, including breast milk (Admyre et al., 2007), semen
(Madison et al., 2017), urine (Liu et al., 2018), saliva (Zlotogorski-Hurvitz et al., 2015),
bile (Masyuk et al., 2010), and cerebrospinal fluid (Skalnikova et al., 2019), in addition
to culture media (Pavani et al., 2019). Although multiples isolation techniques have
been used in the literature, a “gold standard” isolation technique that provide high
yield, high purity and can be used for all EV isolation events has not been established

because multifactorial aspects must be considered before selecting a technique,
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including the type and volume of the starting material, time, money, simplicity, yield,

purity, EV integrity, and biochemical properties (Gardiner et al., 2016).

1.1.4.1 Ultracentrifugation (UC)

Ultracentrifugation (UC) is considered a classic method for EV isolation that utilises
centrifugal forces to sediment Particles, including EVs (Monguio-Tortajada et al.,
2019). First, large particles, including cells and cellular debris, are sedimented at 300—
500 x g, followed by 2,000 x g. Next, biopolymer and apoptotic bodies are pelleted
by centrifuging the supernatant at 10,000 x g, followed by the filtration of the resulting
supernatant using a 0.2-pm filter. Finally, ultracentrifugation is applied, at 100,000 x
g, to pellet small EVs. To increase the purity of EVs, the UC step may be repeated
after resuspending the pellet (Théry et al., 2006). Although the general steps for UC
are the same, there is no unified protocol for the UC technique. Different rotors,
speeds, and times have been reported in the literature when describing the UC
method.

The efficiency of the UC method relies on several factors that must be considered,
including the type of rotor (radius of rotation, cleaning factor- pelleting efficiency [K
factor] and sedimentation path length), centrifugation g-force, time, volume and
viscosity of the sample, and sedimentation speed (g) (Konoshenko et al., 2018; Livshts

et al., 2015).

1.1.4.2 Density gradient ultracentrifugation
The primary disadvantage of EV fractions isolated using the UC technique is that they

often contain protein aggregates and other non-EV patrticles. Thus, density gradient
UC has been used to increase the efficiency of particle separation, based on their
buoyant densities (Konoshenko et al., 2018). This technique has been used to

separate subcellular components, such as endosomes and mitochondria (Graham,
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2001). Samples can be bottom-loaded or top-loaded to adjust the gradient. After
centrifugation with a 30% sucrose cushion, EVs will be separated from other particles
in different bands, according to the density (exosomes have densities between 1.15
and 1.19 g/ml) (Konoshenko et al., 2018).

This technique, however, is expensive and time-consuming, has low yield, and is
operator-dependent, which makes it difficult to apply to clinical research (Webber et

al., 2013).

1.1.4.3 Size exclusion chromatography (SEC)
In 2014, size exclusion chromatography (SEC) was recommended for the isolation of

EVs from biofluids by Boing et al. In comparison with the UC technique, which is based
on density, SEC is based on size. SEC uses a porous polymer, called a gel filtration
resin, that constitutes a stationary phase through which EVs are eluted according to
their sizes. In particular, The nature of the stationary phase allows differential elution:
bigger particles elute first, followed by smaller vesicles, and then non-membrane-
bound proteins (Monguié-Tortajada et al., 2019).

Sidhom et al., (2020) suggested after reviewing the current literature that SEC may
provide an ideal EVs isolation method. They argued that SEC provide relatively pure
and functional EVs. Regarding to the functionality, found that SEC may offer higher

functionality of EVs compared to UC (Mol et al., 2017).

1.1.4.4 Precipitation technique
Volume exclusion precipitation is a polymer-based technique, most commonly

performed with polyethylene glycol (PEG). In addition, multiple commercial kits use
this method, such as Total Exosome Isolation™ and ExoQuick™, although they may
use different polymers (PEG), dextrans or polyvinyls, (Monguié-Tortajada et al., 2019).

This technique has been reported to achieve the highest EV recovery rates.

11
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However, EV purity is usually compromised by the presence of non-vesicular particles,
including nucleic acids and proteins, which may be pelleted along with EVs (Van Deun

et al., 2014).
1.1.5 Characterisation of extracellular vesicles

Because of their nanometre size range, EVs are undetectable to the human eye, even
when using a light microscope. Thus, the characterisation of isolated EVs is crucial
when determining whether an isolation method can reduce heterogeneity amid a
complex environment. Therefore, the MISEV 2018 guideline emphasises the need to
use multiple, complementary techniques to evaluate the results of the separation
method (Théry et al., 2018).

1.1.5.1 Structure and morphology of EVs

1.1.5.1.1 Electron microscopy

Electron microscopy (EM) is the most commonly used method to investigate cellular
and subcellular structures, particularly scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). TEM uses an electron beam that passes
through the sample, providing a better representation of the internal structures, which
requires ultra-thin samples that do not need to be conductive (Szatanek et al., 2017).
Furthermore, immunogold labelling, using gold conjugated antibodies, allows
detection of specific antigens (Jung et al., 2018). In SEM, a topographical image of a
surface is achieved by sending an electron beam to a conductive surface and then
detecting secondary electron emissions. Only few studies reported the use SEM to
characterise EVs (Sokolova et al., 2011).

Extra care should be taken, however, when processing samples for EM, as the

multiple and highly sensitive steps, which include fixing, staining, and dehydration,
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may have negative effects on fragile vesicles. This may explain the artefact cup-shape
appearance of EVs under TEM which studied well by (Chernyshev et al., 2015) .

To avoid damaging the sample, cryo-TEM or freeze-fraction TEM (FF-TEM) can be
utilised, which uses cryofixation and the extremely rapid freezing of samples to prevent
crystallisation. Therefore, using cryo-TEM increases the likelihood of imaging the
vesicular lipid bilayer with clear morphology ((Rupert et al., 2017). Yuana et al., (2013)
reported the highly heterogenous morphology and size of plasma EVs in under cryo-
EM.

1.1.5.1.2 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) uses a probing tip to detect and record 3-dimensional
(3D) images of the surface topography of a sample. The sample is probed with a sharp,
delicate tip mounted at the end of a cantilever, which detects the interaction force
between the tip and the sample (Chiang et al., 2019). One advantage of using AFM is
the ability to analyse a sample in an aqueous solution. However, the imaging of EVs
using AFM is quite sensitive because vesicle deformation can occur when using this
technique, which can affect vesicle appearance. Deformation can be prevented by
functionalising the surface, using molecules that bind with EVs, to preserve the
morphology (Pignataro et al., 2000). Moreover, monoclonal antibodies that bind to the
surface of EVs can detect specific proteins, which may provide better resolution than
labelling with immunogold (Creasey et al., 2011).

1.1.5.2 Quantity and Size characterization

The amount and sizes of EVs can be assessed using multiple techniques, including

nanoparticle tracking analysis (NTA), and flow cytometry.

13



Chapter 1 Introduction and literature review

1.1.5.2.1 Nanoparticle tracking analysis (NTA)

NTA is a technique used to measure the different parameters of nanoparticles,
including the average size and the size distribution by detecting the Brownian motion
of the particle in the suspension (Dragovic et al., 2011). During NTA, a sensitive
camera is installed on an optical microscope to record the movements of the
illuminated EVs over time. Then, the sizes and size distribution are measured by
tracking and plotting the displacement of each EV.

The use of NTA for EV characterisation has many advantages, including the simplicity
of sample preparation and the fast acquisition of data. Furthermore, one of the most
attractive features of NTA is the ability to use fluorescence to detect antigens on EVs
using labelled antibodies (Gardiner et al., 2013)

However, detecting EVs smaller than 50 nm (van der Pol et al., 2014) using NTA can
be difficult, and other limitations include the likelihood of detecting non-EV
nanoparticles, the need for sample dilution, difficulties determining the optimal sample
dilution (Rupert et al., 2017), and difficulties detecting some types of fluorescence
(Dragovic et al., 2015).

1.1.5.2.2 Flow cytometry

Flow cytometry involves passing a laser beam with a specific wavelength through EVs
suspended in fluid and measuring the forward-scattered light (FSC), the side-scattered
light (SSC), and fluorescence to detect the size and concentration of EVs (Van Der
Pol et al., 2012). Conventional cytometers are only able to detect large EVs, However,
newer high-resolution cytometers are able to measure small EVs (van der Vlist et al.,
2012). The simple and fast processing necessary for flow cytometry makes it an

attractive method for use in a clinical setting (van der Pol et al., 2014).
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1.1.5.3 Characterisation of EV cargo

Due to the limitations of the physical and morphological characterisation methods,
characterisation of EVs composition has been suggested. EVs subtypes share
common composition including outer lipid bilayer membrane and several types of lipid,
proteins and nucleic acid. The specific composition of each of these cargos depend
on the cell source, culture condition and biogenesis.

1.1.5.3.1 Protein Characterization

Successful purification of EVs can be assessed by detecting the enrichment of EV-
associated proteins, such as tetraspanins (CD63, CD9, CD81) and biogenesis-
associated proteins (TSG101, ALIX), and the absence of non-EV-associated proteins.
The most common technique used for protein characterisation is the western blot
(WB). However, WB requires high protein levels because it has a relatively poor
detection limit. Kowal et al., (2016) have explored different proteomic characterisation
tools for use with heterogeneous populations of EVs.

1.1.5.3.2 Nucleic acid characterization

The presence of nucleic acids in EVs was first reported by Valadi et al. (2007), who
proposed the name “exosomal shuttle RNA” (esRNA). The primary nucleic acid
identified in EVs is RNA, and whether DNA is trafficked by EVs remains unknown
(Mateescu et al., 2017).

However, recent findings linked the presence of DNA in EVs with tumour
microenvironment (Jella et al., 2018). Different techniques have been used to detect
EV-RNA, such as quantitative polymerase chain reaction (qPCR), microarrays,
northern blotting and RNA-seq. however, detection of non-EV associated RNA can
affect the characterisation results (Wei et al., 2016). Moreover, some EV-isolation
techniques can affect the yield and purity of RNAs (Enderle et al., 2015). Mateescu et

15



Chapter 1 Introduction and literature review

al. (2017)reported the primary challenges associated with the characterisation of EV-
RNA in their MISEV position paper.

1.1.5.3.3 Lipid characterization

Because the lipid bilayer comprises roughly two-thirds of small EVs, lipidomics in the
EV field has attracted the attention of researchers, in addition to the characterisation
of proteins and nucleic acids. Several methods have been used to detect lipid in EVs,
such as mass spectrometry (MS), gas-liquid chromatography (GLC), and thin-layer
chromatography (TLC). However, non-EV impurities can also affect the results of lipid

characterisation (Skotland et al., 2017).
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1.1.6 Role of EVs in intercellular communications

The recent surge in interest in the field of EVs began after discovering their role in cell-
to-cell communications through the delivery of bioactive elements between cells.
Consequently, EVs play important physiological roles, in addition to their roles in
pathological conditions. The mechanisms through which EVs facilitate intracellular

uptake can be divided into the following subtypes which are illustrated in Figure 1.2:
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Figure 1.2. Routes of EVs uptake by target cell shows the different pathways
for cellular communication. EVs uptake routes include phagocytosis, clathrin,
caveolin- mediated endocytosis and macropinocytosis. EVs may also deliver
their cargo by fusion with plasma membrane. Reproduced from (Mulcahy et al.,
2014).
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1.1.6.1 Endocytosis

Most experimental evidence has suggested that endocytosis represents the primary
route of EV uptake (Morelli et al., 2004). EV uptake is a rapid process, during which
EVs can be identified after 15 minutes of initial introduction (Feng et al., 2010).
Endocytosis is an energy-dependent process, which was demonstrated by reduced
EV uptake at 4°C (Tian et al., 2013). Furthermore, other internalisation processes may
represent subclasses of endocytosis that regulate EV uptake, including phagocytosis,
micropinocytosis (MP), and clathrin-mediated endocytosis (CME).

1.1.6.2 Phagocytosis

Phagocytosis is a receptor-mediated process that involves the invagination of
particles, especially large particles or materials intended for internalisation (Doherty et
al., 2009). Although phagocytosis is employed primarily for large particles, it has been
shown to internalise EVs and small particles up to 85 nm (Rudt et al., 1993). During
the formation of phagosomes, phosphatidylinositol-3-kinase (PI3K) plays a major role
by enabling the insertion of the membrane (Stephens et al., 2002).

1.1.6.3 Macropinocytosis (MP)

Macropinocytosis (MP) is an endocytic uptake route that involves the inward folding of
the membrane, which then pinches off to form an intracellular compartment, without
requiring direct contact with the internalised materials, as in phagocytosis (Mulcahy,
Pink, and Carter, 2014). This mechanism relies on different molecules, including
cholesterol, that play important roles in the MP process (Kerr et al., 2009). In addition,
specific MP inhibitors have been shown to cause low EV internalisation in some cells,

suggesting that MP may be a cell-type-specific process (Costa Verdera et al., 2017).

18



Chapter 1 Introduction and literature review

1.1.6.4 Clathrin mediated endocytosis (CME)

CME is a type of endocytosis that involves the formation of clathrin-coated vesicles,
which contain different transmembrane receptors. The membrane is deformed by
clathrin-coated vesicles, forming a vesicular bud that pinches off. Multiple studies have
associated CME with EV uptake, and Escrevente et al. (2011) reported reduced EV
uptake by ovarian cancer cells after CME was inhibited by chlorpromazine.

1.1.6.5 Membrane fusion

EVs can fuse with the plasma membrane of recipient cells, which has been observed
using fluorescent lipid dequenching. Fusion events have been observed to increase
under acidic conditions, which suggests this mechanism may be important in the

tumour microenvironment (Parolini et al., 2009).

1.1.7 Role of extracellular vesicles in tissue engineering and

regenerative medicine

Cellular interaction is a key pillar of TE and regenerative medicine. Therefore, the
function of EVs throughout cell-to-cell communication as paracrine mediators, their
release by numerous cell types, and their ability to transfer information and important
molecules, such as mMRNA, miRNA, and DNA, have caused in considerable interest in
the efficacy of EV in TE and regenerative medicine. Potential uses of EVs in TE

illustrated in Figure 1.3.
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Figure 1.3. Schematic description of prospective uses of EVs in TE. Various
sources of EVs have been utilized in the literature to encourage the TE process
using various isolation methods. EVs can be deliver by systemic or local path.
Using biomaterial to deliver EVs can improve the retention and extended the
releasing activity. EVs can play major function in different area of TE and

regenerative medicine. (Alqurashi et al., 2021).

1.1.7.1 Nervous system

In general, nerves do not have the capability for regeneration in the central nervous
system due to the diminished intrinsic regenerative capacities. Peripheral nerves,
however, enhance Schwann cells migration and alignment by expressing adhesion
molecules that increase the communication and accordingly nerve repair. Most
nervous system cells release EVs to transfer information between cells. Several recent

reports have examined the possibility of utilising EVs for regenerative treatments in
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the nervous system. In a rodent model, Xin et al. (2012) stated that mesenchymal stem
cell (MSC)-derived EVs could transfer miR-133b to neural cells, which increased the
likelihood of recovery from stroke. Another significant finding showed that EV's deriving
from dendritic cells promoted the remyelination of nerve fibres and, therefore, can be
used during the treatment of multiple sclerosis (Pusic et al., 2014). Furthermore,
Lopez-Verrilli, Picou and Court (2013) reported that axonal regeneration can be

induced by Schwann cell-derived EVs.

1.1.7.2 Vascularization and angiogenesis

Angiogenesis is the formation of new blood vessels from pre-existing vessels. To
deliver nutrition and oxygen to the interior tissue, the tissue must be vascularized. An
inadequate vascular network can lead to infection, loss of function and necrosis
(Schreml et al., 2010).

Vascularisation is one of the vital stages for effective tissue regeneration. Numerous
researches have examined the function played by the autocrine and paracrine
signalling of EVs to enhance angiogenesis in different tissues. For example, EVs
derived from endothelial cells containing miR-214 have been shown to stimulate
angiogenesis and encourage the migration of endothelial cells (Balkom et al., 2013).
In addition, placental MSC-derived EVs have been shown to stimulate placental
microvascular formation (Salomon et al.,, 2013) and boost angiogenesis when
administered to rats after stroke (Xin et al., 2013). In addition, Zhou et al., (2020)
showed that human dental pulp stem (HDPS) cell derived EVs profoundly increase the
proliferation, migration, and angiogenesis of ECs in vitro and were able to accelerate

cutaneous wound healing and vessel formation in vivo.
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1.1.7.3 Respiratory system

The essential functions of EVs in respiratory system physiology indicate the
significance of involving them in tissue engineering development. Remarkably, EVs
isolated from unhealthy lungs have been shown to have different cargo from those
isolated from healthy lungs. Likewise, MSC-derived EVs showed interesting findings
in the inhibition of pulmonary hypertension by suppressing the hyperproliferative
pathways (Lee et al., 2012). Moreover, lung derived-EVs showed to reprogram
marrow cells into pulmonary epithelial phenotype (Aliotta et al., 2007).

1.1.7.4 Wound therapy and skin regeneration

Owing to their role of improving the angiogenesis and cells interaction at wound site,
EVs have sparked the attention of researchers to be applied for skin regeneration and
wound therapy applications. Shi et al. (2017) revealed that exosomes originated from
gingival mesenchymal stem cells (GMSC) and integrated into a chitosan/silk hydrogel
encouraged cutaneous wound healing in diabetic rats. They proved that these EVs
improved re-epithelialisation, induced angiogenesis, and remodelled collagen.
Another recent experiment in diabetic rats by Wang et al. (2019), demonstrated that
applying EVs in a bioactive hydrogel promoted the healing of chronic wound by
improved re-epithelisation and provoked angiogenesis. Moreover, a recent review of
this subject described the outcomes of stem-cell-derived EVs during different phases
of wound healing, including the inflammatory phase, the proliferative phase, and the

remodelling phase (Ferreira et al., 2018).
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1.1.7.5 Regenerative dentistry

Dentistry is still a growing field for research in the areas of TE and regeneration. A
number of studies have examined different TE approaches for application in the dental
field, such as the stimulation of the regeneration of pulpal and gingival tissue
(Mohammadi et al., 2007). Furthermore, some researches have reported the ability to
construct oral mucosa TE models, which could be employed to multiple applications
in dentistry (Moharamzadeh et al., 2007).

However, a few studies have reported the use of EVs to boost the regeneration of oral
and dental tissues. A recent article by Chew et al. ( 2019) showed that the use of MSC
EVs with a collagen sponge improved periodontal regeneration in a rat periodontal
defect model. Moreover, EVs were found to generate cellular activity within the
periodontal ligament (PDL). The amount of periodontal regeneration, however, wasn’t
optimum and may depend on the EV dose.

In addition, a new review of the literature on this topic highlighted the function of EVs
in oral tissue regeneration, including periodontal tissue, dental pulp, cartilage, and
bone (He et al., 2021).
1.1.7.6 Drug delivery
EVs represent a promising drug delivery system due to their capability to protect
bioactive cargo, biocompatibility, and ability to cross biological membranes including
the blood-brain barrier (Claridge et al., 2021). EVs have been examined for use as
drug-delivery systems (DDSs) for various types of medications, such as curcumin (an
anti-inflammatory compound), which has been shown to decrease brain inflammation
(Zhuang et al., 2011). Furthermore, a research by Jang et al., (2013) indicated the

capability to load EVs with the chemotherapeutic drug doxorubicin (Dox). Additionally,
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they explained that EVs travelled to tumour sites and reduced tumour growth, without
any evident side effects.

The loading of EVs with various cargo and drug agents is not a simple process.
However, many loading methods have been examined in the literature, including
endogenous and exogenous loading approaches. The endogenous approach requires
the loading of therapeutics into the parent cell, before EV isolation, while the

exogenous approach involves the loading of EVs after isolation.

1.2 Routes of administration of EVs for tissue engineering

and regenerative medicine purposes

Various techniques and approaches exist for the delivery of EVs to target tissues or
organs; they can be classified as either systemic or local. Systemic methods include
intravenous (IV), intranasal, oral, intraperitoneal, and subcutaneous, while a local
delivery can be achieved through the immediate loading of EV suspensions or into
biomaterials (Pinheiro et al., 2018). Each method of delivery has both advantages and

disadvantages, which will be discussed in this section.
1.2.1 Systemic delivery of EVs

Intravenous administration is believed to be the fastest route of delivery and is the
commonly used technique. Lai et al. (2014) proved that EVs can be found in the liver
and spleen of mice after 30 min of administration. Furthermore, they confirmed that
the highest levels of EV concentration after injection was detected after 30 min in blood
and after 60 min in urine. However, the main limitation of employing the IV route is the
short half-lives of EVs in circulation.

While the oral route is the most acceptable and accessible method of drug

administration, gastrointestinal enzymes and changes in pH continue to be obstacles
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to the oral delivery of EVs that must be overcome (Shandilya et al., 2017). Therefore,
this method has been recommended for use when targeting the luminal epithelial
surface of gastrointestinal tissues (Rezaie et al., 2018). The advantages and
disadvantages of other systemic routes were discussed in depth elsewhere (Pinheiro

et al. 2018).
1.2.2 Local delivery of EVs

Generally, the main advantages of employing a local delivery technique for any drug
is to decline the systemic side effects that can arise and the enhanced retention rate
of the drug of choice, which also relate to the local administration of EVs. A small
number of experiments have described the use of local delivery for EVs, either via the
direct application of EV suspensions or the combination of EVs into biomaterials. Kim
et al. (2006) were the first to report the local administration of EVs derived from
genetically modified murine bone marrow, which was shown to minimise the
inflammation in a murine model of delayed-type hypersensitivity (DTH).

Furthermore, EVs have been discovered as potential anticancer therapies that found
to be more efficient when administered locally compared with systemically (Smyth et
al., 2015).

In tissue regeneration applications, the subcutaneous injection of EVs were shown to
stimulate angiogenesis in a murine auricle wound model. Additionally, Zhang et al.
(2016) Iillustrated that the direct delivery of MSC EVs, through intra-articular
administration, encouraged the regeneration of both hyaline cartilage and subchondral

bone after 12 weeks in rat models.
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1.2.3 Using biomaterial devices for delivering EVs

The key disadvantages of systemic and direct local EV delivery are the weak retention
of EVs at the target site and the failure to monitor the dose of EVs required for the
therapeutic demands(Pinheiro et al., 2018). Subsequently, the combination of EVs into
biomaterial devices as delivery systems is a robust approach to overcome this concern
and to boost the effects of EVs by improving the length of EV availability at the target
site. Table 1 shows various types of biomaterials have been utilized to deliver EVs to

different target tissues.

1.2.3.1 Hydrogels

Hydrogels are water-swollen polymeric material that maintain a distinct three-
dimensional structure (Kopecek, 2007). In 2017, Liu et al. incorporated human-
induced pluripotent stem cell (iPS-S-01) EVs to imine crosslinking hydrogel glue to
examine the impact on the repair of articular cartilage defects(Liu et al., 2017). First,
the hydrogel patches were made using photoinduced imine crosslinking (PIC)
hydrogel by employing the o-nitrobenzyl alcohol moieties modified hyaluronic acids
(HA-NB) which bonded with gelatin polymer under light irradiation to form the hydrogel.
This hydrogel has been exploited because of its biocompatibility and its ability to
integrate with the tissue. The constant release of EVs over the course of 14 days
revealed that hydrogel degradation will progressively release EVs. According to Liu et
al. the EV-hydrogel complex influenced cellular regulation in-vitro and in-vivo and
stimulate the cartilage repair.

