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Abstract
Cell derived microvesicles (MVs) are a type of extracellular vesicles released by a blebbing

of the cell membrane. They have a diameter ranging from 50 to 1000 nm and carry the same
phenotype (i.e. membrane receptors) as the parental cells. MVs play an important role in the
cell-cell communication transferring signal molecules between cells. Moreover studies have
shown that the number of MVs differs between healthy persons and patients with disease such
as cancer, proinflammatory diseases and autoimmune diseases. Since MVs are easily accessi-
ble from body fluids, they have been proposed as novel circulating biomarkers. However, the
conventional methods to isolate or characterize MVs are often not suited for such small and
heterogeneous vesicles and the lack of standardization complicates the comparison between
different studies. The goal of this PhD project was to investigate new methods for the charac-
terization and isolation of MVs.

In the first part of the project, a population of MVs was generated from the human umbilical
vein endothelial cells (HUVECs). The size distribution and the concentration of the MVs were
characterized by atomic force microscopy (AFM) and nanoparticle tracking analysis (NTA). We
compared the MVs released from HUVECs activated with the apoptosis-inducing chemical,
staurosporine, and non activated HUVECs and found that the size distributions of the two
MV populations were not significantly different, while the MV concentration was three times
higher in the activated samples. The surface markers were analysed by an assay where MVs
were captured on a surface functionalized with antibodies against the surface markers and
then imaged by AFM. We found that this method can be used to select the MVs by their surface
markers allowing the size characterization at the same time. In the rest of the project, HUVEC
MVs were used as test MV population.

We addressed the challenges of the MV isolation by developing a diffusion-based microflu-
idic device separating MVs from contaminants. The separation occurred only according to size,
thereby collecting all MVs above 50 nm. The size of the microfluidic channel was first deter-
mined by theoretical estimations and a finite element simulation. The device was then realised
using microfabrication techniques. The results of the experimental testing were in good agree-
ment with the simulated performances. Around 25% of the proteins could be removed from
the sample. Moreover, the preliminary results with HUVEC MVs separated in the microdevice
showed a recovery of approximately 60% compared to 30% with conventional centrifugation.

In a third part, we proposed the use of a magnetoresistive (MR) biosensor for the rapid
and specific detection of MVs in the perspective of efficient diagnostics. This biosensor was
based on sandwich assay where two probes recognized two different surface markers of the
MVs. In this biosensor, the detection was performed within 40 minutes. The MR biosensor was
able to discriminate between MVs from two different cell lines. This MR biosensor has a great
potential for a multiplex detection to determine the MV profile in a given sample.

In conclusion, this work proposed two new methods for the isolation and characterization
of MVs and provided a relevant step towards MV based diagnosis.

v





Resumé
Cell derived microvesicles (MVs) er en art ekstracellulær vesikel, som afsnører sig fra celle-

membranen. De har en diameter fra 50 nm til 1000 nm og bærer de samme receptorer (phe-
notype) som modercellen. MVs er en vigtig del af kommunikationen mellem cellerne og over-
fører signalmolekyler til omkringliggende celler. Desuden har flere studier vist, at antal af MVs
varierer mellem raske personer og patienter med forskellige sygdommme som cancer, proin-
flammatoriske sygdomme og autoimmun sygdomme. MVs er let tilgængelige og kan derfor
bruges som ikke invasive biomarkører. De nuværende karakteriserings- og isoleringsmetoder
er dog ikke velegnet til disse små og heterogene vesikler. Mangel på konsensus i metoderne
komplicerer sammenligningen mellem forskellige studier. Formålet med dette projekt var at
analysere nye metoder til karakterisering og isolering af MVs.

I den første del af projektet genereres en population af MVs fra endotelcellerne HUVECs.
Størrelsen af MVs blev karakteriseret med atomar kraftmikroskopi (AFM) og nanoparticle
tracking analysis (NTA). MVs fra aktiverede HUVECs og MVs fra uaktiverede HUVECs blev
sammenlignet og størrelsesfordelingen af de to populationer var ikke signifikant forskellig.
Men koncentration af aktivererede MV var tre gange højere end uaktiverede MVs. Overfladere-
ceptorene blev analyseret med enzyme-linked immunosorbent assay (ELISA) og med et forsøg
hvor MVs blev bundet på en overflade med specifikke antistoffer og visualiseret med AFM.
Vi viste at denne metode kan bruges til at separere MVs baseret på deres overflademarkøre og
samtidig karakteresere størrelsen. I den resterende del af dette projekt blev denne MV popula-
tion brugt som test MV population.

I anden del af projektet beskæftigede vi os med udfordringerne ved af isolering af MVs.
En mikrofluidik enhed blev udviklet, som fungerede ved hjælp af diffusion, og kunne isolerer
MVs fra proteiner kun på baggrund af deres størrelse. MV større end 50 nm blev isoleret.
Dimensionerne af kanalen blev først bestemt ud fra en teoretisk beregning og en finite element
simulering. Enheden blev fremstillet med standard mikrofabrikationsmetoder. Resultaterne
fra forsøget lignede meget resultaterne fra simuleringen. Næsten 25% af proteinerne kunne
udtrækkes fra prøverne. Desuden viste tabet af MVs sig at være 20% mindre med mikrofluidik
enheden end med standard centrifugeringsprotokollen.

I tredje del brugte vi en magnetoresistive (MR) biosensor til at detektere MVs til brug inden-
for diagnostik. Denne biosensor fungerede som et sandwich assay, hvor to specifikke sonder
genkendte to markøre på overfladen af MVs. Signalet er kvantitativt og biosensoren kunne
detektere MVs på 40 minutter. MR biosensoren kunne skelne mellem MVs fra to forskellige
cellelinjer. Denne MR biosensor har udvist et stort potentiale for at blive brugt i et multiplex
detektionsskema for at bestemme flere typer af MVs i en biologisk prøve.

Dette projekt viser to nye metoder til isolering og karakterisering af MVs og bidrager hermed
til at vi nu er et skridt nærmere anvendelsen af MVs i diagnostik.
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Chapter 1

Introduction

1.1 Motivation and aims of the thesis

Early diagnosis of diseases is a key to successful treatments of the patients. This requires very
specific biomarkers that can be detected in the early stages of the disease and that are easily
accessible for detection. Cell derived microvesicles (MVs) are novel biomarkers, which meet
those requirements. They are now extensively investigated as seen by the exponential increase
in publications since 1985 [1, 2].

MVs have first been described by Chargaff and West [3] who isolated a factor triggering
blood clotting from plasma centrifuged at high speed. In 1967, Wolf [4] presented the evi-
dence for the presence of particles originated from platelets in the blood. Further research has
shown that MVs are not cellular debris but have an important biological function and are now
accepted as diagnostics and prognostics biomarkers.

MVs are a class of extracellular vesicles (EVs) [5]. They are spherical vesicles with different
sizes (from 50 nm to 1 µm). Nearly all types of cells are releasing MVs. The release of the MVs
occurs through an outward budding of the cell membrane. MVs are formed of the membrane
of the cell of origin. Therefore they carry the same surface receptor as the parental cell and
their origin can herewith be identified [6]. Other types of EVs are among others exosomes (30
to 100 nm) and apoptotic bodies (1 to 5 µm).

MVs take an active part in the cell-cell communication and the cellular protection against
external and internal stress [7]. The study of MVs provides novel insight into basic cellular
pathways. Moreover many studies have focussed on the enumeration of MVs from body flu-
ids. Significantly different MV levels were detected for several diseases such as autoimmune
diseases [8], cancer [9, 10] or cardiovascular diseases [11].

However, the methods for characterization and isolation of MVs lack standardization [12].
This makes it difficult to compare the results of different investigations. The International soci-
ety for extracellular vesicles (ISEV) has addressed the problem in numerous studies [13–15] and
provided guidelines for consistent analysis and report of work with EVs [16]. Moreover, char-
acterization and isolation methods are not yet well adapted for these heterogeneous vesicles in
the complex body fluids [15]. For example the main method used for the characterization of
MVs is flow cytometry, but this method is only well suited for objects larger than approximately
100 to 200 nm and relies on the availability of antibodies against the interesting markers. There-
fore novel and reliable preparative and analytical methods are highly required to improve the
results of MVs studies and bring MVs further towards a clinical application.
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Chapter 1. Introduction

The goal of this project was to explore novel, state of the art isolation and characterization
methods for MVs. The major focus was to develop simple methods in the perspective of a
future clinical application.

In the first part, the aim was to obtain a well characterized population of MVs, which could
be generated in a reproducible way for use as test population for further investigation and
development of new microvesicle related techniques.

The goal of the second part of the thesis was to develop a microfluidic device for the purifi-
cation of MVs in a simple, easy to use system to overcome the limitations of current isolation
methods such as the need for large sample volume and the low recovery of MVs.

In the third part, the thesis approaches the diagnostics based on MVs. Our aim was to
investigate if a magnetoresistive (MR) biosensor was able to detect MVs in a rapid way as well
as discriminating different types of MVs.

From this work, we expect that the proposed solutions will significantly contribute to bring
forward microvesicle based diagnosis.

1.2 Outline of the thesis

In the following, a brief description of the different parts of the thesis is given.
Part I describes the theoretical background of this work, focussing on the isolation and

characterization methods used currently in EV research in general. Most isolation and charac-
terization methods are indeed relevant and applied for all types of EVs including MVs.

Part II presents a study where MVs were generated from endothelial cells in a reproducible
way. The focus was on the characterization of the MVs with atomic force microscopy (AFM)
and with nanoparticle tracking analysis (NTA).

Preliminary results of this work were presented in an oral communication (title: Production and
characterization of cell-derived microparticles) at the Society for Endocrinology-sponsored microparticles
workshop 2013 (December, 16th 2013, London, United Kingdom). Part of this work was also presented
in an oral communication (title: Analysis of cell-derived microparticles with highly precise nanotech-
nological methods) at the BioNanoMed 2014 (March, 26-28th 2014, Krems, Austria). A conference
proceeding on the preliminary results was published under the title Analysis of Cell-Derived Micropar-
ticles with Highly Precise Nanotechnological Methods [17] in Journal of Nanomaterials & Molecular
Nanotechnology. The original conference proceeding can be found in appendix B.2 on page 185.

Part III presents the development of a diffusion based microfluidic device for the separation
of MVs at low forces. Theoretical calculations and experimental testing were performed.

Part this work was presented in a poster (title: Towards a diffusion based microfluidic device for the
isolation of cell-derived microparticles) at the EMBS Micro and Nanotechnology in Medicine Confer-
ence (MNMC 14, Oahu, HI, USA). The experimental work (fabrication and testing of the device with
standard samples) was realised by internship student Maël L’Hostis under my supervision.
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Chapter 1. Introduction

Part IV reports the proof of concept study for the detection of MVs on a portable MR sen-
sor platform. The results of the proof of concept study shows that the biosensor was able to
discriminate between MVs isolated from two different types of cells.

This work has been performed during an external research stay at the International Iberian Nan-
otechnology Laboratory (INL, inl.int) together with Elisabete Fernandes and Marta Oliveira and
under the supervision of Prof. Paulo Freitas. Part of this work was presented in an oral communica-
tion (title: Detection of extracellular vesicles on a magnetoresistive sensor platform) at the first Iberian
meeting on extracellular vesicles on September, 30th 2015 in Porto, Portugal. Part of this work will be
published. A manuscript is in preparation.

Part V concludes and summarizes the results as well as presents an outlook for future stud-
ies.

5

inl.int




Chapter 2

Background about microvesicles

Extracellular vesicles (EVs) is a universally shared property between eukaryotes and prokary-
otes [5, 12]. Cells release the EVs as a mean of communication between each other [12]. EVs
are spherical and are enclosed by a lipid bilayer [5]. Their size range is between 30 nm and
5 µm [5]. EVs could be isolated from many different body fluids such as blood [18], urine [19],
breast milk [20], saliva [21], cerebrospinal fluid [22]. The EVs concentrations in body fluids
range from 106 to 1011/ml [23–26]. The concentrations measured are very dependent on the
characterization methods used [26]. EVs could also be isolated from cell culture [27, 28].

EVs have very important functions in the body. They participate in the intercellular com-
munication by transferring molecules such as proteins, lipids or genetic material from one cell
to another. Through the surface-receptors, the EV can be uptaken by other cells and influence
the cellular processes [12]. For example, the up-take of genetic material (mRNA or microRNA)
from EVs was shown to have modified the protein expression in the recipient cells [12]. More-
over, cells release EVs to protect themselves from toxic chemicals that are packaged into the EVs
[7]. EVs play an important role in coagulation when their surfaces expose phosphatidylserine
and tissue factor which promote the assembly of molecules from the blood coagulation cas-
cade [29]. Many more functions of the EVs have been eludicated and are described in details
in recent reviews [7, 12, 13].

The growing interest in EVs research is mostly related to their potential as noninvasive
biomarkers [5] and to the fact that their study provides a better understanding of diseases.

In this chapter, three different types of EVs will be presented. The advances of the research
for the use of MVs as biomarkers will be described. In a last part, we will describe the conven-
tional and novel methods to isolate EVs and to characterize and detect EVs.

2.1 Microvesicles and other extracellular vesicles

2.1.1 Nomenclature

In the literature, different types of EVs have been described. However, their classification is
subject to debate [5]. Authors have different definitions for the same term [14]. Confusion is
also created by the difficulty to isolate pure EVs subpopulations. Improvement in the isolation
and analysis methods will help to classify the different EV types [5]. The issue of the nomencla-
ture is debated in the literature [14, 15]. Gould et al. [14] recommended to precisely define the
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type of vesicles and describe the isolation method (speed of centrifugation, type of centrifuge)
used in the papers.

Currently, three main types of EVs are described in the literature [12]: exosomes, microvesi-
cles (MVs), also called cell-derived microparticles or sometimes ectosomes [30, 31] and apop-
totic bodies. Some reviews also distinguished other types of vesicles such as the membrane
vesicles [5] or exosome-like vesicles [6, 30]. Further investigations will verify if those are sepa-
rate categories of EVs or associated with exosomes or MVs. In some cases EVs are also named
according to the type of cells from which they have been released [5] such as oncosomes being
released from cancer cells [32]. However naming the EVs according to their tissue of origin
does not provide information about the release mechanism of the EVs [5, 13]. Currently many
publications use the generic term of EVs.

In the following, we will describe the three main classes of EVs: exosomes, MVs and apop-
totic bodies. Table 2.1 presents an overview of the three main categories of EVs with their main
parameters and figure 2.1 presents a schematic representation of the release process of the three
different types of EVs.

Table 2.1: Overview of the three main categories of EVs

Exosomes Microvesicles Apoptotic bodies

Alternative names Cell-derived micropar-
ticles, ectosomes

Apoptotic vesicles

Size range 30 to 100 nm 50 to 1000 nm > 1 µm

Formation Formation in multi-
vesicular bodies that
fuse with cell mem-
brane to release the
exosomes

Outward cell mem-
brane budding

Apoptosis in cells,
cell shrinkage, bud-
ding

Characteristic
markers1

CD9, CD63, CD81 Phosphatidylserine,
markers of cell of
origin

Phosphatidylserine

Density 1.13 - 1.19 g/ml not determined 1.16 -1.28 g/ml

Centrifugation con-
ditions

>100000 × g 10000 to 20000 × g

to pellet EVs 18 hours 30 to 45 min

1 Markers are not exclusive, i.e. their only detection on a vesicle is not enough to categorise the vesicles.

2.1.2 Exosomes

Exosomes are described in the literature as spherical vesicles of a size range of 30 to 100 nm
[5] which is a more homogenous size range than MVs [33]. The density is reported to be from
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1.13 to 1.19 g/ml [5, 30]. Most papers describe the isolation of exosomes by ultracentrifugation
with a speed above 100000 × g for pelleting the exosomes [5]. Exosomes have been shown to
express on their surface proteins of the tetraspanin familly such as CD9, CD63 and CD81 [15,
32] and others such as flotillins and TSG101. However none of these markers are enough to
exclusively detect exosomes [5]. Exosomes are formed in multivesicular bodies inside of the
cell. The multivesicular bodies fuse with the cell membrane to finally release the exosomes
outside of the cell [5, 34].

2.1.3 Microvesicles (MVs)

MVs have also been isolated from almost all body fluids [5]. They have a size range of 50 nm
to 1 µm [35], where some papers state them to be 100 to 1000 nm [34]. This size range is over-
lapping with the size range of exosomes which makes it very difficult to differentiate the two
types of EVs. The phospholipid phosphatidylserine is often expressed on the surface of MVs
[6]. However, growing evidence shows that not all MVs express phosphatidylserine [34, 36, 37].
For example, Latham et al. [38] reported that only 30 to 55% of the total MVs expressed phos-
phatidylserine when measured with flow cytometry and around 60% when measured with
immuno-electronmicroscopy. The expression of phosphatidylserine is associated with the pro-
coagulant activity of the MVs. Currently, there is no strictly specific MV marker.

The isolation of MVs is performed most of the time by a series of centrifugation steps. MVs
are often reported to be pelleted at 10000 to 20000 × g [38–40] for approximately 30 to 45 min.
However, some reports also used speeds above 100000 × g to isolate MVs [41].

The formation of MVs occurs by an outward blebbing of the membrane. This has the conse-
quence that MVs have the same membrane as their cell of origin and express the same receptors
[42]. This strategy is used to identify the origin of the MVs and qualify them as for example
platelet MVs (released by platelets) or endothelial MVs (released by endothelial cells). The re-
lease of MVs appears to be triggered by cell activation and apoptosis [43], although healthy
cells also release MVs. Burger et al. [6] reviewed the stimuli that were shown to lead to MVs
formation in platelets, T-cell, monocytes, neutrophils and endothelial cells. The loss of the
membrane asymmetry and the exposure of phosphatidylserine seem to be two major events
leading to the budding of MVs [6, 29]. More detail about the molecular pathways leading to
the release of the MVs can be found in the literature [29].

MVs have been shown to contain proteins, RNA and microRNA [42]. The content of MVs is
highly dependent on the stimuli to release MVs and is packaged according through a regulated
process [44].

2.1.4 Apoptotic bodies

Apoptosis is the process of programmed cell-death that maintains a constant cell number in
the body [45]. Upon apoptosis, cells package some components into vesicles that are named
apoptotic bodies [46]. These apoptotic bodies are then released from the cell membrane and
removed in a non-inflammatory way by innate immunity cells [47]. Apoptotic bodies have a
size of 1 to 5 µm [5] and a density of 1.16 to 1.28 g/ml [5]. They express phosphatidylserine on
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Figure 2.1: Schematic representation of the EVs release. Microvesicles are released from a
budding of the cell membrane and carry the same surface proteins as the cell of
origin. Exosomes are formed inside of the cell in multivesicular bodies and are
released from the cell by exocytosis. Apoptotic bodies are formed during the apop-
tosis of the cell and contain genomic DNA. Image adapted from [2]

their membrane [42]. Characteristic for the apoptotic bodies is the presence of genomic DNA
in the vesicles [1].

2.2 Microvesicles as prognostic and diagnostic markers

Even though the release of MVs is a process that happens in healthy cells, several studies have
shown aberrant MV numbers in specific diseases [48]. Therefore MVs have been proposed as
novel biomarkers [6]. As they are found in circulation in the blood or other body fluids such as
urine [12], MVs are easily accessible biomarkers [5].

Nielsen et al. [23] compared the MVs in the plasma of systemic lupus erythematosus (SLE)
patients and of healthy controls. They found significantly different concentrations of MVs in
SLE patients and healthy controls. In general they found decreased levels of overall MVs but
could identify two annexin V non binding MV populations that were increased in SLE patients.
These observations are useful in the perspective of SLE diagnosis and furthermore also provide
new valuable information about the disease. Similarly, Boilard et al. [49] showed that the
immune complexes associated with MVs from platelets correlated with SLE disease activity.

MVs derived from cancer cells have also been proposed as biomarkers for disease and to
follow the effect of treatments [9, 10, 50]. For example, Yoshioka et al. [51] have shown that
serum from colorectal cancer patients had elevated levels of CD147 and CD9 double-positive
EVs. Similarly, many studies have been published relating the level of subpopulation of MVs
to different cardiovascular diseases as reviewed by França et al. [11]
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MVs are unique biomarkers as they allow to identify pathological states in a minimal in-
vasive way [5, 6]. After identification of the MV subpopulation relevant for the diagnostics
of a defined disease, MV quantification can be used as a novel diagnosis method, also to be
involved in early diagnosis [52]. However, many studies are impaired by the lack of standard-
ization in isolation and characterization methods. Improvement of those methods will lead to
data that are more accurate and can be compared between different laboratories.

2.3 Methods of isolation of microvesicles: State of the art

Even though correct isolation of MVs and other EVs is crucial for their further analysis [20,
53], currently there are no standard protocol for the isolation of MVs [33]. The main method
used for the isolation of MVs from body fluids or cell culture supernatant is differential cen-
trifugation. Different types of filtration are also employed. More and more attention is given
to the isolation methods. Novel methods are developed and standard methods are compared
to each other to evaluate performances, advantages and disadvantages [54, 55]. Moreover, pre-
analytical variables such as plasma collection (among others: type of anti-coagulant tubes or
collection needles) or storage of the samples are extensively studied to determine their influ-
ence on the further MV characterization [26, 56–58].

Even though some characterization methods are now able to detect MVs directly from the
body fluid, isolation remains of advantage to avoid artefacts from other objects in the body
fluids and increase the MV concentrations as required for some characterization methods such
as western blot (WB) [59, 60].

In this section, we will present an overview of the isolation methods used for MVs, but also
for EVs in general as most methods can be used for several types of vesicles. We will keep
the nomenclature for the vesicles as used in the original publications. The description will
be organized in three parts. The first part will describe the methods that isolate the vesicles
according to their size. The second part will present techniques that isolate MVs depending on
their surface markers. In the third part, a special focus will be made on microfluidic devices
specially developed for the isolation of vesicles per size and surface markers.

Several reviews have been published recently and describe the challenges of MV isolation
[35, 56, 61].

2.3.1 Isolation according to the size

Methods that isolate MVs by their size are differential centrifugation, filtration and size exclu-
sion chromatography (SEC).

Differential centrifugation

Centrifugation is a process that is extensively used for the processing of all sort of samples
for many years. A sample is placed in a tube which is rotated around an axis. This applies
a centrifugal force onto the sample that is displaced outwards to the bottom of the tube. The
rate of sedimentation is dependent on the size of the particle and on the density difference
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between the surrounding medium and the particle. In principle, centrifugation accelerates the
sedimentation of particles [62]. The settling velocity is derived from the Stokes law using the
following formula [63]:

v =
d2g(ρP − ρmedium)

18η
(2.1)

with d the diameter of the particle, g the gravitational acceleration constant, ρP the density
of the particles, ρmedium the density of the surrounding medium and η the viscosity of the
surrounding medium. According to the equation 2.1, particles can be sedimented if they have
a higher density than the surrounding medium. The higher is the centrifugation force, the
smaller are the particles that can be collected in the bottom of the tube. Protocols usually
indicate the centrifugation speed used in relative centrifugation force (RCF or g-force) such as
10000 × g. This value should be preferred over the indication of the revolution per minute
(RPM) as RCF is independent of the radius of the rotor in the centrifuge.

Differential centrifugation is one of the most used method for the isolation of MVs and
EVs in general [64]. The process involves different centrifugation steps at different speeds to
obtain a suspension of MVs free of cell debris and free of small proteins or protein aggregates
that can also be found in body fluids. After collection of the sample (body fluid or cell culture
supernatant), large debris are removed by a centrifugation step with a speed between 1200 × g
to 4300 × g [27, 65] for 5 to 15 min [27, 66]. This step is crucial because it sets the upper limit
for the size of the objects that will be considered as MVs. After this first centrifugation step,
the pellet is discarded and the supernatant is collected and further processed. The goal of
the following step is to pellet the MVs from the supernatant and thereby removing all smaller
vesicles or objects such as protein or protein aggregates. Centrifugation speeds used for this
step ranges from 10000 × g [30] to 20000 × g [55, 61]. Often this step is repeated after removal of
the supernatant and resuspension of the MVs in clean buffer. This allows to increase the purity
of the MV suspension. However, many repeated centrifugation steps can results in a reduced
yield of MVs. In the case of the exosomes, the centrifugation speed required to pellet them is
100000 × g for 18 hours as developed in the gold standard protocol by Théry et al. [28, 30].

The difficulties related to the purification of MV by centrifugation lie in the overlapping
size range of the different types of vesicles that makes it nearly impossible to find a protocol
that will reach a sharp separation between the different types of EVs [64]. Besides, concern
was raised regarding the damages and modifications such as aggregation and fragmentation
encountered by MVs during centrifugation due to the centrifugation forces [26, 67, 68]. This is
discussed in details in the introduction of part III on page 71.

Density gradient centrifugation has also been used for to separate EVs from other objects
according to their density [35, 69]. Cantin et al. [70] successfully used this technique to separate
exosomes from virus particles despite their close density. However, Yuana et al. [71] showed
that EVs and high density lipoproteins were collected together on a KBr-gradient density ul-
tracentrifugation due to their similar density [15].
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Filtration

Filtration is also used for the isolation of MVs [72]. This isolation method is based on the size
of the MVs but also on their ability to deform to pass through the pores of the filter [64]. Some
protocols use filtration in combination with centrifugation as reviewed in [73]. Several studies
used filtration through a 0.22 µm filter to remove a part of the EVs [39, 74]. The main concern in
using filtration is the clogging of the filter pores due to the high content of proteins in the sam-
ples and the adhesion of the EVs to the filter membrane [69]. The use of low protein binding
materials could improve this limitation [75]. Similar as with the centrifugation, vesicle frag-
mentation under filtration can happen [56] which results in smaller MVs increasing artificially
their concentration.

Size exclusion chromatography

Size exclusion chromatography (SEC or gel filtration) is also used to purify extracellular vesi-
cles from cell culture supernatants or body fluids [54, 76–79]. In SEC, the separation is achieved
by the differences of the path length of the analytes in the column. The working principle is
that small particles penetrate into the column material and have a longer path, hence a longer
retention time in contrast to larger particles, which are eluted first from the column [61, 80]. For
the isolation of EVs, separation on the SEC column is usually preceded by a centrifugation step
to remove cells (e.g. platelets from blood plasma [81, 82]) or larger debris [61]. Böing et al. [81]
analysed extensively the collection process and found that their home-made sepharose column
could separate vesicles from proteins and high density lipoproteins with a good recovery of
EVs. When they are isolated by SEC, EVs do not risk to aggregate as they are not subjected to
high forces as in ultracentrifugation.

However, a problem with SEC is the dilution of the sample with separation buffer on the
column. For example Welton et al. [83] loaded 1 ml of sample and collected the EVs in seven
fractions of 0.5 ml, which corresponded to 3.5 fold dilution of the sample. Following the SEC
isolation they investigated several concentration methods (ultracentrifugation, precipitation).
The recovery of vesicles was however very poor (95% were lost) and this step remains to be
optimized.

SEC is very promising method for isolation of EV as it is cheap, easy to perform, rapid [61,
81] and can be performed in the required buffer to ensure stability of the MV [80] and maintain
the biologic activity of the MVs [15]. SEC is very efficient to separate the bulk proteins from
the EV population. However, to our knowledge there is no study where EVs were separated in
subpopulations by SEC. Also, SEC is time consuming and difficult to employ in studies with
many samples.

2.3.2 Immunoaffinity based sorting

An important feature of MVs is the markers present on their surface. Purification of MVs
based on those markers allows to selectively collect sub-population of EVs with a common
marker expressed on the surface, disregarding the size differences of the vesicles [61]. Protocols
involve the coating of magnetic beads with antibodies specific against the surface protein of
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interest [35]. Therefore Oksvold et al. [84] described a protocol where exosomes were captured
by magnetic beads functionalized either against CD9, CD81 or EpCAM. The capture of the
exosomes was followed by a flow cytometry analysis and structural analysis by transmission
electron microscopy (TEM) of the magnetic beads covered with the exosomes. Gieseler et al.
[85] used commercially available annexin V functionalized magnetic beads to capture MVs
exposing phosphatidylserine. Similarly, Arakelyan et al. [86] captured EVs directly from blood
plasma with magnetic beads functionalized with antibodies against EV markers. The captured
EVs were then collected inside a magnetic column. Recently, Wang et al. [87] used magnetic
microbeads to capture specific populations of exosomes. They found that magnetic microbeads
conjugated to anti-CD105 had the highest efficiency to isolate exosomes from endothelial cells.

The advantage of this technique is that the washing steps are simple by collecting the vesi-
cles bound to magnetic beads inside a magnetic column or by a magnetic collector. However,
elution of the vesicles from the magnetic beads is not trivial, though not always required for
further analysis. Moreover, the ratio of magnetic particle to vesicles and the size of the mag-
netic particles relative to the vesicles should be chosen carefully to ensure a proper purification.
It is also dependent on the expression of the surface protein. As there is currently no universal
exosome or MV markers, the immunoaffinity based isolation collects defined subpopulations
of EVs. This is a fundamental difference compared to size based methods and requires prior
knowledge about the EV subpopulation of interest.

2.3.3 Microfluidic devices

The isolation of EVs could also be performed in microfluidics systems. Liga et al. [88] provided
a comprehensive review of the microfluidic devices developed for the purification of exosomes.
Here we present a few examples for this type of devices.

Some devices rely on the size of the vesicles for their isolation. Laki et al. [89, 90] presented
a system based on the principle of deterministic lateral displacement to separate MV from
cells. The device was composed of a channel with an array of pillars. Large particles, such as
cells, more often hit on the pillars and their flowing trajectory is modified (i.e. the particles
are displaced). The larger the particles are, the more they are displaced as shown in figure
2.2A. Several outlets at the end of the channel enable the collection of different fractions of
vesicles. Fine tuning of the pillar sizes and position is required to obtain the correct collection
of vesicles. Another device with pillars was developed by Wang et al. [91]. Cells and larger
particles are trapped at the beginning of the channel, while particles in the submicron range
enters the pillar area. Exosomes are trapped in the ciliated pillars while proteins and smaller
particles flow unhindered through the channel. The ciliated pillars are later dissolved to release
the trapped vesicles. Lee et al. [92] developed a microfluidic device where MVs were isolated
using acoustic forces. They were able to separate exosomes from MVs. Similarly, Evander et
al. [93] also used acoustic forces to separate MVs making use of seed particles. This acoustic
nanofilter offers the advantage of label-free, non-contact isolation based only on the size of the
vesicles. Davies et al. [94] presented a microfluidic filter with a porous polymer membrane
with a pore size of 500 nm (figure 2.2C). The implementation of electrodes helped to attract a
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larger proportion of EVs to the sample outlet. However the device clogged after filtration of
4 µl.

Immunoaffinity based devices were also developed. Chen et al. [95] developed a channel
coated with antibodies against the exosomal protein CD63, where exosomes in serum were
directly trapped on the channel surface. Later the same author presented an immuno-based
paper device (figure 2.2D), where EVs were also captured in the paper device functionalized
with anti-CD63 antibodies [96]. Ashcroft et al. [97] developed a microfluidic device where MV
were captured on an anti-CD41 antibody coated mica surface placed in a microfluidic channel.
After capturing, MVs were directly analysed by AFM (figure 2.2B). However the difficult re-
lease of intact MVs from the surface is a limitation to enable further analysis after isolation by
this solid-phase capture. Shao et al. [98] developed a miniaturized nuclear magnetic resonance
(NMR) system where MVs were isolated with capture on magnetic beads. Shao et al. [98] also
presented a microfluidic platform where exosomes were enriched through binding to magnetic
particles functionalized with anti-CD63 antibodies. This was used for on-chip exosomal RNA
extraction and on-chip quantitative polymerase chain reaction (qPCR) (figure 2.2E).
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Figure 2.2: Overview of some of the microfluidic devices for isolation of EVs (A) Determin-
istic lateral displacement device, from [89]. Large particles such as cells are dis-
placed laterally more than small particles which are collected in a separate outlet.
(B) Scheme of the microfluidic filter, from [94] (C) Collection of MVs on a mica
sheet coated with anti-CD41 antibodies and imaged directly with AFM, from [97]
with PPP standing for platelet poor plasma (D) Paper based assay for the isolation
of EVs, from [96]. After capture, EVs could be analysed by SEM, by transcriptome
analysis and ELISA. (E) µNMR device, from [50]. After capture on magnetic beads,
the proteins of the EVs were analysed by NMR.
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2.4 Methods of characterization and detection of microvesicles: State
of the art

Many methods are available to detect, characterize and enumerate MVs either directly from the
collection fluid (body fluid or cell culture supernatant) or from a suspension of purified MVs.
As for the isolation methods, the MV characterization methods are also applied for other types
of EVs. Each method provide a different type of information such as size, structure or surface
protein expression. As no method is able to cover a complete characterization of the MV, the
use of several methods is recommended. Recently, ISEV published some requirements for the
complete characterization of EV populations [16]. Complete EV characterization and detection
remain difficult, especially the discrimination between EVs and non-vesicular proteins and the
discrimination between the different types of EVs. The sensitivity of conventional methods
does not always allow the detection of all vesicles owing to their small size and polydisperse
nature [15]. To meet those challenges, conventional methods are being improved and novel
methods are being developed.

We will describe here some methods for EV chracterization and detection. The methods are
sorted according to the type of information they provide, i.e. size characterization (by imaging
techniques or indirect measurement of the total population), detection of the surface proteins
expressed, molecular composition of the vesicles and activity of the EVs. Figure 2.3 presents an
overview of the characterization methods. The reader is moreover referred to recent reviews
for more information [6, 15, 34, 99–101].

2.4.1 Imaging techniques to characterize the size

Electron microscopy (EM)

EM techniques are based on the interactions of electrons from an electron beam with the elec-
tron dense structures to create an image. The resolution of EM is in the subnanometer range.
Different techniques based on EM have proven useful to characterize EVs.

In transmission electron microscopy (TEM) thin samples (< 500 nm) are imaged by an elec-
tron beam passing through the sample. Negative staining TEM is a simple method particularly
useful for a first characterization of the EV isolates and determine the purity of those isolates.
The sample preparation is relatively fast as it only includes the deposition of a sample on a TEM
grid and the staining with with an electron-rich heavy metal salt such as osmium tetraoxide,
accumulating around the structures in order to enhance its visualization contrast [102]. After
washing and drying, the sample is ready for imaging in TEM. Negative staining TEM has short
preparation times, however this imaging technique is quite unspecific and will show the struc-
ture of all objects in the sample. An isolated MV imaged by negative staining TEM is shown in
figure 3.3 on page 42. To better preserve the native structure of the EVs, extensive preparation
protocols are required. The different steps involve the fixation of the vesicles with a fixative
such as glutaraldehyde, then the staining with a contrasting agent such as osmium tetraoxide,
the dehydration of the sample, the embedding in a resin and finally the cutting of the sample in
thin sections [27, 103]. This extensive preparation might affect the size of the vesicles to some
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Figure 2.3: Overview of the characterization and detection methods for EVs. The methods
are classified by type of information generated by the analysis. All abbreviations
can be found in the abbreviation list (see page xix).
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extend. As an alternative, cryo-TEM is able to image vesicles in their native state as they are
frozen at extremely high freezing rate (12000 K/s [104]) with a cryoprotectant [55, 105]. TEM is
an excellent tool to provide detailed information about the structure of the vesicles, their size
and their shape. TEM is able to distinguish between vesicular and non-vesicular structures [56]
as it can image the lipid bilayer constituting the membrane. As only surface-adsorbed EVs are
imaged, overall concentrations cannot be determined easily [56, 101]. Van der Pol et al. [106]
provided an estimation of the concentration assuming that all EVs would have adsorbed onto
the grid. Information about the surface proteins of the vesicles can also be obtained with the
use of immuno-gold labelling [38]. Those are gold nanoparticles conjugated to an antibody,
which recognizes the surface proteins on the EVs.

