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Abstract

Nanosized extracellular vesicles (EVs, ∼30-2000 nm) have emerged
as important mediators of intercellular communication, offering oppor-
tunities for both diagnostics and therapeutics. In particular, small EVs
generated from the endolysosomal pathway (∼30-150 nm), referred to
as exosomes, have attracted interest as a suitable biomarker for can-
cer diagnostics and treatment monitoring based on minimally invasive
liquid biopsies. This is because exosomes carry valuable biological in-
formation (proteins, lipids, genetic material, etc.) reflecting their cells
of origin. Using EVs as biomarkers or drug delivery agents in clinical
applications requires a full understanding of their cellular origin, func-
tions, and biological relevance. However, due to their small size and
very high heterogeneity in molecular and physical features, the analysis
of these vesicles is challenged by the limited detection ranges and/or
accuracy of the currently available techniques. To overcome some of
these challenges, this thesis focuses on developing different techniques
for characterization, detection and protein profiling of EVs at both bulk
and single particle levels. Specifically, the three methods investigated
are scanning electron microscopy, electrokinetic sensing, and combined
fluorescence - atomic force microscopy.

First, a protocol for scanning electron microscopy imaging of EVs
was optimized to improve the throughput and image quality of the
method while preserving the shape of the vesicles. Application of the
developed protocol for analysis of EVs from human serum showed the
possibility to use scanning electron microscopy for morphological analy-
sis and high-resolution size-based profiling of EVs over their entire size
range. Comparison with nanoparticle tracking analysis, a commonly
used technique for EV size estimation, showed a superior sensitivity
of scanning electron microscopy for particles smaller than 70-80 nm.
Moreover, the study showed process steps that can generate artifacts
resembling sEVs and ways to minimize them.

Secondly, a novel label-free electrokinetic sensor based on streaming
current was developed, optimized and multiplexed for EV protein anal-
ysis at a bulk level. Using multiple microcapillary sensors functionalized
with antibodies, the method showed the capacity for multiplexed detec-
tion of different surface markers on small EVs from non-small-cell lung
cancer cells. The device performance in the multichannel configuration
remained similar to the single-channel one in terms of noise, detection
sensitivity, and reproducibility. The application of the technique for
analysis of EVs isolated from lung cancer patients with different ge-
nomic alterations and after different applied treatments demonstrated
the prospect of using EVs from liquid biopsies as a source of biomarker
for cancer monitoring. Moreover, the results held promise for the ap-
plication of the developed method in clinical settings.
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Finally, to increase the understanding of EV subpopulations and
heterogeneity, a platform combining fluorescence and atomic force mi-
croscopy was developed for multiparametric analysis of EVs at a single
particle level. The use of a precise spot identification approach and
an efficient vesicle capture protocol allowed to study and correlate for
the first time the membrane protein composition, size and mechanical
properties (Young modulus) on individual small EVs. The application
of the technique to vesicles isolated from different cell lines identified
both common and cell line-specific EV subpopulations bearing distinct
distributions of the analyzed parameters. For example, a sEV popu-
lation co-expressing all the three analyzed proteins in relatively high
abundance, yet having average diameters of <100 nm and relatively
low Young moduli was found in all cell lines. The obtained results high-
lighted the possibility of using the developed platform to help decipher
unsolved questions regarding EV biology.

Keywords: extracellular vesicles, streaming current, fluorescence
microscopy, atomic force microscopy, scanning electron microscopy,
protein profiling, size profiling.
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Sammanfattning

Nanometer-stora extracellulära vesiklar (EVs, ∼30-2000 nm) har ny-
ligen framträtt som viktiga förmedlare av intercellulär kommunikation
och erbjuder samtidigt tillämpningar inom s̊aväl diagnostik som tera-
pi av sjukdomar. Speciellt exosomer, dvs sm̊a EVs (∼30-150 nm) som
härstammar fr̊an cellers endolysosomala produktion, har utpekats som
en lämplig biomarkör inom cancerdiagnostik och behandlings-uppföljning
baserat p̊a minimalt invasiv vätskebiopsi. Detta för att exosomerna bär
p̊a viktig biologisk information (proteiner, lipider, genmaterial, etc.)
som avslöjar deras ursprungscell. Att använda EVs som biomarkörer
eller transportörer av läkemedel kliniskt kräver först̊as en fullständig
först̊aelse för deras cellulära ursprung, funktion och biologisk relevans.
Däremot, p̊a grund av deras begränsade storlek och mycket stora hete-
rogenitet i form av molekylära och fysiska egenskaper blir analysen av
dessa vesiklar försv̊arad p̊a grund av de begränsade detektionsniv̊aerna
och/eller precisionen av tillgänglig teknik. Denna avhandling fokuse-
rar p̊a att utveckla olika tekniker för att karakterisera, upptäcka, och
kartlägga proteiner hos EVs, b̊ade i ensemble- s̊aväl som p̊a enskild
partikel-niv̊a, för att överkomma vissa av dessa hinder. De tre me-
toderna som användes i undersökningarna är svepelektronmikroskopi,
elektrokinetisk detektion samt kombinerad fluorescens- och atomkrafts-
mikroskopi.

En metod med tillhörande protokoll för att avbilda EVs med svepe-
lektronmikroskopi utvecklades och optimerades för att förbättra prov-
genomströmningen och bildkvalitén samtidigt som formen av vesiklarna
bevaras. Genom att använda det utvecklade protokollet för analys av
EVs fr̊an serum taget ifr̊an människa p̊avisades möjligheten att använda
svepelektron-mikroskopi för morfologisk analys och högupplöst storleks-
baserad kartläggning av EVs över dessas hela storleksspann. Jämförelser
med nanopartikel-sp̊ar-analys (NTA), en vanlig teknik som används vid
mätning av storlekar p̊a EVs, visade metoden en överlägsen känslighet
hos svepelektron-mikroskopet för partiklar mindre än 70-80 nm. Stu-
dien upptäckte även steg i processen som kan orsaka artefakter som
p̊aminner om sEVs samt sätt att minimera dessa.

Dessutom utvecklades en markör-fri elektrokinetisk sensor baserad
p̊a jon-strömmar i mikrokapillärer. Denna optimerades och kapillärerna
duplicerades för multipel proteinanalys av EVs p̊a ensemble-niv̊a. Ge-
nom dessa multipla mikrokapillärsensorer funktionaliserade med olika
antikroppar, visade metoden en förmåga att upptäcka olika ytmarkörer
p̊a sm̊a EVs fr̊an icke-småcelliga lungcancerceller. Sensor-enhetens pre-
standa i multikanal-konfiguration förblev p̊a samma niv̊a som för en-
kel kanal i termer av brus, detektionskänslighet och reproducerbarhet.
Tillämpningen av tekniken för analys av EVs isolerade fr̊an lungcancer-
patienter med olika förändringar i genomet och efter att patienterna
exponerats för olika behandlingar visade p̊a möjligheten att använda
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EVs fr̊an vätskepbiopsier som en källa för biomarkörer vid monitore-
ring/uppföljning av cancer. Resultaten visade för övrigt möjligheten
att använda den utvecklade metoden i klinisk miljö.

Slutligen, för att öka först̊aelsen av heterogeniteten inom EV en-
sembler och dess olika delpopulationer utvecklades en kombinerad platt-
form av fluorescens- och atomkrafts-mikroskopi för att möjliggöra en
multi-parametrisk analys av EVs p̊a enskild partikelniv̊a. Användandet
av denna precisa identifierings-teknik och ett effektivt protokoll för att
fixera vesiklar möjliggjorde studier av detta och för första g̊angen hit-
tades korrelationer mellan membranproteinernas uppsättning, storlek,
och mekaniska egenskaper (Young modulus) p̊a enskilda sm̊a EVs. En
tillämpning av metoden p̊a vesiklar som kommer fr̊an olika cellinjer upp-
visade b̊ade allmänna och cellinjespecifika delpopulationer med distink-
ta fördelningar av de analyserade parametrarna. Exempel p̊a detta är
en population av sEVs som uppvisar samtliga tre analyserade proteiner
i relativt hög mängd, med en genomsnittlig diameter p̊a <100 nm och
ett relativt l̊agt Young modulus-värde vilken p̊aträffades i alla cellin-
jer. Resultaten som erh̊allits framhäver möjligheterna att använda den
utvecklade plattformen för att hjälpa till vid dechiffreringen av olösta
g̊ator rörande biologin för EVs.
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especially Petra H̊åag, Kristina Viktorsson, Rolf Lewensohn, Amelie E.
Karlström, Afshin Ahmadian, and Kristina Fogel. It was a pleasure
to collaborate with you and learn more about EVs, cancer, antibodies,
barcode sequencing, etc., during each EP meeting. Thanks also for
providing me with fresh samples every time I asked for them!

A warm thanks go to my ”eSense” colleagues Siddharth, Fredrik
and Moein, with whom I shared most of my lab days. Thanks for
supporting me after an experiment failed and for cheering me up after an
achievement. Thanks also for brightening up the cloudy Swedish days
with funny conversations and jokes, and for your cooperation. Without
your help in programming, I would probably still be here analyzing the
data of my first paper!

I would also like to acknowledge all the past and present members
of the Nanosilicon group: Ilya, Jing, Jingjian, Lucy, Federico, Miao,
Hithesh, Chung, Pei, Lige. You all contributed to a pleasant and stimu-
lating research environment, with helpful advice, interesting discussions,
and great paper cakes! Federico, I am especially grateful to you for your
help on the fluorescence and atomic force microscopes...and for all the
coffee breaks and after-work pizzas at Eataly!

Sincere thanks also go to Prof. Shi-Li Zhang, Dr. Max Yan, Prof.
Anand Srinivasan, Dr. Karthik Laxman, and all the other people at
KTH and Uppsala University for their precious advice on research and
personal life. To the technicians in the Electrum lab, particularly to
Arman Sikiric, for their prompt help in setting up new tools and for
guaranteeing a safe working environment.

During these years, I also had the opportunity to supervise two
master thesis students: Lorenca and Carolina. Thank you for choosing

v



to work with me and for all your help with experiments. I hope you
enjoyed this experience, and I wish you both all the best for your future!

I would also like to express my deepest gratitude to all my friends
in Sweden, who contributed to collecting unforgettable memories along
the way. In particular, thanks to all the ”Interrupting ducks”, Irene,
Shaghayegh, Marcel(lo), Jairam, Lieve, Vassilis and Yuri, for warming
up the cold and dark Swedish winters and spicing up the ”kind of warm”
summers (especially all Midsummers). You have been my Swedish fam-
ily and I am grateful to have had you by my side. Thanks also to
Letizia, Andrea Costa, Floria and all my other friends. I will always
remember all the unforgettable moments spent together! And thanks to
Cristiana, for always encouraging me and delighting my weekends with
very exciting news!

A special thanks also to Francesca and Fausto for providing the most
inspiring room to answer the tricky reviewers’ questions every time my
manuscripts came back for revision on my holidays!

Last but not least, I would like to thank the most important people
in my life, Marco and my Family. Marco, grazie mille per essermi
stato vicino durante questi anni, nonostante i 6000 km di distanza. Per
avermi sUpportato e sOpportato nelle mie decisioni e durante le lunghe
telefonate domenicali, assicurandoti che restassi sempre sana di mente
(o quasi ahah). Per non essere solo il mio compagno di vita, ma anche
un collega e il mio personal reviewer (abbastanza puntiglioso, devo dire).
E soprattutto, grazie per vedere sempre il bicchiere mezzo pieno quando
io lo vedo mezzo o completamente vuoto :D! Love u so much!

Infine, un grazie infinito alla mia famiglia, alla mia mamma Giusy,
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Chapter 1

Introduction

1.1 The needs and opportunities of biosensors and
biomarkers

Over the past decades, considerable efforts have been directed towards early
diagnosis of diseases and effective treatment monitoring. The main reason is
that these two aspects are fundamental for patient survival. [1] [2]

In order to successfully fulfill these objectives, it is essential to identify
ideal biomarkers for the disease of interest and utilize biosensors that allow
to analyze them. In particular, a biomarker is ”a biological molecule found
in blood, other body fluids, or tissues that is a sign of a normal or abnormal
process, or of a condition or disease” (www.cancer.gov). An example of an
ideal biomarker would be a protein or a component that can be easily detected
in the patient’s blood, saliva, urine, but that cannot be found in a healthy
person. [3] A biosensor is instead an ”analytical device that uses a biological or
biologically derived material immobilized at a physicochemical transducer to
measure one or more analytes”. [4] An ideal biosensor would be an instrument
that can detect and measure the biomarker in a sensitive, fast and cost effective
way. Even though these two constituents might seem independent from each
other, in reality they are strongly interconnected. As illustrated in Figure
1.1, the presence and use of effective biosensors is indeed fundamental for the
screening and discovery of ideal biomarkers!

To understand this, it is possible to think about the way diseases are
mostly diagnosed and monitored nowadays. Existing methods of diagnosis
and prognosis heavily rely on tissue-based biopsies and blood tests conducted
in central laboratories. [5] Although widely used, the major disadvantages of
tissue biopsies include the fact that they are invasive and not representative
of the patient’s entire disease. They might indeed miss e.g tumor cells at the
earlier onset of the malignancy or tumor subpopulations residing in secondary
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Cancer Biomarkers Biosensors Diagnosis

Figure 1.1: Schematic of the relation between biosensors and biomarkers in
disease diagnostics and monitoring. Partly created using BioRender.com.

tissues/organs. [1] [3] Moreover, they must be carried out in hospitals, thus
having a significant cost and not being easily repeatable. On the other hand,
blood analyses performed in laboratories are time consuming, as it may take
several hours or even days from when tests are ordered to when results are
received. [5]

Considering these limitations, it is clear that identifying biomarkers that
can be detected in body fluids and monitored in a minimally invasive way
(known as liquid biopsy) would significantly improve disease management. In
this regard, the capacity of biosensors to scan multiple analytes in a shorter
time than laboratory-based tests could be utilized for a faster biomarker dis-
covery and a better understanding of the disease. Furthermore, the develop-
ment of accurate biosensors would give the patients the possibility of continu-
ous, on-site, fast and cost-effective monitoring of diseases. [1] [5] This prospect
would also help clinicians in choosing effective personalized therapies and in
monitoring their course. Finally, the opportunity to repeat the test more
frequently using a simple device would help early-stage diagnosis, which is
extremely important for specific conditions/malignancies.

