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Abstract

Characterization of Single Extracellular Vesicles by Atomic-Force
Microscopy and Fluorescence Microscopy for Cancer Diagnosis

Small extracellular vesicles (sEVs) of sizes between 30 and 200 nm are released from almost all
the cells of the human body in the extracellular space (i.e. outside the cell of origin). By trav-
eling through body fluids (blood, urine, saliva, etc.) these nano-sized vesicles transport biological
information between distant cells in the form of lipids, proteins, RNAs and DNAs among others.
This novel way of cell-to-cell communication interaction has been discovered to be important in
the development of several diseases, such as cancer development and metastasis. Hence, the study
of sEVs is crucial for the early non-invasive diagnosis and therapy of different forms of cancer (e.g.
lung cancer).

Although they are nano-objects, sEVs feature a high heterogeneity both in size and in their molec-
ular cargo (e.g. they can contain different types of surface proteins as well as different amounts of
those). Consequently, studies aiming at the characterisation of sEVs at the single-vesicle level are
very interesting since they can shed light on their biological nature and they can eventually drive
their application potential.

In this thesis, we present the characterization of sEVs at the single-vesicle level by performing
at the same time size-characterization using an atomic-force microscope (AFM) and surface molec-
ular profiling (markers CD63 and CD9) by means of fluorescence microscopy. The results contained
in this work relate to sEVs of the human embryonic kidney engineered cell line (HEK293) but could
be applied in the future to clinical samples as well. By correlating the size and molecular profile
measurements of single sEVs, we were able to study their correlation which can be important from
the biomedical point-of-view.
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Chapter 1

Introduction

Cell-to-cell communication is one of the principal mechanisms by which multicellular organisms
are regulated. The exchange of information between cells, via mechanical and chemical signals,
affects their behavior, shape, and molecular content. Moreover, it plays a key role in the activation
and modulation of fundamental cellular and biological processes, with both positive and negative
implications. Indeed, on the one hand, cell communication can take part in tissue regeneration,
immune response activation, and blood coagulation. On the other hand, it could also be responsible
for tumor development and the exchange of pathogenic agents. Either way, cellular communication
allows a vast amount of processes that are crucial for survival [4].

Cell-to-cell communication can be accomplished by either direct cell-cell interaction or by the
secretion and transport of soluble molecules, such as growth factors, proteins, and cytokines. Im-
portantly, most cell types release membrane-derived vesicles in the biological environment, which
can interact with the neighboring cells and travel towards distant cells for the transmission of
biological information [47].

In this regard, over the past two decades a particular type of membrane-derived vesicles, known
as extracellular vesicles (EVs), have been investigated [52]. These vesicles have attracted much
interest because of their high concentration in body fluids that allow them to travel around the
body, acting as an important vehicle of biological information. In addition, they are characterized
by high heterogeneous molecular cargo (DNA, lipids, cancer biomarkers), which reflects the status of
the parental cell and consequently gives information about the biological environmental conditions
[47].

Several bulk methods for the quantification and characterization of these vesicles have been
adopted in the attempt to understand their role in the biological process, as well as their diagnostic
and therapeutic potential. However, no approaches have succeeded at quantifying and charac-
terizing their wide range of properties at the single-particle level [46]. This is mainly because of
their small size at the nano-scale, which requires to perform high-resolution measurements and to
combine complementary approaches.

Against this backdrop, this thesis aims at overcoming the major detection limits that affect
the techniques that are most prevalent in the field of molecular profiling and size characterization.
For these purposes two investigation methods have been adopted, the fluorescence microscopy and
the atomic force microscopy. The former is an optical method that uses fluorescence to generate
an image of the investigated substances, which cannot be seen by conventional microscopy. In
our case, it was used to realize the molecular profiling of fluorescent-labeled proteins expressed by



the vesicles [8]. The latter is an imaging technique used to characterize samples at the nanoscale,
for example in terms of size and morphology [41]. In our case, it was used to achieve the size
characterization of the vesicles.

Specifically, we took the following steps. Firstly, we tried to estimate the expression level of
two tetraspanin proteins, CD9 and CD63, which are considered to be important tumor biomarkers
of the EVs. Secondly, we explored the possibility to discern between one single EV and a cluster of
multiple small EVs. Thirdly, we tried to investigate whether vesicles’ size is a determining factor for
their activity in the biological processes, such as the tumor progression, by combining the molecular
profile with the size of the single vesicles. In order to validate our single EVs assay, we used vesicles
derived from the engineered cell line HEK293 (human embryonic kidney).

The remainder of this thesis is organized as follows: Chapter 2 reviews the relevant literature;
Chapter 3 outlines the main phases of the work, with the sample preparation and materials adopted;
Chapter 4 describes the experimental method; Chapter 5 presents the main results; Chapter 6
concludes.






Chapter 2

Overview on Extracellular Vesicles

2.1 Extracellular Vesicles

Extracellular vesicles (EVs), are small vesicles in the range of 30--200 nm in diameter, characterized
by a cup-shape and a lipid bilayer membrane. They can be secreted by both eukaryotic and
prokaryotic cells in pathological or physiological condition, and released into biological fluids by
exocytosis. EVs are nanocarriers of multiple surface molecules and functional proteins, but also
nucleotides, such as mRNAs, microRNAs (miRNAs), DNAs. EVs are released in almost all body
fluids, e.g., prostate secretion, urine, breast milk, cerebrospinal fluid and in blood and plasma, with
a reported density between 1.13 and 1.19 g/ml [47], by a complex mechanism illustrated in Fig.
2.1 [51] that involves the first formation of early endosomes with its subsequent maturation into
late endosomes. After that, the inward budding of the late endosome results in the progressive
accumulation of intraluminal vesicles inside the multivesicular body (MVB). Lastly, the MVB can
take the exocytic pathway, where it can fuse with the plasma membrane and release its contents
into the extracellular space [52].
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Figure 2.1: Biogenesis and release of EVs: they are formed within the endosomal network and
released due to the fusion of the multivesicular body with the plasma membrane [51].
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Extracellular vesicles were first discovered in 1967 by electron microscopy measurements. At the
beginning, they were identified as merely plasma components released by platelets and designated
by Wolf as ‘platelet dust’ [50]. After one decade was shown that those vesicles were present in the
blood as well as in the fetal calf serum and the other body fluids [52]. During the same period
was also demonstrated the immunoreactivity of tumor-originated membrane fragments and the
presence of multiple proteins involved in intracellular communication. At the end of 90’s it was
then revealed the mechanism through which they originate [47] and after that, the presence of
antigens, RNA and specific surface markers, in the late 2007 [52]. Following all the progress made
in the studies of EVs in the last decade, extracellular vesicles are nowadays recognized as potent
vehicles of intercellular communication, as mediators of processes such as cell adhesion and immune
responses, as nanocarrier from donor to recipient cells, and as important biomarkers in diseases
like cancer or neurodegenerative diseases. Due to the high concentration of EVs in biological
fluids, liquid biopsy can be performed and this represents a significant advantage for diagnosis and
monitoring of those disease like cancer and diseases related to kidney, brain, and cardiovascular
system, to whom the traditional biopsy would be very critical and invasive [29]. In the last decade,
the number of scientific publications in the field of extracellular vesicles has increased exponentially,
as can be seen in Fig. 2.2 [45], because of their high heterogeneity and membrane composition
that can give information about their origin and environmental conditions, but in particular for
their important role in the regulation of many physiological functions and cancer metastases and
development.

4410
3539

2637 2653

2014

1555
1281
963

7
ss0 701 765

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Figure 2.2: Publications trend on Extracellular Vesicles Publications from 2009 to 2019 [26].

Exosomes are nowadays a hot-topic in biomedical science. However, their heterogeneity in size
and content, makes it difficult to correctly characterize them and find useful correlations that can
lead to a better understanding of their fundamental role in the biological processes. In order to
avoid scientific misunderstandings, in the list of minimal information for studies of extracellular
vesicles (MISEV) stipulated by the International Society for Extracellular Vesicle (ISEV) in 2014,
are summarized the minimum requirements and experimental conditions that must be met to prove
the presence of EVs, their activities and the relative effects in the biological environment [45].

11



2.2 Classification and Properties

Extracellular vesicles classification can be carried out by considering different subgroups: cellular
origin, biological function, biogenesis, density, size [4], that all directly depend from the cell type
from which they are originated. For these reasons, their classification remains nowadays a bit
unclear [47]. Figure 2.3 illustrates one of the most diffused types of classification, based on the
secretion pathway and the size of EVs.
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Figure 2.3: Classification of extracellular vesicles [52].

1. Exosomes are identified as cell-derived vesicles, in the range of 30 -~ 200 nm with a density
around 1.13 and 1.19 g/ml, formed by a lipid bilayer that has the origin from the inward
budding of the endosomal membrane. Their biogenesis process, illustrated in Fig. 2.4, can
be divided into four different sequential steps: formation of the early endosome, maturation
into the late endosome, inward budding of the late endosome, and the final release of exosomes
into the extracellular space [4].
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Figure 2.4: Step of vesicles formation and release in the extracellular space [3].
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In particular, early endosomes can take two different fates as represented in Fig. 2.4. They can
either fuse with endocytic vesicles and then undergo a process of recycling and exocytosis, or
they can mature into late endosomes. In the second case, it was shown that late endosomes
undergo a process of transformation during which small vesicles are inglobated within the
lumen of the late endosomes [3] forming the MVB. Once it fuses with the plasma membrane,
all the vesicles secreted outside the cell can be classified as exosomes.

2. The term ’'microvesicles’ identifies a wide group of different types of vesicles, e.g., cellular
microparticles, microvesicles, ectosomes, in the range of 100 - 1000 nm, with unknown con-
centration [47]. As mentioned before, these vesicles are secreted upon direct budding or
shedding of the plasma membrane [52], both in normal condition or under a different type of
stimuli [29], such as shear forces, hypoxia, changes in Ca level, and mitochondria-dependent
stimuli [3]. Furthermore, because of their process of secretion, they are characterized by a
high amount of lipid components that are directly derived from the plasma membrane [4].

3. Apoptotic bodies represent the class of vesicles in the range of 50 + 2 um, released during the
apoptosis of the cells [3]. Apoptosis is one of the main types of programmed cell death that
occurs in multicellular organisms, i.e., autophagy, programmed necrosis, apoptosis. Despite
the other mechanisms, apoptosis is a highly regulated and controlled process, fundamental
during the organism’s life cycle. This mechanism could be divided into distinct steps: con-
densation of the nuclear chromatin, membrane blebbing, membrane protrusion formation and
the final disintegration of the cellular content into distinct membrane-enclosed vesicles iden-
tified as apoptotic bodies [6]. The contents of apoptotic bodies, i.e., nuclear fractions, cell
organelles, DNA and their development are less explored than the other types of EVs and
still not clear ([47], [3])

Table 2.1 summarizes the main classes of vesicles and their characteristics ([47], [53]).

Exosomes Microvesicles | Apoptotic vesicles
Size 30 = 200 nm 100nm = 1 um 50nm <+ 2 um
Morphology Cup-shaped Cup-shaped Heterogenous
Density 1.07 +1.18 Unknown 1.24 +1.28
Cellular origin | Most cell types | Most cell types All cell types

Table 2.1: Main characteristics of Exosomes, Microvesicles and Apoptotic bodies.

The focus will now be on the two main and most investigated classes of EVS: exosomes and mi-
crovesicles.

As regards exosomes and microvesicles are characterized by similar size, therefore it is not easy to
distinguish them unless real-time imaging techniques are used to visualize their biogenesis pathway
[45]. If this is not possible, other strategies may be followed. For instance, shape, density, as
well as biochemical composition, and cell origin, represent the most adopted criteria to classify the
extracellular vesicles ([47],[45]). Both extracellular vesicle types are named based on the cell type
of origin. For instance, exosomes secreted by the human prostate gland are called Prostasomes and
microvesicles secreted by cancer cells, are named Oncosomes [36].
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The main difference between exosomes and microvesicles is the pathway from which they are gen-
erated. The first ones come from the endocytic part of the cells and then are secreted outwardly,
instead, microvesicles derived directly from the outward budding of the plasma membrane [4].
They also differ in composition because it depends on the pathway by which they are originated.
In the case of microvesicles, their composition reflects the ones of the parental cell since they are
secreted, as already mentioned, directly from the plasma membrane. In the case of exosomes,
their content is transformed, recycled and only a small amount is kept unchanged during all the
process of maturation ([47],[4]). It has been shown that both extracellular vesicle types seem to
be cup-shaped [47] and they also have in common some contents such as cytoplasmatic and mem-
brane proteins, mRNA and non-coding mRNAs ([36],[3]), but exosomes also contain more complex
molecules such as cholesterol, sphingomyelin, and lipid proteins, instead microvesicles contain char-
acteristic platelet receptors glycoprotein exposed in the surface [47]. Moreover, it has been observed
that exosomes are characterized by the presence of the class of proteins known as Tetraspanin, e.g.
CD9, CD63, CD81, and CD82, where especially the CD9 and CD63 play a key role in the ex-
tracellular vesicle formation and tumorigenesis process [4] and they are considered as ’potential
biomarkers of exosomes’. Whereas, for the microvesicles, ARF6 and VCAMP3 have been identified
as peculiar biomarkers [3]. A summary of the exosome’s characteristic molecular cargo is illustrated
in Fig. 2.5.
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Figure 2.5: Structure and molecular composition of exosomes [24].