Scanning electron microscopy (SEM) is also used in EV research. SEM provides 3D infor-
mation about the topography of the sample. This was used by Combes et al. [27] to show the
release of MVs from endothelial cells.

EM is a very relevant technique in EV research. However, analysis are time-consuming and
requires trained personnel. EM is very good to provide an in-depth characterization of EVs,
however it is less suitable for routine detection of EVs in clinical settings.

Atomic force microscopy

The measurement of MVs derived from platelets by atomic force microscopy (AFM) has been
introduced by Siedlecki et al. in 1999 [107]. The AFM measurement principle relies on the
scanning of a surface by a tip fixed at the free end of a cantilever. A laser beam is reflected
from the back of the cantilever to a photodetector. Figure 2.4B shows an overview of the AFM
setup. AFM has a resolution down to the Ångström range and therefore measures EVs with
high accuracy. Even though AFM is mostly used for material characterization, this technique
plays a growing role in biology to image for example the morphological changes of cells [108]
or nanoparticles for drug delivery [109]. Different imaging modes are available with AFM
[110], which are based on the van der Waals interaction between the atoms of the sample and
the atoms of the tip.

In figure 2.4B, the van der Waals force is plotted as a function of the tip to sample distance.
Three possible AFM modes are represented on this graph. In contact mode, the tip is brought in
contact with the sample and the force between sample and tip is kept constant. The cantilever
is deflected due to the repulsive forces. In non-contact mode, the tip is oscillating over the
sample (a few hundreds of nanometers) and interactions are due to the attractive forces. In
non-contact mode, only low forces are applied to the sample, which is particularly attractive for
soft samples. The third common AFM mode is the intermittent (or tapping) mode, where the
cantilever only gently taps the surface. This mode has become very important as it combines
the high resolution of the contact mode with the low forces of the non-contact mode. Another
advantage of AFM for biological samples is the possibility of imaging samples in liquid, i.e. in
the native environment. This is used for example to image living cells [111]. For AFM imaging,
the sample needs to lie on a flat surface such as a mica sheet or a silicon wafer.

Several reports have characterized MVs with AFM. Yuana et al. [39] immobilized anti-CD41
antibodies on a mica sheet where MVs isolated from plasma were then captured. Using liquid
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A B

Figure 2.4: Working principle of AFM (A) Overall setup of a conventional AFM instrument.
The sample is mounted on a piezoelectric scanner. A cantilever scans the surface
while a laser beam is reflected on the back of the cantilever. The position-sensitive
photodetector (PSPD) records the deflection of the cantilever and the software cre-
ates a topography image of the sample. Picture adapted from [112]. The AFM
from the company Park Systems, which was used in this study has the x-y-scanners
separated from the z-scanner. (B) Forces between the sample and the cantilever ac-
cording to the distance between the sample and the tip. The different AFM modes
are indicated corresponding to the type of forces. Picture adapted from [112].

tapping mode, they imaged MV and compared their results with flow cytometry (FCM). AFM
enumerated 1000 fold more MVs than FCM. The interaction of the vesicles with the surface
of the support modifies the shape of the vesicles, especially in the case of dried samples [60].
Yuana et al. [39] assumed a spherical shape of the MVs in liquid and a conservation of the total
volume upon binding to the surface. Therefore they proposed to calculate the diameter of the
MVs (dMV) from their volume (V) measured by the AFM software according to the following
formula:

dMV =

3
√

6V
π

(2.2)

With the same immobilization procedure, Ashcroft et al. [97] could image CD41 positive
MVs directly from blood plasma. Using the immuno-labelled mica sheet allows to image
specifically MVs expressing the corresponding surface marker. In those two studies, the mean
diameter of the MVs was less than 100 nm which was below the detection limit of FCM. In their
work, György et al. [59] compared the size of MVs measured by AFM, TEM and dynamic light
scattering (DLS) and found good agreement between the different methods with a size range
between 80 nm to 400 nm for MVs derived from plasma. Hardij et al. [113] compared the anal-
ysis of tissue factor positive EVs in air and liquid AFM. They found a significant decrease of
the EV size when imaged in air which they attributed to a shrinkage during the drying process.
They recommended to image EVs in liquid in order to respect the native environment of the
EVs. Zhang et al. [114] used AFM to image the vesicles being released from the surface of the
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cells. Exosomes were also imaged by AFM [21, 115, 116].
The main advantage of AFM for EVs analysis is its precision in measuring sizes and ultra-

structures in a broad size range. Subpopulations can be detected accurately by capturing the
EVs on a surface coated with antibodies (or other recognition molecules) against the relevant
surface marker. However, AFM for EVs has some limitations. First of all the time required for
an analysis is in the range of 1 to 3 hours [39, 97] and to operate the instrument users have to be
trained. Similar as for TEM, the assessment of the EV concentration in the samples is based on
the assumption that all vesicles absorb to the surface [39]. For a clinical use of AFM, the anal-
ysis should become automated and standardized to achieve reproducible results that are also
easy to interpret. Moreover, appropriate materials to calibrate the instruments for EV analysis
are necessary [60, 117].

2.4.2 Measurement of the size of EVs by bulk techniques

The methods described below analyse the EVs population as a whole, i.e. no image of the
single EVs are created. Nanoparticle tracking analysis (NTA), dynamic light scattering (DLS)
and tunable resistive pulse sensing (TRPS) analyse EVs in liquid state.

Dynamic light scattering

DLS also called photon correlation spectroscopy uses the scattered light pattern to calculate
an average size distribution of the particles in suspension. The EV sample is illuminated by a
laser. Because of the random motion (Brownian motion) of particles in suspension, the scattered
light is detected [118]. Applying the autocorrelation function, the average hydrodynamic size
of the particles can be calculated, assuming a spherical shape of the particles [119]. DLS can
also be used to measure the zeta potential of the particles by applying an electric field across
the sample [118]. DLS measurements are fast (few minutes) and the size range that can be
measured is relatively broad ranging from 3 nm to 7 µm [120]. However, DLS does not give
any indication about the EV concentration [119]. The size distribution is an average distribution
calculated from an algorithm and not from each single particle. The concentration of particles
in the sample has to be high enough to create enough light scattering [119]. DLS does not
perform very well for polydisperse particle populations with low refractive index, which are
often present in EVs samples [120], as larger particles scatter more light than small particles
and therefore bias the measurement.

In their work, Lawrie et al. [120] could detect MVs from plasma samples in the expected
size range. To overcome the limitation of DLS, György et al. [59] suggested the use of the
coefficient of the autocorrelation function to describe the distribution of the population as they
claimed that this was better appropriated to polydisperse populations. In their study they
found that MVs and contaminants of MVs preparation overlap in the size distribution. This
highlights that DLS cannot distinguish between MVs and other contaminants in the sample.
No distinction between the subpopulation of EVs is possible. In their study, Gabriel et al. [118]
used a novel DLS instrument called ISADE, which is a light-scattering instrument specifically
developed for the measurement of EVs and where single particles are counted. They also found
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that background contamination contributed to the signal. To conclude, DLS is a simple and
rapid method for EVs characterization. However, the polydispersity of the samples leads to
erroneous size distributions.

Nanoparticle tracking analysis

NTA instruments were first commercialized in 2006 but rapidly became extensively used for
EVs characterization. The working principle of NTA is based on the direct visualization of the
light scattering of the vesicle and the tracking of their Brownian motion. Figure 2.5B shows a
picture of the NTA instrument. The sample is placed in a chamber where a focused laser beam
is passed through the sample chamber. The optical setup is shown in figure 2.5A. The particles
within the laser beam scatters light and moves in a random motion (Brownian motion). A
video is recorded for usually 30 to 60 s. Figure 2.5C shows an example of a frame from a video
recorded by NTA. The NTA software is then able to recognize and track the two-dimensional
motion of the particles from frame to frame [121]. Using the Einstein-Stokes equation, the
hydrodynamic diameter of the particles can be calculated as follow:

< x, y >
2
=

kBTts

3πηd
(2.3)

< x, y >2 is the mean square displacement, kB the Boltzmann constant, T the temperature
in Kelvin, ts the time of the video, η the viscosity of the medium and d the diameter of the
particles [121]. With this technique, the diameter of each particle is determined individually.

To obtain accurate measurements, the software parameters and measurement settings have
to be optimized. Gardiner et al. [121, 124] wrote a set of recommendations for proper use of this
instrument: The concentration of EVs should be approximately between 1x108 and 1x109 /ml
[99] to obtain an accurate measurement. A lower concentration would lead to poorer statistic
(less particles tracked), while a too high concentration results in particles overlapping each
other and their path [121]. The camera gain has to be set so that each particle can be seen. For
the tracking, a detection threshold has to be defined to select which points are considered as
particle.

For concentration measurements, the use of calibration beads is recommended. Those cali-
bration beads need to have a similar refractive index as the vesicles measured. Van der Pol et
al. [125] used NTA to determine the refraction index of EVs from human urine. They found
an average refraction index of 1.37. Polystyrene beads have a refraction index of 1.59, while
silica beads have a refraction index of 1.42 [121]. Therefore silica beads should be preferred for
the calibration over polystyrene beads, before more suitable materials are developed for cali-
bration for EVs measurements [121]. The calibration results in a factor built by the ratio of the
expected concentration over the measured concentration of silica beads [117]. The concentra-
tion measured in the samples should then be multiplied by this factor [117].

NTA instruments can be equipped with laser of different wavelengths (405, 488, 532 or
638 nm). If the EVs are labelled with fluorescently labelled probes, subpopulations of EVs can
be detected with fluorescence NTA (F-NTA) [121]. An important consideration for F-NTA is
the photobleaching of the fluorophore while in the focused laser beam [15]. Techniques have to
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A
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C

Figure 2.5: Working principle of NTA Figure A shows the optical setup of a NTA instrument.
Picture adapted from [122]. Figure B is a photograph of a LM10 NTA instrument
(adapted from [123]). The NTA system (sample chamber and laser) is mounted on
a microscope equipped with a high speed camera. Figure C was extracted from a
video recorded by the NTA during the measurement of MVs derived from endothe-
lial cells. The white dots are the light scattering from the vesicles.
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be improved to exclude artefact due to photobleaching. For example, the use of quantum dots
conjugated to antibodies might be an attractive solution [78, 87].

NTA has a great potential for the routine characterization of EVs, especially when using the
instrument with automated sample injection. Measurement times are relatively short. Its limit
of detection is about 50 nm [126, 127] to 70-90 nm [106]. NTA suffers from the typical issues
of light scattering methods in that sense that no distinction of the vesicle aggregates or large
protein complexes can be performed [78, 128].

Tunable resistive pulse sensing

TRPS is a technique recently available on the market. It makes use of the coulter counter princi-
ple to measure the size of EVs [26]. It is independent of any optical properties. The instrument
is composed of two chambers separated by a membrane with a single pore. A voltage is ap-
plied across the pore and the current is measured continuously. When a vesicle passes through
the pore, the resistance increases and a dip peak in the current is recorded. The resistive pulse
is calculated from this current drop and is proportional to the volume of the particle [129]. The
size of the pore can be adapted to the size range of the vesicles. However reproducible pore
size is highly important to obtain reproducible results [129]. Van der Pol et al. [106] needed to
use two pore sizes to measure the complete size range of EVs. They showed that TRPS resulted
in a broader size distribution compared to the reference, which once again could be attributed
to aggregation of particles. In their experiments, Yuana et al. [26] showed good agreement in
the concentrations obtained from NTA and TRPS. Maaset al. [130] also showed that TRPS and
NTA obtained the same size for the EVs measured using as well two pore sizes. Limitations of
TRPS also concerns the possible clogging of the pore [64, 127]. The analysis time is realtively
long. Van der Pol et al. estimated an analysis time of 30 min for 1000 particles [15]. Currently
no information about the phenotype of the EVs can be provided by TRPS, but development of
techniques involving specific aptamer probes are envisaged [131, 132].

Small angle X-ray scattering

Other techniques are also available for characterization of the size of EVs, even though they
are less used. Small angle X-ray scattering (SAXS) has been used to characterize EVs derived
from erythrocytes [133]. SAXS can provide a reliable size determination as well as structural
information of the lipid bilayer [99]. However this technique require a high concentration
of EVs in the sample with a monodisperse distribution [133]. This technique requires highly
specialized instrumentation only available in a few places worldwide [99].

2.4.3 Characterization and detection of surface antigens

The characterization of surface antigens of EVs provides information about the cellular origin
of the vesicles. This information is crucial, especially regarding the biomarker potential of EVs.
For example MVs derived from endothelial cells are thought to indicate damages of the tissue
of origin [134]. Therefore great efforts are also made to develop rapid and reliable methods to
characterize the surface proteins of the EVs as well as detecting EVs according to their surface
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proteins. The characterization of the surface antigens is also sometimes referred to as pheno-
typing [100]. Some of the methods described previously such as NTA or TRPS also allow the
characterization of the surface proteins along side with the determination of the size. In the
following we will describe methods mainly aiming at phenotyping of EVs. All of these tech-
niques rely on the availability and use of specific molecules such as antibodies that recognize
the surface antigens [100, 135].

Flow cytometry (FCM)

FCM remains the most used method for the analysis of the different types of EVs [52, 136]. EVs
are labelled with an antigen-specific antibody (or annexin V if the target is phosphatidylserine)
conjugated to a fluorophore. The sample is then focussed in a stream (hydrodynamic focussing)
of sheath fluid and EVs pass in front of the laser where they scatter the light. Scattered light
and fluorescence signal are recorded. FCM instruments are extensively used in cellular biology
and are readily available in many laboratories.

The main criticism to FCM is its limitations regarding the size limit of detection. The wave-
length of the lasers (400 to 700 nm) is within the same size range as the vesicles measured.
However, objects equal or smaller than the wavelength of the light cannot be measured cor-
rectly [137]. FCM is therefore only able to measure the larger EVs. Newer instruments can
allow the measurement of EVs down to 150 to 190 nm [106]. Leong et al. [138] sorted MVs
directly onto mica sheets which were then imaged by AFM. With this method they could show
that FCM could detect vesicles smaller than 1 µm. In FCM, relevant events are identified in
a gate. In the case of the EVs, calibration beads are used to identify the events with the ex-
pected sizes. Polystyrene Megamix beads of 500 and 900 nm were used in the literature [18, 74,
136, 139]. However the differences in refractive index between the standard beads and the EVs
compromise the accuracy of the gate position [140] but could be taken into account to calculate
the vesicle size [106]. The debate about the limit of detection of FCM is still on-going and great
efforts are made to assure the measurement of the complete population of EVs.

Using FCM, the concentration of EVs can be evaluated using the number of events counted
and the flow rate used [37] or comparing with known standard beads [18]. However, because
FCM only detects larger EVs, it was estimated that FCM underestimated of about 300 times
the concentration of vesicles using a conventional FCM and only 15 times for an instrument
specially optimized for the detection of submicron particles [106]. Arraud et al. [37] determined
that FCM could only detect 1% of the EVs compared to EM. Another source of error is the so-
called swarm detection [64], which is the detection of multiple vesicles as single event. In
contrast to this, Oksvold et al. [84] made use of this swarming to detect several exosomes
captured on magnetic beads. This does not give any information about the single particles but
about an average antigen expression in the vesicle population.

One of the main strength of FCM is the analysis of multiple antigens during one measure-
ment. FCM instruments are usually equipped with several fluorescence detectors and can
therefore detect signals coming from different fluorophores. This is extremely relevant for
biomedical applications as a combination of markers is usually necessary to confirm the cellu-
lar origin or a particular condition. However, only few fluorophores can bind to the surface of
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the EVs due to their small size [33, 135, 140]. It requires that the detectors are sensitive enough
for the low signal. Labelling strategies also have a great influence on the analysis results.

In summary, FCM is a very relevant method for the analysis of EVs. However, standardiza-
tions of the protocols and improvment of the instruments towards accurate detection of small
particles (< 100 nm) are highly necessary. Recently, some recommendations for FCM analysis
were published [58, 140].

Enzyme-linked immunosorbent assay

Other methods of detecting EVs by their surface antigens are the solid phase assays. Enzyme-
linked immunosorbent assay (ELISA) works by capturing EVs on a surface where antibodies
against the antigen of interest were previously immobilized (capture antibody). A second pair
of antibodies is used to bind on the surface of the EVs. This second antibody can be conjugated
to the enzyme horseradish peroxidase (HRP) or the assay uses a third antibody recognizing the
constant part of the second antibody and conjugated to HRP. A colorimetric reaction catalyzed
by HRP allows the detection of the binding. Detecting a target between two probes is defined
as a sandwich assay. With this technique, only the relative quantity between samples can be de-
termined but not an absolute EV concentration [33]. Yari et al. [40] used an ELISA to measure
the evolution of the expression of phosphatidylserine on the surface of platelet derived MV
during the storage of the platelets. Welton et al. [83] used ELISA to measure the expression of
CD9, CD81 and CD63 among others on the fractions collected from the SEC column. In this
case no capture antibody was immobilized on the surface. The EVs were expected to adsorb
unspecifically to the surface. The specificity of the assay came from the antibodies against CD9,
CD63 or CD81 and the binding was detected with a sensitive fluorescence complex. ELISA is
an assay that is relatively cheap but is time and reagent consuming [127]. To address those
issues, Chen et al. [96] developed a paper based ELISA where EVs where captured between
an anti-CD63 and an anti-CD9 antibody. They claimed that only 10 µl of serum sample was
needed and that the results were ready within 10 min. Göhner et al. [141] recently devel-
oped an ELISA slightly modified to detect specifically syncytiotrophoblast EVs, which play a
role in preeclampsia during pregnancy. In their assay, the EVs were captured on the surface
by annexin V, a probe binding specifically to phosphatidylserine expressed on the surface of
the EVs. The colorimetric reaction was then catalysed by the placental alkaline phosphatase
present specifically on the surface of this type of EVs.

Further ligand binding assays

In the following section, we will describe other types of assay to detect and characterize the
EVs according to their surface markers.

Surface plasmon resonance (SPR) is a technique able to detect the binding of molecules on
a surface. It is label free and very sensitive [142]. A surface is functionalized with a capture
probe (e.g. an antibody). The SPR system detects the binding of the target, which is happening
in close proximity of the surface. Several publications used SPR to detect exosomes. Rupert et
al. [143] captured exosomes on an anti-CD63 functionalized surface. Grasso et al. [82] used SPR
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to detect the molecular profile of exosomes using the capture with antibodies against exosomal
or cancer markers. Zhu et al. [144] developed an array of antibodies to capture exosomes with
different surface markers directly from cell culture supernatants. Im et al. [145] developed a
high throughput device based on transmission SPR. With this system, they identified exosomes
from ovarian cancer based on the expression of two surface markers.

Stimulated emission depletion (STED) microscopy is a super-resolution microscopy with
a resolution far beyond the diffraction limit of 200 nm (16 nm) [126]. Koliha et al. [146] estab-
lished a protocol to visualize EVs captured on glass slides functionalized with specific antibod-
ies and fluorescently labelled antibodies binding later on the EVs (sandwich type assay). STED
could reveal the heterogeneity of the expression of proteins on the surface of EVs.

Jørgensen et al. [147, 148] developed and optimized an EV Array to detect exosomes from
body fluids (plasma) or cell culture supernatants. Antibodies against the surface proteins were
immobilized on the glass slides by microarray prining. After incubation with the sample, a
mixtures of biotinylated antibodies (against CD9, CD63 and CD81) followed by a fluorescently
labelled streptavidin were incubated on the slide. This mixture of antibodies was used, rather
than only one type to ensure the detection of all exosomes. Up to 60 different antigens could
be detected simultaneously. The method could detect exosomes coming from as little as ap-
proximately 104 cells. Gagni et al. [149] developed a similar microarray, but combined it with
a label-free detection based on interferometric measurement, which allowed to quantify the
amount of EVs bound to the surface.

Other ligand binding assays were performed developed with the vesicle sample in suspen-
sion. Yoshioka et al. [51] developed the so-called ExoScreen assay where exosomes are cap-
tured by two different beads (acceptor and donor) functionalized against two different surface
proteins. The detection occurred via a luminescence reaction triggered by the proximitty of the
acceptor and donor beads. The sample volume was as little as 5 µl of serum and the analysis
time was only 1.5 hours. Akagi et al. [150] proposed an on-chip immunoelectrophoresis chip.
EVs decorated with antibodies specific for their surface proteins showed a shift in the zeta po-
tential and therefore in the electrophoretic velocity. This technique is very promising as the zeta
potential change does not scale with the size of the EVs. Recently, Zhao et al. [151] introduced
the ExoSearch chip, where exosome isolation and multiplex detection were performed on the
microfluidic chip. Exosomes were captured by magnetic beads conjugated to exosome specific
antibodies. This is followed by the incubation with fluorescently labelled antibodies against
the exosome markers. A CCD camera captured the fluorescence signal from the exosome-bead
complexes. The system was used to detect exosomes associated with ovarian cancer.

2.4.4 Molecular composition

In EVs research, not only the receptors on the surface are of interest, but also the content of
the vesicles provides a lot of relevant information about the biochemical pathways involved in
EVs release.
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Western blot/immunoblotting

Western blot is a standard molecular biology technique to identify proteins [152]. The proteins
in the EVs sample are separated by gel electrophoresis according to their size [153]. After
transfer onto a membrane (blotting), specific antibodies are used to recognize the protein of
interest [78]. After incubation with a secondary antibody conjugated with HRP, a colorimetric
reaction is used to identify the protein and quantify it relatively between samples. Western
blot is a very useful technique in EV research. It can be applied both for MVs [153] and for
exosomes [21]. It allows the detection of intravesicular proteins as well as proteins expressed
on the membrane of the EVs [100]. However it requires a high amount of protein. Therefore
ultracentrifugation steps are needed to pre-concentrate the samples before analysis [100, 154].

Proteomics methods

Mass spectrometry (MS) is a very sensitive method to identify and quantify proteins in a wide
range of samples. It has been extensively used to identify proteins in exosomes [155] and MV
samples [156]. MS analyses the vesicles in bulk, therefore no information about size or about
the single vesicles can be obtained. Østergaard et al. [157] identified a set of 334 proteins
that were present in all healthy controls. Moreover, they proposed the use of the signal from
cytoskeletal proteins to normalize signal from other proteins when comparing different con-
ditions (healthy controls and patients). Østergaard et al. [158] used MS to identify proteins
specifically associated with MVs from SLE patients.

Nucleic acids composition

Many studies have shown that exosomes as well as MV contains nucleic acid material such as
mRNA or microRNA. Standard RNA collection methods and qPCR are used to identify and
quantify the RNA content in EVs [100]. Next-generation sequencing (NGS) was also used to
identify precisely the isolated microRNA [159].

Data collected about the protein and RNA content of EVs are continuously catalogued into
different databases such as ExoCarta [160–163].

2.4.5 Pro-coagulant activity

Another information that can be measured especially from the MV samples is their pro-coagulant
and tissue factor (TF) activity [164, 165]. Those functional assays are performed as solid phase
assays in ELISA plates. The pro-coagulant assay capture the MVs on the surface of the plates
using annexin V. A thrombin generation assay is then performed as described in [166] mea-
sured by a colorimetric reaction. The concentration of thrombin generated is dependent of the
phosphatidylserine concentration on the MVs. This assay has been first described in 1997 by
Aupeix et al. [167]. The TF activity assay measures the pro-coagulant activity of the phos-
phatidylserine together with the triggering effect of TF [165]. In that case, MVs are captured on
the plate by anti-TF antibodies and it is a Factor Xa generation assay that is performed [166]. A
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drawback of those assays is that it only provides information about one biochemical activity of
the bulk sample [6].
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Part II

Microvesicles derived from cell culture
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Introduction and aim

This part of the work introduces the generation and characterization of cell-derived MVs from
the endothelial cell line Human Umbilical Vein Endothelial Cells (HUVECs). The aim of this
study was to obtain a population of MVs that could be use for the testing of new characteriza-
tion or isolation methods for MVs. In the literature, vesicles isolated from urine have been used
as standard vesicles to compare different characterization techniques [106] and to optimize a
TRPS measurement protocol [129]. However, body fluids always contains a mixture of MVs
coming from the different types of cells in this body fluid or the cells adjoining the body fluid
(e.g. endothelial MVs in blood). MVs isolated from conditioned medium of a defined cell line
have the advantage of coming from only one type of cell and thus presenting a defined pheno-
type. The generation of MVs from cell culture has been presented from different cell lines such
as Jurkat human leukemic T cells [168, 169], HUVECs [27, 170] or MDA-MB-231 breast cancer
cells [103, 113]. Similarly, exosomes have also been isolated from conditioned medium in order
to test analysis techniques [147] or isolation techniques [171].

The goal of this work was to obtain a reliable protocol for the generation of MVs from
HUVECs and to assess the reproducibility of the protocol. The advantage of using an in vitro
system is that we could study the cells releasing the MVs as well as the complete environment
during generation of the MVs, and finally characterize the MVs. In this study, we charac-
terized the size of the MVs by NTA and AFM, according to the minimum characterization
requirements described by ISEV in [16]. This work is divided in two parts. In a first chapter,
preliminary experiments are presented. Those experiments were used to establish some of the
correct conditions for HUVECs culture. In the second chapter, further results are presented in
form of the submitted manuscript to International Journal of Molecular Sciences.
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Chapter 3

Preliminary experiments

In this chapter, the results of four experiments are described. First, HUVECs were incubated
with different concentrations of the chemical staurosporine to analyse the morphological changes
of the cells due to this treatment. Then, HUVECs were cultivated on a silicon wafer using dif-
ferent surface coatings to determine which one would lead to the best adherence of the cells.
Finally, two different characterization methods of MVs are presented: staining with annexin V
in an assay in suspension and imaging of the MVs via negative staining transmission electron
microscopy (TEM). Those two characterization methods were only briefly investigated in this
work.

3.1 Material and methods

3.1.1 Materials

All chemicals were purchased from Sigma Aldrich (Germany), unless otherwise stated.

3.1.2 HUVECs culture

The cells HUVEC-C (HUVECs, CLR-1730, ATCC, Sweden) were purchased from ATCC and
were cultivated in Ham’s F-12K nutrient mix (Gibco, Denmark) supplemented with 10% fetal
bovine serum (FBS, Biowest), 50 µg/ml endothelial cell growth supplement (ECGS), 0.1 mg/ml
heparin and 1% Penicillin/streptomycin (Stock concentration: 10000 Units Penicillin/10 mg
streptomycin per ml). The medium was changed every alternate day and cells were passaged
when 80% confluency was reached (approximately twice a week).

According to the manufacturer, this HUVEC cell line produces relatively heavy cells de-
bris as well as viable suspension cells in addition to the cell monolayer. Therefore the cell
culture supernatant was collected and centrifuged at 150g for 5 min. The pellet was resus-
pended in complete cell culture medium. In the meantime, the cell monolayer was rinsed
twice with phosphate buffered saline (PBS). Trypsin/ ethylenediaminetetraacetic acid (EDTA)
was added to the cell monolayer (1 ml was used for a 25 cm2 cell culture flask and 2 ml for a
75 cm2 cell culture flask) to detach the cells. The cell monolayer was coated homogeneously
with the trypsin/EDTA and approximately 50% of the solution was removed. The cell flask
was incubated for 5 min at 37°C. The detachment of the cells from the bottom of the cell flaks
was verified in an optical microscope (Axiovert25, Zeiss, Germany) using a 10X objective and
phase contrast. The trypsin/EDTA was inhibited by the addition of complete medium. The
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suspension cells were added to the adherent cells and the cells were counted in a cell counting
chamber (FastRead 102 counting chamber, Immune Systems, United Kingdom). The chamber
factor was 104. HUVECs were diluted at an appropriate concentration in complete cell culture
medium and were seeded at a cell density of 1×104 cells/cm2. 5 ml of cell suspension were
used for a 25 cm2 cell culture flask and 15 ml for a 75 cm2 cell culture flask. The HUVECs were
incubated in a humidified incubator (HeraCell150, Thermo electron corporation, USA) at 37°C
with 5% CO2.

3.1.3 Observation by optical microscopy of the apoptosis induced by different con-
centrations of staurosporine

A HUVECs suspension was prepared according to the procedure described in 3.1.2. 3×103

HUVECs were seeded in the wells of a 12 well plate. After four days of incubation, the medium
was removed and the cell monolayer was rinsed with PBS. Complete cell culture medium was
supplemented with different concentration of staurosporine : 1 µM, 100, 10 and 1 nM. The
medium was then added to the cell monolayer. A control well was also prepared with normal
cell culture medium. The well plate was incubated in a humidified incubator at 37°C with 5%
CO2. The cell monolayer was observed by optical microscopy (Axiovert25, Zeiss, Germany)
with a 10X objective and phase contrast up to eight hours after the start of the treatment.

3.1.4 Cultivation of HUVECs on silicon wafers with different surface coatings

The aim of this experiment was to investigate which coating material was the most appropri-
ate to cultivate HUVECs on silicon wafer. A silicon wafer was patterned with a grid motif by
photolithography. The silicon wafer was kindly prepared by Maria Dimaki (DTU Nanotech)
in the DTU Danchip clean room facilities. The patterned silicon wafer was cut in small pieces
(approximately 1×0.5 cm2 with a diamond knife. The pieces were rinsed in milliQ water to re-
move cutting debris and placed in 70% ethanol for 15 min for sterilization. The pieces of silicon
wafer were deposited in the wells of a 24-well plate (one piece per well). 200 µl of a coating
solution were added in each well. Four coating solutions were prepared: 10 µg/ml fibronectin,
20 µg/ml laminin, 1.25% gelatin, 0.2 mg/ml poly-L-lysine. All solutions were prepared in PBS.
A control well was prepared with 200 µl PBS. The coating solutions were incubated for three
hours at room temperature in the cell culture cabinet. The coating solution was then removed.
HUVECs were then seeded onto the coated silicon wafers at a cell density of 1×104 cells/well.
1 ml of cell medium was used per well. The well plate was incubated for 48 hours in the in-
cubator at 37°C with 5% CO2. The cell monolayer was observed with an upright microscope
(Axio imager M1m, Zeiss, Denmark) with a 20X objective and differential interference contrast
(DIC).

3.1.5 Characterization of microvesicles by negative staining transmission electron
microscopy

A 200 mesh carbon grid (Agar scientific, United Kingdom) was glow discharged (Leica Coater
ACE 200) for 15 s at 6 mA and used immediately. Apoptotic MVs were prepared from HUVECs
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according to the procedure described in section 4.2.5 on page 48. 10 µl of MVs sample was
applied on the grid for one minute. The excess of sample was blotted with a filter paper. 5 µl
of negative staining dye (2% phosphotungstic acid) was applied on the grid and incubated for
one minute. The excess of dye was blotted away. The grid was quickly rinsed with milliQ
water and dried in air. The grid was imaged by transmission electron microscopy (TEM) using
a CM100 (FEI,USA) instrument. This experiment was performed at core facility for integrated
microscopy (CFIM, Copenhagen University, Denmark) with the help of Klaus Qvortrup.

3.1.6 Annexin V staining of MVs

50 µl of MVs from HUVECs (preparation of MVs see 4.2.5) were thawed and centrifuged at
18800 × g for 30 min. The pellet was resuspended in PBS with 2.5 mM calcium chloride (PBS-
Ca). 5 µl of annexin-V-biotin was added. The solution was incubated for 20 min at room tem-
perature (RT). 1 µl of a FITC-streptavidin solution (final concentration: 10 µg/ml) was added to
the vesicles. After 15 min of incubation in the dark at RT, the vesicles were pelleted at 18800 × g
for 30 min, then resuspended in 50 µl PBS-Ca. The fluorescence intensity was measured by a
plate reader (laser: 488 nm, Victor3. Perkin Elmer, Denmark). Three negative controls were pre-
pared: annexin was omitted in a control and apoptotic MV sample and a blank sample without
MV was performed..

3.2 Results and discussion: HUVECs as parental cells for microvesi-
cles

3.2.1 Observation of the apoptosis induced in HUVECs by different staurosporine
concentrations

Apoptosis was induced in HUVECs treated with different concentrations of staurosporine
(1 µM, 100 nM, 10 nM and 1 nM). The morphological changes on the HUVECs were observed
by optical microscopy up to eight hours after the start of the treatment. Figure 3.1 on page 39
presents a representative picture at each observed time. After one hour of treatment, morpho-
logical changes are clearly visible in the cells treated with 1 µM and 100 mM of staurosporine.
The cells started to lose attachment to the bottom of the well and shrank together. Later, this
loss of adhesion continued. It can be observed that after four hours the cells treated with 1 µM
staurosporine were quite round. Some membrane debris were visible on the surface. In contrast
to this, the cells treated with 100 nm staurosporine still presented some elongated morphology
after the four hours of treatment. Incubated with 10 nM staurosporine, HUVECs showed a
clear change of morphology only after 4 hours of treatment. With 1 nM of staurosporine, it was
only after eight hours that the cells started to shrink and lose adhesion to the substrate. On
the pictures of the non-treated HUVECs, the cells did not present any change in morphology.
Some cell debris (black dots) can be found over cell monolayer. This is in agreement with the
description of the manufacturer [172]. To sum up, we could observe a concentration dependent
morphological change during staurosporine induced apoptosis in HUVECs. HUVECs lost their
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adhesion from the surface and shrank, which has been described as a characteristic morpholog-
ical change in early apoptosis [46]. We could see morphological changes of HUVECs after eight
hours of treatment with all tested concentrations. This shows that HUVECs were sensitive to
staurosporine at concentrations as low as 1 nM. With the higher staurosporine concentrations,
morphological changes were already visible after one hour. Previous studies by Kabir et al.
[173] have shown in detail that staurosporine acts by disrupting the adhesion of the cells from
their substrate. Moreover, they could also show that treated with 1 µM staurosporine the en-
dothelial cells used in their study were also in apoptosis after one hour. In this experiment,
the effect of the apoptosis inducing chemical was only evaluated according to the morpholog-
ical changes. However further analysis on the biochemical level would provide more detailed
information about the onset time of the apoptosis with the different staurosporine concentra-
tions.