For all these reasons, increasing efforts have been directed towards the
identification of disease-specific biomarkers and the development of ultrasen-
sitive biosensing platforms for point-of-care diagnosis. [1] [2] [4] [6] As visible
in Figure 1.2, these efforts are being translated in an always-increasing num-
ber of publications on biosensors and clinical trials on new biomarkers over
years. By means of these technologies, it has been possible to screen a more
comprehensive range of analytes, identifying many relevant biomarkers for
liquid biopsy-based disease monitoring, from proteins to extracellular vesi-
cles. [7] [8] [9] For example, extracellular vesicles isolated from body fluids
have emerged as a potent source of biomarker for tumor monitoring due to
their molecular composition reflecting the cells of origin. Moreover, the devel-
opment and optimization of biosensing techniques have opened the possibility

2
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Figure 1.2: (A) Yearly publication counts on biosensors based on Web of
Science data from 2000 to 2018. Adapted from Ref. [4], with permission. (B)
Number of clinical trials started on oncology biomarkers, by disease type, from
2000 to 2018. Adapted from Ref. [6], with permission.

to use these innovative and alternative tools in clinical settings for faster and
more efficient disease management. [1]

1.2 Objectives of the thesis

This thesis focuses on the development of different techniques for characteriza-
tion, detection and protein profiling of extracellular vesicles (EVs). The aim is
to provide new methods or optimize existing ones in order to i) overcome some
of the challenges associated with EV analysis; ii) show the prospects of using
EVs in clinical applications, and iii) increase the fundamental understanding
of vesicle biology and functions. To fulfill these objectives, three techniques are
considered and analyzed: scanning electron microscopy (SEM), electrokinetic
sensing, and combined fluorescence (FL) - atomic force microscopy (AFM).
In particular, a protocol for SEM is optimized with the aim to improve the
throughput, conformity and image quality of the method for high-resolution
size-based profiling of EVs. A novel electrokinetic sensing technique based
on streaming current is developed and applied to show the prospect of using
EVs from liquid biopsies as a source of biomarker for cancer monitoring. Fi-
nally, fluorescence microscopy is combined with AFM in order to perform a
multiparametric analysis on single EVs, thereby increasing the fundamental
understanding of different vesicle subpopulations.

The vesicles used throughout the thesis belong to the category of small
EVs (∼30-300 nm), as identified by the International Society for Extracellular
Vesicles (ISEV) community in 2018 and as described in Chapter 2. Such
vesicles are likely to be enriched in exosomes, although it is not excluded that
small vesicles from the other EV subtypes (e.g., microvesicles) might also be
present.
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The work presented in this thesis was performed under the support from
Erling Persson Family Foundation (project ”Detection and analysis of tumor
and blood-borne markers using new nanotechnology for early diagnosis and
monitoring of cancer”) and involved different partners at KTH Royal Insti-
tute of Technology, Uppsala University, Karolinska Institutet, SciLife Lab and
RISE Acreo AB.

1.3 Thesis outline

This thesis is structured as follows.
Chapter 2 gives an introduction on EVs, highlighting their biogenesis

routes, compositions and roles in physiological and pathological conditions. It
further describes different methods that are currently available for the analysis
of the vesicles and their associated challenges.

Chapter 3 describes various process steps analyzed for the development of
an optimized protocol for scanning electron microscopy (SEM) of EVs that
improves morphological analysis and size-based profiling of the vesicles. The
presented data summarize the findings reported in Paper 4.

Chapter 4 presents the development of an electrokinetic sensor based on
streaming current for detection and protein profiling of EVs at a bulk level.
Furthermore, it includes the application of the method for analysis of EVs
isolated from clinical samples, showing the possibility of using them as a
biomarker for cancer monitoring. The presented data summarize the main
results reported in Papers 1, 2, 5 and 6.

Chapter 5 presents the development of a platform combining fluorescence
and atomic force microscopy for multiparametric analysis of EVs at a single
particle level. In particular, the protein abundances, size and stiffness are
simultaneously measured on single vesicles and analyzed for possible presence
of correlations. The presented data summarize the main findings reported in
Paper 3.

Chapter 6 concludes this work and gives a brief future outlook.
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Chapter 2

Extracellular vesicles - an
introduction

2.1 Shedding light on extracellular vesicles

The possible existence of extracellular vesicles was initially suspected by Char-
gaff and West in 1946, [10] and by Wolf in 1967 [11] while studying blood
clotting processes. These vesicles were thought to be ”particulate material en-
riched in lipid content originating from platelets” and therefore referred to as
”platelet dusts”. [12] Despite numerous studies showing release of membrane-
enclosed vesicles from different cells, [13] [14] [15] [16] it was only in the
1980s that a more detailed mode of EV secretion was described for reticu-
locytes. [17] [18] [19] In particular, different groups showed the formation of
intraluminal vesicles by inward budding of endosomes, which led to the cre-
ation of multi vesicular bodies (MVB) and their fusion to the plasma mem-
brane (PM) for vesicle release. [20] Figure 2.1 illustrates the biogenesis pro-
cess for these vesicles of endosomal origin that were then named ”exosomes”
and distinguished from PM derived ”microvesicles”. [18] Subsequent to their
presence in reticulocytes, exosomes were eventually shown to be released by
many other cell types. [12] Years later, the discovery that EVs contain a vari-
ety of cargo, including RNA, lipids and proteins reflecting their parent cells,
substantially renewed the interest in these vesicles. [21] [22] Furthermore, in-
creasing evidence demonstrated that EVs are instead important mediators of
cell-to-cell communication, being involved in many different physiological and
pathological processes. [23] [24]

Despite the sharp increase in the number of scientific publications in this
field, [12] there is still a lack of understanding of the EV functions and bi-
ological relevance. [20] The analysis is complicated by the issues that arise
when working with these particles. Due to their size and heterogeneity, it is
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A B

Figure 2.1: TEM images showing (A) multi vesicular bodies (MVB) containing
exosomes and (B) their fusion with the plasma membrane for exosome release.
Reproduced with permissions from Ref. [25] and Ref. [17], respectively.

indeed difficult to obtain relatively pure EV preparations and to characterize
them properly. [12] This hampers standardization in the published protocols
and interpreted results. To solve some of these challenges, in 2012 the Inter-
national Society of Extracellular Vesicles (ISEV) was created. It included a
group of scientists with long-term expertise in the field of EV biology, which is
now constantly growing and expanding in order to increase the knowledge of
these very ”cool” but challenging particles. By the two statements published
in 2014 [26] and 2018 [27], the ISEV community suggested a list of mini-
mal information for studies of extracellular vesicles, including their separa-
tion/isolation, characterization and functional studies. Moreover, it provided
a checklist summarizing the major aspects to follow and report in EV science,
to improve the reliability and reproducibility of the published results. [26] [27]

2.2 Nomenclature and composition

Nowadays, the term ”extracellular vesicles” is used to indicate a heteroge-
neous group of lipid-bilayer nanovesicles (∼30–2000 nm in diameter) that are
naturally released by cells via different mechanisms. [27] [28] Based on their
biogenesis, EVs are broadly divided into three main categories: exosomes,
microvesicles (MVs) and apoptotic bodies. Exosomes (∼30-150 nm in diam-
eter) are derived from the endolysosomal pathway, through inward budding
of multivesicular bodies (MVBs). MVs (∼50-1000 nm) and apoptotic bod-
ies (∼500-2000 nm) are instead generated by outward budding of the plasma
membrane of healthy and apoptotic cells, respectively. [28] [24] Figure 2.2
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Figure 2.2: Schematic of the different mechanisms for EV biogenesis, gener-
ating exosomes, microvesicles and apoptotic bodies. Inset: Schematic of the
general molecular composition of an EV, created using BioRender.com.

shows a schematic representation of the different biogenesis processes and
general EV composition.

When focusing on exosomes or MVs, the composition of both vesicle types
reflects that of the parent cells, including a variety of membrane/cytoplasmic
proteins, lipids and nucleic acids. [24] These components are not exclusively
specific and can be shared between both types of EVs, however there are
some markers that are enriched in exosomes as compared to PM-derived
vesicles. [28] For example, due to their biogenesis route, exosomes contain
proteins that are involved in MVB formation, e.g., TSG101 and Alix, and
carry major histocompatibility complex (MHC) class II molecules. They
are also enriched in cholesterol and tetraspanins, a family of >30 proteins
(e.g., CD9, CD63 and CD81) that are composed of four transmembrane do-
mains. [28] [24] [20] MVs are instead abundant in integrins and selectins,
however less information of their protein and lipid composition is available.
Additional data on the proteins, lipids, and RNAs that have been identified
in EVs from different sources can be found in web-based catalogs such as Exo-
Carta (http://www.exocarta.org) and Vesiclepedia (http://microvesicles.org).

The overlaps in size and composition make the perfect separation between
exosomes and MVs an extraordinarily difficult task. For this reason, the
ISEV community urged authors to use alternative operational terms for EV
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subtypes that refer to:
a) physical EV characteristics, such as size (“small EVs” (sEVs) and “medium/
large EVs” (m/lEVs), with ranges defined, for instance, <200nm for sEVs or
>200nm for m/lEVs), or density (low, middle, high, with range defined);
b) biochemical composition, such as proteins (CD63+/CD81+- EVs, Annexin
A5-stained EVs, etc.);
c) descriptions of conditions or cell of origin (podocyte EVs, hypoxic EVs,
large oncosomes, apoptotic bodies, etc.).

These terms are preferred in replacement of names such as ”exosomes” and
”microvesicles” that are burdened by contradictory definitions and inaccurate
expectations of unique biogenesis. [27]

2.3 Extracellular vesicles in physiological and
pathological conditions

Several studies have demonstrated that EVs can mediate intercellular com-
munication in multiple physiological processes, such as stem cell maintenance,
angiogenesis, tissue repair or blood coagulation. They are also involved in
modulation of the immune system, either by triggering adaptive immune re-
sponses or by exerting suppressive effects. [28] [29]

In addition to physiological functions, it has also been understood that EVs
play important roles in the pathogenesis of several diseases, including cancer,
infectious diseases and neurodegenerative disorders. [28] With respect to can-
cer, these vesicles can for example drive the formation of pre-metastatic tumor
niches, stimulate tumor progression or promote immune escape. [28] [29] [24]
All such functions are facilitated by the release of EVs in several body fluids
(e.g. blood, urine, saliva, cerebrospinal), which allows their cargo (membrane
and cytosolic proteins, lipids, RNA, etc.) to be transferred between distant
cells. [24] [30] Figure 2.3 shows a schematic representation of different EV-
mediated interactions between source and recipient cells.

The understanding that cells tune the vesicle composition depending on
their physiological/pathological status has identified EVs in general, and ex-
osomes in particular, as an ideal biomarker in several diseases, from cancer
to heart rejection. [31] [32] Moreover, the presence in body fluids has opened
the possibility to use these vesicles as a source of biomarker in liquid biop-
sies. [31] [33] [34] This prospect might significantly improve diagnostic ap-
proaches in many pathological conditions, particularly in cancer. [35] In this
regard, while tissue-based biopsies have been conventionally used for a long
time, they are difficult to obtain for challenging anatomical districts and pro-
vide a restricted information on the patient tumor burden. [36] [31] On the
contrary, liquid-based biopsies are a less invasive way of body fluid sampling,
representing a more practical alternative for disease diagnostics and treatment
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Figure 2.3: Schematic of intercellular communication mediated by EVs and
different ways of EV-interactions with recipient cells, including antigen pre-
sentation, phagocytosis, membrane fusion and cell signaling. Once uptaken,
the EVs deliver their cargo, e.g., proteins and RNAs, to recipient cells.

monitoring. [31] [36] [37] Moreover, they also enable the use of ultrasensitive
biosensing technologies which can revolutionize cancer management. [36]

Beyond valuable disease biomarkers, EVs have innate therapeutic po-
tentials due to their bioactive cargo and wide-range interactions with cells.
Therefore, they can be used as natural or engineered drug delivery agents in
applications ranging from regenerative medicine to vaccines and cancer ther-
apies. [28] [31] [32]

2.4 Challenges in analysis of EVs

Despite understanding their multiple potentials, there are various biological
and technical challenges that limit the precise isolation and analysis of EVs.
Biological challenges are mainly related to EV heterogeneity in biogenesis,
content and size. [24] [38] EVs are indeed simultaneously secreted from a
variety of cells through different biogenesis routes, e.g. from plasma mem-
brane or endosomal pathway, and all these vesicle types coexist in numerous
body fluids. [38] Furthermore, due to a significant overlap in size, similarities
in molecular composition and lack of specific markers, it is very difficult to
properly separate EVs based on their biogenesis and/or cell source. [24] [39]
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For example, microvesicles exist in the size range of exosomes (∼30-150 nm)
or certain tetraspanins, e.g., CD9, are expressed by EVs derived from both
cancerous and healthy cells. [28] [40] [41] All such features affect the purity
of the isolation protocols, since they usually separate particles based on size,
density and/or markers. Therefore, the collected samples will result in hetero-
geneous EV-containing suspensions. [38] The analysis is further complicated
by the presence of contaminants having similar size, morphology or density
with EVs in biological and clinical samples. These might include protein com-
plexes, lipoproteins, exomeres etc., that get co-purified and co-analyzed with
EVs, further challenging EV purification and characterization. [39]

There are also technical challenges associated with EV characterization.
These are mainly related to the fact that many vesicles lie below the optical
resolution and are very poor light scatterers. Therefore, they cannot be fully
analyzed by traditional optical microscopes or scattering-based techniques,
such as nanoparticle tracking analysis or flow cytometry. [42] [43] All these
challenges severely hamper EV analysis methods and applications.

2.5 Methods for EV isolation

A number of different techniques are currently available for isolation of EVs.
These methods generally separate the vesicles based on their size, density,
or surface components. [44] [42] Centrifugation (differential or density gradi-
ent), ultrafiltration, size exclusion chromatography (SEC), immuno-capture
and precipitation are some of the most commonly used techniques for EV iso-
lation. [42] Figure 2.4 schematically illustrates the working principle of these
processes.

While differential centrifugation (DC) separates particles based on size by
applying different rotational speeds, density gradient centrifugation relies on
migration of sample components to their respective densities. Ultrafiltration
is instead based on sequential filtration of the sample through membranes
of different pore sizes, until sufficiently pure EV preparations are obtained.
On the contrary, SEC enables size-based separation by the use of a stationary
phase column filled with a porous matrix. This technique is widely used for EV
isolation and allows faster elution of larger molecules due to the longer retain
within the matrix of sample particles smaller than the pore sizes. Assays based
on immuno-capture generally use antibodies to isolate EV subpopulations
according to their surface markers. Finally, precipitation is often performed
by using commercial kits that employ non-toxic polymers to precipitate EVs.
[42] [44]

More recently, newer methods named tangential flow filtration (TFF) and
flow field-flow fractionation (F4) have also gained attention due to their scal-
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Figure 2.4: Schematic of the working principle of some common methods used
to isolate extracellular vesicles. Reproduced with permission from Ref. [42].
Copyright 2017, Wolters Kluwer Healthwith.

ability and possibility to obtain high resolution separation of EV subpopula-
tions, respectively. [44] [45]

Despite multiple opportunities, none of these methods can provide pure EV
preparations with minimal losses, due to the numerous biological challenges
associated with EVs. Therefore, in order to improve the yield and quality of
the isolated vesicles, usually a combination of different techniques is preferred.