Finally, because of the multitude of parameters that must be considered and the incomplete stan-
dardization of protocols for the sample preparation and characterization, it is still not possible to
classify exactly an EV as microvesicle or exosome, hence a more appropriate nomenclature divides
these vesicles into two more general classes: small EVs (sEVs) and microvesicles. From here on,
this nomenclature will be adopted.

Focusing now on small EVs potential, it turned out that these vesicles are involved in a large
number of different processes, as illustrated in Fig. 2.6, such as the intercellular signaling by
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modifying the membrane composition of the recipient cells, modulation of inflammatory processes,
stimulation tissue regeneration, [47]. sEVs can take part in the transfer of genetic information
that can be useful to perform gene therapy [4], and in the maintenance of cellular homeostasis by
removing the waste materials and carrying active molecules between cells and tissues [36]. They
also exert their potential as nanocarrier of cellular cargo, such as proteins, lipids, and metabolites
to the correct final targets [43]. This property makes them suitable for intercellular communication
that can have both positive and negative implications. On one side they can be used as innovative
delivery systems of drugs or specific molecules to the target tissues and organs [24], but on the other
side, it has been shown that they have an active effect on tumor growth progression and metastasis
formation [47], by transferring the oncogenic growth factor receptors to the other tumor cells. The
tumor expansion is also accentuated by the induction of the angiogenic processes that act as oxygen
and nutrients reserve for the tumor cells. The small EVs also take part in the modulation of the im-
mune responses but even in this case, their effect could be either positive or negative. They can, in
fact, suppress the immune system or stimulate it in different ways. For example, they can improve
the activity of T cells [4], B cells and NK cells [36] which play a key role in the adaptive immune
response, or they can moderate the activity and differentiation of monocytes into macrophages or
dendritic cells [52]. Macrophages have a pivotal role in the engulfment and digestion of debris,
dead cells, and anything that is recognized from the body as an external and dangerous component
whereas dendritic cells are considered as messengers of the adaptive and innate immune systems.

Source cell Target cell

oo
0° < Cell
T signalling
- =
00 - @

Secretion

Disease
biomarkers

Therapeutic Drug Therapeutic
delivery targets

Diseased target cell Diseased source cell

Figure 2.6: Potential of Extracellular Vesicles in biological processes [4].

2.3 Diagnostic and therapeutic potential of EVs

Small extracellular vesicles are considered a promising source of nanovesicles that can be used to
perform non-invasive diagnosis and treatment of several diseases such as Alzheimer, Parkinson and
Huntington [23]. The intrinsic power as therapeutic agents is related to their bioactive cargo they
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contain and transport within the physiological system.

In the last decades, it has been widely observed their excellent potential in tissue regenera-
tion, especially for those vesicles derived from stem cells, with particular attention to the MSCs
(mesenchymal stem cells). They are able to moderate and suppress the apoptosis process, are
involved in cell proliferation, and take part in the induction of the angiogenic process. Moreover,
MSC-derived EVs have a pivotal role in the recruitment and reprogramming of the required cells to
perform tissue regeneration. Furthermore, as has been previously described, small EVs take part
in the modulation of the immune response and inflammatory process without which tissue/wound
regeneration cannot begin. In particular, the inflammatory process must be modulated to avoid
the formation of a non-functional tissue that may not integrate into the allogenic environment [49].
One example of small EVs involved in the wound-healing processes are bone marrow MSC-derived
exosomes which can stimulate the expression of different growth factors, such as insulin-like growth
factor (IGF1), hepatocyte growth factor (HGF) and nerve growth factor (NGF), but are also re-
sponsible for increasing the activity of fibroblasts, principal actors together with the inflammation
processes, in the tissue regeneration [36].

Another important therapeutic potential of extracellular vesicles concerns the possibility of
vesicle-mediated drug delivery against neurological, neuroinflammatory and neurodegenerative dis-
eases [32]. For example, it has been observed their ability to cross the blood-brain barrier (BBB)
as they are biocompatible, noninvasive, and they can be both immunologically inert and patient-
derived [47]. In particular small EVs have been used for the treatment of neurobiological diseases,
as nanocarrier of RNAs species. In order to have a therapeutic effect, RNA must be carried quickly
to avoid its degradation in the systemic circulation [36], and it also required non-immunogenic and
tissue-specific delivery [47]. Since EVs originate from the major cells of the organism, they are
enriched with RNAs species and they can transfer selectively their content to the target cells [49],
hence they are considered innovative candidates for drug delivery.

Cell-derived small vesicles are emerging as a new source of clinical biomarkers, that can be
used to identify the presence of tumoral cells or to detect the presence of biomarkers expressed in
the major diseases since the content of the vesicles reflects the content of their parent cells [35].
For example, exosomes contained in urine or blood of patients with prostate cancer, present the
overexpression of prostate-specific antigen; exosome contained in the cerebrospinal fluid of patients
with Alzheimer’s disease contain phosphorylated Thr181, which is identified as a biomarker of
Alzheimer [47]. About this last aspect, it seems that if the EVs contain cytosolic proteins, this
could be a signal for the presence of neurodegenerative disease in the patient [36]. Thanks to
the high concentration of small EVs in all body fluids, it is possible to extract easily and non-
invasively their proteins and biomarker’s contents to perform proteomic analysis. Subsequently,
is also possible to exploit their ability as nano-carriers to realize patient-based therapies by the
modulation of the expression level of the over-expressed proteins [47].

2.4 Main Techniques to study EVs

The main techniques that are currently used to detect sEVs can be divided into three different
classes: optical methods, non-optical methods, and digital methods [9]. Because of the high het-
erogeneity of EVs, usually it is not sufficient to consider only one approach per time, but it is
highly recommended to combine multiple characterization methods in order to compare the infor-
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mation and results acquired with the different techniques. The parallel use of multiple methods
also permits overcoming the limits of resolution and therefore to study the main characteristics of
EVs. A shortlist of the main techniques adopted for the characterization of the EVs includes the
nanoparticle tracking analysis (NTA) to quantify the number of EVs and their size distribution [9]
[19], flow cytometry to measure their physical properties, electron microscopy (EM) to characterize
the EVs structure and size, atomic force microscopy (AFM) to characterize the shape [9], the level
of adhesion to the substrate and the size as well.

2.4.1 Nanoparticle tracking analysis

The basic mechanism of NTA illustrated in Fig. 2.7 consists of the detection of the particle’s size
based on their Brownian motion in a static solution. The particles are under continuous laser beam
excitation [12] during which the scattered and fluorescent lights are collected and video-recorded
in order to reproduce the individual trajectories of each particle. By the ensemble of trajectories,
it is possible to evaluate the size distribution and concentration of the particles [19]. In order to
obtain a correct size characterization a long time exposition is required, during which it becomes
difficult to maintain constant the temperature and viscosity of the particle’s solution [12].
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Figure 2.7: Basic principle of detection mechanism of NTA [18].

NTA is one of the most diffused methods for the EVs characterization because [19] it does not
require elaborate sample preparation, allows real-time imaging with both unlabelled or labeled
particles via photostable probes and can measure particle in the range of 107 + 10° particle/mL
suitable for the EVs characterization [9]. As mentioned before, the principle of detection consists on
the analysis of the light scattering of the sample, which is related to the properties of the vesicles,
e.g. shape and size [19]. Since the scattering light is directly proportional to the sixth power of
the diameter, NTA is characterized by high sensitivity for heterogeneous samples. This means
that if in the same sample are present vesicles with similar diameters, their scattering signal will
be overlapped [9]. For the bigger vesicles the signal it will be amplificated, thereby covering all
the signal that would come from the smaller vesicles. Moreover, if the diameter is smaller than
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the diffraction limit of the light (100 <+ 500 nm), the scattered light will be in the range of the
electronic noise, and so the vesicles could not be detectable. To overcome this limit of detection
it is possible to support the measurement with non-optical methods. Other possible limits are
the intrinsic fluorescence of the background, photobleaching and the labeling of the vesicles. In
general, optical methods are characterized by lower resolution compared to non-optical methods.
In particular, NTA that it is the most used for size measurements and concentration profiling, it
is also the one with the lowest resolution in the size range of exosomes. It is indeed able to detect
particle in the range of 30 nm < 1 um [9].

2.4.2 Flow cytometry

Flow cytometry (FC) represents one of the typical optical methods utilized for the size character-
ization of EVs. As for the NTA, flow cytometry can perform the analysis of labeled or unlabeled
vesicles but with higher resolution compared to NTA, working in the range of 20 nm + 40 pm, that
it is still too large respect to the size of EVs [9]. It has been observed that the most performing flow
cytometers can detect particles with a diameter above 200500 nm [19]. Therefore it is common to
observe a shift in the size distribution obtained with optical methods like NTA and FC compared
to the results that it is possible to have with non-optical methods that are in general characterized
by higher resolution [9].

The basic principle of FC illustrated in Fig. 2.8 exploits a series of laser excitations paths [19]
which focus on the vesicles that are in suspension in a flow chamber. To determine the size of
each vesicle, the slope angle of the scattered light is considered. Nevertheless, EVs with a diameter
smaller than 500 nm produce scatter light in the range of the electronic noise, therefore as men-
tioned before, all the vesicles below this value will not be properly solvable [9]. A further limitation
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Figure 2.8: Basic principle of detection of flow cytometry [16].

is the concentration of the particles that can be used to detect single EVs, which belong in the
following interval 107 =- 1010 particle/mL [9]. For higher concentration it could happen that two
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or more small vesicles are simultaneously illuminated resulting as a single bigger spot. This phe-
nomenon, also known as ’swarm effect’ [19] falsifies the real number and the size of vesicles [9]. To
overcome this problem is highly recommended to use diluted samples to have a ’linear correlation
between the dilution rate and the concentration’ [48].

Another commonly used approach could involve the immuno-labeling with fluorescent dyes [48]
or the use of magnetic/nonmagnetic beads [9], to carry on biochemical and clinical analysis. It
is indeed possible to profile protein and nucleic acids as well as the specific surface markers CD9,
CD63, CD81 of EVS [48]. Thanks to its high versatility, flow cytometry remains despite its low
resolution, together with the NTA, one of the most popular methods utilized by scientists. Fur-
thermore, custom-built flow cytometers or advance-cytometers with high-sensitivity [9] are often
used to minimize the intrinsic artifacts of this technique.

Regarding the progress in this field of research such as the identification of characteristic biomarkers
of small vesicles, size characterization, and the related application in the field of diagnostic and bi-
ology of EVs, FC could represent a powerful technique, however, it requires customized equipment
that increases the costs and reduces the accessibility [19].

2.4.3 Dynamic light scattering

This method is utilized to analyze the size distribution of vesicles in the submicron scale [19]. To
obtain this information, the suspension of particles is exited with a coherent and monochromatic
laser excitation source [42]. Once the particle meets the laser beam, the light is diffused in all
directions and then recorded as a function of time, as shown as in Fig. 2.9. The total recording
of the scattered light allows discovering the Brownian Motion of the particles. The total recording
of the scattered light allows discovering the Brownian Motion of the particles. By processing the
signal first with an autocorrelation function and then with a deconvolution function, is possible
to determine the size distribution of the hydrodynamic diameter distribution of the particles [13].
In particular, the scattered light changes with the power of 6 of the diameter. However, this
information is related to the ensemble of vesicles [19] and does not give any information at the
single-particle level.
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Figure 2.9: Basic principle of Dynamic Light Scattering [42]

Nowadays, the DLS it widely used for the size characterization of the vesicles because it allowed
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performing fast measurement with good accuracy, small volumes and without damaging the vesicles,
preserving their shape [13]. Nevertheless, it is characterized by a size resolution of 10nm + 6 um
and it provides only an average value of the particle’s size. Furthermore, the size distribution is
strongly altered by the signal coming from larger particles. This masks the scattered light that
comes from the smaller particles resulting in an inaccurate characterization [42]. Therefore it can
be used only for heterogeneous samples and it is not supposed to be a good approach to analyze
extracellular vesicles that are inherently highly heterogeneous.

2.4.4 Fluorescence microscopy

During the past two decades the number of studies based on fluorescence investigation in the field
of biology, increase. The most common studies concern the localization and movement of cells and
vesicle, genetic and clinical analysis, and DNA sequencing [8]. Thanks to the progress that has been
made in EVs investigation and engineering, fluorescence-based techniques are increasingly adopted
for extracellular vesicles characterization, with the main purpose of identifying which biomarkers
they expressed, and which is the expression level of the surface protein of these vesicles.

One of the reasons why this technique is attracting more attention is that it can allow performing
the analysis on the single-particle level uncovering the heterogeneity of results obtainable with the
previous approaches. This aspect is important from the scientific point of view since the resolution
limits are exceeded, and secondly from the biological point of view because it is not yet clear if
there is a direct correlation between the number of proteins expressed on the surface and the size
of the vesicles, and if the vesicles which have a higher concentration of proteins are more involved
in cellular communication processes or not.