For the generation of MVs from apoptotic HUVECs, a staurosporine concentration of 5 µM
was used, as Ullal et al. [169] showed that the release of MVs was higher using concentrations
of staurosporine between 1 and 10 µM.
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Figure 3.1: HUVECs undergoing staurosporine induced apoptosis from the start of the treatment and up to eight hours later. The morpho-
logical changes on HUVECs can be observed depending on the staurosporine concentrations used to induce apoptosis. The images
were obtained in an optical microscope with phase contrast. The scale bar is 50 µm.
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3.2.2 Cultivation of HUVECs on silicon wafers coated with different coating mate-
rials

To image biological samples using AFM, it is required that the support is extremely flat. Freshly
cleaved mica sheets are often used. As an alternative, silicon wafers are also useful. However
HUVECs did not grow well on blank silicon wafers as it can be seen in figure 3.2A. It seems
that the cells would not attach and spread on the wafer as they did on a cell culture dish (see
in figure 3.1 the control cells). Therefore different coatings (poly-L-lysine, gelatin, laminin and
fibronectin) were tested on the silicon wafer to improve the adhesion of HUVECs according
to the procedure described in 3.1.4. After 48 hours of incubation of the HUVECs, the adhe-
sion was evaluated by microscopical observation. Surfaces coated with poly-L-lysine (figure
3.2B), gelatin (figure 3.2C) and laminin (figure 3.2D) did not allow a proper attachment of the
cells onto the substrate. We could observe rounded cells that did not adhere onto the sub-
strate. When the substrate was previously coated with 10 µg/ml of fibronectin (figure 3.2E),
the morphology of the cells was comparable to the morphology of HUVECs on a standard cell
culture dish. The cells adhered on the wafer and were spread, showing elongations on the
surface. Thus, out of the four different coatings that we tested, we found that fibronectin was
the most appropriate to promote HUVEC adhesion (see figure 3.2). Our results are in good
agreement with results presented previously in [174, 175]. It has been shown that the active
site of fibronectin is the arginine-glycine-and aspartic acid (RGD) motif [176]. This RGD-motif
is recognized by integrins, involved in the adhesion of HUVECs. Laminin also contains a RGD
motif that promotes endothelial cell attachment [177]. However we could not observe a proper
attachment of the HUVECs on the laminin coated surface. As suggested in [174], it could be
that the concentration used was not high enough or that the RGD motif was hidden and did
not allow the cell attachment.

As a conclusion for the further experiments with HUVECs cultivated on silicon wafer, we
used fibronectin as coating material prior of seeding the HUVECs. The intention with using
patterned silicon wafer was to be able to perform fluorescence microscopy (for example with
the annexinV/propidium iodide apoptosis detection assay) and then image per AFM the same
cells to correlate the fluorescence image with the topography of the cells measured by AFM.

3.3 Results and discussion: Characterization of microvesicles derived
from HUVECs

3.3.1 MVs from apoptotic HUVECs imaged by negative staining transmission elec-
tron microscopy

Electron microscopy is a widely used method for imaging of extracellular vesicles thank to
its excellent resolution [106]. In this work, we used negative staining TEM to image the MV
suspension. Figure 3.3 shows two representative images of a apoptotic MV preparation sus-
pension. We could observe spherical objects surrounded by a membrane, which corresponded
to the MVs released by HUVECs. Moreover we could observe other smaller elongated struc-
tures. As negative staining TEM is an unspecific method, we cannot with certitude identify
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(A) No coating (B) Poly-L-lysine (C) Gelatin

(D) Laminin (E) Fibronectin

Figure 3.2: HUVECs cultivated on a silicon wafer coated with different adhesion molecules.
HUVECs attached and spread best on a silicon wafer coated with fibronectin. The
images were obtained in an upright optical microscope.

those structures. However, we can suppose that they were some small cellular debris that were
pelleted together with the MVs or some artefacts from the buffer used. The electron dense
points on the images 3.3A and 3.3B corresponded to dye aggregates. Nonetheless this inves-
tigation allowed us to confirm that our preparation contained vesicles. Moreover their sizes
were around 100 nm, which is in good agreement with the values from AFM and NTA (see
section 4.3.4 on page 54).

3.3.2 Expression of phosphatidylserine on microvesicles derived from HUVECs

Phosphatidylserine is a membrane phospholipid that translocates out of the cell in the early
stages of the apoptosis. It has often been detected on the surface of microvesicles [65, 178]
as it is exposed during vesiculation [38]. As we investigated vesicles released by apoptotic
cells, we were interested in measuring the expression of phosphatidylserine on the membrane
of the MVs derived from control and apoptotic HUVECs. A fluorescence MV staining assay
was developed with annexin V as marker of phosphatidylserine. Briefly, MVs were incubated
with annexin V-biotin then with streptavidin-FITC. In this assay, both targets (the MVs) and
labelling molecules were in solution, and therefore were likely to get into close contact. There-
fore, the labelling efficiency was expected to be higher than on a solid phase assay where MVs
have to be captured on the bottom of a well. Figure 3.4 shows the staining principle for this
assay. After a step of centrifugation to remove the unbound material, the fluorescence intensity
was measured using a plate reader. A standard curve of streptavidin-FITC (figure 3.5A) was
measured for streptavidin-FITC concentrations between 0.014 and 10 µg/ml. A linear fit was
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A B

Figure 3.3: Apoptotic microvesicles imaged by negative staining TEM MVs are seen as struc-
ture enclosed by a membrane. Some other cellular debris of smaller size could also
be observed in the sample.

applied to calculate the streptavidin-FITC concentration in the samples. The regression equa-
tion obtained was Streptavidin − FITC concentration = 1.3 × 10−4 × Fluorescence intensity − 0.12
with R2= 0.999. The fluorescence intensity indicates the annexin V-biotin that is bound to MVs
and therefore the expression of phosphatidylserine on the surface of the MVs.

Annexin V - biotin

Microvesicle

Phosphatidylserine

Streptavidin - FITC

Figure 3.4: Principle of annexinV-FITC staining assay for MVs. MVs were incubated with
annexinV-biotin, then with streptavidin-FITC. After washing the fluorescence in-
tensity was measured.

Figure 3.5B presents the results for a representative sample measured during this assay.
The concentration of streptavidin-FITC measured in the apoptotic MV sample (1 µg/ml) was
approximately three times higher than in the control MV sample (0.3 µg/ml). However the
controls where either no annexin V or no (apoptotic or control) MVs were added showed a
streptavidin-FITC concentration approximately as high as in the control MV sample as shown
in figure 3.5B. This high level of streptavidin-FITC in the controls was surprising. This indi-
cated a high background fluorescence level in the assay and that further washing steps were
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A B
Figure 3.5: Fluorescence based assay for the measurement of the expression of phos-

phatidylserine on MVs Figure A shows the standard curve of streptavidin-FITC.
The fluorescence intensity of streptavidin-FITC was measured between the concen-
trations 0.014 and 10 µg/ml. After subtraction of a blank value, a linear fit was
applied. Figure B presents the results of the assay for a representative sample of
apoptotic and control MVs and the corresponding controls.

required. It could also indicate that due to the use of a phosphate based buffer together with
calcium ions, microprecipitates of calcium phosphate could form. Larson et al. [179] inves-
tigated the calcium phosphate microprecipitates and found that they behave similarly to the
MVs leading to false positive signal. This assay could be improved by the use of HEPES based
buffer instead of PBS. Furthermore, higher sensitivity might be achieved with the use of lactad-
herin as marker of phosphatidylserine instead of annexin V [38]. Due to time restriction, this
assay was not further investigated.
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Generation and characterization of
cell-derived microvesicles from
HUVECs

This chapter is the article that has been submitted for publication in International Journal of Molecular
Sciences, special issue "Focus on extracellular vesicles". The original submitted manuscript can be
found in appendix B.1 on page 163. The experiments of the MV array were performed by master student
Mathilde Granberg under my supervision.

Abstract

Background and aim: Microvesicles (MVs) have gained a large interest in the biomedical field
as novel diagnostics biomarkers. However MV research is still impaired by the lack of stan-
dardization of the analysis methods. In this study, our goals were to develop a method for
the reproducible generation MVs population from cell culture as a tool for standardization and
validation of novel analysis methods, compare the sizing of MVs by atomic force microscopy
(AFM) and nanoparticle tracking analysis (NTA) and develop an MV array allowing the sizing
and phenotyping of MVs simultaneously.
Methods: MVs were isolated from apoptotic Human Umbilical Vein Endothelial Cells (HU-
VECs) by high speed centrifugation. Size and concentration of the MVs were characterized
by AFM and NTA. The endothelial surface markers were analysed by an enzyme-linked im-
munosorbent assay (ELISA) and by the newly developed MV array, where MVs were captured
according to their phenotype and imaged per AFM.
Results: MVs isolated from the cells undergoing apoptosis had a mean size of 115 nm as mea-
sured by AFM and of 197 nm as measured by NTA. MVs isolated from apoptotic and control
HUVECs could not be distinguished by their size (p>0.05). HUVECs and their released MVs
shared the same phenotype (positive for the endothelial markers CD31 and CD146 and nega-
tive for the platelet marker CD42b).
Conclusion: Our method generated MVs with a concentration reproducible within 20% range.
This is a relevant model systems for medical applications. The size of the MVs was slightly
larger as measured per NTA compared to AFM. The MV array proved to be an efficient tool to
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characterize the surface markers of MVs and has the potential to identify the profile of MVs in
patient samples

4.1 Introduction

Cell-derived microvesicles (MVs), also called cell-derived microparticles are a type of extracel-
lular vesicles discovered in 1967 by Wolf, who named them "platelet dust" [4]. In contrast to
exosomes which are formed inside the cells and released by exocytosis [34, 88], MVs are shed
from cells by an outward blebbing of the cell membrane [6]. They are characterized by their
diameter ranging from 50 to 1000 nm and the expression of receptors of the cell of origin on
their surface. MVs play a central role in the cell-cell communication [180] and in the transfer of
signal molecules such as microRNA from cell to cell [181, 182].

In the recent years, numerous studies have been published that showed that the concentra-
tion of MVs in the blood is altered in various pathological conditions such as systemic lupus
erythematosus [23] and inflammatory diseases [183]. Therefore it has been proposed that MVs
could be implemented as novel diagnostics markers [6]. Moreover the analysis of MVs could
help to provide new insight in the pathogenesis of the diseases [184].

The main method used for MV analysis is flow cytometry, a method where the size and flu-
orescently stained surface molecules of each object are measured. Flow cytometry is a widely
used analysis method with instruments available in most laboratories. However, flow cytom-
etry is limited to measure objects larger than approximately 200 nm. Moreover lack of stan-
dardization in the measurement protocol leads to large variation in the results [185]. Therefore,
other analysis methods have been developed to better understand and validate the potential
of MVs as biomarkers. On one hand, attempts have been made to improve the flow cytometry
techniques to adapt it to MVs such as the use of calibration beads [138, 186]. On the other hand,
techniques based on light scattering such as dynamic light scattering (DLS) [120] and nanopar-
ticle tracking analysis (NTA) [124] are attractive alternatives for MV measurement. NTA in
particular was shown to be more sensitive than flow cytometry and could detect vesicles as
small as 50 nm [25]. Imaging methods based on electron microscopy [105] and atomic force
microscopy (AFM) [39] have been developed for MVs and allow a precise and accurate size
and shape determination of MVs. The surface proteins of MVs can be accurately measured
by an enzyme-linked immunosorbent assay (ELISA) and their pro-coagulatant function can be
evaluated by a pro-thrombinase assay [103]. However solid phase assay such as ELISA do not
deliver information concerning the particle size. Proteomics methods [157] are also available
to characterize the protein content of MVs. The reader is referred to recent reviews [6, 101, 126]
for a broader overview of the analysis techniques for MVs.

The development of new analysis methods for MVs requires their test, optimization and
validation. For this purpose, standard MV populations are required. Synthetic beads such as
polystyrene or silica beads have been developed as standards for the calibration of instruments
measuring extracellular vesicles [117, 186]. However those can only be used for size and con-
centration calibration. Previous studies used urine MVs as standard sample in the comparison
of different analysis techniques [106, 129]. Using in vitro cell lines to release MVs is a great tool
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to obtain defined MV populations harbouring the phenotype, i.e. the surface markers, of the
cells of origin. Apoptosis is one of the processes by which the release of MVs is induced [187,
188] and it can be implemented easily in vitro to activate cells. Combes et al. were able to ac-
tivate the MV release from Human Umbilical Vein Endothelial Cells (HUVECs) using tumour
necrosis factor-α (TNF-α)[27]. Similarly Šimák et al. studied the release of endothelial MVs
when inducing the apoptosis in HUVECs with camptothecin [170]. Staurosporine induced
apoptosis was used to activate Jurkat cells to release MVs [168, 169].

In the present study, we aimed at developing a standard method for the reproducible in
vitro generation of a population of MVs derived from HUVECs. We focused on sizing and
characterizing the MVs as well as on the reproducibility of the protocol. This well-characterized
MV population can then be used to test and validate new analysis methods. The second aim
of the study was to compare the sizing of MVs by AFM and NTA. To our knowledge, this is
the first report comparing AFM and NTA sizing of biological MVs. Moreover we combined the
array from Jørgensen et al. [147, 148] and the AFM imaging of MVs captured on antibodies by
Yuana et al. [39] to obtain an MV array to characterize the MV phenotype as well as the size of
the MVs.

4.2 Materials and Methods

All chemicals have been purchased from Sigma Aldrich, Denmark, except if stated otherwise.
All antibodies have been purchased from Abcam, United Kingdom. The buffer phosphate
buffered saline (PBS) used for all experiments with MVs was filtered through a 0.1 µm filter
(VWR, Denmark).

4.2.1 Cell culture

HUVECs (Human umbilical vein endothelial cells , CLR-1730, ATCC, Germany) were pur-
chased from ATCC and were cultivated in complete growth medium composed of Ham’s F-12K
nutrient mix (Gibco, Denmark) supplemented with 10% FBS, 50 µg/ml Endothelial cell growth
supplement (ECGS), 0.1 mg/ml heparin and 1% penicillin/streptomycin (Stock concentration:
10000 Units penicillin/10 mg streptomycin per ml). The cells were seeded at a cell density of
1×104 cells/cm2. The medium was changed every alternate day and cells were passaged when
80% confluency was reached (approximately twice a week).

4.2.2 Apoptosis detection assay of the HUVECs

HUVECs were seeded in a 24 well plate with 2.5×104 cells/well. 48 hours after seeding, the
apoptosis was induced with medium supplemented with 5 µM staurosporine. After 4 and
8 hours, a well was stained with the Annexin V-FITC and PI (FITC Annexin V Apoptosis De-
tection Kit I, BD Pharmingen) with 5 µl of each dye in 1X binding buffer incubated for 15 min
in the dark at room temperature. The cells were imaged using a fluorescent microscope (Nikon
Eclipse Ti-S, DFA A/S, Denmark) with a 20X objective.
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4.2.3 Atomic force microscopy of the apoptotic HUVECs

After rinsing with milliQ water, fragments (2×2 cm2) of silicon wafer (Topsil, Denmark) were
placed in 70% ethanol for 15 min for sterilization. They were then placed in a 24 well plate and
coated with fibronectin (10 µg/ml in PBS) for three hours at room temperature. HUVECs were
seeded on the fragments of silicon wafer at a density of 2×104 cell/well. 48 hours after seeding,
apoptosis was induced as previously described (see 4.2.2). Samples were taken after 0, 4 and
8 hours. The cells were rinsed twice with PBS, then fixed in formaldehyde (3.7% in PBS) for
30 min at room temperature. The cells were then dehydrated in increasing concentrations of
ethanol (30, 40, 50, 60, 70, 80, 90 and 99% (two times)) and finally dried in air. The cells were
imaged with an AFM system (XE-150, Park Systems, Korea) in tapping mode. The images had
a resolution of 512×512 pixel (scan area: 50×50 µm2) and were acquired with a scan rate of
0.25 Hz. The AFM probe had a force constant of 40 N/m and a resonance frequency of 300 kHz
(Budget Sensor, Bulgaria). The capture and analysis software were respectively XEP (version
1.7.70) and XEI (version 1.8.0) (Park Systems, Korea). The images were flatten using the linear
regression method.

4.2.4 Immunostaining of HUVECs

An immunostaining assay was performed to verify the expression of the endothelial markers
CD31 (Platelet endothelial cell adhesion molecule (PECAM-1)) and CD146 (Melanoma cell ad-
hesion molecule (MCAM) or MUC18 or S-endo) on HUVECs. HUVECs were seeded on cover
glasses. After two days of incubation, the cells were fixed in 3.7% formaldehyde for 30 min at
room temperature. After rinsing twice in PBS, the remaining binding sites were blocked with
1% Bovine Serum Albumin (BSA) in PBS+0.1% tween®-20 (PBST) for 30 min. The HUVECs
were incubated with the primary antibodies anti-CD31 (anti-CD31 antibody [JC/70A]) or anti-
CD146 (anti-CD146 antibody [P1H12]) at 4◦C over night. As isotype control an anti-CD42b
antibody was used. The primary antibodies were diluted in 1% BSA in PBST to a concentration
of 1 µg/ml (anti-CD146), 2 µg/ml (anti-CD42b) and 1 to 100 diluted for anti-CD31 antibod-
ies. A negative control was prepared without primary antibodies. After rinsing (three times
in PBS 5 min under gentle agitation (120 rpm)), the cells were incubated with a secondary
antibody goat anti-mouse IgG1 FITC diluted in 1% BSA in PBST for one hour under gentle ag-
itation (120 rpm). After rinsing the cells were counterstained with the DNA staining dye 2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, final concentration 0.5 µg/ml)
for one minute. The cells were rinsed twice in PBS and imaged right away in a confocal micro-
scope (LSM 700, Zeiss, Germany) using a 50X objective.

4.2.5 Preparation of MVs from HUVECs

HUVECs were seeded in a cell flask at a density of 8×103 cells/cm2. 5 days after seeding, when
the confluence had reached approximately 70%, the cell medium was changed to cell medium
supplemented with 5 µM staurosporine, an apoptosis inducing chemical. 24 hours later, the
supernatant containing the apoptotic MVs was collected. The MVs were purified from the cell
culture supernatant using a procedure adapted from the literature [23, 65, 189] to specifically
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isolate MVs. A first centrifugation step at 1250 × g for 5 min removed the large cell debris.
The MVs were then pelleted by centrifugation at 18800 × g for 30 min. 95% of the supernatant
was removed and the MVs were resuspended in PBS. The MVs were then pelleted a second
time. After removal of 95% of the supernatant, the pellet was resuspended into a volume
corresponding to 10% of the initial volume. The aliquots were stored at -20°C. Each aliquot
was thawed only once, directly before analysis. Control samples were prepared in the same
way with complete medium.

4.2.6 Measurement of the MVs with AFM in tapping mode

According to [190], fragments (2×2 cm2) of p-doped single sided polished silicon wafer (Top-
sil, Denmark) were coated with N-(6-Aminohexyl)aminopropyltrimethoxysilane (1 ml in 40 ml
isopropanol and 1 ml milliQ water, Abcr GmbH, Germany) for three hours at room tempera-
ture. The fragments were rinsed in isopropanol and milliQ water and blow dried. 10 µl MV
solution was placed on a fragment of silicon wafer for 1 min. The MV solution was then rinsed
with milliQ water three times and blow dried with air. The MVs were imaged with AFM in
tapping mode using cantilevers and software as previously described (see 4.2.3). The image
size was 5x5 cm2 with 256×256 pixel and a scan rate of 1 Hz was used. After flattening of the
image, the MVs were detected using the upper threshold method. Assuming that the MVs
were spherical, the diameter of the particles was calculated from the measured volume with
the following formula : d = 2 ∗ (

3V
4π

)
1
3

4.2.7 Measurement of the MVs with NTA

Samples of MVs were diluted 10 times in PBS to suit into the recommended concentration range
for NTA, i.e. between 2 to 10×108 MVs/ml [25, 191]. Samples were then introduced manually
with a 1 ml syringe into the chamber of the Nanoparticle Tracking Analysis instrument (LM10,
Nanosight, United Kingdom). The instrument was equipped with a laser with a wavelength
of 638 nm and with the NTA software version 3.1. The camera level was adjusted to 11. For
each samples, three videos of 60 s with a frame rate of 30 frames/second were recorded. For the
analysis, the threshold level was set at 3, blur size was automatic. Between each measurements,
the chamber was dismounted and washed thoroughly with milliQ water. For verification of the
measurements, latex beads (size: 1000 to 50 nm , Molecular probes, USA) were used (data not
shown).

4.2.8 ELISA assay for CD31 detection on the MVs

An enzyme-linked immunosorbent assay (ELISA) was performed to measure the level of CD31
(PECAM1) on the isolated MVs. A one step ELISA kit (Abcam, United Kingdom) according to
the manufacturer’s instruction. Briefly, the CD31 standard was reconstituted by adding 500 µl
of sample diluent NS. A dilution serie of the standard was prepared from 50 to 4.4 ng/ml.
MV samples were thawed. 50 µl of MV sample or standard aliquot was added to the wells
of the pre-coated 96 well plate. A blank (only sample NS dilluent) was also prepared. Each
measurement was made in duplicate. 50 µl of antibody cocktail was added into each well.
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After one hour incubation on a shaker (400 rpm), the wells were rinsed three times with 1X
wash buffer (diluted in milliQ water). 100 µl of 3,3’,5,5’-Tetramethylbenzidine (TMB) substrate
was added to each well and incubated for 10 min in the dark on a shaker (400 rpm). 100 µl of
stop solution was then added and mixed for one minute on a shaker (400 rpm). The absorbance
was then measured at 450 nm with a plate reader (Victor3, Perkin Elmer, USA).

4.2.9 MV array imaged by AFM to characterize the surface markers of MVs

To determine the surface markers present on the surface of the MVs, a MV array was devel-
oped with three antibodies (two antibodies against endothelial markers (anti-CD31 antibody
[JC/70A] and anti-CD146 antibody [P1H12]) and one antibody against a platelet marker (anti-
CD42b antibody [VM16d]) according to the experimental setup shown in figure 4.1. 10 nm
titanium and 100 nm gold were deposited on a silicon wafer using Wordentec QCL 800. The
silicon wafer were diced with a dicing saw (Disco Automatic dicing saw, model DAD321).
Antibodies were immobilized onto the gold surface according to the procedure described by
Fernandes et al. [192] and Martins et al. [193]. Briefly, the gold substrate was cleaned for three
times 10 min in a UV/ozone photoreactor (UVP, USA). The linker sulfo-LC-SPDP (sulfosuc-
cinimidyl 6-(3’-(2-pyridyldithio)propionamido)hexanoate, ThermoFisher Scientific, USA) was
incubated on the gold substrate for 20 min in a humid chamber at room temperature. The
concentration of the sulfo-LC-SPDP linker was 2 mg/ml in PBS. The gold substrate was rinsed
with PBS and milliQ water and blow-dried. The antibodies were spotted manually (with a
pipette) on the gold substrate with a concentration of 250 µg/ml. Each spot had a volume of
1.5 µl. The incubation of the antibodies was performed overnight at 4◦C. The gold substrate
was rinsed in PBS. The remaining binding sites were blocked in BSA (1% in PBS) for 30 min at
room temperature in a humid chamber. After rinsing in PBS, apoptotic MVs (10 times diluted
in PBS) were incubated on the functionalized gold substrate for 15 min at room temperature.
The excess of MVs was rinsed with PBS and milliQ water. The gold substrate was blow-dried
and immediately imaged by non-contact AFM (Park Systems, Korea). Each spot was imaged on
at least three representative positions. The images had a a scan size of 5×5 µm2 and a resolution
of 256×256 pixels.

4.2.10 Statistical analysis

The data representation and statistical analysis were performed using the software OriginPro
9.0.0 (OriginLab, USA). The normality of the samples was tested with a Kolmogorov-Smirnov
test (p<0.05). The comparison of means was performed with a one-way ANOVA test. The
difference was determined statistically significant if p<0.05. SD denotes the standard deviation.
We also indicated the standard deviation as the ratio between the standard deviation and the
mean value.
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Incubation of the MV

anti-CD31 anti-CD146 anti-CD42b
Functionalized gold surface wtih

Imaging with AFM

Topography image of the gold surface

MV

Figure 4.1: Experimental setup of the MV array A gold surface is functionalized in discrete
spots with antibodies anti-CD31, anti-CD146 and anti-CD42b. MVs are incubated
over the functionalized surface. The bound MVs are imaged by AFM.

4.3 Results

4.3.1 Morphological changes of HUVECs undergoing apoptosis induced by stau-
rosporine

Stauropsporine, a potent protein kinases inhibitor was used to induce apoptosis in HUVECs.
Throughout the study, we aim to compare HUVECs treated with staurosporine (apoptotic HU-
VECs) with non-treated HUVECs (control HUVECs). Figure 4.2 shows HUVECs undergoing
apoptosis. In the phase contrast images (4.2A to 4.2C) the changes in morphology of the HU-
VECs can be observed, while the pictures 4.2D to 4.2F show the corresponding fluorescence
images of the standard fluorescent apoptosis assay including the component annexin V-FITC
(fluorescein isothiocyanate) and propidium iodide (PI). In those images, the green staining cor-
responds to annexin V-FITC binding to the membrane phospholipid phosphatidylserine, when
it is translocated out of the cell, indicating an early apoptosis stage [46]. The red color corre-
sponds to PI, that is able to stain the DNA inside the cells, only when the cell membrane has
been perforated in late apoptosis stages [194]. At the time of apoptosis induction (figures 4.2A
and 4.2D), the cells were well spread on the surface and no fluorescence signal could be de-
tected. In the sample taken after four hours (figures 4.2B and 4.2E), we could observe that
the cells have shrunk and some cells showed a positive signal for annexin V-FITC due to the
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exposure of phosphatidylserine outside of the cells. Eight hours after the beginning of the treat-
ment, we could see that the cells had shrunk further (figure 4.2C). More HUVECs had become
positive for AnnexinV-FITC and PI signal could also be detected indicating that the cell mem-
brane was perforated at this stage (figure 4.2F). In summary, treated with 5 µM of staurosporine
the cells were in early apoptosis phase in the sample taken after four hours and had already
reached a late apoptosis phase eight hours after the addition of staurosporine.

To confirm our findings of the annexin V-FITC/PI apoptosis detection assay, we imaged
the HUVECs undergoing apoptosis using AFM in non-contact tapping mode. Figures 4.2G
to 4.2I shows the topography image of HUVECs undergoing apoptosis. At the time point of
the addition of the drug (figure 4.2G), the cells were widely spread on the surface showing
numerous extensions and adhesion points evenly spread around the nucleus. After four hours
of treatment with staurosporine, the membrane had lost many of these anchoring points and
it seems that the cells had started to retract on themselves as illustrated by the representative
cell presented in figure 4.2H. Moreover, protrusions appeared (highlighted in the red circles)
that might indicate a blebbing of vesicles. Holes in the cell membrane had appeared which is
a characteristic change of cells undergoing apoptotis [195]. The cells imaged after eight hours
of treatment (figure 4.2I) had further retracted around the nucleus. The other structures on the
surface corresponded to residues of the cell membrane.

4.3.2 Expression of CD31 and CD146 on HUVECs

The expression of CD31 (Platelet endothelial cell adhesion molecule 1 (PECAM1)) and CD146
(melanoma cell adhesion molecule (MCAM)) on the surface of HUVECs was verified by an
immunoassay. Those two markers were chosen as they are often used to show the presence of
endothelial cells [196, 197]. A secondary antibody conjugated to FITC was used so that the ex-
pression of the surface markers is indicated by the green color. The DNA of the cells was coun-
terstained by 4’,6-diamidino-2-phenylindole (DAPI) represented in blue. Figure 4.3A shows
the expression of CD31 and figure 4.3B the expression of CD146. Both CD31 and CD146 were
expressed on the surface of the HUVECs. The highest intensity was detected on the borders of
the cells and also on the elongations of the cell membrane reaching to the neighbouring cells.
The isotype negative control used was an antibody against a platelet surface marker (Platelet
glycoprotein Ib alpha chain, CD42b) which was not expressed on HUVECs (figure 4.3C).

4.3.3 Release of MVs from HUVECs over time

The release of MVs over time was evaluated by collecting samples of cell culture supernatant
at several times (1, 4, 8 and 24 hours) after addition of the medium supplemented with stau-
rosporine. The samples were processed to collect the MVs according to the centrifugation pro-
cedure described in 4.2.5. Figure 4.4 shows the concentration of MVs in the different samples
for the apoptotic MVs and control MVs. Until eight hours of treatment with staurosporine, the
concentrations of isolated MVs in both apoptotic and control MV aliquots were similar. After
24 hours, the concentration of apoptotic MVs reached 1.3×1010 MVs/ml, while the concentra-
tion of MVs from the control cells was 5.9×109 MVs/ml, only slightly higher than one hour
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Figure 4.2: Morphological changes of HUVECs undergoing apoptosis induced by stau-
rosporine after 0, 4 and 8 hours of treatment. (A to F) An Annexin V/PI apop-
tosis detection assay (Brightfield images with phase contrast: A to C and their cor-
responding fluorescence pictures: D to F) showed annexin V-FITC (green color)
bound to the cells after four hours of treatment (E), showing that the exposure of
phosphatidylserine started few hours after the addition of staurosporine. PI (red
color) stained the DNA of some cells after eight hours (F). (G to I) The morpholog-
ical changes of HUVECS were also observed by non-contact tapping mode AFM.
The images represent the topography of a typical cells after 0 h (G), 4 h (H) and 8 h
(I) of treatment. The color is representative for the height where the darkest color
shows the lowest region and white the highest regions. HUVECs that were widely
spread on the surface (G) lost their adhesion sites and shrunk around the nucleus
(H and I) while undergoing apoptosis. The red circles indicate protrusion on the
apoptotic cells that could correspond to the blebbing of MVs. The resolution of the
images was 512×512 pixel.
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A B C

Figure 4.3: Expression of endothelial markers CD31 and CD146 on HUVECs. The cells were
double stained for the endothelial markers CD31 (green, A) or CD146 (green, B) and
DNA (blue). As isotype control, a platelet marker CD42b (C) was used and was
negative on the HUVECs. The images were obtained with a confocal microscope.

after the medium was changed. The size distributions of the apoptotic MVs (figure 4.10) shows
that the MVs that increased most had a diameter around 200 nm. For the control MVs (figure
4.10A), no significant change in the size distribution can be seen over the time.

4.3.4 Size characterization of MVs from HUVECs

Many methods for characterization of MVs are available as reviewed in [6, 101, 126]. In this
work an imaging method (AFM) and a Brownian motion based method (NTA) were used to
characterize and quantify MVs released from control and apoptotic HUVECs.

Measurement of MVs with AFM AFM was previously used to characterize extracellular vesi-
cles from cell culture supernatant as well as extracellular vesicles isolated from complex body
fluids [39, 97, 113]. AFM provides highly precise sizing of the vesicles. The sample prepara-
tion is relatively fast (up to five minutes) and does not require any specific equipment. Figure
4.5 shows the topography images of MVs on a silicon wafer measured by AFM. Those images
provide structural information about the vesicles, which appeared as bell-shaped structures.
Both apoptotic (figure 4.5A) and control MVs (figure 4.5B) appeared as round to rod-shaped
structures. The MVs had a height of more than 50 nm.

A blank sample free of MV (PBS buffer) was prepared and imaged in the same way as
sample with MVs to verify for contamination. Figure 4.5C shows a representative topography
image of a blank sample. No objects with a size similar to the MVs were found. Few contam-
ination could be imaged on the surface but their height (below 10 nm) was far lower than the
threshold size for MVs.

Six independent samples (MVs from apoptotic and control HUVECs) were prepared and
analysed by AFM. Around 200 MVs were imaged in each sample. The images were taken at
representative positions on the sample. An average of five images were acquired per sample.
Figure 4.6A shows the mean size distribution of each six samples with bin width of 50 nm. The
mean size of apoptotic MVs was 115 nm (SD +/- 19, range: 12 to 409 nm), while the mean size
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Figure 4.4: Release of MVs over time. The concentration of MVs isolated from apoptotic and

control HUVECs after 1, 4, 8 and 24 hours was measured by NTA. In the first eight
hours, the MV concentration in apoptotic and control samples was comparable. Af-
ter 24 hours, the concentration of the apoptotic samples was clearly higher than in
the control samples. We present an average of three measurements of a representa-
tive samples.

of control MVs was 139 nm (SD +/- 34, range: 26 to 393 nm). The mean sizes of the apoptotic
and control MVs were not significantly different from each other (p = 0.16).

Measurement of the MVs with NTA The size of the MVs released from apoptotic and control
HUVECs was also determined using NTA. With this technique the size of the vesicles is calcu-
lated from their Brownian motion in an analysis chamber. Figure 4.6A shows the average size
distribution of six independent samples with bin width of 50 nm. Similar to the AFM, the size
distribution of the apoptotic and control MVs were overlapping each other. Compared to the
size distribution obtained by the AFM analysis, the NTA analysis lead to a more polydisperse
size distribution evidenced as a wider peak in the size distribution graph. The maximum of the
peak was located around 125 to 175 nm. The mean size of the apoptotic MVs as measured per
NTA was 197 nm (SD +/- 28, range: 17 to 1381 nm) and the mean size of the control MVs was
192 nm (SD +/- 29, range: 13 to 959 nm). The difference between the mean sizes of apoptotic
and control MVs measured with NTA was not significantly different (p = 0.7).

4.3.5 Measurement of the MVs concentration by NTA

NTA measurements give information not only about the size of the vesicles in the samples,
but also about the concentration of the vesicles. Figure 4.6B reports the average MV concen-
tration in five independent samples of MVs purified from control and apoptotic HUVECs. In
the apoptotic samples, 1.22×1010 MVs/ml (SD +/- 2.8×109, corresponding to 23%) MVs were
isolated, while 3.7×109 MVs/ml (SD +/- 9×108, corresponding to 24%) were isolated from the

55



Chapter 4. Generation and characterization of cell-derived microvesicles from HUVECs

A

—————————-

B

—————————-

C

—————————-

0 1 2 3 4 5- 1 0
0

1 0
2 0
3 0
4 0
5 0
6 0
7 0

He
igh

t (n
m)

L e n g t h  ( µ m )
0 1 2 3 4 5- 1 0

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0

He
igh

t (n
m)

L e n g t h  ( µ m ) 0 1 2 3 4 5- 1 . 5

- 1 . 0

- 0 . 5

0 . 0

He
igh

t (n
m)

L e n g t h  ( µ m )

Figure 4.5: AFM imaging of MVs. Topography images of MVs derived from apoptotic HU-
VECs (A) and from healthy HUVECs (B) acquired with an AFM in tapping mode.
A height profile along the red lines was represented for each AFM image. MVs
isolated from HUVECs showed a height around 40 to 60 nm. Image C is the topog-
raphy image of a blank sample (only buffer). No contamination was found in the
buffer. The resolution of the images was 256×256 pixel.
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Figure 4.6: Size and concentration of HUVECs MVs. The size distribution (A) of MVs iso-
lated from apoptotic and control HUVECs was measured by AFM and NTA for six
independent samples. The average size distributions are presented. The size dis-
tributions for MVs measured by AFM and the size distribution of MVs measured
by NTA respectively overlap each other. The size distribution obtained per NTA is
wider and the mean larger than the size distribution obtained per AFM. Figure B
reports the average concentration of MVs in the apoptotic and control aliquots for
five independent samples. The measured concentration of apoptotic MVs was 3.3
fold higher than the control MVs concentration. The concentrations were signifi-
cantly different (p=2×10−4). The error bars represent the standard deviation of the
five independent samples.

cell culture supernatant of control HUVECs. Thus, in the apoptotic samples, 3.3 times more
MVs could be measured compared to the control samples. The difference in concentration was
statistically different with p = 2×10−4.

The complete growth medium and four of its components followed individually the same
centrifugation protocol like the cell culture supernatants in order to evaluate if MVs or MV
like structures could be isolated from the complete growth medium used to cultivate the cells.
As shown in appendix A and in figure 4.9, the concentration of MVs in the complete growth
medium corresponded to approximately 15% of the concentration of apoptotic MVs and most
of those vesicles came from the FBS.