2.6 Bulk vs single particle analyses for EV
characterization

Following isolation, a large variety of technologies can be utilized to quan-
tify and characterize EVs. Based on the number of vesicles analyzed, these
approaches can be broadly divided into bulk and single particle methods. [39]

Bulk approaches are used to study average properties/features, e.g., total
protein composition, of an ensemble of EVs. These assays are widely em-
ployed as they are more affordable, more available and faster than single EV
techniques. [46] Moreover, they represent a more suitable and practical alter-
native in clinical applications, e.g., when using EVs from liquid biopsies as
a biomarker for disease monitoring. [47] However, a typical disadvantage of
such methods is that information on the EV concentration, heterogeneity, and
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polydispersity cannot be obtained, and is therefore lost. [46]

On the other hand, single particle approaches can be used to probe in-
dividual vesicles with the aim to study EV heterogeneity and identify the
possible presence of subpopulations with different biogenesis routes and/or
functions. Therefore, using these methods is essential to fully reveal the bi-
ological functions and clinical/therapeutic potentials of EVs. However, this
type of analysis is still quite challenging, partly due to the EV nature, the
limited detection sensitivity of most available methods and the presence of
contaminating particles that are often mistaken as vesicles. [22] [38] [42]

2.7 Common techniques for EV characterization

A large number of methods have been developed and implemented to charac-
terize EVs. The most commonly applied ones can be classified into biochem-
ical and biophysical approaches, where each of the groups includes both bulk
and single particle techniques. Nevertheless, despite the large variety, each of
these technologies has potentials and limitations in the detection range, accu-
racy, throughput, and application for the analysis of specific EV parameters.
Due to all the challenges mentioned before (section 2.4), there is not a single
technology to date that can cover the full range of EV analyses. [39]

This section briefly explains the general principles of some commonly ap-
plied methods for EV characterization, summarizing their utility and limita-
tions. [39] [42] [48] It is important to note that, while some of these techniques
are arbitrarily used by authors to study properties of interest on EVs, the use
of other methods (e.g., nanoparticle tracking analysis (NTA), electron mi-
croscopy or immunoblotting) is highly recommended by the ISEV community
for all authors as a basic characterization analysis to confirm the success-
ful isolation of EVs and verify the presence of specific EV components. By
the two MISEV2014 and MISEV2018 guidelines, the community suggested
and encouraged all authors working with EVs to perform some of these mea-
surements and report the results of the analyses to improve reliability and
standardization in the field. [27] [26]

Common biophysical methods

Biophysical methods are mostly used to determine the morphology, concen-
tration and size distributions of EVs. These parameters are usually calculated
directly, via high-resolution imaging, or indirectly using optical or electrical
readouts. [39] The most commonly used biophysical techniques are electron
microscopy (EM), atomic force microscopy (AFM), NTA, tunable resistive
pulse sensing (TRPS), interferometric reflectance imaging (IRI) and flow cy-
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tometry (FC). [39] [42] [44] Figure 2.5 compares these methods in terms of
sensitivity (detectable size range) and throughput (count rate).

Figure 2.5: Estimated count rate vs detectable size range of some biophysical
methods used to characterize EVs. Reproduced with permission from Ref.
[42]. Copyright 2017, Wolters Kluwer Healthwith.

Electron microscopy techniques, including scanning EM, transmission EM
and cryo-EM, represent the most direct methods to determine the size and
morphology of individual EVs. The images obtained by these approaches are
produced by electrons emitted or transmitted during interaction of an electron
beam with the vesicles. AFM instead uses the deflection of a cantilever sharp
tip to determine the size, morphology and mechanical properties of single
vesicles. [39] As shown in Figure 2.5, both EM and AFM techniques have
the highest accuracy for EV physical analysis, yet the lowest throughputs.
[42] [44] On the other hand, NTA is used to determine EV concentration
and size distribution, due to its higher throughput. The technique measures
the scattered light (or emitted fluorescence) of particles undergoing Brownian
motion and is widely employed in EV research for assessment of the isolated
vesicles. In a similar way, FC relies on the scattered light generated as a
result of the difference of refractive index between EVs and the solution.
Despite high throughput, the main disadvantage of NTA, FC and all the
other scattering based methods is however the low detection sensitivity for
particles smaller than ∼70-80 nm (Figure 2.5), which limits the analysis of
small EVs such as exosomes. [42] [44] [43] Finally, TRPS detects individual
vesicles by measuring changes in electrical current as particles pass through
an adjustable nanopore, while IRI relies on the change in interference of light
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produced from a layered substrate upon EV binding. [42] [39] [49] Despite the
good throughput, these latter methods are relatively new and therefore require
further optimization and standardization before their routine applications.

Common biochemical methods

Biochemical methods are mostly used to determine the protein composition
of EVs and are broadly divided into three groups, namely colorimetric, im-
munoblotting and immunosorbent assays. [39]

Colorimetric assays, such as Bradford or micro-bicinchoninic acid (BCA),
utilize different dyes to assess the total protein contents of the vesicles. Al-
though frequently used, the accuracy of these methods is compromised by
contaminants such as proteins that might be present in the EV samples.

Immunoblotting techniques are widely used to confirm the expression of
EV-associated proteins such as CD9, CD63, Alix, Tsg101, while showing the
absence of cellular contamination, for example by calnexin. These methods
first lyse EVs to release their proteins and then analyze them by direct spot-
ting onto a membrane (dot blot assay). Alternatively, SDS-PAGE is used to
separate the proteins and subsequent detection is performed using labelled
antibodies targeting the protein of interest (Western Blot assay). Despite
the simple design, such methods are only semi-quantitative, requiring large
sample volumes and extensive sample processing. [39] [50] [51]

Finally, immunosorbent assays, such as enzyme-linked immunosorbent pro-
tein assays (ELISA), use the affinity of specific antibodies for EV membrane
proteins capture and subsequent detection. Specifically, flat substrates or
magnetic beads can be used for vesicle capture, while antibodies linked to
enzymes or fluorophores can be employed for detection. [52] [53] By means of
these methods, only a specific subset of EVs carrying the targeted proteins is
being quantified and characterized.

2.8 Emerging platforms for EV detection and profiling

To overcome the limitations and challenges of the existing tools, the scientific
community has developed many different innovative methods for detection
and characterization of EVs.

Most developments focus on the use or combination of biochemical and bio-
physical approaches to create more robust methods that can be applied in clin-
ical settings. For example, Im [54], Sina [47], Thakur [55] and others [56] [39]
used surface plasmon resonance (SPR) to detect EVs. This label-free tech-
nique measures the changes in refractive index caused by EV immuno-capture
on a functionalized surface, such as gold or silver nanoparticles. Wiklander et
al. combined antibody-coated beads and flow cytometry for immuno-capture
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of EVs and subsequent protein profiling. [57] Xu et al. instead reported on a
technique combining size exclusion chromatography with fluorescence detec-
tion for sEV quantification. [58]

A significant trend is moving towards adapting common techniques to an
on-chip format. These approaches combine the precision of original methods
with very low sample volumes, portability and potentially much lower oper-
ational costs. [39] For example, Jeong et al. developed a compact magneto-
electrochemical sensor for on-chip enrichment of EVs, capture and highly sen-
sitive detection via enzymatic amplification (Figure 2.6A). [59] Vaidyanathan
et al. reported on a multiplexed microfluidic platform combining an alternat-
ing current electrohydrodynamic (ac-EHD) induced shear force with a colori-
metric assay for improved EV capture and surface protein detection (Figure
2.6B). [60] Liu et al. developed an intensity-modulated, compact SPR biosen-
sor that detects exosomal proteins as biomarkers for cancer diagnosis [61].
Kanwar et al. designed a microfluidic “ExoChip” which combined immuno-
capture of EVs and fluorescent detection, enabling the isolation, on-chip quan-
tification, and molecular characterization of exosomes. [62]

A B

Figure 2.6: Schematic of (A) the magneto-electrochemical sensor developed
by Jeong et al., and (B) the ac-EHD device developed by Vaidyanathan et al.
for bulk EV detection. Reprinted with permissions from Ref. [59] (Copyright
2016, American Chemical Society) and Ref. [60] (Copyright 2014, American
Chemical Society), respectively.

More recently, increasing efforts have been directed towards techniques
that allow characterization of individual EVs, thus offering more accurate in-
formation about vesicle size, protein composition and heterogeneity. Some
examples include the works reported by Lee et al. [63], Tian et al. [64] and
Daaboul et al. [49]. In particular, while Lee et al. studied surface proteins on
single vesicles by immunofluorescent staining [63], Tian et al. and Daaboul et
al. combined the fluorescence-based method with scattering (Figure 2.7) [64]
and interferometric [49] techniques, respectively. These approaches could mea-
sure both the size and protein expression of single vesicles, identifying previ-
ously unknown subpopulations. Additional studies performed on individual
EVs are described in Ref. [65] [66] [67] [68] [22].
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Figure 2.7: Schematic of the high-sensitivity flow cytometer (HSFCM) plat-
form developed by Tian et al. for analysis of protein profiles and size on single
EVs. Reprinted with permission from Ref. [64]. Copyright 2018, American
Chemical Society.

All these techniques are not exhaustive, and a large variety of other inno-
vative approaches are described and compared in several review articles. [39]
[69] [70] [71] [44] [72] Furthermore, new methods are constantly being opti-
mized and developed in order to overcome the existing challenges and improve
reliability and standardization in EV analysis.
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Chapter 3

EV size profiling by scanning
electron microscopy

3.1 Importance of SEM in EV analysis

Physical characterization of EVs is essential to optimize various isolation and
enrichment protocols, in addition to contributing to the understanding of
the vesicle properties and heterogeneity. [73] [38] While different techniques,
such as nanoparticle tracking analysis (NTA) and flow cytometry (FC), are
widely available for EV size profiling, the whole vesicle population (∼30-2000
nm) can currently be analyzed only by electron or atomic force microscopy
(AFM) methods. [42] This is due to the fact that an EV subpopulation has
sizes very much below the diffraction limit, thus limiting scattering-based
approaches. [48] [74] [64] [75]

AFM and electron microscopy (EM) techniques, including transmission
EM (TEM) and scanning EM (SEM), offer instead very high resolution and
sensitivity, in addition to providing the possibility to analyze particle mor-
phology. [42] [74] However, the use of such methods has been limited by their
low throughput, lack of standardization and operator dependent quality of the
images. [42] [76] This is particularly relevant for EM techniques, where many
of the images are highly heterogeneous [77] [78] [79] [76] [80] or insufficient for
EV size profiling [61] [81] due to the multiple preparatory steps required before
imaging. While some of these drawbacks can be solved by using Cryo-EM, the
technique requires a specialized apparatus which is not widely available nor
cost effective. Therefore, further improvements and developments are needed
for the standard EM-based techniques (TEM, SEM) in order to be able to use
these approaches for reliable and reproducible EV size profiling.

For these reasons, the first objective of this thesis was to demonstrate the
prospect of using SEM for morphological analysis and high-resolution size-
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based profiling of EVs. The aim was achieved by developing a protocol that
improved the throughput and image quality of the vesicles while preserving
their shapes. Moreover, different process steps that might create artifacts and
affect the analysis were identified. The results of this study are reported in
Paper 4. [82] The selection of SEM was based on the fact that it provides
morphological information about particles and represents a lower proportion
of EM published studies on EVs as compared to TEM.

3.2 Experimental details

The vesicles used in this study were collected from two different sources and
isolated in order to obtain sEVs (∼30-300 nm). In particular, the sEVs used
for the development of the SEM protocol were isolated from the conditioned
cell culture medium of a non-small-cell lung cancer (NSCLC) cell line H1975
using qEVoriginal size exclusion chromatography columns (SEC, IZON). The
sEVs used to validate the platform were collected from a commercial hu-
man serum of a healthy individual and isolated using two different methods,
namely SEC on qEVoriginal columns and tangential flow filtration (TFF),
respectively. All sEVs were characterized by NTA for concentration and size
estimations, and by western blot (WB) for expression of the tetraspanins CD9
and CD63. sEV isolation by SEC and characterization by NTA and WB were
performed at Karolinska Institute (Stockholm), while EV isolation by TFF
was performed at Research Institute of Sweden AB (RISE, Gothenburg). Fig-
ure 3.1 shows a schematic of the sEV collection, isolation and characterization
processes. Further details on these procedures can be found in Paper 4. [82]
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Figure 3.1: Schematic of the collection, isolation and basic characterization
processes for the sEVs used in this study. Partly created using BioRender.com
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The SEM measurements were performed on an Ultra 55 SEM microscope
from Zeiss, using an in-lens detector, as described in Paper 4. [82] Before
image acquisition, the sEVs isolated from NSCLC cells were incubated on
the substrates at a concentration of 3 x 109 particles/mL. The sEVs isolated
from human serum were instead immobilized at a concentration of 1 x 1010

particles/mL. For analysis of the SEM images, multiple substrate areas were
acquired and the number, distribution and morphology of the immobilized
sEVs were analyzed.

3.3 Protocol development

The parameters that were investigated for the development of the SEM pro-
tocol were divided into two groups, named functionalization and pre-imaging
parameters. The steps analyzed for the conjugation of the sEVs to the sub-
trates were included in the functionalization-related group. The steps that
were performed following functionalization and prior to SEM imaging were
instead included in the pre-imaging group.

Functionalization parameters

For the study, silicon (Si) substrates (1 cm x 1 cm) with a thermally grown
SiO2 layer were used and functionalized using either a control, a covalent, or
a non-covalent protocol, respectively. Figure 3.2 shows a schematic represen-
tation of the different functionalization strategies.
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Figure 3.2: Schematic of different substrate functionalization procedures, in-
cluding control, covalent and non-covalent strategies. Control substrates were
functionalized without sEVs. Covalent capture occurred via GA–amine inter-
action (covalent protocol), while non-covalent coupling occurred via antibody
capture (non-covalent protocol) or vesicle adsorption. Adapted from Paper
4 [82], with permission.
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Briefly, in the covalent protocol the EVs were captured unspecifically by
means of glutaraldehyde (GA), exploiting GA-amine covalent interactions.
The same functionalization steps were used for the control substrates, except
for the incubation of the EVs. Thereafter, deactivation of glutaraldehyde by
the use of Tris–ethanolamine (Tris-ETHA) and casein was performed. An-
tibodies targeting CD9 transmembrane protein, which is known to be ex-
pressed in the analyzed NSCLC sEVs, were instead conjugated to GA in the
non-covalent approach. Alternatively, simple EV adsorption was also tried.
Further details about the different functionalization procedures can be found
in Paper 4. [82]

The first step towards the development of an accurate protocol for EV
size profiling was the identification of artifacts that might come from non-EV
particles, surface textures and/or conjugation strategies, possibly resulting in
erroneous measurements. For the analysis, control substrates without sEVs
were prepared using different types of functionalization chemicals. Figure
3.3 shows representative images of three substrates, where two were prepared
using as-purchased, not filtered chemicals (Fig. 3.3A) and a standard not
deactivated GA solution (Fig. 3.3B), while the third one was functionalized
using filtered chemicals and a Grade I glutaraldehyde solution deactivated by
Tris–ethanolamine and casein (Fig. 3.3C).