Using chitosan-based material as a delivery system, Tao et al., (2017) found that EVs
can enhance the treatment of diabetic wounds. As the primary challenge of chronic
diabetic wounds is inadequate perfusion, they used EVs obtained from microRNA-

126-overexpressing synovium mesenchymal stem cells to boost angiogenesis.
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Using various dosages of EVs, enhanced proliferation of human dermal fibroblast and
human dermal microvascular endothelial cells was observed, resulting in increased
angiogenesis and enhanced reepithelialisation. Another study utilised chitosan/silk
hydrogel and gingival mesenchymal stem cell-derived EVs to accelerate wound
healing in diabetic rats. Comparable to the previous study, encouraging effects were
stated on diabetic rat skin wound repair (Shi et al., 2017). To examine the role of
human placental MSC-derived EVs on angiogenesis, Zhang et al., (2018) combined
them with chitosan hydrogel. This indicated that hydrogel improved the retention and
slow release of EVs and enhanced the angiogenesis of ischemic hindlimbs.
Furthermore, Chen et al., (2018) utilized shear-thinning hydrogel to provide endothelial
progenitor cell-derived EVs to improve angiogenesis after myocardial infarction. They
revealed that hydrogel offers sustained release of EVs and confirmed the uptake of
EVs by the endothelial cell in vitro. In vivo, they stated that EV-modified hydrogel
enhanced haemodynamics in a rat model and increased the density of vessels in a
peri-infarct myocardium.

Polypeptides have been employed with biomaterials to boost antibacterial activity.
Wang et al. produced injectable poly(ethylene glycol) hydrogel with Poly-e-L-lysine to
deliver adipose-derived mesenchymal stem cells exosomes. They reported a
sustained release of EVs over 21 days from the hydrogel which enhanced the impact
in comparison to a one-time treatment. In diabetic wound healing model, distinguished
angiogenesis was observed, leading to improve wound closure.

Self-assembling peptides (SAPs) are nano-biomaterials made of natural amino acids
that form crosslinked nanofibers in aqueous solution. Zhou et al., (2019) utilized MMP-
2 sensitive SAP hydrogel to manage the release of mesenchymal stem cell-derived

extracellular vesicles (MSC-EVs). They revealed that EV-modified hydrogel declined
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cell apoptosis and enhanced endothelial cell regeneration in mice with renal ischemia-
reperfusion (I/R) injury.

In a recent study, oxidized sodium alginate (OSA) hydrogel was applied as EVs
delivery system to promote hair growth (Chen et al., 2020). While aldehyde groups
following alginate oxidation of OSA may trigger potential cytotoxicity, authors
hypothesized that utilizing OSA hydrogel with a low level of oxidation (DO) may offer
stable environment for EVs. They have shown that dermal papilla (DP) EVs increased
the proliferation and migration of hair matrix cells. In addition, OSA hydrogel offered
sustained release of DP-EVs, better EV retention in-vivo and greater therapeutic effect

on human hair follicle growth.

1.2.3.2 Extracellular matrix (ECM) scaffolds

Extracellular matrix (ECM) scaffold has been used in tissue engineering because of
its ubiquity and biocompatibility. Type1 collagen is the most widely utilised extracellular
matrix (ECM) scaffold, which has numerous favourable properties (Glowacki et al.,
2008). Huang et al., (2016) have utilized type 1 collagen membrane to examine the
ability of EVs to encourage stem cell differentiation. In addition, they found that EVs
tend to attach to matrix proteins such as fibronectin and type 1 collagen which can be
utilized to promote binding to other biomaterials. Moreover, type 1 collagen-modified
EVs found to stimulate the differentiation of dental pulp stem cells in vitro. In vivo, EVs
prompted the regeneration of dental pulp-like tissue in a tooth root slice model.
Another study evaluated the effect of human periodontal ligament stem cells, their
EVs, and polyethylenimine (PEIl)-engineered EVs on bone healing. (Diomede et al.,
2018). In rat model with calvarial defects, total repair of the defect was detected after

6 weeks.
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1.2.3.3 Ceramic-based scaffolds

For many vyears, several bone graft replacements have been used in bone
regeneration, including osteoinductive materials like demineralized bone matrix (DBM)
and synthetic scaffolds like tri-calcium phosphate (TCP)(Bauer, 2007). To analyze the
function of EVs in bone regeneration, Zhang et al.(2016) combined human-induced
pluripotent stem cell-derived mesenchymal stem cells exosomes (hiPS-MSC-Exos)
with tricalcium phosphate (3-TCP) scaffolds. The authors discovered that EV-modified
-TCP scaffolds increased the osteoinductivity of calvarial bone defects by activating
the PI3K/Akt signalling pathway when compared to unmodified -TCP scaffolds.
Another research combined rat bone marrow-derived MSCs- EVs in decalcified bone
matrix scaffold to study their angiogenesis and bone regeneration effect (Xie et al.,
2017a). MSCs-EVs enhanced the proliferation, migration and tube formation of human
umbilical vein endothelial cells in vitro. Moreover, they stated that the EV-modified
scaffolds encouraged angiogenesis and increased bone regeneration when planted

subcutaneously into nude mice.
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Table 1.1. Summary of previous publications that used different biomaterials to
deliver EVs (Alqurashi et al., 2021).

Group

Hydrogels

Materials

Imine
crosslinking
hydrogel
glue

Chitosan
hydrogel

Chitosan/silk

hydrogel

Chitosan
hydrogel

shear-
thinning gel

Source of
EVs

MSC
derived
EVs

EV derived
from
miRNA-
126-3p-
overexpres
sing
synovium
mesenchy
mal stem
cells
Gingival
mesenchy
mal stem
cells
derived-
EVs

MSC
derived
EVs

Endothelial
progenitor
cells
(EPCs)

Application

cartilage
repair

Wound
healing in a
diabetic rat
model

Wound
healing in a
diabetic rat
model

Hindlimb
Ischemia
treatment

rat model of
myocardial
infarction
(MI).

Result

Positive results
in vitro and in
vivo show
cellular
regulation which
leads to the
promotion of
cartilage repair
Accelerate
wound healing
in vivo

Promote wound
healing of
diabetic skin
defects

Increase
angiogenesis
and accelerate
the recovery of
ischemic
hindlimb
Improved peri-
infarct
angiogenesis
and myocardial
haemodynamic.

Refere
nce
(Liu et
al.,
2017)

(Tao et
al.,
2017)

(Shi et
al.,
2017)

(Zhang
et al.,
2018)

(Chen
et al.,
2018)
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3-D scaffold

Tricalcium
phosphate (
B-TCP)

Adipose-
derived
mesenchy
mal stem
cells
exosomes
(AMSCs-
€xo)

Mesenchy
mal stem
cell-
derived
EVs (MSC-
EVs)

Dermal
papilla DP-
derived
EVs(DP-
EVs)

EV derived
from dental
pulp cells
Human
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derived
mesenchy
mal stem
cells
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de et
al.,
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(J.

Zhang
et al.,
2016)
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Decalcified  MSC- Ectopic EV influence (Xie et
bone matrix  derived EV = subcutaneou bone formation @ al.,
(DBM) s bone and increased 2017b)
scaffold formation vascularization

in the grafts

However, although the electrospinning scaffold is one of the most common
biomaterials used in TE and regenerative medicine, no study has explored its use as
a delivery vehicle for EVs, to our knowledge. Thus, we are attempting to explore this

possibility in this project.

1.3 Electrospinning

Many techniques can be used to fabricate fibrous scaffolds for use in TE applications.
Electrospinning has several advantages over other techniques. First, electrospinning
provides tunable membranes with a range of flexibilities and fibre sizes, ranging from
microscale to nanoscale; electrospinning also allows to manipulate the porosity and
orientation of the fibres and the incorporation of 3D complex features as well as bio-
functional agents. In addition, although polymers are the most common types of
material used with electrospinning, a wide range of other materials can be used,
including ceramics and composites (Teo et al., 2006). The versatility and cost-
effectiveness of electrospinning has also contributed to electrospinning being the most
commonly used technique to generate fibrous scaffolds in the TE field. However, the
limited control of pore structure is a significant disadvantage of the electrospinning
technique.

Electrospinning is an established manufacturing technique, first studied in 1914 by
Zeleny. In 1934, the first patent appeared that described the use of electrostatic

repulsion for the creation of polymer filaments (Formhals, 1934). In 1990, several
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research groups utilised this technique, and the term electrospinning was coined.
Reneker et al. described the stable electrospinning technique in 1996 (Reneker et al.,
1996).

During electrospinning, fibres can be produced by injecting the polymer through a
needle at a constant rate. Once a droplet of the polymer begins to form at the end of
the needle, the high voltage difference between the tip of the needle and the collector
will affect the droplet, which will become highly electrically charged. Accordingly, this
droplet will be exposed to two electrostatic force types, electrostatic repulsion and
Coulombic forces. Consequently, a cone shape will form from the drop, which is called
a Taylor cone. When the electrical force exceeds the surface tension of the solution,
the charged jet of the solution is ejected. Then, this ejected liquid becomes elongated
and travels toward the charged collector, which leads to the evaporation of the solvent
and the formation of polymer filaments (Li and Xia, 2004; Bhardwaj and Kundu, 2010).

Figure 1.4 shows the different parts of electrospinning system.
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Figure 1.4. Schematic diagram of the vertical electrospinning system.

1.3.1 Polymers used in electrospinning

Several types of polymers can be used during electrospinning to manufacture fibrous
scaffolds for use in different applications. Polymers that have been used in the
literature can be divided into several categories, including natural, synthetic, or both
(Bhardwaj et al., 2010).

A wide range of natural biopolymers, such as cellulose, hyaluronic acid (HA), and
chitosan as well as proteins including, fibrinogen, collagen, and gelatin, have been
identified. There are many advantages to the use of these polymers to fabricate
scaffolds for TE applications, including the high likelihood of biocompatibility compared
with synthetic polymers and the ability of these polymers to enhance cell attachment
and proliferation. However, the primary drawback of using natural polymers is the
difficulty modifying the properties of these polymers to accommodate the targeted use
(Agarwal et al., 2008). Associated costs, availability and in some cases disease

contaminations are other important issues with natural sources
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However, the ability to tailor a wide range of properties, including the desired
degradation rate and mechanical properties, represents a great advantage of synthetic
polymers over natural polymers (Bhardwaj et al., 2010). During biomedical
applications, the typical synthetic polymers used in the literature are biodegradable
hydrophobic polyesters, including poly (¢é- caprolactone) (PCL)(Cipitria et al., 2011),
poly (glycolic acid) (PGA)(Boland et al., 2004), poly (lactic acid) (PLA)(Yao et al.,

2017), and copolymer poly (lactide-co-glycolide) (PLGA).
1.3.2 Solvents used for electrospinning

To prepare the polymer solution for electrospinning, many solvents can be used, which
have significant effects on the spinnability of the fabricated scaffold. The vapour
pressure, volatility, and the preservation of polymer integrity are the primary properties
associated with solvent use during electrospinning. Thus, several articles have
explored the different types of solvents and their effects on the properties of the
resulting scaffolds. Chloroform, ethanol, dimethylformamide (DMF), a mixture of
trifluoroacetic acid and dichloromethane (DCM), and water are the most common
solvents used, and each has different effects on the mechanical, morphological and
thermal properties of the (Asran et al., 2010; Luong, Moon and Nam, 2009;

Wannatong, Sirivat and Supaphol, 2004).
1.3.3 Parameters of electrospinning process

As mentioned above, the electrospinning process is governed by several parameters
that can affect the properties of the fibres, including solution parameters and

processing parameters.
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1.3.3.1 Solution parameters

1.3.3.1.1 Concentration

The optimal solution concentration is the primary factor that determines the ability to
electrospin a polymer. At low concentrations, more beads will form instead of fibres
because fibres break before reaching the collector. In contrast, with high
concentrations, the solution can have difficulties flowing through the needle, which is
necessary for the fibres to form (Sill et al., 2008). Furthermore, several articles found
a power law relationship between the concentration of the polymer and the diameters
of the resulting fibres, where increasing the concentration leads to increasing the fibre
diameter (Ki et al., 2005).

1.3.3.1.2 Molecular weight

Because the molecular weight of a polymer plays an important role in other properties,
such as surface tension, viscosity, and conductivity, it represents an important solution
parameter (Haghi et al., 2007). Molecular weight can have a large effect on the
morphologies of electrospun fibres because it also determines the viscosity. Thus,
beads instead of fibres have been observed when the molecular weight of the solution
was too low. However, a high-molecular-weight solution forms larger fibre diameters
(Bhardwaj et al., 2010). Furthermore, molecular weight appears to control the chain
entanglement for the electrospun fibre (Gupta et al., 2005).

1.3.3.1.3 Conductivity

The conductivity of a solution is a crucial element for successful electrospinning. Most
polymers are conductive, with a few exceptions, and the type of polymer, type of
solvent, and the availability of ionisable salt are the primary determinants of the

solution conductivity (Bhardwaj et al., 2010). Moreover, a significant decrease in the
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electrospun fibre diameter has been found with increased solution conductivity (Haghi
et al., 2007).

1.3.3.2 Processing parameters

1.3.3.2.1 Flow rate

The flow rate is an important processing factor, as it determines the amount of the
polymer jet. Many authors have studied the relationship between the flow rate, the
morphology of electrospun fibres, and the possibility of bead formation. Yuan et al.
(2004) stated that reducing the flow rate gives the solvent more time to evaporate and
may reduce the formation of beads. Moreover, fibres decrease in size with a decrease
in the flow rate (Pham et al., 2006).

1.3.3.2.2 Applied voltage

The applied voltage is one of the most-studied parameters, although how applied
voltage affects the electrospinning process and resulting nanofibers remains under
debate. Some authors have suggested that the effects of voltage on the diameter of
nanofibers are minimal (Reneker et al., 1996), whereas other authors have suggested
that the ejection volume increases with high voltage, which leads to larger fibre
diameters (Zhang et al., 2005).

However, some researchers have reported that increases in the repulsive forces when
using a high electric field tend to narrow the fibre diameters (Haghi et al., 2007).
Likewise, high voltage may increase the chance of bead formation (Bhardwaj et al.,
2010).

1.3.3.2.3 Tip to collector distance

The distance between the tip and the collector is another important factor that affects
electrospun nanofibers. A minimum distance is required to provide sufficient time for

the solvent to dry. When the tip is too close or too far from the collector, the formation
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of beads may occur (Bhardwaj et al., 2010). Additionally, some studies have
concluded that as the distance between the tip and the collector increases, the fibre
diameters decrease (Doshi and Reneker, 1995).

1.3.3.2.4 Types of collectors

The types and shapes of the collectors are important processing factors that can affect
the quality of the nanofibres. Generally, the most common collector used in the
literature has been aluminium foil. However, due to the difficulty transferring collected
fibres, other collectors have been used, such as wire mesh and conductive paper
(Wang et al., 2005). Furthermore, the shape of the collector can affect the orientation
of the fibres. Thus, a rotating wheel has been used to produce aligned fibres (Xu et
al., 2004).

Electrospun scaffolds are one the most successful tissue engineering devices and
provide a suitable substrate for the incorporation of biofunctional agents. In addition,
EVs have been shown to have an important role for promoting tissue engineering
processes. To our knowledge, the potential of electrospun scaffolds functionalised with

EV in tissue engineering applications has yet to be explored.

1.3.4 Surface treatment of electrospun scaffold

After producing electrospun scaffold that replicates the ECM structure,
biofunctionalization is required because cells not only recognise topographical stimuli
but also biochemical stimuli that have a substantial impact on their behaviour. Surface
modifications to the scaffold have been shown to increase both wettability and cell
attachment (Cipitria et al., 2011). In addition, surface modification of the scaffold found
to induce drug delivery by enhancing the incorporation of the drugs (Seeram
Ramakrishna et al., 2013). It was also found to overcome the issues of short release
time and first burst release(lm et al., 2010). The choice of an appropriate surface
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modification not compromising the delicate structure of nanofibers is a challenging.
lon-beam, X-ray, ozone oxidation, and gamma radiation can create reactive chemical
functionalities on polymer surfaces, however, they often degrade the polymer and
damage nanofibers(Rosario-Meléndez et al., 2011). In addition, wet chemical
treatment is used to provide functional groups to biomaterial surfaces. Despite
improving surface wettability, chemical treatments might reduce mechanical
performance and promote degradation, destroying fine structures of nanofibers
(Chong et al., 2007). On the other hand, plasma treatment found an alternative surface
modification technique that to incorporate functional groups on polymer surfaces
without the use of solvents which can be very adequate to treat delicate structures

such as nanofibers (Wulf et al. 2011).

1.3.4.1 Plasma treatment

Plasma is a totally or partially ionized gaseous mixture of ions, radicals, and free
electrons (Petlin et al. 2017). Plasma treatment can activate a polymer surface by
forming new polar functional groups, such as carbonyl, carboxyl, ether, amine, and
hydroxyl, therefore significantly boosting the free polymer surface energy, increase
surface adhesion and the hydrophilic chemistry of materials (Nair et al., 2015;
Vijayalakshmi et al., 2011). The capability of plasma treatment to obtain ultra-thin films
and maintain perfect control during the treatment process provides justification for the
treatment's practicability (Morent et al., 2011).

Activation of PCL fibres has been reported by several research groups to improve the
biocompatibility of the materials or establish delivery platforms for biomolecules
(Sandoval-Castellanos et al., 2020). Depending on the choice of the working gas,
different functional groups will be added directly or indirectly on the surface. For

example, a plasma generated in air, O2, N2 or NH3 will incorporate oxygen and/or
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nitrogen-containing functionalities during the plasma exposure and can create free
radicals that could serve after the treatment for the grafting or cross-linking (Morent et

al., 2011).

1.3.4.2 Heparin treatment

Heparin is a linear polysaccharide made up of repeating units of uronic acid and
glucosamine (Sakiyama-Elbert, 2013). The anticoagulation effect of heparin increased
its use for vascular tissue engineering. Scaffolds functionalized with heparin exhibit a
hydrophilic and negatively charged surface that prevents thrombus formation by
hindering the adsorption of proteins such as albumin and fibrinogen (Ye et al., 2012).
Beside its anticoagulation characteristic, it was found to provide a drug delivery
mechanism. Heparin-based delivery systems have proven useful for the delivery of a
wide range of growth factors for diverse biomedical applications since a significant
number of growth factors bind to heparin with either moderate or high affinity
(Sakiyama-Elbert, 2014). Different methods of incorporating heparin to the

biomaterials have been extensively reviewed elsewhere(Sakiyama-Elbert, 2013).

40



Chapter 1 Introduction and literature review

1.4

Hypothesis, Aim and Objectives

1.4.1 Hypothesis

We hypothesise that EVs can retain their functionality after being attached to fibrous

membranes via a simple one-step functionalisation protocol based on electrostatic

interactions rather than covalent bonding.

1.4.2 Aim

The aim of this project is to examine the ability to produce a novel electrospun

membrane by combining EVs with electrospun polycaprolactone fibres and study its

potential use for wound healing, angiogenesis, and osteogenesis.

1.4.3 Objectives

Isolate and characterise EVs from cells in vitro.

Manufacture and characterise a set of Polycaprolactone electrospun scaffolds
Treatment of the surface of scaffolds with air plasma and heparin to enhance
wettability and EV attachment.

Modify the scaffold with different types of EV e.qg: fibroblast- and MSC-derived
EV, with relevance to specific tissue engineering applications and quantify EV
attachment and release kinetics from the scaffold.

Assess the ability of myofibroblast-derived EVs to induce myofibroblastic
differentiation of NOF cells using qPCR and immunofluorescence.

Examine the abilty of HDPS EVs and conditioned media to induce
angiogenesis using Chorioallantoic membrane (CAM) assay and to induce

osteogenic differentiation of rat MCS cells.
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2.1 Cell culture and propagation

2.1.1 Cell culture

The laminar flow hoods, equipment and reagents utilized during cell culture practice
were sterilised using autoclave-based sterilisation or by industrial methylated spirit
(IMS) 70% in dH20O (v/v). Media was replaced every three days unless otherwise
indicated. Cells were incubated in a 5% CO2 humidified incubator at 37°C. Primary
cells were cultured and passaged between passage 3-12. Cells were passaged when
reaching 80-90% confluency. Cell lines were regularly checked for mycoplasma

infection on conditioned media collected from confluent cultures.

2.1.2 Cell lines and primary cell
2.1.2.1 H357

The human OSCC-derived cell line H357 was retrieved from the School of Clinical
Dentistry biorepository. The H357 cell line was initially obtained from a well-
differentiated OSCC of the tongue excised from a 74-year-old Caucasian male patient
(Prime et al., 1990) The primary tumour width was 20 mm in diameter with no

regional lymph node spread or distant metastases.

2.1.2.2 NOF

Primary normal oral fibroblasts NOF were isolated from connective tissue biopsies
taken from the buccal oral mucosa of patients during routine dental practices with
written, informed consent (ethical approval number 09/H1308/66). NOF 822
were used at passage 3-7 to exclude the possibility of senescence (Hearnden et al.,

2009).
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2.1.2.3 HDPSC
Human dental pulp cells, a gift from Dr. Oscar O. Solis-Castro and Prof. Fiona M.

Boissonade, were isolated from samples collected with written informed consent from
patients at the Charles Clifford Dental Hospital, Sheffield, UK. HDPS-5 cells were
isolated from non-carious molar tooth from a female patient, 22yrs old in accordance
with ethical approval granted by the Leeds East Research Ethics Committee of the UK
National Research Ethics Service (reference: 15/YH/0308; protocol: STH19019)

(Solis-Castro et al., 2020).

2.1.2.4 HUVEC

Primary Human Umbilical Vein Endothelial Cells isolated from the vein of the umbilical
cord of single, pooled or pre-screened donors were acquired from PromoCell
(catalogue number: C-12200).

2.1.2.5 MG 63
MG 63, a human osteosarcoma-derived osteoblastic cell line isolated from

osteosarcoma of a 14-year-old male patient, was acquired from Sigma-Aldrich,
(catalogue number: 86051601).

2.1.2.6 r BM-MSCs

Mesenchymal stromal cells (MSCs) were taken from the bone marrow of 4-5 weeks
old male Wistar rats tibia according to the method described by Maniatopoulos et al.,

(1988). Isolation method was described by Santocildes-Romero et al., (2015).

Human cells and cell lines used in this study and their source are summarised in Table

2.1.
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Table 2.1. Cell lines and primary cells cultured

OSCC tongue keratinocyte cell line  Health protection agency
culture collections,
Salisbury, UK
(Yeudall et al., 1993)

Normal buccal fibroblasts Charles Clifford Dental
Hospital, The University of
Sheffield, UK

Dental pulp cells from non-carious Charles  Clifford  Dental

molar tooth Hospital, The University of
Sheffield, UK

The vein of the umbilical cord PromoCell®, C-12200

Human osteosarcoma-derived Sigma-Aldrich®, 86051601

osteoblastic cell line
Male Wistar rats, 4-5 weeks of age School of clinical dentistry,
University of Sheffield

2.1.3 Culture media

The cells were cultured in their corresponding culture media as summarised in table
2.2. The cells were passaged when they reached 70-80% confluency (section 2.1.4.1).

All media was warmed in a 37°C water bath before use.

45



Chapter 2  Materials and methods

Table 2.2. Media used to culture the specific cell strains

Dulbecco’s Modified Eagle’s Medium
(DMEM)

10% (v/v) Foetal Bovine Serum (FBS)
1% (v/v) Penicillin/ Streptomycin

1% (v/v) Amphotericin B (250 pg/ml)
1% (v/v) L-Glutamin

Dulbecco’s Modified Eagle’s Medium

(DMEM)

15% (v/v) Foetal Bovine Serum (FBS)

1% (v/v) Penicillin/ Streptomycin

1% (v/v) L-Glutamine

Ascorbic acid 100 uM

PromoCell Endothelial Cell Growth Media, C-22010

Minimum Essential Medium Eagle (MEME) (Sigma-
Aldrich)
10% (v/v) Foetal Bovine Serum (FBS)
1% (v/v) Penicillin/ Streptomycin
1% (v/v) L-Glutamin
Minimum Essential Medium Eagle (MEME) (Sigma-
Aldrich)
10% (v/v) Foetal Bovine Serum (FBS)
1% (v/v) Penicillin/ Streptomycin
1% (v/v) L-Glutamin
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2.1.4 Cell maintenance

2.1.4.1 Cell subculture and propagation

After reaching near confluence (70-80%), all cells were trypsinised, reseeded,
and allowed to further propagate. After removing the medium, the cells were washed
twice in 5 ml of sterile modified Dulbecco’s PBS, without calcium or magnesium
chloride (catalogue number D8537, SigmaAldrich). Following rinsing twice, PBS was
removed, 5 ml trypsin ethylenediaminetetraacetic acid (EDTA) solution (catalogue
number T3924, Sigma-Aldrich) was applied, and cells were allowed to detach in the
incubator for 5 min at 37°C. Then, the supernatant was discarded carefully and 10 ml
of fresh medium was added to neutralise the trypsin before centrifugation, at 1,000 x
g for 5 min. The cell pellet was re-suspended in 10 ml fresh DMEM+ FBS, then

reseeded in a new flask (T 75, T175) at the required density (1x108, 3x10° cells).