As we measured the MVs in the complete growth medium before incubation with the
cells (see 4.6B), we can subtract the contaminating MVs (or background MVs) to calculate
the MVs released per cell and we obtain that the concentration of apoptotic MVs and control
MVs without the contaminating MVs from the medium were respectively 1×1010 MVs/ml and
1.9×109 MVs/ml. Using the number of cells seeded in a cell flask (8000 cells/cm2) of 75 cm2

(N0 = 8000 × 75 = 6 × 105) together with the number of days in culture (five days) and an es-
timated population doubling time of 30 hours [198], we could estimate the number of cells at
the time of the apoptosis induction (Nind) as follows:

Nind = N0 × 2

duration
doubling time

= 6 × 105
× 2

(

5 × 24
30

)

= 9.6 × 106 cells (4.1)
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Using the average MV concentration in the apoptotic and control aliquots (with contaminat-
ing MVs subtracted), the up-concentration factor (UF) of the aliquots compared to the cell flask
corresponding to UF=10, the total volume of the cell flask (V=15 ml), we obtain the number of
MVs released per cell (MVscell) as follow:

MVscell =
MVs concentration × V

UF × Nind
(4.2)

which corresponded to 1625 MVs/cell for the apoptotic sample and 281 MVs/cell for the
control samples, which was 5.8 fold more MVs released by an apoptotic cell compared to a
healthy cell. Considering that the size distribution of the MVs had a maximum of the peak at
150 nm (considered as diameter of MVs (dMVs) as measured by NTA and that the HUVECs had
a diameter (dcell) of 15 µm, we can calculate the part (PMVs) of cell membrane used for the MVs
as the ratio of the surface area of all the MVs released by one cell to the surface area of one cell,
assuming that the cell is a sphere (surface area of a sphere=4πr2):

PMVs =
MVscell × areaMVs

areacell
=

MVscell × 4π(
dMVs

2 )2

4π(
dcell

2 )2
(4.3)

We obtain that the released MVs corresponded approximately to 16% of the total surface
area of a HUVECs in the apoptotic samples and 3% of the total surface area of a HUVECs in
the control samples.

4.3.6 Characterization of the surface markers on the surface of the cell-derived mi-
crovesicles

ELISA assay to measure the expression of CD31 on the MVs A one-step ELISA assay (see
4.2.8) was performed to measure the expression of CD31 (PECAM-1) on the surface of the
MVs. The analysis was performed for five independent apoptotic and control samples. The
cell culture supernatants (after first centrifugation at 1250 × g to remove larger debris) as well
as washing steps after each centrifugation steps at 18800 × g were measured for a represen-
tative sample. The absorbance values measured for the supernatant of the control sample as
well as all the washing steps were below the lowest value of the standard curve. Therefore it
can only be concluded that the CD31 concentration in those samples was below 4.4 ng/ml, the
lowest concentration measured in the standard curve. Figure 4.7A shows that in the apoptotic
supernatant 7.4 ng/ml of CD31 was present, while after isolation of the MVs, the concentra-
tion of CD31 in the MVs preparation (70.5 ng/ml) was 9.53 times higher than in the apoptotic
supernatant.

Figure 4.7B shows the average expression of CD31 per MVs in apoptotic MVs and control
MVs preparations. Surprisingly the expression of CD31 was two fold higher on the apop-
totic MVs (8.3×10−9 ng/ml, SD +/- 2.2×10−9 corresponding to 27%) than on the control MVs
(3.8×10−9 ng/ml, SD +/- 7.5×10−10 corresponding to 20%). The difference between apoptotic
and control MVs was statistically significant (p=0.0029).
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Figure 4.7: CD31 expression on the surface of the MVs derived from HUVECs measured.
Figure A represents the concentration of CD31 as measured per ELISA in a repre-
sentative sample: in the apoptotic supernatant before isolation of MVs and in the
MVs (control and apoptotic) preparation after isolation. The CD31 concentration
was approximately ten fold higher in the MVs aliquots compared to the apoptotic
cell supernatant. This corresponded to the up-concentration factor of MVs during
the isolation procedure. Figure B reports the expression of CD31 per MVs for five
independent samples. The expression of CD31 was two fold higher on the apoptotic
MVs compared to the control MVs. The error bars show the standard deviation. The
difference of means was statistically significant (p = 0.0029).

Characterization of the surface markers of the MVs by a MV array To further characterize the
surface markers present on the membrane of the MVs derived from HUVECs, antibodies were
immobilized on a gold surface at discrete spots to create an MV array. After incubation of MVs
isolated from apoptotic HUVECs, the functionalized gold surface was imaged by true non-
contact mode AFM. Three positions were imaged in each antibody spot and the experiment
was repeated with three independent MVs samples. Figure 4.8 shows the topography images
of the representative regions on the substrate. Figures 4.8A and 4.8B are regions functionalized
with antibodies against the endothelial markers CD31 and CD146. We found MVs captured
on those regions. The MVs imaged here had a height of 40 to 60 nm, which is similar to the
MVs imaged earlier without functionalization (see figure 4.5). This indicates that MVs carried
on their surface CD31 as well as CD146. The region shown in figure 4.8C was functionalized
with antibodies against the platelet marker CD42b. The profile of figure 4.8C shows a height
of 2 to 3 nm. No MVs could be found on this marker in any of the independent experiments.
This indicates that the MVs did not express CD42b as they were not captured by an anti-CD42b
antibody.

4.4 Discussion

As MVs gain more and more significance in the biomedical field, adequate analysis methods
are required. Great efforts are made to improve existing methods such as flow cytometry and
to develop new characterization instruments with the objective of a rapid and reliable MVs
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Figure 4.8: MV array. Topography AFM images of MVs derived from apoptotic HUVECs cap-
tured on a surface coated with antibodies against the endothelial markers anti-CD31
(figure A) and anti-CD146 (figure B). As negative control, a platelet marker anti-
CD42b (figure C) was used and no MVs were detected on this spot. The height
profile across each image is also shown. The captured MVs had a height of 40 to
60 nm. The resolution of the images was 256x256 pixel.
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analysis. Our aim was to create a MVs population that could be used as a reference for the test-
ing of new analysis methods. When investigating MVs released from a cell line, the complete
system can be analysed, meaning that the precise phenotype (surface markers) of the parental
cells can be determined, the release process of the MVs can be monitored and finally MVs can
be isolated and characterized (size, concentration, surface markers). Therefore this is a very
useful method to understand the biology behind the release of MVs.

4.4.1 Apoptosis as the mechanism to release MVs

In the present work, the release of the MVs was induced by incubating the endothelial cells
(HUVECs) with 5 µM staurosporine for 24 hours. Staurosporine is known to induce apoptosis
[199] and was previously used to activate jurkat cells to produce MVs [168, 169]. HUVECs were
sensitive to staurosporine and went into apoptosis few hours after the start of the treatment as
detected by the apoptosis assay (Figure 4.2). An homogeneous reaction was observed through-
out the cell layer. In our experiments we could show by optical microscopy and AFM that the
cells treated with staurosporine presented very clear morphological changes already few hours
after the beginning of the treatment as previously shown by other studies [108, 173]. Perfora-
tion of the cell membrane was observed. This was similar to the results presented by Kim et
al. [195]. A shrinkage of the HUVECs as well as the loss of their adherence to the cell culture
substrate were later observed (see figure 4.2). These observations were in good agreement with
the results presented by Kabir et al. [173], who described the effect of staurosporine on en-
dothelial cells as a focal adhesion disassembly. Imaging cells in tapping mode AFM provided
very detailed information regarding the morphology change of the cells. In our experiments,
the blebbing of the cells could not be clearly imaged, even though this is characteristic for cells
in apoptosis. The difficulty of observing the blebbing might be due to the preparation of the
cells (fixing and drying) prior to imaging.

4.4.2 MVs in the cell growth medium

Contamination of the complete growth medium with vesicles prior to contact with the HU-
VECs was investigated. Our results showed that the vesicle concentration in the complete cell
culture medium corresponded to less than 15% of the MVs concentration in aliquots of apop-
totic MVs (figures 4.9 and 4.6B). The concentration of MVs in FBS was approximately ten times
higher than in the complete growth medium (figure 4.9). As FBS is diluted ten times in the
complete growth medium, we can conclude that those vesicles seemed to originate from the
FBS used. The size distribution had a peak at 160 nm. The analysis was only performed by
NTA. Further analysis with imaging methods should investigate the proper nature and shape
of those NTA events. Removal of the contaminating vesicles prior to induction of MVs release
could be achieved by overnight centrifugation at 120000 × g [200]. However the effect of this
vesicle removal on the cell vitality needs to be assessed.
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4.4.3 Concentration of MVs released: comparison between apoptotic and control
samples

In the present study, MVs were released from HUVECs. Up to eight hours after the beginning
of the incubation with staurosporine, the tendency was that the concentrations of MVs isolated
from the control and the apoptotic cell culture supernatant were similar (figure 4.4). Ullal and
Pisetsky reported an increase of the MVs released by jurkat cells within 20 min of treatment
with staurosporine [169]. In our work, after 24 hours of treatment, a significant difference be-
tween the concentration of apoptotic and control MVs was found (figure 4.6B). Approximately
three times more MVs could be isolated from the apoptotic cell supernatant than from the con-
trol cell supernatant. As measured by NTA, we obtained an average of 1625 MVs per apoptotic
cell and an average of 281 MVs per control cell. In a previous study, Šimák et al. [170] measured
using flow cytometry around 130 annexin V binding vesicles released per HUVECs activated
with camptothecin and 20 annexin V binding vesicles from HUVECs treated with 0.5% DMSO.
However, not all MVs are annexin V positive [38] and van der Pol [106] showed that flow cy-
tometry underestimates MVs counts from 300 (standard flow cytometer) to 15 fold (dedicated
flow cytometer) compared to NTA. The ratio of apoptotic MVs compared to control MVs was
approximately 5.8, while Šimák et al. [170] found 6.5 in their work. Thus, the results of this
study are comparable with previously reported work. The standard deviation corresponded to
23% of the mean MVs concentration for the apoptotic MVs samples and 24% for the control MV
samples. This shows that our protocol can generate a population of MVs with a reproducible
concentration.

4.4.4 Characterization of the size of MVs by AFM and NTA: a comparison

The size of MVs was characterized using two methods: AFM and NTA. No significant differ-
ence was found between the mean diameter of the apoptotic MVs and the mean diameter of
the control MVs sized by AFM and NTA. Apoptotic MVs and control MVs could not be distin-
guished by their sizes. However, the difference in the mean sizes measured by AFM compared
to the mean sizes measured by NTA were significantly different (figure 4.6). MVs measured
by NTA were larger than MVs measured by AFM and showed a slightly broader size distri-
bution. Both AFM and NTA measure objects that either have a certain topography (in case of
the AFM) or scatter light (in the case of NTA). That is why the results have to be interpreted
carefully. For instance our measurements showed that the smallest objects measured were be-
low 30 nm. It raises the concern if those events really are vesicles and more particularly MVs.
They may instead correspond for instance to protein aggregates or small protein debris. Other
methods such as electron microscopy would be able to identify if those very small objects are
vesicles. However, those objects accounted for less than 5% of the total population. Since we
followed a protocol with a centrifugation speed (18800 × g) generally accepted to pellet MVs,
we can thrust that the larger objects were MVs. To image MVs with AFM, the vesicles have
to be deposited on a substrate. As previously described [138], MVs deposited on a surface
are subject to a morphology change that causes the vesicles to collapse (reduce height) while
spreading on the surface. This means that the height is under-representative of the diameter
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while the area would overestimate the diameter of the MVs. However we can assume that the
volume remained the same. Therefore sizing the MVs can be done by evaluating the volume
of the measured MVs and calculating the diameter from this value [39, 138]. Apart from the
size, AFM also provides structural information about the MVs. Other drawbacks of MVs study
by AFM are the need of trained experimentators and the time required to image enough MVs
for a representative analysis. Compared to AFM, NTA measures more vesicles per sample in
a shorter time. However, NTA does not allow to verify that the scattered events tracked by
the software really correspond to single MVs. Aggregates can therefore be reported as single
vesicle and contribute to measurement of a larger MV population. Moreover it has been re-
ported that NTA overestimate larger MVs [106]. This might be the reason why the sizes of the
MVs measured are generally larger than with AFM (figure 4.6). However compared to AFM,
the MVs measured by NTA were in liquid, i.e. in their native state. The MVs underwent no
change before analysis and therefore their size distribution was less subject to artefacts due to
preparation. Sizing MVs is always subjected to the advantages and drawbacks of each meth-
ods. The use of several characterization methods is therefore highly recommendable to gain a
proper estimation of the size of the different MVs populations.

4.4.5 Characterization of the surface markers of the MVs

Further, we assessed if the surface markers present on the surface of the HUVECs could be
detected on the surface of the MVs. As expected, CD31 and CD146 were detected on the mem-
brane of HUVECs, while CD42b , a platelet marker was absent from the membrane of HUVECs.
First, the concentration of CD31 on MVs from HUVECs was measured with an ELISA (figure
4.7). The CD31 concentration in apoptotic supernatant was approximately ten times lower than
the CD31 in the apoptotic MVs aliquot after isolation by centrifugation (figure 4.7A). This fac-
tor of approximately 10 corresponds to the up-concentration factor of the MVs preparation (see
4.2.5). Since the washing steps did not contain a high concentration of CD31 (below detection
limit of 4.4 mg/ml), this result suggests the CD31 measured in the non-centrifuged supernatant
was only associated with the MVs pelleted during the isolation procedure and did not corre-
spond to free CD31 in the cell culture supernatant. Moreover this result suggests that more
than 95% of the MVs expressing CD31 in the supernatant could be isolated by the high-speed
centrifugation protocol used.

The MV array presented in this study provided a method to determine the phenotype of
MVs by imaging MVs captured on a surface functionalized with antibodies against surface
markers of MVs. Thanks to the read-out by AFM, MVs can also be enumerated and sized. In
the present work, MVs were captured on antibodies against CD31 and CD146 and were not
captured on antibodies against CD42b, which is a platetelet marker. The height profile on the
CD42b spot showed structures around 2 to 4 nm which corresponds to the height of an anti-
body coated surface as reported in [39]. Thus, we can conclude that the MVs released from
apoptotic HUVECs expressed the endothelial markers markers CD31 and CD146 and did not
express CD42b. This expression pattern was also shown on the HUVECs (figure 4.3). Ac-
cording to literature [42, 189], the combination of markers CD31 positive and CD42b negative
confirms the endothelial origin of the MVs. Therefore we can conclude that the MVs present
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in the MVs preparations had been released from the endothelial cells HUVECs. As endothelial
MVs play a very central role in biological processes [42], our in vitro MVs population is highly
interesting and relevant for medical applications. Further investigation of the phenotype of the
MVs should include the expression of phosphatidylserine. This further investigation can be
performed by the MV array presented here thanks to its flexibility in the surface functionaliza-
tion.

4.5 Conclusions

In the present study, we showed that our method could generate MVs from HUVECs in a
reproducible way. This validate the use of this MV population for the testing and optimization
of novel analysis methods for MVs. AFM and NTA gave comparable results in the sizing of
MVs. Combining the two methods helps to gain a correct idea of the size of the MVs. Moreover
we introduced the use of an MV array to characterize simultaneously the phenotype (i.e. the
surface proteins) and the size of MVs. With further development, this analysis tool will become
very relevant to characterize MVs isolated from different type of body fluids.
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Appendix A: Characterization of the complete growth medium for
HUVECs culture

The different components of the complete growth medium of HUVECs were processed like the
cell culture supernatants (centrifugation protocol described in 4.2.5) to assess if MVs or MVs
like particles were present in the complete growth medium before culture with the cells. Figure
4.9A shows the concentration of MVs detected in the processed aliquots of the medium compo-
nents as measured with NTA. In the complete growth medium, 1.8×109 MVs/ml (SD +/- 5×108,
corresponding to 28%) were detected. The levels of MVs measured in Ham’s F12K and the
penicillin/streptomycin solution were below 10% of the level of MVs in the complete growth
medium. However the level of MVs in the fetal bovine serum (FBS) reached 1.1×1010 MVs/ml
(SD +/- 3.6×108, corresponding to 3%), that was approximately 10 times more than in the com-
plete medium. The size distributions of the MVs from the complete growth medium and from
the FBS (figure 4.9B) show both a main peak at 160 nm. Note that the buffer used (phosphate
buffered saline, PBS) was filtered through a 0.1 µm syringe filter prior of use and also had a
low level of MVs (1.1.8 MVs/ml).
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Figure 4.9: Concentration (A) and size distributions (B) of MVs isolated from the different
components of the cell growth medium. The concentration and size distribution
were obtained by NTA and are an average of three measurements of a representa-
tive sample. The error bars represent the standard deviation. The concentration of
MVs found in the complete growth medium was approximately ten times lower
than in the FBS, which corresponded to the dilution factor FBS in the complete
growth medium. For the FBS and the complete growth medium, the size distri-
butions were overlapping with both a peak around 160 nm. This suggests that the
MVs from the medium were coming from the FBS. The other components did not
contain a significant amount of MVs.

Appendix B: Size distributions of MVs released over time

Figure 4.10 presents the size distributions of the MVs isolated from apoptotic and control HU-
VECs at different times (1, 4, 8 and 24 hours) after the start of the staurosporine treatment.
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A B

Figure 4.10: Release of MVs over the time. Size distributions of MVs isolated from control
(A) and apoptotic (B) HUVECs after 1, 4, 8 and 24 hours of treatment with stau-
rosporine. The size distribution was obtained by NTA and is an average of three
measurements of a representative samples.
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Conclusion

In this part of the work, HUVECs were used to generate MVs. The MVs were isolated from the
cell supernatant using conventional differential centrifugation. Using MVs derived from a cell
line allowed us to study the complete system around the MVs, i.e. the cells, the release process
as well as the MVs.

The size of the MVs was characterized using AFM and NTA. Those two methods are highly
complementary in the way the size is determined. NTA is a method analysing a large number
of MVs in suspension in the buffer, while AFM images each single MVs when they are in con-
tact with a surface. Size and structural information can be obtained from the AFM analysis. The
MV size distribution obtained by NTA was generally slightly larger than the MVs size distribu-
tion obtained by AFM. Combining those two analysis methods helps to gain a proper insight
into the content of the MVs suspension. Furthermore, the MV concentration was measured by
NTA and apoptotic HUVEC MVs were three times more than control HUVEC MVs.

Apart from the size, the expression of two surface markers (CD31 and CD146) were also
analysed. First we showed that those two markers were present on the HUVECs. Then we used
an MV array, where the MVs were captured on immobilized antibodies against CD31 or CD146
and then imaged by AFM. We could capture MVs on the anti-CD31 and anti-CD146 antibodies.
The specificity of the MV array was shown by an absence of MVs on anti-CD42b antibodies,
which is a marker for platelet MVs. The combination of capturing MVs on specific antibodies
followed by imaging with AFM allows to characterize the surface markers simultaneously with
the size of MVs. This MV array could become a relevant tool to determine the phenotype of
MVs simultaneously with their size and structure. The MV array is flexible as any probe can
be immobilized on the surface. However, its broader use require that AFM imaging becomes
faster and more automated.

MV populations derived from cell lines are an excellent tool to study the biological pro-
cesses associated with MVs. Moreover after accurate characterization, such MV populations
could be used to verify and optimize new analysis or preparative methods for MVs. However,
procedures still remain to be standardized and need to follow precise guidelines such as the
ones described in [56] to generate accurate populations of MVs.
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Part III

Development of a diffusion based
microfluidic device for the isolation of

microvesicles
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Introduction and aim

Isolation of MVs from body fluids such as blood or from cell culture supernatant is mostly
performed by several steps of high-speed or ultra centrifugation or through filtration [154].
Currently there is no standard protocol for the correct isolation of MVs, even though this is
crucial for the exact quantification and characterization of MVs. Different articles report that
centrifugation affects particle counts or shape [154]. Dey-Hazra et al. [66] investigated different
centrifugation protocols and showed significantly different MV counts depending on the speed
and time of the first centrifugation step used to remove platelets. They concluded that small-
size platelets might be left in the MV preparation if the first centrifugation step is not performed
adequately. Some protocols perform the centrifugation steps at 4°C. Some groups claims that
this might also affect the vesicle count as low temperature are able to activate platelets to release
more vesicles [61].

During high speed centrifugation large forces are applied on the vesicles which could affect
their structure or size. Linares et al. [68] showed the aggregation of extracellular vesicles after
high speed centrifugation steps. The protein contamination of MV preparation is also of great
concern. Protein aggregates can indeed be sedimented together with MVs [61]. György et
al. [59] showed that immune complexes (ICs) are in a similar size range as MVs and during
analysis they might be counted as MVs leading to false high MV counts. Regarding isolation
by filtration, concerns have been raised that larger MVs could be fragmented resulting again
in a false high MV count [61, 120, 154]. In the recent years, great efforts have been made to
develop new methods that are better suited for the isolation of MVs. Recently, Böing et al. [81]
introduced the use of size-exclusion chromatography columns to isolate MVs. Exosomes have
also been isolated using magnetic beads. In that case, the isolation is based on the capture of
the vesicles by specific antibodies immobilized on the magnetic beads [84]. Isolation would
there be based upon the expression of the surface markers on the MVs instead of their size as
with centrifugation or filtration. Those classical techniques require large volumes of sample
which might not always be available.

Recently, more and more microfluidic-based technologies have been developed for biomed-
ical applications [201]. Advances in the microfabrication techniques allow the creation of Lab-
On-a-Chip systems where sample handling can be easily controlled and adapted to meet new
biomedical challenges. Advantages of microfluidic devices comprise that only a small volume
of sample is required, purification and analysis of samples can be integrated on the same plat-
form reducing the space needed [35, 201]. This lead to a faster and more-sensitive analysis
[35]. Several groups have proposed microfluidic devices for the isolation of MVs as described
previously (see 2.3.3 on page 14). Compared to centrifugation, those microfluidic devices only
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need few microliters of sample and are faster and easier to control.
In this work, we present the development of a simple microfluidic device for the isolation

of MVs entirely through diffusion. Diffusion is a slow process that can be neglected in large
systems but becomes very relevant in small channels with low Reynold numbers. The goal of
the device was to remove protein aggregates and ICs slightly smaller than 50 nm from a MV
sample where the larger cell debris had been previously removed. For this purpose, we used
a well-known H-filter design proposed by Brody and Yager [202] in 1997. The authors were
able to separate fluorescein from 0.5 µm polysterene beads. Other works have used the H-filter
design to extract the cryoprotectant dimethyl sulfoxide (DMSO) from cell suspensions [203].
This design is also used extensively in micromixers to achieve a passive mixing of chemical
substances [204]. Briefly the working principle is that the MV sample is introduced through
one inlet of the device. Through a second inlet, an extraction buffer is introduced. The MV
sample and the buffer flow next to each other in a laminar regime (no mixing of the bulk so-
lutions) through the extraction channel. While travelling through the extraction channel, small
objects such as the contaminating protein aggregates have time to diffuse from the MV sample
into the extraction buffer. At the end of the extraction channel, the channel divides into two
outlets. When the MV sample is collected, it is therefore depleted of a part of the contaminating
proteins.

In this chapter, we introduce the governing equations describing the flows and the trans-
port mechanisms in microfluidic channels. The working principle of the H-filter is presented
in more details. As the geometrical parameters of the device are crucial for the separation
performances, we performed a theoretical estimation of the required channel geometry. This
theoretical estimation was confirmed by a finite element simulation. Finally the H-filter de-
vice was realised using standard microfabrication techniques. The H-filter was tested using
polystyrene beads as model for the MVs and different types of proteins, as well as with MVs
from HUVEC cell culture. The main advantage of this device is the gentle purification of the
MVs that does not require the application of strong forces. Within 90 min, 200 µl of sample
could be filtered.
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Chapter 5

Theoretical work

5.1 Theoretical background

5.1.1 Fluid flow in a microfluidic channel

Microfluidics is a rapidly growing field dealing with devices in the micrometer range. Due to
the small length scale, the fluid behaves differently compared to what we are used to in daily
life at the macroscale and other parameters influence the fluid behaviour. For instance, the
surface to volume ratio increases and mixing via diffusion becomes relevant [202, 205]. A fluid
is defined as a material that will deform continuously under shear stress [206]. It is described
as a continuum, meaning that the properties of the material such as density and velocity are
changing continuously in the material [207]. This continuum approximation is considered as
valid in microfluidics system as the characteristic length in microfluidic devices is much larger
than spaces between molecules [205]. To describe the motion of fluids, we need the Newton’s
second law [206]:

m a =

∑
j

Fj (5.1)

This equation describes the sum of forces required to move an object of mass m with an
acceleration a. In fluid dynamics, we use mass density (meaning that the mass is divided by
the volume, obtaining the density ρ) and force densities [205, 208]. The Navier-Stokes equation
is analogous to the Newton’s second law to describe the motion of fluid [208] and reads [206]:

ρ(∂tv + v.∇v) = −∇p + η∇
2v (5.2)

On the left side, we find the inertial accelerations term [208], with v.∇v the convective ac-
celeration [208]. ∂t is the partial time derivative [205]. On the right side of the equation, we find
the terms related to the forces applied to the fluid. −∇p describes the pressure gradient, while
η∇2v is the viscous term [209].

In general in a microfluidic channel, the liquids are considered as incompressible fluid be-
cause the density ρ is constant in space and time [206]. Therefore, we have the continuity
equation for the conservation of mass [205]:

∇.v = 0 (5.3)

73



Chapter 5. Theoretical work

Figure 5.1: Poiseuille flow profile in an infinite flat channel. The fluid is flowing in the
x-direction due to a difference of pressures between inlet and outlet. In the z-
direction, the flow has a parabolic shape. Picture adapted from [206].

In microfluidic channels, the bulk solution is often moved by using a syringe pump. This is
called a pressure driven flow. In a rectangular channel of infinite parallel plates and applying
no slip boundary conditions (i.e. that at the wall of the channels, the fluid velocity is 0 [205].),
we obtain one of the analytical solution of the Navier-Stokes equation [206]:

vx =
∆P
2ηL

(h − z)z (5.4)

with h the height of the channel, L the length, η the dynamic viscosity and z the coordinate
in the height direction of the channel as shown in figure 5.1. This equation describes a parabolic
flow [206] as shown in figure 5.1. This pressure driven flow is also called Poiseuille flow [205].

An important dimensionless number is the Reynolds number (Re). This describe the ratio
between inertial forces and viscous forces [209] and may be written as [205]:

Re =
inertial forces
viscous forces

=
ρL0v0

η
(5.5)

with L0 the characteristic length of the system, for instance the diameter of a circular channel
and v0 the average velocity. For small Re numbers, the viscous force dominates over the inertial
forces. If Re<1500, the flow is laminar, while for larger Re, the flow becomes turbulent [207] (i.e.
what is happening at the macroscale). In the case of Re� 1 which means that the viscous forces
dominates over the inertial forces, the inertia term of the Navier-Stokes equation (equation 5.2)
can be neglected [206] and the Navier-Stokes equation becomes the linear Stokes equation:

0 = −∇p + η∇
2v (5.6)

This flow is also called creeping flow [206]. In microfluidic devices, Re is usually smaller than 1
and therefore in the laminar regime [205]. A laminar flow means that the liquid flows in layers,
without mixing. Thus, in a microfluidic channel, mixing only occurs via diffusion.

5.1.2 Transport of solute in microfluidic channels: diffusion and advection

Diffusion is the motion of the particles along a concentration gradient, from high concentration
to low concentration. This is described by the Fick’s law (also called diffusion equation) [205]:

∂tc = D∇
2c (5.7)

74



Chapter 5. Theoretical work

Where c is the concentration of the solute, ∇2c the concentration gradient in space and D is
the coefficient of diffusion (in m2/s). D is dependent on the size of the particles according to
the Stokes-Einstein equation [209]:

D =
kBT
6πηr

(5.8)

with kB the Boltzmann constant (equal to 1.38064852 × 10−23 m2kg s−2K−1), T the absolute
temperature (in Kelvin), η the dynamic viscosity (in Ns

m2 ) and r the radius of the particle. This
shows that the smaller the particle is, the larger the diffusion coefficient will be and therefore
the faster the particle will diffuse.

The time tdiff for a particle to diffuse along a length ldiff is given by [206]:

tdiff =
l2
diff
D

(5.9)

Moreover, in a channel, solute can also be transported together with the bulk solution. That
is called advection [205]. Advection is often wrongly being referred to as convection [205],
which is not correct as convection describes all flows [205]. In practical situations, advection
happens for example when a particle solution is transported through a channel using a syringe
pump. Adding the fluid velocity as non zero, we obtain the convection-diffusion equation
[205]:

∂tc + v.∇c = D∇
2c (5.10)

The time tadv that it takes for the particles to move from the inlet to the outlet of the channel
is defined as [206]:

tadv =
L
v0

(5.11)

with L the length of the channel and v0 the average flow velocity in the channel. The aver-
age flow velocity in a rectangular channel can be calculated as follows:

v0 =
Q

h × w
(5.12)

with Q the volumetric flow rate, w the width of the channel.

5.2 Working principle of the isolation device

The device developed in this project is called a H-filter and was first introduced by Brody and
Yager in 1997 [202]. The dimensions of the device have to allow a low Reynolds number (Re
� 1), to assure that the flows will remain laminar through the complete channel. The device
is composed of two inlet channels, a central channel and two outlet channels. A solvent (here:
a buffer solution) and a solution of particles in the solvent are respectively introduced in the
inlet channels, defined as buffer inlet and sample inlet. The buffer and particle solution flow
through the channel via a pressure-driven flow. Those two streams meet in the central channel,
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where they flow parallel to each other without mixing (laminar flow). This is defined as the
extraction channel by Holl et al. [210]. At the end of the central channel, the streams separate
equally into the two outlet channels, called waste (WS) outlet (containing the objects we want
to extract from our sample) and the MV outlet. Figure 5.2 presents the geometry of the filter. In
this device, the separation of ICs and smaller proteins from the MVs is achieved by diffusion
that takes place in the extraction channel, where particles can diffuse from the particle stream
to the buffer stream, i.e. a motion across the width of the channel, according to their size. As
described in 5.1.2, particles will also move according to advection. An important point is that
the device can extract maximum 50% of the ICs in one extraction round (i.e. the transport from
the sample inlet to one of the outlets). The extraction by diffusion will take place indeed only
if there is a concentration gradient. Once the concentration is equilibrated across the width of
the channel, no more diffusion of this type of particle can take place and the concentration will
correspond to half of the initial concentration in the sample inlet.

Buffer inlet

Sample inlet MV outlet

Waste outletFlow direction

Flow direction

Extraction channel

Buffer stream

Sample stream

Figure 5.2: Scheme of the H-filter device The sample solution containing the MVs (large blue
particles) and the contaminating proteins (small red particles) was introduced in
the channel via the sample inlet. A buffer was introduced through the other inlet.
In the extraction channel, small particles are extracted from the sample stream into
the buffer stream. MVs are collected in the MV outlet and the solution contains less
contaminating proteins.

5.3 Theoretical estimation

To gain a first idea of the performances and required geometry of the device and particularly
of the extraction channel, we will try to estimate the behaviour in the fluidic device. We re-
mind that our optimization problem aims to extract the maximum of ICs and smaller proteins
possible from a sample flow containing MVs and ICs, while keeping all MVs between 50 and
1000 nm in the sample stream. According to the working principle described previously in
5.2, the situation of the maximum extraction of a particular particle (P) means that the concen-
trations in the outlets are equal and correspond to half of the initial concentration. It can be
expressed as:

cMVoutlet,P = cWSoutlet,P = 0.5cSinlet,P (5.13)

For this condition to be achieved, the time that the particle needs to be transported by the
bulk fluid from the inlet to the outlet of the extraction channel (i.e. the advection time) had to

76



Chapter 5. Theoretical work

be equal (or longer) to the time that the particles need to diffuse from the particle stream to the
buffer stream. The diffusion length is defined as half of the width of the channel, as this is the
longest distance a particle can be located from the buffer stream. It would be in the case of a
particle close to the wall of the channel. According to equations 5.9 and 5.11 [206]:

tdiff,P = tadv,P (5.14)

which is equivalent to:

(
w
2 )2

DP
=

L
v0

(5.15)

with w the width of the extraction channel, L the length of the extraction channel, D the
diffusion coefficient of the particle P and v0 the average flow velocity defined in equation 5.12.
Solving for D, we obtain:

DP =
wQ
4Lh

(5.16)

This equation describes that for a channel with the defined geometrical parameters (L, h
and w) and a volumetric flow rate Q, 50% of the particle P will be extracted to the buffer stream
and therefore collected in the waste outlet. As the diffusion coefficient is dependent on the
size of the particle according to the Stokes-Einstein equation (5.8), we can calculate the critical
particle size for the filter, or cut-off size, that is the size of the particle P that will be extracted to
50% into the buffer stream as follows:

DP =
wQ
4Lh

=
kBT

6πηrP
(5.17)

Solving for dP the diameter of the particle P with r =
d
2 , we obtained the following critical

size (or cut-off size):

dP =
4kBTLh
3πηwQ

(5.18)

5.3.1 Theoretical estimation: Design constraints

Before starting with further simulations and the experimental work, the geometry and working
settings of the device have to determined.

The method of choice for the fabrication of the H-filter was micromilling on PMMA. The
PMMA plates available in our lab were squares of 10x10 cm2. For practical reasons, we defined
the length of the extraction channel to a maximum of 6 cm, so that enough space was left for
the side channels and fluidic connectors.

The fabrication by micromilling also presents limitations for the width and depth of the
channels. The smallest milling tools available are around 50 to 100 µm in width. This means
that the width cannot be smaller than 100 µm. When doing micromilling, the zero level on the
surface is determined manually and therefore contains an error of approximately 10 to 20 µm.
To obtain a reliable microfabrication process, the height of the channels should not be less than
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200 µm. Moreover the fabrication by milling of narrow but deep channels is highly challenging.
Therefore we restricted ourselves to fabricate channels with the width larger than the height
(w>h).

For biomedical applications, the process time has to be reduced, so that analysis results can
be provided relatively fast to the doctors and patients. Therefore, we aimed at obtaining a fast
isolation of the MVs. For the calculation, we determine that we want to collect at least 200 µl in
the MVs outlet within a maximum of 90 min. This correspond to a flow rate in the extraction
channel of 266.7 µl/h. Moreover the syringe pumps also have a lower limit in the flow rate they
can deliver. The pump used in this work could deliver 5 µl/min (corresponding to 300 µl/h or
8.3x10−11 m3/s). This flow rate was used for the calculations.

5.3.2 Theoretical estimation: Calculations

To get a first idea of the correct dimensions of the extraction channel, a theoretical estimation
was performed. According to the design constraints and equation 5.18, we calculated the cut-
off sizes for different widths and heights of the extraction channel. The calculation was done
for an experiment performed at room temperature (T = 293.15 K). Figure 5.3 shows the results
of the calculation. There are only solutions in the above the diagonal line of equation w=h to
satisfy the design constraints. We can observe on the graph that the largest particle that can
extracted to 50% has a diameter of approximately 1.2 nm. This would correspond for example
to a very small protein. Moreover we can see that the largest particles can be extracted if h=w,
that is along the diagonal line through the graph. The wider the channel is for a given height,
the smaller the particle has to be to be extracted to 50% into the buffer stream. The higher the
channel is for a given width, the larger are the particles that can be extracted most efficiently.
Considering the restriction due to the microfabrication and the results shown in figure 5.3, a
channel of 300 µm wide and 200 µm high seems to be a possible device geometry.