2 µm

Control: no deactivated GA

2 µm

Control: no purified, no filtered Control: pure, filtered, deactivated GA

2 µm

A B C

Figure 3.3: Representative SEM images of control substrates without sEVs
functionalized following the control protocol and using (A) as-purchased, not
filtered chemicals and a standard deactivated GA solution, (B) non filtered
chemicals and standard GA solution not deactivated by Tris–ETHA and ca-
sein, (C) filtered chemicals and Grade I deactivated GA solution. Accelerating
voltage (AV) = 2 kV and no sputtering used for all images. Adapted from
Paper 4 [82], with permission.

As visible, the images suggested that the use of non filtered chemicals
introduced particles in the EV size range that were clearly not vesicles. More
importantly, when the GA layer was not deactivated by Tris-ETHA and casein
(Fig. 3.3B), a large number of circular particles that could be mistaken as
EVs were detected. As no vesicles were present on the substrate, such effect
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was attributed to the reaction of glutaraldehyde with some of the compounds
used. On the contrary, when the functionalization chemicals were filtered
before deposition and a Grade I GA solution specifically purified for EM
studies was used and deactivated, the substrates showed very few artifacts,
appearing very clean. Overall, these results highlighted the importance of
control experiments, suggesting that the presence of such artifacts should be
reduced or carefully evaluated for an accurate analysis of EVs by SEM.

Following optimization of the control substrates, the effects of covalent
(via glutaraldehyde) and non-covalent (via anti-CD9 antibody or adsorption)
captures of EVs were investigated. For this analysis, the substrates were
functionalized using filtered and deactivated chemicals. As shown in Figure
3.4, the covalent EV capture retained more vesicles to the substrates (∼8
particles/µm2) as compared to the non-covalent one via anti-CD9 antibody
(<1 particles/µm2), suggesting that the low capture strength of the latter
strategy caused loss of most of the EVs. The throughput was even lower
for the substrates with adsorbed vesicles, which were then excluded from the
analysis. These results indicated the necessity to use a covalent strategy for
improved throughput in EV analysis by SEM. The advantage of this approach
is also that the captured vesicles are representative of the whole EV popula-
tion and are not limited to the subpopulation expressing the protein targeted
by the antibody-based non-covalent capture. On the other hand, the use of
antibodies might be more advantageous when EVs need to be discriminated
from other spherical particles, such as liposomes.

1 µm

Covalent

200 nm

1 µm

Non-covalent

200 nm

A B

Figure 3.4: Representative SEM images of substrates with sEVs functionalized
using the protocols for (A) covalent and (B) non-covalent capture, respectively.
Zoomed in images of a few vesicles detected by both strategies. AV = 3 kV
for all images. Adapted from Paper 4 [82], with permission.

Furthermore, the images showed a rather spherical shape of the analyzed
vesicles, confirming the capacity of SEM to distinguish between spherical/oval
objects such as EVs and other particles of random shapes (Fig. 3.5), which
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can be excluded from analysis. Such morphological information cannot be
gained by techniques such as NTA or FC, thus leading to an overestimation
of the EV counts in most of the cases.

200 nm

EV

200 nm

Non-EV

300 nm

Non-EV

EV

A B

Figure 3.5: (A) Representative SEM image of a substrate containing an EV
and a particle of random shape (non-EV). (B) Zoomed in images of a vesicle-
like particle and one having a random shape. AV = 3 kV for all images.
Adapted from Paper 4 [82], with permission.

Overall, the study of the functionalization parameters highlighted that
the choice of proper functionalization strategies and chemicals is essential to
improve the accuracy and throughput of EV size profiling by SEM.

Pre-imaging related parameters

Following functionalization optimization, the effects of drying, fixation and
sputtering were analyzed. Since SEM operation requires the application of
high vacuum in the microscope chamber, samples must be dehydrated prior to
imaging. This step is critical for biological specimens, as they contain and/or
are surrounded by liquid in their physiological environments. Therefore, to
preserve their morphology, chemical/physical fixation might be needed. [83]
[84] [85] Moreover, due to their non-conductive nature, biological samples
should be sputtered with a thin conductive layer in order to reduce charging
effects arising during the electron beam–sample interaction. [83]

To investigate the impact of dehydration, air drying (AD) and critical
point drying (CPD) were compared, as these two techniques are commonly
used in the EV field. [77] [78] [79] CPD is a method of drying tissues and
biological specimens without collapsing or deforming their structures. Figure
3.6 shows a picture of the apparatus and its working principle. In particular,
the method avoids the creation of large surface tension forces that develop at
the liquid/gas interface of air drying tissues, damaging them. To avoid this,
the technique relies on a transition from liquid (point A, Figure 3.6B) to gas
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Figure 3.6: (A) Picture of the CPD apparatus used to dehydrate the EV sam-
ples. The substrate with EVs is placed on the specimen holder and inserted
in the chamber for CO2 replacement and drying. (B) Phase diagram show-
ing the pressure and temperature ranges where solid, liquid and vapor CO2

exist. Triple point and Critical Point of CO2 highlighted. The path from A
to C represents the CPD process steps. Images reproduced with permission,
Copyright assigned to Quorum Technologies Ltd.

(point B, Figure 3.6B) above the critical point of CO2, a critical temperature
(31.2 ◦C) and associated pressure (73.0 atm) at which the densities of liquid
and gas CO2 are equal. During the process, the specimen liquid, e.g. PBS,
is first exchanged with ethanol and then with liquid CO2 inside the CPD
chamber. Thereafter, by bringing the CO2-filled chamber to a temperature
and pressure above the critical point (point B, Figure 3.6B), it is possible to
dry the sample without exposing it to the damaging surface tension forces
that develop during air drying. Finally, the pressure is gradually decreased to
the ambient one (point C, Figure 3.6B) and the dried sample is removed from
the apparatus.

Figure 3.7 shows representative images of substrates prepared using both
methods. The results revealed that CPD maintained an uniform EV distribu-
tion on the substrates and retained the vesicle spherical morphologies. On the
contrary, the EVs that were air dried appeared more elongated and created
a “coffee stain effect”, with different clusters of particles. Although advanta-
geous, in some cases, CPD suffered from low reproducibility, possibly due to
flaws during the liquid exchange and/or drying process itself.

With respect to sputtering, the substrates in Figures 3.7A and 3.7B were
coated with ∼10 nm layer of Au/Pd, thus showing high image resolution.
However, it was possible to demonstrate that similar image quality could also
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Figure 3.7: (A-B) Representative SEM images of sputtered substrates that
were dried in (A) air and (B) CPD. (C-D) Representative SEM images of
substrates that were dried in (C) air and (D) CPD, yet without Au/Pd sput-
tered layer. AV = 1 kV for all images. Substrates in (A), (B) and (C) were
fixed in a solution of GA/PFA before drying. Adapted from Paper 4 [82],
with permission.

be obtained without sputtering (Fig. 3.7C and 3.7D), by replacing the stan-
dard Si substrate with a highly doped one. This strategy is more advantageous
for profiling of smaller particles/vesicles, where the presence of the conductive
layer may induce errors in size estimation. Finally, while the sEVs in Figures
3.7A, 3.7B and 3.7C were fixed in a solution of GA/paraformaldehyde (PFA),
the sEVs in Figure 3.7D were not fixed prior to drying. In both cases, SEM
detected similar round shapes, suggesting that the absence of fixation did not
significantly change EV morphology.

Overall, the analysis of these pre-imaging parameters showed that CPD
significantly improves the EV morphology and distribution on the substrates.
On the other hand, the data suggested that SEM images of EVs of good
resolution and quality can also be obtained without the use of fixation or a
conductive sputtered layer.
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3.4 Application to EVs isolated from human serum

Once the different parameters were investigated and compared, the developed
optimized SEM protocol was applied to image EVs isolated from the serum of
a healthy patient. The protocol consisted of (i) use of pure, filtered and non-
reactive chemicals, (ii) covalent sEV capture on the substrate, (iii) fixation
and CPD, and (iv) Au/Pd sputtering. [82] Aiming to show the possibility of
using SEM for EV size profiling and for assessing the purity of EV isolation
techniques, the vesicles were isolated by two different methods, namely size
exclusion chromatography (SEC) and tangential flow filtration (TFF). More-
over, the results obtained by SEM were compared to the NTA size profiles.
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Figure 3.8: Representative SEM images of sEVs isolated by (A) SEC and
(B) TFF, showing vesicles of different diameters. (C) Comparison between
diameter distributions of the sEVs analyzed by SEM and those analyzed by
NTA for SEC method. (D) Comparison between diameter distributions of
the sEVs analyzed by SEM and those analyzed by NTA for TFF method.
Adapted from Paper 4 [82], with permission.

The representative SEM images of the sEVs isolated by these two methods
(Fig. 3.8A and Fig. 3.8B) suggested that SEC allowed for the isolation of
sEVs with minor contamination of small particles compared to TFF. The
latter showed a larger population of particles in the size range of 10–50 nm,
which might come from leftover proteins/impurities. The same qualitative
behaviour was confirmed by the size distribution profiles obtained by analyzing
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the vesicles in a large number of SEM images, for the two techniques (Fig.
3.8C and Fig. 3.8D). In particular, while for SEC, the particle counts in
the entire range of 10–200 nm were comparable, TFF showed significantly
larger numbers below the size of ∼70 nm. Such findings are in line with other
published reports suggesting a better purity of the sEVs isolated by SEC as
compared to TFF alone. [86]

When comparing the size distribution profiles obtained by SEM and NTA,
the data showed a match between the two techniques for particles larger than
∼70 nm. However, due to its superior sensitivity, SEM clearly detected a
population of particles in the small size range (<60 nm) that could not be
fully detected by NTA or other scattering based methods. Here, the presence
of small shifts between the two distributions should also be taken into account.
These might arise by the facts that NTA measures hydrodynamic radii, thus
overestimating particle size [87], and that the presence of shrinkage and/or
sputtered layer in SEM might slightly shift the distribution.

Overall, the results obtained in this study demonstrate the prospect of
using SEM for high-resolution size profiling and morphological analysis of EVs
over their entire size range. Developing and applying a protocol that combines
optimized preparatory steps makes it possible to improve the throughput of
analysis and the image quality of the vesicles without damaging their shapes.
Moreover, the possibility to accurately analyze particles not fully detectable
by NTA or other scattering-based methods allows the use of SEM technique
to assess EV isolation methods and/or identify EV subpopulations based on
shape/morphology.
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Chapter 4

Bulk detection of EVs by
electrokinetic sensor

4.1 Electrokinetic effects

Electrokinetic effects refer to all those phenomena occurring at a solid-liquid
interface that involve tangential fluid motion adjacent to a charged surface.
[88] Streaming current (Is) and streaming potential (Vs) are two of such phe-
nomena, originating from a mechanically induced flow of an electrolyte inside
a microcapillary with charged walls. [89] [88]

Specifically, a surface with a defined isoelectric point (pI) acquires a neg-
ative or a positive charge when in contact with an electrolyte with a pH>pI
or pH<pI, respectively. To screen this surface charge, the electrolyte develops
a layer of counterions called ”electric double layer” (EDL). [89] As visible in
Figure 4.1, the EDL consists of two different parts: a Stern layer of counte-
rions tightly bound to the surface and a diffusive layer of mobile ions that
can move under the presence of tangential stresses. [89] The imaginary plane
separating the Stern and the diffusive layers is called slipping plane, and the
potential at this plane is referred to as the zeta potential (ζ) and is commonly
approximated as the potential of the surface. The characteristic thickness
of the EDL is called Debye length, λD, and is defined as the distance from
the charged surface to the imaginary plane at which the electrical potential
is equal to ζ/e, with e being Euler’s number. [89] Within the volume limited
by the Debye length, there is an abundance of ions carrying opposite charges
than the surface. [89]

When a pressure is applied to move the electrolyte through a microcapil-
lary channel, also the ions accumulated in the diffusive part of the EDL move
along the flow direction. This sets a potential difference between the two ends
of the microcapillary, which is called streaming potential. Such potential can
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Figure 4.1: (A) Schematic of the ion distribution in an electrolyte inside
a microchannel with a negative surface charge. (B) Zoom in of the electric
double layer formed next to a negatively charged surface. (C) Decay of electric
potential ψ as a function of the distance ”d” from the surface.

be measured by two electrodes at the ends of the microchannel connected via
a high-input impedance voltmeter. If these two electrodes are instead con-
nected to an external electrical circuit, a streaming current is generated and
can be measured by using a low internal impedance ammeter. This current
can then be converted to a zeta potential value using the following formula.

ζ =
∆Is
∆P

η

εε0

L

A
(4.1)

where ∆Is/∆P is the change in Is with pressure, η the viscosity, εε0 the
permittivity and L/A the length and cross-section of the capillary, respec-
tively. Both Is and ζ are very sensitive to what is present/immobilized on the
solid surface, e.g., on the microcapillary.

4.2 Electrokinetic methods for biomolecule detection

In the past, the electrokinetic methods of streaming current and streaming
potential have been widely used for sensitive surface characterization. [90]
In particular, they have been employed to study the deposition kinetics and
surface coverages at solid−liquid interfaces of a variety of particles, e.g., la-
tex, colloidal gold or dendrimers. [91] [92] [93] More recently, the application
of these methods for specific biomolecule detection has been demonstrated,
however being limited to the analysis of relatively small analytes, such as pro-
teins, DNA, etc. [94] [95] [96] [97] Theoretical studies show that sensors based
on electrokinetic principles are sensitive to hydrodynamics and electrostatics,
suggesting that both the size and charge of a biomolecule contribute to the
final signals. [98] [99] Moreover, they indicate a signal dependence on surface
coverage and a stronger electrokinetic effect for larger analytes. [99] [98] These
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characteristics make EVs/exosomes a favorable target for sensitive detection
by electrokinetic approaches, as these particles are 100−1000-fold larger than
most proteins.

As compared to many techniques used or developed for EV bulk analysis
(e.g., electrochemical, nanoshearing, immunoassays, etc [59] [60] [62] [50]),
electrokinetic methods have the advantages of being label-free, having a simple
design and requiring small sample volumes. Furthermore, they have a good
sensitivity, which can also be tailored/improved by the use of appropriate
functionalization strategies, and they offer the possibility for scaling up.