2.1.4.2 Counting cells

Cell counts were performed using a modified Neubauer haemocytometer. The number
of cells in four 1 mm? (volume 1 x 10* ml) squares of the grid were counted and the

mean was taken. Cell number was calculated as follows:

Average No cells counted per 1mm? x dilution factor = cells/ml

2.1.4.3 Freezing cells for storage in liquid nitrogen

For cryopreservation, cells were resuspended in freezing media (90% FBS, 10% di-
methyl sulfoxide (DMSO) in a concentration of 1x108 cell/ ml. Then, cell suspension (1
ml) was transferred to a cryovial and placed in a freezing container with 250 ml
isopropanol at -80° C. After 24 hours, vials were moved to a liquid nitrogen dewar (-

196° C).
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2.1.4.4 Thawing cells

After thawing cryovials in a 37 °C water path, the cell suspension was diluted in
appropriate culture media and centrifuge for 5 min at 1000 rpm. The pellet was then

resuspended in a cell culture medium after discarding the supernatant.

2.2 Isolation of extracellular vesicles

2.2.1 Ultracentrifugation (UC)

Cells were serum starved for 27 h before the isolation of EVs, by replacing the FBS-
containing medium with a serum-free medium. To isolate EVs, the conditioned
medium from a T175 flask was transferred to a 50 ml Falcon tube, which was
centrifuged for 10 min at 3,000 x g to remove dead cells. Following centrifugation, the
supernatant was filtered with a 0.22-um filter and transferred to a 70 ml centrifuge
bottle (Beckman Coulter). The supernatant was then centrifuged using a Beckman
Optima LE-80k Ultracentrifuge (Beckmann Coulter), with a Ti45 fixed-angle rotor, at
100,000 x g (29,000 rpm) for 1 h. The supernatant was discarded, and the EV pellet
was re-suspended in 60 ml PBS and centrifuged again for 1 h at 100,000 x g (29,000
rpm). Finally, the supernatant was discarded, and the pelleted EVs were re-suspended

in 50 pl PBS and stored at -80°C.

2.2.2 Size exclusion chromatography (SEC)

The conditioned medium was prepared as described above and then filtered using a
0.22 um filter. Serial centrifugation cycles, at 6,000 x g for 25, 30, 35, 10, and 5 min,
in sequence, using a Vivaspin 20 (100 kDa molecular weight [MW] cut-off) centrifugal
tube, were performed to concentrate the 60 ml conditioned medium down to <1 ml. A
size exclusion chromatography (SEC) column was prepared by adding 14 ml
Sepharose CL-2B (GE) to an Econopack column (Biorad), which was allowed to settle

for 2 h under normal gravity conditions. Then, a polystyrene fret was placed
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horizontally just above the gel layer. The bottom cap was removed to allow the ethanol
to drain, and the column was washed twice with 10 ml 0.03% Tween 20 (v/v) in PBS.
After the column was washed, 0.75-1 ml of the concentrated medium was top-loaded
and allowed to enter the Sepharose before using 10 ml 0.03% Tween 20 (v/v) in PBS
to elute the column. Immediately, twenty 0.5 ml fractions were collected and stored at

-80°C.

2.3 Characterisation of EVs

2.3.1 Quantification and size distribution

2.3.1.1 Nanoparticle tracking analysis (ZetaView)

Nanoparticle tracking analysis (NTA) uses the Brownian motion of EV, captured on
video, to determine their hydrodynamic diameter. The diffusion movement of the small
and large particles in the liquid is measured to determine the size and size distribution
of the nanoparticles (Figure 2.1). In this study, A ZetaView Video Microscope PMX-
120 (Particle Metrix, Germany) was used to perform nanoparticle tracking analysis.
Before measurements were performed, the system was washed three times with Milli-
Q water (MQH20). Pre-testing was performed to identify the ideal concentrations
necessary to achieve the recommended particle per frame value (140-200). Each
sample was measured three times by scanning 11 different cell positions and
capturing 60 frames per position. All measurements were performed using the
following settings: focus: autofocus; shutter: 70; temperature: 23°C; and scattering
intensity: 5.7. All resulting data and video were analysed by ZetaView (8.04.02, SP2),

which measures the particle size, size distribution, and zeta potential.
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Laser

Figure 2.1 Schematic diagram of how ZetaView measure the size of the EV by

hitting them with laser then detect the light scattered on the attached camera.

2.3.2 Zetapotential measurement using Zetasizer

The zetapotential (ZP), also known as electrokinetic potential, is the potential at a
colloid particle's slipping/shear plane when it is moving in an electric field (Kaszuba et
al., 2010). The zeta-potential ({-potential) of EVs was measured using a Malvern
Zetasizer NanoZS 3000-HA (Malvern Instruments, UK). The Zetasizer Nano Series
uses a combination of laser Doppler velocimetry and phase analysis light scattering
(PALS) in a patented technique called M3-PALS to measure particle electrophoretic
mobility. For measurements, EV isolated by SEC were diluted at 10:1000 in PBS. The
diluted PBS buffer solution acted as an electrolyte for the measurements (pH ~ 5.5,

25 °C). All data were averaged over 100 consecutive runs.
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2.3.3 Protein analysis

2.3.3.1 BCA Assay

Total protein in SEC fraction was detected and quantified using Pierce BCA protein
assay kit (catalogue number 23225, Thermo Fisher Scientific, UK). This kit is a
colorimetric protein assay which detects protein based on the bicinchoninic acid (BCA)
by combining the reduction of Cu?* and Cu'* by peptide bonds in an alkaline medium
with the highly sensitive and selective colorimetric detection of the cuprous cation
(Cu1+) by bicinchoninic acid (BCA). To detect the protein in SEC fraction, Bovine
serum albumin (BSA) standards of known concentration (0, 0.125, 0.5, 0.75, 1, 1.5, 2
mg/ml of BSA) were prepared in PBS. After adding 200 pl of assay working reagent
(consisting of A and B solution 50:1 ratio) to 96 well plates, 10 pl of each sample and
standards were added to each well. All standards and samples were run in triplicate.
Following mixing each well by pipetting up and down, the plate was sealed with plastic
film cover and incubated at 37 °C for 30 min. After the incubation, the plate was cooled
to room temperature then the optical density of the standard and samples were
measured using a spectrophotometer plate reader TECAN (Magellan V7.2 software,
Infinite M200). Using the BSA standard curve and a polynomial equation, protein

concentrations of SEC fractions were determined.

2.3.3.2 Western blot

2.3.3.2.1 SDS-PAGE Gel preparation
12% Acrylamide gels were cast between glass plates using the following quantities to

produce two gels Table 2.3.
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Table 2.3. Regents for 12% acrylamide gel

resolving gel Stacking gel

40% Acrylamide 3.0 mi 40% Acrylamide 975 pl
(37.5:1 (37.5:1

acrylamide: bis- acrylamide: bis-
acrylamide) acrylamide)

H20 4.3 ml H20 4.725 ml
pH 6.8 Tris Page 2.5 ml pH 6.8 Tris Page 2.1 ml
SDS buffer SDS buffer

10% Ammonium 350 pl 10% Ammonium 100 pl
persulfate persulfate

TEMED 5l TEMED 17 pl

Once prepared, the resolving gel was pipetted between the plates. Then, the stacking
gel was poured on top of the set resolving gel. Before allowing the gel to polymerise,
the sample comb was immediately inserted. After 10 min, the comb was removed, and

each well was washed out with copious amounts of distilled water.

SEC fractions (4-10) were concentrated using ultracentrifugation then the pellet was
suspended in 100yl loading buffer. The samples were then heated for 5 min at 95 °C.
The separation was done using 12% polyacrylamide SDS-PAGE in Biorad tanks filled
with 1X running buffer (88 g Glycine, 10% W/V SDS and 32 g Tris Base in 1 L dH20).
20 pl of sample was loaded in each well alongside Precision Plus prestained protein
ladder (Biorad) in the outside wells. Separation was carried out at 150 V until the dye

had reached the bottom of the plate.
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2.3.3.2.2 Bio-Rad transblot Turbo transfer

The gel was put on the nitrocellulose membrane of a pre-prepared stack (iBlot transfer
system (Bio-Rad, UK)) after SDS-PAGE. The sandwich was put together by adding
the top layers and removing the bubbles. Proteins were transferred using a
programme that was appropriate for the gel thickness. This was 28 V for 7 minutes for
1.0 mm gels and 28 V for 10 minutes for 1.5 mm gels.

2.3.3.2.3 Blocking and antibody incubation
The nitrocellulose membrane was blocked for 1 h on a rocker shaker in 5% (w/v)

skimmed milk in TBST (8 g NaCl 3 g Tris base 0.2 g KCl in 1L dH20 and 0.1% Tween-
20). Following the preparation of the primary antibody in accordance with the
manufacturer's instructions (Table 2.4), the membrane was incubated overnight on a
rocker shaker at 4°C. The next day, the membrane was washed three times for 15
mins in TBST before being incubated with the secondary antibody (Table 2.5) for 1 h
at RT. After washing again three times with TBST for 15 min, the membrane was
incubated in a 1:1 ratio (500 ul volume of each) of Westra Supernova substrates
(CYANAGEN, XLS3,0100) for 5 min to increase the intensity of the signals. After
removing the excess, the membrane was placed in cling film inside an x-ray cassette.
In the dark room, the x-ray film was placed inside the cassette for exposure and then

developed with an automated processor (Xograph Compact X4).
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Table 2.4. Details of all primary antibodies used in western blot experiment

CD63 (EPR5702) 5% milk in TBST 1:1000 Abcam (ab134045)
rabbit

monoclonal

CD9 antibody 5% milk in TBST 1:2000 Abcam (ab92726)
[EPR2949]

CD81 antibody 5% milk in TBST 1:1000 Abcam (ab79559)
[M38]

Table 2.5. Details of all secondary antibodies used in western blot experiment

Anti-mouse 5% milk in TBST 1:3000 Cell Signalling (New
England
Biosciences)

Anti-rabbit 5% milk in TBST 1:3000 Cell Signalling (New
England

Biosciences)
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2.3.3.3 Nano flow cytometry
A NanoAnalyzer U30 instrument (NanoFCM Inc.) equipped with dual 488/640 nm

lasers and single-photon counting avalanche photodiode detections (SPCM APDs)
was used for simultaneous detection of side scatter (SSC) and fluorescence of
individual particles. Bandpass filters allowed for collection of light in specific channels
(SSC -488/10; FL1—525/40; FL2 — 670/30). HPLC-grade water served as the sheath-
fluid via a gravity feed, reducing the sample core stream diameter to ~1.4 pm.
Measurements were taken over a 1-min interval at a sampling pressure of 1.0kPa,
maintained by an air-based pressure module. All samples were diluted to attain a
particle count within the optimal range of 2000-12,000/min. During sample acquisition,
the sample stream is fully illuminated within the central region of the focused laser
beam, resulting in approximately 100% detection efficiency, which leads to accurate
particle concentration measurement via single-particle enumeration.

The concentration of samples was determined by comparison to 250 nm silica
nanoparticles of known concentration to calibrate the sample flow rate. EV isolates
were sized according to standard operating procedures using a proprietary 4-modal
silica nanosphere cocktail (NanoFCM Inc., S16M-Exo). Using the NanoFCM software
(NanoFCM Profession V1.8), a standard curve was generated based on the side
scattering intensity of the four different silica particle populations of 68, 91, 113 and
155nm in diameter. Silica provides a stable and monodisperse standard with a
refractive index of approximately 1.43 to 1.46, which is close to the range of refractive
indices reported in the literature for EVs (n = 1.37 to 1.42). The laser was set to 10
mW and 10% SSC decay.

EVs presenting core tetraspanins were labelled with the following antibodies: FITC-
conjugated anti-human CD63 (clone MEM-259; Abcam), FITC-conjugated anti-human

CD9 (clone MEM-61; Abcam), and FITC-conjugated anti-human CD81 (clone M38;
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Abcam). 1e8 EVs/particles in PBS was mixed with a cocktail of the 3 antibodies (1:50,
or 1:150 each) before incubation for 30 minutes at room temperature. After incubation,
the mixture was resuspended to 1ml PBS and Ultracentrifugation at 100,000 x g was
performed for 1 hour in a BC Optima™ TLX Tabletop centrifuge with a TLA-120.2
rotor. Pellets were resuspended in 50ul PBS and diluted to 1e8-5e8 particles/ml for
immediate phenotypic analysis.

Data processing was handled within the nFCM Professional Suite v1.8 software, with
dot plots, histograms, and statistical data provided in a single PDF. Gating within the
software allows for proportional analysis of subpopulations separated by fluorescent

intensities with size distribution and concentration available for each sub-population.

2.3.3.4 ExoView characterisation of EV markers
EVs suspended in PBS were analysed using an ExoView R100 (NanoView

Biosciences) to determine the presence of selected tetraspanins, established markers
of EV (Lai et al., 2016). According to manufacture instructions, 35 pl of EV diluted 1 to
400 using proprietary incubation solution was directly pipetted onto a chip. Using a
humidified 24-well plate, the chips were incubated in dark, overnight at room
temperature. The humidified plate used for incubation was filled by adding diH20 to
the outer wells and covered with foil. The following day, using a proprietary washing
solution, chips were washed three times for 5 min each. Next, chips were incubated
with the secondary antibody, conjugated to a fluorophore, for 1h at room temperature.
After incubation, chips were washed three times for 5 min each and then allowed to
dry at room temperature. Then, chips were loaded into a metal cassette and placed in
the ExoView R100. Samples were examined in the fluorescence and label-free mode
to obtain high-resolution images. Images, then, were acquired using proprietary

software.
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2.4 Manufacturing of electrospun scaffolds

The electrospun scaffolds used in this project were manufactured using an upright in-
house developed electrospinning set-up. A 10% polymer solution of (w/v)
poly(caprolactone) (PCL) (Average Mn= 80,000 g/mol; Sigma Aldrich, UK) was
prepared by dissolving the PCL in a solvent mixture containing 90% dichloromethane
(DCM) (Fisher Scientific, UK) and 10% dimethylformamide (DMF) (Fisher Scientific,
UK). The solution was prepared and stirred at room temperature for 24 hours before
electrospinning was performed, to ensure that the polymer dissolved completely. The
electrospinning system was composed of an Alpha IV Brandenburg power source
(Brandenburg, UK) and a PHD2000 infuse/withdraw syringe pump (Harvard
Apparatus, UK). For each scaffold, 1 ml of the solution was electrospun using a plastic
syringe (1 ml; Becton Dickinson, UK), during which the solution flowed into a metallic
20-gauge needle (Intertronics, UK), with a flow rate of 1.5 ml/h. The voltage used was

21 kV, and the needle tip-collector distance was 17 cm.

2.5 Surface treatment of PCL scaffold

2.5.1 Plasma treatment

To increase the hydrophilicity of the PCL scaffold, plasma treatment was performed
using a low-pressure plasma system (plasma cleaner, model 2 base unit type, ZEPTO,
Diener Electronics, Germany). First, the scaffold was placed on a petri dish and then
it was inserted into the glass cylinder chamber of the plasma instrument. After the
evacuation of the chamber, the air plasma was generated for 2 min using a power of
10 watt. The plasma-treated scaffold was then removed and stored in a sealed plastic

bag at 4°C.
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2.5.2 Heparin treatment

Heparin treatment was performed according to a previously described protocol (Wang
et al., 2013). First, Scaffolds were immersed in an ethylenediamine (EDA) solution (0.1
M) (Sigma-Aldrich, E26266-500ML) by gently shaking at room temperature to
introduce amino group on the surface . After 30 min, scaffolds were rinsed three times
in phosphate-buffered saline (PBS). Then, samples were treated with 2- (N-
Morpholino) ethanesulfonic acid (MES) buffer saline solution (pH = 5.6)
(ThermoFisher, 28390) containing 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) (0.144 mg/ml) (ThermoFisher,28390), N-hydroxysuccinimide
(NHS) (0.144 mg/ml) (ThermoFisher, 24500), and heparin sodium salt from porcine
intestinal mucosa (10 mg/ml) (Sigma, H5515-100K). The heparinisation proceeded for
3 h on a shaker. After washing three times with PBS, treated scaffolds were air-dried

at room temperature then stored in a sealed plastic bag at 4°C.

2.6 Characterization of scaffolds

2.6.1 Fibre Diameter

Using SEM images at a magnification of x800, the fibre diameter of each scaffold was
measured using Imaged, Version 2, 1.52 P. Three different samples from three
different scaffolds were analysed and a total of 4 random areas per sample were
examined. Average fibre diameter was measured from total of 60 fibres for each

scaffold.

2.6.2 Wettability- Contact angle measurement

To measure the wettability of the scaffold and study the effect of plasma treatment on
its hydrophilicity, computer-aided contact angle measurements were used to measure

the contact angle of deionized water (DI water) using a Drop Shape Analyzer
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(DSA100- KRUSS- Germany). Three samples from each scaffold were randomly
selected and the mean of right and left angle of three drops (5 pl) per sample were

measured using Drop Shape Analysis Software (KRUSS, V1.72-02).

2.6.3 Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry (MIP) is a method using the non-wetting property of the
mercury to determine the total pore volume, pore size and pore size distribution of 3D
material (Loh et al., 2013). During the measurement, the samples are placed in an
evacuated chamber mercury penetrometer then the mercury is introduced into the
chamber. Under increasing pressure up to a maximum of 414 MPa, mercury is forced
to penetrate the pores of the sample. Meanwhile, the intruded volume of mercury and
applied pressure are recorded. This technique has been used to determine the pore
characteristics of various scaffold types including electrospun scaffold (Brennan et al.,
2015).

In this experiment, measurements were obtained using a MicroActive AutoPore V
9600 Version 1.02 (Micromeritics, USA). First, a 3 mg sample of each type of scaffold
was introduced to the system. The pressure was applied gradually up to 61 psia to
analyse the different pore sizes. A detailed report was generated showing the pore
size, pore size distribution, density and surface area.

2.6.4 Surface Zetapotential of electrospun scaffold

Electrospun scaffolds' surface zeta potentials were determined using laser Doppler
electrophoresis measurements with a Malvern Surface Zeta Potential ZEN1020 cell.
Scaffolds were adhered to the sample holder using ethyl cyanoacrylate "superglue”
(Gorilla Super Glue, Gorilla Glue Europe A/S), and the sample holder holding the

scaffolds was inserted into a Malvern ZEN 1020 surface zeta-potential cell. The
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Zetasizer was configured to detect forward-scattered light at an angle of 13°, with the
attenuator set to position 11 (100 percent laser transmission). Automatic voltage was
chosen (typically 10 V was selected). The dip cell was inserted in a cuvette containing
1 mL of spherical nanoparticles containing 0.003% w/w PGMA-PBzMA in the presence
of 1 mM KNO3 at 25 °C. The apparatus was configured to do five slow-field reversal
measurements at four distances from the sample surface (125 mm, 250 mm, 375 mm,
and 500 mm), with 15 sub-runs and one minute between each measurement. In order
to quantify the electro-osmotic mobility of the tracer nanoparticles, three fast-field
reversal measurements were conducted at a distance of 1000 m from the sample
surface. In this instance, each measurement consisted of 100 sub-runs separated by
a 20-second delay. The zeta potential of the particles was computed utilising the Henry

equation and Smoluchowski approximation.

2.7 Fabrication of EV-modified scaffolds

Two methods were utilised to modify the scaffold with EVs. The incubation method by
incubating the scaffold after fabrication with EVs suspension. This method was used
to modify the plasma-treated scaffold (our approach) and heparin-treated scaffold (Wei
et al., 2019) with EVs. Spinning EVs with polymer solution (EV-spun method) was
used according (Trindade et al., 2021). Figure 2.2 illustrates the manufacturing routes
of EVs modified scaffold used in this project.

2.7.1 Incubation method

Before each experiment, the scaffold samples were prepared by cutting them into 8-
mm circles for use in 96-well plates. After washing the samples with 70% IMS then
thoroughly with PBS to remove IMS remnants, samples were placed in 96 well plates,

loaded with EV suspension, and incubated for 24 h at 4°C. The concentration of EVs
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used for each assay is described in the result section. Three control samples (scaffold

in PBS) were also included.

2.7.2 EV-spun method

Following preparing the polymer solution as described in section 2.4, 500 pl of EV
suspension were added to the solution before spinning. After spinning, scaffolds were
left in the ventilation fume hood for 24 hours to allow the remaining solvent to
evaporate. Scaffolds were then stored at 4 °C.

A B C

Plasma treatment Heparin treatment EV-Spun method

l “" \
W — 4 Plasma
u- MK treatment
VAV

Electrospinning

L Electrospun EV-modified = Electrospinning EV- scaffold
scaffold scaffold

Our approach Wei et al. (2019) Trindade et al. (2020)

Figure 2.2. Schematic illustration of the manufacturing routes of EVs-modified
scaffold. (A) In our approach to modifying scaffolds with EVs, PCL scaffolds
were manufactured, treated with air plasma the incubated with EVs suspension.
(B) Scaffolds were treated with heparin and then incubated with EV suspension.
(C) EVs suspension was added to electrospun polymer solution before

spinning.
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2.8 Microscopic characterisation of EVs, scaffolds, and

EVs-modified scaffolds

2.8.1 Scanning electron microscopy (SEM)

2.8.1.1 Electrospun scaffolds

After the fabrication of PCL scaffolds, the morphologies and sizes of electrospun fibres
were examined in detail using SEM. Three samples from three different areas of the
scaffold were obtained and mounted onto a pin-stub, using a Leit-C sticky tab, for
coating and SEM imaging.

2.8.1.2 EVs on coverslips

To study the morphologies of EVs alone using SEM, 13-mm coverslips were used in
24-well plates. First, coverslips were washed with acetone, methanol, isopropanol, and
deionised (DI) water, sequentially, and then dried with an air stream. Then, 6x10” EV
suspension was loaded onto the coverslips and incubated at room temperature for

24 h.

2.8.1.3 Fixation and dehydration protocol of EVs-modified scaffold
After each experiment, all EV-modified scaffold samples, including control samples,

were fixed with 3% (v/v) glutaraldehyde in 0.1 M sodium cacodylate buffer for 1 h.
Then, the samples were washed three times with sodium cacodylate buffer for 10 min
and then dehydrated in a graded ethanol series (50%, 70%, 95%, 100%) for 15 min
each. Following that, samples were dried with 50:50 ethanol:hexamethyldisilane
(HMDS) before being dried with 100% HMDS for 15 min.