With the optical microscopy-based technique it is possible to detect those EVs larger than the
diffraction-limit resolution of the microscope that is 200 <+ 300 nm, so all the EVs below this range
are not detectable and it is not even possible to have any information about their structure. How-
ever, it is possible to overcome the limits related to brightfield imaging, performing fluorescence
imaging of labeled EVs. For this purpose are available commercial stable fluorophores that can be
used to allow the visualization of small EVs [30]. Despite this expedient, it is still not possible to
discern between a single bright EV with a diameter smaller than 200 nm and an EV cluster [45],
because if several small vesicles are very close or grouped, they will be visible as single fluores-
cent spot. Moreover, this approach requires the fixation of the sample on a substrate with good
optical properties [1], with consequent complication and lengthening of sample preparation [30].
Accordingly to these reasons, this technique is not yet frequently used to perform imaging at the
single-particle level but only for the imaging of particle population in suspension. However, despite
its limitation, it can provide quantitative images with higher resolution at the single-particle level,
compared to the most common methods such as NTA or flow cytometry, with which it is possible
to obtain only an underestimation of the EVs counts, size, and the presence of biomarkers in the
EV’s population [45].

Fluorescence imaging is mostly used to perform real-time imaging of the population of EVs by

collecting the signal intensity of the fluorescence coming from the vesicles [8]. It is possible to
localize them in the substrate and to quantify the intensity of the signal coming from each vesi-
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cle. This information could be afterward correlated to the expression level of a certain surface
protein or marker expressed by the vesicles. Moreover, using different excitation sources for dif-
ferent fluorophores, it is possible to characterize for the same sample several markers at the same
time, realizing a multiplexed profiling of EVs [19]. At the state of the art are commonly analyzed
proteins such as CD81, CD9 or CD63, but also tumor-specific proteins [25]. The final result will
be expressed in an arbitrary unit, such as the CCD counts/s, for a specific protein marker in the
total EV population, and it will depend on the quality of sample preparation and the acquired
image. Therefore, since the final distribution of the acquired signal will depend on all these param-
eters, it is necessary to collect a large number of data to be able to do a statistical investigation [45].

A widely diffused approach for single EV analysis involves the use of microfluidic systems to carry
out multiple targeting of EVs under flow conditions. An example of a typical EV assay (Lee et
al., 2018) ) utilized for this type of analysis is reported in Fig. 2.10. For each imaging cycle, EVs
must remain fixed on a substrate, stained with fluorescent antibodies and periodically quenched to
perform different fluorochromes [14] coupling for each marker that needs to be analyzed. However,
all these steps repeated for a considerable amount of vesicles and markers to detect, require a long
acquisition time, that represents the main limitations of this approach. Despite the long exposure
time, it has been shown that EVs maintain their structure and the signal quality does not change
considerably [25] but also in this case the final results are based on EV population and not on
single EV analysis.
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Figure 2.10: Multiplexed Profiling of EVs in a microfluidic system [25].

Some other applications of fluorescence imaging include ’in vivo imaging’ that represents the most
explored approach to perform high-resolution fluorescence microscopy. It is mainly used to study
the biodistribution, uptake, and localization of vesicles in healthy and cancerous organs of the an-
imal body through red/infrared excitation sources that are suitable for the tissues. It can be also
used to understand the regenerative potential of EVs released from stem cells such as mesenchymal
stem cells, evaluating the difference in the average intensity signal released by treated/untreated
organs [17].

2.4.5 Atomic Force microscopy

Atomic force microscopy represents one of the most performing [39] tools to carry out high-
resolution measurements of single nanoparticles in the range of 1 nm [19]. The detection principle
of this non-optical method is based on the local interaction forces between the cantilever’s tip and
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the sample [9]. During the scanning of the surface, the attractive or repulsive force is converted
into the deflection of the cantilever and recorder by a laser-based detection system. Afterward, this
information is converted into an electrical signal to produce the height images of the surface [19].

AFM can be used for biological applications to characterize the structure, composition, biochemical
and mechanical properties of biomolecules or cells [40]. Due to the high versatility of this technique,
it possible to investigate nanoscale-vesicles in physiological conditions, without the need for coating
and specific requirements for the sample. In the case of EVs analysis with AFM, the surface must
be chemically modified to obtain the immobilization of the EVs on the surface [31]. The latter
must be flat [9], with the roughness under 0.5 nm [31] to clearly discern between the imperfections
of the surface and the EVs. In that regard, the typical materials that are used as a substrate for
AFM applications are the glass and mica. The latter is used when it is necessary to have a flat
background, instead the former is generally selected when good optical properties are required such
as for the combined study of AFM imaging and light microscopy.

AFM imaging can be performed both in liquid or in air, depending on the particle’s properties. In
the case of EVs, it has been shown that the EVs analyzed in air present a characteristic ’cup-shape’.
In particular, it seems that they are characterized by a central softer collapsed area respect to the
surrounding. The presence of different physical properties between the core and the shell results in
different mechanical forces applied by the AFM tip [31]. Whereas in liquid it seems that EVs main-
tain their spherical shape and their native properties [9]. This can be easily explained considering
that the liquid environment could better reflect the physiological environments in which EVs reside.

Another aspect that must be taken into consideration is the strategy of immobilization of EVs
on the surface. This could affect the mechanical properties and the size distribution of EVs [47].
At the state of the art, three techniques emerged as the most adopted: deposition on functionalized
surface, deposition on antibody-coated surface, deposition on a free surface. It is possible to keep
attached the EVs on a free surface only in the case of mica substrate thanks to its residual negative
charge which makes possible the electrostatic interaction between the surface and the EVs [41]. In
that case, the roughness of the surface does not increase since no other components are added to
the surface. However this approach can be used only for charged surface, otherwise, it is necessary
to perform further steps to create a residual charge on the surface of materials such as glass (e.g.
plasma treatment on glass) [5]. In the case of an antibody-coated surface, there is no limitation in
the choice of the substrate, nevertheless, it is more difficult to control the roughness of the surface
and the presence of impurities. This approach it is generally adopted when is required a specific
binding between the vesicles and the substrate.

The imaging mode is a crucial parameter that must be taken into consideration to have success-
ful single-molecule imaging. Depending on the imaging mode, the forces between the tip and the
surface changes. The intermittent contact mode is the most adopted one because it provides high
spatio-temporal resolution both in liquid and in air, more accurate force control respect to contact
mode and non-contact mode. It is important to optimize the interaction between the tip and the
sample to minimize damage and deformation of those soft samples, such as cells and extracellular
vesicles [22]. It has been observed that with the increase of the applied force the shape of the
vesicle changes. In particular, for forces lower than 1nN, the height measured images show round
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vesicles with the diameter in the range of 50 — 70nm. Instead, for higher applied forces above
2nN, the shape is not completely preserved and vesicles appear more flattened with the diameter
in the range of 100 nm, as shown in Fig. 2.11 [41]. In addition, with the phase images of vesicles,
it has been shown that extracellular vesicles are formed by a central core with higher density and
different elastic properties compared the surrounding. This is related to the higher concentration of
proteins and mRNA inside the vesicles compared to the surface [41]. However, once the interaction
between the tip and the sample ends, the shape is recovered.

1.7nN 2.08nN

Figure 2.11: AFM-phase image of the mechanical deformation of EVs during the increase of the
applied force [41].

With AFM imaging, several tapping mode studies have been conducted on normal and tumor sam-
ples in order to highlight their differences. It has been shown that normal and cancer exosomes
differ both in size and structure. The first one resides in the range of 40 — 100 nm and presents
heterogeneous morphology and density with also intravesicular aggregation. Instead, exosomes
from cancer cell line do not have a marked difference in density between the core and the shell,
are characterized by a wider distribution of diameter that varies in the range of 20 — 400 nm, and
their morphology it is not predictable because it can be either irregular or circular as for normal
exosomes [40].

Concerning the aforementioned aspects, with the AFM it is possible to perform an articulated
analysis of extracellular vesicles at the subnanometer resolution, in terms of morphology, mechan-
ical properties, size, and chemical composition, without irreversibly altering the properties of the
sample. Thanks to the high versatility of this technique it is possible to characterize single exo-
somes all-around, discerning between healthy or cancer cell lines. For these reasons, ISEV always
suggests combining high-resolution imaging techniques such as AFM, with the other technique uti-
lized for size and concentration measurements, in order to reduce evaluation errors and the level of
uncertainty [19].

The principles of detection of both Fluorescence Microscopy and Atomic Force microscopy will
be explained in detail in the Chapter 4.

2.5 Goal of the thesis

The purpose of this thesis is to address the resolution limits of detection for vesicles’ analysis at
the single-particle level. To that end, we will estimate the molecular profiling of surface proteins of
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small Evs, through fluorescence microscopy measurement. In particular, the proteins we will devote
our attention to are the following: CD63 and CD9, both belonging to the family of tetraspanin
membrane proteins. The rationale behind the choice of such proteins is that they are considered
important biomarkers of small EVs. Moreover, this thesis will also attempt to characterize vesicles’
size in a physiological condition by using atomic force microscopy. Finally, we will combine the two
aforementioned imaging techniques, namely, fluorescence microscopy and atomic force microscopy,
in order to: first, tackle the difficulty of distinguishing between one single EV and a cluster of
multiple small EVs; second, investigate the correlation between vesicles’ size and their molecular
profile at the single-particle level. Such correlation will be investigated to understand whether
vesicles’ size is a key determinant of communication between vesicles and of their active role in
tumorigenesis processes. The sample that will be used in this thesis is composed of the vesicles
derived from the Human Embryonic Kidney 293 (HEK293) cell line.
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Chapter 3

Single-EV assay

This chapter reports how is articulated the single-EV assay implemented to realize our single-EVs
characterization, with the description of the sample preparation and the main materials adopted
to perform the experiments.

The Figure 3.1 illustrates the general guideline followed during the experiments and it consists
in the first EVs capture onto a D263M Schott glass disk (ibidi gridded glass coverslip) with a
thickness of 170 um and a diameter of 28 mm, characterized by grids at a repeated distance of
500 um, in 4 different areas of the disk. It was decided to use this type of substrate due to its
quality and small thickness that allow performing super-resolution microscopy measurements, but
also for the presence of the grids that were ideal for our single-molecule characterization, since they
allow to localize the EVs and to perform their single detection in a defined area, for repeatable
measurements. The surface was activated with (3-Aminopropyl)triethoxysilane (APTES) and Glu-
taraldehyde (GA) that act as a linker between the substrate and the EVs. The immobilization of
the EVs was necessary to perform the imaging in a liquid environment and with high resolution.
After the EVs capture, it was decided to realize the antibodies labeling only for the multiple protein
profiling performed with fluorescence microscopy.

1 > 2 > 3 > 4
EVs capture Antibody Labeling Imaging Analysis
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Figure 3.1: Our single-EV assay adopted for single-EV characterization.
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After the first part of the sample preparation, two different characterizations have been carried
out, one with a photoluminescence setup, for the protein profiling of the vesicles, and one with the
AFM for the size characterization. The respective images obtained from these two measurements
were then analyzed in terms of photoluminescence (PL) intensity distribution and AFM size dis-
tribution. Finally, once the PL and AFM parameters were optimized and the vesicles were well
characterized, it was decided to combine the two investigation method to find which correlation
exists at the single-particle level, between the expression level of the vesicles and their size.

3.1 Sample Preparation

The sample preparation, illustrated in Figure 3.2, includes the first functionalization of the glass
substrate, the consequent addition of EVs (provided by the collaborating group led by S. El An-
daloussi at Karolinska Instutet (Stockholm)) and, depending on the type of experiment, the blocking
of the free binding sites and the final binding of fluorescent antibodies on top of the vesicles.

1. TL1 cleaning: This step is used to activate the surface with the exposition of OH groups,

and also to remove all the impurities that may be present on the glass surface since any kind
of contamination would be visible in both the photoluminescence and AFM images and can
determine the increase of the background noise, limiting the observation of single EVs.
To realize the cleaning, the glass is immersed for 10 min into a TL1 cleaning solution whose
temperature is kept at 88° C'. The TL1 solution is a mixture of HoO, HoO2, N Hs respectively
in proportion 5 : 1: 1 in volume. After that, the glass is rinsed first in de-ionized water and
then in ethanol, for a few minutes.

2. Silanization process: This step consists in the formation of a silan-monolayer on the sub-
strate, with the exposition of N Hy groups [44]. To carry out the silanization, is prepared a
solution of 5% APTES ((3-Aminopropyl) triethoxysilane) in ethanol (EtOH). After 1 minute
of hydrolyzation, the glass substrate is kept immersed for 10 minutes in the APTES solu-
tion. Thereafter the sample is rinsed first in ethanol and then in de-ionized water, for a few
minutes.

3. Incubation in Glutaraldehyde (GA): Glutaraldehyde acts as a linker between the modi-
fied glass slide and the vesicles, thanks to the exposure of CHO groups on both sides. One
end binds to the N Hy groups of the surface, whereas the groups on the other side remain free
for the following steps.

The glass slide is dipped for 1 A in 1% G A dissolved in 1 x PBS (Phosphate-Buffered Saline),
followed by rinsing in de-ionized water (DIW) for a few minutes.

4. EVs binding: The EVs are first diluted in 1 x PBS to reach very low concentrations for
single-EV studies. To prevent agglomerations, the sample is vortexed for 20s after each dilu-
tion step. The dilution rate depends on the initial concentration of the stock and the type of
analysis. For combined AFM-fluorescence imaging, it is suggested to use lower concentration
compared to the concentration that can be used to perform only fluorescence imaging. The
adopted concentration range varies between 108 + 10° particle/mL. The optimize incubation
time for the covalent binding between C HO groups of GA and N Hy groups of EVs is 1 h, at
the end of which is recommended to do a good washing with 1 x PBS.
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The next two steps are performed only when it is necessary to obtain the antibody binding. Other-
wise, the functionalization process ends with the binding of the EVs, as it is shown in Fig. 3.2(A).