This theoretical estimation has some limitations mainly due to the assumptions made for
the calculation. To approach the reality better [211], a finite element simulation will be per-
formed for this system.

5.4 Numerical modelling

For the numerical modelling we used a finite element simulation performed by the software
COMSOL Multiphysics 5.0 (Comsol A/S, Denmark). The software solves partial differential
equations after the considered geometry has been divided in small elements (meshing pro-
cess). For this simulation, we fixed the depth of the central channel as 200 µm and the width
as 300 µm. The length of the extraction channel as well as the flow rate were set to respec-
tively 6 cm and 5 µl/min according to the design constraints described in 5.3.1. The simulation
was performed in 2D for experiments performed at room temperature (293.15 K). To model
the behaviour of the flow and the particles in the device, we used two types of physics: the
creeping flow and the transport of diluted species. The aim of the simulation was to evaluate
the separation efficiency for different relevant analytes in the H-filter of a given geometry.
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Figure 5.3: Theoretical calculations: cut-off sizes For different widths and heights of the ex-
traction channels (length: 6 cm), the cut-off sizes of the H-filter were calculated, i.e.
the sizes of the particles that would be extracted to 50% into the buffer stream. The
flow rate allowed the filtering of 150 µl of MV sample in 90 min. The color scale
represents the range of cut-off sizes. With those parameters, a 50% extraction can
be reached with particles of a diameter of maximum 1.2 nm.

5.4.1 Fluid flow modelling: creeping flow interface

For this extraction channel, we can calculate the Reynold number (Re) according to equation
5.5. The fluid was an aqueous buffer with a density approximately equal to the one of water
(ρ = 1000 kg/m3) and a viscosity also close to the one of water (η = 0.001 Ns/m2), the
characteristic length of the system was the height of the channel (200 µm) and the average flow
velocity v0 could be calculated according to equation 5.12. We obtained:

Re =
ρhQ
ηhw

=
ρQ
ηw

=
1000 × 8.3 × 10−11

0.001 × 300x10−6 = 0.42 < 1 (5.19)

For this microfluidic device, Re < 1, however not much smaller than 1. So the inertia term
will not be neglected to solve for the flow. In COMSOL Multiphysics, this type of flow is simu-
lated by the creeping flow interface for incompressible flow, which solves for the Navier-Stokes
equation (equation 5.2) and the continuity equation for the conservation of mass (equation 5.3).

We set the boundary conditions on the wall of the channel as no slip condition, which means
that the fluid at the wall will have zero velocity [205]. Moreover we set two inlets where fluid is
coming in with a laminar inflow and a flow rate of Q

2 , so that from both side channels half of the
flow rate comes in to add up to the flow rate of 5 µl/min in the extraction channel. Outlets were
defined with a boundary condition of the pressure equal to 0 and backflow was suppressed.
Moreover as described by Dimaki and Okkels [211], the influence of the height of the channel
has to be considered in this 2D simulation. This lead to the addition of the damping force

−→
FDa

[211]:
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−→
FDa =

−12η

h2
−→u (5.20)

with −→u the velocity field. With the addition of the body force, we use the term quasi-2D
simulation because the effect of the channel height is considered.

Figure 5.4A shows the velocity magnitude in the direction of the flow in the side inlet chan-
nels and at the beginning of the extraction channel. The flow profile is parabolic in the flow
direction because of the low aspect ratio ( w

h = 1.5). The flow will have a parabolic shape both in
the w- and in the h-direction. The maximum velocity magnitude was 9×10−3 m/s in both side
channels and doubled in the extraction channel to 18×10−3 m/s. Moreover we investigated
which distance was required for the flows coming from the side channels to reach a fully de-
veloped flow profile. In figure 5.4B, the velocity magnitudes across the channel at different dis-
tances from the intersection of the side channels with the extraction channel were represented.
We can see that approximatively 100 µm from the intersection the flow profile was quasi fully
developed to the level of the flow profile in the intersection channel. All along the channel no
other change in the flow profile occurred until the separation of the extraction channel into the
two outlet channels. At this point the flow profile splits to equal two parabolic flows, like the
flows in the intet channels. This shows that the channel geometry allows for a collection of an
equal volume of liquid in the outlets.

5.4.2 Separation of particles in the H-filter: Transport of diluted species

As discussed previously, transport of particles in the channel occurs through advection as well
as diffusion and more particularly the separation of the different particles can happen thank
to the different diffusion times of the particles (see 5.2 on page 75). The module Transport
of diluted species was used to calculate the concentration of the particles in all points of the
channel.

The velocity field was coupled to the creeping flow interface, meaning that the value of the
velocity due to advection was coming from the solution of the flow interface. As boundary
conditions, no flux was set on the walls. The channel was considered empty of the analyte
before its entry. Inflow of the analyte was defined through the sample inlet at a concentration
equal to 1 mol/m3. Outflows were defined in the MV and waste outlets.

For this simulation, we identified seven samples that would be relevant for the MV isola-
tion. First of all, we considered particles of 1 µm, 100 and 50 nm as representative for the MV
population, then antibodies complexes immunoglobulin M (IgM, 750 kDa) and immunoglob-
ulin G (IgG, 150 kDa) and the protein bovine serum albumin (BSA, 66.5 kDa) as representative
for the contaminants in a MV sample isolated from plasma and small ions species such as Cl−.
The diffusion coefficients of the particles was calculated according to the Stokes-Einstein equa-
tion (see equation 5.8). The hydrodynamic radius RH of the proteins (IgM, IgG and BSA) was
estimated according to the formula developed by Erickson [212]:

RH = 0.066M
1
3 (5.21)

80



Chapter 5. Theoretical work

A
- 0 . 2 0 . 0 0 . 2 0 . 4 0 . 60 . 0 0 0 0

0 . 0 0 0 5
0 . 0 0 1 0
0 . 0 0 1 5
0 . 0 0 2 0
0 . 0 0 2 5

Ve
loc

ity 
ma

gn
itu

de
 (m

/s)

C h a n n e l  w i d t h  ( m m )

 S i d e  c h a n n e l s
 I n t e r s e c t i o n  s i d e  c h a n n e l s
 E n t r y  e x t r a c t i o n  c h a n n e l
 E n t r y  e x t r a c t i o n  c h a n n e l  +  1 0 0  µ m
 M i d d l e  e x t r a c t i o n  c h a n n e l  

B

Figure 5.4: Velocity magnitude at the inlet of the extraction channel in the H-filter Figure
A shows a surface plot of the velocity magnitude in the side channels and at the
entry of the extraction channel. The color scale represents the velocity magnitude
from 1.91×10−3 (red color) to 0 (blue color) in m/s. Figure B shows the velocity
magnitude across the channel at the positions corresponding to the black lines on
figure A. As expected by the aspect ratio ( w

h = 1.5, parabolic flow is observed in
the direction of the flow. The maximum flow velocity of the side channels (ap-
proximately 0.9×10−3 m/s) add up into the extraction channel to the double value
(approximately 1.8×10−3 m/s. The flow profile is quasi totally developed approxi-
mately 100 µm after entry into the extraction channel.
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Table 5.1: Diffusion coefficients for seven analytes that were relevant for MV samples and
therefore used in the simulation of the H-filter. We simulated three different sizes
of MVs (1 µm, 100 nm and 50 nm), two types of antibody complexes (IgM and IgG),
a protein (BSA), the cut-off particle for an extraction channel with 300 µm of width
and 200 µm deep and a chloride ion. The diffusion coefficients of each of these ana-
lytes were calculated according to the Stokes-Einstein equation (see text for further
explanations).

Sample unit Particles Antibody Protein Cut-off Ion
(diameter in nm)
1000 100 50 IgM IgG BSA 0.8 nm Cl−

Mass kDa 750 150 66,5
Radius nm 500 50 25 6 3.5 2.7 0.4

Diffusion
coefficient ×10−11 m2/s 0.043 0.43 0.86 3.6 6.1 8 54 200

with RH the hydrodynamic radius (in nm) and M the mass of the protein in Da. From this
calculated hydrodynamic radius, we calculated the coefficient of diffusion. The coefficient of
diffusion of Cl− was 2×10−9 m 2/s [206]. Table 5.1 presents the different diffusion coefficients for
the seven analytes simulated through the channel. The numerical simulation was computed as
a parametric sweep where the calculation was run separately for each analyte.

Figure 5.5 presents the concentration profiles of each analyte at the end of the extraction
channel and in both outlet channels. The color legend represents the concentration where the
darker blue represents 0, light green 0.5 and red 1 mol/m3. The small ions (figure 5.5A) had
enough time to diffuse the furthest and the concentration of Cl− ions was equilibrated to half
of the initial value. For particles with a diameter corresponding to the calculated cut-off size,
the concentration profile was quasi homogenous at the outlets of the filter. The contaminant
proteins (BSA (figure 5.5C), IgG (figure 5.5D) and IgM (figure 5.5E)) also diffused into the waste
channel, however to a lesser extend than the small ions. The smaller the protein was, the higher
the concentration of this protein was in the waste outlet channel. For the particles representa-
tive of the MVs (particles with diameter : 50 nm (figure 5.5F), 100 nm (figure 5.5G) and 1 µm
(figure 5.5H)), nearly all particles were ending in the sample stream (red color) and their con-
centration in the waste channel was very low (blue color).

The concentration in the outlets relative to the initial concentration was calculated for each
type of analyte and is represented in the graph (figure 5.6). The relative concentration are rep-
resented for both MV and waste outlet. For the particles representative of the MVs (particles
from 1 µm to 50 nm), around 90% were estimated to elute in the MV outlet and only approxi-
mately 10% would have time to diffuse into the waste outlets. For the proteins such as immune
complexes that we would like to extract gently from the sample, each extraction round through
the H-filter is estimated to remove around 25% of those analytes from the MV stream. For par-
ticles with a diameter corresponding to the calculated cut-off size (0.8 nm) for this extraction
channel (300 µm wide and 200 µm deep), 49% of the total concentration was found in the waste
outlet. For the small chloride ions, the extraction reached the maximum possible in this kind
of device and that is an extraction of 50% from the sample stream, thank to the small size and
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Figure 5.5: Concentration profiles of different analytes at the outlets of the H-filter The diffu-
sion and advection behaviour of seven relevant analytes in the H-filter was analysed
by a numerical simulation. The figure shows the concentration at the end of the
extraction channel and in the outlet channels. The color legend shows the concen-
tration of the analyte, where dark blue shows 0, light green 0.5 and red 1 mol/m3.
The smallest sample (Cl−, figure A) was completely diffused at the outlets as the
concentration was equal all over the channel. A particle of diameter 0.8 nm (cut-off
sizes determined by the theoretical estimations, figure B) had been extracted to 49%
into the buffer stream. The proteins (BSA (figure C), IgG (figure D) and IgM (figure
E)) diffused in the waste channel to a lesser extend. The smaller the protein was,
the more it had been extracted from the sample stream. The particles (50 nm (figure
F), 100 nm (figure G) and 1 µm (figure H)) stayed nearly all in the sample stream
and did not diffuse into the buffer stream.
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Figure 5.6: Estimation of the relative concentration of seven analytes at the outlets of the H-
filter for a quasi-2D and a 3D simulation. According to the quasi-2D numerical
simulation, the concentrations of each analyte relative to the initial concentration at
the sample inlet was calculated. For the large particles (1 µm, 100 nm and 50 nm),
approximately 90% were collected in the sample outlet. In every extraction round,
up to 25% of the IgG (particles with a diameter of 7 nm) are extracted. With particles
of 1.2 nm in diameter, 45% of extraction was calculated. The maximum extraction
(i.e. 50% extraction) can be reached with small ions. The results of the 3D simulation
fit very well with the quasi-2D simulation, indicating that the quasi-2D simulation
is a relatively good approximation.

therefore the high diffusion coefficient of this analyte.
In parallel to the quasi-2D simulation, a 3D simulation was run to confirm the validity of the

quasi-2D simulation. In figure 5.6, the relative concentrations according to the 3D simulation
are presented compared to the results of the quasi-2D simulation. Both simulations gave similar
results. The larger difference between the quasi-2D and the 3D simulation was obtained for the
larger particle (1 µm in diameter) where the 3D simulation estimated that the concentration in
the MV outlet would be 1.5% higher than estimated by the 2D simulation. This shows that the
quasi-2D simulation with the addition of the body force was a valid approximation.

5.5 Discussion

The aims of the numerical simulation were to evaluate the potential of the H-filter for the iso-
lation of MVs from complex samples and to determine the geometry of the device that would
lead to the best possible extraction. The working principle of the H-filter is that particles diffuse
across the channel from the sample stream to the buffer stream. At the end of the extraction
channel, the sample stream has been depleted from the particles that diffused into the buffer
stream. The extraction is dependent on the diffusion coefficient of the particles, i.e. on their
sizes and on the time that the particles remains in the channel. It means that the separation
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performances are highly dependent the geometry of the channel. Therefore it was important
to determine the correct channel size considering certain fabrication constraints. At first a the-
oretical calculation was performed. We defined the cut off size as the size of the particles that
would be extracted to 50% into the buffer stream. We could see that for a given depth, the
larger cut-off was reached with channels with the smallest width. For a given width, the cut
off became larger when the depth increased. This was due to the fact that the flow velocity de-
creases with an increasing depth (see equation 5.12). Therefore the particles would have more
time to travel through the channel and therefore more time to diffuse into the buffer stream.
For the further work, we chose to use an extraction channel with a width of 300 µm and a depth
of 200 µm. Those dimensions were indeed possible to realise through micromilling as milling
tools of 300 µm in width are available. For this channel dimensions, the cut-off size was 0.8 nm.

The precision of the results from the theoretical calculations is limited by the approxima-
tions used . For example, we use the average flow velocity through the device, neglecting the
real parabolic flow profile (see figure 5.1). Moreover, the calculations do not take into account
any effect of the height of the channel on the flow profile. This means that some particles will
not be transported through the channel at the average flow velocity but at a slower flow veloc-
ity and will have therefore more time to diffuse. Secondly, we calculated the diffusion time for
particles close to the wall of the channel and that have to travel by diffusion across the longest
distance possible in the channel. However in the reality, not all particles will be located this po-
sition when entering the channel. Some will be much closer from the border of the two streams
and therefore will diffuse faster to the buffer stream.

The finite element simulation (see 5.4) took velocity field into account to calculate the con-
centrations of the analyte at the outlets and was therefore closer to the reality. For the cut-off
size, the simulation calculated that the concentration would be approximately 51% of the ini-
tial concentration in the MV outlet. This shows that the theoretical calculation and the finite
element simulation were in good agreement despite the assumptions and limitations.

With this device, we obtained that particles in the size range of MVs (1 µm to 50 nm) would
diffuse to approximately 10% in the waste outlet. This shows that some MVs would be lost
during the separation process but in the same proportion throughout the size range of MVs.
Therefore it would not affect further analysis of e.g. the size distribution. The concentration of
contaminating proteins in the size range of antibodies complexes or BSA would be reduced of
approximately 25% after flowing through the H-filter. The sample could be reintroduced into
the H-filter to further reduce the concentration of contaminating proteins.

According to equation 5.18, a better extraction of the contaminating proteins in the MV
samples can be achieved if either the depth or length of the channel were longer, or the width
smaller. To respect the fabrication constraint, the width could be decreased three times to
100 µm even though this is already quite challenging to realise by micromilling. But in that
case, the depth of the channel would also be reduced two times to 100 µm to have a channel
whose depth is not larger than the width as this is preferable for micromilling. The length could
be increased by creating for example a serpentine or zigzag channel. Hossain et al. [204, 213]
investigated the effect of different channel geometries on the mixing at low Reynolds number
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Figure 5.7: MV separation in channels of different lengths. The ratio of the particle concen-
tration to the BSA concentration was calculated for channels of different lengths,
using the results of the quasi-2D simulation. A straight line indicates that particles
of the three sizes are collected with the same efficiency in the MV outlet. Very long
channels would lead to a non-uniform collection of particles within the MV size
range.

and found that only an increase of the residence time in the channel would improve the per-
formances of the device because it gives more time to the species to diffuse across the channel.
However, in the case of the separation of the protein complexes from the MVs, a longer channel
would also give more time to the MVs to diffuse into the buffer stream and therefore be lost
for further analysis. Figure 5.7 presents the ratio of concentration of the particles (50, 100 nm
and 1 µm, corresponding to the MV size range) to the BSA concentration in the MV outlet in
channels of different lengths. These ratios were calculated with the results from the quasi-2D
simulation. For shorts channels (1 and 6 cm), the ratio was similar for the particles with a di-
ameter of 50, 100 nm and 1 µm (quasi straight line). For the 6 cm long channel the ratio was
higher than for the 1 cm channel. However, for longer channels, the ratio increased with the
size of the particles. This shows that MVs would then not be collected homogeneously across
the size range (more small MVs would be lost to the waste outlet compared to the large MVs).
For very long channels (10 m), the smaller vesicles (50 and 100 nm) reached a concentration
of 50% in both outlets and were therefore extracted to the same extend as the proteins. This
would result in a strong modification of the MV size distribution and an exclusion of some MV
subpopulation in the MV outlet. For a good separation, the MV to BSA ratio has to be as high
as possible, while being constant for all MVs. The 6 cm long channel satisfied this condition.
However, an optimization study could be performed to find the best length of the extraction
channel to satisfy this criteria. Moreover a longer channel would result in a longer fabrication
time for the technique envisaged for the microfabrication.

The implementation of active techniques based for example on dielectric, magnetic or acous-
tic forces [214] could be another possibility to improve the isolation of MVs in a microfluidic
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channel. However this would increase the complexity of the system.
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Experimental work

The next step in the development of the microfluidic device for isolation of MVs was to realise
the microfluidic device using microfabrication techniques and then test the device with differ-
ent analytes separately. The real performances were compared with the expected separation
from the numerical simulation previously presented. In the following part, we present the mi-
crofabrication techniques used to realise the device and the results of the different tests. In this
work, we used the fluidic connector system created by Andrea Pfreundt [215] from the NaBIS
group at DTU Nanotech.

6.1 Material and methods

6.1.1 Fabrication of the device

Design and material choice

For the microfluidic device we chose to use the polymer material Poly(methyl methacrylate)
(PMMA). PMMA is a low-cost polymer that is easy to micromachine and has good optical
properties (transparent) that will allow us to perform microscopy through the device. The
device was essentially composed of three parts: the bottom part with the channel, the top part
sealing the channel and the fluidic connectors. Figure 6.1A presents the general scheme of the
device. The different parts were designed using AutoCAD 2015 (Autodesk, Inc, USA). The
length of the extraction channel was 6 cm, the width and depth of the extraction channel and
the side inlet and outlet channels were 300 µm and 200 µm respectively.

Micromachining of the polymer parts

The micromachining of the polymer parts was made using computer numerical control (CNC)
micromilling as this technique is well suited for prototyping. The working principle of milling
is that a tool removes material on the surface of a plate. Milling can be used for a wide range of
material, both polymers and metals. Only few steps are required between design and the fabri-
cated object, so that the final product can be rapidly tested [216]. Micromilling has a limitation
in the size of the features that can be achieved which correspond to the size of the microma-
chining tools available. The smallest feature that can be accurately achieved by experienced
users is around 50 µm [217]. The quality of the tools is of high importance for the result of the
features[218]. For instance, a tool with a large erosion at the edges will create a feature smaller
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A
B

Figure 6.1: Experimental setup of the H-filter Figure A shows the scheme of the H-filter in
cross-section. The H-filter was made of PMMA and composed of three parts: the
bottom part with the channel, the top part with the fluidic connections and the
fluidic connectors to connect tubings into the device. Figure B shows the complete
experimental setup for the H-filter experiments with the syringe pump on the left,
the H-filter in the middle and the outlet containers on the right.

than its nominal size. Other parameters that play an important role for the correct milling are
the spindle speed (how fast the tool is rotated), the tool feed (how fast the tool is moved on the
surface) and the depth of each milling steps (how much material is removed at each passage of
the tool).

In this work the autoCAD drawings were converted into a G-code (i.e. a list of operations
with trajectories and velocities to be read by the computer for communication with the mi-
cromilling machine) using the software EZ-CAM (Version 15, EZ-CAM solutions Inc, USA).
The PMMA plate (10x10 cm2, 2 mm thickness) was fixed onto the stage with a double-sided
tape. Micromilling was performed on a Mini-Mill/3 (Minitech Machinery Corporation, USA).
As coolant , soap water was used throughout the micromilling operation.

For the bottom part, we performed the following milling operations:

1. Face milling (to flatten the surface, tool: 3 mm endmill)

2. Milling of the channel (200 µm deep and 300 µm wide, tool: 300 µm endmill)

3. Milling of the alignment holes (diameter: 2.6 mm, tool: 2 mm endmill)

4. Cutting of the edges of the piece (tool: 2 mm endmill)

For the top part, we performed the following milling operations:

1. Milling of the fluidic connectors: socket parts according to [215]

2. Milling of the alignment holes (diameter: 2.6 mm, tool: 2 mm endmill)

3. Cutting of the edges of the piece (tool: 2 mm endmill)

The milling operations for the fludic connectors (part: plug) were performed according to
the procedure described by Pfreundt et al. [215].
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Figure 6.2: Experimental setup for the surface smoothing by chloroform vapours. The bot-
tom part of chip was placed facing downwards above chloroform for 1 minute to
reduce the surface roughness caused by the face milling operation.

Surface smoothing by chloroform vapours

The first milling operation of the bottom plate was a face milling operation where a thin layer
of material was removed on all the surface of the PMMA plate in order to obtain a fully flat sur-
face. However this operation increased the roughness of the surface so that the thermobond-
ing of the bottom and top part of the H-filter was not possible anymore. Therefore a surface
smoothing operation was introduced to reduced the roughness. The surface smoothing by sol-
vent vapour was introduced by Ogilivie et al. [217, 219, 220]. As shown on the experimental
setup (figure 6.2), the patterned piece of PMMA was placed above vapours of chloroform for
one minute. It was then immediately thermobonded with a top part.

Assembly of the microfluidic chip

The assembly of the bottom and top parts of the H-filter was done by thermobonding. A top
and a bottom part were placed under a UV-light (Dymax 5000-EC Series UV curing flood lamp,
Dymax Corporation, USA) for one minute to activate the surface. The alignment spheres were
placed in the alignment locations of the bottom part and a top part was aligned on top of it. The
H-filter was placed in the pre-warmed (bottom and top hotplate of the bonding press heated to
85°C) bonding press (PW 10 H, P/O/WEBER, Germany). The bonding press was closed and a
pressure of 11 kN was applied for 15 min. The H-filter was allowed to cool down in the press
until 50°C before releasing the pressure.

6.1.2 Confocal imaging of the channel

After micromilling the bottom part with the channel were imaged in a confocal microscope to
verify that the dimensions corresponded to the expectations. We used a confocal microscope
(LSM 700, Zeiss, Germany) in reflection mode (laser: 405 nm, objective 20X). Z-stacks were
recorded along the depth of the channel.

6.1.3 Experimental setup

The fluidic tubing (inner diameter: 0.8 mm, outer diameter: 1.6 mm, Bola, Germany) was
connected to the two intlets and outlets of the H-filter through the fluidic connectors. All tubing
had the same length. The inlet tubings were connected to 3 ml syringes via fluidic connectors
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(Promepla, Monaco). The syringes were fixed on a syringe pump (Chemyx Fusion200, KR
analytical, United Kingdom). Figure 6.1B on page 90 shows the experimental setup. The flow
rate was set to be 2.5 µl/min at each syringe, so reaching a flow rate of 5 µl/min in the extraction
channel.

6.1.4 Testing of the device: particles separation

The particle separation in the device was tested using six different analytes: fluorescently la-
beled polysterene beads (diameters: 1 µm, 100 nm and 50 nm, Fluoresbrite yellow green, Poly-
sciences, Germany), anti-rabbit immunogloublin G (IgG) fluorescein isothiocyanate (FITC) con-
jugated (Sigma Aldrich, Germany), bovine serum albumine (BSA, Sigma Aldrich, Germany)
and sodium chloride (NaCl, Sigma Aldrich, Germany). Each analyte was tested separately.
The buffer syringe was filled with milliQ for NaCl as analyte and with phosphate buffered
saline (PBS) for all other analytes. The sample syringe was filled with a solution of the analyte
diluted in PBS (or milliQ water for the NaCl). The separation was performed in the channel
and the liquids collected in the outlet containers. The concentrations of the analytes in the MV
and waste outlets were measured using different methods. At least two independent separa-
tion runs were performed with every analyte. The outlet concentrations relative to the total
collected concentration were calculated as follow:

∆cMVs =
cMVoutlet

cMVoutlet + cWSoutlet

(6.1)

and

∆cWS =
cWSoutlet

cMVoutlet + cWSoutlet

(6.2)

Measurement of the concentration of the fluorescently labelled beads and the FITC conju-
gated IgG antibody

The fluorescence intensity of the samples was measured in triplicate. We filled the well of
a black well plate (flat bottom) and measured the fluorescence intensity using a plate reader
(Victor 3, Perkin Elmer, USA). The fluorescence intensity was correlated to the respective con-
centration using a calibration curve (see Appendix A.3).

Measurement of the BSA concentration

The absorbance at 280 nm was measured with a spectrophotometer (Nanodrop 2000 with
pedestal option, ThermoFisher, USA). Each solution was measured three times. The concentra-
tion of BSA in the solutions was obtained from the calibration in the Nanodrop software.
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Measurement of the NaCl concentration

The conductivity of the solutions was measured with a self-made conductimeter (chamber size:
8 × 5 × 5 mm, figure A.4A on page 161). A calibration curve was obtained to relate the conduc-
tivity to the concentration of the NaCl solutions (see Appendix A.4 on page 159).

6.1.5 Testing of the device: purification of MVs from HUVECs cell culture super-
natant

Control MVs were produced from HUVECs according to the protocol described in the section
4.2.5 on page 48. The cell culture supernatant was collected and centrifuged at 1250 × g for
five minutes to remove the larger cell debris. One ml of cell culture supernatant was further
processed with high speed centrifugation according to the MVs purification protocol described
in the section 4.2.5 on page 48. The rest of the cell culture supernatant was diluted ten times
in PBS previously filtered through a 0.1 µm filter and prepared in a syringe connected to the
sample inlet of the H-filter device. Filtered PBS was prepared in the second syringe. 200 µl of
sample were passed through the device with a flow rate of 2.5 µl/min at each syringe (so a total
flow rate in the extraction channel of 5 µl/min). The outlet samples were collected and the MV
concentration was measured with the NTA according to the measurement protocol described
in the section 4.2.7 on page 49. The protein concentration was measured in the different solu-
tions using a spectrophotometer as described in 6.1.4 on page 92. Two independent separation
experiments were performed.

6.2 Results

6.2.1 Characterization of the size of the device

The microfluidic H-filter was fabricated using standard microfabrication techniques. Micromilling
was used to create the channel in PMMA plates and thermo bonding was used to seal the
channel and provide fluidic connections. Figure 6.1 provides an overview of the device. As
discussed in the previous chapter (see chapter 5), the size of the extraction channel is determin-
ing the separation performances. We aimed to fabricate a H-filter with an extraction channel
with a length of 6 cm, a width of 300 µm and a depth of 200 µm. The side channels had the
same width and depth as the extraction channel. Figure 6.3A presents the 3D reconstruction
of a stack of images recorded with a confocal microscope in reflection mode along the depth
of the channel. The images were recorded at the intersection between the inlet side channels
and the extraction channel. On the 3D reconstruction, we can see the top of the plate and the
bottom of the channel. The lines visible on the surfaces were marks from the milling tool. It
is also visible on the top of the plate because of the face milling operation used to flatten the
plate. The roughness created by those structures was reduced by the solvent smoothing step.
The side walls of the channel are not visible probably because the reflection from those was
very little which indicates that the walls were straight as expected. The width of the extraction
channel was approximately 316 µm, and the side channels had a width around 320 µm, that
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Figure 6.3: 3D reconstruction of the milled channel of the H-filter and laminar flow in the
H-filter. Figure A presents the intersection of the inlet channels with the extraction
channel. The image is a 3D reconstruction of a stack of images recorded along the
depth of the channel. It was obtained with a confocal microscope in reflection mode
after milling and smoothing of the surface. No reflection can be seen from the side
walls showing that they were quite straight. The mean grey value was calculated
for each image of the stack and represented in figure B. The two peaks represent the
surfaces where a high reflection signal could be recorded. This allowed us to accu-
rately determine the depth of the milled channel that was around 195 µm, i.e. 5 µm
lower than the expected depth. Figure C shows the intersection of the extraction
channel with the outlet channels when food dye solutions diluted in milliQ water
were flowing through the channel. No mixing between the two solutions was seen
which indicates that the flows were laminar in the channel. The image was captured
with a stereomicroscope.

is 16 to 20 µm larger than expected. The mean grey value of each picture was evaluated and
represented over the height of the channel (figure 6.3B). Two main peaks were visible, indicat-
ing two levels where structures were present. They corresponded to the bottom and the top
of the plate. Determining the distance between the peaks allowed to verify the depth of the
channel. For this device, the depth was 195 µm. The depth was measured at the end of the
outlet channel as well and was 165 µm for this device.

Figure 6.3C show a microscopy picture of the H-filter at the outlet of the extraction channel.
Two solutions of food dye diluted in water were introduced at the inlets with a flow rate of
500 µl/min. At the outlet of the extraction channel, the food dyes did not mix showing the
flows were laminar in the device even at a flow rate 100 times higher than the flow rate that
was used for the particle separation.
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Figure 6.4: H-filter channel with 1 µm fluorescently labelled beads flowing through the chan-
nel The flow rate was 2.5 µl/min and the picture was recorded at the end of the
extraction channel using a fluorescence microscope. The bulk fluorescence of the
particle solution could be seen only in the sample stream. Hardly no fluorescence
could be recorded in the waste channel (top channel on the right).

6.2.2 Particle separation

To test the separation performances of the fabricated device, six different analytes were intro-
duced into the sample inlet and run through the channel at a flow rate of 2.5 µl/min. The
analytes were representative for components found in a real sample To simulate MVs we used
fluorescencently labeled beads of 1 µm, 100 nm and 50 nm of diameter. As protein contamina-
tion we used FITC conjugated IgG and BSA. As very small analyte, we used NaCl dissolved
in water. Each analyte was tested separately and at least two independent experiments were
run for each analyte. Figure 6.4 shows a fluorescence picture of the intersection of the extrac-
tion channel with the outlet channels during the experiment with the beads with a diameter of
1 µm. We were only able to image the bulk fluorescence of the beads solution instead of single
particles. It can be seen that particles were only present in the sample stream. At the division of
the extraction channel, the 1 µm particles are nearly all flowing to the MV outlet. A thin band
of fluorescence is visible along the wall of the waste channel which might indicate that some
particles are also going to the waste outlet. The fluorescence signal on the walls of the channel
might be due to some reflection of the channel walls or to some particles trapped on the wall
during filling of the channel.

For each experiment, 200 µl of solution was collected in the outlets and the concentrations
of the analyte were measured. The relative concentrations at the outlets were calculated and
plotted against the corresponding diffusion coefficients in figure 6.5. The values of each exper-
iment were represented individually by a color. The values at the MV outlet were represented
by a square and the values at the waste outlet with a disk. On the graph, we represented also
the simulation results from figure 5.6 for those analytes (black symbol and dashed line). The
particles with a diameter of 1 µm to 50 nm (representative for MVs) were all collected to ap-
proximately 90 to 80% in the MV outlet, which corresponded relatively well to the simulation
results. The relative concentrations were comparable for all sizes of the beads representative
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Figure 6.5: Relative concentration at the outlets of the H-filter The concentrations of six differ-
ent analytes were measured at the MV (square symbols) and waste outlets (round
symbols) after flowing through the device. The relative concentrations were calcu-
lated as the ratio between the MV (or waste) outlet concentration and total collected
concentration. Each analyte was run separately through the H-filter and at least
two independent experiments were run for each analyte. Each color represents the
values of the MV and waste outlet for one given experiment. The black symbols
represent the values of the relative concentrations in the MV and waste outlet from
the numerical simulation. Generally the experimental results are in good agreement
with the simulation. The particles between 1 µm and 50 nm were collected to 90%
in the MV outlet, while approximately 36% of BSA was extracted from the sample
stream.

for MVs. IgG were collected at a concentration between 75 and 87% in the MVs outlet, while
the simulation predicted 76%. BSA diffused in our experimental results to 36% into the waste
outlet, which was approximately 10% more than the results from the simulation. The small
chloride ions were extracted to 48% into the waste outlet, which corresponded to the theoreti-
cal results.

6.2.3 Purification of MVs from HUVECs cell culture supernatant

Cell culture supernatant from non-treated HUVECs was collected and centrifuged for 5 min at
1250g. After being diluted ten times in PBS, it was injected into the sample inlet of the H-filter
device. After flowing through the device, the samples in the MV and waste outlet were col-
lected and characterized by NTA. An aliquot was purified using high speed centrifugation as
comparison to the newly developed purification method. Figure 6.6 presents the results of this
experiment. The size distributions of the MVs collected in the MV outlets were overlapping
with the size distribution of the MVs introduced in the inlet of the device (see figure 6.6A).
The mean sizes were around 210 nm and a main peak was between 130 and 230 nm. The size
distribution of the MVs purified with the protocol with high speed centrifugation also showed
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Figure 6.6: Purification of MVs with the H-filter Figure A presents the size distributions of

samples collected in the MV and waste (WS) outlets as well as the size distribution
of the inlet solution and of a sample purified by centrifugation. The size distribu-
tions of the MVs collected in the MV outlets overlap the size distribution of the MV
solution injected in the inlet and had all a mean size around 210 nm. The MVs which
were purified by centrifugation also had a main peak around 200 nm but presented
an extra peak above 300 nm. Figure B shows the concentrations of MVs in the out-
lets relative to the total collected concentrations. In both experiments, around 84%
of the MVs were collected in the MV outlet and 16% in the WS outlet. Figure B
also shows the protein concentration in the MV outlet relative to the protein con-
centration in the inlet solution. Around 60% of the initial protein concentration was
measured in the MV outlet. exp 1 stands for the experiment number 1 and exp 2
stands for the experiment number 2.

a peak around 200 nm but also a peak of vesicles with a diameter between 300 and 400 nm. The
total MV concentration in the initial solution was 2.19×109 MVs/ml. The total concentration
of MVs in the centrifuged aliquots (i.e. ten times up-concentrated compared to initial solu-
tion) was 6.54×109 MVs/ml, while the total concentrations in the MV outlets were respectively
1.61×108 MVs/ml and 1.1×108 MVs/ml, when the initial solution was diluted ten times before
introduction into the channel. The percentages of MVs collected in the MV outlet were around
84% of the total collected MVs (figure 6.6B) and 16% in the waste outlets for both experiments.
The protein concentration in the outlets solution was evaluated by measuring the absorbance
at 280 nm. In the waste outlets the protein concentration was below 0.03 mg/ml which is below
the limit for a reasonable detection as recommended by the manufacturer [221, 222]. Therefore
those values could not be considered and the percentage of the protein concentration was cal-
culated relative to the inlet solution. Approximately 60% of the initial protein concentration
were found in the MV outlet in both experiments.
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6.3 Discussion

The fabrication of the H-filter was realised in polymer by standard microfabrication methods:
micromilling and thermobonding. Micromilling is well adapted for low cost and rapid proto-
typing [223]. However the use of micromilling imposed certain constraints on the geometry of
the channel. The width of the channels was limited by the availability of small milling tools.
Moreover the reproducibility of such small channels is subjected to variations due to the defi-
nition of the zero level of the milling tools on the plate. In our devices, we could observe some
deviations of the expected channel dimensions. Variation in the depth of the channel was due
to the fixation of the PMMA plate by a double sided tape onto the milling machine table. The
use of the face milling operation helped to improve the flatness of the fixed PMMA plate. For
further work requiring many devices with exactly the same dimensions, other microfabrication
techniques involving a mold and its replication to obtain reproducible devices should be envis-
aged. All in all the fabrication of the H-filter is relatively easy as it only requires one channel
with two inlets and outlets. This is faster and less expensive to realise than devices requiring
the integration of electrodes such as the acoustic purification device developed by Lee et al.
[92]. Moreover, the H-filter is less prone to clogging than devices with structures in the channel
such as the deterministic displacement device from Laki et al. [89, 90] or the microfluidic filter
of Davies et al. [94].