After the removal of HMDS, the samples were left to dry overnight in a fume hood.
Samples were mounted onto a pin-stub, using a Leit-C sticky tab, and then gold-
coated, using an Edwards S150B sputter coater. Finally, using a Tescan Vega3 LMU
Scanning Electron Microscope, samples were examined at an operating voltage of 12

kV.
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2.8.1.4 Immunogold labelling

Scaffolds containing EV were fixed with a mixture of formaldehyde 4% (v/v) and
glutaraldehyde 1% (v/v) in 0.1 M sodium cacodylate buffer, for better structural
preservation and rapid stabilisation (Murtey, 2016). Then, samples were incubated in
the blocking reagent Sorensen’s phosphate buffer (0.2 M pH 7.6) for 30 min. Next,
samples were incubated in 10 % (v/v) primary antibody (recombinant Anti-CD9
antibody [catalogue number: ab92726], Abcam, UK) for two hours at room
temperature. After washing with TBS-Tween 20 buffer 5 times, for 5 min each time,
samples were incubated in a 2% (v/v) secondary antibody (goat anti-rabbit IgG H&L
[20 nm gold] preadsorbed [catalogue number ab27237], Abcam, UK) for 1 h at room
temperature. Samples were then washed again with TBS-Tween 20 buffer 5 times, for
5 min each time. Finally, the samples were washed with distilled water for 5 min,

followed by dehydration, coating, and imaging, as described above.

2.8.2 Transmission electron microscopy
2.8.2.1 EVs

To investigate EV morphology using TEM, a 200-mesh carbon-coated copper grid was
glow discharged for 1 min. Purified EVs were fixed with 2% formaldehyde for 5 min.
Then, 4.2x108 EV suspension was loaded onto the grid and incubated for 1 min.
Immediately afterwards, 20 drops of filtered 1% uranyl acetate (UA) solution were
added on the EM grid for staining. Following the removal of excess of UA with filter
paper, the grid was rinsed with distilled water to remove excess staining solution.
Holding the grids with tweezers, the grids were covered with a culture dish and left to

dry for 10 min. Finally, the grids were examined using TEM at 80 kV.
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2.8.2.2 Scaffolds and EV-modified scaffolds
All EV-modified scaffold samples, including control samples (plain scaffolds), were

fixed initially with 2.5% glutaraldehyde and then with 2% osmium tetraoxide for 1 h
each. After washing three times with 0.1 M sodium cacodylate buffer, for 10 min each
time, the samples were fixed with 2% osmium tetroxide for 1 h and then washed three
times with 0.1 sodium cacodylate, for 10 min each time. Next, the samples were
incubated in a graded acetone series (70%, 80%, 85%, 95%, and 100%, sequentially),
for 10 min each. After the removal of acetone, the samples were incubated in a graded
series composed of acetone: low-viscosity embedding resin (3:1, 1:1, and 1:3,
sequentially), for 30 min each, at room temperature. Then, the samples were baked in
100% low-viscosity embedding resin for 24 h at 65°C. The next day, the samples were
sectioned using an ultramicrotome to create 60-nm-thick sections, prior to being
observed using TEM at 80 kV.

To study the morphologies of the fibres, plain scaffolds were embedded in pure low-
viscosity embedding resin for 24 hours at 65°C. Then, the samples were sectioned

into 60-nm-thick sections before being observed using TEM at 80 kV.

2.8.3 Fluorescent microscopy

2.8.3.1 Labelling of EVs
A total of 1.16 x 108 EVs in PBS, isolated by UC, were labelled using a lipid dye (5-

(and-6)-carboxyfluorescein diacetate succinimidyl ester [CFSE], Abcam, catalogue
number ab113853). To stain EVs, 1 yl CFSE dye was added to 300 pl PBS. Then, 20
ul EVs in PBS were added to the solution and incubated for 2 hours, in the dark, at
room temperature, according to manufacturer’s instructions and as previously

described by Morales-Kastresana et al. (2017).
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2.8.3.2 labelled EVs with scaffolds
To study the overall distribution of EVs within the scaffolds, the scaffold samples were

loaded with labelled (CFSE) EVs in PBS for 24 hours. After observing that unbound
dye in the PBS was sticking to the scaffold, stained EVs were re-purified using SEC
to remove residual non-EV associated CFSE. Stained EVs were found in the 3™ and
4t fractions as suggested by Morales-Kastresana et al. (2017). After incubation for 24
hours at room temperature, samples, including control samples (unmodified scaffold),
were examined under a a Zeiss Axioplan 2 fluorescent microscope. Images were

analysed using ImagedJ 1.52 P.

2.9 Attachment and Release Kinetic of EVs

EV suspension (100 ul of 9.3x10° EVs / ml), isolated by SEC, was added to each
scaffold sample in a 96 well-plate and incubated at 37°C. After 4 hours, the PBS
containing EVs has been removed and examined using NTA (ZetaView, 8.04.02, SP2)
to calculate the number of EVs attached to the scaffold.

To assess the time courses of EV release, 70ul of PBS was loaded onto the top of
each scaffold and incubated at 37°C. Releasates were collected on days 4,7,14 and
21 without disturbing the scaffold, stored at -80°C and replaced with fresh PBS. Using
NTA (ZetaView, 8.04.02, SP2), Releasates were analysed to determine EV release

kinetics.
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210 Role of myofibroblast EVs in wound healing

2.10.1 Differentiation of NOF cell to myofibroblast

Normal oral fibroblast was differentiated to a myofibroblast phenotype as previously
reported (Melling et al., 2018). Once cells cultured in T75 flask reached 70-80%
confluency, the media was discarded, and cell harvested using 3 ml of trypsin for 3
min. Following neutralizing trypsin with nutrient media and centrifugation (1000 rpm
for 5 min), cells were counted using a haemocytometer. On sterile coverslips (VWR)
in 6 well plate, 250,000 cells (2ml/well) were seeded to determine a-SMA expression

and localisation using immunofluorescence (2.10.2)

Following allowing the cells to adhere to the well for 24 h, spent media was aspirated
and the cells were washed 3X with PBS. Serum-free media was added to the cells (2
ml/ well). The next day, three well were treated with 5 ng/ml recombinant human TGF-
B1 (Catalogue number 240B, R&D Systems, UK) diluted in serum-free media
(Bhowmick et al., 2004). Three wells of cells in serum-free media served as a negative

control.

2.10.2 Immunofluorescence (IF) of aSMA staining

After 72 hours of treating cells with TGF-1, condition media was discarded then cells
were washed using 1 ml methanol. Cells then were fixed with fresh absolute methanol
for 15 min. The fixed cells were permeabilized in 0.02% Triton™ X-100 in PBS (v/v)
for 15 min. Then, blocking buffer 2.5% bovine serum albumin (BSA) in PBS) was
added to fibroblast at RT for 15 min. After discarding the blocking buffer, cells were
incubated for 1h at 37° C with monoclonal alpha smooth muscle actin FITC murine
antibody (catalogue number A2547, Clone 1A4, Sigma-Aldrich), prepared in 1:100 v/v

in 2.5% BSA in PBS.
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After incubation, each well was washed three times with PBS before transferring
coverslips and mounting them on glass slides (catalogue number 631-0108, VWR
International) using a drop of Prolong gold DAPI containing mountant (catalogue
number P36931, ThermoFisher Scientific). Images were taken at x20 and x40

magnification using an Axioplan 2 fluorescent microscope.

2.10.3 Scratch healing assay

The scratch assay is a simple and inexpensive method for determining cell migration
in vitro. The main premise of this assay is based on the fact that when an artificial gap
(scratch) is created on a confluent cell monolayer, cells on the border of the scratch
travel towards the gap to close it until new cell to cell contacts are created. The assay
was preformed in 24 well plates by seeding 50,000 cells per well. The selection of this
seeding density was based on preliminary experiments examining various cell
densities (30,000- 80, 000 cells/ well). Plates were kept at 37°C and 5% CO2 to
facilitate cell adhesion and the creation of a confluent monolayer. Once become
confluent, media was removed and a scratch ‘wound’ was made by scraping off the
monolayer cells using 200 pl pipette tip. After washing each well twice using PBS to
remove unattached cells, fresh media was added to each well. The cells then were
treated with EVs, or EVs-modified scaffold then incubated at 37° C. Wound closure
was tracked microscopically for 24 h. Images were taken at x10 magnification and
analysed using ImagedJ (1.8.0). Wound closure was calculated according to the

calculation below:

wound closure rate(%) = ((AO — At)/A0)*100
AO= Area at time O
At= Area at time point
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2.10.4 PrestoBlue® cell viability assay

After assessing the ability of different samples in inducing cell migration using scratch
assay, fibroblast viability was measured using PrestoBlue Cell Viability reagent
(Invitrogen Thermofisher, UK). The PrestoBlue assay is based on resazurin which
functions as a cell metabolism indicator. Resazurin is a weakly fluorescent protein that
is reduced to resorufin in living cells during cellular respiration and serves as an
electron acceptor for NADPH, FADH, FMNH, NADH, and cytochromes. PrestoBlue
changes from a weak-fluorescent to a strong-fluorescent form as a result of this
reaction. The number of metabolically active cells is then directly proportional to the
fluorescence conversion. The cells were incubated with 1:10 PrestoBlue reagent in
conditioned media (600 pl/ well) according to manufacturer’s instructions. The 24 well
plate was covered in aluminium foil and allowed to incubate in a humidified incubator
for 1 h. After incubation, media from each well was transferred to 96 well plate in
triplicate (200ul/ well). Control wells with only cell culture media were included to
correct the background error. To measure the fluorescence, a TECAN (Magellan V7.2
software, Infinite M200) plate reader was used with an excitation wavelength of 560
nm with an emission wavelength of 590 nm. After deduction the reading of the no cell

controls, relative fluorescence was measured of each treatment group.

2.10.5 Quantitative Real-Time Polymerase Chain Reaction (qQPCR)

2.10.5.1 RNA extraction
After removing the media and washing the cells twice with PBS, 350 pl of RNA lysis

buffer containing B-mercaptoethanol (10 yL/ml) was added to each well and cells were
harvested using a cells scraper. Total RNA was extracted using RNeasy mini kit

(QIAGEN, 74104) following the manufacturer’s instructions. First, 350 pl of 70%
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ethanol was added to the homogenized cell lysate. To remove contaminants, 700 pl
of the mixture was applied to the mixture and centrifuged for 15 seconds at 8000g.
Then, 700 pl of RW1 buffer was added to the tube and centrifuged for 15 seconds at
8000g. 500 ul of RPE buffer was added to the column and centrifuged for 15 seconds
at 8000g then another 500 pl was added to the column and centrifuged for 2 min at
8000g. Finally. The collection tube was replaced and 50 ul of nuclease-free water was
added to the tube and centrifuged for 1 in at 8000g. The eluted RNA was immediately
placed on ice, ready for RNA quantification.

The concentration and purity of extracted RNA were observed at wavelength
260nm/280nm, with an optimum ratio of 2.0, using a Nanodrop (ND-1000)

spectrophotometer (Thermo Scientific, VWR International; lllinois).

2.10.5.2 Reverse Transcription (RT) of RNA to complementary DNA (cDNA)
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) was used

to reverse transcribe RNA according to the manufacturer's instructions. Total volume

10 pl of reverse transcription master mix was prepared according to Table 2.6 below:

Table 2.6. Reverse Transcriptase (RT) master mix components

Master mix reagents Volume (total volume 10 pl)
Random primers 2 ul
Reverse transcriptase buffer 2 ul
Reverse transcriptase Multiscribe 1 ul
Deoxynucleotides (dNTPs) 0.8 pl
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Each PCR tube (VWR International, USA) received a total volume of 250ng of RNA,

with 10 pl of the prepared master mix added to each sample. Samples were

centrifuged for 15 seconds at 10,000 rpm to ensure that all samples collected at the

bottom of the tubes were collected. The samples were then placed in a DNA Engine

DYAD (Bio-Rad Laboratories, USA) thermo-cycler and programmed at 25°C for 10

minutes, 37°C for 2 hours, and 85°C for 5 minutes, before being kept at 4°C, ready for

use, or frozen at -80°C for cDNA preservation.

2.6.1 gPCR protocol

Following reverse transcription to cDNA, real time gPCR was done using Rotor-Gene

Q PCR system (Qiagen, Germany). TagMan primers (Life Technologies, Thermo

Fisher Scientific, USA) were used for DNA amplification Table 2.7 and Table 2.8

Table 2.7. TagMan probe/ primers

TaqgManprimer

Details

a-SMA

alpha smooth muscle actin, Thermo-fisher
Catalogue number: 4331182 (Hs00426835)
Thermo Fisher Scientific, USA

VCAN

Versican, Thermo-fisher
Catalogue number: 4351372 (Hs01007940)
Thermo Fisher Scientific, USA

B2M

Human beta-2 microglobulin
Catalogue number Hs00187842_m1,
Thermo Fisher Scientific, USA
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Table 2.8. Real time gPCR TagMan master mix components

Real time qPCR master mix

Volume (total volume 9.5 pl)

Mix (Applied Biosystems,
Catalogue number 4369016, Thermo

Fisher Scientific)

Primer/probe 0.5 ul
B2M reference gene 0.5 pl
Nuclease free water 3.5 ul
TagMan Gene Expression Master | 5 pl

Human beta-2 microglobulin B2M (Catalogue number Hs00187842_m1,

Life

Technologies, Thermo Fisher Scientific, USA) was used as a reference gene (Kabir et

al., 2016). Nuclease free water was used as a negative control. Samples were loaded

in triplicate into 0.2 ml PCR tubes (catalogue number 14230225, Fisherbrand) and

centrifuged to collect the sample at the bottom of the tube. The qPCR was run in a

two-step method (denaturation stage for 10 s at 95°C, followed by a decrease in

temperature to 60°C for 45 s for annealing and extension stage, this was repeated for

40 cycles). To obtain ACt, each sample's gene expression was normalised to the

endogenous gene B2M. Finally, 2-AACt method was utilized to calculate fold-change

of gene of interest to related untreated samples (Livak, 2001).

71



Chapter 2 Materials and methods

2.11 Osteo-differentiation of HDPS

To assess the ability of human dental pulp stem cells to differentiate to osteoblast,

cells were analysed using STRO-1 and Alizarin red staining.

2.11.1 Immunofluorescence of STRO-1 staining

Cells were seeded on sterile coverslips in 6-well plates until reaching 80% confluency.
Cells then were fixed with 4%PFA for 20 min at RT then washed twice with PBS. Then,
washing was done using in 0.02% Triton™ X-100 in PBS (v/v) for 10 min. For
immunohistochemistry, cultures were blocked using 5% normal donkey serum (NDS)-
PBST (Sigma; Blocking solution) for 1 h at RT. Following blocking, Primary antibody
Anti-MSE STRO-1 (R&D Systems, MAB1038) [1:100] in 5% NDS in PBST was added
and incubated overnight at 4°C. Next day, cells were washed twice with PBS
0.02%Triton then incubated for 90 min with DNK anti-mouse FITC [1:500] 1.5% NDS
in PBST at RT. Then, cells were washed twice with PBS and coverslips were mounted
on glass slides using a drop of Prolong gold DAPI containing mountant (catalogue
number P36931, Thermo Fisher Scientific). Images were taken at x20 magnification

using an Axioplan 2 fluorescent microscope.

2.11.2 Alizarine red staining

Cells were cultured in 12-well plates at a density of 5 x 103 cells/cm?. After 48 hours,
the growth media was replaced with an osteogenic media (StemPro Osteogenesis
Differentiation Kit, Gibco, A1007201) for 21 days. Cells cultured in growth media were
used as a control. The media was changed every 3 days. After 21 days, media was
removed and cells were washed twice with PBS. Cells then were fixed in 4 % PFA in
PBS (Thermo Scientific J19943.K2). The mineralized matrix formed was assessed by

staining using Aizarine Red S (Sigma, A5533). To make an Alizarin Red dye solution,
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342 mg of Alizarin Red S was dissolved in 25 ml of distilled water. The pH was then
adjusted to 4.1 using HCL and NaOH. The solution was added to the cells and
incubated for 20 min at RT. After removing the excess dye, cells were washed twice

with distal water until clear. The cells were then imaged using light microscopy.

212 Ex-ovo study of angiogenic response using a

Chorioallantoic membrane (CAM) assay

The ex ovo chick Chorioallantoic membrane (CAM) assay is an extraembryonic
membrane that serves as an organ for gas exchange between the embryo and the
natural environment. CAM assay was employed to examine angiogenesis as
described by Mangir et al., (2019). Pathogen-free fertilised white leghorn chicken eggs
(Gallus gallus domesticus) supplied from Henry Stewart Co. Ltd (UK) were incubated
and handled in accordance with the instructions of the Home Office, UK (in compliance
with UK Home Office Animals [ScientificProcedures] Act 1986 and definition of chicken
as a Protected Animal from development day 14). Every day, the temperature of the
incubator was monitored, and any damaged embryo were discarded. The eggs were
kept at 10°C for no more than 10 days before being used in the experiment. The CAM
approach used to measure angiogenic activity is schematically represented in Figure

2.3.
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Figure 2.3. Schematic representation of the CAM methodology used to evaluate

angiogenesis. EDD: embryonic development day.

2.12.1 Chick embryo incubation

Eggs were carefully cleansed with a 20 % industrial methylated spirit (IMS) solution

(Fisher Scientific, UK) on embryonic development dayO0 (EDD 0) and incubated at

37°C in a humidified hatching incubator (Rcom King Suro Max-20, P&T Poultry).

Before incubation, incubators were cleaned with 70% IMS and air-dried for 24 hours

in a class |l biosafety cabinet. Each incubator was fitted with a 120 ml pot containing

50 ml of dH20 to maintain a humidified atmosphere during the incubation time. Three

independent experiments were conducted, each with five samples (N =3, n =95).
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2.12.2 Egg cracking — ex-ovo culture
Egg cracking was performed on EDD 3. On the day before, 100 ml square weigh boats

(Starlabs, UK) were prepared to receive the embryo. The edges were trimmed then
they were cleaned with 70% IMS followed by a wash with PBS. Then, the weighting
boats were put in sterile petri plates with 3 ml PBS + 1% penicillin-streptomycin
solution (100 IU/ml - 100 mg/MI). On the day of cracking, the incubator was turned off
and the tops of the eggs were marked with a pen to indicate where the embryo would
be during the process. After turning off the incubator, 10 minutes passed before the
eggs were cracked. The eggs were broken in the weighing boats and immediately
placed in a 37°C humidified incubator (Binder, Tuttlingen). During cracking, any

damaged (Figure 2.4, B) or dead embryo (Figure 2.4, C) was disposed of

immediately.
A ey =
( | 1 0 ( ) ‘
‘\‘,‘\‘L‘ﬁ: 4 !/ P
v {
Successful embryo Unsuccessful embryo Successful embryo
transfer with a live transfer with a live transfer but a dead
embryo embryo embryo

Figure 2.4. Observation of successful embryo transfer. (A) Successful embryo
transfer with an intact egg yolk and a live embryo. (B) Unsuccessful embryo
transfer with a live embryo. (C) Successful embryo transfer with an intact egg
yolk but a dead embryo.
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The embryos were kept inside the incubator for the rest of the experiment (from EDD
3 to EDD 12). Embryos were checked every day for any malformation or infection.

Damaged embryos were discarded accordingly.

2.12.3 Implantation of scaffolds and application of bioactive

compound

Samples were implanted on EDD 7 within the boundaries of CAM between large two
blood vessels. Table 2.9 shows the samples and concentration of the compound used
in the CAM assay. 8 mm ID silicone rings were used to hold VEGF, EVS, and condition
media solutions. These rings were sterilized with 70% IMS and washed
with PBS before being implanted on the CAM. Electrospun scaffolds were cut using
8 mm disks cut from the electrospun mats before being incubated with EVs or used in
CAM assay.

Table 2.9. Samples and concentrations used to assess their angiogenic
potential on the CAM assay

Sample Concentration

VEGF 80 ng/day

HDPS condition media 100 pl/ day

HDPS EVs 5.3x108 EVs /ml

HDPS EVs- scaffolds 5.3x108 EVs /ml (Incubated for 24 with

plasma treated scaffold prior the assay)
Plasma PCL scaffold N/A

PCL scaffold N/A
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2.12.4 Imaging and analysis of angiogenesis

On EDD 12. a digital camera and MicroCapture software (version 2.0) were used to
capture images. A white moisturising body lotion (Neutrogena, UK) was injected into
the surrounding area of the sample to increase the contrast between the blood vessels
and the sample (Figure 2.5). To avoid any injury to the blood vessels around the

sample, this media contrast was carefully injected from a corner area.

NS

Figure 2.5. Comparison of vessel visibility between an electrospun scaffold
implanted on CAM without media contrast (A) and the use of media contrast

(B).

Embryos were sacrificed by decapitation or bleeding after imaging. Blood vessel
formation was processed and analysed using Imaged software version 1.52. The
image was divided into its RGB components, with the green channel preserved for
"Mexican Hat" filtering, contrast enhancement, and unmask filtering. The image was
then converted to binary before being analysed with the vessel analysis tool
(Elfarnawany, 2015) to determine vascular density. Figure 2.6 shows an overview of

the image processing used to analyse the CAM data.
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contrast media. (B) Images was cut and contrast was enhanced. (C) black and

white image of capillary network profile used to quantify the vessels.

213 Assessment of the ability of EVs and EVs-modified

scaffold to induce osteogenic differentiation

The osteogenic potential of HDPS EVs was assessed by studying their ability to induce
differentiation of rat bone marrow MSC (rBM-MSC). First, cells were seeded in 24 well
plates 30,000 cells/well until reaching 80% confluency. The cells then treated with
HDPS EVs, HDPS EVs-modified scaffold as described in Table 2.10.

Table 2.10. Samples and concentrations of media and EVs used in osteogenic

assay.
Samples Concentration
Osteogenic media Tml/ well

(StemPro Osteogenesis Differentiation Replaced every 3 days
Kit, Gibco, A1007201)

HDPS condition media 100 pl/ every 3 days
HDPS EVs 5.3x108 EVs /ml (every 3 days)
HDPS EVs- scaffolds 5.3x10% EVs /ml (Incubated for 24 with

plasma-treated scaffold prior to the

assay)
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Plasma PCL scaffold N/A

PCL scaffold N/A

Cells were cultured for 21 days and osteo-differentiation was assessed using alizarin
red staining (as described in Section 2.11.2) and Alkaline phosphatase activity on

days 7, 14 and 21.
2.13.1 Alkaline phosphatase activity (ALP) measurement

The alkaline phosphate activity was measured using Alkaline Phosphatase,
Diethanolamine Detection Kit, Sigma-Aldrich, AP0100 according to the manufacturer.
On days 7, 14 and 21, media was removed and cells were washed with distilled water
twice. Then, 0.5 mL distilled water was added to each well of rMSC cultures in a 24-
well plate and placed at -20 °C. Before, the measurements, cells were thawed then
frozen again. The standard curve and pNPP were prepared according to the
manufacturer. Cells then were incubated in the dark at 37 °C for 1 hour and monitored
for colour change. The absorbance was then read using a plate reader TECAN

(Magellan V7.2 software, Infinite M200) at 405 nm.
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2.14 Statistical analysis

Data were showed as mean + standard deviation (mean + STDV). Student’s t-test for
two groups and ANOVA for three groups or more were utilized to define the statistical
significance of the data. Data determined to be significant if the p-value was lesser
than 0.05. Every experiment was carried out with three or more repeats and three
separate runs. P-values were determined in order to quantify the concept of statistical
significance, and the following symbols were utilised in order to graphically display p-
values in a decimal format: ns for p>0.05, * for p0.05, ** for p0.01, *** for p0.001 and
**** for p0.0001. Graphpad Prism was utilised for all of the graphical data and analysis

that was conducted. (Versions 7.0-9.0).
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3.1 Introduction

Extracellular vesicles are membrane-enclosed vesicles released by various cell types
which include exosomes, microvesicles and others. Since 2007, when Valadi et al.,
(2007) discovered the role of EVs in transferring mRNA between cells which induce
cell-cell communication, a considerable number of articles have been published that
studied the role of EVs in tissue engineering and regenerative medicine (Lamichhane
et al., 2015; Cunnane et al., 2018).