5. Deactivation of GA: A solution of tris-ethanolamine (triETHA: 0.1 M tris-buffer and
50mM ethanolamine, pH = 9.0) it is used to deactivate the non-specific binding site of
GA that remained free after the incubation step of the exosomes. Without this step, the
subsequent binding of the antibodies would be non-specific and would increase the image
background. The suggested incubation time is 30min, at the end of which tri-ETHA is
rinsed with 1 x PBS.

6. Saturation of residual free binding sites: In this step, a casein-based blocking solution
(0.05w/v %) is prepared to saturate the residual free binding sites. This step required 1.5h
of incubation to completely minimize the non-specific binding of antibodies. At the end of
the incubation, Casein is rinsed a few times with 1 x PBS.

7. Antibodies binding: Antibodies are diluted in 1 x PBS. The dilution rate depends both
on the type of antibody and the EV sample that is used. It is recommended to try differ-
ent concentrations to find the best one for each sample. After 1A of incubation time, the
antibodies are rinsed with 1 x PBS.

A Conj. Antibody

Figure 3.2: a. Functionalistazion done up to step 4; b. Functionalization done with all the 7 steps.

During all the sample preparation is important to keep the sample hydrated, otherwise EVs can
detach and the functionalization may not be homogeneous.

A more detailed illustration of the sample preparation process, with the chemical groups involved,
is provided in appendix A.

3.2 Materials

e Substrate and rubber well: The substrate that we used to perform the experiments
was a glass coverslip (previously described in detail) of 28 mm in diameter with Ibidi grids
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(50pm pitch). We decided to use this substrate to be able to do repeatable measurements.
Furthermore, with the use of a rubber well (as shown in Fig. 3.3) it was possible to perform
4 different measurements, one per well, where two wells were commonly used to analyze
two different samples, or to test the same sample with different functionalization procedures,
whereas, the two remaining wells were used as control. At the end of the sample preparation,
each well was filled with 1xPBS.

Figure 3.3: Single-EV assay for photoluminescence measurements, formed by a glass coverslip as
substrate and a rubber formed by 4 well for multiple analysis in liquid.

e Sample: The main sample that was analyzed with uPL and AFM measurements were the
EVs derived from the cell line HEK293 (human embryonic kidney cells grown in tissue cul-
ture, provided by KI). This cell line, stably expressing CD63 and CD9, was transfected
to overexpress the CD63 fused to its C-terminus with the mNeonGreen fluorescent protein
(mNeonGFP) [7].

To perform all the experiments, the initial stock solution of 50 uL at 6.6 - 10"“ particles/mL
was diluted in multiple aliquots of 40 uL at 6.6 - 10'° particles/mL and stored in freezer.

012

Starting from each aliquot, serial solutions were carried out to reach the desired concentration.
Each aliquot has been used to perform individual experiments as it was observed that the sample
tended to degrade or form agglomerates.

e Antibodies: CD9 antibody conjugated with Alexa Fluor 647 (AF647) has been used to do
photoluminescence measurements using a red laser with A\ = 632nm at 5mW as excitation
sources. The initial volume was 100 uL with a concentration of 6.67 uM and molecular weight
of 150 kDa.

e AFM-tips: NANOSENSORS qp-BioAC probes designed for imaging in air and liquid of
biological samples have been used to perform the AFM measurements. They are made with
a quartz-like material and partially coated with a reflective layer of gold. The typical size
are: radius around 10 <+ 20 nm, tip height of 7Tum, and thickness of 370 =+ 430 nm.
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Chapter 4

Experimental Method

4.1 Photoluminescence (PL) measurements

Fluorescence microscopy is one of the most advanced investigation methods in the field of in vivo
and in vitro studies for the characterization and visualization of biological components [28] such as
tissue, cells, proteins, single molecules, and for the study of the typical biological phenomenon in
which they are involved. For this purpose, different fluorescent probes, such as fluorophores and
fluorescent proteins, but also new methods of target labeling have been investigated and optimized
to perform high-resolution imaging without damaging the target biological component [20]. Re-
garding the single-molecule analysis, one great advantage provided by the fluorescence imaging is
that the signal intensity of the fluorescent probe is directly proportional to the concentration of the
target molecules, allowing their quantitative characterization. Fluorescent proteins (FPs) represent
in that case the widely adopted fluorescent probes for multiple reasons e.g., their high heterogeneity
in the light spectrum from the ultraviolet (UV) to the infrared (IR), their versatility in the genetic
encoding, good stability in the biological environment, and optimal brightness, that depict them
as a powerful fluorescent probe [28]. On the other hand, the new generation of fluorophores, such
as Alexa Fluor probes, are characterized by higher quantum yield, high photostability and cover a
wide range of the light spectrum, as well as the (FPs) [21]. In our study, as it will be illustrated
in the following sections, were adopted two different fluorescent probes, the mNeonGreen and the
Alexa Fluor 647, for the multiple profiling of two different proteins, CD63 and CD9 respectively.

4.1.1 Basic principles

Figure 4.1 shows the basic mechanism of fluorescence microscopy. The specimen placed on a stage
on top of an inverted microscope is first excited with a light source at a specific band of wavelengths,
and the emitted light by the sample is afterword collected. By using a dichroic mirror (DM), the
excitation light can be directed towards the sample and then filtered once it comes as scattered
light from the sample. In this way, only the excitation light (which retains physical, biological
or chemical information) can reach the detectors. More in detail, regarding the excitation light,
before reaching the sample, it first passes through a dichromatic beamsplitter placed at 45° C re-
spect to its direction that selects and reflects only the light at the desired wavelength. After that,
before reaching the collector, only the emitted fluorescent light will be collected by the objective
and directed toward the collector, passing through an emission filter and a second mirror placed
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Figure 4.1: Basic scheme of fluorescence microscopy.

at 45° respect to its direction [27]. For these reasons, the selection of the appropriate filter for
a successful fluorophore excitation, and the choice of the correct objective for the emitted light
collection, represent the basis for good imaging.

For the fluorescent imaging of the biological component of interest, it is necessary to realize the
selective labeling of the target with fluorescent probes, such as commercial fluorophores or fluores-
cent proteins, that can be excited at specific wavelengths and are characterized by high fluorescent
quantum yield. This parameter represents the fluorophore’s efficiency in converting the excitation
light into fluorescence. In particular, the fluorescent emission depends both on the concentration
of the fluorophore in the sample, and on its absorption and emission characteristics [27]. For what
concerns the fluorescent proteins, two more parameters, such as the pH-sensitivity and the photo-
bleaching rate, must be taken into consideration [28].

In our case, it was decided to use two different fluorescent dye, the Alexa fluorophore 647 (AF647),
and a mNeonGreen fluorescent protein (mNeonGFP). AF647 is characterized by a high quantum
yield, good signal stability for a wide pH range, and specific targeting for a variety of proteins,
antibodies and peptides, with the typical excitation range between 594nm and 633nm and the
maximum emission at 665nm [1] that can be image by filtering the signal with a long pass filter.
The mNeonGreen protein, derived from a tetrameric fluorescent protein from the Branchiostoma
lanceolatum, is one of the brightest and stable protein, characterized by high quantum yield [38],
a suited excitation at 506 nm and a maximum fluorescence emission at 517nm [2] that can be
filtered using a standard GFP band-pass or long-pass filter for the imaging of labeled component.
It was decided to use the mNeonGreen instead of the GFP since it produces higher signal inten-
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sities with a typical brightness 3 times greater than GFP, and it is more stable and less sensitive
compared to GFP [28]. It was decided to use these two different fluorescent probes both for their
ideal characteristics that allow performing high-quality images and also for their different working
excitation/emission wavelength that was an essential condition for the parallel analysis of the two
different biomarkers.

Table 4.1 reports the details of the two fluorescent probes adopted for the expression level profiling
of the CD63 and CD9 proteins.

Excitation | Emission | Quantum Yield | Lifetime | Target protein
AFe647 650 nm 665 nm 0.33 1 ns CD9
mNeonGreen 506 nm 517 nm 0.8 3.1 ns CD63

Table 4.1: Technical characteristics of AF647 and mNeonGreen adopted as fluorescent probes for
the profiling of the protein CD63 and CD9 ([1], [2]).

Regarding the optical parameters that must be optimized to perform high-resolution quantitative
imaging of the fluorescent protein, the excitation power, transmissivity of the optical system, the
efficiency of the fluorophore, objective aperture and camera resolution and sensitivity affects the
overall sensitivity, resolution and signal-to-noise ratio. In particular, the numerical aperture of the
objective determines the resolution and the brightness of the image, by collecting the fluorescence
emission of the sample. In order to improve the quality of the image, it is necessary to use the
highest numerical aperture which allows both to collect the largest number of photons, but also to
resolve the sample at a fixed distance [34].

4.1.2 PL setup

In this section will be illustrated the photoluminescence (PL) setup used to measure the emitted
light from the single EVs. With photoluminescence one refrs to the phenomenon of light emission
by a sample that is photoexcited with a light source at a certain wavelength and can be divided into
two different classes: phosphorescence and fluorescence, depending on the time in which the light
is emitted. This phenomenon in our case can be referred to fluorescence, where the light emission
stops immediately when the excitation is switched off [33].

The schematic view of the setup used to perform the characterization of the sEVs is shown in
Fig. 4.2. The core of the system is an inverted microscope connected to a thermo electrically-
cooled CCD camera that works at —100° C' to minimize the CCD dark counts and can detect
single-photon events. For the excitation sources, a blue LED light with lambda = 455 nm was
used. The major advantages of the blu LED are that an LED is not as expensive as a laser, it
is quite stable and it allows illumination of a wide area with good temporal power stability. The
possibility nowadays to use different LED sources which can be switched in ~ 100 us allows the
simultaneous labeling of many biomolecules. The LED light could reach the sample through the
lens of the microscope in bright-field configuration (BF) and once collected by the objective, was
always filtered with GFP filter cube composed of an excitation filter (Exc), a dichroic mirror (Di)
and an emission filter (Em). The light was then directed toward a CCD camera passing through
a second mirror. Finally, the image was acquired by Andor Solis software for image capture and
analysis. For the acquisition three different parameters were varied: exposure time that must be
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Figure 4.2: Schematic view of the micro-photoluminescence setup used in this work.

selected to do not reach the saturation, the pixel shift and the electron multiplier (EM) gain level
which represents the multiplication factors of the signal. The signal coming from the incident
photons on the detector, are first converted to electrons and then multiplied by the EMG level.
On top of the microscope, three different objective lenses were mounted based on the type of test
that had to be done. The lens with 10x magnification (Zeiss,= 0.25 and field-of-view 1.3 mm), and
63x with glass-thickness correction (Zeiss,= 0.75 and field-of-view 200 pm) were used to perform
only photoluminescence imaging, instead, the lens 100x oil (Nikon) was used to collect the images
for the combined PL-AFM analysis. The main difference between each objective is the numerical
aperture which quantifies the amount of light that can be collected and the ability of the objective
to resolve fine specimen detail for a fixed object distance that will be shorter with the increasing of
the magnification [34]. The resolution of the objectives is important as well since we want to match
the diffraction limit, which is the ultimate limit for fluorescence microscopy. Since the numerical
aperture (NA) directly depends on the refractive index of the medium between the objective and
the specimen, it is possible to obtain higher NA replacing air with immersion oil for example, that
has a refractive index of 1.51.

4.1.3 PL Imaging (data acquisition and processing)

The PL measurements were performed on the inverted microscope setup shown in Figure 4.2, with
a 10x and 63x objective, using Andor Solis software. Regarding the acquisition parameters, an ac-
quisition time of 10 s with EMG = 20 and EGFP filter cube selected. Instead, for BF acquisition
an EMG of 6 was adopted. Every single imaging cycle consisted in the acquisition of three images:
excitation spot, the background/control and finally the images of small EVs.
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The image analysis was performed using ImageJ and Matlab. The excitation spot image was
first filtered by averaging neighbor pixels to reduce the noise. Such image was then imported in
MATLAB where the excitation LED spot was fitted using a 2D Gaussian profile, see Fig. 4.3(a).
Unsuccessful fittings were usually overcome by additional filtering of the high-frequency components
of the spot image. An image called ”Normalization factor”, as shown in Fig. 4.3(b) is then created
from the fitting and allows to correct each PL image from the excitation spot non-uniformity by
simple image pixel-by-pixel multiplication. The intensity correction of the PL image was made
using a plugin of ImageJ, by multiplying the normalization factor obtained in the previous step
with the PL image of the EVs.
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Figure 4.3: (a). Fitting of the excitation spot; (b). Normalization Factor for the image correction.

The second step of the image processing consists of the PL intensity extraction for every single
EV. The first selection of the region of interest (ROI), illustrated in Fig. 4.4(a), was performed
to identify the area of the image to analyze. It is recommended to select the areas in the center
of the image since the focus and the intensity distribution would be more accurate compared to
the edges of the image. Once this step was completed, each object was selected by a threshold, as
shown in Fig. 4.4(b), and then the respective PL intensity was extracted using a plugin in ImagelJ,
specifically created for this step. And the end of the analysis, an array with the EVs intensity and
the respective coordinates of the EVs in the image is given, that is useful for the following step of
the analysis, for the identification and characterization at the single-particle level.
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Figure 4.4: (a). n.12 selected region of interests (ROI) represented by the yellow thin frames; (b).
PL intensity extraction of diffraction-limited spots, representing single EVs, here marked by yellow
crosses inside the regions of interest.