Therefore, the second objective of this thesis was to demonstrate, for the
first time, the prospect of using an electrokinetic sensor for detection and
protein profiling of sEVs. [100] [101] The sensing method was based on the
electrokinetic phenomenon of streaming current (Is). [94] The application of
the technique aimed to show the possibility to use sEVs as a source of biomark-
ers in liquid biopsies, for treatment monitoring of non-small-cell lung cancer
(NSCLC). [101] Lung cancer (LC) is one of the malignancies which causes
most cancer related deaths worldwide and NSCLC, a major subtype of LC,
has a 5-year survival rate of only ∼20% (Cancer.org). Therefore, the disease
has been a subject of interest for EV-based diagnostics as well as for moni-
toring of therapy responses. [102] [103] [104] In this study, the electrokinetic
platform was first developed and characterized using a single channel config-
uration measurement. Following validation, in order to show the prospect for
NSCLC monitoring, it was extended for multiplexed analysis and profiling of
sEVs from clinical samples. In fact, a multiplexed measurement of several
surface proteins is also needed for cancer detection or monitoring. The results
of this study are reported in Papers 1, 2, 5, and 6. [100] [98] [101] [105]

4.3 Experimental details

The EVs used in this study were collected from different sources and isolated
in order to obtain sEVs (∼30-300 nm). The sEVs used to develop and char-
acterize the electrokinetic platform were collected from a NSCLC cell line
H1975 with two mutations in EGFR (exon 20, T790M and exon 21, L858R).
The sEVs used to validate the platform were obtained from pleural effusion
(PE) fluids of NSCLC patients with different genomic alterations and after
different applied treatments. All vesicles were isolated by size exclusion chro-
matography (SEC) using qEVoriginal columns and characterized by NTA for
their concentration and size estimations. SEM was used for morphological
analysis, while western blot (WB) and proximity extension assay (PEA) were
mainly utilized for characterization of their protein content. sEV isolation
and characterization by NTA and WB were performed at Karolinska Institute
(Stockholm), PEA was performed at Uppsala University (Uppsala), while
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Figure 4.2: Schematic of the collection, isolation and basic characterization
processes for the sEVs isolated from NSCLC cells used in this study. Adapted
from Paper 5 [101], with permission. Partly created using BioRender.com.

SEM analysis was conducted at KTH (Stockholm). Figure 4.2 illustrates the
sEV collection, isolation and characterization processes. Further details on
these methods can be found in Paper 1 [100] and Paper 5 [101].

Figure 4.3 shows a schematic of the electrokinetic measurement setup and
detection principle. As displayed, the experiments were performed in a plat-
form consisting of a commercial pumping system (Elveflow, OB1), a flow sen-
sor (Elveflow, MFS3), a fluidic system including the microcapillary sensors,
and a measurement unit (Keithley source meter and PC). The platform was
first developed and characterized using a single sensor configuration. There-
after, it was multiplexed for simultaneous measurement of multiple parallel
channels. In both configurations, the streaming current between a Pt elec-
trode at the inlet and one at the outlet of each sensor was independently
measured. The sensors used in the study consisted of silica microcapillaries
having a diameter of 25 µm and a length of ∼4.5 cm, which were functionalized
with antibodies targeting specific sEV membrane proteins. In brief, the anti-
bodies were conjugated to the sensor inner surfaces via glutaraldehyde (GA),
following the protocol reported in Papers 1 and 5 [100] [101]. Tris-ETHA and
casein were then used to minimize non-specific binding (NSB) of the sEVs.

For detection, the streaming current generated by a pressure driven flow
of 0.1x PBS buffer within a functionalized microcapillary was analyzed. In
particular, the ∆Is between continuous pressure pulses (30 s pulse duration)
of 1.5 and 3 bar (∆P=1.5 bar) was recorded during the experiments. This
current was then converted to a zeta potential value (ζ), according to Equation
4.1. However, it is important to note that the movement of ions in the EDL
might be perturbed by the EVs bound to the microcapillary surface. As a
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Figure 4.3: Schematic of the electrokinetic platform, including four microcap-
illary sensors, and of the streaming current-based detection principle. Is is
generated in the electric double layer (EDL). Final signals calculated as ∆ζ*,
namely ζ* after - ζ* before sEV binding, measured in 0.1x PBS. Adapted with
permissions from Paper 1 [100] (Copyright 2019, American Chemical Society)
and Paper 5 [101].

result, the measured zeta potential might differ from the actual ζ of the surface
and is therefore termed ”apparent zeta potential” (ζ*).

For each measurement, an end-point approach was selected, by calculating
the final signal as the difference in ζ* (∆ζ*) between two PBS baselines, one
prior to and one post sEV incubation in the microcapillary. All experiments
were performed at room temperature (∼23 ◦C), for the sake of simplicity, and
in PBS at pH 7.4, to mimic physiological conditions. However, the PBS buffer
was diluted to 0.1× to decrease the concentration of counterions, thereby
increasing the magnitude of the measured ζ*. [101] [106] Finally, in order to
avoid bulk depletion, guarantee an adequate vesicle capture and a minimum
sample consumption, the sEV stationary incubation process was alternated
with periodic injections of small sample plugs. This required ≤20 µL of sEV
sample per microcapillary sensor per measurement.

Further details about the measurement platform, functionalization strat-
egy and detection principle are described in Paper 1 [100] and Paper 5 [101].

4.4 Platform development and characterization

The platform was first developed and characterized to demonstrate the pro-
spect of using the streaming current method for detection of EVs. For the
analysis, vesicles isolated from a NSCLC cell line were used. As a first step,
the contributions of specific and non-specific interactions were investigated.
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Therefore, microcapillaries specifically functionalized to target surface pro-
teins on the sEVs were compared with control capillaries. The ubiquitous
tetraspanins CD9 and CD63, usually expressed on these vesicles, were se-
lected for specific sEV capture. In addition, EGFR was also considered, as
this protein is frequently mutated and/or overexpressed in different tumors
and is a clinical target in some NSCLC. [107] [108] [109] Two types of con-
trol capillaries were analyzed, in order to estimate the possible influence of
non-specific binding (NSB) of the sEVs and the cross-reactivity with the sEV-
free cell medium (medium supplemented with exosome-depleted fetal bovine
serum and processed as the sEV samples). [110] The presence of non-specific
binding was tested by analyzing the sensor responses upon sEV injection in
functionalized microcapillaries without capture probes, e.g., antibodies. The
influence of cross reactivity was instead tested by injecting the sEV-free cell
medium in microcapillaries containing immobilized capture probes. All such
measurements were performed separately using the platform in a single chan-
nel configuration (one capillary at a time).
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Figure 4.4: Representative electrokinetic signals (∆ζ*) for microcapillaries
functionalized with capture probes for CD9, CD63 and EGFR, and control
capillaries used to test the sEV NSB and the influence of sEV-free cell medium
cross-reactivity. Measurements performed in triplicate and shown as mean ±
standard deviation (SD). Dashed line indicates the minimum detectable signal.
Adapted with permissions from Paper 1 [100]. Copyright 2019, American
Chemical Society.

The results of the analysis for sEVs that were incubated for 2h at a con-
centration of 3.4 x 109 particles/mL are presented in Figure 4.4. As visible,
the data revealed specific detection of the analyzed proteins on sEVs and dis-
tinct variations among the signals, which might be attributed to differences in
the marker interaction affinities, expression levels, or a combination of both.
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Without knowing these parameters, it is not possible to compare the signals
between different markers. However, such analysis can be used to compare
the same protein among different samples/patients. Moreover, the results in
Figure 4.4 showed negligible contributions from both control measurements
as compared to the specific ones. The analyzed markers were further inves-
tigated by complementary methods, e.g., WB and SPR, which confirmed the
electrokinetic results (data not shown). [100]

To determine the measurement noise levels, the standard deviations (SD,
peak values) of blank capillaries (without sEVs) were considered. The results
showed ∼0.1 pA noise in the ∆Is, which corresponded to 0.07 mV noise in
ζ*. These values were then used to calculate the minimum detectable signals
(MDS), which were defined as three times the current/zeta potential noise
levels. Therefore, a MDS of ∼0.2 mV was recorded for a single channel elec-
trokinetic measurement.

Overall, the data indicated the possibility to use the streaming current
method for specific detection of EVs by their surface proteins.

4.5 Expression analysis and sensitivity

Clearly, the presented sensing principle offers a simple and inexpensive means
for direct electrical profiling of EV surface markers. However, for applications
in clinical settings, it is essential to demonstrate good sensitivity in marker
expression levels and sufficiently low limits of detection (LOD). Based on these
reasons, the platform was further characterized to determine these parameters.

The LOD was calculated as the minimum sEV concentration that pro-
duced a detectable signal for a 2h sample incubation. For the analysis, the
vesicles were targeted against EGFR and the electrokinetic signals for sEV
concentrations in the range of (0.78−3.50)×109 particles/mL were recorded
to obtain a calibration plot (Figure 4.5A). The intersection of the calibra-
tion curve with the dashed line representing the MDS determined a LOD of
2.8×108 particles/mL (or 0.4 pM). This value falls within the range of EVs
that can be present in body fluids (1×108–3×1012 EV/mL) [111] [47] and is
very close to the lower limit, indicating that the platform might be sufficient
for many clinical applications. Nevertheless, it is important to note that vari-
ations in this LOD value might be recorded for different proteins and/or EV
samples, due to different abundances of the targeted markers.

To evaluate the sensitivity of the method in marker expression analysis,
vesicles with two different EGFR expression levels were analyzed. In particu-
lar, sEVs from parental NSCLC cells were compared with sEVs isolated from
NSCLC cells where EGFR expression was reduced by siRNA, here referred
as siEGFR sEVs. [100] Figure 4.5B shows the electrokinetic sensor responses
obtained for both samples. Evidently, decreased EGFR signals were recorded
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Figure 4.5: (A) Capillary sensor signal as a function of the sEV concentration.
The dashed line represents the MDS and its interception with the calibration
line depicts the LOD. (B) Capillary signal dependence on EGFR expression
for NSCLC sEVs from parental and siEGFR treated cells. sEVs incubated
for 2h at a concentration of 3.5×109 particles/mL. Measurements performed
in triplicate and shown as mean ± SD. (C) WB analysis of EGFR, CD9 and
calnexin expressions on parental and siEGFR cells ”C” and their correspond-
ing sEVs “E”. Adapted with permissions from Paper 1 [100]. Copyright 2019,
American Chemical Society.

for siEGFR sEVs as compared to those measured with parental sEVs. Anal-
ysis by WB (Figure 4.5C) confirmed the results and showed ∼80% decrease
of EGFR in siEGFR sEVs as compared to parental sEVs (EGFR expression
related to CD9 levels). Such reduction corresponded to a change of 2.2 mV
in the electrokinetic sensor signal. Being the value one order of magnitude
higher than the MDS (∼0.2 mV), the results indicated a detection sensitivity
of ∼10% of the EGFR expression in NSCLC sEVs. [100] Here again, it is
important to note that this type of sensitivity also depends on the interac-
tion affinity of the targeting probes, therefore is expected to vary for different
protein-affinity reagent pairs.

Nevertheless, the evidence presented here suggested the possibility to de-
tect changes in the expression level of cells via sEV analysis by using the
electrokinetic sensor.

4.6 Extension for multiplexed detection of EV surface
proteins

Following initial characterizations and measurements using a single channel
configuration, the developed electrokinetic platform was multiplexed to simul-
taneously analyze multiple sEV surface markers. Such multiplexing capability
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is essential for clinical applications of biosensors, since due to the numerous
pathways co-existing in disease progressions, multiple EV markers need to be
simultaneously assessed among different patients and/or treatments.

As compared to the single channel configuration, the multiplexed platform
consisted of four microcapillary sensors connected in parallel (Figure 4.3). The
maximum of four channels was selected for the proof of principle, as this could
be easily setup by using commercially available manifold connectors. In this
arrangement, a common Pt tube was used at the inlet, while separate Pt
electrodes were connected at the outlet of each microcapillary (Figure 4.3) for
independent current measurements. Moreover, two main modifications were
introduced in the functionalization strategy. First, the choice of the targeting
antibodies was optimized by selecting those with a more positive charge as
compared to the previous ones [100]. This led to higher detected signals due
to the increased contrast between the surface charge of the sensors and that of
the EVs, as demonstrated in Papers 2 and 6. [98] [105] Furthermore, control
measurements were performed by using microcapillaries functionalized with
isotype control antibodies instead of sensors without capture probes. Further
details on these strategies are described in Paper 5 [101].
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Figure 4.6: (A) Noise levels in the ∆Is (left y-axis) and the corresponding ζ*

(right y-axis) for single- to four-channel configuration measurements, calcu-
lated for five different microcapillaries. (B) Sensor responses for CD9, CD63,
EGFR, HER2 and IGF-1R capture probes measured by the multiplexed plat-
form. sEVs incubated in the microcapillaries at a concentration of 3.5×109

particles/mL. Measurements performed in duplicate. The dashed line depicts
the MDS of the platform in its four-channel configuration measurement (∼0.5
mV). Adapted from Paper 5 [101], with permission.

Prior to validation with sEVs, the multiplexed platform was characterized
to test the effects of multichannel connection on the measurement parame-
ters. In particular, the noise levels and the changes in baseline values upon
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connection of 1-4 simultaneous sensors were analyzed. Figure 4.6A shows the
noise levels in ∆Is and ζ* for the different numbers of channels. As visi-
ble, the noise remained low for all configurations (<0.3 pA), as compared to
the detected signals (>25-30 pA, not shown). Moreover, the initial baseline
values showed negligible changes upon connections of the different sensors,
indicating the absence of cross-interference between the channels (data not
shown). [101] Analysis of the flow profiles within the different microcapillar-
ies revealed slightly unequal distributions when connecting four simultaneous
sensors (∼13% variation in ∆flowrate for the applied ∆P). The flow was more
uniform for two and three channel configurations (<7% variation).

Having demonstrated stable measurement parameters, the four-channel
platform was tested for multiplexed marker analysis of sEVs from NSCLC
cells. In addition to the previously measured CD9, CD63 and EGFR, two
other biomarkers of interest in NCLC were considered, namely HER2 and
IGF-1R. These tumor cell surface receptors have been reported to be involved
in treatment refractoriness. [109] [112] As shown in Figure 4.6B, the results
indicated specific detection of all the markers as compared to isotype control
capillaries, except for HER2. This protein could not be detected using the se-
lected antibody and sEV concentration (3.5×109 particles/mL). Interestingly,
the data also showed increased CD9, CD63 and EGFR signals as compared
to those recorded with the platform in a single channel configuration (Figure
4.4). Such signal enhancement was likely related to the more positive charge
of the selected antibodies as compared to those initially used. [100] [101] The
complementary analysis of these markers by WB and PEA methods validated
the electrokinetic results, confirming the expression of these proteins on sEVs
from NSCLC cells (data not shown). [101]

Overall, the data demonstrated the successful development of the multi-
plexed electrokinetic platform and its application for specific analysis of sEV
surface markers. They also highlighted the capability of the method to tailor
the sensitivity with appropriate choices of functionalization strategies.