In the past, EVs were extracted only using ultracentrifugation, which frequently
resulted in the co-purification of small quantities of contaminating debris (Gardiner et
al., 2016). Size exclusion chromatography (SEC) is a column-based approach for
extracting EVs from a variety of sources such as plasma or serum samples, urine,
saliva, and conditioned medium (Boing et al., 2014). Smaller molecules, such as
proteins, follow tortuous paths through the porous beads, whereas bigger objects
move around the beads in a straight line, eluting purified EVs early with no impact on
EV integrity (Monguio-Tortajada et al., 2019).

The characterisation of isolated EVs is crucial when determining whether an isolation
method can reduce heterogeneity amid a complex environment. Therefore, the MISEV
2018 guideline emphasises the need to use multiple, complementary techniques to
evaluate the results of the separation method (Théry et al., 2018). Here, we isolated
EVs from different sources and characterised their concentration, size, size
distribution, protein marker, zetapotential and microscopic topography.

The mode of delivery of EVs to target tissue or organ is crucial as it controls the
bioavailability, duration of action and therapeutic outcomes. Several methods and
strategies exist for the delivery of EVs; these can be categorised as either systemic or

local. Systemic routes include intravenous (1V), oral, intranasal, intraperitoneal, and
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subcutaneous, whereas local delivery can be achieved through the direct loading of
EV suspensions or the loading of EVs into biomaterials (Pinheiro et al., 2018).

Generally, the primary advantages of utilising a local delivery route for any drug are
the reduction in systemic side effects and the increased retention rate of the drug of
choice, which also apply to the local administration of EVs. A small number of studies
have reported the use of local delivery for EVs, either through the direct application of
EV suspensions or the incorporation of EVs into biomaterials. We are aiming to assess
the ability to functionalise electrospun scaffolds, a widely used biomaterial in tissue

engineering, with EVs as a novel cell-free tissue engineering approach.

3.2 Aim

The aim of this experimental chapter is the assess the ability to isolate EVs from
various cell sources using different isolation method and characterise them to be
used for modifying scaffolds to enhance tissue regeneration. To achieve this aim, the

following objectives were established:

1- Isolation of EVs using ultracentrifugation and size exclusion chromatography

2- Characterisation of concentration and size distribution of EVs.

3- Assessment of SEC elusion profile using NTA and BCA assay.

EaN
1

Assessment of enrichment of the EV markers CD9, CD63 and CD81 to

confirm EV isolation using western blot and flowcytometry.

(&
1

Measurement of EV zetapotential.
6- Assessment of microscopic structure of EVs using SEM, TEM and

fluorescent microscope.
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3.3 Experimental approach

According to the objectives above, the experimental approach was established and

performed according to the schematic diagram illustrated below (Figure 3.1).

Fibroblast

Myofibroblast
Dental pulp stem

cells

J

{
}
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Size and size
distribution

/ nanoflow cytometry

» Westren blot

>
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—»  SEM
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Figure 3.1. Schematic representation of EVs isolation and characterisation.

Cells were cultured to 70% confluency then serum starved for 72 hours. The

media them collected, centrifuged to get rid of cells debris. The supernatant was

then flited twice with a 0.22 pm filter. 60 ml media then become ready for EVs

isolation. EVs were isolated using UC or SEC

isolation method then

characterized using NTA, nFCM, western blot, SEM, TEM and fluorescent

microscope.

3.4 Collection of condition media for EVs isolation

Cells were grown in serum free culture media (DMEM) in tissue culture flasks. Upon

reaching 70- 80 % confluency, condition media was collected for EV isolation. To
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maximize the yield, 60 ml of condition media from 3xT175 flasks were used for EV

isolation.

3.5 Isolation methods

Ultracentrifugation (UC) is the most commonly used protocol for EVs isolation. Non-
EV contamination, however, is a main drawback of this technique (Gardiner et al.,
2016). Size exclusion chromatography (SEC) is widely regarded as one of the most
reliable EV isolation methods to isolate relatively pure and functional EVs. Here, the

two isolation techniques were compared to determine the most suitable for this project.

3.6 Quantification and size distribution of EVs

Nanoparticle tracking analysis (ZetaView Basic NTA- Nanoparticle Tracking Video
Microscope PMX-120, Particle Matrix) was used to determine the concentration, size
and size distribution of EV isolated from H357, NOF, NOF-derived myofibroblasts and
HDPS cells. Following isolation, EVs were diluted in Milli-Q water to adjust the
concentration for the measurement using Zetaview. Then, each sample was measured
three times by scanning 11 different cell positions (in triplicate) and capturing 60
frames per position. Brownian motion of particles was analysed to acquire an average
measurement of the particles. The number of EVs generated per ml was estimated by

multiplying the sample dilution factor by the particle concentration.

H357 EVs were isolated using UC and SEC to optimise the most effective isolation
method for the project. The total number of EVs isolated by UC was 5.8 x 10° EV/ml
which was significantly lower than total number isolated by SEC (4x10'°; fractions 4-
11) (Figure 3.2). Particles were detected for all cell types, with H357 oral cancer cells

producing a significantly highest yield of EVs. Among primary cells, HDPS produced
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highest number of EVs compared to NOF and NOF-derived myofibroblast (Figure
3.3). The size profile of EVs was similar in all cell types. The modal size of EVs was
observed as follows H357 UC (105 nm), H357 SEC (105 nm), NOF (135 nm),

Myofibroblast EVs (105 nm) and HDPS (175 nm) (Figure 3.4).

% % %
5x10109  ——
4%1010-

T 3x1010-
0
E 2x%1010
1x1010_
0_
uc SEC

Figure 3.2. Total yield of H357 EVs isolated by UC and SCE. After collection of
serum-free condition media of H357 cells. EVs were isolated by UC and SEC
isolation method. Following the unpaired student t-test, the total number of EVs
isolated by UC was significantly lower than the total number of EVs isolated by
SEC (Fractions 4-11). Values are expressed as (meant SD). Error bar = SD.
(***p=<0.001).
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Figure 3.3. The average number of EV produced by different cell types using
SEC. Zetaview instrument was used to determine the number of EV produced,
H357 (3.1x10°), NOF (8x107), NOF derived myofibroblast (1.6x108) and HDPS
(2.9x108). H357 produced significantly higher numbers of EVs compared to other
cell types when tested using a one-way ANOVA with Tukeys multiple test
correction (****p<0.0001). Values are expressed as meant SEM. Error bar = SEM.

Testing was conducted in triplicate.
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Figure 3.4. EV size distribution analysis using the ZetaView instrument.
Following 72 hours of serum starvation, culture media was concentrated to >1
ml then applied to SEC column for EV isolation. SEC fractions were then
analysed by NTA (ZetaView) to obtain particle measurements. (A)
Representative size distribution profile of H357 EVs isolated by SEC. (B)
Representative size distribution profile of human dental pulp stem cells (HDPS)
EVs isolated by SEC. (C) Representative size distribution profile of NOF-derived
myofibroblast (NOF treated with TGF-B (5 ng/ml)) EVs isolated by SEC. (D)
Representative size distribution profile of normal oral fibroblast (NOF 822) EVs
isolated by SEC. (E) Size distribution profile of H357 EVs isolated by UC.
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3.7 SEC fraction analysis

3.7.1 SEC elution profile

SEC fractions (1-20) were analysed using a ZetaView instrument. EVs were found
between fraction 4-11 in all cell types. The highest EVs concentration was found in
fractions 9 for HDPS and NOF, fraction 8 for H357 and fraction 7 for myofibroblast.

Figure 3.5 shows the elution profile and the concentration of EVs in each fraction.
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Figure 3.5. EVs elution profile isolated by SEC analysis by nanoparticle tracking
using ZetaView instrument. 60 ml of culture media was concentrated down to <1
ml in volume then applied to Sepharose gel. Twenty 0.5 ml fractions were
collected using PBS + 0.03 Tween 20. Fractions were then analysed by Zetaview
instrument. EVs are in fractions four through eleven. (A) H357 cells with peak
concentration at fraction 8 which significantly higher than total number of EVs
isolated by UC. (B) HDPS cells with peak concentration at fraction 8. (C) NOF
cells with peak concentration at fraction 9. (D) NOF derived myofibroblast
(NOF+ TGF-B) cells with peak concentration at fraction 7. (E) Representative
image of EVs detected using Zetaview instrument. Error bar = STDV.
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3.7.2 SEC soluble protein elution profile

BCA assay was utilised to assess the level of protein in SEC fractions. Protein elution
profiles of SEC were all similar in all cell types. Proteins were detected starting from

fraction twelve to twenty, with no detectable soluble protein below fraction twelve.

The highest soluble protein concentration for H357 cells was detected at fraction 19
(~ 780 pg/ml) and the lowest was ~100.9 pg/ml in fraction fourteen. For NOF and
HDPS, the highest concentrations were in fraction 20 (~720 and 800 pg/ml) and the

lowest were in twelve and fourteen (50 ug/m and 142 pg/ml) respectively (Figure 3.6).

Collectively, these data suggested that EVs were predominantly eluted in fractions 4-
11 while soluble protein was eluted in fractions 12-20. The EVs were enriched between
fractions 4-11 with less than 10% of EVs detected at fractions 4,12 and the highest EV
concentration in fractions 8 and 9 (apart from H357, where the highest EV
concentrations were found in fractions 7&8). The percentage of EVs and soluble

protein in each fraction is shown in (Figure 3.7).
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Figure 3.6. SEC protein elution profile. Following EV isolation using SEC,
total protein in SEC fractions was detected and quantified using BCA protein
assay kit. Using a BSA standard curve and a polynomial equation, protein
concentration of SEC fraction was determined. The majority of protein elute
in fractions eighteen to twenty. Testing was conducted in triplicate. Values

are expressed as (mean * SD). Error bar = SD.
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Figure 3.7. Elution profile of EVs in comparison to soluble contaminate protein.
Brown bars show EVs fractions and the percentage of EVs in each fraction of
total EVs that would be collected if fractions were pooled. Blue bars show the
soluble protein and the percentage in each fraction that would be in the pooled

fractions.

3.8 EV Characterisation

3.8.1 Tetraspanins as exosome markers

Due to the difficulty of distinguishing EVs from other non-EVs contaminants of similar
size (large protein complexes, lipoproteins, etc) using NTA, specific protein markers
are helpful to assess the purity of EVs. Tetraspanin markers including CD9, CD63 and
CD81 are specifically enriched in the membrane of EVs and are often used as EVs
biomarkers (Tian et al., 2020).

3.8.2 Western blot

To assess whether the particles isolated by SEC were in fact EVs by analysing the
expression of EV tetraspanins markers, SEC fractions (4-11) were pooled. Then,
pooled fractions were centrifuged at 100,000 g for 1 h. The pellet was then solubilised
using RIPA buffer and tetraspanins protein markers for western blot analysis. Using
12 % SDS-PAGE gel, proteins were separated and transferred to nitrocellulose
membranes. Primary antibodies were incubated overnight at 4°C on blocked
membrane. Only CD9 and CD63 were detected in H357 EVs. In NOF EVs, only CD63
was detected. After several attempts, no bands were detected for any of the markers

in NOF derived myofibroblast or HDPS EVs (Figure 3.8).
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Figure 3.8. EV tetraspanins marker (CD9, CD81 and CD63) analysis using
western blot. After isolation by SEC, EVs were loaded on SDS-PAGE and
immunoblotted tetraspanins CD9 Abcam (ab92726), CD81 Abcam (ab79559)
and CD63 Abcam (ab134045). Only CD9 and CD63 were detected in H357
derived EVs. Only CD63 was detected in NOF derived EVs.
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3.8.3 Nano flow cytometry

As ZetaView nanoparticle tracking detects EV and non-EV nanoparticles such as salt
aggregates, non-EV lipoproteins, or other contaminants, further investigation was
performed to confirm enrichment of EV. Phenotyping of single EVs was done using
nFCM (Nanofcm, analysis was conducted by Ben Peacock) by measuring the
presence of a cocktail of tetraspanins (CD9, CD63, CD8) via immunofluorescent
labelling. Pooled SEC fractions (4-11) were centrifuged at 100,000 g for 1 h then
suspended in 500 ul of PBS+ 0.03 % tween. EVs/particles in PBS (2.1e8) were mixed
with a cocktail of the 3 antibodies (1:50) before incubation for 30 minutes at room
temperature.

Total gated events of H357 EVs detected by nFCM were 5366. Around 7% (374) were
positive for tetraspanins. HDPS EVs showed higher expression of tetraspanins; 1202
particles (26.3 %) were positive. Figure 3.9 shows the plot of positive particles

(highlighted in red) in comparison to total number detected by nFCM.
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Figure 3.9. EV surface protein marker characterisation using nano flowcytometry
(nfCM). EV SEC fractions were pooled then stored at -80° C for EV marker
analysis. (A) representative dot-plots show 7% of H357 EVs population (RED)
were positive for tetraspanins marker CD9, CD63 and CD 81. (B) representative
dot-plots show 26.3% of HDPS EVs population (RED) were positive for
tetraspanins marker CD9. CD63 and CD 81.

3.8.4 ExoView characterisation of EV markers

To further assess the quality of EVs isolation, an ExoView R100 was used to
characterise the H357 and NOF EVs. Samples were probed for CD9, CD63 and CD81
and murine IgG was used as a negative control. H357 derived EVs were positive for
CD9 and CD63 and, to a lesser extent, CD81 (Figure 3.10). NOF derived EVs were
positive for CD9, CD63 and CD81 (Figure 3.11). H357 cells produced 10 times more
EV than NOF (Figure 3.10 E). This data agrees with those acquired using the

ZetaView nanoparticle tracking equipment (Section 3.7.1).
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Figure 3.10.Characterisation of H357 derived-EV by ExoView. EV tetraspanin
markers (A) CD9 (blue), (B) CD63 (red), (C) CD81 (green) (D) Murine IgG negative
control. (E) EV population size distribution showed an amplified expression in EV
with a size range of 45 to 100 nm, with a specific EV profile of CD9 (57.1 nm),

CD63 (54.3 nm), and CD81 (55.9 nm)
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Figure 3.11.Characterisation of NOF derived-EV by ExoView. EV tetraspanin
markers (A) CD81(blue), (B) CD63 (red), (C) CD9 (green) (D) Murine IgG negative
control. (E) EV population size distribution showed an amplified expression in EV
with a size range of 45 to 70 nm, with a specific EV profile of CD9 (53.4 nm), CD63

(57.7 nm), and CD81 (53.1 nm)

3.8.5 Zetapotential of EVs

Electrostatic interactions have been shown to play an important role in the
incorporation of the drug into polymer materials and their release kinetics (Kim et al.,
2009). Thus, the zetapotential of EVs was measured to compare them to those of
electrospun scaffolds, to examine the role of electrostatic charge in the interaction and
release kinetic of EVs. The zeta-potential ((-potential) of EVs was measured using a
Malvern Zetasizer NanoZS 3000-HA (Malvern Instruments, UK). EV isolated by SEC
were diluted at 1:100 in PBS. The diluted PBS buffer solution acted as an electrolyte
for the measurements (pH ~ 5.5, 25 °C). All data were averaged over 100 consecutive
runs. All EVs exhibited anionic character regardless of the cell type. The {-potential of
the two primary cells (NOF and HDPS) were both comparable (-19.1 and -22.8 mV
respectively). However, the cancer cells-derived EVs (H357) exhibited a {-potential of
-37.3 mV, significantly lower than the non-cancerous cell derived EVs (P<0.0001)

(Figure 3.12).
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Figure 3.12. {-potential measurements of EVs using Zetasizer instrument. All
EVs show anionic zetapotential. Following a one-way ANOVA test, H357
exhibited significantly lowest ZP (- 37.3) compared to NOF (-19.1) and HDPS (-
22.8) (P<0.0001). ZP of NOF EVs was slightly higher than HDPS(P<0.01). Values

are expressed as (meanzx SD). Error bar = SD.
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3.8.6 Microscopic characterisation

To assess the morphology of EVs and for further examination of their size, EVs
isolated by SEC and UC were imaged with SEM, TEM and fluorescence microscopy.
Vesicle-like structures were clearly seen under the electron microscope (Figure 3.13).
The morphologies of the EVs were observed to be heterogenous under TEM. Figure
3.13 B shows a spherical well-defined single EV that was negatively stained with 1%
uranyl acetate sized 100 nm. Multiple EV-like moieties can clearly be observed, with
defined outer membranes, in Figure 3.13 C.

EVs were also visualised by SEM to assess their morphology for future examination
when incorporated into scaffolds. After fixation, serial dehydration and gold coating,
vesicle-like structures were also clearly seen using SEM (Figure 3.13 D). EVs were
seen to have a cup-shaped structure (Figure 3.13 E) unlike the more spherical shapes
observed under TEM (Figure 3.13 C). EVs sizes were consistent with the size profile
obtained by ZetaView with diameters ranging between 50- 300 nm.

To examine the ability of labelling EVs to be visualised under the fluorescent
microscope and also for future use with scaffold, EVs were labelled with CFSE
membrane stain as described in section 2.8.3.1. Vesicle-like structures were
successfully detected by fluorescent microscopy (Figure 3.13 H-J). The technical
limitations of the resolution of fluorescent microscope precluded the visualisation of
individual EV.

Microscopic images using EM and fluorescent microscope showed that EVs isolated
by UC tend to aggregate. Figure 3.13 C, E, | showed cluster of vesicle like structures

isolated by UC. EVs isolated by SEC, however, were found to be more dispersed.
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Figure 3.13. Microscopic characterization of EVs. (A-B-C) Representative TEM
images of EVs. Vesicles like structure can be observed in image (A) indicated
with black arrows. (B) single well defied vesicle structure (indicated with black
arrow) negatively stained with 1% uranyl acetate sized 100 nm which in
consistent with size range obtained by Zetaview (Scale bar :100nm). (C) Cluster
of particles like structure of EVs isolated by UC (Scale bar :200nm). (D-E-F)
Representative SEM images of EVs on coverslips. (D) low magnification image
of EVs. (E) Large cup-shaped like vesicles sized around 500 nm. (F) Cluster
vesicles isolated by UC indicated with yellow arrow. (G-H-I) Representative
fluorescent images of EVs stained with CFSE (Scale bar :1 ym). (H) Cluster EVs
isolated by UC indicated with yellow arrow. (l) Dispersed EVs isolated by SEC

(Scale bar :2 ym).
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3.9 Discussion

Increasing evidence has suggested that EVs may potentially be used to overcome
stem cell tissue engineering challenges including undesirable differentiation and
limited circulation due to large size (Holkar et al., 2020a). The use of EVs for tissue
engineering and regenerative treatments is justified by their role as paracrine
mediators during cell-to-cell communication. In this chapter, we studied the ability of
isolation and characterisation of EVs to be used in different tissue engineering
applications include wound healing, angiogenesis, and osteogenesis.

In this project, EVs were isolated from H357, NOF and HDPS. Although oral cancer
cells (H357 in this study) are not an appropriate source of EVs for tissue engineering
applications, H357 cells have been used in this study only for optimisation as they
represent an abundant source of EVs compared to normal cells (Riches et al., 2014)
as confirmed by data presented here. NOF and NOF-derived myofibroblast were
utilized to study their role in wound healing as previously indicated by Arif et al., (2020).
Moreover, as the major source of EVs in the context of tissue regeneration is
mesenchymal stem cells based on the role of these cells in mediating regeneration,
HDPS derived EVs were used to assess their effect in angiogenesis and osteogenesis.
To determine the best isolation method for this project, H357 derived EVs were
isolated by UC and SEC for comparison. Our data suggested that EV particle yield
was higher in SEC compared to UC. This finding is consistent with that of Takov et al.,
(2019) who found that the total number of EV from UC was negligible compared to
peak SEC fractions. When examined under the microscope, UC-EVs were commonly
found to be aggregated. The possible cause of this could be the high-speed centrifuge

force as suggested by Linares et al., (2015). No aggregation was observed in SEC-
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EVs. Thus, we decided to use SEC for EV isolation in subsequent experiments in this
project.

The data presented in this chapter suggested that all cell lines had comparable SEC
elution profiles, with very small variations (Figure 3.5 and Figure 3.6). SEC has the
advantage of considerably reducing protein contamination(Suarez et al., 2017). In
accordance with this, our data showed that SEC was successful in separating soluble
proteins from the bulk of eluted EVs. EVs were predominantly found between fractions
(4-11) while the majority of proteins were detected starting from fraction 12.

It is important to characterise EVs using a variety of methodologies to evaluate the
outcomes of separation methods and determine the possibility that biomarkers or
functions relate to EVs rather than other co-isolated materials (Théry et al., 2018).
Nanoparticle tracking analysis (Zetaview) was used to quantify and determine the size
and size distribution of particles isolated by different cell types. However, it is important
to say that this is not specific to EVs and may also detect co-isolated particles of similar
size including protein aggregates and lipoproteins.

Cancer cells are known to secrete considerably more EVs compared to non-cancerous
cells (Riches et al., 2014). In keeping with this, using zetaview the human OSCC-
derived cell line H357 was found to secrete the highest number of EVs of all cell types
analysed. HDPS cells also secreted significantly higher number of EVs compared to
fibroblast cells (NOF and NOF-derived myofibroblast). The size range of the isolated
EVs in this study (100-170 nm) was consistent with those previously reported in the
literature (Kowal et al., 2016; Muralidharan-Chari et al., 2010).

The tetraspanins CD9, CD63, and CD81 are the most commonly reported EV related
markers in the literature and have been employed in several investigations for "total"

EV capture (Andreu et al., 2014). The International Society of Extracellular Vesicles
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has recommended using western blot to analyse EV markers in EV research (Lotvall
et al., 2014). Our western blot data suggested that tetraspanin marker expression
wasn’t homogenous among EV from different cell types. EV markers CD9 and CD 63
were detected in cancer cells (H357) EVs, only CD63 was detected in NOF EVs.
Despite several attempts, no tetraspanins expression was detected in HDPS EVs by
western blot.

For further assessment of EV markers, phenotyping of single EV markers was
preformed using flow cytometry (nFCM) and Nanoview. To overcome the high
threshold of detection of nFCM, mixed antibodies (CD9, CD63 and CD81) were run
with EVs from the different cell types. Our nFCM data showed a 7% and 26.3 percent
of mixed labelled EVs within H357 and HDPS samples respectively; although
seemingly low, this compares favourably with 2% for CD63 and 1% for CD 81 detected
in EV from a T lymphocytic cell line (Arab et al., 2021). Nanoview data showed that
H357 cells produced 10 times more EV than NOF and both were positive to
tetraspanins markers.

Zetapotential (ZP) is the key parameter the controls electrostatic interaction of the
nanoparticles and plays an important role of nano-drug delivery system (Honary et al.,
2013). In addition, the surface charge of the particles determines their stability in the
suspension, tendency to aggregate and particle-medium interaction (Midekessa et al.,
2020) The surface charge of EVs may influence different biological processes
(Frohlich, 2012), it is, however, rarely investigated in the literature.

Our data showed that EVs used in this project demonstrated anionic character
irrespective of parental cell type. Despite the multiple factors that may affect the ZP
measurements including the ionic strength of the medium and pH, these data were in

accordance with previous reports demonstrating negative charge on EVs (Vogel et al.,
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2017). The significantly greater negative charge of cancer cell EVs compared to
normal cells may have an effect on their functions in cancer progression which needs
further investigation. Soares Martins et al., (2018) suggested that EVs from different
sources could have different zetapotential characters which is broadly in accordance
with our results. Although we did not consider the different storage temperatures in
this data, Maroto et al., (2017) found that particles stored in -80°C expressed less
negative charge compared to those stored at 4°C and 18°C. Further zetapotential
characterisation is needed because of its crucial role in the stability, pharmacokinetics,
and release mechanism of nanoparticles.

We found that a single EV appeared to be spherical under TEM and appeared to be
cup-shaped when viewed using SEM which may be explained by the different
preparation setup. Chernyshev et al. (2015) suggested that the commonly reported
cup-shaped appearance of EVs is a likely artefact that occurs due to sample fixation
and preparation procedures. Microscopic images using EM and fluorescent
microscope showed that EVs isolated by UC tend to aggregate. The aggregation of
EVs isolated by UC has been reported by Linares et al. (2015), which is similar to our
observations. Recently, Bosch et al. (2016) reported that using trehalose in EV
suspensions may prevent this aggregation and reduce the loss of EVs during isolation
and storage.