4.2 Atomic force microscopy (AFM) measurements

Atomic force microscopy is a powerful technique that, with a resolution of nanometers, allows to
characterize the structure and function of very small and soft samples, such as cells, proteins, and
DNA, in physiological conditions [46]. Thanks to the high versatility of the available methods
to perform the scanning of the sample, it is possible to select the more suitable approach based
on the sample’s characteristics, avoiding possible sample distortion and damage. However, their
imaging in physiological conditions remains a very challenging task since many parameters must
be take in consideration to properly image biological samples, such as the optimization of their
fixation on the substrate, control of the possible contamination both on the substrate and in the
tip, the selection of the proper cantilever and imaging mode to minimize the damaging, and finally
the application of low interaction forces. On this regard, in our study, as it will be shown in the
following sections, it was decided to characterize the size of the sEVs in liquid, using as imaging
mode the Quantitative Imaging (QI), which is particularly suitable for soft samples since it works
with low forces, and it provides for each pixel of the image, quantitative data such as the adhesion
and mechanical properties, but also the recorded forces [22]. Based on this consideration, two
different sample fixation methods have been investigated in order to understand which one can
give the best compromise to perform the imaging of the sEVs in liquid environment. The main
parameters that will be taken into consideration are the control of the height distribution after the
surface modification, the number of vesicles attached to the substrate, and shape preservation.

4.2.1 Basic principles

Atomic force microscopy belongs to the family of scanning probe microscopy techniques (SPMs)
that is formed by three different subclasses: scanning near-field optical microscopy, atomic force
microscopy, and scanning ion conductance microscopy [37]. The name of each technique depends
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on the interaction that it is measured. Therefore, the AFM measures the attractive and repulsive
forces between the surface of a sample and a very sharp pum-sized Si cantilever. The cantilever
represents the heart of the system and is a rigid element fixed at one end and free in the opposite
end where a sharp tip is mounted [22].

The main detection principle of AFM, illustrated in Fig 4.5, is based on the measurement of the
cantilever deflection which depends on the type of interaction (attractive/repulsive) between the tip
mounted on its end and the surface of the sample. In particular, the deflection is determined by the
tilt angle of a laser beam that is reflected from the reflective side of the AFM lever onto a position-
sensitive detector. The bending angle is then converted into deflection. Therefore, the force is
obtained multiplying the stiffness of the lever for the probe distance from the sample (F' = —k - z,
where k is the stiffness and z is the distance). Usually, a feedback system maintains the applied
force by the tip constant. The value of the force is then converted into an electrical signal that is
used to create the AFM image of the surface [22].

Deflection signal
(A+B)-(C+D)
(A+B)+(C+D)

Detection laser

Quadrant
photodiode

Cantilever deflection | =

i Attraction or repulsion
K/_Rﬁ_f—\“x___f—*f

Sample

Figure 4.5: AFM basic principle of detection [22].

Since the force applied by the cantilever depends both on the deflection and the constant spring
of the cantilever, these two parameters must be optimized depending on the type of the sample.
It is possible to modulate the cantilever deflection by changing the imaging mode, whereas for the
constant spring it is possible to change the length and material of the tip [15].

Different types of tips differ in material, shape, coating, and length. The conventional tips are
made with silicon and the free end is completely coated with a metallic material, commonly with
aluminum. Unfortunately, the total coating could affect the mechanical properties of the cantilever.
Therefore, new tips with only a short-coated region are increasingly being used, especially for the
measurements in a liquid environment where it is more difficult to maintain stable properties. The
combined use of a partial coating made with a material characterized by good optical properties
such as gold permits at the same time to obtain a better reflectivity and also to reduce the drift
and bending of the cantilever [15].
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Depending on the choice of a cantilever characterized by certain material and shape, it is possible
to perform different imaging modes that can be divided into contact mode, dynamic mode, and
rarely non-contact mode. The main differences between these modes and how the force applied to
the sample changes during the scanning of the surface and how the cantilever and how the cantilever
approaches the surfaces. In contact mode, the force value remains constant since the distance of the
cantilever from the surface of the sample is modified for each variation of the surface height. In this
way, each point of the surface receives the same applied force and the cantilever remains in contact
along the whole analyzed region. For what concerns the dynamic mode the cantilever oscillates
along the surface. It is possible to perform this imaging mode in three different ways: intermittent
contact mode, non-contact mode, and force modulation mode. However, the most adopted is the
intermittent contact mode in which the oscillation amplitude is modulated according to the sample
height [22].

As already mentioned, the applied force depends on the spring constant of the cantilever,
therefore each imaging mode will require different cantilevers. In the case of contact mode are
commonly adopted softer cantilevers with a spring constant value lower than 0.5 N/m. Whereas
for the intermittent contact mode, the choice of the cantilever varies depending on if the imaging
is performed in liquid or in air. For imaging in air are required stiffer cantilevers, while for the
imaging in liquid it is possible to use the same cantilevers adopted for contact mode.

4.2.2 Quantitative imaging mode

The imaging mode that has been chosen to characterize the single EVs is the quantitative imaging
(QI). This imaging mode can be performed, without losing in resolution, both in air and in a liquid
environment. It allows to measure adhesion and to extrapolate size at null force. At the same
time, it is possible to control the force applied on the surface. Furthermore, all the calculated force
curves are provided and can be used to calculate further parameters [10].

The main mechanism involves the cyclical alternation between one pixel and another, of an ap-
proach phase and a complete retraction phase of the cantilever, with the application of low forces.
This makes quantitative imaging particularly beneficial for soft samples imaging, such as vesicles,
since the lateral forces that could damage or detach them are avoided. The baseline parameters are
chosen and optimized automatically by the software, based on the sample and the tip properties
that are selected by the user [22]. This allows for constant parameters throughout the acquisition,
unlike the other imaging modes in which especially the extend baseline can be critical and it must
be manually adjusted. Generally, the driving frequency and the setpoint must be changed once the
cantilever has finished the approach. Nevertheless, if the measurement is made in liquid, the choice
of the driving frequency can be complicated. For this reason, it can be deduced that the result of
a good imaging acquisition is operator-dependent, while this is not required for quantitative imag-
ing. To perform quantitative imaging is recommended to use cantilevers with low spring constant,
medium/high resonance frequency and low/medium length, to minimize the noise and perform fast
measurements. Since the EVs are extremely soft, it is better to use low forces and try to have a
short interaction between the sample and the tip to reduce the drift of the sample [22].
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4.2.3 AFM setup

The adopted system configuration, illustrated in Fig. 4.6, is composed of the life science stage
which is specifically used with the inverted optical microscope, to perform combined analysis with
the two tools; on top of the system is mounted the ZEISS AxioCam MRc that is used to align the
selected tip with the center of the 100z 0il immersion objective; then we have the AFM head which
represents the main component of the system, formed by three different stepper motors and z piezo
located in the cantilever holder. These two elements are moved alternately so that the cantilever
can reach the surface, moving along the z-axis. Before starting the approach phase, the laser must
first be aligned with the tip and then the cantilever must be calibrated. In QI this last step is
performed by the software. Once these steps are done, it is possible to start the scanning of the
surface. To perform our measurement, it was decided to take images of 5 x 5nm with the image
resolution set at 512 x 512 pixels.

Figure 4.6: System configuration for combined AFM-PL measurements.

To perform the QI measurements, the sample was first fixed on a glass disk, as described in chapter
two, and subsequently, several washes were performed to eliminate residual impurities and remove
the vesicles not attached to the substrate. After that, once the sample holder was placed in the
life science stage, it was necessary to deposit a droplet of 10 uL of 1xPBS on the free end of the
probe, to break the surface tension between the tip and the liquid during the immersion of the
cantilever into the liquid. This step is critical since care must be taken to avoid the contamination
and damaging of the tip. Once the probe was immersed in the liquid, the following parameters
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have been set as:
e Temperature: 23°C
e Medium: 1XPBS (Density = 1.005 kkg/m?> and Viscosity = 1.05mPa - s)
e Ashesion: medium

e Expected Height: 100 nm for the control surface with only GA, 300 nm for the surface with
GA and EVs on top

The cantilever used to perform single EVs imaging were NANOSENSORS qp-BioAC probes de-
signed for imaging in air and liquid. These probes are characterized by the presence of three rectan-
gular cantilevers with different lengths and consequently with a different resonance frequency and
force constant. They differ from traditional cantilevers since they are made of quartz-like material
and have a partial gold coating. Thanks to their uniform thickness (370 < 430 nm) the resonance
frequency and the dispersion of the force constant are minimized since their value is directly pro-
portional to the thickness of the cantilever. For our measurements, it was chosen the central tip
(NANOSENSORS qp-BioAC-CB2 AFM probe) since it has the resonance frequency in the range
of 35 + 65 kHz, the force constant in the range of 0.06 + 0.18 N/m, and medium length between
55 <+ 65 um.

4.2.4 AFM imaging (processing and analysis)

The following data processing and analysis have been applied to all the acquired AFM height im-
ages. All the steps that will be described below, have been carried out with Gwyddion software.

The first step of the image processing consists of the alignment of the lines of the image which may
be evident in case of a fast scanning of the surface. Correction can be carried out using various
methods including the median method adopted by us. For each line of the scan, this method sub-
tracts the respective average value of the height of the line itself. The horizontal scar correction is
then applied to remove the scanning errors of the image. Thereafter, each single EVs is selected by
applying a mask with the command 'mark grains by threshold’ which allows identifying all the EVs
with the height above the set threshold. To discriminate between the surface and the EVs, a height
value of 10nm was chosen, since we do not expect to have EVs below this value and it has also been
observed that the surface without EVs presents heights in the order of 4<-10 nm. In the last step, the
surface is leveled using a first-degree polynomial subtraction, with the exclusion of the mask region.

For the data analysis, the distributions of the heights and radius were exported for each image. In
addition, the height, the equivalent disc radius, and the surface area were extrapolated for each
vesicle that had been identified as a single EV by overlapping the AFM image with the PL image.

4.2.5 Correlation between AFM and PL images

The centerpiece of the thesis work is to measure the correlation between the information obtained
from the photoluminescence measurements and the measurements obtained with the AFM. As
emerged in the second chapter, using only one method of characterization, although this allows for
high-resolution measurements, it is not possible to discern with certainty between single small vesi-
cles and clusters of small vesicles or other particles in the range of small EVs due to the diffraction
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limit in fluorescence.

In this study, we tried to overcome scientific limits, related to the most widespread approaches
that are followed in the characterization of small single vesicles. This was possible thanks to the
combined use of the AFM and the PL system which allow obtaining information about the size
and expression level of single EVs, thus overcoming the diffraction limit. The AFM was mounted
above the sample, instead, the inverted microscope was located below the sample. This allowed to
analyze the same area of the sample with the two different methods. The results obtained from
the measurements were first analyzed individually and then they were combined by overlapping
the images obtained with AFM and uPL setup.

Figure 4.7: (a) AFM and (b) PL - image of the patterns etched in the glass substrate.

To exactly realize the alignment between the PL image with the AFM images, different patterns
have been created along the surface of the glass slide using the FIB-SEM technique. To make the
overlap, it was first necessary to take the fluorescence image in order to select the patterns that
were more visible and at the same time located in an area with a good number of vesicles. As it
can be seen from the F'ig.4.7(b), on the right of the PL image there are two clearly visible patterns,
instead on the left there are other patterns that are difficult to identify since they are characterized
by a gray level similar to that of the image background. This difference is due to the depth of the
markers realized with the FIB-SEM etching that unfortunately is not well reproducible. Moreover,
it can be seen that in the area around the mark, the substrate is different and the number of
sEVs was lower compared to the other areas. Hence, since these aspects are mainly related to the
etching steps of the surface, by first imaging the substrate with the fluorescence microscopy, it is
possible to quickly visualize which areas have the best features for proper imaging of the vesicles
and to perform an accurate overlap with well visible patterns. After that, a first scan of an area
of 30 x 30 um, was made to visualize the patterns in the AFM height image too, as shown in Fig.
4.7(a). Starting from this image, the PL image was imported into the AFM software to realize
the overlap of the patterns, that allows identifying which areas of the surface that have EVs in PL
image, must be analyzed with the AFM. Afterward, multiple high-resolution scans were realized in
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the selected areas for the size characterization of the single vesicles. In particular, were considered
as single vesicles those identified from the overlapping of the two images, thus they were present as
isolated spots in both images. For those, the PL intensity was extracted from the PL image while
the size was measured from the AFM image. An example of how the overlap was performed will
be illustrated in the next chapter.
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Chapter 5

Results and Discussion

5.1 Characterization of single sEVs by PL

5.1.1 Preliminary sample characterizations

This section will show the preliminary characterizations that have been carried out to choose which
sample was better to use for the validation of the protocol, which type of surface functionalization
has been adopted and the parameters to optimize.

Figure 5.1: Photoluminescence images of sEVs derived from the engineered cell line HEK293 - fixed
on GA. The bright diffraction-limited spots correspond to single or multiple sEVs.