4.7 Application towards monitoring of non-small-cell
lung cancers

Following validation with sEVs from NSCLC cells, the multiplexed platform
was applied for the analysis of clinical samples. In particular, the possibilities
to specifically detect sEVs from patient liquid biopsies and discriminate in
their surface protein expression levels were investigated. Table 4.1 summarizes
the details of the different patients analyzed, including their NSCLC types
and applied treatments. For the analysis, the sEVs were isolated from pleural
effusions (PE), fluids that accumulate in the space between the lungs and
the chest walls in both malignant and non-malignant conditions. [113] [114]
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Table 4.1: Molecular and clinical data of the patients from which PE fluids
were obtained. All patients had an adenocarcinoma NSCLC, except for RP025
and RP078, which did not have any cancer. The treatments and the patient
responses are referred to the time of PE collections. Adapted from Paper
5. [101]

Patient Genomic alteration Treatment

PE002 EML4-ALK variant 3 (a/b) ALK-TKI Crizotinib, responsive

PE002-2 EML4-ALK variant 3 (a/b) ALK-TKI Crizotinib, refractory

PE009 KRAS exon 2, codon 12/13 Carboplatin/Navelbine, stable

PE010 EGFR exon 21, L858R EGFR-TKI Erlotinib, refractory

PE011 EGFR exon 21, L858R EGFR-TKI Erlotinib, responsive

PE017 EML4-ALK variant 3 (a/b) ALK-TKI Crizotinib, responsive

RP025 Non-cancerous NA

RP078 Non-cancerous NA

The choice of this liquid biopsy source was based on the fact that PE is
predominantly seen in advanced adenocarcinoma NSCLC patients and can be
collected in a minimally invasive way. [113]

First, the sEVs isolated from the PE fluids of five adenocarcinoma NSCLC
patients (PE002, PE009, PE010, PE011 and PE017) and two non-cancerous
patients (RP025 and RP078) were analyzed. As visible in Table 4.1, the ade-
nocarcinoma patients had alterations in EGFR (PE010 and PE011), ALK
(PE002 and PE017) or KRAS (PE009). The non-cancerous patients showed
accumulation of PE fluid, however without malignant tumor cells, thus repre-
senting a healthy control. For electrokinetic detection, the membrane proteins
CD9, EGFR and PD-L1 were analyzed and their levels among the different
patients were compared. PD-L1 was included in the study as it has been
demonstrated the expression of this marker on EVs and its ability to impede
the immune system to attack the tumor, thereby offering a way to monitor
therapy. [115] [116] Moreover, the platform was used in a three channel config-
uration to reduce the flow disturbances detected in the case of four channels.

The bar plots in Figure 4.7 show the sensor responses (upon control sub-
tractions) for all samples and markers analyzed. As presented, the data re-
vealed specific sEV detection and distinct inter-patient differences. Despite a
4-20-fold increase in NSB as compared to cell line derived vesicles (∼0.5 mV,
data not shown), the sensor responses for control measurements on most of
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Figure 4.7: (A) Sensor responses when targeting the sEVs from NSCLC PE
samples against CD9, EGFR and PD-L1. Measurements performed in tripli-
cate, incubating the sEVs at a concentration of 3.5×109 particles/mL. Con-
trols (capillaries with isotype control antibodies) subtracted from each bar
plot and sample. (B) Sensor responses when targeting the sEVs from non-
cancerous PE samples against EGFR and PD-L1, for the same sEV concen-
tration as in (A). Reproduced from Paper 5 [101], with permission.

these sEVs were still significantly lower than those recorded for the different
markers (data not shown). While specific detection of CD9 and EGFR was
shown for most of the NSCLC patients, PD-L1 could not be detected in pa-
tients having an ALK alteration using the current functionalization strategy.

Interestingly, as visible in Figure 4.7A, EGFR showed the highest signals
(∼18.5 mV and ∼9 mV) for the patients having an EGFR mutation in their
lung cancers (PE010 and PE011). Analyses by WB and PEA showed the same
trends in the marker levels, confirming the electrokinetic responses (data not
shown). [101] The sEVs isolated from non-cancerous patients indicated very
low levels of both EGFR and PD-L1, which were comparable to those detected
in NSCLC patients with ALK fusions.

Finally, to examine the potentials of the method for treatment monitor-
ing, the sEVs isolated from patient PE002 were further collected and analyzed
after 1-year of ALK-TKI crizotinib treatment, when the patient became clin-
ically refractory. This sample was named PE002-2. The marker HER2 was
also included in the study due to its relevance in some ALK-TKI treatment
refractoriness. [117] As visible in Figure 4.8, CD9 showed similar average val-
ues (∼6 mV) in sEVs from PE002-2 as compared to those detected at initial
sample collection (PE002). On the contrary, EGFR and PD-L1 responses for
sEVs from PE002-2 significantly increased after ALK-TKI crizotinib, show-
ing a ∼4.6-fold and a ∼21-fold increase compared to the levels detected in
PE002. HER2 instead was not detected in PE002, while showing a weak
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Figure 4.8: Sensor responses when targeting the sEVs from NSCLC PE002
and PE002-2 samples against CD9, EGFR, HER2, and PD-L1. Measure-
ments performed in duplicate, incubating the sEVs at a concentration of
3.5×109 particles/mL. Controls (capillaries with isotype control antibodies)
subtracted. Adapted from Paper 5 [101], with permission.

response (∼2.5 mV) for the sEVs from PE002-2.

Interestingly, when considering all NSCLC samples, PD-L1 signals were
significantly higher in refractory patients (PE010 and PE002-2) as compared
to stable or responsive ones. Such marker overexpression in case of treatment
refractoriness might be related to the capacity of the tumor to inhibit the
immune system. [118]

It is important to note that due to the bulk analysis of the electrokinetic
method, increased marker signals do not necessarily mean a higher expression
of the analyzed protein on single vesicles, e.g., EGFR for EGFR-mutant pa-
tients or PD-L1 for refractory patients. Such increases might also be caused
by a larger number of sEVs expressing the protein yet with low expression
levels, or to a combination of both factors.

To summarize, the results presented in this section demonstrated the ca-
pability of the developed electrokinetic sensors to profile several tumor cell
surface markers on EVs from clinical samples. Furthermore, the multiplexing
possibility allows to perform the analysis in a cost-effective way. Although a
larger patient cohort is necessary to state any clear conclusion on the relation
between the analyzed proteins and the possible cancer resistance mechanisms,
the data were in agreement with complementary methods, showing the possi-
bility to translate the platform for clinical applications.
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4.8 Towards improvements in sensitivity

As demonstrated in Paper 2 [98] and mentioned in Section 4.6, electrokinetic
detection using streaming current method depends on the charge contrast be-
tween the analyte and the sensor surface. Specifically, a larger charge contrast
is expected to give a larger signal, and hence a better sensitivity. [98] Improved
sensitivity is advantageous for a biosensor, as more rare event/less abundant
analytes can be detected and lower sample volumes are required. This char-
acteristic suggests that the sensitivity of the streaming current method can be
improved by modulating the surface charge of the sensor through appropriate
functionalization strategies.

Aiming to show this possibility, alternative functionalization strategies for
antibody immobilization on the microcapillary sensors were investigated and
compared to the previously used APTES-GA method. [100] [101] Being EVs
negatively charged (ζp ∼ - 30-40 mV), [119] two functionalizations leading
to a less negative initial ζ baseline (ζ i) of the microcapillary sensor sur-
face were considered. The first strategy used Poly(L-lysine)-graft-biotinylated
PEG (PLL-g-PEG-biotin, PPB) followed by streptavidin immobilization and
biotinylated antibody conjugation. In the second strategy, the biotinylated
antibodies were conjugated to PPB through the use of avidin. Further details
on these methods are reported in Paper 6. [105]

Analysis of the ζ i for capillaries functionalized with anti-CD9 antibody
using the three functionalization strategies showed ζ i= −32.8 mV, ζ i= −23.3
mV and ζ i= −16.0 mV for the APTES-GA, PPB-streptavidin and PPB-avidin
strategies, respectively (data not shown). [105] As expected, the PPB-avidin
functionalization showed the least negative ζ i yet the strongest signal when
detecting EVs from a NSCLC cell line (data not shown). [105] Analysis by flu-
orescence microscope (Figure 4.9A) showed a similar number of EVs captured
to the substrate by both the PPB-avidin and the APTES-GA strategies. This
result indicated that the stronger electrokinetic signal in case of PPB-avidin
was attributed to the higher charge contrast between EVs and sensor surface.
Therefore, the PPB-avidin functionalization was selected to further test the
improved sensitivity of the method for analysis of EVs. For the study, EVs
from the PE fluids of the NSCLC patients PE002 and PE011 were analyzed.

As visible in Figure 4.9B, similar electrokinetic signals were detected for
the PPB-avidin strategy as those recorded for the APTES-GA functionaliza-
tion (Figure 4.7). However, the present analysis was carried out with sEVs
that were 100 times lower (for CD9 and EGFR) and 10 times lower (for PD-
L1) in concentrations as compared to those reported in Figure 4.7. This data
indicated that the newly developed functionalization strategy improved the
sensitivity of the electrokinetic method. Moreover, significantly lower sample
volumes (∼1/100th for CD9 and EGFR, and 1/10th for PD-L1) were required
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Figure 4.9: (A) Fluorescence images of the sEVs from NSCLC cells stably
expressing GFP-CD9 captured by GA-APTES and PPB-avidin functionaliza-
tion schemes. (B). Sensor responses when targeting the sEVs from NSCLC
PE002 and PE011 samples against CD9, EGFR, and PD-L1 using PPB-avidin
functionalization strategy. Measurements performed in duplicate, incubating
the sEVs at a concentration of 3.5×107 particles/mL (EGFR and CD9) and
3.5×108 particles/mL (PD-L1). Adapted from Paper 6 [105], with permission.
Copyright 2021, American Chemical Society.

to analyze the EVs. This feature is fundamental for a possible application of
the method in clinical settings.

Overall, the obtained results successfully demonstrated the possibility of
using charge contrast as a strategy to enhance the detection sensitivity of sEV
surface proteins in streaming current-based methods.
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Chapter 5

Single particle analysis of EVs
by combined fluorescence and
atomic force microscopy

5.1 Importance of single particle approaches

The developed electrokinetic platform and all the other techniques for bulk
analysis measure average properties of EVs, which are certainly useful in ap-
plications such as disease monitoring. [35] [120] However, these approaches
cannot address the issue of EV heterogeneity nor discriminate the different
EV subpopulations. These aspects are fundamental to understand vesicle bi-
ology and physiological relevance, in addition to fully exploit the potentials of
EVs in applications such as drug delivery. [22] Studies have indeed suggested
that EVs secreted by cells via different biogenesis routes differ in their com-
positions. Moreover, intercellular communication via EVs might be mediated
by their multiple components. [121] [39]

Based on these reasons, increasing efforts have been focused towards the
development of platforms for single EV analysis, with the aim to correlate
multiple properties on single vesicles. [122] However, the analysis has been
restricted only to the protein contents and/or sizes of the EVs. [63] [64] [49]
[65] [66] [123] Furthermore, the size estimations performed by most of these
methods have been limited in accuracy and/or detection range, due to the
small and soft nature of EVs. This is due to the fact that many vesicles
lie well below the optical resolution and are very weak light scatterers, thus
not being accurately detected in their entire size range by techniques such as
flow cytometry (FC), NTA, resistive pulse sensing (RPS) or interferometric
reflectance imaging (IRI). [42] [48] Recently, studies have shown that also the
EV mechanical properties (e.g., stiffness) are important for identification of
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subpopulations and might have a functional role. [124] [125] [126] However,
the relations of these physical parameters, e.g., size and mechanical properties,
on their membrane protein compositions have not been investigated yet.

Therefore, to overcome some of these challenges, the third objective of
this thesis was the development of a platform for accurate multiparametric
analysis of single EVs. The proposed method combines fluorescence (FL) and
atomic force microscopy (AFM), and can be used to simultaneously measure
and correlate the protein abundance, size, and mechanical properties of single
vesicles. The choice of AFM was based on the high resolution of the technique,
which could accurately measure EVs in physiological environment over their
entire size range. Moreover, the method offered the unique ability to pro-
vide information about the EV mechanical properties, not correlated before.
Aiming to delineate the EV heterogeneity manifested in their molecular and
structural properties, the abundance of various tetraspanins were investigated
by fluorescent immunostaining and then correlated to the size and stiffnesses
of single EVs measured by AFM. The analysis was performed on sEVs iso-
lated from different cell lines and identified the presence of different vesicle
subpopulations. The results of this study are reported in Paper 3. [75]

5.2 Experimental details
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Figure 5.1: Schematic of the collection, isolation and basic characterization
processes for the sEVs isolated from the HEK293, cbMSC and THP1 cells used
in this study. Adapted from Paper 3 [75], with permission. Partly created
using BioRender.com.

The EVs used in this study were collected from different cell lines and
isolated in order to obtain sEVs (∼30-200 nm). The sEVs used to develop
and characterize the single EV platform were isolated from human embryonic
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kidney 293 (HEK293) cells, which were lentivirally engineered to stably ex-
press CD63-mNeonGreen (CD63-mNG) fusion proteins. [57] These sEVs are
named mNG-EVs throughout the thesis. The sEVs analyzed in the study
were instead isolated from wild type HEK293, cord blood mesenchymal stro-
mal (cbMSC) and THP1 human monocytic cells. These sEVs are named
wt-EVs throughout the thesis. All vesicles were isolated using a combination
of ultrafiltration, tangential flow filtration (TFF) and bind-elute size exclu-
sion chromatography (SEC), and characterized by NTA for their concentra-
tion and size estimations. Western Blot (WB) and flow cytometry (FC) were
used for bulk analysis of their surface protein compositions. Both the mNG-
EVs and the wt-EVs were isolated and characterized at Karolinska Institute
(Stockholm). Figure 5.1 schematizes the sEV collection, isolation and char-
acterization processes. Further details on these procedures are described in
Ref. [57], Ref. [86] and Paper 3 [75].
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Figure 5.2: Schematic of the functionalization strategies used to immobilize
(A) mNG-EVs and (B) wt-EVs onto glass coverslips. CD63-mNG was used for
fluorescence analysis on mNG-EVs, while CD9-PB, CD63-PE and CD81-APC
were used for wt-EVs.

Prior to measurements, the sEVs were covalently immobilized onto glass
coverslips by using glutaraldehyde (GA), as described in Paper 3 [75]. Cova-
lent capture ensured stability of the vesicles during the entire investigation pe-
riod and immobilization of a significant EV population, which was unbiased to
size and protein levels. Figure 5.2 illustrates the two functionalization strate-
gies adopted for the mNG-EVs and wt-EVs. As shown, due to the presence of
the fluorescent CD63-mNG proteins, the mNG-EVs had intrinsic fluorescence
and therefore the vesicle capture step completed the functionalization process.
The wt-EVs instead, were not intrinsically fluorescent, thus requiring the use
of fluorescently labelled antibodies for their analyses. For this reason, the
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wt-EV capture step was followed by deactivation of the remaining active sites
with Tris-ethanolamine (Tris-ETHA) and casein, in order to minimize non-
specific binding (NSB) of the antibodies. For FL analysis of the proteins, the
immobilized wt-EVs were finally incubated with a solution of three fluores-
cently labelled antibodies, namely anti-CD81-Allophycocyanin (CD81-APC,
660 nm max emission wavelength), anti-CD63-R-Phycoerythrin (CD63-PE,
575 nm max emission wavelength) and anti-CD9-PacificBlue (CD9-PB, 455
nm max emission wavelength).