Despite these promising results, many challenges must still be overcome. First, the
isolated EV yields using different isolation methods from routine culture conditions
remain low, and a high-yield production method remains to be developed include using
a bioreactor-based, large-scale production protocol of clinical-grade EVs (Phan et al.,
2018). A study reported that a large number of EVs can be obtained from cells under

stimulation, such as cells experiencing hypoxia (Zhang et al., 2012). However, others

111



Chapter 3 Extracellular vesicles: Isolation and characterisation

have reported that such conditions may alter the EV cargo (Xie et al., 2017b). Second,
the aggregation of EVs isolated by UC was observed in this study, which may affect
the distribution of EVs within the scaffold. We observed that isolation by SEC

prevented aggregation, which was also reported by Linares et al. (2015).

3.10 Conclusion

In this chapter, we aimed to isolate, optimise and characterize EVs for variety of cell
types for future use in tissue engineering. Firstly, EVs were successfully isolated for
H357 cancer cells to optimise isolation and characterisation methods. We found that
EVs isolated by UC aggregated, most probably due to the high centrifugation force, in
comparison to dispersed EVs isolated by SEC. It was therefore decided to utilise SEC
as the isolation method for this project.

In addition, we successfully isolated NOF and NOF-derived myofibroblast EV using
SEC and characterised their concentration, size and size distribution to be used for
wound healing functional experiment. HDPS EVs were also isolated and characterised
to be used for wound healing, angiogenesis and osteogenesis assays. Furthermore,
we measured the zetapotential of EVs to study the surface charge and future
assessment of the effect of electrostatic interaction on the incorporation of EVs into
electrospun scaffold. EVs used in this project demonstrated anionic character

irrespective of parental cell type.

112



Chapter 4

Scaffold and EV-modified scaffold:
Analysis and characterisation



Chapter 4 Scaffold and EV-modified scaffold: Analysis and characterisation

4.1 Introduction

Fibrous scaffolds are a promising biomaterial option for tissue engineering applications
due to their capacity to mimic the native reticular structure of the extracellular matrix
in terms of high porosity, fibre distribution (Li et al., 2014) and promoting tissue
regeneration by integration with surrounding cells (Sarkar et al., 2006). To attain the
conditions required to make an electrospun jet, a balance between polymer solution
and processing parameters is required. Surface tension, electrostatic interactions, and
solvent characteristics, on the other hand, regulate the majority of electrochemical
processes that result in a stable and consistent polymer jet. The viscosity of the
polymer solution is also important for fibre morphology and depending on working
polymers and solvent systems, it is feasible to modify the consistency of the solutions
and load relevant organic and inorganic substances into fibres for targeting specific
applications (Luraghi et al., 2021).

There is a wide range of surface functionalization options for electrospun scaffolds,
which means they can be use in very diverse due to the potential to customise
scaffolds for various applications such as wound healing, tissue regeneration and drug
delivery (Feng et al., 2019).

Plasma treatment is a common surface functionalisation method that has been used
to increase material wettability, accelerate degradation, and modify drug release
kinetics (Petlin et al., 2017). Heparin-based delivery systems have proven useful for
the delivery of a wide range of growth factors for diverse biomedical applications since
a significant number of growth factors bind to heparin with either moderate or high

affinity (Sakiyama-Elbert, 2014).
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Incorporating EVs into biomaterial devices as delivery systems has the potential to
enhance the effects of EVs by increasing bioavailability at the target location. Although
electrospun scaffolds are commonly used in tissue engineering and as drug delivery
platforms, only a few studies have assessed the ability of electrospun scaffolds to be

modified with extracellular vesicles.

4.2 Aim and objectives

The aim of this experimental chapter is to fabricate PCL scaffold and examine the
feasibility of combining EVs with the scaffold by comparing different functionalisation
routes then study EVs attachment and release kinetics. In order to achieve this aim,
the following objectives were established:
1. Fabrication of 10% PCL scaffold using electrospinning technique.
2. Treatment of the surface of scaffolds with air plasma and heparin to enhance
wettability.
3. Study the fibre morphology and diameter of PCL, plasma heparin treated PCL
scaffolds.
4. Assess microporosity of PCL, plasma and heparin treated PCL scaffolds .
5. Investigate the hydrophilicity of PCL, plasma and heparin-treated PCL
scaffolds.
6. Measure the surface zetapotential of PCL, plasma and heparin-treated PCL
scaffolds.
7. Modify different scaffolds with EVs and assess the attachment of EVs to the
scaffolds.

8. Characterize the EVs attachment and the release kinetics from the scaffolds.
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4.3 Experimental approach

According to the objectives above, the experimental approach was established and

performed according to the schematic diagram illustrated below (Figure 4.1).
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Figure 4.1. schematic diagram illustrating the methodology of fabrication

and characterisation of scaffold and EVs-modifieds scaffold.
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4.4 Characterisation of electrospun scaffolds

To assess the feasibility of combining EVs with electrospun scaffolds,
Polycaprolactone (PCL) was used to manufacture the scaffold using electrospinning
as described in Section 2.4. After preparing the polymer solution for spinning, it was
divided into three groups: plain PCL, EV-spun PCL (polymer solution + 500 pl of EV
suspension) and PBS-PCL (polymer solution + 500 ul of PBS). The plain PCL was
then treated with air plasma and/or heparin.

Following the successful fabrication of each scaffold, a series of characterisation
techniques were used to include fibres diameter, fibres morphology, porosity, zeta

potential and hydrophilicity.
4.4.1 Fibre diameter and fibre morphology

Using SEM micrographs, fibre diameter was measured as described in Section2.6.1.
The average fibre diameter of plain PCL scaffold (PCL) was 1.4 ym £ 0.6 ym. No
significant difference was observed in the fibre diameter of plasma, heparin and
heparin-plasma treated scaffold compared to PCL scaffold. Adding the EV suspension
or PBS to polymer solution before spinning significantly altered the fibre diameter of
the scaffold as illustrated in Figure 4.2. The morphology of electrospun fibres under
SEM was heterogeneous with no apparent defects or beads formation on their surface.

SEM images also show the random orientation of the fibres (Figure 4.2).
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Figure 4.2. Fibre diameter measurements of PCL and treated PCL scaffolds
using SEM micrographs. (A) Scatter plot of fibre diameter of PCL and treated
PCL scaffold showing a significant reduction in the fibre diameter of EV-spun
and PBS-PCL scaffolds compared to other groups following one-ANOVA
statistical analysis (****p<0.0001). (B) Representative micrographs of scaffolds
used to measure the fibre diameter. Data = mean * SD. N=3, n=20.

4.4.2 Mercury intrusion porosimetry (MIP)

Mercury intrusion porosimetry was used to examine the pore characteristics of
electrospun scaffolds; these included pore volume, size, size distribution and density.
The total porosity of the PCL scaffold was 78.5% which slightly increased after plasma
treatment (85.5 %). Heparin treatment tended to reduce the total porosity of the
scaffold which can be explained by the effect of the chemicals used during
heparinisation include EDA and EDC on the topography of the scaffold (Table 4.1).
MIP could not measure the porosity of the EV spun scaffold.

The pore size distribution of scaffolds ranged between 5 to 8 um for PCL and plasma-
treated PCL and 9-11 pym for heparin and heparin-plasma PCL (Figure 4.3).

Table 4.1. Porosity and density of scaffolds in comparison to fibre diameters.

Scaffold Avg. fibre Porosity (%)
diameter
(um)
PCL 1.4+0.6 78.5
Plasma PCL 1.5+0.5 85.5
EV-spun PCL 09+06 0000
Heparin PCL 1.4 +0.5 64.8

Heparin-Plasma PCL
1.6+0.6 60.7
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Figure 4.3. Mercury intrusion porosimetry plot showing the pore size
distribution of the scaffolds. During the measurement, the samples are placed
in an evacuated chamber mercury penetrometer then the mercury is introduced
into the chamber. Under increasing pressure up to a maximum of 414 MPa,
mercury is forced to penetrate the pores of the sample and measurements were
obtained using a MicroActive AutoPore. The plot shows the pore size
distribution of each scaffold with each peak represent the average pore size.

4.4.3 Hydrophilicity-contact angle measurements

Contact angle measurements were utilised to assess the change in hydrophilicity
after plasma and heparin treatment. Contact angle of non-treated PCL was 141.6° +
5° which was more hydrophobic compared to treated samples. Plasma and heparin
treatment significantly increase the hydrophilicity of the samples (Figure 4.4). The
results suggest that plasma and heparin treatment made the scaffold more

hydrophilic which would improve the EVs attachment.
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Figure 4.4. Contact angle measurements of PCL and treated PCL scaffolds. After
manufacturing the PCL scaffolds using elecrospinning, it was treated with air plasma
and/or heparin. Contacts angle measurements were performed using DSA
instruments. (A) bar chart of contact angle shows a highly hydrophobic PCL scaffold
with contact angle around 141.6° was changed to significantly high hydrophilic after
air plasma and heparin treatments (****p<0.0001) following one-ANOVA statistical
analysis. (B) Representative images of water contact angle of PCL scaffolds. (C)
Representative image of water contact of plasma and heparin treated PCL scaffolds.
Data = mean * SD.
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4.4.4 Zetapotential measurements of the scaffolds

The surface zetapotential of the scaffolds was analysed using Zetasizer instrument to
assess the effect of the surface charge of the scaffold on the EVs attachment by
comparing that with the zetapotential of EVs. Non-treated PCL scaffold showed almost
neutral surface zetapotential (-0.3 mV). Heparin treated scaffold showed to induce
anionic character of the surface (-45.8 mV). In contrast, the plasma PCL scaffold
exhibited a positive surface charge (+19.6 mV). Figure 4.5 shows the effect of different

treatments on the zetapotential of the scaffold

40-
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|

Zeta potential (mV)

>
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Figure 4.5. Surface zetapotential measurements of the scaffold using Zetasizer
instruments. Using neutral nanoparticles, instrument was set up to perform five
slow-field reversal measurements at four distances from the sample surface.

Data = mean % SD.
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4.5 Manufacture of EVs-modified scaffolds

Utilizing biomaterials to deliver EVs for tissue regeneration has been found to increase
EVs bioavailability at the target site (Pinheiro et al., 2018). To utilise electrospun
scaffold to deliver EVs, the manufacture of EV-modified scaffolds was performed in
two ways. First, adding EV suspension to the working polymer solution before spinning
to manufacture EV-spun scaffolds. Second, incubating EVs suspensions with PCL and
(plasma/heparin) treated PCL scaffolds (after the electrospinning process). Next,
qualitative analysis of EVs modified scaffolds using SEM, TEM and fluorescent
microscope was conducted to assess the attachment of EVs on the scaffold’s fibres.
Finally, quantitative analysis of EVs attachment and release kinetics were performed

using NTA (Zetaview).

4.6 Characterisation of EVs-modified scaffold

4.6.1 Scanning electron microscope (SEM)

After 24 h of incubation H357 EVs with scaffold at room temperature as described in
Section 2.7.1, EV-modified scaffold samples including negative controls (PCL
scaffolds in PBS) were examined under SEM. UC-EVs were found aggregated on
untreated PCL scaffold Figure 4.6 (A). At this point we decided to use SEC EVs, to
examine whether these showed less aggregation. Few SEC EVs were found attached
to untreated PCL Figure 4.6 (A). On plasma treated scaffolds, high numbers of EVs
were found evenly distributed among the fibres Figure 4.6 (B). Surprisingly, no EVs
were found attached to heparin nor heparin-plasma treated scaffolds Figure 4.6 (C-

D). No EV-like structures were detected attached to negative control samples.
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Figure 4.6. SEM micrographics of EV-modified scaffolds. H357 EVs were used to
assess the attachability of EVs to electrospun scaffolds (A) Representative SEM
images show high number of aggregated EVs isolated by UC attached to PCL
fibres in comparison to untreated scaffold. (B) Representative images show EVs
isolated by SEC were uniformly attached to plasma treated PCL scaffold in
comparison to untreated scaffold. (C-D) No EVs were detected attached to the

fibres of heparin and plasma treated heparin scaffolds. Arrows indicate EVs.
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4.6.2 SEM- Immunogold

To have better visualization of EVs under SEM, EVs modified PCL scaffolds were
incubated in (primary antibody (recombinant Anti-CD9) and secondary antibody (goat
anti-rabbit 1IgG H&L [20 nm gold]) before imaging as described in section 2.8.1.4.
Immunogold labelled EVs were observed attached to electrospun fibres Figure 4.7

(A-B). No EVs were observed in the negative control samples Figure 4.7 (C-D).

EV-modified scaffold
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Figure 4.7. Characterisation of Inmunogold labelled EV-modified scaffold by
SEM. (A-B) Representative images show few labelled EVs attached to
electrospun fibres. (C-D) Representative SEM images show the absences of
EVs in the unmodified scaffold. Arrows indicate EVs.
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4.6.3 Transmission electron microscope

To assess the attachment of EVs across individual fibre, EV-modified scaffolds
mounted on resin were sectioned to 60 nm thickness to allow cross-sectional
examination of the fibres using TEM. Aggregated EV-like structures were observed
attached to electrospun fibres Figure 4.8 (A). EV-like structure within the range of EVs
measured by NTA sized 150 nm incorporated to single fibre Figure 4.8 (B). In EV-
spun scaffold, EV-like structures were found embedded within the fibres Figure 4.8
(C-D). No vesicle like structures were detected attached to fibre of untreated scaffold

Figure 4.8 (E-F).
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Figure 4.8. Characterisation of EV-modified scaffold by TEM. (A) Representative
cross-sectional Image of electrospun fibre shows the attachment of aggregated EVs
around the fibre. (B) Representative cross-sectional Image of electrospun fibre
shows individual EV attached to electrospun fibre. (C-D) Representative image of
EV-spun scaffold with EV like structure embedded within the fibre. (E-F)
Representative images show the absence of EVs in the unmodified scaffold. Arrows
indicate EVs.
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4.6.4 Visualisation of EV in scaffolds using fluorescence microscopy

After isolation of EVs using SEC, EVs were successfully labelled with
carboxyfluorescein diacetate succinimidyl ester (CFSE) before being incubated with
the scaffolds. After 24 hours, samples were inspected under a fluorescent microscope
to determine the distribution of EVs within the scaffolds. Serial Z-stack fluorescent
images show the attachment of labelled EVs to the scaffolds (Figure 4.9). Figure 4.10

shows the distribution of labelled EVs within the electrospun scaffolds.

Figure 4.9. Z- Stack fluorescent images show the attachment distribution of

labelled EVs at different level of scaffold. Green staining indicates labelled EVs.
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Figure 4.10. Distribution of labelled EVs (green) within the scaffold. (A)
Distribution of EVs within the Z-axis of the scaffold (B) Representative image
shows the attachment of few EVs on the top part of the scaffold. (C-D) show the
attachment of EVs on the middle part of the scaffold. (E) Shows a high number
of EVs accumulate in the bottom part of the scaffold. (Green) dots indicate
labelled EVs .

4.7 Attachment and release kinetic of EVs

After successfully incorporating EVs to the electrospun scaffolds which were approved
by SEM data, quantitative data of EVs attachment and release was measured to
assess the attachability of EVs and study the ability of the scaffold to provide sustained
release. The number of EVs attached to each group of scaffolds and their release
kinetic over 21 days was assessed using NTA (ZetaView). The quantity of
incorporated and released EVs was calculated as described in section 2.9. In
accordance with SEM data, the highest number of EVs were detected attached to
plasma PCL scaffolds retained, with 49.3% of incubated EVs. The lowest attachability
was found in heparin-plasma treated scaffold Figure 4.11 (A).

Release kinetics data shows the highest release from plasma-treated scaffolds, with
40% of attached EVs released over 21 days Figure 4.11 (B). Cumulative release plot
shows sustained release of EVs from plasma-treated scaffold in comparison to no or
poor release from PCL controls, EVs-spun and heparin treated scaffold. Heparin-
plasma treated scaffold released 13% of attached EVs by day 4 then only a further 2%
between day 5 to 21. These data suggested that plasma-treated scaffold provides a

promising platform for EVs delivery.
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Figure 4.11. EVs attachment and release kinetics measurements using Zetaview
instrument. Each scaffold was incubated with EVs suspension for 24 hours. The
following day, EVs suspension was removed and fresh PBS was added. (A) Number
of EVs that incubated with scaffold (2.4x10'° EVs/ml) and number of attached EVs
to each scaffold after incubation. (B) The percentage of EVs released form each
scaffold in 21 days. Error bar = STDV. *p<0.05 was considered significant, following
a one-way ANOVA test.
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Figure 4.12. In vitro cumulative release of EVs from scaffolds over 21 days.
Plasma treated scaffold show sustain release with the highest release between
day 7 and day 14 (30%). Less than 2% of EVs were released from PCL and
heparin PCL scaffold. Heparin-plasma PCL scaffold released 13% of attached
EVs by day 4 then 2% between day 7-21.
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4.8 Discussion

Electrospinning is a flexible manufacturing technology that has been employed for a
variety of tissue engineering applications and biomolecule delivery. In this chapter, we
fabricated the PCL electrospun scaffolds and assessed the ability to modify them by
incorporating extracellular vesicles, with the intention of developing a platform for use
in different tissue engineering applications.

Here, we fabricated electrospun scaffolds using polycaprolactone PCL, one of the
most commonly used polymers in the fields of tissue engineering and regenerative
medicine (Woodruff et al., 2010). PCL is a liner aliphatic polyester, with a melting point
between 50-60°C. Bioresorbability, biocompatibility and optimal mechanical
properties for different medical applications are the primary advantages of PCL. In
addition, PCL has been approved by the US Food and Drug Administration (FDA) and
has been successfully used in clinical applications since the 1980s (Cipitria et al.,
2011). Furthermore, PCL can be easily electrospun using different parameters which
can be tailored to fabricate scaffolds with specific fibre diameter and mechanical

properties (Christen et al., 2020).

The electrospinning process of PCL has been reported using different solvents (Van
der Schueren et al., 2011). Here, we utilised DCM and DMF due to their high
acceptance for medical applications according to the European Medicines Agency
(European Medicines Agency, 2019). In addition, previous data from our group
showed that electrospun scaffolds fabricated using the DCM:DMF solvent system
demonstrated substantially lower solvent values, below the clinical use limits
(Navarrete, 2020). PCL dissolves better in DCM than DMF (Woodruff et al., 2010).

DMF, however, has more conductivity than DCM (Du et al., 2016). Therefore,
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DCM:DMF system has the overall effect of increasing the conductivity and reducing
the instability which leads to the production of regular fibres.

PCL has a slow degradation rate (2-4 years), due to its hydrophobic nature and semi-
crystallinity (Nair et al., 2007). The hydrophobicity of PCL scaffolds can lead to poor
wettability, which results in a lack of cell attachment. Surface modifications to the
scaffold, through plasma treatments or chemical treatment (with NaOH), have been
shown to increase both wettability and cell attachment (Cipitria et al., 2011). Although
successful to a degree, Chemical treatments have been shown to negatively affect the
structure and elasticity of the scaffolds (Morent et al., 2011). Alternatively, non-thermal
plasma treatment has shown to be a promising method for increasing the hydrophilicity
of the scaffold without affecting its bulk properties and creating a promising platform
for the delivery of complex biomolecules(Yildirim et al., 2008). In addition, Heparin
modification of biomaterials has been extensively studied in the literature and shown
to increase the hydrophilicity and biocompatibility of the materials (Tsai et al., 2001).
Contact angle measurements confirmed the effect of both plasma and heparin
treatments used in this study to improve the hydrophilicity of the PCL scaffold.

Fibre diameter for electrospun scaffolds used for tissue engineering applications is an
important factor affecting not only the mechanical properties of the scaffold but also
the cell migration within their fibres (Liu et al., 2009). Here, the fibre diameter of the
10% PCL scaffold was within the range of 0.5-1.8 ym which give a very high surface
area-to-volume ratio, which is desired for improving active compound delivery even at
high loadings. No significant effect was observed for air plasma (2 min, 10 Watt) and
heparin treatments on the fibre diameter of the scaffolds within the parameters we
used in this project. In contrast, adding the EV suspension or PBS to polymer solution

before spinning to fabricate EV spun scaffold significantly altered the fibre diameter of
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the scaffold.Prabhakaran et al., (2008) treated electrospun PCL scaffolds with air
plasma at 30 W for 1 minute and found no morphological or fibre diameter alterations.
In addition, Can-Herrera et al., (2016) found air plasma treatment of PCL scaffolds
using different power and treatment times showed no significant effect on the fibre
dimeter of the scaffold. Similarly, the diameter and morphology of the fibres were
preserved after heparin functionalization (Braghirolli ef al. 2017). The changes in the
morphology and fibre diameter of the EV-spun scaffold and PCL-PBS scaffold can
most likely be explained by the change in the viscosity and concentration of the
polymer solution.

The surface zetapotential of the biomaterials plays important role not only in the
interaction between the materials and its surrounding but also affects cells responses
and ultimately cell differentiation (Metwally and Stachewicz, 2019). In addition,
materials surface charge found affect not only the adsorption of nanoparticles but also
their distribution on the surface (Hu et al., 2017). Kalasin et al., (2009) found that the
surface charges of biomaterials play an important role on biomolecule adsorption.
Thus, surface zetapotential of the scaffolds used in this project may explain the
behaviour of EVs attachment and release. Our data showed that surface zeta potential
of PCL scaffolds presented almost neutral charge (-0.3 mV). Various zetapotential
values have been reported in the literature for PCL. Metwally et al., (2020)reported
that the surface zeta of PCL was 220.6 + 6.7 mV. They also measured the surface
charge of PCL electrspun scaffolds that were manufactured with positive or negative
external electric field and reported 74 + 41 mV for PCL (+) and 145 + 46 mV for PCL
(-) (Metwally, Karbowniczek, et al., 2019). This outcome is contrary to that reported by
Vaquette et al., (2008) who showed a negative surface charge of PCL electrospun

scaffolds, reporting values around —28 £ 1 mV.
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Different treatments of PCL have been found to alter the surface zetapotential. Our
heparin-treated scaffolds showed a negative zetapotential (- 45.8 mV) which was
consistent with that of previous studies (Nguyen et al. 2017; Mammadov et al., 2011).
Here, we found that a low-pressure air plasma treatment induced a positive charge on
the scaffold surface (19.6 mV). To our knowledge, no study has measured the
zetapotential of air plasma treated PCL electrospun scaffold. Other studies, however,
measured the surface potential of other materials treated with plasma. Guo et al.,
(2009) found a negative charge of woven polyester (PET) treated with air plasma.
Another study found a positive charge of cotton fabric treated with O> plasma (28.8
mV) and a slightly negative charge of the one treated with N2> plasma (-0.6 mV).
Further studies are needed to fully elucidate the effect of plasma treatment on the
surface charge of scaffolds

Utilizing biomaterials to deliver EVs has been found to increase EVs bioavailability at
the target site (Pinheiro et al., 2018). Some studies have investigated EV-modifications
using different types of scaffolds. Xie et al. (2017) used mesenchymal stem cell (MSC)
-derived EVs to modify a decalcified bone matrix scaffold to enhance bone
regeneration. For wound healing, Tao et al. (2017) incorporated EVs derived from
synovium MSCs into a chitosan hydrogel, whereas Shi et al. (2017) used gingival
MSC-derived EVs with a chitosan/silk hydrogel. These studies showed promising
results and suggested that EV-modified scaffolds may be useful for the promotion of
regeneration and angiogenesis within target organs.