The Figure 5.1 shows the photoluminescence images of the small vesicles derived from the bio-
engineered cell line HEK293, transfected to overexpress the CD63 protein labeled with mNeon-
Green. To analyze the results only the central area of the image was taken into consideration since
it is the one with the best focus and given that the background is less uniform at the edges (i.e.
more uncertainty in the PL intensity values could be introduced if the edges were considered as
well). Figure 5.1 shows the presence of bright diffraction-limited spots that correspond to single
or multiple sEVs, uniformly distributed in the substrate, having different intensity. This is mainly
related to the different expression levels of the surface proteins of each sEV but also the transfec-
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tion efficiency of CD63 tagged with mNeonGreen into HEK293. For higher expression levels, the
single EVs will appear brighter, instead for low levels of CD63, the sEV it could be weaker or not
detectable. Moreover, the vesicles that are very close or agglomerated, will appear as a single very
bright spot.

The same sample was also analyzed with scanning electron microscopy (SEM), a technique that
allows obtaining images with a resolution better than 1 nm by scanning the sample with a focused
electron beam. However, in that case, the EVs were not in their physiological solution (1xPBS) but
were covalently immobilized onto a Si wafer through APTES and GA linker and then sputtered
with Au/Pd before imaging to avoid charging of the surface which can lead to image artifacts and
lower resolutions. As can be seen from the Fig. 5.2, the sEVs seem to have a spherical shape and
a diameter of 100 = 200 nm. Furthermore, it is possible to discriminate, with a spatial resolution
below 1nm, the presence of agglomerates or single sEVs, which is not possible to achieve with
photoluminescence measurements.

100 nm EHT = 1.00 kv Signal A= InLens 24 May 2019 1 pm EHT = 1.00 kv Signal A= InLens 24 May 2019
H WD= 29 mm Mag= 79.18 KX 12:13:30 WD = 29 mm Mag= 2446 KX 12:26:24

Figure 5.2: SEM-images of sEVs derived from the HEK293 cell line: images were taken using
Inlens detector and a voltage of 1kV.

The concentration rate from uPL measurements was then estimated for sEVs derived from the
HEK293 cell line, as shown in Fig. 5.3. The as found concentration is less than one order of mag-
nitude lower from the one estimated by NTA, which is conventionally used in this case for EVs.
In particular, the concentration from uPL is only a factor of ~ 3 lower than NTA and this can be
explained by the transfection efficiency of the EVs which should be around 1:3 [11].

Furthermore, it must be taken into consideration that the calculated number of vesicles depends
on the selected intensity threshold that is chosen for the vesicle selection. Therefore, all the particles
that are still attached to the substrate but are characterized by a fluorescence intensity lower than
the threshold (e.g. due to low protein expression level or not successful transfection) will not be
included in the total count of vesicles. This means that the real number of vesicles is certainly
higher and closer to the number of particles revealed by NTA.

This is not as true for the surface modification with antibodies instead of covalent binding using

45



:I‘- T IIIIIII‘ T T TTTTT T T TTTTT
E108 L | ® Data J
i F | —— Linear fit ;
o r 7
2 i ]
(1] - -
o
I 107 F =
o F .
£ C ]
E - _
: I |
L 6 | |
510 ¢ §
I= r ]
(1)) | n
Q
cC - |
o
O 105 L IIIIIIIJ 1 I[IIIII] 1 IIIJIIIl
10° 108 107 108

Concentration from NTA (particles/mL)

Figure 5.3: Concentration estimated from PL measurements versus the one measured by NTA
(black squares). The dotted line is a unitary slope whereas the red line is a linear fit of the data.

APTES and GA since the binding mediated by the antibody it is more specific and a less number
of vesicle will be captured. Once we can count the sEVs from uPL we want to check if these are
attached well to the substrate. Indeed, the same number of EVs must be present on the surface if,
for example, we wash the sample several times with different types of solvent (which is the case in
our essay).

Figure 5.4 shows that the number of particles does not change with the increasing number of
washing cycles realized with solutions like DIW and ethanol. On the other hand, by realizing serial
washing with 1x PBS, it is possible to see a small positive variation of the number of the particles
due to the additional binding to the surface of those vesicles that remained in suspension in the
previous steps.

These results are related to the glass surface modification that was adopted. In particular,
the exposition of C HO groups by GA enables the covalent binding with the N Hs groups of sEVs.
Since the covalent bond is one of the most strong chemical bond, the detachment rate of the vesicles
from the surface it is limited. Moreover, it was observed that after 4 hours of measurements with
combined AFM-uPL, the number of vesicles remained almost unchanged. This may not occur in
case of surface functionalization with antibodies since their capture is more specific compared to
GA in which all the sEVs in the solution can remain attached. Hence, the number of captured
vesicles remains lower.

To conclude, comparing our results obtained with those provided by the other studies available
in the literature, it has been observed that with our single sEV assay it is possible to achieve a
capture efficiency equal to 20 + 30 % compared to the average capture rate per vesicle of 4 =+ 10 %
that is normally achieved in other single EV studies [25].
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Figure 5.4: Particle number variation as a function of the washing cycles, for three different mate-
rials: DIW, ethanol and 1x PBS.

5.1.2 Evaluation of CD63 and CD9 expression level

In this section, the surface molecular profiling of CD63 and CD9 proteins is described. We decided
to investigate these two tetraspanin proteins because they are considered important biomarkers of
sEVs, due to their pivotal role in the vesicle formation and tumorigenesis processes [4].

The study is based on the measurement of the fluorescence intensity by two different fluorophores,
mNeonGreen and Alexa Fluor 647, which respectively require two different excitation sources:
blu-LED (A = 455nm at 0.56 mW) and red laser (A = 632nm at 5mW). The mNeonGreen
was used to profile the expression level of CD63 since the cell line HEK293 was transfected with
CD63-mNeonGFP tagged to over-express the CD63 protein, while the expression level of CD9 was
investigated by performing the CD9 labeling with CD9-Ab conjugated with AlexaFluor 647 and
using a red-laser as excitation sources. The red laser has only been used in preliminary tests to
verify the effectiveness of the analysis method while the blu-LED was also used for the subsequent
characterization of the chosen sample and the combined analysis with the AFM.

The first characterization test aims to analyze the expression level of CD9 and CD63 on sEVs
derived from the cell line HEK293 transfected to overexpress the CD63 tagged with mNeonGFP.
In that case, the vesicles were first immobilized onto a glass slide through APTES and GA linker
with their subsequent coupling of CD9-antibody conjugated with AF647 on top of the sEVs. In
particular, all the functionalization steps were performed on the glass slide in combination with a
rubber-well formed by 4 wells, each of 110 ul capacity. After the functionalization, the EVs were
inserted in only n. 2 wells, whereas the others were kept as a control and contained 1x PBS.
Different areas, approximately 100 x 100 jzm? each, were probed inside every well. Two PL images
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were taken per area: one "green” (emission max at 506 nm) and the other "red” (emission max at
695 nm). For the former excitation channel, the signal was filtered with a GFP filter cube, for the
latter it was used a long-pass filter at 650 nm.
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Figure 5.5: (a) Photoluminescence intensity distribution of CD63-mNeonGreen. (b) Photolumines-
cence intensity distribution of CD9-AF647.

Figure 5.5(a) shows the distribution of the photoluminescence integrated intensity related to the
CD63 protein. To correctly interpret the graph it must be taken into account that as background
noise level it was considered the standard deviation of the mean PL intensity of the control and
the plotted intensities values are obtained by subtracting the background value from the intensity
of each vesicle selected by a threshold. The same considerations are valid for the Fig. 5.5(b) in
which it is possible to observe the photoluminescence integrated intensity distribution of the CD9
conjugated with AF647. As expected, in Fig. 5.5(a) the majority of the signal is above the back-
ground noise level since these vesicles are modified to over-express the fluorescent CD63 protein.
Instead, in Fig. 5.5(b) there is almost no signal. Theoretically, the CD9 should be 3 =10 times less
expressed than CD63 hence the obtained results could be considered reasonable, but since at the
beginning we can not be sure if the absence of the signal was related to the unsuccessful binding
of the antibodies to the EVs or the low expression level of CD9 in the cell line HEK293, two more
tests were carried out.

One test aims to prove the bonding effectiveness of the antibodies, the second one involves a
different cell line to solve the doubt related to the expression level of CD9. In this way, we can
prove if our single EVs assay works or not, and also, we can decide which sample it is better to use
for subsequent characterizations.

The first test aims to verify the antibodies capture efficiency by functionalizing the surface with
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CD9 antibodies instead of GA and using two different samples, the sEVs from the cell line HEK293
and the sEVs from the cell line H1975. The first one overexpressed the CD63 protein against the
low expression level of CD9, the second one is characterized by equal expression of CD63 and CD9.
Figure 5.6 shows the PL images of single sEVs derived from the cell line HEK293 (left) and H1975
(right), fixed onto a glass slide through APTES, GA and CD9-Antibodies.

Figure 5.6: PL image of - (left) sEVs from cell line HEK293 on CD9-Antibodies and (right ) sEVs
from cell line H1975 - on CD9-Antibodies.

It was observed, as expected, that the number of sEVs captured by antibodies was lower compared
to GA since the bond mediated by antibodies is more specific and directly depends on the expression
level of the vesicles. For GA this is not valid because it mediates a non-specific covalent binding
of the majority of vesicles present in solution. Furthermore, in that specific case, the number of
captured sEVs was even lower for the cell line HEK293 compared to the cell line H1975, due to the
low expression level of CD9.

For these reasons, we decided to investigate the sEVs derived from lung cancer cell line H1975
which presents an equal expression of CD63 and GFP-tagged CD9. The presence of GFP allows
profiling the expression level of CD9 using a blu-LED excitation instead of a red-laser as in the
previous experiment shown in Fig. 5.5(b). This was a great advantage since the image acquisition
with the red-laser could be more critical in terms of the focus of single EVs and the photolumi-
nescence intensities of AF647 are generally weaker compared to the GFP. This second test aims to
profile properly the CD9 expression level of sEVs from the cell line HEK1975, and wants to support
the results obtained from the previous one in terms of antibodies capture efficiency.

Figure 5.7 shows the PL image of the sEVs derived from lung cancer cell line H1975 contain-
ing the tetraspanin proteins CD63 and GFPtagged-CD9. The sample was first immobilized onto a
glass slide through APTES and GA, with their subsequent coupling of CD9-antibody conjugated
with AF647. It can thus be possible to have a double-check of the sEVs expression level of CD9 by
exciting the CD9 protein with both the blu-LED and the red-laser. The second excitation channel
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also gives information about the antibody binding.

(a)

Figure 5.7: PL images of sEVs from cell line H1975 fixed on GA and labeled with CD9-Ab con-
jugated with AlexaFluor 647. (a) Red laser excitation of CD9-Ab conjugated with AF647; (b)
Blu-LED excitation of GFP-tagged CD9.

Fig. 5.7 above shows that the same number and position of vesicles is present in both Fig. 5.7(a)
and Fig. 5.7(b). This allowed us to conclude that: first, the vesicles derived from the cell line H1975
express the CD9 protein, as they are visible in the Fig. 5.7(b), which was taken with the blu-LED
for the excitation of the GFP-tagged CD?9; second, the binding of the antibodies was successful, as
the same number of vesicles is visible in the Fig. 5.7(a), taken with the red laser for the excitation
of the CD9-antibody conjugated with AF647.

In support of these considerations, Figure 5.8 shows the photoluminescence intensity distribution
related to the GFP-tagged CD9 (Figure 5.8(a)) and CD9 conjugated with AFLAT (Figure 5.8(b)).
Comparing these results with the ones illustrated in Figure 5.5, the presence of a positive signal in
both excitation channels is now clearly visible. As can be seen, the occurrence of high intensities is
greater in the green channel than in the red one, and this could be related either to the maximum
emission of the targeting-agent or to the quality of the acquired image. In general, it was observed
that the signal from the red-laser excitation was weaker.

In conclusion, these preliminary tests aimed to characterize the expression level of two tetraspanin
family proteins, CD9 and CDG63, that are reported to be expressed in the cell line HEK293 from
human embryonic kidney and H1975 from human lung cancer. Their main difference is that the
first sample is characterized by the overexpression of the CD63 tagged with mNeonGFP, the second
sample instead has an equal expression of both proteins with the CD9 tagged with GFP. We have
seen that with our single sEVs assay, it is possible to profile at least two biomarkers per time,
by using two different excitation sources, in that case, the blu-LED was used to excite the green
fluorescent protein, and the red laser was used to excite the fluorescent dye AF647. By comparing
the results of three different tests it was determined that the sEVs derived from the HEK293 cell
line are characterized by a low expression level of CD9 that is probably affected by the transfection
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Figure 5.8: Photoluminescence intensity distribution of - (a) GFP-tagged CD9 and (b) CD9-AF647
- of sEVs derived from H1975 cell line.

processes, whereas the EVs derived from H1975 cell line show, as expected, a similar expression
level of CD63 and CD9. For these profiling test, two different functionalization processes were
analyzed, one with the sEVs fixed on GA and one with the sEVs attached on Ab, and it has
been observed that in the second case, the number of vesicles attached to the substrate was always
lower since the capture of the vesicles is strongly limited by the expression level of the target protein.