The flow in the device was shown to be laminar as expected from the flow simulation,
so that the extraction of particles from the sample flow could only occur via diffusion. The
volume of sample required to run the experiments (at least 500 µl) was here determined by the
syringes and other fluidic connectors with a large dead volume to fill to assure the same fluidic
resistance all over the system. Further development of the device will assure that even smaller
sample volume can be used.

The separation efficiency was evaluated by calculating the concentration at the outlets rela-
tive to the total collected concentration at both outlets. The experimental separation results
were generally in good agreement with the finite element simulation (see figure 6.5). The
polystyrene beads representative for the MVs were all collected to approximately 90% in the
MV outlet. There was no difference in the separation efficiency for the particles within the size
range of the MVs. The experiments with IgG gave a variation of about 10% among the tripli-
cates. Apart from one experiment, the relative IgG concentrations in the MV outlet were ap-
proximately 10% higher than expected from the simulation. BSA diffused more than expected
in the device. A reason could be some denaturation of the protein when preparing or storing
the solution that might result in particles with a smaller size than expected and therewith a
faster diffusion.

Preliminary experiments were performed with MVs from non-treated HUVECs. In the two
experiments about 84% of the MVs were collected in the MV outlet. This corresponded to the
concentration values obtained with the beads with a similar size. The vesicles in the outlets
showed the same size distribution than the MVs from the inlet solution, which proves that the
size distribution of the MVs did not change while flowing through the channel. This confirms
that the collection of the MVs in the H-filter had the same efficiency for all MVs within the
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complete MV size range. Our system did not isolate mostly the large vesicles over the small
ones but all particles with the same efficiency. In the two experiments, the MV recovery was
52 and 77% respectively (concentration in MV outlet relative to the initial MV concentration).
After centrifugation, the recovery was only 30% (The centrifugation process up-concentrated
ten fold the MV sample, which was taken into account for this calculation). This suggests that
the purification through the H-filter is a method that enables a collection of a greater amount
of MVs. We measured that only 60% of the initial protein concentration was found in the MV
outlet. This suggests that 40% was extracted from the sample. However we used an unspecific
protein characterization method which was not sensitive enough to quantify the protein in
the waste outlet. Moreover, this analysis did not differentiate between the proteins associated
with MVs and the free proteins such as ICs that we expect to extract from the sample. Further
analysis is required to properly evaluate the reduction of contamination in the samples. Within
90 min, we were able to filter 200 µl of sample which is more than enough sample to perform
further analysis on the MVs such as size characterization by AFM or TEM or surface marker
characterization by ELISA or flow cytometry. If a greater reduction of the free protein and
immune complexes reduction was required, the sample could be reloaded to run through a
second round of extraction. This MV isolation device, however, depends upon the removal of
cell debris or small cell components such as platelets prior of loading the solution into the filter.

Within those experiments, we were able to show that the device worked as we expected
from the theoretical calculations. The separation was reproducible. Further development of
the device could include the integration of the sample loading on the device to reduce the risk
of contamination with potentially infectious patient samples. The sample collection on chip
would also allow to reduce tubing and additional equipment after the outlet of the device. This
would assure a greater stability of the device and better reproducibility of the performances.
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Conclusion

In this part, we presented the development of a novel and low cost microfluidic device for the
isolation of MVs. The working principle is based on the extraction of the small objects such
as ICs or free proteins from the MVs samples by diffusion. This device called H-filter presents
the advantage of isolating the MVs according to their size and not according to the expression
of a marker on their surface. Therefore a collection of the complete population is expected to
be achieved without exclusion based on biological function of the MVs. This method does not
make use of strong forces on the MVs which presents the advantage that MVs will not aggre-
gate or be disrupted during the isolation process. In our work we determined the geometry of
the device for a suitable MV isolation using a finite element simulation. The results were con-
firmed by experimental testing of the device using defined samples such as polystyrene beads
and BSA solution. Preliminary testing with MVs from cell culture showed that the isolation of
MVs was possible while reducing the concentration of protein and ICs. Moreover the H-filter
offered a better recovery than standard purification by high speed centrifugation. Further ex-
periments will explore the possibility of a separation using several cycles through the H-filter.
This device is easy to use and further technological improvement will enable the use of very
small sample volumes.
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Part IV

Detection of microvesicles on a
magnetoresistive sensor platform: a

proof of concept study
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Introduction and aim

Aim of the work

In the recent years, great efforts have been made to develop novel analysis methods for exo-
somes and MVs. In chapter 2, section 2.4 on page 17 as well as in recently published reviews
[64, 101] some of the conventional and novel MVs characterization methods are presented. Ap-
propriate analysis methods are characterized by their ability of selectively detecting MVs, i.e.
ensuring that the objects detected are MVs and not other contamination such as protein aggre-
gates. To enable the application of MVs as biomarkers, the MV characterization methods have
to also fulfil further criteria such as short analysis time and convenience of the performance in
clinical settings.

Many MV analysis methods are based on the recognition of surface markers on the MVs.
Probes (e.g. antibodies) against the corresponding surface markers are used either combined
with a fluorophore (e.g. for detection in flow cytometry) or immobilized on a surface to capture
the MVs (e.g. in ELISA assay). Characterizing the MVs through their surface markers can be
used to determine their cell of origin as well as state of the cell at the moment of the release as
long as the expression of the surface protein is specific for this particular condition. Some of
the novel analysis methods require two different probes to complete the detection assay in a
so-called sandwich detection strategy. This is for example the case of the exoscreen assay [51]
where the exosomes were captured between two different beads functionalized with antibodies
against the relevant surface proteins of the targeted exosomes. In a similar way, a paper-based
ELISA captured exosomes between anti-CD63 and anti-CD9 antibodies [96]. Using two dif-
ferent probes helps to increase the selectivity of the detection and reduce the risk of detecting
protein aggregates or cellular debris as MVs.

In this work, we addressed the demand for MV detection methods that are rapid, specific,
reliable and easy to use in clinical settings. For this purpose, we proposed the use of a magne-
toresistive (MR) sensor platform for the rapid detection of MVs based on their surface markers.
This MR sensor platform works by detecting magnetic particles that are bound to the target, in
our case the MVs. This study was designed as a proof of concept and aimed to show that this
biosensor is able to discriminate between MVs derived from HUVECs and MVs coming from
the epithelial cells from the cell line Michigan cancer foundation-7 (MCF7) at a physiological
concentration. The detection was build up as a sandwich assay with two specific probes for the
MVs from HUVECs. Two specific probes were chosen. The first one was annein V which binds
to the phospholipid phosphatidylserine in the presence of calcium. The second one was an anti-
CD31 antibody, as CD31 (also called Platelet endothelial cell adhesion molecule-1 (PECAM-1))
is a marker present on endothelial cells such as HUVECs as we showed in figure 4.3 on page
54. The working principle of the platform is further described in the next section.
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The study is composed of three parts. First, the release of MVs from MCF7 cells was briefly
investigated and the MVs from HUVECs and MCF7 cells were compared. Second, the detection
strategy and some parameters of the assay were optimized using preliminary tests on gold
substrates. Third, a proof of concept study was run on the MR sensor platform.

Description and working principle of the MR biosensor

Biosensors have gained great interest in the biomedical field since they have been introduced
approximately 30 years ago [224, 225]. The working principle of a biosensor is that an analyte is
recognized by a bioelement (antibody, aptamer, enzyme, etc.) and the recognition event gener-
ates a signal (such as fluorescence, colorimetric or electrical) that is detected by a transducer. In
the case of the biosensor used in this study, the sensor was a magnetoresistive sensor. It detects
the presence of magnetic particles due to a change in resistance of the magnetoresistive sensor
[226, 227]. The magnetic particles bind to the target which again binds to the surface of the
sensor (sandwich type assay). Recently, this type of biosensor became popular for biomedical
applications because of the high sensitivity that they offer.

The MR biosensor used in this work was part of a portable platform that has been de-
veloped by Freitas and co-workers [228, 229]. It combines an array of spin-valve sensors, a
microfluidic system to deliver the sample and an electronic read-out system to process the sig-
nal. A detailed description of the MR sensor platform was provided by Germano et al. [228].
Spin-valve sensors are a type of MR sensor composed of several layers of ferromagnetic mate-
rial which are separated by a non-magnetic metal layer [229]. They are often used in sensing
applications because of their high sensitivity [229]. The microfluidic system allows a controlled
delivery of the liquids on the platform with a constant flow rate. Freitas et al. [229] showed
that the detection made using the microfluidic system resulted in an increase of the signal com-
pared to the same experiment but using the open-chamber. Using the microfluidic system to
introduce the sample and washing buffer can also increase the reproducibility of the measure-
ments and of the washing steps [230]. The electronic setup allows a rapid signal processing
[228].

Several applications have already proven the versatility of this MR platform, especially
regarding the types of analyte that can be detected. DNA hybridization studies [231, 232] were
performed where a detection limit as low as 15 fM could be achieved [232]. Moreover, this
platform was also used to detect larger analytes such as salmonella cells [192]. Combined with
very specific bioelements, the MR platform was able to discriminate between different viability
states of the salmonella cells. Salmonella typhimurium were also successfully detected on the
platform [193]. The detection of analyte on this platform is quantitative, rapid (40 minutes) and
highly sensitive.

Figure 6.7 shows an image of the platform as well as the detection strategy based on the
sandwich assay developed by us. The main steps required to achieve the detection of the MVs
are presented on 8.1A (page 118): 1) the functionalization of the magnetic nanoparticles (MNPs)
with a MV specific probe, 2) the immobilization of a specific probe over half of the sensors (spe-
cific sensors) and of an unspecific probe (here BSA) over the other half of the sensors (control
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Figure 6.7: The magnetoresistive (MR) biochip (A) and the detection strategy (B) Figure A
shows the portable platform and the biochip used in this study. The chip is or-
ganized in six groups of five sensors. The image was adapted from [233]. Figure
B presents the sandwich assay where antibodies against CD31 were immobilized
on the surface of the platform. MVs were incubated with magnetic nanoparticles
(MNPs) functionalized with annexin V and introduced over the surface of the sen-
sor. MV-MNP complexes were then captured by the anti-CD31 antibodies.

sensors), 3) the incubation of the functionalized MNPs with the MVs and 4) the introduction
on the chip of the MV-MNP complexes. Once on the platform, the MV-MNP complexes are
measured on the platform as follows: At the beginning (see figure 6.8A), a baseline signal is
recorded in the absence of MNPs. After introduction of the magnetically labelled targets (in
this study the MV-MNP complexes), the sensors detect the presence of magnetic particles and
the signal decreases equally over the specific and control sensors as the sample is homoge-
neously distributed over all the sensors (see figure 6.8B). After 30 min of incubation where
the MVs bind to their specific probe on the surface of the sensors, the unbound MNPs and
unbound MV-MNP complexes are washed away and the remaining signal corresponds to the
binding signal (see figure 6.8C). Ideally no MV-MNP complexes bind on the control sensors
where the signal returns to the baseline level.
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Figure 6.8: Detection steps on the MR platform. (A) Before the complexes are introduced, the
recorded signal is equal over specific and control sensors (baseline level). (B) When
MV-MNP complexes are introduced, the voltage decreases as the sensors detects
magnetic particles. (C) After incubation, the surface of the sensors is washed and
only the specifically bound MV-MNP complexes remain on the surface. The signal
increases back to the baseline level on the non-specific sensor, while the difference
between the baseline level and the signal after washing is the binding signal over
the specific sensors.
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Chapter 7

Comparison of microvesicles from
HUVECs and MCF7 cells

For this work, two different populations of MVs were prepared: endothelial MVs released from
HUVECs and epithelial MVs released from the cell line MCF7. The present chapter presents
a brief study of the release of MCF7 MVs and the comparison of the size distribution profiles
and concentrations between the HUVECs MVs and the MCF7 MVs. The HUVECs and their
released MVs were prepared as described in chapter 4 on page 45.

7.1 Material and methods

7.1.1 Materials

All chemicals were purchased from Sigma Aldrich (Germany), except if otherwise stated.

7.1.2 MCF7 cell culture and passaging

The epithelial cell line MCF7 (Michigan cancer foundation 7, ATCC, Sweden) was cultivated
in the ground medium DMEM (Dulbecco’s modified Eagle’s medium) supplemented with
10% FBS (Biowest, Denmark) and 1% Penicillin/streptomycin (Stock concentration: 10000 Units
penicillin/10 mg streptomycin per ml). 1×105 cells/ml were seeded and cultivated in a T75 cell
culture flask. MCF7 cells were passaged when approximately 70% confluency was reached.
The cell monolayer was rinsed twice with PBS. 2 ml of trypsin/ethylenediaminetetraacetic acid
(EDTA) was added to the cell medium and the cell flask was incubated for 5 min in a humidi-
fied incubator at 37°C with 5% CO2. After optical control of the cell detachment, 5 ml complete
medium was added to inhibit the trypsin. The cells were counted in a cell counting chamber
and seeded in a new cell culture flask.

7.1.3 Induction of apoptosis in MCF7 cells

1×104 cells/cm2 were seeded in a T75 cell flask. After five days of incubation, the medium was
changed with medium supplemented with 5 µM staurosporine. The change in morphology of
the MCF7 cells was observed over 24 hours with a optical microscope (phase contrast, objective:
10X, Axiovert25, Zeiss, Germany)
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7.1.4 Immunostaining of MCF7 cells

4×104 cells were seeded in the wells of a 24-well plate. The immunostaining protocol was then
performed according to the procedure described in 4.2.4 on page 48.

7.1.5 Generation, collection and characterization of microvesicles from MCF7 cells

The production and collection of MVs derived from MCF7 cells was performed as described
for the MVs derived from HUVECs in the article "Generation and characterization of cell-
derived microvesicles from HUVECs" (see section 4.2.5 on page 48). 7.5×105 MCF7 cells (den-
sity 1×104 cells/cm2) were used for each experiment. Two flasks were prepared: one for the
release of apoptotic MVs and one for the release of control MVs.

After purification, the MVs in the aliquots were analysed by NTA according to the proce-
dure described in article "Generation and characterization of cell-derived microvesicles from
HUVECs" (see section 4.2.7 on page 49).

7.2 Characterization of MCF7 cells: Results and discussion

7.2.1 Induction of the release of microvesicles from MCF7 cells

The release of MVs from MCF7 cells was activated in the same way as for the HUVECs. The
apoptosis was induced with the introduction of 5 µM staurosporine in the cell culture medium
over 24 hours. Figure 7.1 presents micrographs of the MCF7 cells treated with 5 µM stau-
rosporine (apoptotic MCF7 cells, figures 7.1A to 7.1C) and micrographs of the non-treated cells
(control MCF7 cells, figures 7.1D to 7.1F). MCF7 cells were growing in dense islands on the
bottom of the flasks. Over the 22 hours of observation, it can be seen that the monolayer of
MCF7 cells became denser when the cells were cultivated in culture medium (figure 7.1F). Af-
ter fours hours of treatment with staurosporine (figure 7.1B), we observed that the cells were
severely damaged as they had shrunk and many of them appeared to have been released from
the surface. After 22 hours, the cell monolayer was further damaged and had a lot of cell
debris (figure 7.1C). Compared to the apoptotic HUVECs (see figure 4.2 on page 53), many
more debris were still left on the surface. The morphological changes of HUVECs and MCF7
cells during staurosporine treatment were slightly different. This suggests that the MCF7 cells
reacted in a different way to staurosporine than HUVECs.

7.2.2 Immunostaining of MCF7 cells

Similar to the immunostaining presented for the HUVECs (see 4.3.2 on page 52), we verified
the expression of CD31 and CD42b on the surface of the MCF7 cells. Figure 7.2 shows the
results of the immunostaining. Three samples were prepared. In the first sample, we added
primary antibodies against CD31, in the second sample primary antibodies against CD42b and
in the third sample no primary antibody was given to the cells. The secondary antibodies
were conjugated to FITC (green signal). The imaging parameters were kept the same as for
the immnuostaining of the HUVECs presented in figure 4.3 on page 54. No green signal was
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0 hour 4 hours 22 hours

A B C

D E F

Figure 7.1: MCF7 cells undergoing apoptosis induced by staurosporine. The micrographs
were captured 4 and 22 hours after the beginning of the treatment with stau-
rosporine (figures A-C). Under staurosporine treatment, the cells detached from the
surface and cell debris could be found in the medium. Figures D-F show control
cells, which became slightly denser 22 hours after the start of the observation. The
pictures were captured with an optical microscope with phase contrast.
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A B C

Figure 7.2: Immunostaining on MCF7 cells. The epithelial cells MCF7 were double stained for
the endothelial marker CD31 (figure A) or a plaletet marker CD42b (figure B) and
DNA (blue signal). Figure C is a negative control where no primary antibody was
added. No green signal from the secondary antibody could be detected indicating
that none of the two markers were expressed on the MCF7 cells, in contrast to the
immunostaining of the HUVECs were CD31 was expressed (see figure 4.3 on page
54). The images were obtained with a confocal microscope.

detected from the secondary antibody for any of the three samples. This signifies that neither
CD31 nor CD42b were expressed on the MCF7 cells. As MVs are formed from the membrane
of the cell of origin, we expected that MVs would also be negative for those two markers, i.e.
MVs from MCF7 cells would not express CD31 or CD42b on their surfaces.

7.3 Comparison of MVs from HUVEC and MCF7 cells: Results and
discussion

The size distribution and concentration of the MVs were characterized using NTA. Figure 7.3A
presents the size distribution of a representative MVs sample from HUVECs and a representa-
tive MVs sample from MCF7 cells. MVs showed a wide size distribution with a range between
100 and 700 nm and the mean size of 286 nm (+/- 14 nm) for the MCF7 MVs and 298 nm (+/-
7 nm) for the HUVEC MVs. Due to their similar size distribution, HUVEC MVs and MCF7
MVs could not be differentiated by their sizes.

Figure 7.3B presents the MVs concentration in two representative samples. The concentra-
tion of HUVEC MVs in the MVs preparation was 1.5×1010 MVs/ml, while the concentration
of MCF7 MVs was around five times lower (2.9×109 MVs/ml). This result suggests that the
release procedure of MVs was less efficient for MCF7 cells.

7.4 Conclusion

For this proof of concept study, we needed a second population of MVs that would lack the
expression of at least one of the two markers. An epithelial cell line (MCF7) was selected and
the immunostaining assay performed on those cells showed that CD31 was not expressed on
the surface of these cells. Therefore, they constituted a good source for the second population
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Figure 7.3: Size distribution (figure A) and concentration (figure B) of the MVs from HU-
VECs and MCF7 cells. HUVEC MVs and MCF7 MVs were overlapping in size
with a mean size of 297 and 285 nm respectively. HUVEC MVs were higher concen-
trated than MCF7 MVs by a factor of 5. The graphs represent an average of three
NTA measurements of a representative sample with the error bars representing the
standard deviation.

of MVs. We showed that the MCF7 cells were also sensitive to the induction of the MV release
with 5 µM staurosporine. Moreover, the size distribution profiles of the two MV populations
were overlapping showing that a discrimination of the MVs by their size would not be possible.
For the following work of this study, all MVs used were derived from apoptotic cells.
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Chapter 8

Optimization of the detection strategy

The success of sandwich assays is dependent on many parameters such as the buffers or the
incubation temperatures. The right combination of all these parameters has to be found to
assure the specific detection of the analyte. In this chapter, we present preliminary tests that
were performed to optimize the detection strategy. Three preliminary tests were performed:
test of the pre- and post-capture strategy (test 1), test using different buffers (test 2) and test of
the magnetic labelling of the MVs at different temperatures (test 3). The reproducibility of the
optimized strategy was validated. Moreover, we investigated the effect of the buffers on the
morphology of the MVs. For all those experiments, MVs isolated from the cell supernatant of
apoptotic HUVECs were used.

8.1 Material and methods

8.1.1 Materials

All chemicals were purchased from Sigma Aldrich (Germany), except if otherwise stated.

8.1.2 Buffers

In this study, the following buffers were used:
Set 1: PB based buffers

- PB (0.205 mM NaH2PO4 · 2H2O, 1.24 mM Na2HPO4 in milliQ water, pH 7.4)

- PB-Ca (2.5 mM CaCl2 in PB)

- PB-Tween (0.05% Tween®-20 in PB)

- PB-Ca-Tween (0.05% Tween®-20 in PB-Ca)

- 1% BSA in PB (0.1 g BSA in 10 ml PB)

- 5% BSA in PB (0.5 g BSA in 10 ml PB)

- 0.1% SH-PEG (1 mg/ml SH-PEG in PB)

Set 2: HEPES based buffers
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- HEPES (10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) in milliQ
water, pH 7.4)

- HEPES-Ca (2.5 mM CaCl2 in HEPES)

- HEPES-Tween (0.05% Tween®-20 in HEPES)

- HEPES-Ca-Tween (0.05% Tween®-20 in HEPES-Ca)

- 1% BSA in HEPES (0.1 g BSA in 10 ml HEPES)

- 5% BSA in HEPES (0.5 g BSA in 10 ml HEPES)

All buffers were filtered through a syringe filter (pore size: 0.2 µm) before use.

8.1.3 Preparation of the gold substrates

Fragments (7×7 mm2) of silicon wafers coated with 3 nm chromium and 50 nm gold were used
as model surfaces for the sensor. Gold substrates were prepared as described in [192]. The gold
substrates were prepared in INL.

8.1.4 Test 1: Comparison of binding with pre- and post capture strategy

The aim of this test was to assess the efficiency of two detection strategies: the pre-capture or
the post-capture. Figure 8.1 presents a schematic overview of the two strategies with their main
steps. In this test, a specific probe, annexin V, and an unspecific probe, BSA, were immobilized
on the gold surface. Anti-CD31 antibodies were immobilized on the MNPs. The immobiliza-
tion of the probes on the gold substrate and the functionalization of the MNPs were performed
with the same procedures for both strategies. In the next paragraphs, we describe the function-
alization of the gold substrates and the MNPs, followed by the pre- and post-capture strategies.

Immobilization of the probes annexin V and BSA on gold substrates

The immobilization of the probes on the gold substrate was performed following a proce-
dure previously published in [192, 193]. Briefly, the gold substrate was placed in a UV/ozone
cleaner (Novascan Tecnologies, PSDP-UVT series, IA, USA) for 5 min at 50°C to remove rest of
photoresist and organic contaminants. The linker Sulfo-LC-SPDP (sulfosuccinimidyl 6-[3´ -(2-
pyridyldithio)-propionamido] hexanoate, Thermofischer, USA) was deposited all over the gold
substrate at a concentration of 1 mg in 500 µl PB. After 20 min incubation at room temperature
(RT) in a humid chamber, the gold substrate was rinsed with PB and milliQ water and blown
dried. Annexin V and BSA were deposited manually (droplets of 1 µl) at distinct positions on
the gold substrates. The concentration of annexin V in the droplet was 250 µg/ml. The im-
mobilization of the probes was processed for two hours at RT in a humid chamber. The excess
of probes was rinsed with PB. The remaining binding sites were blocked by incubating 0.1%
SH-PEG all over the gold substrate for 30 min at RT. The gold substrate was rinsed with PB-Ca
and kept wet with a drop of PB-Ca until further use.
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Functionalization of the MNPs with antibodies anti-CD31

2 µl of streptavidin coated Nanomag MNPs (diameter: 250 nm, Stock concentration: 4.9×108 MNP/µl,
micromod, Germany) were washed in 500 µl PB-Tween. After collection on a magnetic collec-
tor, the MNPs were incubated with 10 µg/ml anti-CD31 antibodies conjugated to biotin (clone
clone WM59, IgG1, abcam, United Kingdom) for one hour on a shaker (100 rpm) at RT. The
MNPs were washed with PB-Tween and incubated with 5% BSA in PB for 40 min at RT on a
shaker (100 rpm) to block the remaining binding sites. The addition of the surfactant Tween®-
20 helped to remove the unspecific binding. The MNPs were washed in PB-Tween and resus-
pended in PB in 2 µl.

Pre-capture detection strategy

As shown in figure 8.1, the MVs were first labelled with the functionalized MNPs prior of being
put in contact with the functionalized gold substrate. The procedure was performed as follows:
1×107 MVs were incubated with 1 µl of the functionalized MNPs in 100 µl PB for 30 min at RT
under agitation (100 rpm). The MV-MNP complexes were collected on the magnetic collector
and resuspended in 30 µl of PB-Ca. They were then deposited over the whole surface of the
functionalized gold substrate and incubated for 30 min at RT in a humid chamber. Next, the
gold substrate was then rinsed with PB-Ca, PB-Ca-Tween and milliQ water and finally blow
dried. The binding was observed in the stereomicroscope. Two replicates were prepared.

Post-capture detection strategy

In the post-capture strategy, the MVs were first incubated onto the functionalized gold sub-
strate followed with adding functionalized MNPs on the surface. 20 µl of a suspension of MVs
from HUVECs (concentration: 5×108 MVs/ml) in PB-Ca were deposited on the functionalized
gold substrate. After the 30 min of incubation, the unbound MVs were washed from the sur-
face with PB-Ca. 1 µl of anti-CD31 functionalized MNPs were diluted in 30 µl PB-Ca and then
deposited over the gold substrate. They were incubated for 30 min in a humid chamber at RT.
PB-Ca, PB-Ca-Tween and milliQ water were used to rinse the gold substrate before it was blow
dried. The binding was observed in a stereomicroscope (Nikon SMZ 1500, Portugal). Two
replicates were prepared.

8.1.5 Test 2: Comparison of the binding with different buffers

In the second test, we investigated the effect of calcium on the binding. Functionalization of
gold substrate and MNPs was performed as the described procedure in test 1 (see section 8.1.4
on page 116), whereafter the pre-capture binding strategy was used.

Two sets with two gold substrates were prepared: one set used exclusively PB (or PB-tween
when surfactant was required to remove unspecific binding) as buffer and one set was made
using PB and PB-Ca as described in the protocol of test 1. In each set, there was one gold
substrate, where the pre-capture binding strategy was performed with MVs and one excluding
MVs of the procedure (blank sample). Two replicates were made for each condition.
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Figure 8.1: Schematic overview of the pre- (A) and post-capture (B) detection strategies. In
both strategies, a specific probe (here annexin V) was immobilized on the gold sur-
face and the MNPs were functionalized with a second specific probe (here antibod-
ies against CD31) to the MVs. In pre-capture, the MVs were first incubated with
the MNPs and then captured on the gold substrate. In post-capture strategy, the
MVs were first incubated on the gold substrate and the functionalized MNPs were
then introduced on the gold substrate. Tests 1 and 2 used the probes as represented
on this picture. The pre-capture strategy used in test 3 inverted the probes, i.e.
annexin V was functionalized on the MNPs and anti-CD31 antibodies were immo-
bilized on the gold surface.
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8.1.6 Test 3: Comparison of binding at different temperatures

For this test, HEPES based buffers (set of buffers 2, see section 8.1.2 on page 115) were used.
In contrast to test 1 and 2, the gold substrate was functionalized with anti-CD31 antibodies
(specific probe) and BSA (unspecific probe), while MNPs were functionalized with annexin V
(see figure 6.7B on page 107). The pre-capture binding strategy was utilized again.

Immobilization of the probes (anti-CD31 and BSA) on the gold substrates

The immobilization procedure of the probes was performed according to the procedure de-
scribed for the test 1 in section 8.1.4 on page 116. The following changes were made to the
protocol:

- The set of buffers 2 were used, i.e. HEPES based buffer throughout the procedure.

- The specific probe was anti-CD31 antibodies (clone JC/70A, abcam, United Kingdom)
used in the 1 µl droplet at a concentration of 250 µg/ml in HEPES.

- The blocking agent was 1% BSA in HEPES.

- The gold substrate were rinsed with HEPES at the end of the procedure (no calcium).

Functionalization of the MNPs with annexin V

The functionalization of the MNPs with annexin V was performed according to the procedure
described in details in for the test 1 in section 8.1.4 on page 116. The following changes were
made to the protocol:

- The buffers used were all from the set 2, i.e. HEPES based buffers.

- The probe immobilized on the MNPs was annexin V-biotin, used at a concentration of
1 ng/ml

- After functionalization and blocking, the MNPs were resuspended in 2 µl HEPES-Ca

Pre-capture binding strategy at different temperatures

For this test 3, the pre-capture strategy was used. This was performed as described for the test
1 in section 8.1.4 on page 116. The following changes were made to the protocol:

- The MVs and functionalized MNPs were incubated in HEPES-Ca.

- Three sets of gold substrates were prepared: for one set, the MVs and MNPs were in-
cubated in the fridge (approximately 4-8°C), for the second set the incubation was at RT
(approximately 20°C) and for the third set, the incubation was at 37°C. Each set contained
two gold substrates: One MV sample (i.e. with MV-MNP complexes) and a blank sample
(i.e. incubation of the MNPs without MV).

- After the incubation of the MV-MNP complexes on the gold substrate, the rinsing was
done wtih HEPES-Ca, HEPES-Ca-Tween and milliQ water.
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8.1.7 Image analysis

The binding on the gold substrates was evaluated by a semi-quantitative method using the
software ImageJ (National Institute of Health, USA) on the image captured by the stereomi-
croscope. Each image was converted to 8bit grey scale. The average grey value of three areas
outside of the spots (positions functionalized with a probe) was determined. This value consti-
tuted the background and was subtracted from the grey values of the entire image (background
subtraction). A threshold was fixed to discriminate the the grey values corresponding to bound
magnetic particles. The area around the spots was delimited. Using the plugin "Analyse Parti-
cles" from the software ImageJ, the surface coverage in each spot was calculated.

8.1.8 Statistical analysis

Statistical analysis was performed on independent samples. It was verified that the populations
are normally distributed with a Kolmogorov-Smirnov test (p<0.05). The comparison of the
means was performed with a Welch t-test. If p<0.05, the means were considered significantly
different. The data representation and statistical testing were performed with the software
OriginPro 9.0.0 (OriginLab, USA).

8.1.9 Influence of the buffers on the size distribution profile of the MVs

MVs derived from HUVECs were diluted in HEPES-Ca buffer. The size distribution and con-
centration of the MVs was measured by NTA according to the protocol reported in section 4.2.7
on page 49. The measurement was repeated at regular intervals during two hours, which were
the maximum time for the MV detection.

8.2 Preliminary detection tests on gold substrates: Results and dis-
cussion

The success of sandwich assays is dependent on many parameters that have to be optimized
to assure the specificity and selectivity of the assay. In this study, we performed optimization
tests to investigate certain parameters and to determine the best detection strategy for the ap-
plication of the platform. Similar studies were also used by Fernandes et al. [192] to investigate
the binding for their application. We used fragments of silicon wafers coated with 50 nm gold
as a model of the sensor surface. For those simulation tests, the functionalization of the MNPs
and of the surface was conducted like for the experiments on the platform. The main difference
concerned the read-out of the assay, which was only semi-quantitative on the gold substrates.
After washing and drying, the MNPs that were bound to the gold surface appeared with a
white spot as shown in figure 8.2. The semi-quantitative analysis was performed by evaluating
the surface coverage over the spot after defining a threshold of the grey value corresponding
to coverage. Although the above mentioned method was less precise and more prone to assay-
to-assay variations as compared to the platform, this method is a rapid and simplified method
for evaluating binding conditions to yield better results.
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Figure 8.2: Analysis of the pre- and post-capture strategies on gold substrates. Figures A to D
show representative spots on the gold substrates after the pre- (figures A and C) and
post-capture (figures B and D) detection strategies of HUVECs MVs. White traces
indicate the binding of the MV-MNP complexes. Strong binding was found on the
spots functionalized with the specific probe annexin V. Some unspecific binding was
seen on the spots functionalized with BSA. (Scale bar = 500 µm). The binding was
quantified (figure E) and the tendency was that the pre-capture strategy resulted
in a stronger binding. The average and standard deviation of two replicates are
presented.

8.2.1 Test 1: Comparison of binding with pre- and post-capture strategy

The pre- and post-capture strategies are two different ways of performing the assay. Figure
8.1 shows a schematic overview of the main steps. The main difference lies in introduction of
the MVs in the assay. In post-capture, MVs are first incubated onto the functionalized surface
whereafter functionalized MNPs are introduced. In the pre-capture strategy, the MVs and func-
tionalized MNPs are first mixed and then the resulting MV-MNP complexes are introduced on
the functionalized surface. Figure 8.2 shows the results of the assay. On the control spot with
BSA, the effective binding was < 5%, which can be regarded as negligible. On the specific spot,
the surface coverage was relatively homogeneous with the pre-capture strategy (figure 8.2A).
For the post-capture strategy, half of the spot was covered by MNPs that also reached beyond
the spot borders (figure 8.2B). Those corresponded to MNPs that dried on the surface during
the washing procedure. This part was not considered for the evaluation of the coverage. Anal-
ysis of the surface coverage showed that the pre-capture strategy had a tendency towards a
higher surface coverage than the post-capture strategy (approximately 15% difference, figure
8.2E). For all the further experiments, the pre-capture strategy was therefore chosen. This strat-
egy is also advantageous as the labelling of the MVs with the magnetic particles occurs out
of the chip, therefore the target MVs can be up-concentrated and contaminants (other MVs,
cell debris, proteins, protein aggregates) can be efficiently removed during the washing and
collection processes of the MV-MNP complexes.
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8.2.2 Test 2: Comparison of binding in different buffers

The aim of the second detection test was to investigate the influence of calcium on the bind-
ing. Therefore, we tested the binding under the use of the phosphate buffer with and without
calcium. Table 8.1 summarizes the findings. When using calcium free buffer no binding was
observed. Conversely, in the case of buffer with calcium, binding was found both on the sample
incubated with MV-MNP complexes and on the blank sample. This shows that the addition of
calcium was necessary to achieve the binding between annexin V and phosphatidylserine. This
is in agreement with literature since the binding of annexin V to phosphatidylserine is reported
to be calcium dependent [234, 235]. We attributed the unspecific binding on the blank sample
to the reaction between phosphate ions and the calcium ions that creates solid precipitates.