In this study, we designed a novel method for EV-modification using porous,
electrospun scaffolds that have the potential to be adapted for use in different tissue
engineering and regenerative medicine applications. We compared our method of

treating the scaffold with plasma treatment before the incubation with EVs with
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previously published methods. (Wei et al., 2019)treated the scaffold with heparin
before incubation with EVs and Trindade et al., (2021) added the EVs to the polymer
solution before spinning. We observed from microscopic images and NTA data that
EVs attached more to plasma-treated scaffolds in comparison to all other scaffolds.
These data may be explained by our zetapotential data which found negatively
charged EVs attached more to positively charged plasma PCL in comparison to
neutral PCL and negatively charged heparin PCL.

Regarding the release kinetic of EVs, we found that the plasma treatment induces the
sustained release of EVs with 40% of EVs released within 21 days. These data are
consistent with prior reports showing that plasma treatment improves the sustained
release of certain drugs (Petlin et al., 2017). Costoya et al., (2016) found HMDSO-
plasma coated electrospun fibres provided sustained release of antifungal drug
(Fluconazole) and prevented burst release. Although heparin treatment is reported to
improve the sustained release of biomolecules (Copes et al., 2019), our data were not
able to support this, most likely explained by the observation of low attachment of EVs
to heparin treated scaffold in our system.

Many challenges must still be overcome before the widespread use of EV-modified
scaffolds becomes possible. First, further optimisation of the effect of different surface
treatments of the scaffold is needed for a better understanding of the mechanism of
EV attachment and release. Although plasma treatment showed promising effects on
the release kinetic of EVs, research is also needed to improve the understanding of
the precise mechanism to utilise that tailor the release according to the intended

application.
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4.9 Conclusion

In this chapter, we focused on the development, characterisation, and optimisation of
electrospun scaffolds and we explored the inclusion of extracellular vesicles within
them. We used PCL as a working polymer according to previous promising data from
our group. Moreover, we studied and characterized the effect of plasma and heparin
surface treatments on the PCL electrospun mats and we found no negative effect on
the chemical and physical properties of the scaffolds. We also demonstrated that the
surface zetapotential of the scaffold was affected by the different nature of the surface
treatment. The plasma treatment was found to induce a positive charge in comparison
to the highly negative charge induced by heparin treatment. The plain PCL scaffold
was found to be neutral.

In essence, the plasma treatment was the most reliable method for the attachment of
EVs to the scaffold and provided a sustained release. Heparin treatment, however, did
not induce sufficient attachment of EVs to the scaffold. Moreover, spinning of EVs with
the polymer solution was found to alter the fibre dimeter, porosity and morphology of
the scaffold. Thus, we selected plasma-treated scaffolds to be used for our functional
assays to assess the functionality of EVs modified scaffolds in enhancing wound

healing, angiogenesis and osteogenesis, as described in chapter 5.
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5.1 Introduction

The paracrine effect of EVs in altering the phenotype of recipient cells is the rationale
for employing EVs in tissue engineering and regenerative therapies. Mesenchymal
stem cells, because of their role in promoting regeneration, are the most common
source of EVs in this context (Marolt Presen et al., 2019). However, the utilisation of
MSC cells for regenerative therapies is limited due to undesired differentiation, limited
circulation due to their large size, and diminished activity due to freeze/thaw cycles
(Holkar et al., 2020b). In addition, EVs from other cell types were utilised the induce
tissue regeneration including myofibroblast (Merjaneh et al., 2017) and adipose tissue
(Huang et al., 2021).

Wound healing is a multicellular physiological process involving many different cell
types which include fibroblasts and myofibroblasts that play an important part in the
creation of new tissue by secreting and modifying the extracellular matrix
(Desmouliere et al., 2014). Due to the increasing evidence about the role of EVs in
wound healing, myofibroblast-derived EVs are thought to have some role in this
context. Merjaneh et al., (2017) found that dermal myofibroblast-derived EVs were
able to induce endothelial cell migration and capillary formation. A similar study found
that skin myofibroblast EVs stimulate the migration of skin fibroblast (Arif et al. 2020).
Stem cells may be extracted from the body and have differentiation capacity as well
as the ability to self-renew. Their function in the adult body is to maintain tissue viability
by allowing cell turnover of old, damaged, or dying cells. The dental pulp of permanent
teeth, which consists of the soft tissue within a tooth that contains a variety of cells,
including vascular cells, fibroblasts, and odontoblasts, is a well-documented source of
adult stem cells (Gronthos et al., 2000). Human dental pulp stem cells (HDPSC) are

derived from neural crest cells, which have a high potential for multi-directional
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differentiation, and studies have demonstrated that stem cells can fulfill biological
functions by secreting a range of growth factors (Jin et al., 2020). HDPS cells have
been used in various regenerative medicine applications including angiogenesis
(Nakashima et al., 2009), muscle regeneration (Martinez-Sarra et al., 2017) and dental
pulp regeneration (Moonesi Rad et al., 2019).

Angiogenesis (the formation of new blood vessels) is one of the crucial steps for
successful tissue regeneration (Mastrullo et al., 2020). Among the various methods
usually used to assess the angiogenic response of biomaterials (Stryker et al., 2019),
the chorioallantoic membrane (CAM) assay is considered a simple and cost-effective
screening tool for the angiogenic properties of stem cells and their associated potential

in the tissue engineering field (Merckx, Tay, et al., 2020).

5.2 Aim and objectives

The aim of this experimental chapter is to assess the functionality of myofibroblast and
HDPS EVs, and EV-modified scaffolds, in wound healing, angiogenesis and
osteogenesis assays. To achieve this aim, the following objectives were established:
1- Differentiate normal oral fibroblast (NOF) cells to myofibroblast using TGFf
and determine myofibroblastic phenotype by examining aSMA expression
using immunofluorescence.
2- Examine the effect of myofibroblast EVs on fibroblast migration.
3- Assess the ability of myofibroblast-derived EVs to induce myofibroblastic
differentiation of NOF cells using gPCR and immunofluorescence.
4- Evaluate the MSC phenotype of human dental pulp stem cells by their
osteogenic capacity and by examining their expression of the STRO-1 MSC

marker.
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5- Examine the abilty of HDPS EVs and conditioned media to induce
angiogenesis using chorioallantoic membrane (CAM) assay.
6- Study the ability of HDPS EVs and conditioned media to induce osteogenic

differentiation of rat MCS cells.

5.3 Experimental approach

According to the objectives above, the experimental approach was established and

performed according to the schematic diagram illustrated below (Figure 5.1).
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Figure 5.1. Schematic diagram illustrating the methodology of the assays used

to assess the functionality of EVs and EVs modified scaffold
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5.4 Exploring the role of myofibroblast EVs in wound

healing

5.4.1 Fibroblast treated with TGFB-1 express stromal marker aSMA

Myofibroblasts can be identified in vitro by visualising their prominent cytoskeletal o-
SMA stress fibres using immunofluorescence (IF). To assess the ability of normal oral
fibroblasts (NOF) to differentiate to myofibroblasts, NOF cells were treated with 5
ng/ml of TGFB and then analysed for intracellular aSMA expression using a FITC
conjugated monoclonal antibody. TGFB-treated fibroblasts exhibited stromal marker
a-SMA (Figure 5.2 A, B). Expression was barely detectable in untreated normal oral

fibroblast (Figure 5.2 C).
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Figure 5.2. Inmunofluorescence detection of aSMA contractile features in NOF
cells treated with TGFB. Following treating NOF cells with 5ng/ml TGFf, cells
were stained with 1:100 FITC-conjugated aSMA. (A-B) NOF treated with 5ng/ml
TGFp for 48 hours expressing aSMA stromal marker. (C) Negative control, NOF

in serum free media.

5.4.2 Effect of the Myofibroblast- derived EVs on the migration of
NOF cells

The differentiation of fibroblasts to myofibroblasts plays an important role in wound
healing by inducing wound contraction and connective tissue restoration (Grotendorst
et al.,, 2004). To investigate whether EV released by myofibroblasts would be able to
induce the migration of normal oral fibroblast (part of the wound healing response), a
scratch assay was utilised as described in Section 2.12. Upon reaching confluency,
the monolayer of NOF was ‘scratched’ - to create a gap in the monolayer of consistent
width - then exposed to EVs and EVs-modified scaffolds. No significant difference was

detected between treated and untreated groups after 24 h (Figure 5.3 A,B).
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Figure 5.3. Scratch healing assay to study the effect of NOF and myofibroblast-
derived EVs on the migration NOF cells. NOF cells were cultured in 24 well plate
for 24 h to reach confluency. Next day, cells were scratched using a 200 pl
pipette tip and then incubated with EVs and EVs-modified scaffolds for 24 h. The
percentage of gap closure was accessed. (A) Representative images of the
migration of NOF cells were taken at 0 h (immediately following the creation of
the wound) and 24 h after the creation of the wound. Images were taken at x5
magnification. (B) Bar chart shows no significant effect was found of the EVs
and EVs-modified scaffold on the migration of NOF cells. Values are expressed
as (meanz SD). Error bar = SD. Data represent N=5 and n=3.
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5.4.3 Evaluation the gene expression of a-SMA and VCAN
myofibroblast markers by NOF treated with myofibroblast EVs

To further investigate the ability of myofibroblast EVs to induce the myofibroblast
phenotype of NOF cells, the alpha smooth muscle actin (a-SMA) and versican (VCAN)
gene expression were investigated using qPCR. After measuring the migration of NOF
cells using the scratch assay, gene expression was measured using qPCR. No
significant differences were found in the expression of a-SMA and VCNA gene

between the EVs and EVs-modified scaffold treated group and the untreated group

(Figure 5.4).
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Figure 5.4. Expression data for the a-SMA and matrix marker VCAN in
NOF treated with EVs and EVs-modified scaffold. NOF 2D monolayers
were treated with NOF and Myofibroblast EVs and EVs-modified scaffold
for 24h and the gene expression for (A) a-SMA and (B) VCAN were
determined by gqPCR. Data is expressed as fold change relative to
untreated group, with mean * SD.
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5.4.4 Evaluation of the expression of myofibroblast marker aSMA of
NOF treated with myofibroblast EVs

The contractility feature of myofibroblast contributes to wound contraction. To assess
whether the myofibroblast EVs are able to express the aSMA stromal marker in NOF,
cells were cultured for 24 hours and then treated with TGF-B1 (10 ng/ml) and
myofibroblast EVs for 48 hours. Cells were then stained with 1:100 FITC-conjugated
aSMA. The treatment of NOF with myofibroblast EVs was not able to change the
phenotype of the fibroblast (Figure 5.5 B). TGF significantly induced the contractile
feature of myofibroblast (Figure 5.5 A). No detectable change was found in untreated

NOF (Figure 5.5 C).
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Figure 5.5. Immunofluorescence detection of aSMA stromal marker in NOF

treated with myofibroblast EVs compared to TGFB. NOF cells were treated with
TGFB (10ng/ml) and Myofibroblast EVs. (A) Representative image of NOF
treated with TGFb shows the aSMA stromal marker. (B) Representative image
of NOF treated with myofibroblast EVs with little or no detectable aSMA. (C)

Representative image of untreated NOF with little or no aSMA.
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5.5 Human dental pulp stem cells EVs and their role in

angiogenesis and osteogenesis

5.5.1 Characterisation of HDPS cells

According to the International Society for Cellular Therapy (ISCT), three criteria should
be used to define MSC subpopulations: adherence to plastic, specific surface antigen,
and trilineage mesenchymal differentiation (Dominici et al., 2006). Thus, we
characterised the osteo-differentiation and STRO-1 MSC marker as a specific surface
antigen to define the MSC phenotype of human dental pulp stem (HDPS) cells.
5.5.1.1 Osteogenesis differentiation of human dental pulp stem cells

Human dental pulp cells (HDPS) were isolated from non-carious molar teeth from
patients at the Charles Clifford Dental Hospital, Sheffield. HDPS cells showed a
spindle-shaped morphologically at initial culture (Figure 5.6). To examine the capacity
of HDPS for osteo-differentiation cells were cultured with osteogenic media for 21
days. Alizarine red staining showed significant calcium deposition of cells cultured with
osteogenic media (Figure 5.7, A) compared to those cultured with basal media

(Figure 5.7, B).

Figure 5.6. Cell morphology of HDPSCs at initial cultures show
morphologically spindle shape at initial culture and evidence of their ability to
stick to culture plastic. Magnification x10.
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Figure 5.7. Osteogenic differentiation of HDPS cells. HPDS cells were cultured
to reach 70% confluency then cultured with osteogenic and basal media for 21
days. Cells then were stained with Alizarine red. (A) Representative images
show osteo-differentiation of HDPS cells cultured with osteogenic media. (B)
HDPS cultured with basal media with no sign of differentiation. Magnification
x10.

5.5.1.2 HDPS cells express mesenchymal stem cells marker (STRO-1)

Stro-1 is the best-known mesenchymal stem cell marker (Lin et al., 2011). The
expression of STRO-1 was examined by immunofluorescence to further assess the
mesenchymal stem cell phenotype of HDPS cells according to ISCT guidelines
(Viswanathan et al., 2019). After incubation the cells with STRO-1 primary antibody
then with DNK anti-mouse FITC secondary antibody, cells were imaged with epi-
fluorescent microscope. STRO-1 was expressed in the stained cells (Figure 5.8, A).
No detectable STRO-1 was found in the cells incubated with secondary antibody only

(Figure 5.8, B).
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Figure 5.8. Immunofluorescence detection mesenchymal stem cells marker
(STRO-1). (A) HDPS cells stained with STRO-1 antibody showed positive STRo-
1 marker. (B) No detectable marker in HDPS cells stained with DNK anti-mouse
FITC secondary antibody. Magnification 20x.
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5.5.2 Role of HDPS derived EVs in inducing the migration of HUVEC

cells

Endothelial cell migration is crucial step for vascularisation and angiogenesis
(Lamalice et al., 2007). Human dental pulp stem (HDPS) cells have been reported to
play a role in inducing vasculogenesis (Luzuriaga et al., 2020). After successful
characterisation of HDPS-derived EVs as described in Chapter 1Chapter 3, they were
utilised to examine their ability to induce endothelial cell migration.

Human umbilical vein endothelial cells (HUVEC) are primary cells isolated from the
vein of the umbilical cord. Scratch healing assays were utilized to assess the migration
of HUVEC cells as described in Section2.10.3. Cells were cultured to reach 70%
confluency; a scratch was made and then treated with HDPS-derived EVs and EVs-
modified scaffold as described in Table 5.1 below.

Table 5.1. Method of EV delivery and concentration used in HUVEC cells scratch

healing assay

Group Concentration

HDPS EVS 5.8x108 EVs/ml

HDPS EVs- scaffold 5.8x108 EVs/ml (incubated with the
scaffolds for 24 hours)

Untreated N/A

With the concentration used in this experiment, no significant effect of HDPS EVs and
HDPS EV-modified scaffold on the migration of HUVEC cells was observed compared

to the untreated group (Figure 5.9 A, B)
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Figure 5.9. Scratch healing assay to study the effect of HDPS-derived EVs on
the migration of HUVEC cells. HUVEC cells were cultured in 24-well plates for
24 h to reach confluency. The next day, cells were scratched using a 200 pl
pipette tip and then incubated with EVs and EVs-modified scaffolds for 24 h. The
percentage of gap closure was assessed. (A) Representative images of the
migration of HUVEC cells were taken at time 0 (immediately following the
creation of the wound) and 3,8 and 15 h after the creation of the wound. Images
were taken at x10 magnification. (B) No significant effect was found of the EVs
and EVs-modified scaffold on the migration of HUVEC cells. Values are

expressed as (meanz SD). Error bar = SD

5.1 Ex-Ovo study of angiogenic response using a Chorioallantoic
membrane (CAM) assay

Chorioallantoic membrane (CAM) assay was used to examine the angiogenic potential
of EVs and EVs-modified scaffolds as described in Section 2.12. Vascular endothelial
growth factor (VEGF) was used as positive control because of its known pro-
angiogenic role (Shibuya, 2011). Figure 5.10 shows a comparison of representative
composite images from the CAM assay displays the angiogenic response. The
analysis of the vascular density of the area around the samples is shown in Figure
5.11.

VEGF showed a high angiogenic effect with a slightly different pattern of
vascularization compared to other samples Figure 5.10 A VEGF induced the highest
amount of vascularisation (21.2% * 1.8) which was significantly higher than all other
groups Figure 5.11. HDPS EVs-modified scaffold induced vascularisation around the
scaffold with some vessels integrated with scaffold Figure 5.10 B. The vascular
density around the EVs-modified scaffold was 19.1% + 0.9 which was comparable to

VEGF and significantly higher than HDPS EVs, plasma-treated PCL and PCL scaffold
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Figure 5.11. It is noteworthy that HDPS cells derived EVs alone, in the absence of
scaffold, showed a low angiogenic response (Figure 5.10 F, Figure 5.11).

The conditioned media of HDPS cells was obtained from confluent cells cultured for
three days also showed an angiogenic response in the CAM assay Figure 5.10 C.
The vascular density was 16.5% * 2.7 which was significantly higher than both HDPS
EVs and PCL scaffold Figure 5.11.

The plasma treatment of PCL scaffold showed an increased angiogenic response
Figure 5.10 compared to the untreated scaffold. The vascular density in response to
the plasma-treated scaffold was 14.8 + 1.9, comparable to the response to conditioned
media. The lowest vascular density was shown around PCL scaffold Figure 5.10 E

which was around 9.8% % 0.5 Figure 5.11.
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L sca

Figure 5.10. Angiogenic response of CAM when cultured with EVs and EVs-
modified scaffold. Following cultured the samples with CAM at EDD 7 for 5 days,
images were taken at EDD 12 to assess the vascular density. Representative
images show the vascularisation response of each group at time of imaging
(Left image) and capillary network profile used for analysis (Right images).
Silicon rings were used to hold VEGF, EVs and conditioned media.

160



Chapter 5  Assessing the functionality of EV's and EVs-modified scaffolds in
wound healing, Angiogenesis and osteogenesis

% % % ¥
% % % %
% % %
*
|
% %
|
% % % % % % % % %
11 |
30~ % % % % % %
o
32 ‘
2 20- :;.
2
3 ® oo
s [
3 ( J
m10_
(©
>
0- T T T T
< O o > N N
<) o ) & O O
& &L L& L& I
9@0 *Q*QQ S 'béo
¢ S &
00
Q‘b
QO
Q

Figure 5.11. Vascular density of CAM assay when cultured with EVs and EVs-
modified scaffold. Vascularisation response was assessed using the CAM
capillary network profile images taken at EDD 12. Highly significant angiogenic
response of HDPS EVs-modified scaffold comparable to VEGF. Data
represented n=5, mean * STDV following One-way ANOVA statistical analysis
with Tukey comparison test. **** p < 0.0001 , *** p < 0.001, ** p < 0.01, * p < 0.05.
Error bar = STDV.
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5.6 Assessment of the ability of EVs and EVs-modified

scaffolds to induce osteogenic differentiation

The functionality of human dental pulp stem (HDPS) cells EVs was further assessed
by examining the ability to stimulate osteo-differentiation of MSC. Rat MSCs were
cultured to reach confluency then treated with media and EVs as described in section
2.13. Alizarine red staining and alkaline phosphatase activity were used to examine
the ability of the samples to differentiate MSC cells towards a mineralising phenotype.
Alizarine red staining data (Figure 5.12) showed that osteogenic media significantly
induced osteo-differentiation of rIMSC. No detectable effect was observed of HDPS
condition media, HDPS EVs HDPS EVs-modified scaffold on inducing the
mineralization which was comparable to the basal media (negative control). Likewise,
ALP activity assay (Figure 5.13) showed significant mineralization in response to
osteogenic media group on days 7, 14 and 21, but little or no mineralization was
detected in response to either EV alone, EV-modified scaffold or scaffold alone

(Figure 5.13).

162



Chapter 5  Assessing the functionality of EV's and EVs-modified scaffolds in
wound healing, Angiogenesis and osteogenesis

N | Osteogenic HDPS
orm_a g. ! condition EVs EVs-scaffold Plasma PCL
media media media

Day 7
Day 14 =

Day 21

Figure 5.12. Representative photomicrographs of alizarin red stained rat MSC
following exposure to osteogenic media, HDPS EVS and HDPS modified
scaffold for 21 days. Rat MSCs cells were cultured to reach confluency then
treated with osteogenic media, HDPS EVs, HDPS condition media, HDPS EVs-
modified scaffold. On day 7, 14 and 21, cells were fixed, stained with Alizarine
Red staining and imaged under a light microscope. Cells treated with
Osteogenic media showed a high level of mineralization. No detectable
mineralization was found in other groups except minor differentiation on EVs

group in day 14. Magnification 10x.
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Figure 5.13. Alkaline phosphatase activity of rat MSCs following exposure to
osteogenic media, HDPS EVs and HDPS EVs-modified scaffold for 21 days. Rat
MSCs were cultured to reach confluency then treated with osteogenic media,
HDPS EVs, HDPS condition media, HDPS EVs-modified scaffold. On days 7, 14
and 21, ALP activity was assessed. Cells treated with Osteogenic media showed
the highest level of ALP activity. No significant mineralization was found in the
other groups. Data represented n=3, mean * STDV following Two-way ANOVA
statistical analysis with Tukey’s multiple comparison test. **** p < 0.0001. Error
bar = STDV.
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5.7 Discussion

Increased understanding of the diversity of physiological and pathological roles of EV
has sparked significant interest in their potential in cells-free tissue engineering
(Algurashi et al., 2021) and as therapeutic agents (Claridge et al., 2021) in recent
years. In the previous chapter (Chapter 4), EVs were successfully incorporated with
plasma-treated electrospun scaffolds and showed promising release kinetic data. To
investigate the functionality of EVs from different cell types when incorporated into
electrospun scaffolds, in this chapter, we examined the effect of myofibroblast-derived
EVs in wound healing and HDPS EVs in wound healing, angiogenesis and
osteogenesis.

Wound healing is a sophisticated physiological process involving various cell types,
extracellular matrix (ECM) components, and other elements that occurs in four partially
overlapping interdependent stages (hemostasis, inflammation, granulation tissue
development, and remodelling) (Takeo et al., 2015). Fibroblasts and myofibroblasts
play a critical part in the development of new tissue in healing wounds by secreting
and remodelling the extracellular matrix. In granulation tissue, a key phase in wound
healing, stimulated fibroblasts gain a-SMA expression and transform into
myofibroblasts (Desmouliere et al., 2014). Myofibroblasts exhibit contractile
properties, because a-SMA is expressed in microfilament bundles, and play an
important role in the contraction of the wound edges (Hinz et al., 2003).

Transforming growth factor (TGF)-B1 is the prototypic inducer of myofibroblast
differentiation from all precursor cell types (Scharenberg et al., 2014). Similarly, our
data showed that TGF- induced differentiation of normal oral fibroblast (NOF) cells

and exhibited myofibroblastic characteristics as a-SMA stromal marker.
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Myofibroblast secreted EVs have been reported to play a role in wound healing.
Merjaneh et al., (2017) found that dermal myofibroblast-derived EVs induced
endothelial cell migration and capillary formation. Similarly, Arif et al. (2020) showed
that skin myofibroblast EVs stimulated that migration of skin fibroblast cells. Although
establishing direct comparison between the studies is difficult due the different cell
source and method of EVs isolation, our data showed that NOF (normal oral fibroblast)
derived myofibroblast EVs failed to induce the migration of NOF cells using scratch
healing assay.

In order to further examine whether treatment of NOF with myofibroblast EVs could
induce myofibroblast differentiation, NOF-derived myofibroblast EVs did not modify
the phenotype of NOF cells as assessed by expression of a-SMA stromal marker
compared to TGF-[3. Likewise, Arif et al. (2020) found dermal myofibroblast EVs failed
to induce myofibroblast differentiation of cutaneous fibroblast.