Based on these results, it was decided to continue the characterization of single sEVs derived
from the cell line HEK293, since they can be easily immobilized on GA without the need of an-
tibody binding, and they also show a high signal of CD63 protein that can be detected using the
blu-LED excitation, without any problem related to the laser alignment and additional step of
labeled-antibodies binding on top of the sEVs.

5.2 Characterization of single sEVs by AFM

The second step of the sEVs analysis aims to characterize the size of sEVs in a liquid environment
by performing Atomic Force Microscopy measurements. The measurements were done in liquid
since we want to reflect as much as possible the native environment of the vesicles. However, the
measurements in liquid could be more complex compared to the measurement in air, due to the
additional steps that must be carried out to perform the measurements, as well as the challenge
imposed by such measurements [22]. It is indeed required the immobilization of the vesicles onto
the substrate through a functionalization procedure, which in turn could introduce impurities and
increase the roughness of the surface. Besides, the time factor must be taken into consideration
as all the steps needed to analyze the sample in liquid required a couple of hours and the actual
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measurement generally requires from a minimum of 10 min to 30 min per scan. Nevertheless, the
imaging in liquid allows preserving the globular shape of the vesicle as ideally they are kept in
conditions similar to those of origin. Furthermore, the drying process that is required in air mea-
surements might affect the morphology of the vesicles, with possible shrinking and size deformation
of the particles. Commonly is observed that their height decrease after the drying and they appear
more flattened, with the increase of their footprint area [40].

Before proceeding with the size characterization of the vesicles, two different types of function-
alizations were compared. In the first method, the surface was first cleaned with the TL1 cleaning
and sequentially activated with APTES and GA, whereas, the second method involves the anti-
bodies immobilization instead of GA, and the subsequent blocking steps made with triETHA and
casein. The comparison between the two methods was fundamental because the height distribu-
tion of the surface increase for each additional step, and it is really important to minimize that
increment to clearly identify the sEVs. Since the height of the small vesicles varies from 15 nm to
150 nm, the surface roughness should not be greater than 10 + 15nm.

Figure 5.9 illustrates the height measured with the AFM, of the substrate treated with APTES
and GA. The scan of the surface was performed in QI mode in different areas of 5 x 5 um of the
substrate, with a resolution of 512 x 512 pixel. From the image it can be seen that the substrate
is almost flat with the roughness between 0 <+ 4 nm and presents some small impurities that arise
from the functionalization step.

Height (measured)

[ 20nm

Figure 5.9: AFM height measured image of surface with APTES and GA.

The distribution of the maximum height measured, normalized for the maximum value of the
counts, is shown in Fig. 5.10. The height distribution starts from a minimum height of 10 nm that
was selected as a threshold above which only the small extracellular vesicles should be present. It
is possible to observe that the majority of heights vary between 10 =12 nm, and above 15nm there
is only a small percentage of the measured heights.

This result is particularly useful for the subsequent characterization of sEVs since the increment
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Figure 5.10: Normalized Maximum Height distribution of the substrate modified with APTES and
GA.

of the height is not high compared to the initial value of the substrate roughness between 600 pm
and 1 nm, calculated after the only cleaning of the slide. If the surface was characterized by a large
number of heights above 10 nm, it would not be possible to easily identify small EVs as their size
would be in the same range of the roughness.

The same characterization was carried out for the surface activated in sequence with APTES,
GA, Antibodies, triETHA, and Casein. It was decided to investigate this method because it me-
diates more specific binding of the vesicles and we also wanted to see if it can better preserve the
globular shape of the vesicles since the region involved in this type of adhesion is smaller compared
to the footprint area occupied by the vesicles attached on GA.

Figure 5.11 shows what happens to the surface roughness if we complete a glass functionaliza-
tion (i.e. up to casein). As can be seen, the AFM height measured of the substrate shows similar
results compared to the Fig. 5.9. As in the previous test, the substrate is flat and presents a
small number of impurities which are identified by the brightest points in the image. The adopted
parameters for the acquisition were maintained the same as those used for the previous test.

Figure 5.12 shows the normalized maximum height distribution of the heights above the selected
threshold of 10nm. As it can be observed, the distribution is similar to the previous one shown in
the Fig. 5.10, with the majority of the counts concentrated in the range of 10 = 15nm. In that
case, the substrate also presents a small number of particles with elevated z max in the range of
30 = 50 nm, which are probably agglomerates of residual impurities or molecules.

It can be concluded that the results obtained by these two tests are relatively similar as they

show a quite flat surface, with no significant increment of the roughness compared to the pristine
glass slide and a similar distribution of the heights after the functionalization process, in the range
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Figure 5.11: AFM height measured image of surface activated with APTES, GA, Antibodies,
triETHA, and Casein.
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Figure 5.12: Normalized Maximum Height distribution of the substrate modified with APTES,
GA, Antibodies, triETHA and Casein.
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of interest for the studies that will be shown below.

The second step aims to characterize the height and the radius of the single sEVs by perform-
ing the AFM measurements in liquid with QI mode. Although the size distribution of the two
different controls was similar, the vesicles were characterized for both types of functionalization,
to understand which of the two methods better preserves the globular shape of the vesicles. The
surface functionalization with GA allows the capture of more vesicles that remain attached to the
surface even after some hours of measurements, but at the same time, due to the strong interaction
mediated by the covalent bond between the vesicles and the substrate, the vesicles may be cup-
shaped [41],[40]. This phenomenon should theoretically be less accentuated for the sEVs fixation
mediated by the antibodies binding since the antigen-binding portion (amino-terminal end of each
branch of the molecule) of an antibody is smaller compared to the binding area involved in the
vesicles fixation on GA.

Height {measurad)

0 nm

Figure 5.13: AFM Height measured of the sEVs captured on GA - the yellow mask identifies the
vesicles with the height above 12 nm.

Figure 5.13 shows the vesicles present on the scanned surface area of 5 x 5 um?. The vesicles were
selected by a threshold of 12nm since in the previous test it was observed that below this value,
the surface does not present a significant number of points. To better recognize the vesicles on the
surface it was decided to use a yellow mask for the selected sEVs and a false-color bar that starts
with the value of the selected threshold.

Figure 5.14 shows the normalized height (Fig. 5.14(a)) and diameter (5.14(b)) distributions of
the identified vesicles. It is possible to observe that the majority of vesicles are characterized by a
height that varies between 15 nm to 30 nm and only a small percentage of the vesicles present higher
values. Regarding the diameter, the sample was characterized by a homogeneous distribution in
the range of 20 = 160 nm with the highest number of vesicles with a diameter of 20 < 60 nm.

Figure 5.15 illustrates how the height of the sEVs identified as single vesicles, varies as the diameter
changes (more details about the single EVs analysis will be shown later). It is possible to observe
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Figure 5.14: (a) Normalized maximum height distribution and (b) Normalized diameter distribution
- of sEVs fixed on GA.

that the diameter of the vesicles is much higher compared to the height of the vesicles and it change
more slowly compared to the increase of the height. According to these results, as expected, the
vesicles seem to be flattened on the substrate. In the graph, there are also some anomalous points,
which deviate from the linear trend, and are probably some clusters of multiple sEVs or impurities.
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Figure 5.15: Correlation between the Height and Diameter of each vesicles.

Regarding the characterization of the skEVs immobilized on antibodies, the Fig. 5.16 shows the
AFM Height measured of those vesicles with the z size above 12 nm that we decided to consider as a
threshold. In order to have comparable data with the previous test, it was decided to maintain the
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same parameters and acquisition method. It can be visually observed how the number of vesicles
per area is lower than what was observed in Fig. 5.13.

Height {measured)

Figure 5.16: AFM Height measured of the sEVs captured on Antibodies - the yellow mask identifies
the vesicles with the height above 12nm.

Figure 5.17 illustrates the height and radius distribution of the vesicles attached to the substrate
activated with antibodies. As can be seen from the distribution of heights in Fig. 5.17(a), almost
all the heights are concentrated in the range of 12 = 20 nm with only a few vesicles characterized
by greater size, in contrast with the previous case were the height distribution was more uniformly
distributed in all the z range. A similar distribution has been found for the diameters, as shown
in Fig. 5.17(b), that varies in the range of 25 + 150 nm with a great number of vesicles between
25 + 80nm in diameter.
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Figure 5.17: (a) Normalized maximum height distribution and (b) Normalized diameter distribution
- of sEVs immobilized on Ab.
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Figure 5.18 illustrates the correlation between the diameter and the height of those sEVs identified
as single vesicles. As expected, the number of single vesicles is lower compared to the analogous test
with the vesicles fixed on GA, since the capture mediated by the antibodies is limited to a specific
region of the vesicle that the antibody recognizes and binds selectively through its amino-terminal
end. Since the interaction between the vesicle and the antibody is non-covalent and so reversible,
it can happen that during the scanning of the region of interest, some vesicles can detach and the
number of the captured vesicles decreases even more. As in the previous test, by comparing the
heights with the respective diameters, it was observed that the variation of the height in function
of the diameter follows a linear trend, with the great majority of the single vesicles characterized
by height in the range of 12 + 30nm and a diameter between 50 <+ 150 nm, hence the vesicles do
not have a globular shape but are flattened, even if this phenomenon is slightly accentuated.
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Figure 5.18: Correlation between the Height and Diameter of each vesicles.

By virtue of the obtained results, it was decided to continue the sEVs characterization using the
functionalization method based on surface activation with APTES and GA, because no great ben-
efits were observed in the binding of the vesicles with the antibodies, with the only exception of the
specific bounding. Apart from that, the time needed for the sample preparation was consistently
higher since it requires the three additional steps of antibodies incubation, blocking with triETHA
and Casein, for a total amount of three more hours compared to the functionalization based on GA,
and at the end of which the globular shape was not better preserved. One other limit is the lower
number of particles that can be captured on the activated surface. This aspect is particularly im-
portant to obtain significant data which in this case needs to be collected by scanning a consistent
number of areas of the substrate, with a consequent extend time for the measurements. On the
contrary, by adopting the functionalization with GA, it is possible to perform faster measurements
and analyze a larger amount of vesicles, that remain well attached on the substrate during all the
imaging acquisition. Since the materials involved in the surface activation are only the APTES
and GA, the probability to have impurities is lower compared to the fixation with antibodies, and
it also allows to have better control of the surface roughness which is a fundamental requirement
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to perform good imaging.

5.3 Correlation between PL and AFM images

The final steps of the sEVs characterization aims to correlate the size and molecular profile mea-
surements of single sEVs, with the two main target of going beyond the scientific limits related to
the study of vesicles at the single-particle level, and to help in discovering significative properties
highlighted by the correlation of the two measures, that could be important from the biomedical
point of view.

The correlation was performed by first taking the PL images in the areas of the sample with
both the SEVS and the patterns etched onto the glass disc, needed for the subsequent correlation
step. The image was taken using a blu-LED as excitation sources and a 100x oil objective, which
can collect more light from the sample compared to the 63x objective that was adopted in the
previous characterization steps, thus it was possible to obtain optic images with well defined bright
vesicles. After that, the surface was first scanned at a low resolution, with the only purpose of
visualizing the patterns identified in the PL image.

Figure 5.19 shows the PL image of the sEVs derived from the cell line HEK293, immobilized
on the surface through APTES and GA, where the bright points are the single sEVs or cluster of
multiple sEVs, and the marks are illustrated in the yellow magnification of the image.

Figure 5.19: PL image of the sEVs derived from the cell line HEK293 - fixed on GA - area with
marks.

Unfortunately, as in this case, the marks were not clearly visible, since, even if the input parameters
for the realization were 5 um x 50 nm, the FIB-SEM etching is not well reproducible, and can give
in output smaller or bigger patterns. Nevertheless, adjusting the brightness and contrast of the
image, it is possible to visualize them. The image was taken using a GFP filter cube since the
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vesicles derived from the cell line HEK293 enriched with a CD63-mNeonGFP tagged, with 2 s of
acquisition time instead of 10 s of the previous PL tests, to prevent the image saturation.

The respective PL intensity distribution of the EVs is illustrated in Fig. 5.20. It is possible to
observe that the intensity values in the x-axis are one order of magnitude greater than the results
shown before, due to the higher numerical aperture of the 100x oil objective and the different
medium between the objective and the specimen, which in the previous PL investigation was the
air and in the actual characterization is a droplet of oil deposited above the center of the lens.
The illustrated noise threshold of 670 CC'D counts/s/px was chosen considering 1/3 of the stan-
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Figure 5.20: PL distribution of the background corrected integrated intensity of CD63-mNeonGFP
tagged.

dard deviation of the background. This value may seem high but some factors must be taken into
consideration to properly evaluate this parameter. First of all, as for the integrated intensity of the
vesicle, also the value of the background increases. Moreover, due to the configuration of sample
stage the can be used for the AFM measurements in liquid, it is not possible to have two distinct
region for the sample and the control, but only a small free surface with a diameter smaller than
23 mm, for the sample investigation. Hence, the value of the background was calculated in the
free areas of the substrate where no EVs were attached. Since this is not a very accurate method,
the value indicated as noise can not be considered completely correct. Regarding the Integrated
Intensity distribution, it can be seen that the number of the selected vesicles is consistently higher
respect to the PL distributions illustrated in the Section 5.1, as it was adopted a higher concentra-
tion and it was investigated a bigger area. This helped to get statistical data for a great number
of vesicles.