Similar issues have been analysed by Larson et al. [179] with flow cytometry. They added
fluorescently labelled probes such as annexin V to calcium-phosphate microprecipitates and
showed that the fluorescence signal increased with an increasing calcium concentration in
PBS. They concluded that the calcium-phophosphate microprecipitates gave a signal that over-
lapped with the signal from the MVs which led to false results. Therefore we used HEPES
based buffer instead of the PB buffer for the further experiments. To avoid the corrosion of the
sensors, we used sodium chloride free buffers [230].

Table 8.1: Binding in different buffers. The binding of MV-MNP complexes was reported
for the specific (annexin V) and non-specific probe (BSA) for a blank sample and a
sample with 1x108 MVs/ml, when the MVs and MNPs were incubated with PB or
PB-Ca. Without calcium, no binding was found, while with calcium in the phosphate
buffer, binding was found on the gold substrate with MV-MNP complexes as well as
on the blank sample (no MV).

PB PB-Ca
MVs No binding Binding
Blank No binding Binding

8.2.3 Test 3: Comparison of binding at different temperatures

The binding temperature of a probe to its target is an important parameter to assure an ef-
ficient binding while avoiding unspecific binding. Annexin V is a probe that binds to phos-
phatidylserine in the presence of calcium ions. Different reports recommend different incuba-
tion temperatures of annexin V with the target. For example, the material sheet of the apoptosis
kit based on annexin V and propidium iodide (BD pharmingen, USA) that was used in the ex-
periment reported in figure 4.2 (page 53) recommended incubating the cells with annexin V at
room temperature [236]. Göhner et al. [141] developed an assay where extracellular vesicles
were captured by annexin V on the surface at room temperature. The material data sheet of
annexin V MicroBead kit (Miltenyi Biotech, Germany) recommended to incubate cells with an-
nexin V labelled magnetic particles between 2 and 8°C to avoid unspecific binding [237]. Tong
et al. [238] showed that the incubation of jurkat cells with annexin V at 37°C gave the highest
signal for a annexin V based biosensor.
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Figure 8.3: Incubation of MVs with MNPs at different temperatures. MVs were incubated
with the annexin V functionalized MNPs at three different temperatures (fridge
(approximately 4 to 8°C), RT (approximately 20°C) and 37°C). The surface coverage
was evaluated over the spot where anti-CD31 antibodies had been immobilized.
The higher the incubation temperature was, the higher the surface coverage was
but also the unspecific binding of a blank sample increased with the increasing in-
cubation temperature. The values are the average and the standard deviation of
two replicates (except for the blank sample at RT, and both samples at 37°C).

Considering the different protocols available in the literature, we investigated the incuba-
tion of the MVs with the functionalized MNPs at three different temperatures: fridge tempera-
ture, RT, and 37°C for a sample with MVs and a blank sample (no MV). Using the pre-capture
strategy enabled us to easily incubate the MVs with the MNPs at different temperatures. Fig-
ure 8.3 shows the results of the surface coverage over the anti-CD31 spot. The tendency was
that the surface coverage increased with an increasing incubation temperature. After incuba-
tion in the fridge, the surface coverage of the MV-MNP complexes was approximately 40%, at
RT 60% and at 37°C, nearly 100%. The unspecific binding also increased with the increase of
the incubation temperature (from 30 to 56%). Incubation in the fridge was excluded for fur-
ther experiments as the difference between the MV sample and the blank sample was only 1.4
fold. Finally, RT and 37°C were chosen for further experiments since they showed promising
binding results with significant differences between MV and blank sample. Compared to test
1 (see figure 8.2), the surface coverage of the MVs sample was slightly lower in this experi-
ment. This was probably due to the change in buffer (HEPES buffer instead of PB) and to the
washing procedure which was performed manually and therefore difficult to reproduce from
one experiment to another. The reproducibility of binding tests on the gold substrates could be
improved by implementing a more automatised washing procedure for example by enclosing
the gold substrate in a simple flow device subjected to a constant flow rate.

Since HEPES based buffer is different from the buffer used for the isolation of the MVs,
i.e. PBS, the stability of the MVs in HEPES-Ca was analysed for the duration of the assay (two
hours) and compared to the incubation of MVs in PBS. MVs from HUVECs were incubated in
PBS and HEPES-Ca. The size of the MVs was measured by NTA. Figure 8.4 presents the size
distribution of the MVs incubated in PBS and HEPES-Ca for two hours. For both buffers, the
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Figure 8.4: Influences of the buffers on the size of the MVs. MVs from HUVECs were incu-
bated in PBS (figure A) or HEPES-Ca (figure B) for two hours, the maximum time
required to perform the detection on the MR biosensor. The size distribution was
measured by NTA at the beginning of the incubation (t = 0 min) and after two hours
(t = 120 min). Incubation in the buffers did not affect the size distribution of the
MVs. The graphs represent an average of three measurements of a representative
sample. The error bars represent the standard deviation.

size distributions at t = 0 min and t = 120 min overlapped. The mode diameter at t = 0 min were
around 210 nm in PBS (figure 8.4A) and around 188 nm in HEPES-Ca (figure 8.4B). After two
hours of incubation, the mode diameter was around 193 nm in PBS (figure 8.4A) and around
204 nm in HEPES-Ca (figure 8.4B). These negligibly small size differences indicated that this
buffer was suitable for the MV detection in this sandwich assay.

8.2.4 Final validation of the optimized binding strategy on gold substrates

Using the protocol established for the test 3, eight independent experiments were performed
and the coverage density was evaluated for each of these experiments. This is reported in figure
8.5. The coverage density reached 69% for the specific probe while it was around 2% over the
unspecific probe. For the blank sample, the coverage density was below 9% both on the specific
and unspecific probe. This indicated that the pre-capture binding strategy with HEPES based
buffer at RT was valid and reproducible.

8.3 Conclusion

In this part of the work, preliminary steps leading to the detection of MVs on the MR biosensor
were investigated.

Preliminary tests on gold substrates were performed to optimize some parameters of the
detection assay. We determined that the pre-capture binding strategy was more efficient than
the post-capture strategy. We conclude that the combination of phosphate buffer and calcium
ions was not adequate for these experiments. We have chosen HEPES-Ca buffer for the assay.
Furthermore, we could prove that this buffer did not affect the stability of the MVs for at least
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Figure 8.5: Validation of the binding strategy on gold substrates. Magnetically labelled HU-
VEC MVs and a blank sample (no MVs) were incubated on a Au substrate func-
tionalized a two different spots respectively with a specific probe (anti-CD31) and
a non specific probe (BSA). Figures A-D show representative pictures of the spots.
The white spot was the MNPs specifically captured on the surface. It is only visible
at the position functionalized with anti-CD31 antibodies for the sample with MVs.
On the other samples, no binding of MV-MNP complexes can be seen. The images
were captured with a stereomicroscope. (Scale bar = 500 µm.) The coverage density
of the spots was evaluated for eight independent samples (figure (E)). On the spe-
cific probe spot, the incubation with magnetically labelled HUVEC MVs reached a
high coverage (up to 69%) while on the other spots the coverage was less than 9%.
The difference of means between specific and non specific probe was statistically
significant (with *: p < 0.05 and ***: p < 0.001, Welch t-test).
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two hours, which was the maximum required time for the assay. The test of the incubation tem-
peratures of MVs with functionalized MNPs showed that room temperature and 37°C enabled
a good binding on the gold substrates. At RT, the binding strategy was validated over eight
independent experiments. Those preliminary tests constituted the pavement for the further
tests on the MR platform.
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Chapter 9

Detection of the MVs on a
magnetoresistive biosensor

Having analysed the different detection parameters, we used the best conditions to perform the
MV detection on the MR sensor platform. It means that the detection was performed according
to the pre-capture binding strategy (main steps are shown in figure 8.1A on page 118), using
the buffers based on HEPES. Two incubation temperatures for the binding of the MVs to the
functionalized MNPs were tested: RT and 37°C. We tested the detection on the MR platform
with HUVEC MVs and MCF7 MVs. Those experiments were built up as a proof of concept
study to investigate if the MR sensors were able to discriminate between MVs coming from
different cell lines. From the immunostaining of the MCF7 cells, we know that CD31 was not
expressed on the MCF7 cells (see figure 7.2 on page 112). Therefore we expected that the MVs
from MCF7 cells would not be able to bind to the surface of the sensors functionzalized with
anti-CD31 antibodies.

9.1 Material and methods

9.1.1 Buffers used in this study

The buffers used in this study were all HEPES based buffers. We used 10 mM HEPES, HEPES-
Ca, HEPES-Tween, HEPES-Ca-Tween, 5% BSA in HEPES and 1% BSA in HEPES. The precise
composition of the buffers is described in section 8.1.2 on page 115.

9.1.2 MVs used in this study

MVs were derived from apoptotic HUVECs and MCF7 cells and isolated from the cell super-
natant according to the protocols described in section 4.2.5 on page 48 and in section 7.1.5 on
page 110.

9.1.3 MV detection on the MR platform

As the MR platform detects magnetic labels, it was necessary to bind MNPs to the MVs.
MNPs were labelled with annexin V and the MVs were bound to the MNPs through the phos-
phatidylserine (present on the surface of the MVs) to annexin V interaction. The detailled

127



Chapter 9. Detection of the MVs on a magnetoresistive biosensor

protocol for the magnetic labelling of the MVs is described in section 8.1.6 on page 119. After
labelling, the MV-MNP complexes were resuspended in 5 µl HEPES-Ca.

The MR biochips were provided by INESC-MN. The microfabrication of the MR biochips is
presented in details in [232]. The MR biochips are composed of 30 spin valves sensors. Those
sensors are organized in two distinct regions of 15 sensors. On one region of sensors, the
specific probe, anti-CD31 antibodies, was immobilized (specific sensors), while on the second
region, the unspecific probe, 5% BSA, was immobilized on the sensors (control sensors). The
immobilization procedure is described in details in section 8.1.6 on page 119. 1 µl of probe was
used to cover all the sensors of one region.

After immobilization of the probes, the MR biochip was introduced in the portable plat-
form. The microfluidic system (channel made in polydimethylsiloxane (PDMS) and tubing
connected to a syringe pump) was set up over the sensors and the MV-MNP complexes were
introduced into the tubing with a syringe pump (New Era Pump Systems, INC, USA) at a flow
rate of 5 µl/min. The sensors were biased with a current of 1 mA and an external DC+AC mag-
netic field of 3 mT and 1.35 mTrms, respectively, was applied. The voltage on the sensors was
recorded over the time of the experiment. A baseline voltage was recorded for 10 min when
the channel (total volume: 0.5 µl) was filled with the buffer HEEPES-Ca. The channel was then
filled with MV-MNP complexes at a flow rate of 0.5 to 1 µl/min. The MV-MNP complexes were
allowed to bind to the functionalized sensors for 30 min. The surface of the sensors was then
rinsed with HEPES-Ca-Tween. The sensors have different baseline voltages due to variations in
the microstructures. Therefore, a normalization of the binding signal was required to compare
different sensors. The normalized binding signal was calculated as follow:

∆Vbinding

Vbaseline
=

Vbaseline − Vbinding

Vbaseline
(9.1)

i.e. the binding signal after washing (Vbinding) subtracted to the baseline signal of the sensor
(Vbaseline) and normalized over the baseline signal of the sensor (Vbaseline). This normalized
binding signal is proportional to the number of MNPs bound to the surface [192, 193]. The
signal to noise ratio was approximately 50. The data were represented as the mean value with
the standard deviation of the different sensors.

9.2 Results

The MV detection was performed on the MR platform with a MV concentration of 1×108 MVs/ml.
The voltage at the sensors was recorded during the whole time of the assay. Figures 9.1A and
9.1B present a representative signal with HUVEC MVs of a specific and control sensor respec-
tively. The time course was explained in figure 6.8 on page 108. A difference between the
baseline signal and binding signal was only measured on the specific sensor.

The surfaces of the sensors were imaged after the assay. Figures 9.1C and 9.1D show micro-
graphs of specific sensors and control sensors respectively. The black dots corresponded to the
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Figure 9.1: MVs detected on the MR platform Figures A and B present the MR sensor sig-
nal over the time for a specific sensor (figure A) and a control sensor (figure B). A
baseline was first recorded. Then at the introduction of the MV-MNP complexes
the signal decreased. After 30 min of incubation, the channel was washed and the
unbound MNPs and MV-MNP complexes were removed. The signal on the control
sensors (figure B) returned to the baseline level, while on the specific sensors (figure
A), the difference between the signal after washing and the baseline signal was the
binding signal. Figures C and D are microscopy images of specific (figure C) and
control sensors (figure D) after the assay. Black dots representative for the MNPs
could only be found on the specific sensors.

MNPs bound to the surface. It is clearly visible that the density was higher on the specific sen-
sors than on the control sensors. Black dots were quasi absent from the surface of the control
sensors.

The MV detection on the MR platform was performed with two types of MVs (HUVECs
MVs and MCF7 MVs) and at two different temperatures for the incubation of the MVs with the
functionalized MNPs (RT and 37°C). Figure 9.2 presents the normalized binding signal for the
four different tested conditions. MVs from the endothelial cells HUVECs lead to a normalized
binding signal of 0.041 at 37°C and of 0.028 at RT. MVs from the epithelial cells MCF7 showed
a lower normalized binding signal (0.0076 at 37°C and 0.0051 at RT). At 37°C, the HUVEC MV
signal was 5.4 higher than the MCF7 MV signal, and 5.6 higher at RT. The black line represents
the highest normalized binding signal measured on the control sensors. This signal was never
above 0.003.
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Figure 9.2: Normalized binding signal on the MR sensor. The MV detection assay was per-

formed with MVs from HUVECs and MCF7 cells. The signals from the HUVEC
MVs were approximately 5.5 times higher than the signal of the MCF7 signal. The
error bars represents the standard deviation of at least four independent sensors.
The horizontal black line represents the highest signal measured at the control sen-
sors.

9.3 Discussion

The aim of this study was to present the possibility of detecting MVs from a defined cell type
on a MR biochip. The use of MVs isolated from a cell line allowed us to control the number and
origin of the MVs and therefore the surface markers present on the MVs. The detection strategy
was designed to detect MVs positive for annexin V and CD31. This marker combination was
used in clinically relevant cases [239, 240].

On the MR sensors, we could detect an approximately 5.5 times higher signal with the MVs
derived from HUVECs than with the MVs from MCF7 cells. The signal obtained with the MVs
derived from MCF7 cells was at the level of the signal on the control sensors. As epithelial cells
do not express the marker CD31 (see immunostaining assay figure 7.2 on page 112), this shows
that the MR biochip detected only MVs positive for both markers (annexin V and anti-CD31
antibodies).

Two incubation temperatures were investigated for the capture of MVs on the MNPs. How-
ever, we did not observe large differences. It could be that the increase in temperature does not
increase the binding efficiency or that the binding efficiency is increased during the capture
steps. But as the following steps (washing and measurement on the platform) are performed
at RT, the weakly bound MVs would be released again from the MNPs when the temperature
decreases.

In this sandwich type assay, the probes annexin V and anti-CD31 antibodies were proven
to be suitable markers to discriminate between MVs from HUVECs and MVs from MCF7 cells
because of the lack of CD31 on the surface of the MCF7 MVs. However, not all MVs express
phosphatidylserine and therefore not all MVs bind to annexin V [36, 38]. As an alternative, CD9
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[51] or CD81 [241] have been proposed as markers present on most EVs. Its use could therefore
allow to capture a more complete MV population. CD31 is also not an exclusive marker for
endothelial MVs as it is also for example expressed on the surface of platelet MVs [66]. CD144
for instance is a marker described as highly specific for endothelial MVs [189] and it could be
therefore considered in this assay to very specifically detect only endothelial MVs.

The MVs concentration used (1×108 MVs/ml) in the assay was chosen within the dynamic
range of MVs in body fluids (106 to 1011 /ml) as reported in the theoretical part of the thesis
(see section 2.1 on page 7). This shows that the MR sensor could be used with clinical sam-
ples. Further work will include the investigation of dynamic range of the sensor to determine
the lowest and highest MV concentration that can be detected on the MR biochip, with MVs
isolated in buffers as well as directly from body fluids.

Further optimization of the detection of MVs on the MR platform should also include the
investigation of the MVs to MNPs ratio. Imaging of the MV-MNP complexes using for instance
TEM could reveal how many MVs bind to one MNPs. Further studies could focus on the
influence of different ratios of MVs to MNPs on the binding signal. Moreover, it could be
investigated if the detection is possible directly from body fluids in order to reduce the overall
duration of the MV detection and to avoid artefacts from the MV isolation.

9.4 Conclusion

In conclusion, these experiments proved that the MR platform was able to detect MVs and to
discriminate between MVs isolated from the endothelial cell HUVEC and MVs isolated from
the epithelial cells MCF7. The detection was specific according to the surface markers of the
MVs. It was performed within 40 min and the platform was sensitive for a physiologically
relevant MV concentration. Further work will expand the possibilities of the MR platform for
MV detection.
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Conclusion

In this part of the thesis, we proposed a solution for a specific and rapid MV detection methods.
For this purpose, we used a magnetoresistive (MR) biosensor adapted to a portable platform.
The detection of the MVs was performed in a sandwich type assay using two distinct probes.

In the first part, we showed that MVs derived from HUVECs and from MCF7 cells dis-
played a similar size distribution. In the second part, several studies were conducted to op-
timize the binding strategy investigating different steps for magnetic labelling of the MVs,
different buffers and incubation temperatures on gold substrates that mimicked the surface
of the sensors. Finally, proof of concept detection was performed on the MR platform. The
experiments showed that the MR platform is a suitable tool to detect MVs.

The platform presented the advantages of a rapid, specific and sensitive detection. More-
over, the organization of the biochip gives the possibility of a simultaneous detection of MVs
from different cell types. Each group of sensors could be functionalized with markers specific
for different populations of MVs. In further studies the feasibility of this multiplex detection
will be investigated. This will give the possibility of determining the MVs profile in patient
samples. After identification of the proper MVs and their corresponding markers, the MR
biochip could be used as complementary diagnostic system.

Further, the MR biochip can be adapted to other types of analytes by changing the probes.
Therefore other types of extracellular vesicles such as exosomes could also be envisaged to be
quantified by this system.
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Part V

General conclusion and outlook
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The aim of this project was to explore the potential of new isolation and characterization
methods for MVs to overcome the limitation of the conventional methods.

In the first part, we aimed to obtain a well characterized population of MVs, which could
be generated in a reproducible way for use as test population for further investigation and
development of new microvesicle related techniques.

MVs were isolated from the cell culture supernatant of apoptotic endothelial cells (HU-
VECs). After a conventional isolation using differential high speed centrifugation, the size of
the MVs was characterized by AFM and NTA. We found that the main MV population had a
diameter around 150 nm. The size distribution obtained by NTA was slightly larger than the
one obtained by AFM. We concluded that the apoptotic HUVEC produced approximately three
times more MVs than the control cells. An MV array was developed for the characterization
of the surface markers. This array accurately showed that endothelial surface markers CD31
and CD146 were expressed on the MVs derived from HUVECs while a platelet marker was not
present. Further development could give the possibility to characterize the phenotype of MV
population along with the size distribution of these MVs.

Using a cell line to generate MVs allowed us to obtain a population of MVs from a single
type of cells, in contrast to MVs isolated from body fluids which always contain MVs derived
from many different types of cells. MV populations derived from single cell lines are therefore
very useful tools to test new analysis methods. The protocol that we developed in this work
proved to be very reproducible. The MV concentration was reproducible within a range of
20%. Moreover, we could study the complete system around the MVs and their release. There-
fore we obtained a relevant model system of MVs. Further characterization of this population
could include an evaluation of possible contamination by other types of EVs or from protein
aggregates that might be co-isolated with the HUVEC MVs.

The goal of the second part of the thesis was to develop a microfluidic device for the purifi-
cation of MVs in a simple, easy to use system to overcome the obstacles of the MVs isolation
via differential centrifugation.

For this purpose, we developed an H-filter which is a microfluidic device separating an-
alytes by diffusion. First we performed analytical calculations to determine the parameters
required for the device. With these parameters, finite element simulation has been used for
verifying the output concentrations. Based on these results, a H-filter device has been de-
signed and tested with these samples. The results from the experimental work were in good
agreement with the simulation results. Particles with a diameter in the range of 1 µm to 50 nm
were all collected with an efficiency of 80 to 90%. Protein contamination was removed to an
approximately 25% efficiency within 1.5 hour for 200 µl sample. The recovery of the MVs was
around 60% in the H-filter while it was only 30% after high speed centrifugation. This sug-
gested that the H-filter is better for collecting the MVs than the centrifugation. The small size
of the channel enables the use of small volume of sample (< 100 µl) which is attractive for
the purification of MVs from body fluids, where only small volumes are available. A main
advantage of the device is that no strong forces are applied on the MVs, thus the risk of MV
aggregation or fusion during the isolation process is highly reduced.
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In our experiments, the samples were analysed after one diffusion cycle through the H-
filter. A more effective removal of the contamination could be achieved with several consec-
utive cycles. Further optimization of the device could allow the automation of the sample
purification. The integration of electrodes to maintain all MVs in the sample stream via dielec-
tric forces could be envisaged, though compromising the simplicity of the device. For use in
the biomedical field, further development of the system is necessary with integration of the
pumping system and sample loading and collection on the same platform. Further testing and
optimization of the separation precision could establish the H-filter as a suitable alternative to
conventional isolation methods.

In the third part, our aim was to develop the rapid and selective detection of MVs on a
magnetoresistive (MR) biosensor.

We conducted a proof of concept study to demonstrate the potential of this biosensor. The
method was based on a sandwich assay with the probes annexin V and anti-CD31 antibodies.
Optimization studies were perfomed to determine the best parameters for the assay. We used
MVs from HUVECs expressing both phosphatidylserine and CD31 and MVs from MCF7 lack-
ing the expression of CD31. THE HUVEC MVs generated a high signal while the MCF7 MVs
resulted in a significantly lower response on the similar level as the unspecific binding. This
proved that the MR biosensor was able to discriminate between the two types of MVs. We
showed that the detection was working at a physiologically relevant MV concentration.

The advantages of this platform are i) that the detection occurs only based on the surface
markers independently of the heterogeneous size of the MVs and ii) that the signal from this
biosensor is quantitative. Although this sensor is very promising, several parameters of the
assay need to be analysed and optimized such as the ratio of magnetic beads to the number
of MVs and the size of the magnetic beads compared to the MVs and the dynamic detection
range of the sensor. The configuration of this biosensor would allow a multiplex detection of
different subpopulations of MVs that could be quantified simultaneously. This would be very
interesting to measure the profile of MVs in different samples.

In conclusion, the young but very active research field of MVs is moving fast forward eluci-
dating new relations between MVs and disease states. The lack of appropriate preparative and
analytical methods still hampers the clinical use of MVs for diagnosis. Great efforts are made
by many research groups all around the world to improve methods and agree on standardized
procedures. We think that this work could be a further step towards new highly appropriate
methods for MV research in the perspective of efficient and non-invasive early diagnosis.
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Appendix A

Additional data

A.1 Calibration curve for the ELISA assay for the measurement of
the CD31 concentration

To measure the expression of CD31 on the surface of the MVs, an ELISA assay was performed.
This appendix presents the standard curve obtained for this measurement. The CD31 measure-
ment was presented in the article 1 (see chapter 4 on page 45).

A.1.1 Material and methods

We used a one-step ELISA kit (Abcam, United Kingdom). A standard curve was measured
between the concentrations of 4.4 and 50 ng/ml CD31 according to the manufacturer’s instruc-
tions.

A.1.2 Results

Figure A.1 shows the standard curve for the different concentrations related to the OD450 cor-
rected for the blank value. The linear region was limited to the concentrations 4.4 to 22.2 ng/ml
CD31 and the corresponding OD450 0.27 to 2.17. The standard curve was fitted with a linear fit
to obtain the regression equation used for the samples.

A.2 Measurement of 100 nm polystyrene beads with NTA

The performances of the NTA were verified by the measurement of polystyrene beads of 100 nm
in diameter.

A.2.1 Material and methods

Fluoresbrite polystyrene beads of 100 nm in diameter (Polysciences, Inc., USA) were diluted
in milliQ water with a dilution factor 105. The stock concentration was 2.6% solid which
corresponds to 4.73×1013 beads/ml. The beads suspension was measured by NTA (LM10,
Nanosight, United Kingdom) with a camera level of 11 and a threshold of 4. Three videos
of 60 s were recorded.
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Figure A.1: Standard curve of ELISA assay for the measurement of the CD31 concentration
on MVs A CD31 standard was measured between the concentrations of 4.4 and
50 ng/ml. The standard curve was fitted by a linear fit in the linear region, i.e.
between 4.4 and 22.2 ng/ml. The linear fit and the corresponding equation are
displayed on the figure.
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Figure A.2: NTA measurement of 100 nm beads The size distribution shows a main peak
around 109 nm.

A.2.2 Results and discussion

Figure A.2 shows the size distribution of a sample of latex beads of 100 nm in diameter mea-
sured by NTA. The mean of the three measurements was 124 nm (SD +/- 12.4) and the modes
were 116, 103 and 108 nm respectively. The mean concentration was 8.8×108 beads/ml. This
was approximately 1.86 times higher than expected.

Due to the difference in refractive indexes between polystyrene beads (1.59-1.60 [63]) and
MVs (1.37 [125]) the calibration for the concentration measurement is hampered. A measure-
ment of silica beads would be more appropriate.

A.3 Calibration curves for the measurements of concentration of the
polystyrene beads and the IgG

For the development of the H-filter, fluorescently polystyrene beads and IgG antibodies conju-
gated to FITC were used as representative samples. To measure their concentration after sorting
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through the H-filter, it was required to measure a calibration curve to relate the concentration
and the fluorescent intensity of each type of analyte.

A.3.1 Material and methods

Dilution series of the Fluoresbrite polystyrene beads (1 µm, 100 and 50 nm, Polysciences, Inc.,
USA) and of the Anti Rabbit IgG, FITC conjugated (from goat, Sigma Aldrich, Germany) were
prepared in PBS with dilution steps of 10. 100 µl of each solutions were dispensed in the wells
of a 96 black well plate (flat bottom). Each dilution step was measured in triplicate. The flu-
orescence intensity was measured with a plate reader (excitation: 485 nm, emission: 535 nm,
exposure time: 0.1 s). A blank (PBS) was measured. The corrected fluorescence intensity (flu-
orescence intensity of the blank subtracted from the fluorescence intensity) was represented
over the concentration. After identification of the linear range, a linear fit was calculated using
the software OriginPro 9 (OriginLab, USA).

A.3.2 Results

Figure A.3 shows the calibration curves for the fluorescently labelled polystyrene beads with
a diameter of 1 µm (figure A.3D), 100 nm (figure A.3C) and 50 nm (figure A.3B), as well as for
the FITC conjugated IgG (figure A.3A). In the insets, we show the measurements of the small
concentrations. When the concentration is too low the relation between fluorescence intensity
and concentration is not linear anymore and the particle concentration cannot be measured
properly with this technique. For each analyte the lowest measurable concentration was the
lowest concentration of the linear range. The linear fit was calculated only for the particle
concentration within the linear range. Table A.1 reports the lowest measurable concentration
and the linear regression equation for each analyte.

A.4 Calibration curve for the measurement of the NaCl concentra-
tion

The concentration of NaCl diluted in water correlates to the conductivity of the solution. To
measure the concentration of the NaCl solutions after sorting throught the filter, we established
a calibration curve relating the conductivity to the concentration of NaCl solutions using a
home-made conductimeter developed by Julie Kirkegaard.

A.4.1 Material and methods

A chamber for liquid was cut in a PMMA plate using a CO2 laser ( Epilog Mini 18, Epilog Laser,
USA). The dimensions of the chamber were 8x5 mm2 and 5 mm deep (total volume: 200 µl).
Using double sided tape, it was assembled onto a flat PMMA plate and adhesive conductive
tape was fixed on the shorter edges of the chamber. The conductive tape was connected to
a potentiostat (IM6, Zahner-elektrik, Germany) via crocodile clamps. Figure A.4A shows a
photograph of the conductimeter. A 1% NaCl (Sigma Aldrich, Germany) solution was prepared
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Figure A.3: Calibration curves for the measurement of the beads concentration via fluores-
cence. Dilution series of the fluorescent polysterene beads were prepared and the
fluorescence of each suspension was measured. The linear range was determined
and a linear fit was applied. The equations of the linear fit are presented in table
A.1.
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Figure A.4: Conductimeter (figure A) Two chambers (volumes respectively 300 and 200 µl)
were cut in a PMMA plate. Adhesive conductive tape was fixed at the shorter edges
and was connected to the potentiostat through crocodile clamps. NaCl calibration
curve (figure B

in milliQ water. Five dilution steps in milliQ water were made. The resistance (R in Ohm)
of each solution was measured with the potentiostat and the conductivity (σ in mS/cm) was
calculated according to the following formula:

σ =
length of chamber
R × width × depth

(A.1)

A linear fit was calculated (OriginPro 9, OriginLab, USA).

A.4.2 Results

Figure A.4B shows the calibration curve of the NaCl concentration over the conductivity. The
conductivity increased linearly with the NaCl concentration in the range of 1% to 0.1% NaCl in
milliQ water. A linear fit was calculated and the regression equation is reported in table A.1.
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Table A.1: Equations of calibration for the fluorescently labelled particles, the IgG (FITC
conjugated) and NaCl. The measurements of dilution series were fitted with
a linear fit. For the fluorescence measurements, the intercept was fixed to 0.
The table presents the equations of regression with the general formula FI =

slope × Concentration with FI the corrected fluorescence intensity, and for NaCl
σ = slope × Concentration + intercept with σ the conductivity in mS/cm.

Analyte slope intercept R2 lowest concentration detectable

NaCl 1.74 0.42 0.99953 1%
IgG 3.77E6 0 0.99987 1×10−6 mg/ml

50 nm particles 2.28e-8 0 0.99993 3.78×108 particles/ml
100 nm particles 1.28e-7 0 0.99998 4.73×108 particles/ml

1 µm particles 4.61e-4 0 0.99991 4.73×105 particles/ml
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Manuscripts

B.1 Article 1: Generation and characterization of cell-derived mi-
crovesicles from HUVECs

This is the original manuscript that has been submitted for publication in International Journal
of Molecular Sciences, special issue "Focus on extracellular vesicles".
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Abstract: Background and aim: Microvesicles (MV) have gained a large interest in the biomedical1

field as novel diagnostics biomarkers. However MV research is still impaired by the lack of2

standardization of the analysis methods. In this study, our goals were to develop a method for the3

reproducible generation MV population from cell culture as a tool for standardization and validation4

of novel analysis methods, compare the sizing of MV by atomic force microscopy (AFM) and5

nanoparticle tracking analysis (NTA) and develop an MV array allowing the sizing and phenotyping6

of MV simultaneously.7

Methods: MV were isolated from apoptotic Human Umbilical Vein Endothelial Cells (HUVECs) by8

high speed centrifugation. Size and concentration of the MV were characterized by AFM and NTA.9

The endothelial surface markers were analysed by an enzyme-linked immunosorbent assay (ELISA)10

and by the newly developed MV array, where MV were captured according to their phenotype and11

imaged per AFM.12

Results: MV isolated from the cells undergoing apoptosis had a mean size of 115 nm as measured13

by AFM and of 197 nm as measured by NTA. MV isolated from apoptotic and control HUVECs14

could not be distinguished by their size (p>0.05). HUVECs and their released MV shared the15

same phenotype (positive for the endothelial markers CD31 and CD146 and negative for the platelet16

marker CD42b).17

Conclusion: Our method generated MV with a concentration reproducible within 20% range. This18

is a relevant model systems for medical applications. The size of the MV was slightly larger as19

measured per NTA compared to AFM. The MV array proved to be an efficient tool to characterize20

the surface markers of MV and has the potential to identify the profile of MV in patient samples.21

Keywords: cell-derived microvesicles; extracellular vesicles; atomic force microscopy; nanoparticle22

tracking analysis23

1. Introduction24

Cell-derived microvesicles (MV), also called cell-derived microparticles are a type of25

extracellular vesicles discovered in 1967 by Wolf, who named them "platelet dust" [1]. In contrast26

to exosomes which are formed inside the cells and released by exocytosis [2,3], MV are shed from27

cells by an outward blebbing of the cell membrane [4]. They are characterized by their diameter28

ranging from 50 to 1000 nm and the expression of receptors of the cell of origin on their surface. MV29

Submitted to Int. J. Mol. Sci., pages 1 – 21 www.mdpi.com/journal/ijms
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play a central role in the cell-cell communication [5] and in the transfer of signal molecules such as30

microRNA from cell to cell [6,7].31

In the recent years, numerous studies have been published that showed that the concentration of32

MV in the blood is altered in various pathological conditions such as systemic lupus erythematosus33

[8] and inflammatory diseases [9]. Therefore it has been proposed that MV could be implemented as34

novel diagnostics markers [4]. Moreover the analysis of MV could help to provide new insight in the35

pathogenesis of the diseases [10].36

The main method used for MV analysis is flow cytometry, a method where the size and37

fluorescently stained surface molecules of each object are measured. Flow cytometry is a widely38

used analysis method with instruments available in most laboratories. However, flow cytometry39

is limited to measure objects larger than approximately 200 nm. Moreover lack of standadization40

in the measurement protocol leads to large variation in the results [11]. Therefore, other analysis41

methods have been developed to better understand and validate the potential of MV as biomarkers.42

On one hand, attempts have been made to improve the flow cytometry techniques to adapt it to43

MV such as the use of calibration beads [12,13]. On the other hand, techniques based on light44

scattering such as dynamic light scattering (DLS) [14] and nanoparticle tracking analysis (NTA) [15]45

are attractive alternatives for MV measurement. NTA in particular was shown to be more sensitive46

than flow cytometry and could detect vesicles as small as 50 nm [16]. Imaging methods based on47

electron microscopy [17] and atomic force microscopy (AFM) [18] have been developed for MV and48

allow a precise and accurate size and shape determination of MV. The surface proteins of MV can be49

accurately measured by an enzyme-linked immunosorbent assay (ELISA) and their pro-coagulatant50

function can be evaluated by a pro-thrombinase assay [19]. However solid phase assay such as ELISA51

do not deliver information concerning the particle size. Proteomics methods [20] are also available to52

characterize the protein content of MV. The reader is referred to recent reviews [4,21,22] for a broader53

overview of the analysis techniques for MV.54

55

The development of new analysis methods for MV requires their test, optimization and56

validation. For this purpose, standard MV populations are required. Synthetic beads such as57

polysterene or silica beads have been developed as standards for the calibration of instruments58

measuring extracellular vesicles [13,23]. However those can only be used for size and concentration59

calibration. Previous studies used urine MV as standard sample in the comparison of different60

analysis techniques [24,25]. Using in vitro cell lines to release MV is a great tool to obtain defined61

MV populations harbouring the phenotype, i.e. the surface markers, of the cells of origin. Apoptosis62

is one of the processes by which the release of MV is induced [26,27] and it can be implemented easily63

in vitro to activate cells. Combes et al. were able to activate the MV release from Human Umbilical64

Vein Endothelial Cells (HUVECs) using tumour necrosis factor-α (TNF-α)[28]. Similarly Šimák et al.65

studied the release of endothelial MV when inducing the apoptosis in HUVECs with camptothecin66

[29]. Staurosporine induced apoptosis was used to activate Jurkat cells to release MV [30,31].67