In vitro, MSCs are characterized by their ability to adhere to plastic, their expression
of a variety of surface antigens (positive: CD90, CD73, CD105; negative: CD34, CD45,
CD11b), and their adipogenic, osteogenic, and chondrogenic capabilities (Pera et al.,
2004). The mesenchymal stem cells phenotype of HDPS cells used in this project have
been characterized previously by Solis-Castro et al., (2020), they found that HDPS
cells were able to differentiate in-vitro into neural-like cells and expressed neural crest-
related marker. Our results also suggested the ability of HDPS cells to differentiate to
bone-like cells. In addition, some HDPS cells were positive to mesenchymal stem cells
marker (STRO-1). This data shows that HDPS can be referred as stem cells according
to the definition of the International Society for Cellular Therapy (ISCT) (Viswanathan

et al., 2019).
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Due to an established understanding of the regenerative role of HDPS cells, several
studies have examined the role of HDPS-derived EVs in tissue regeneration. Merckx,
Hosseinkhani, et al., (2020) found a positive paracrine effect of HDPS EVs on the
migration of endothelial cells. Similarly, using a scratch healing assay, Zhou et al.,
(2020) found that HDPS EVs induced the migration of HUVEC cells. Our data
suggested that HDPS EVs, at the concentration used in this project, did not influence
the migration of HUVEC cells. Further dose-dependent studies could provide a greater
understanding of the effect of HDPS EVs on the migration of HUVEC cells.
Regarding the angiogenetic potential of HDPS EVs and HDPS EVs modified scaffold,
an ex-ovo CAM assay was utilised according to the protocol published by Mangir et
al. (2019). In comparison to other ex vivo, the CAM assay is considered a simple and
inexpensive angiogenic screening technique (Merckx, Tay, et al., 2020).
Proangiogenic growth factors, such as VEGF or bFGF, are essential regulators
released by host tissue cells in response to inflammation or damage. Increasing
microvascular permeability and encouraging endothelial cell migration and
proliferation are the primary functions of VEGF in the angiogenic process (Abhinand
et al.,, 2016). Our data suggested that VEGF positive control induced vascular
formation in the CAM model which showed the highest vascular density compared to
other samples which also has been proved by previous data within our group
(Rodriguez, 2021). Exogenous VEGF usage, on the other hand, has been linked to
cancer (Oka et al., 2007), where leaky, permeable, and hemorrhagic blood vessels
are found. Thus, it is worthwhile to explore other techniques, such as the
prevascularization of tissue engineering scaffolds using pro-angiogenic biomolecules,

to induce angiogenesis.
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To our knowledge, this is the first time that the CAM model has been employed to
examine the functionality of EV in electrospun scaffolds. Interestingly, our data showed
a high vascular density induced by HDPS modified scaffold, comparable to the VEGF
positive control. This data suggested that the plasma-treated scaffold, which showed
sustained release of EVs over 21 days as discussed in Chapter 4, can provide a
promising delivery platform of HDPS EVs to induce angiogenesis. This result also
suggests that the concentration of EVs incubated with the scaffold used in this project
was sufficient to generate an angiogenic response. A further dose-dependent study is
needed to obtain a better understanding of the optimal number of EVs for this
experiment.

Interestingly, our data also showed that the HDPS conditioned media promoted
vascular formation in the CAM assay in excess of the response to HDPS EV alone,
which did not induce a statistically significant response. The low vascular activity of
HDPS EVs in comparison to HPDS EVs modified scaffold might be explained by that
scaffold platform allowing the sustained release of EVs in comparison to an EVs
suspension which tend to disperse after application. Future studies may compare EVs
modified scaffolds to other EVs delivery platform including hydrogel to draw a better
understanding, and also examine other responses with therapeutic potential to
scaffolds containing EV, such as osteogenesis and neurogenesis

Unfortunately, because the angiogenic response is often quantified using different
methods such as image analysis, histology, or a qualitative grading scale, a direct
comparison of CAM data between studies is not always possible. Merckx,
Hosseinkhani, et al., (2020) used Matrigel to test the angiogenic potential of HDPS

EVs in comparison to bone marrow (BM) MSC-derived EVs and their conditioned

168



Chapter 5  Assessing the functionality of EVs and EVs-modified scaffolds in
wound healing, Angiogenesis and osteogenesis

media. They found that only bone marrow MSC conditioned media was able to
encourage vascular formation on CAM assay.

Plasma treatment of PCL scaffold has shown to increase the cells attachment in vitro
(Cipitria et al., 2011). In CAM assay, our data showed a significant increase in the
vascular formation around plasma-treated scaffold compared to untreated PCL
scaffold. This could be explained by the increase in the hydrophilicity of plasma-treated
scaffold. Gigliobianco et al., (2015) found that following plasma treatment, coating PCL
electrospun scaffold with polyethylenelmine (PEI) and polyacrylic Acid (PAC) and one
with alternative layers of PEI and heparin showed strong angiogenic activity. Collagen-
coated PCL loaded with VEGF was shown to increase vascular formation in CAM
assay compared to the scaffolds without VEGF(Singh et al., 2012).

Although non-specific inflammatory reactions are typically considered negligible
before embryonic day 15 due to the chicken embryo's immature immune system
(Ribatti, 2016), minor inflammation and an associated secondary angio-proliferative
response cannot be ruled out as contributors to the effects reported in this thesis.
Regarding the osteogenic potential of HDPS EVs and conditioned media, rat bone
MSCs (rBM-MSC) cells were selected to test the ability of HDPS EVS to stimulate
osteo-differentiation. Osteogenic media significantly induced the differentiation of
rMSC. Our data, however, found no significant effect of HDPS EVs nor the conditioned
media on the osteo-differentiation rBM-MSC. To the best of our knowledge, no other
study has tested the osteo-differentiation of rBM-MSC using HDPS EVs. However,
using different cells, Jin et al., (2020) found that HDPS-EVs induced the osteo-
differentiation of human adipose-derived stem cells. Qin et al., (2016) examined the
effect of human BM-MSC EVs on the mineralization and osteoblastic differentiation of

human osteoblasts. They found that BM-MSC EVs increased the calcium deposition
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and ALP activity was highly induced comparable to the osteogenic media group. The
source of EVs used in this project was form human and test in rat cells, future
experiments may consider species-specific effects and study the osteogenesis effect
using a different source of EVs on various cells to reach to better understanding of the
best source of EVs and optimal cells to test the osteogenesis.

Despite the promising results of this project of using HDPS EVs to induce
angiogenesis, further studies are needed to establish a better understanding of EVs
and EVs modified scaffolds. First, future work would involve re-working these
experiments using dose-dependent EVs to determine the optimal dose of EVs needed
for tackling the regeneration process. Additionally, as HDPS cells used in this project
are able to differentiate into sensory neuron-like cells, this work will provide a platform
from which to assess the effect of HDPS EVs, and the potential application of the
scaffolds developed here, in the context of neurological pathology and pain.
Furthermore, further research into the mechanism of EV cargo delivery would provide
a better understanding of the interaction between vesicles and cells in vitro and in vivo.
In addition, the precise mechanism by which HDPS EVs scaffolds induce
angiogenesis remains to be elucidated. More research may include other EVs delivery
platforms and EVs from other cell types to draw better conclusion in comparison to

plasma treated scaffold.

5.8 Conclusion

In the previous chapter, successful manufacturing of EVs-modified scaffolds was
achieved using plasma-treated scaffold to provide sustained release of EVs. In this
chapter, we focused on the assessment of the functionality of this platform in vitro and

ex vivo. First, we started by examining the potential role of myofibroblast EVs in wound
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healing. Initially, NOF cells were found able to differentiate to myofibroblast using
TGFR, as indicated by the expression of a-SMA stress fibres. Then, we examined the
ability of myofibroblast EVs to induce the migration of NOF cells. No effect of
myofibroblast EVs or EVs modified scaffold on the migration of NOF cells were found.
In addition, myofibroblast EVs were found to be unable to induce the myofibroblast
differentiation (as assessed by a-SMA and VCAN expression) of NOF.

Next, the functionality of human dental pulp stem cells derived EVs was assessed in
the field of wound healing, angiogenesis and osteogenesis. First, HDPS cells were
shown to exhibit MSC phenotype by their capacity for osteogenic differentiation and
expression of the MSc marker STRO-1. In a CAM assay angiogenesis model, HDPS
EVs modified scaffold was able to induce vascular formation to a comparable level to
the positive control, VEGF. Moreover, HDPS conditioned media showed a significant
ability to induce angiogenesis. In addition, it was observed that plasma-treated PCL
scaffold exhibited significant vascular formation in comparison to untreated PCL. No
significant effect of HDPS EVs nor the conditioned media on the osteo-differentiation
rBM-MSC

In this chapter, we provide evidence that HDPS EVs can be incorporated into the
plasma-treated scaffold and provide a promising platform for inducing angiogenesis

which can be used in various tissue engineering applications.
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6.1 General discussion

The aim of this project was to examine the ability to produce a novel electrospun
membrane by combining EVs with polycaprolactone fibres and study its potential use
for wound healing, angiogenesis and osteogenesis. The research work conducted to

achieve this aim was divided into three sections:

1- The isolation and characterization of EVs (EVs)

2- The fabrication and characterisation of elecrospun scaffolds and modifying
electrospun scaffolds with EVs and study the EVs attachment and release
kinetics

3- The study of the functionality of EVs- modified scaffold on wound healing,

angiogenesis and osteogenesis.

6.2 Extracellular vesicles for cell-free tissue engineering

Tissue engineering combines material science, bioengineering, and transplantation
principles with engineering designs to restore, preserve, and enhance cell activities
for the regeneration of damaged tissues. One of the most commonly used approaches
in tissue engineering is using mesenchymal stem cells due to their function in
promoting regeneration (Pittenger et al., 2019). Many challenges, however, are faced
using stem cells which include but are not limited to increased risk of contamination
and damage to genetic material during isolation and expansion (Rgsland et al., 2009),
undesirable differentiation and limited circulation due to large size (Holkar et al., 2020).
EVs may offer a higher safety profile than their parent cells since their lack of a nucleus
renders them incapable of self-replication and eliminates the possibility of uncontrolled
proliferation upon administration. For these reasons, the concept of cell-free tissue

engineering using EVs has become of interest as a novel alternative that overcomes
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the above highlighted limitations. This approach can be justified by the role of EVs as
paracrine mediators during cell-to-cell communication by delivering biomolecules,
such as cytokines, proteins, mMRNA, and regulatory micro RNAs, to target cells and
modulate their behaviours (Yanez-Mo¢ et al., 2015).

One of the current main challenges lies in the development of EV therapies is the
absence of a standard technology to isolate and characterise EVs. Thus, The MISEV
2018 recommendation emphasised the need to use multiple, complementary
methodologies to assess isolated EVs (Théry et al., 2018). In this project, we used
two isolation methods and multiple characterisation techniques to assess EVs. Size
exclusion chromatography (SEC) was selected to be the isolation method for this
project after high levels of aggregation were observed for EVs isolated by
Ultracentrifugation (UC). Following the characterisation of SEC fraction, high purity of
EVs found by BCA data and EVs markers were detected in SEC fractions 4-11 using
western blot, Nanoview and Nano-flowcytometry (nFCM). We have also measured the
zetapotential of EVs to understand the role electrostatic charge in interaction and
release kinetic of EVs. Interestingly, cancer cells EVs (H357, derived from carcinoma
of the tongue) exhibited significantly higher anionic charge compared to non-
cancerous primary cells. To the best of our knowledge, this study is the first to report
the difference in the zetapotential between cancer and noncancerous derived EVs.
Additionally, direct pharmaceutical modification of EV-potential has been
demonstrated to have promising anti-cancer benefits (Skalska ef al., 2019). This may

highlight the potential roles of the EVs zetapotential in biotherapeutic field.
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6.3 Electrospun scaffold as EVs delivery platform

Due to the multiple challenges of systemic delivery of EVs through intravenous (1V),
oral, intranasal, intraperitoneal, and subcutaneous administration include short half-
life of EVs in circulation (Takahashi et al., 2013) and lacks of tissue specificity (Imai et
al.,, 2015), local delivery may overcome these challenges. Particularly, utilising
biomaterials to deliver EVs has been found to increase EVs bioavailability at
the target site (Pinheiro et al., 2018).

Electrospinning has been utilised in this project as an EVs delivery platform due to
several key advantages. Firstly, it is a versatile system that can accommodate a wide
variety of compounds and offers the ability to incorporate multiple polymers and
bioactive compounds. Moreover, due to the nanoscale fibre diameter and high
porosity, it gives a very high surface area-to-volume ratio, which is desired for
improving active compound delivery even at high loadings (Bhardwaj et al., 2010). In
addition, polycaprolactone (PCL) was selected as one of the most commonly used
polymers in the fields of tissue engineering and regenerative medicine (Woodruff et
al., 2010).

As PCL is a hydrophobic material, a surface treatment is generally needed to induce
hydrophilicity which is reported to increase biocompatibility and cell attachment
(Cipitria et al., 2011). Plasma and heparin surface treatment are commonly used
surface modification techniques in the field of biomaterials. For the application of EVs
delivery, Wei et al. (2019) used heparin to induce the attachment of EVs to electrospun
scaffolds. In addition, Trindade et al. (2020) suggested that spinning EV's with polymer
solution preserved their structure and function. In this project, we have performed a
comprehensive experiment comparing these three techniques (plasma treatment,

heparin treatment, incorporating EVs within the electrospinning solution) to assess the
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effect of different treatment on the fibre diameter, porosity, and fibre morphology, as
well as the EVs attachment and release kinetic.

The data reported here indicate that plasma treatment increased the hydrophilicity of
PCL electrospun scaffolds without altering the fibre diameter, morphology or porosity
of the scaffold. Interestingly, plasma treatment induced a positive charge on the
surface of the scaffold which may explain the high attachment of negatively charged
EVs. Additionally, release kinetic data showed that plasma treatment provides
sustained release of the EVs from the scaffold. To our knowledge, the data of this
project is the first to study a plasma-treated PCL scaffold to be used as EVs delivery
platform. In contrast, spinning EVs with polymer changed the fibre morphology of the
scaffolds, and heparin treatment was not able to enhance EVs attachment, indicating
these are less suitable approaches than plasma-treated PCL.

Nevertheless, future work may need to assess different scaffold materials and
compare them to PCL (these could include other polyesther based materials with
different degradation profiles, for example, Polylactide-co-glycolide or Polylactic acid).
In addition, although air plasma treatment within the parameters used in the project
showed promising results, different parameters of air plasma and other forms of
plasma treatment including Oz, NH3, SO2, CO2 or other organic compounds would
need to be examined for achieving a better understanding regarding EVs delivery
mechanisms. In depth understanding of the mechanism of the attachment of EVs to
the scaffold also requires further investigation. For example, Quartz Crystal
Microbalance with Dissipation Monitoring (QCM-D) (Tonda-Turo et al., 2018) may offer

more precise data about EVs attachment and release kinetics.
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6.4 EVs- modified scaffold for cells free tissue engineering

Following successful fabrication of the EVs-modified scaffolds with encouraging EVs
attachment and release, it was important to test the biological functionality of this
platform. First, myofibroblast EVs were selected due to the established knowledge
about the role of myofibroblast cells in wound healing (Desmouliere et al., 2014), and
our experience in assessing myofibroblast phenotype(Melling et al., 2018). Similarly,
human dental pulp stem cells (HDPS) were approved to have an impact on wound
healing (Martinez-Sarra et al., 2017), angiogenesis (Bronckaers et al., 2013) and
osteogenesis (Mortada et al. 2018). Thus, this project aimed to assess the
regenerative effect of EVs derived from these cells as well as the EVs modified
scaffold.

Wound healing occurs in three interconnected dynamic stages that overlap in time.
These phases are described based on morphological changes that occur throughout
the healing process: the inflammatory phase, the proliferative phase (the production
of granulation tissue), and the regeneration phase, which includes maturation, scar
formation, and re-epithelialization (lan et al. 2014). In the proliferative phase,
fibroblasts are activated, they express alpha smooth muscle actin (a-SMA) and
develop into myofibroblasts which produce and deposit ECM components that play an
important role in the wound contraction (Hinz et al., 2003) and restoration of the wound
bed. Despite data by Arif et al. (2020) that indicated skin myofibroblast EVs stimulated
the migration of skin fibroblast cells, the data of this thesis did not show any effect of
myofibroblast derived EVs on the migration of fibroblast cells or their differentiation to

myofibroblast.
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Angiogenesis is the formation of new blood vessels from pre-existing vessels. To
deliver nutrition and oxygen to the interior tissue, the tissue must be vascularised. An
inadequate vascular network can lead to infection, loss of function and
necrosis(Schreml et al., 2010). Tissue engineers have examined using angiogenic and
prevascularisation (also known as inosculation of blood vessels) techniques to
accelerate the process of vascularizing a tissue construct (Laschke et al., 2012), which
might otherwise be rejected. Novel methodologies are being used to investigate the
utilisation of electrospun scaffold in combination with angiogenic agents to promote
angiogenesis (Nazarnezhad et al., 2020). For most clinical applications, VEGF
continues to be the gold standard for inducing fast and efficient vascularization. Here,
the angiogenic effect of HDPS EVs and EVs-modified scaffold was examined.

The Chorioallantoic membrane (CAM) assay is regarded as a straightforward and
cost-effective angiogenic screening technique (Merckx et al. 2020). Our data showed
that our novel HDPS EVs-modified scaffold platform expressed high angiogenic
potential comparable to VEGF, the gold standard technique for inducing angiogenesis.
Knowing that angiogenesis is the pillar of successful regeneration response (Jahani
et al. 2020) and challenges facing current approaches to tissue regeneration, this
platform may provide a promising way to promote vascularization, which can be used
for various tissue engineering applications.

Bone is a highly vascularized tissue that relies on the intimate spatial and temporal
interaction between blood vessels and bone cells. Thus, angiogenesis plays a pivotal
role in skeletal development and bone fracture repair. Relying on the promising
angiogenic potential of HDPS EVs-modified scaffold, we tested the ability of the
scaffolds to provoke osteogenesis. Due to the lack of evidence about the best type of

cells for osteogenesis assay in this context, we selected the rat bone MSCs (rBM-
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MSC) cells due to their availability in our lab, acknowledging the potential for species-
specific effects. No significant effect of HDPS EVs nor the conditioned media was
observed on the osteo-differentiation of rBM-MSC. These data must be interpreted
with caution because of the multiple confounders including the type of cells and
number of EVs needed for this in vitro experiment and as noted, species differences.
In future investigations, it might be possible to use a different source of EVs on various
cells with considering species differences, to reach to a better understanding of the

best source of EVs and optimal cells to test the osteogenesis.

6.5 Challenges and final thoughts

Despite stem cells' immense therapeutic promise for treating a wide range of critical
illnesses, there remain concerns about unanticipated and possibly fatal side effects of
such treatments. When it comes to clinical translation, factors like tumorigenesis and
immunogenicity must be carefully considered (Herberts et al., 2011). Extracellular
vesicle treatments, however, avoid some of these difficulties and constraints
associated with the use of live cells while maintaining the therapeutic benefit of
complex biological agents. Furthermore, EVs have several features that make them
attractive for the development of medicinal solutions. Their small size enables for
simple filtration sterilising of samples, and their lipidic membrane protects the
biologically active cargo, perhaps allowing for a longer shelf-life and half-life in
patients.

However, from a regulatory standpoint, EVs are to be regarded as a biological
medicinal product. The European Medicines Agency (EMA) and agencies on other
continents have already established manufacturing and clinical trial procedures. Thus,

regulatory compliance is crucial in the development of extracellular vesicle
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therapeutics to get a manufacturing licence and eventually a market authorisation. In
a position paper, the international association of extracellular vesicles (ISEV)
illustrated the regulatory aspects of EV-based therapeutics including safety and
manufacturing requirements which should be carefully considered before using EVs
in clinical trials (Lener et al., 2015).

Finally, despite there currently being no defined composition and therapeutic
mechanism of action for each proposed EV use, EVs may provide a tempting off-the-
shelf, cell-free treatment alternative that may be safer, more successful, cost-effective

compared to employing stem cells.

181



Chapter 6  General discussion and conclusion

6.6 Conclusion

The aim of this project was to optimise the functionalisation of electrospun scaffolds

with EVs and to evaluate biological functionality for their future use in tissue

engineering applications. The conclusions of this project are as follow:

1) EVs were successfully isolated from H357, NOF and HDPS cells in vitro.

2) The characterization of EVs including quantification, EV marker, zetapotential and

microscopic morphology showed that:

a.

b.

Cancer cells produce more EV than normal primary cells.

EVs isolated by ultracentrifugation tend to aggregate in comparison to
dispersed EVs isolated by size exclusion chromatography

EVs isolated by SEC express high purity.

EVs isolated from different cell types expressed EVs marker CD9, CD 63 and
CD81.

All EVs exhibited anionic character regardless of the cell type with a significantly

higher anionic character of H357 EVs compared to primary cells EVs.

3) PCL electrospun scaffold was successfully fabricated using a DCM and DMF

solvent system and treated with air plasma and heparin.

A. Plasma and heparin treatment did not alter fibre diameter or porosity of PCL

scaffolds.

. Plasma-treated scaffolds exhibited a positive zetapotential in comparison to

the neutral charge of PCL and highly negative charge of heparin-treated
scaffold which may explain the high attachment of negatively charged EVs to

plasma-treated scaffolds.
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4)

o)

6)

7)

8)

9)

Upon modifying the scaffolds with EVs, plasma treatment was the most reliable
method for the attachment of EVs to the scaffold. Heparin treatment, however, did
not induce sufficient attachment of EVs to the scaffold.

Plasma-treated scaffold provided sustained release of EVs.

No effect of myofibroblast EVs or EVs-modified scaffold on the migration of NOF
cells. In addition, Myofibroblast EVs were found unable to induce the myofibroblast
differentiation of NOF cells.

HDPS cells were found to exhibit an MSC phenotype by their ability to undergo
osteogenic differentiation and by expressing STRO-1 MSC marker.

In the CAM assay angiogenesis model, HDPS EVs modified scaffolds were able
to induce vascular formation at a level comparable to VEGF. Moreover, HDPS
conditioned media showed a significant ability to induce angiogenesis. We also
found that plasma treated PCL scaffold exhibited significant vascular formation in
comparison to untreated PCL.

Osteogenesis assay showed no significant effect of HDPS EVs nor the conditioned

media on the osteo-differentiation rat bone marrow MSCs Cells.
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6.7 Future work

The data presented in this thesis have demonstrated the potential of plasma-treated
PCL electrospun scaffolds to be modified with EVs and offer sustained release as well
as provide a promising platform for inducing angiogenesis, and possibly other
regenerative responses, which can be used in various tissue engineering applications.
However, additional work needs to be done to expand our knowledge regarding the
manufacturing process, EVs delivery and functionality. The following research

activities are suggested as a continuation of the work presented in this thesis:

1- More studies in EVs isolation to increase consistency and the yield of EVs to
be used for biotherapeutics.

2- The significantly greater negative charge of cancer cell EVs compared to
normal cells may influence their role in cancer progression which needs further
investigation.

3- Further optimisation of the effect of different surface treatments of the scaffold
includes Ar, Oz plasma treatment and others on the surface zetapotential.

4- In depth understanding of the mechanism of the attachment of EVs to the
scaffold and release kinetic.

5- Functionalize the EVs by modifying gene expression (for example, by
incorporating specific microRNA) and study the cell response.

6- Loading EVs with antimicrobials such as linezolid and studying antimicrobial
activity of EV modified scaffold in vitro.

7- Study the angiogenic potential of EVs modified scaffold in vivo.

8- Study other biological functions with relevance to regenerative medicine, such

as neurogenesis
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COVID-19 impact statement

COVID-19 pandemic has affected the whole world and altered many plans. Due to
the complete lockdown from March 2020 to August 2020 and limited lab access with
maximum 10 hours per week from August 2020 to April 2021, we were not able to
complete some of the planned objectives of this project. The future work section 6.7

includes some of the objectives that were affected by COVID restriction.
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