Focusing now on the AFM analysis, Fig. 5.21 shows the AFM image of the substrate area of
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30 x 30 pm with the marks that will be used to realize the overlap with the marks in the PL image.
It must be considered that the color range of the image, due to the low resolution of this preliminary
scan, is not completely representative of the sample hight but it gives only a general idea of how
the sample looks like.

Height {measurad)

Figure 5.21: AFM image of a 30 x 30 um area with mark

Starting from the low-resolution image shown in Fig. 5.21 and the PL image illustrated in Fig.
5.19, the subsequent AFM images were overlapped using as reference points the edges of the marks,
as shown as in Fig. 5.22 that describes how the single images acquired from each step of the analy-
sis were overlapped. In sequence we have Fig. 5.22(a) that represents the PL image of the vesicles
attached on GA, then the Fig. 5.22(b) which is the low-resolution scan previously described, is
superimposed to the PL image, thanks to the presence of the patterns, otherwise, it would be
impossible to realize the correlation. After that, one other scan illustrated in Fig. 5.22(c), of
10 x 10 wm and better resolution is taken in proximity to the marks, to obtain greater results
about the heights of the sample. Finally, a consistent number of high-resolution AFM images, as
shown in the Fig. 5.22(d), with an area of 5 x 5 um, were acquired in those areas of the PL image
characterized by a good focus of the vesicles.

Each of the high-resolution images was then analyzed in terms of height and radius distribution
of the vesicles, considering now 10nm as threshold instead of 12nm because it was observed
that the size of the diameter was underestimated due to the software calculation method. The
software determines, based on the selected threshold, the coordinate of the maximum height and
the equivalent disc radius of each grain. The former is calculated by considering the point of
the grain with the maximum height above the threshold. The latter is determined respect to
the coordinate of the maximum height which is considered as the center of a semi-ellipsoid and
considering all the points of the grain having the hight above the threshold. Hence, all the points
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Figure 5.22: a. PL image; b. Low resolution AFM image with marks; c. AFM image with medium
resolution with mark; d. AFM image of small areas with EVs at high resolution

under the threshold are excluded by the size estimation of the diameter, resulting in a loss of
information. Since the diameter parameter is fundamental for the analysis that we want to carry
out, it was decided to reduce the threshold to have a lower margin of error.
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Figure 5.23: (a) Maximum Height and (b) Diameter - distribution of sEVs derived from the cell
line HEK293 - fixed on GA.

Figure 5.23 illustrates the size distributions of the height and diameter of the vesicles analyzed with
high resolution. Because of the higher number of data, both of the distributions show a greater
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logarithmic trend, compared to the results illustrated in Fig. 5.17 where especially the values of
the diameter seemed to be more irregular throughout the size range. From the height distribution,
shown in Fig. 5.23(a)) it can be observed that the majority of the vesicles reside in the range of
10 = 25 nm which is the common variation that as been observed in the other illustrated tests,
whereas for what concerns the diameter distribution (shown in Fig. 5.23(b)) it seems that a great
part of the vesicles has a typical size in the range of 20 + 40 nm confirming what was obtained
previously.

Regarding the size correlation illustrated in Fig. 5.24, about the sEVs identified as single vesicle
by the overlap of the AFM and PL images, it is possible to observe a linear distribution of the
vesicles in the whole range, with the highest number of vesicles in the range of 40 <80 nm in height
and 80 + 160 nm in diameter.
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Figure 5.24: Correlation between the Height and Diameter of each vesicles.

Thus comparing the distributions of the total group of vesicles attached in the analyzed areas,
with the results of the vesicles analyzed at the single-particle level, it can be seen their significant
difference. By considering only the results of the first approach, it could be concluded that the
sEVs derived from the HEK293 cell line varies in size in the two range mentioned above, without
having any certainty that the vesicles analyzed are impurities, single EVs or clusters of multiple
small EVs.

These problems can be solved by adopting the second approach based on the correlation be-
tween the two different techniques. From the PL image, it is indeed possible to distinguish the
vesicles from all the rest attached on the substrate since they are the only component labeled with
the fluorescent dye. On the other hand, after the overlap of the AFM image, it is also possible to
characterize the size of the single identified vesicles, minimizing the error in the size distribution
that otherwise would give only general information about the size of the vesicles, regardless of the
surface protein expression level.
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The correlation illustrated in Fig. 5.24 between the height and the diameter was elaborated based
on the single sEVs identified on both the PL. and AFM images, as shown in Fig. 5.25.

Figure 5.25: Identification of single SEVs (bright spots pointed by arrows) by overlapping of bright
spots present in the PL (back) and AFM (front) images.

As a selection criterion, it was considered as single sEVs the only one with clear single dot over-
lapped, having the height and diameter in the typical range of the EVs, and with no other particles
in their proximity characterized by the typical size of the EVs. All the vesicles of PL image that
were identified by two or more vesicles in AFM image have not been taken into consideration, as
the vesicles identified only in the AFM image have not been analyzed individually.

According to what has been observed so far, the last study of the project aims to figure out which
correlation exists between the amount of CD63 protein (labeled by a mNeonGFP) of the single
vesicles and their surface area. This information could be useful from the biomedical point of view
because it is believed that the small particles could be more involved in the biological processes
due to the small size that allows them to better communicate with the other cells and molecules.
If that consideration is not true, we expect to have higher PL intensities in the vesicles with the
bigger surface area just because of their size. If instead, the hypothesis was valid, we would expect
to obtain the higher surface expression level in the smaller vesicles, and vice versa for the bigger ones.

Figure 5.26 shows the correlation between the PL intensity and the surface area of the vesicles,
at the single-particle level. It can be seen that the fitted curve of the distribution does not start
from the origin of the axis, but it intersects the y-axis at 670 CCD counts/s/px that represents
the noise threshold selected at the beginning during the PL analysis. Furthermore, the correlation

64



presents some point with a certain value of the area and a respective PL intensity equal to zero.
This is related to the fact that it was assumed for those vesicles identified in the AFM image but
characterized by a weak intensity from the PL analysis, that their intensity value would have been
equal to the background. Since the illustrated PL intensities are background corrected, the value
of those vesicles goes to 0 CC'D counts/s/px.
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Figure 5.26: Correlation between the PL intensity of the single sEVs and the respective AFM
Surface Area

From what emerges from the graph, it seems that the highest PL intensities are more concentrated
in the medium-low values of the surface range, with only a few points for the medium-high values
of the surface area, and in both cases, the values are spread respect to the linear fitting of the dis-
tribution. However, this phenomenon does not seems to be so pronounced and clear that it can be
concluded that the smaller EVs have a pivotal role in the biological process and so their expression
level is certainly higher respect to the bigger ones. To be able to have a better distribution that
can highlight the different expression level and the consequent different roles of the vesicles, it is
necessary first of all to collect a large number of data and also to make the sample preparation and
the data analysis as much as possible operator-independent to be able to obtain better reproducible
results.
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Chapter 6

Conclusions and Future perspective

In this thesis, two different characterization methods have been investigated. The objective of
the first study was to characterize the protein expression level of EVs by means of fluorescence
microscopy. In particular, this was applied to the cell line HEK293 for the tetraspanin family
proteins CD9 and CD63. The second part of the project aimed to characterize their size by AFM.
Finally, the combination of the two techniques allowed us to carry out the single-particle analysis.

The principal goal of the project was to overcome the resolution limits of detection of the
nanoscale-vesicle analysis, by using the Fluorescence Microscopy and Atomic-Force Microscopy,
and their combination. As a consequence, initial evidence was highlighted from the biomedical
point-of-view regarding the vesicle’s behavior.

In the first part of the work, the surface protein expression level was successfully characterized
by performing micro-photoluminescence measurements on an inverted microscope with two differ-
ent excitation sources, a blu-LED for the CD63 protein and a red-laser for the CD9 expression
level estimation. The use of the engineered cell-line HEK293 allowed us to realize a protocol for
the optimization of the vesicle’s fixation, concentration, and labeling with fluorescent dyes for their
imaging with high resolution at the single-particle level. Thanks to the different labeling of the
two proteins, CD63 tagged with mNeonGreen and CD9 labeled with AlexaFluor647, it was pos-
sible to realize the multiple bio-marker investigations. By comparing the results obtained with a
different cell line, and with a different functionalization method it was possible to demonstrate the
effectiveness of our characterization method.

In the second part of the work, the size and shape characterizations were realized with Atomic-
Force microscopy measurements, adopting the quantitative imaging method. This allowed obtaining
high-resolution images with the application of low forces and reduction of the vesicle damaging.
Furthermore, the vesicle’s fixation onto a glass substrate and their analysis in liquid, allowed to
obtain high-quality images with partial shape preservation. It was observed that the vesicles are
not spherical even if in liquid, but they present a semi-ellipsoid shape, with typical height in the
range of 15+30nm and a diameter in the range of 20+ 160 nm. It was also observed that the use of
antibodies as a linker between the vesicles and the substrate does not give significant improvements
for the shape preservation, but it only mediates a more selective bounding. Hence, it was decided to
realize all the single-vesicle characterization using the GA instead of antibodies, to reduce the time
of sample preparation, have a lower roughness and to be able to collect more data for statistical
analysis.

The last part of the thesis aimed to combine the AFM and the PL measurements, to overcome
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the intrinsic uncertainty level of the average analysis of the EVs. Moreover, by correlating the
size and the molecular profiling of the vesicles, it was possible to discover the relation existing
between these two parameters. It was first observed that is not sufficient to use only one method of
investigation to classify the EVs as single vesicles, since with the fluorescent imaging, two or more
particles can appear as a single bright spot if they are sufficiently small and closed together, and
from the size imaging, is not always possible to identify the vesicles from the other particles and
impurities attached on the surface. With the overlap of the two images, it is instead possible to
clearly localize the single vesicles on the substrate. Furthermore, by correlating the size and the
molecular profile of every single vesicle, we discovered that does not seem to exist a clear difference
between the protein expression level of the smallest and largest vesicles, suggesting that the size
probably it is not a determinant factor in the vesicle’s communication and their active role in the
tumorigenesis processes progression.

The promising results obtained with the photoluminescence setup and its combination with the
AFM, open the possibility for future improvements in the single-EV assay, with the main objective
of realizing a multi-well system for the parallel analysis of the vesicles derived from different clinical
samples and their comparison in terms of different size and protein expression level. Moreover, by
increasing the number of fluorescent-probes it would be possible to realize for each clinical sample
a multiple protein profiling, with the possibility to understand how the expression level of specific
biomarkers change depending on the selected patient and its clinical condition.

Prior to the realization of the final objective, the next step in the study would be to apply
the PL-AFM combined technique to cell line-derived wild-type EVs, where their protein expression
levels are not engineered but naturally determined by the secreting cells. In this way, it would
be possible to investigate whether these EVs show a similar/different relation between their size
and protein expressions, and how the correlation change depending on the marker and cell line
analyzed.
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Appendix A

Sample Preparation
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Figure A.1: Schematic representation of EVs capture on bio-chemically treated glass substrate
using APTES and glutaraldehyde linker. The method involves: (a) substrate cleaning using TL1
solution; (b) generation of silane layer using optimized APTES (5%, v/v) solution; (c) treatment
with glutaraldehyde solution; (d) immobilization of capture EVs.

76



Appendix B

Data used for the PL-AFM
correlation

Table B.1: Data of single vesicles analyzed in the PL-AFM coorelation study

N.Vesicle Intensity Z max | Diameter | Surface
(CCD counts/s/px) | (nm) (nm) (nm?)
1 42433.83 42.71 107.96 11478
2 40042.24 41.61 83.36 7826
3 15439.82 80.46 158.92 29814
4 23137.24 58.86 103.38 13377
5 17889.87 86.49 130.38 22778
6 17171.99 39.93 69,9 3815
7 33723.18 97.15 218.2 37384
8 35064.46 59.88 199.56 37384
9 22468,08 40,29 142,82 18838
10 22643,12 69,7 170,72 33152
11 35265,85 74,84 197,12 43316
12 27147,96 74,42 183,06 38156
13 32031,43 424 135,86 18403
14 78411,60 85,43 189,58 41379
15 13255,03 43,61 116,62 13799
16 15429,04 23,1 38,18 1491
17 45020,49 41,57 163,44 24099
18 29498,89 85,45 155,84 31966
19 31527,65 54,83 134,06 18501
20 17796,51 19,32 93,5 7408

7



N.Vesicle Intensity Z max | Diameter | Surface
(CCD counts/s/px) | (nm) (nm) (nm?)
21 42809,97 86,98 160,44 32508
22 30773,92 52,17 169,28 28680
23 40799,51 95,27 228 40817
24 42080,96 85,43 193,38 46163
25 40687,53 87,3 192,12 43621
26 35108,95 53,77 155,84 24577
27 22598,00 74,94 212,6 48687
28 46164,73 104 2148 58374
29 53660,29 47,97 154,28 23761
30 40786,30 47,39 157,38 24217
31 54204,27 31,65 101 9335
32 37694,10 53,16 132,24 19262
33 13649,89 47,07 139,38 19191
34 93048,62 27,76 96,06 8091
35 29202,63 18,2 90,86 6937
36 57096,74 35,12 166,38 24288
37 29184,15 88,3 172,12 38784
38 18745,47 39,37 120,72 14532
39 60068,37 52,48 142,82 21807
40 16475,28 72,24 192,12 40759
41 37848,55 65,05 174,92 32247
42 22756,63 48,86 132,24 18211,00
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