Figure 5.3A schematically illustrates the developed measurement platform
combining FL and AFM microscopy for analysis of single EVs. As shown, flu-
orescence measurements were performed using a 100x oil immersion lens of an
inverted microscope (Zeiss, Colibri 5) and were used to qualitatively estimate
the abundance of tetraspanins on individual vesicles. AFM scans were instead
performed on a JPK AFM system (NanoWizard 3) and used to estimate the
EV sizes (equivalent diameters) and mechanical properties (Young Moduli).
Quartz-like NANOSENSORS qp-BioAC probes (CB2 cantilevers, 0.1 N/m
force constant) were used to scan the substrates. Moreover, to avoid damage
of the vesicles, the AFM measurements were performed in liquid conditions
(1× PBS) under Quantitative Imaging (QI) mode, a gentle force spectroscopy
method particularly suitable for soft particles like EVs.

A B

FL AFM

FIB marks

AFM

Inverted FL
microscope

Imaging

Analysis

Figure 5.3: (A) Schematic of the imaging platform, including inverted FL
microscope below the sample support with the EV substrate (inset) and AFM
above it, aligned with the optical axis of the FL microscope. The FL and AFM
images were visualized on a screen, then processed and analyzed using different
software. (B) Representative FL image showing numerous single EVs and the
FIB marks patterned for precise area identification. Zoom in of a small area
(5 µm x 5 µm) scanned by both FL and AFM, identifying four different single
vesicles. Adapted from Paper 3 [75], with permission. Partly created using
BioRender.com.
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As shown in Figure 5.3A, for combined experiments, the functionalized
coverslip with immobilized EVs was inserted in a transparent well and placed
on top of the FL microscope. The AFM head was then positioned on top
of the sample and its tip aligned with the microscope’s optical axis, in order
to scan the same fluorescently imaged area. However, despite the alignment
and the fact that the coverslip included imprinted grids for area recognition,
small shifts between the FL and AFM scans occurred, preventing a precise
vesicle identification. To solve this issue, additional marks visible in both
FL and AFM were further patterned using a focused ion beam (FIB, Figure
5.3B), enabling exact overlap of the two images and correlation of the analyzed
properties on single EVs. After alignment, FL images for the different fluo-
rophores were taken, followed by corresponding AFM scanning (Figure 5.3B).
Both measurements were performed in liquid, in 1x PBS. The data were then
analyzed using different software and the protein abundances, size and Young
Modulus for single vesicles correlated. Further details on the instruments,
measurement and analysis parameters can be found in Paper 3 [75].

5.3 Platform development and characterization

The platform was first optimized and characterized using mNG-EVs, to en-
sure that i) EVs were captured and remained immobilized during the entire
investigation period; ii) the EV capture protocol was efficient and unbiased
towards vesicle size and protein expression; iii) the platform had sufficiently
large dynamic ranges for size and surface expression measurements; and iv)
the approach discriminated single EVs.

Stability of EV capture

To demonstrate EV capture, coverslips with immobilized sEVs were compared
with control substrates without vesicles (Figure 5.4A). The results obtained
by FL microscopy indicated the presence of bright dots that could be assigned
to single particles in substrates with EVs. Such spots were not detected in
control substrates.

To investigate the stability of capture, fluorescence counts after multiple
washing steps and at different times were analyzed. The results of the mea-
surements showed immobilization of the sEVs even after multiple washings
with PBS or water, with a particle variation <1% after the third washing step
(data not shown). Moreover, the vesicles remained attached to the coverslip
for at least 12 h (Figure 5.4B), indicating sufficient stability of the utilized
covalent capture. The AFM scans performed in 1x PBS confirmed the FL re-
sults, showing stably captured particles of the expected sizes on the substrates
with sEVs as compared to control ones (Figure 5.5). For these measurements,
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Figure 5.4: (A) Representative FL image of coverslips with immobilized mNG-
EVs (left) and one without (right). (B) Representative FL image of mNG-EVs
immediately after the immobilization to the substrate (T=0 h) and after 12
h (T=12 h). Adapted from Paper 3 [75], with permission.

a height threshold of 15 nm was set for identification of EVs. By applying
this threshold on control substrates without EVs, only a negligible number of
particles having a higher height was detected.
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Figure 5.5: (A) Representative AFM image of a coverslip with immobilized
mNG-EVs. (B) Representative AFM image of a control coverslip without
EVs. Storage buffer (SB) was incubated after GA (same dilution as buffer
concentration in the sEV solution) instead of mNG-EVs. Adapted from Paper
3 [75], with permission.

Efficiency of the capture protocol

The capture efficiency of the protocol was evaluated by counting the number
of FL spots for different sEV concentrations and by comparing the results with
the corresponding particle concentrations detected by NTA, which were set as
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a reference unitary slope. For the analysis, the surface conjugation chemistry
was optimized in order to maximize EV capture and guarantee a homoge-
neous distribution. Thereafter, the area density of particles was converted
to the initial volume concentration. [75] The results of the measurements are
presented in Figure 5.6 and showed that the number of captured sEVs was 3
times lower than the nominal particle counts obtained by NTA. This data in-
dicated a capture efficiency of only 33%. However, it is important to consider
that NTA also detects non-EV particles, that not all the EVs expressed the
mNG-CD63 construct and that some weakly luminescent vesicles may exist
below the detection limit. Based on these aspects, the actual capture protocol
is expected to be far more efficient than 33%.

Figure 5.6: Correlation between the number of particles detected by NTA
(x-axis) and those detected by the single EV platform (y-axis). Number of
particles detected by NTA represents the unitary slope and was considered as
a reference. Reproduced from Paper 3 [75], with permission.

Dynamic ranges of the platforms

The dynamic ranges of the platforms were separately analyzed by considering
the integrated intensity of single mNG-EVs obtained by FL microscopy and
the EV equivalent diameters measured by AFM. Figure 5.7 presents the results
of the measurements. In particular, the FL intensities were calculated after
background subtraction and showed an exponentially decreasing distribution
ranging from ∼680-5×105 a.u., with increasing number density towards the
low intensity values (Figure 5.7A). The vesicle equivalent diameters were ob-
tained through AFM by assuming surface area conservation of the identified
mNG-EVs and showed a distribution ranging from ∼10-250 nm (Figure 5.7B).
Here, it is important to note that ∼25% of the total number of particles de-
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tected by AFM had diameters ≤50 nm and that the mean particle diameter
was ∼76 nm. The presence of these small particles might be attributed to
small sized-EVs, exomeres and/or proteins/protein aggregates that often re-
main undetected by NTA and scattering-based methods. [48] [127] This effect
might explain the shift of the AFM distribution peak as compared to that
obtained by NTA (∼110 nm, data in Paper 3 [75]).
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Figure 5.7: (A) Distribution of the FL integrated intensities calculated for sin-
gle mNG-EVs immobilized on a substrate, obtained from an area of 1.77x104

µm2. (B) AFM equivalent diameter distribution of the captured mNG-EVs
(height >15 nm), calculated assuming surface area conservation. Distribution
was obtained from 17 scans of 5 µm × 5 µm each (total area = 425 µm2).
Reproduced from Paper 3 [75], with permission.

Overall, the obtained results revealed that the capture protocol was unbi-
ased towards the EV size and protein expression. The high dynamic ranges
of both FL and AFM distributions confirmed the feasibility of the developed
platform for accurate sEV size and surface marker expression analyses. Fur-
thermore, the superior sensitivity of AFM as compared to scattering based
methods highlighted the possibility of using this tool for analysis of small
particles and to check the purity of various EV isolation methods.

Identification of single particles

Finally, FL and AFM methods were combined in order to identify and measure
single EVs. Figure 5.8 shows representative images of corresponding FL and
AFM scans. As evident, the use of FIB marks allowed precise overlap of the
two areas and identification of corresponding vesicles in FL and AFM images.
Furthermore, the data revealed that almost all of the FL dots were generated
by single sEVs (green circles), with some exceptions (∼10%) where a spot
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corresponded to two or more particles (red circle). These rare cases were
excluded from the analysis.

To summarize, the results obtained with mNG-EVs indicated that the de-
veloped platform combining FL and AFM microscopy was suitable for analysis
of single EVs from a sufficiently large and representative population.

Figure 5.8: Representative images of combined FL (outer image with diffuse
encircled spots) and AFM (inner image with yellow solid particles) experi-
ments. Green circles indicate FL spots corresponding to single AFM particles,
while red circle those corresponding to two or multiple particles, which were
excluded from analysis. Adapted from Paper 3 [75], with permission.

5.4 Fluorescence analysis on wt-EVs

Following optimization and characterization, the developed combined plat-
form was applied for analysis of sEVs isolated from three different wild type
(wt) cell lines, named HEK293, cbMSC and THP1. The choice of these cells
was based on their different phenotypes, on their important applications in
EV engineering/therapy and on the absence of such a multiparametric study
at a single vesicle level. For the analysis, the tetraspanins CD9, CD63 and
CD81 were examined due to the lack of understanding of the sEV subpopu-
lations and roles defined by those markers. In particular, the distribution of
these proteins was correlated to the size and Young Modulus (YM) of the cor-
responding individual sEVs. Differently than mNG-EVs, the vesicles isolated
from wt cells did not have any intrinsic fluorescence. Therefore, the fluores-
cently labelled antibodies CD9-PB, CD63-PE and CD81-APC were used to
target the analyzed tetraspanins.

As a first step, fluorescence analysis on single sEVs was carried out. Figure
5.9A shows a representative FL image of wt-EVs stained with all the three
antibodies, where CD9, CD63, and CD81 correspond to the colors blue, yel-
low, and red, respectively. As visible, distinct bright spots were detected as
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Figure 5.9: (A) Representative FL image of wt-EVs targeted with CD9-PB,
CD63-R-PE, and CD81-APC antibodies, showing vesicles co-expressing all
markers simultaneously (three colors) and vesicles only expressing two or one
markers.(B) Number of positive sEVs detected in a microscope area for each
tetraspanin and cell line analyzed. Reproduced from Paper 3 [75], with per-
mission.

compared to control substrates (not shown), clearly indicating a good speci-
ficity of the immunostaining protocol. Having validated specific detection,
the wt-EVs were analyzed for the number of vesicles that were detected to
express the different tetraspanins in a microscope area of 133 µm x 133 µm,
for all the cell lines. Since the vesicles were diluted to the same final concen-
tration and the capture protocol was unbiased to protein expression levels,
a similar number of wt-EVs binding to the substrates was expected for all
the cell lines. Figure 5.9B shows the results of the measurements, indicating
different proportions of vesicles that were positive for the analyzed markers.
In particular, the HEK293 cell line had the highest numbers of sEVs that
were positive for CD9 and CD81 as compared to the other cell sources. The
sEVs from cbMSC showed instead the highest number of CD63 positive vesi-
cles while the sEVs from THP1 showed the lowest levels of all the analyzed
tetraspanins. Differences in the distribution of the three proteins on single
sEVs were also detected (data not shown). [75]

When analyzing the sEV population co-expressing the three tetraspanins
simultaneously, the results revealed interesting correlations, as presented in
Figure 5.10. Specifically, while for the HEK293 sEVs, the increase of one
marker, e.g. CD9, was accompanied by a linear increase of the other two, e.g.
CD63 and CD81 (R-squaretot= 0.84, Figure 5.10A), the same correlation was
not observed for the sEVs from cbMSC cells (R-squaretot= 0.2, Figure 5.10B).
Nevertheless, the expression levels of CD9 and CD63 were linearly correlated
for the cbMSC sEVs in this group (R-square= 0.72, Figure 5.11). The THP1
sEVs followed the same behavior as the vesicles from cbMSC cells (data not
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Figure 5.10: Correlation of the FL integrated intensities for the CD9-CD63-
CD81 positive vesicles for the sEVs from (A) HEK293 and (B) cbMSC cells.
Reproduced from Paper 3 [75], with permission.

shown), however with a lower proportion of particles co-expressing the three
markers simultaneously (<30 vesicles).
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Figure 5.11: Correlation of CD9 and CD63 FL intensities for the CD9-CD63-
CD81 positive EVs isolated from cbMSC cells. Reproduced from Paper 3 [75],
with permission.

5.5 Fluorescence clustering on wt-EVs

In order to investigate the possible existence of EV subpopulations, the FL in-
tensities of single vesicles were mapped on a 2D plane using the t-distributed
stochastic neighbor embedding (tSNE) method. This clustering algorithm
allows grouping of vesicles with similar characteristics, based on both their
tetraspanin combinations and expression levels. In particular, the FL inten-
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sity of each tetraspanin channel was normalized by the minimum detectable
intensity (weakest spot from a single sEV) for the same channel and cell line,
and considered for the analysis. This value was proportional to the amount
of each protein that was present on each vesicle.
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Figure 5.12: Heatmaps of the tSNE-derived marker expression profiles, show-
ing the tetraspanin combinations within the identified clusters for the three
cell lines. Reproduced from Paper 3 [75], with permission.

Figure 5.12 presents the results of the investigation, showing heatmaps
that illustrate how different EV populations based on the tetraspanin combi-
nations distribute in each of the identified clusters. As evident, the algorithm
determined five main clusters for the HEK293 and THP1 sEVs, and three
clusters for the cbMSC sEVs. Despite variations in the distributions, one
major feature emerged from the data, regarding the sEVs co-expressing the
three tetraspanins simultaneously (named CD9-CD63-CD81 sEVs). Specifi-
cally, for HEK293, this sEV population constituted only one cluster (cluster
2) and grouped together with the EVs only positive for CD9-CD63. On the
contrary, the sEVs co-expressing the three tetraspanins split into two clusters
for cbMSC and THP1 vesicles, one of them grouping with sEVs only positive
for CD9-CD63 (cluster 1) while the other grouping with sEVs only positive
for CD81 (cluster 2 for cbMSC and cluster 5 for THP1).

The analysis of the distributions of the vesicle FL intensities within the
different clusters (Figure 5.13) showed that for cbMSC and THP1 vesicles,
the CD9-CD63-CD81 sEVs clustering with the CD9-CD63 expressing ones
showed the highest levels of CD9 and CD63. On the other hand the sEVs
clustering with the CD81 expressing ones showed the highest levels of CD81,
but intermediate levels of CD9 and CD63. For HEK293 sEVs instead, the
only cluster including CD9-CD63-CD81 sEVs showed on average the highest
intensities, indicating an enrichment of such markers.

Overall, the results of the FL analysis on wt-EVs confirmed the high EV
heterogeneity in the marker expression levels and the possible presence of two
distinct subpopulations for cbMSC and THP1 EVs, which might have differ-
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Figure 5.13: Box plots of the normalized FL intensity distributions of the
three tetraspanins for the tSNE derived clusters. Reproduced from Paper
3 [75], with permission.

ent biological functions or biogenesis routes, e.g. from plasma or endosomal
membrane. Moreover, they also suggested the presence of a co-localization
and correlation between CD9 and CD63 proteins, both increasing (or decreas-
ing) with each other on single vesicles for all the analyzed cell lines.

5.6 Correlation between protein levels and physical
parameters

Following FL analysis, the physical parameters obtained by AFM (size and
YM) were correlated to the tetraspanin expression levels of the corresponding
EVs. Here, it is important to note that due to the low throughput and high
resolution, only a fraction of the EVs identified by fluorescence imaging could
be analyzed by AFM. However, the acquired data points were representative
of the whole sEV population, as shown in Paper 3 [75].
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Figure 5.14: Box plot of the size distributions of the population of sEVs
expressing the three tetraspanins simultaneously for all three cell lines. Re-
produced from Paper 3 [75], with permission.
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In particular, as a first step, the distributions of the size and YM within the
different identified clusters were investigated for all cell lines. The YM values
were calculated by averaging over all the pixels on individual vesicles and were
used as a measure of the EV stiffness. The results of the analysis indicated
large heterogeneities in both the EV sizes and YM, with values ranging from
∼30-350 nm and ∼0.2-25 MPa, respectively. [75] Apart from this, no striking
differences in the distributions within the clusters were observed (data not
shown). However, when analyzing the subpopulation of sEVs co-expressing
the three tetraspanins simultaneously (Figure 5.14), the results revealed that
most of these vesicles had small sizes (<100 nm) and YM (<5 MPa) for
HEK293 and cbMSC derived vesicles. On the contrary, THP1 sEVs in this
group had large diameters (>150 nm) yet small YM (<5 MPa).

Aimining to investigate whether a linear dependence between the tetraspa-
nin expressions and the physical parameters existed, these properties were
then analyzed and compared over the entire population of EVs detected by
AFM, for each cell line. Figure 5.15 shows the results of the analysis for
HEK293 EVs, when examining the abundance of each tetraspanin (integrated
intensity) as a function of the size (equivalent diameter) of the corresponding
vesicle. As evident from the scattered dots, the tetraspanin abundance did
not increase with the EV diameter, suggesting that high expressing vesicles
did not necessarily have large sizes. These results were also evident by the low
Pearson coefficients obtained in all cases and were valid for all the three cell
lines (data for cbMSC and THP1 not shown). However, the interesting finding
was that irrespective of the marker, the sEVs from HEK293 and cbMSC cells
with the highest tetraspanin abundances were mostly populated around a
diameter of 100 nm.
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Figure 5.15: Correlation plots between the tetraspanin FL intensities and
the sEV equivalent diameters for HEK293 sEVs. The P value indicates the
Pearson coefficient. Reproduced from Paper 3 [75], with permission.

When analyzing the YM as a function of the EV diameter and the tetraspa-
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nin abundance as a function of the YM, no linear correlations between these
properties were also recorded. Figure 5.16 shows representative results for
HEK293 sEVs, particularly presenting the intensity of CD9 as a function
of the YM (Figure 5.16A) and the YM as a function of the EV diameter
(Figure 5.16B). Evidently, EV stiffness was not linearly related to the protein
abundance and the larger vesicles were not softer. The same trends were also
observed for the other tetraspanins and cell lines (cbMSC and THP1, data
not shown). [75]
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Figure 5.16: Correlation plots between (A) CD9 tetraspanin FL intensities
and the sEV YM and (B) the sEV YM and the corresponding equivalent
diameter for HEK293 sEVs. Reproduced from Paper 3 [75], with permission.

Finally, the size distributions obtained by AFM for all the particles im-
mobilized on a substrate were compared with the distributions obtained only
for the sEVs for which FL was detected. The comparison for HEK293 sEVs
is presented in Figure 5.17. Clearly, while ∼29% of all the AFM detected
particles had sizes <50 nm, this number decrease to ∼9% for the distribu-
tion obtained by the combined approach. This result indicated that such
small sized-particles might have extremely weak FL or instead be exomeres,
lipoproteins and/or other non-EV particles. Nevertheless, the data confirmed
the presence of a population of vesicles in the size range <50 nm.

To summarize, the combined measurements on single vesicles showed high
EV heterogeneity and the absence of a linear correlation between the EV
molecular and physical parameters for all the analyzed cell lines. On the con-
trary, they indicated that most of the sEVs co-expressing the three tetraspanins
had relatively small sizes (<100 nm) and YM (<5 MPa). The absence of linear
correlation was also observed in other investigations, [128] suggesting the pos-
sibility for selective EV cargo loading and/or the existance of subpopulations
with different biogeneses/roles. A random tetraspanin distribution would in-
deed be likely accompanied by an increase in protein expression with sEV size,
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Figure 5.17: (A) Equivalent diameter distributions for all the HEK293 sEVs
analyzed by AFM during the combined measurements. (B) Equivalent di-
ameter distributions obtained by AFM for only the HEK293 sEVs for which
fluorescence was detected during the combined measurements. Reproduced
from Paper 3 [75], with permission.

because of the larger surface area available for encapsulation. Although the
biological significance of these observations is yet to be determined, the de-
veloped combined method shows a significant step forward for the analysis of
single vesicles, which might help in deciphering unsolved questions regarding
their biology. Furthermore, the results highlighted the capability of AFM to
accurately measure vesicles over their entire size range and possibly identify
non-EV particles when used in combination with FL microscopy.
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Chapter 6

Conclusions and future outlooks

In conclusion, this thesis presents the development and optimization of dif-
ferent techniques for characterization, detection and protein profiling of EVs
at both bulk and single particle levels. In particular, a protocol for scanning
electron microscopy imaging of EVs was optimized in order to improve the
throughput of the analysis while preserving the morphology of the vesicles.
A novel electrokinetic sensor based on streaming current was developed, opti-
mized and multiplexed for detection and protein profiling of EVs isolated from
cell lines and clinical samples. Finally, a platform combining fluorescence and
atomic force microscopy was developed for the first multiparametric analy-
sis of individual vesicles correlating their surface proteins with their size and
mechanical properties. The main conclusions for the three platforms are pre-
sented below.

Scanning Electron Microscopy (SEM)

• Use of pure, filtered and deactivated functionalization chemicals im-
proves the accuracy of the measurements by minimizing the number of
artifacts that can be mistaken as EVs;

• Covalent capture of EVs to the substrate significantly improves the
throughput of the analysis;

• Dehydration using critical point drying guarantees retention of EV mor-
phology and a homogeneous distribution of the vesicles on the substrate;

• The developed optimized protocol demonstrates the possibility to use
SEM for high-resolution size profiling and morphological analysis of EVs
over their entire size range;

• The superior sensitivity of the SEM technique as compared to scattering-
based approaches such as NTA can be used to assess the purity of dif-
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ferent EV isolation methods and/or identify EV subpopulations based
on morphology.

Electrokinetic sensor for bulk detection of EVs

• The streaming current method can be used to specifically detect and
profile surface proteins on EVs isolated from both lung cancer cell lines
and patient samples;

• The limit of detection and sensitivity in marker expression levels are
suitable for application of the method in analysis of clinical samples;

• The method can be multiplexed for simultaneous detection of multiple
surface proteins on EVs. The device performance in the multichannel
configuration remains similar as the single channel one in terms of noise,
detection sensitivity and reproducibility;

• The electrokinetic results obtained with EVs isolated from pleural ef-
fusion of patients follow the expectations based on the patient genomic
alterations and applied treatments, and are in agreement with comple-
mentary methods such as western blot;

• The results show the possibility to use EVs from liquid biopsies as a
biomarker for lung cancer monitoring and to translate the platform for
clinical applications.

Combined FL-AFM platform for single EV analysis

• The selected covalent protocol ensures stable immobilization of EVs over
time and multiple washing steps, with a capture efficiency far better than
33%;

• The immobilized EVs are representative of the whole population, being
their capture unbiased toward vesicle size and marker expression;

• The high dynamic ranges of both fluorescent and atomic force microscopy
platforms are suitable for single EV analysis;

• The three tetraspanins analyzed (CD9, CD63 and CD81) are linearly
correlated for HEK293 EVs, while vesicles derived from the other two
cell lines (cbMSC and THP1) only show a linear correlation of CD9 and
CD63;

• The vesicles expressing the highest abundances of the analyzed tetraspa-
nins have diameters around 100 nm for all cell lines;
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• There is not a linear size dependence of the surface protein expressions
and the physical parameters (size and Young Modulus) on single EVs,
suggesting the possibility for a selective EV cargo loading;

• Clustering analysis suggests the possible existance of EV subpopulations
with different biogenesis routes and/or functions.

In the future, further developments can significantly improve the existing
platforms. For example, with some optimization, the SEM method can be cal-
ibrated in order to obtain particle count estimations from unknown samples.
With respect to the streaming current technique, bringing the platform on a
chip will significantly improve the analysis. This will allow precise control and
optimization of the channel design and dimensions, in order to measure more
than four microcapillaries in parallel. Moreover, application to a larger sam-
ple cohort will be necessary to confirm the possibility to use the platform for
monitoring the patient responses during cancer treatment courses. Finally, the
application of the combined FL-AFM platform for analysis of clinical samples
and more disease-specific markers will help further understanding EV biology
and deciphering heterogeneity. Following acquisition of the molecular and
physical parameters, atomic force microscopy can also be potentially used to
break the EVs and release their content for additional downstream analyses.

61





Bibliography

[1] I. E. Tothill, “Biosensors for cancer markers diagnosis,” Seminars in
cell & developmental biology, vol. 20, 2009.

[2] A. S. Ptolemy and N. Rifai, “What is a biomarker? Research invest-
ments and lack of clinical integration necessitate a review of biomarker
terminology and validation schema,” Scandinavian Journal of Clinical
and Laboratory Investigation, vol. 70, 2010.

[3] S. K. Chatterjee and B. R. Zetter, “Cancer biomarkers: knowing the
present and predicting the future,” Future Medicine, 2005.

[4] N. Olson and J. Bae, “Biosensors—publication trends and knowledge
domain visualization,” Sensors, vol. 19, 2019.

[5] A. Qureshi, Y. Gurbuz, and J. H. Niazi, “Biosensors for cardiac
biomarkers detection: A review,” Sensors and Actuators B: Chemical,
vol. 171, 2012.

[6] A. Vadas, T. Bilodeau, and C. Oza, Special Report: The Evolution of
Biomarker Use in Clinical Trials for Cancer Treatments. The Journal
of Precision Medicine, 2018.

[7] G. Siravegna, S. Marsoni, S. Siena, and A. Bardelli, “Integrating liq-
uid biopsies into the management of cancer,” Nature reviews Clinical
oncology, vol. 14, 2017.

[8] A. Eguchi, E. Kostallari, A. E. Feldstein, and V. H. Shah, “Extracellular
vesicles, the liquid biopsy of the future,” Journal of hepatology, vol. 70,
2019.

[9] A. H.-K. Cheung, C. Chow, and K.-F. To, “Latest development of liquid
biopsy,” Journal of thoracic disease, vol. 10, 2018.

[10] E. Chargaff and R. West, “The biological significance of the thrombo-
plastic protein of blood,” Journal of Biological Chemistry, vol. 166, 1946.

63



[11] P. Wolf, “The nature and significance of platelet products in human
plasma,” British journal of haematology, vol. 13, 1967.
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Kaminskyy, C. Kamali, L. De Petris, S. Ekman, R. Lewensohn, et al.,
“Detection of Tumor-Associated Membrane Receptors on Extracellular
Vesicles from Non-Small Cell Lung Cancer Patients via Immuno-PCR,”
Cancers, vol. 13, 2021.

[115] N. A. Karim and K. Kelly, “Role of Targeted Therapy and Immune
Checkpoint Blockers in Advanced Non-Small Cell Lung Cancer: A Re-
view,” The oncologist, vol. 24, 2019.

[116] J. Wang, H. Zeng, H. Zhang, and Y. Han, “The role of exosomal PD-L1
in tumor immunotherapy,” Translational Oncology, vol. 14, 2021.

[117] R. Minari, L. Gnetti, C. A. Lagrasta, A. Squadrilli, P. Bordi, C. Azzoni,
L. Bottarelli, A. Cosenza, L. Ferri, G. Caruso, et al., “Emergence of a
HER2-amplified clone during disease progression in an ALK-rearranged
NSCLC patient treated with ALK-inhibitors: a case report,” Transla-
tional Lung Cancer Research, vol. 9, 2020.

[118] S.-J. Kim, S. Kim, D.-W. Kim, M. Kim, B. Keam, T. M. Kim, Y. Lee,
J. Koh, Y. K. Jeon, and D. S. Heo, “Alterations in PD-L1 expression
associated with acquisition of resistance to ALK inhibitors in ALK-
rearranged lung cancer,” Cancer research and treatment: official journal
of Korean Cancer Association, vol. 51, 2019.

[119] G. Midekessa, K. Godakumara, J. Ord, J. Viil, F. Lättekivi, K. Dis-
sanayake, S. Kopanchuk, A. Rinken, A. Andronowska, S. Bhattacharjee,
et al., “Zeta potential of extracellular vesicles: toward understanding the
attributes that determine colloidal stability,” Acs Omega, vol. 5, 2020.

[120] A. Makler and W. Asghar, “Exosomal biomarkers for cancer diagnosis
and patient monitoring,” Expert review of molecular diagnostics, vol. 20,
2020.

74



[121] J. Kowal, G. Arras, M. Colombo, M. Jouve, J. P. Morath, B. Primdal-
Bengtson, F. Dingli, D. Loew, M. Tkach, and C. Théry, “Proteomic
comparison defines novel markers to characterize heterogeneous popu-
lations of extracellular vesicle subtypes,” Proceedings of the National
Academy of Sciences, vol. 113, 2016.

[122] S. Wang, A. Khan, R. Huang, S. Ye, K. Di, T. Xiong, and Z. Li, “Recent
advances in single extracellular vesicle detection methods,” Biosensors
and Bioelectronics, vol. 154, 2020.

[123] G. Corso, W. Heusermann, D. Trojer, A. Görgens, E. Steib, J. Voshol,
A. Graff, C. Genoud, Y. Lee, J. Hean, et al., “Systematic character-
ization of extracellular vesicle sorting domains and quantification at
the single molecule–single vesicle level by fluorescence correlation spec-
troscopy and single particle imaging,” Journal of extracellular vesicles,
vol. 8, 2019.
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