In the present study, we aimed at developing a standard method for the reproducible in vitro68

generation of a population of MV derived from HUVECs. We focused on sizing and characterizing69

the MV as well as on the reproducibility of the protocol. This well-characterized MV population can70

then be used to test and validate new analysis methods. The second aim of the study was compare71

the sizing of MV by AFM and NTA. To our knowledge, this is the first report comparing AFM and72

NTA sizing of biological MV. Moreover we combined the array from Jørgensen et al. [32,33] and of the73

AFM imaging of MV captured on antibodies by Yuana et al. [18] to obtain an MV array to characterize74

the MV phenotype as well as the size of the MV.75
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2. Materials and Methods76

All chemicals have been purchased from Sigma Aldrich, Denmark, except if stated otherwise.77

All antibodies have been purchased from Abcam, United Kingdom. The buffer phosphate buffered78

saline (PBS) used for all experiments with MV was filtered through a 0.1 µm filter (VWR, Denmark).79

2.1. Cell culture80

HUVEC-C (Human umbilical vein endothelial cells, CLR-1730, ATCC, Germany) were81

purchased from ATCC and were cultivated in complete growth medium composed of Ham’s F-12K82

nutrient mix (Gibco, Denmark) supplemented with 10% FBS, 50 µg/ml Endothelial cell growth83

supplement (ECGS), 0.1 mg/ml heparin and 1% penicillin/streptomycin (Stock concentration:84

10000 Units penicillin/10 mg streptomycin per ml). The cells were seeded at a cell density of85

1x104 cells/cm2. The medium was changed every alternate day and cells were passaged when 80%86

confluency was reached (approximately twice a week).87

2.2. Apoptosis detection assay of the HUVECs88

HUVECs were seeded in a 24 well plate with 2.5x104 cells/well. 48 hours after seeding, the89

apoptosis was induced with medium supplemented with 5 µM staurosporine. After 4 and 8 hours,90

a well was stained with the Annexin V-FITC and PI (FITC Annexin V Apoptosis Detection Kit I, BD91

Pharmingen) with 5 µl of each dye in 1X binding buffer incubated for 15 min in the dark at room92

temperature. The cells were imaged using a fluorescent microscope (Nikon Eclipse Ti-S, DFA A/S,93

Denmark) with a 20X objective.94

2.3. Atomic force microscopy of the apoptotic HUVECs95

After rinsing with milliQ water, fragments (2x2 cm2) of silicon wafer (Topsil, Denmark) were96

placed in 70% ethanol for 15 min for sterilization. They were then placed in a 24 well plate and coated97

with fibronectin (10 µg/ml in PBS) for three hours at room temperature. HUVECs were seeded on98

the fragments of silicon wafer at a density of 2x104 cell/well. 48 hours after seeding, apoptosis was99

induced as previously described (see 2.2). Samples were taken after 0, 4 and 8 hours. The cells were100

rinsed twice with PBS, then fixed in formaldehyde (3.7% in PBS) for 30 min at room temperature.101

The cells were then dehydrated in increasing concentrations of ethanol (30, 40, 50, 60, 70, 80, 90 and102

99% (two times)) and finally dried in air. The cells were imaged with an AFM system (XE-150, Park103

Systems, Korea) in tapping mode. The images had a resolution of 512x512 pixel (scan area: 50x50 µm2)104

and were acquired with a scan rate of 0.25 Hz. The AFM probe had a force constant of 40 N/m and105

a resonance frequency of 300 kHz (Budget Sensor, Bulgaria). The capture and analysis software were106

respectively XEP (version 1.7.70) and XEI (version 1.8.0) (Park Systems, Korea). The images were107

flatten using the linear regression method.108

2.4. Immunostaining of HUVECs109

An immunostaining assay was performed to verify the expression of the endothelial markers110

CD31 (Platelet endothelial cell adhesion molecule (PECAM-1)) and CD146 (Melanoma cell adhesion111

molecule (MCAM) or MUC18 or S-endo) on HUVECs. HUVECs were seeded on cover glasses. After112

two days of incubation, the cells were fixed in 3.7% formaldehyde for 30 min at room temperature.113

After rinsing twice in PBS, the remaining binding sites were blocked with 1% Bovine Serum Albumin114

(BSA) in PBS+0.1% tween-20 (PBST) for 30 min. The HUVECs were incubated with the primary115

antibodies anti-CD31 (Anti-CD31 antibody [JC/70A]) or anti-CD146 (Anti-CD146 antibody [P1H12])116

at 4◦C over night. As isotype control an anti-CD42b antibody was used. The primary antibodies117

were diluted in 1% BSA in PBST to a concentration of 1 µg/ml (anti-CD146), 2 µg/ml (anti-CD42b)118

and 1 to 100 diluted for anti-CD31 antibodies. A negative control was prepared without primary119

antibodies. After rinsing (three times in PBS 5 min under gentle agitation (120 rpm)), the cells were120
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incubated with a secondary antibody goat anti-mouse IgG1 FITC diluted in 1% BSA in PBST for one121

hour under gentle agitation (120 rpm). After rinsing the cells were counterstained with the DNA122

staining dye 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI, final concentration123

0.5 µg/ml) for one minute. The cells were rinsed twice in PBS and imaged right away in a confocal124

microscope (LSM 700, Zeiss, Germany) using a 50X objective.125

2.5. Preparation of MV from HUVECs126

HUVECs were seeded in a cell flask at a density of 8x103 cells/cm2. 5 days after seeding,127

when the confluence had reached approximately 70%, the cell medium was changed to cell medium128

supplemented with 5 µM staurosporine, an apoptosis inducing chemical. 24 hours later, the129

supernatant containing the apoptotic MV was collected. The MV were purified from the cell culture130

supernatant using a procedure adapted from the literature [8,34,35] to specifically isolate MV. A first131

centrifugation step at 1250g for 5 min removed the large cell debris. The MV were then pelleted132

by centrifugation at 18800g for 30 min. 95% of the supernatant was removed and the MV were133

resuspended in PBS. The MV were then pelleted a second time. After removal of 95% of the134

supernatant, the pellet was resuspended into a volume corresponding to 10% of the initial volume.135

The aliquots were stored at -20◦C. Each aliquot was thawed only once, directly before analysis.136

Control samples were prepared in the same way with complete medium.137

2.6. Measurement of the MV with AFM in tapping mode138

According to [36], fragments (2x2 cm2) of p-doped single sided polished silicon wafer139

(Topsil, Denmark) were coated with N-(6-Aminohexyl)aminopropyltrimethoxysilane (1 ml in 40 ml140

isopropanol and 1 ml milliQ water, Abcr GmbH, Germany) for three hours at room temperature. The141

fragments were rinsed in isopropanol and milliQ water and blow dried. 10 µl MV solution was placed142

on a fragment of silicon wafer for 1 min. The MV solution was then rinsed with milliQ water three143

times and blow dried with air. The MV were imaged with AFM in tapping mode using cantilevers144

and software as previously described (see 2.3). The image size was 5x5 cm2 with 256x256 pixel and145

a scan rate of 1 Hz was used. After flattening of the image, the MV were detected using the upper146

threshold method. Assuming that the MV were spherical, the diameter of the particles was calculated147

from the measured volume with the following formula : d = 2 ∗ ( 3V
4π )

1
3148

2.7. Measurement of the MV with NTA149

Samples of MV were diluted 10 times in PBS to suit into the recommended concentration range150

for NTA, i.e. between 2 to 10x108 MV/ml [16,37]. Samples were then introduced manually with a151

1 ml syringe into the chamber of the Nanoparticle Tracking Analysis intrument (LM10, Nanosight,152

United Kingdom). The instrument was equipped with a laser with a wavelength of 638 nm and with153

the NTA software version 3.1. The camera level was adjusted to 11. For each samples, three videos of154

60 s with a frame rate of 30 frames/second were recorded. For the analysis, the threshold level was155

set at 3, blur size was automatic. Between each measurements, the chamber was dismounted and156

washed thoroughly with milliQ water. For verification of the measurements, latex beads (size: 1000157

to 50 nm , Molecular probes, USA) were used (data not shown).158

2.8. ELISA assay for CD31 detection on the MV159

An enzyme-linked immunosorbent assay (ELISA) was performed to measure the level of CD31160

(PECAM1) on the isolated MV. A one step ELISA kit (Abcam, United Kingdom) according to the161

manufacturer’s instruction. Briefly, the CD31 standard was reconstituted by adding 500 µl of sample162

diluent NS. A dilution serie of the standard was prepared from 50 to 4.4 ng/ml. MV samples were163

thawed. 50 µl of MV sample or standard aliquot was added to the wells of the pre-coated 96 well164

plate. A blank (only sample NS dilluent) was also prepared. Each measurement was made in165
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duplicate. 50 µl of antibody cocktail was added into each well. After one hour incubation on a shaker166

(400 rpm), the wells were rinsed three times with 1X wash buffer (diluted in milliQ water). 100 µl of167

3,3’,5,5’-Tetramethylbenzidine (TMB) substrate was added to each well and incubated for 10 min in168

the dark on a shaker (400 rpm). 100 µl of stop solution was then added and mixed for one minute on169

a shaker (400 rpm). The absorbance was then measured at 450 nm with a plate reader (Victor3, Perkin170

Elmer, USA).171

2.9. MV array imaged by AFM to characterize the surface markers of MV172

To determine the surface markers present on the surface of the MV, a MV array was developed173

with three antibodies (two antibodies against endothelial markers (Anti-CD31 antibody [JC/70A]174

and anti-CD146 antibody [P1H12]) and one antibody against a platelet marker (Anti-CD42b antibody175

[VM16d]) according to the experimental setup shown on figure 1. 10 nm titan and 100 nm gold176

were deposited on a silicon wafer using Wordentec QCL 800. The silicon wafer were diced with a177

dicing saw (Disco Automatic dicing saw, model DAD321). Antibodies were immobilized onto the178

gold surface according to the procedure described by Fernandes et al. [38] and Martins et al. [39].179

Briefly, the gold substrate was cleaned for three times 10 min in a UV/ozone photoreactor (UVP,180

USA). The linker sulfo-LC-SPDP (sulfosuccinimidyl 6-(3’-(2-pyridyldithio)propionamido)hexanoate,181

ThermoFisher Scientific, USA) was incubated on the gold substrate for 20 min in a humid chamber182

at room temperature. The concentration of the sulfo-LC-SPDP linker was 2 mg/ml in PBS. The183

gold substrate was rinsed with PBS and milliQ water and blow-dried. The antibodies were spotted184

manually (with a pipette) on the gold substrate with a concentration of 250 µg/ml. Each spot had a185

volume of 1.5 µl. The incubation of the antibodies was performed overnight at 4◦C. The gold substrate186

was rinsed in PBS. The remaining binding sites were blocked in BSA (1% in PBS) for 30 min at room187

temperature in a humid chamber. After rinsing in PBS, apoptotic MV (10 times diluted in PBS) were188

incubated on the functionalized gold substrate for 15 min at room temperature. The excess of MV189

was rinsed with PBS and milliQwater. The gold substrate was blow-dried and immediately imaged190

by non-contact AFM (Park Systems, Korea). Each spot was imaged on at least three representative191

positions. The images had a a scan size of 5x5 µm2 and a resolution of 256x256 pixels.192

2.10. Statistical analysis193

The data representation and statistical analysis were performed using the software OriginPro194

9.0.0 (OriginLab, USA). The normality of the samples was tested with a Kolmogorov-Smirnov test195

(p<0.05). The comparison of means was performed with a one-way ANOVA test. The difference was196

determined statistically significant if p<0.05. SD denotes the standard deviation. We also indicated197

the standard deviation as the ratio between the standard deviation and the mean value.198

3. Results199

3.1. Morphological changes of HUVECs undergoing apoptosis induced by staurosporine200

Stauropsporine, a potent protein kinases inhibitor was used to induce apoptosis in HUVECs.201

Throughout the study, we aim to compare HUVECs treated with staurosporine (apoptotic HUVECs)202

with non-treated HUVECs (control HUVECs). Figure 2 shows HUVECs undergoing apoptosis. In203

the phase contrast images (2A to 2C) the changes in morphology of the HUVECs can be observed,204

while the pictures 2D to 2F show the corresponding fluorescence images of the standard fluorescent205

apoptosis assay including the component annexin V-FITC (fluorescein isothiocyanate) and propidium206

iodide (PI). In those images, the green staining corresponds to annexin V-FITC binding to the207

membrane phospholipid phosphatidylserine (PS), when it is translocated out of the cell, indicating208

an early apoptosis stage [40]. The red color corresponds to PI, that is able to stain the DNA inside209

the cells, only when the cell membrane has been perforated in late apoptosis stages [41]. At the210

time of apoptosis induction (figures 2A and 2D), the cells were well spread on the surface and no211
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Incubation of the MV

anti-CD31 anti-CD146 anti-CD42b
Functionalized gold surface wtih

Imaging with AFM

Topography image of the gold surface

MV

Figure 1. Experimental setup of the MV array A gold surface is functionalized in discrete spots with
antibodies anti-CD31, anti-CD146 and anti-CD42b. MV are incubated over the functionalized surface.
The bound MV are imaged by AFM.

fluorescence signal could be detected. In the sample taken after four hours (figures 2B and 2E), we212

could observe that the cells have shrunk and some cells showed a positive signal for annexin V-FITC213

due to the exposure of phosphatidylserine outside of the cells. Eight hours after the beginning of214

the treatment, we could see that the cells had shrunk further (figure 2C). More HUVECs had become215

positive for AnnexinV-FITC and PI signal could also be detected indicating that the cell membrane216

was perforated at this stage (figure 2F). In summary, treated with 5 µM of staurosporine the cells were217

in early apoptosis phase in the sample taken after four hours and had already reached a late apoptosis218

phase eight hours after the addition of staurosporine.219

To confirm our findings of the annexin V-FITC/PI apoptosis detection assay, we imaged the220

HUVECs undergoing apoptosis using AFM in non-contact tapping mode. Figures 2G to 2I shows221

the topography image of HUVECs undergoing apoptosis. At the time point of the addition of the222

drug (figure 2G), the cells were widely spread on the surface showing numerous extensions and223

adhesion points evenly spread around the nucleus. After four hours of treatment with staurosporine,224

the membrane had lost many of these anchoring points and it seems that the cells had started to retract225

on themselves as illustrated by the representative cell presented on figure 2H. Moreover, protrusions226

appeared (highlighted in the red circles) that might indicate a blebbing of vesicles. Holes in the cell227

membrane had appeared which is a characteristic change of cells undergoing apoptotis [42]. The cells228

imaged after eight hours of treatment (figure 2I) had further retracted around the nucleus. The other229

structures on the surface corresponded to residues of the cell membrane.230
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Figure 2. Morphological changes of HUVECs undergoing apoptosis induced by staurosporine after
0, 4 and 8 hours of treatment. (A to F) An Annexin V/PI apoptosis detection assay (Brightfield
images with phase contrast: A to C and their corresponding fluorescence pictures: D to F) showed
annexin V-FITC (green color) bound to the cells after four hours of treatment (E), showing that the
exposure of phosphatidylserine started few hours after the addition of staurosporine. PI (red color)
stained the DNA of some cells after eight hours (F). (G to I) The morphological changes of HUVECS
were also observed by non-contact tapping mode AFM. The images represent the topography of a
typical cells after 0 h (G), 4 h (H) and 8 h (I) of treatment. The color is reprensentative for the height
where the darkest color shows the lowest region and white the highest regions. HUVECs that were
widely spread on the surface (G) lost their adhesion sites and shrunk around the nucleus (H and
I) while undergoing apoptosis. The red circles indicate protrusion on the apoptotic cells that could
correspond to the blebbing of MV. The resolution of the images was 512x512 pixel.
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A B C

Figure 3. Expression of endothelial markers CD31 and CD146 on HUVECs The cells were double
stained for the endothelial markers CD31 (green, A) or CD146 (green, B) and DNA (blue). As isotype
control, a platelet marker CD42b (C) was used and was negative on the HUVECs. The images were
obtained with a confocal microscope.

3.2. Expression of CD31 and CD146 on HUVECs231

The expression of CD31 (Platelet endothelial cell adhesion molecule 1 (PECAM1)) and CD146232

(melanoma cell adhesion molecule (MCAM)) on the surface of HUVECs was verified by an233

immunoassay. Those two markers were chosen as they are often used to show the presence of234

endothelial cells [43,44]. A secondary antibody conjugated to FITC was used so that the expression235

of the surface markers is indicated by the green color. The DNA of the cells was counterstained by236

4’,6-diamidino-2-phenylindole (DAPI) represented in blue. Figure 3A shows the expression of CD31237

and figure 3B the expression of CD146. Both CD31 and CD146 were expressed on the surface of the238

HUVECs. The highest intensity was detected on the borders of the cells and also on the elongations239

of the cell membrane reaching to the neighbouring cells. The isotype negative control used was an240

antibody against a platelet surface marker (Platelet glycoprotein Ib alpha chain, CD42b) which was241

not expressed on HUVECs (figure 3C).242

3.3. Release of MV from HUVECs over time243

The release of MV over time was evaluated by collecting samples of cell culture supernatant at244

several times (1, 4, 8 and 24 hours) after addition of the medium supplemented with staurosporine.245

The samples were processed to collect the MV according to the centrifugation procedure described in246

2.5. Figure 4 shows the concentration of MV in the different samples for the apoptotic MV and conrol247

MV. Until eight hours of treatment with staurosproine, the concentrations of isolated MV in both248

apoptotic and control MV aliquots were similar. After 24 hours, the concentration of apoptotic MV249

reached 1.3x1010 MV/ml, while the concentration of MV from the control cells was 5.9x109 MV/ml,250

only slightly higher than one hour after the medium was changed. The size distributions of the251

apoptotic MV (figure A.2) shows that the MV that increased most had a diameter around 200 nm. For252

the control MV (figure A.2(a)), no significant change in the size distribution can be seen over the time.253

3.4. Size characterization of MV from HUVECs254

Many methods for characterization of MV are available as reviewed in [4,21,22]. In this work an255

imaging method (AFM) and a Brownian motion based method (NTA) were used to characterize and256

quantify MV released from control and apoptotic HUVECs.257
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Figure 4. Release of MV over time The concentration of MV isolated from apoptotic and control
HUVECs after 1, 4, 8 and 24 hours was measured by NTA. In the first eight hours, the MV
concentration in apoptotic and control samples was comparable. After 24 hours, the concentration
of the apoptotic samples was clearly higher than in the control samples. We present an average of
three measurements of a representative samples.

Measurement of MV with AFM258

AFM was previously used to characterize extracellular vesicles from cell culture supernatant259

as well as extracellular vesicles isolated from complex body fluids [18,45,46]. AFM provides highly260

precise sizing of the vesicles. The sample preparation is relatively fast (up to five minutes) and does261

not require any specific equipment. Figure 5 shows the topography images of MV on a silicon wafer262

measured by AFM. Those images provide structural information about the vesicles, which appeared263

as bell-shaped structures. Both apoptotic (figure 5A) and control MV (figure 5B) appeared as round264

to rod-shaped structures. The MV had a height of more than 50 nm.265

A blank sample free of MV (PBS buffer) was prepared and imaged in the same way as sample266

with MV to verify for contamination. Figure 5C shows a representative topography image of a blank267

sample. No objects with a size similar to the MV were found. Few contamination could be imaged268

on the surface but their height (below 10 nm) was far lower than the threshold size for MV.269

Six independent samples (MV from apoptotic and control HUVECs) were prepared and analysed270

by AFM. Around 200 MV were imaged in each sample. The images were taken at representative271

positions on the sample. An average of five images were acquired per sample. Figure 6A shows272

the mean size distribution of each six samples with bin width of 50 nm. The mean size of apoptotic273

MV was 115 nm (SD +/- 19, range: 12 to 409 nm), while the mean size of control MV was 139 nm274

(SD +/- 34, range: 26 to 393 nm). The mean sizes of the apoptotic and control MV were not275

significantly different from each other (p = 0.16).276

Measurement of the MV with NTA277

The size of the MV released from apoptotic and control HUVECs was also determinded using278

NTA. With this technique the size of the vesicles is calculated from their brownian motion in an279

analysis chamber. Figure 6A shows the average size distribution of six independent samples with280

bin width of 50 nm. Similar to the AFM, the size distribution of the apoptotic and control MV281

were overlapping each other. Compared to the size distribution obtained by the AFM analysis, the282

NTA analysis lead to a more polydisperse size distribution evidenced as a wider peak in the size283

distribution graph. The maximum of the peak was located around 125 to 175 nm. The mean size of284

the apoptotic MV as measured per NTA was 197 nm (SD +/- 28, range: 17 to 1381 nm) and the mean285

size of the control MV was 192 nm (SD +/- 29, range: 13 to 959 nm). The difference between the mean286

sizes of apoptotic and control MV measured with NTA was not significantly different (p = 0.7).287
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Figure 5. AFM imaging of MV Topography images of MV derived from apoptotic HUVECs (A) and
from healthy HUVECs (B) acquired with an AFM in tapping mode. A height profile along the red
lines was represented for each AFM image. MV isolated from HUVECs showed a height around 40
to 60 nm. Image C is the topography image of a blank sample (only buffer). No contamination was
found in the buffer. The resolution of the images was 256x256 pixel.
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Figure 6. Size and concentration of HUVECs MV The size distribution (A) of MV isolated from
apoptotic and control HUVECs was measured by AFM and NTA for six independent samples. The
average size distributions are presented. The size distributions for MV measured by AFM and the size
distribution of MV measured by NTA respectively overlap each other. The size distribution obtained
per NTA is wider and the mean larger than the size distribution obtained per AFM. Figure B reports
the average concentration of MV in the apoptotic and control aliquots for five independent samples.
The measured concentration of apoptotic MV was 3.3 fold higher than the control MV concentration.
The concentrations were significantly different (p=2x10−4). The error bars represent the standard
deviation. *** : p < 0.001
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3.5. Measurement of the MV concentration by NTA288

NTA measurements give information not only about the size of the vesicles in the samples,289

but also about the concentration of the vesicles. Figure 6B reports the average MV concentration290

in five independent samples of MV purified from control and apoptotic HUVECs. In the apoptotic291

samples, 1.22x1010 MV/ml (SD +/- 2.8x109, corresponding to 23%) MV were isolated, while 3.7x109
292

MV/ml (SD +/- 9x108, corresponding to 24%) were isolated from the cell culture supernatant of293

control HUVECs. Thus, in the apoptotic samples, 3.3 times more MV could be measured compared294

to the control samples. The difference in concentration was statistically different with p = 2x10−4.295

The complete growth medium and four of its components followed individually the same296

centrifugation protocol like the cell culture supernatants in order to evaluate if MV or MV like297

structures could be isolated from the complete growth medium used to cultivate the cells. As298

shown in appendix A and on figure A.1, the concentration of MV in the complete growth medium299

corresponded to approximately 15% of the concentration of apoptotic MV and most of those vesicles300

came from the FBS.301

As we measured the MV in the complete growth medium before incubation with the cells (see302

6B), we can subtract the contaminating MV (or background MV) to calculate the MV released per cell303

and we obtain that the concentration of apoptotic MV and control MV without the contaminating MV304

from the medium were respectively 1x1010 MV/ml and 1.9x109 MV/ml. Using the number of cells305

seeded in a cell flask (8000 cell/cm2) of 75 cm2 (N0 = 8000 × 75 = 6 × 105) together with the number306

of days in culture (five days) and an estimated population doubling time of 30 hours [47], we could307

estimate the number of cells at the time of the apoptosis induction (Nind) as follows:308

Nind = N0 × 2

duration
doubling time = 6 × 105 × 2

(
5 × 24

30
)
= 9.6 × 106 cells (1)

Using the average MV concentration in the apoptotic and control aliquots (with contaminating309

MV subtracted), the up-concentration factor of the aliquots compared to the cell flask corresponding310

to UF=10, the total volume of the cell flask (V=15 ml), we obtain the number of MV released per cell311

(MVcell) as follow:312

MVcell =
MV concentration × V

UF × Nind
(2)

which corresponded to 1625 MV/cell for the apoptotic sample and 281 MV/cell for the control313

samples, which was 5.8 fold more MV released by an apoptotic cell compared to a healthy cell.314

Considering that the size distribution of the MV had a maximum of the peak at 150 nm (considered315

as diameter of MV (dMV) as measured by NTA and that the HUVECs had a diameter (dcell) of 15 µm,316

we can calculate the part (PMV) of cell membrane used for the MV as the ratio of the surface area of all317

the MV released by one cell to the surface area of one cell, assuming that the cell is a sphere (surface318

area of a sphere=4πr2):319

PMV =
MVcell × areaMV

areacell
=

MVcell × 4π( dMV
2 )2

4π( dcell
2 )2

(3)

We obtain that the released MV corresponded approximately to 16% of the total surface area320

of a HUVECs in the apoptotic samples and 3% of the total surface area of a HUVECs in the control321

samples.322
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Figure 7. CD31 expression on the surface of the MV derived from HUVECs measured. Figure
A represents the concentration of CD31 as measured per ELISA in a representative sample: in the
apoptotic supernatant before isolation of MV and in the MV (control and apoptotic) preparation after
isolation. The CD31 concentration was approximately ten fold higher in the MV aliquots compared
to the apoptotic cell supernatant. This corresponded to the up-concentration factor of MV during the
isolation procedure. Figure B reports the expression of CD31 per MV for five independent samples.
The expression of CD31 was two fold higher on the apoptotic MV compared to the control MV.
The error bars show the standard deviation. The difference of means was statistically significant
(p = 0.0029). **: p < 0.01

3.6. Characterization of the surface markers on the surface of the cell-derived microvesicles323

ELISA assay to measure the expression of CD31 on the MV324

A one-step ELISA assay (see 2.8) was performed to measure the expression of CD31 (PECAM-1)325

on the surface of the MV. The analysis was performed for five independent apoptotic and control326

samples. The cell culture supernatants (after first centrifugation at 1250g to remove larger debris) as327

well as washing steps after each centrifugation steps at 18800g were measured for a representative328

sample. The absorbance values measured for the supernatant of the control sample as well as all the329

washing steps were below the lowest value of the standard curve. Therefore it can only be concluded330

that the CD31 concentration in those samples was below 4.4 ng/ml, the lowest concentration331

measured in the standard curve. Figure 7A shows that in the apoptotic supernatant 7.4 ng/ml of332

CD31 was present, while after isolation of the MV, the concentration of CD31 in the MV preparation333

(70.5 ng/ml) was 9.53 times higher than in the apoptotic supernatant.334

Figure 7B shows the average expression of CD31 per MV in apoptotic MV and control MV335

preparations. Surprisingly the expression of CD31 was two fold higher on the apoptotic MV336

(8.3x10−9 ng/ml, SD +/- 2.2x10−9 corresponding to 27%) than on the control MV (3.8x10−9 ng/ml,337

SD +/- 7.5x10−10 corresponding to 20%). The difference between apoptotic and control MV was338

statistically significant (p=0.0029).339

Characterization of the surface markers of the MV by a MV array340

To further characterize the surface markers present on the membrane of the MV derived from341

HUVECs, antibodies were immobilized on a gold surface at discrete spots to create a MV array. After342

incubation of MV isolated from apoptotic HUVECs, the functionalized gold surface was imaged by343

true non-contact mode AFM. Three positions were imaged in each antibody spot and the experiment344

was repeated with three independent MV samples. Figure 8 shows the topography images of the345
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Figure 8. MV array Topography AFM images of MV derived from apoptotic HUVECs captured on a
surface coated with antibodies against the endothelial markers anti-CD31 (A )and anti-CD146 (B). As
negative control, a platelet marker anti-CD42b (C) was used and no MV were detected on this spot.
The height profile across each image is also shown. The captured MV had a height of 40 to 60 nm. The
resolution of the images was 256x256 pixel.

representative regions on the substrate. Figures 8A and 8B are regions functionalized with antibodies346

against the endothelial markers CD31 and CD146. We found MV captured on those regions. The347

MV imaged here had a height of 40 to 60 nm, which is similar to the MV imaged earlier without348

functionalization (see figure 5). This indicates that MV carried on their surface CD31 as well as CD146.349

The region shown in figure 8C was functionalized with antibodies against the platelet marker CD42b.350

The profile of figure 8C shows a height of 2 to 3 nm. No MV could be found on this marker in any351

of the independent experiments. This indicates that the MV did not express CD42b as they were not352

captured by an anti-CD42b antibody.353

4. Discussion354

As MV gain more and more significance in the biomedical field, adequate analysis methods are355

required. Great efforts are made to improve existing methods such as flow cytometry and to develop356

new characterization instruments with the objective of a rapid and reliable MV analysis. Our aim was357

to create a MV population that could be used as a reference for the testing of new analysis methods.358

When investigating MV released from a cell line, the complete system can be analysed, meaning that359

the precise phenotype (surface markers) of the parental cells can be determined, the release process360

of the MV can be monitored and finally MV can be isolated and characterized (size, concentration,361

surface markers). Therefore this is a very useful method to understand the biology behind the release362

of MV.363

4.1. Apoptosis as the mechanism to release MV364

In the present work, the release of the MV was induced by incubating the endothelial cells365

(HUVECs) with 5 µM staurosporine for 24 hours. Staurosporine is known to induce apoptosis [48]366

and was previously used to activate jurkat cells to produce MV [30,31]. HUVECs were sensitive to367

staurosporine and went into apoptosis few hours after the start of the treatment as detected by the368
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apoptosis assay (Figure 2). An homogeneous reaction was observed throughout the cell layer. In our369

experiments we could show by optical microscopy and AFM that the cells treated with staurosporine370

presented very clear morphological changes already few hours after the beginning of the treatment371

as previously shown by other studies [49,50]. Perforation of the cell membrane was observed. This372

was similar to the results presented by Kim et al. [42]. A shrinkage of the HUVECs as well as the loss373

of their adherence to the cell culture substrate were later observed (see figure 2). These observations374

were in good agreement with the results presented by Kabir et al. [50], who described the effect of375

staurosporine on endothelial cells as a focal adhesion disassembly. Imaging cells in tapping mode376

AFM provided very detailed information regarding the morphology change of the cells. In our377

experiments, the blebbing of the cells could not be clearly imaged, even though this is characteristic378

for cells in apoptosis. The difficulty of observing the blebbing might be due to the preparation of the379

cells (fixing and drying) prior to imaging.380

4.2. MV in the cell growth medium381

Contamination of the complete growth medium with vesicles prior to contact with the HUVECs382

was investigated. Our results showed that the vesicle concentration in the complete cell culture383

medium corresponded to less than 15% of the MV concentration in aliquots of apoptotic MV (figures384

A.1 and 6B). The concentration of MV in FBS was approximately ten times higher than in the complete385

growth medium (figure A.1). As FBS is diluted ten times in the complete growth medium, we can386

conclude that those vesicles seemed to originate from the FBS used. The size distribution had a387

peak at 160 nm. The analysis was only performed by NTA. Further analysis with imaging methods388

should investigate the proper nature and shape of those NTA events. Removal of the contaminating389

vesicles prior to induction of MV release could be achieved by overnight centrifugation at 120000g390

[51]. However the effect of this vesicle removal on the cell vitality needs to be assessed.391

4.3. Concentration of MV released: comparison between apoptotic and control samples392

In the present study, MV were released from HUVECs. Up to eight hours after the beginning of393

the incubation with staurosporine, the tendency was that the concentrations of MV isolated from the394

control and the apoptotic cell culture supernatant were similar (figure 4). Ullal and Pisetsky reported395

an increase of the MV released by jurkat cells within 20 min of treatment with staurosporine [31]. In396

our work, after 24 hours of treatment, a significant difference between the concentration of apoptotic397

and control MV was found (figure 6B). Approximately three times more MV could be isolated from398

the apoptotic cell supernatant than from the control cell supernatant. As measured by NTA, we399

obtained an average of 1625 MV per apoptotic cell and an average of 281 MV per control cell. In400

a previous study, Šimák et al. [29] measured using flow cytometry around 130 annexin V binding401

vesicles released per HUVEC activated with camptothecin and 20 annexin V binding vesicles from402

HUVECs treated with 0.5% DMSO. However, not all MV are annexin V positive [52] and van der Pol403

[25] showed that flow cytometry underestimates MV counts from 300 (standard flow cytometer) to404

15 fold (dedicated flow cytometer) compared to NTA. The ratio of apoptotic MV compared to control405

MV was approximately 5.8, while Šimák et al. [29] found 6.5 in their work. Thus, the results of this406

study are comparable with previously reported work. The standard deviation corresponded to 23%407

of the mean MV concentration for the apoptotic MV samples and 24% for the control MV samples.408

This shows that our protocol can generate a population of MV with a reproducible concentration.409

4.4. Characterization of the size of MV by AFM and NTA: a comparison410

The size of MV was characterized using two methods: AFM and NTA. No significant difference411

was found between the mean diameter of the apoptotic MV and the mean diameter of the control MV412

sized by AFM and NTA. Apoptotic MV and control MV could not be distinguished by their sizes.413

However, the difference in the mean sizes measured by AFM compared to the mean sizes measured414

by NTA were significantly different (figure 6). MV measured by NTA were larger than MV measured415
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by AFM and showed a slightly broader size distribution. Both AFM and NTA measure objects that416

either have a certain topography (in case of the AFM) or scatter light (in the case of NTA). That is why417

the results have to be interpreted carefully. For instance our measurements showed that the smallest418

objects measured were below 30 nm. It raises the concern if those events really are vesicles and more419

particularly MV. They may instead correspond for instance to protein aggregates or small protein420

debris. Other methods such as electron microscopy would be able to identify if those very small421

objects are vesicles. However, those objects accounted for less than 5% of the total population. Since422

we followed a protocol with a centrifugation speed (18800g) generally accepted to pellet MV, we can423

thrust that the larger objects were MV. To image MV with AFM, the vesicles have to be deposited on424

a substrate. As previously described [12], MV deposited on a surface are subject to a morphology425

change that causes the vesicles to collapse (reduce height) while spreading on the surface. This426

means that the height is under-representative of the diameter while the area would overestimate the427

diameter of the MV. However we can assume that the volume remained the same. Therefore sizing428

the MV can be done by evaluating the volume of the measured MV and calculating the diameter429

from this value [12,18]. Apart from the size, AFM also provides structural information about the MV.430

Other drawbacks of MV study by AFM are the need of trained experimentators and the time required431

to image enough MV for a representative analysis. Compared to AFM, NTA measures more vesicles432

per sample in a shorter time. However, NTA does not allow to verify that the scattered events tracked433

by the software really correspond to single MV. Aggregates can therefore be reported as single vesicle434

and contribute to measurement of a larger MV population. Moreover it has been reported that NTA435

overestimate larger MV [25]. This might be the reason why the sizes of the MV measured are generally436

larger than with AFM (figure 6). However compared to AFM, the MV measured by NTA were in437

liquid, i.e. in their native state. The MV underwent no change before analysis and therefore their438

size distribution was less subject to artefacts due to preparation. Sizing MV is always subjected to the439

advantages and drawbacks of each methods. The use of several characterization methods is therefore440

highly recommendable to gain a proper estimation of the size of the different MV populations.441

4.5. Characterization of the surface markers of the MV442

Further, we assessed if the surface markers present on the surface of the HUVECs could be443

detected on the surface of the MV. As expected, CD31 and CD146 were detected on the membrane444

of HUVECs, while CD42b , a platelet marker was absent from the membrane of HUVECs. First, the445

concentration of CD31 on MV from HUVECs was measured with an ELISA (figure 7). The CD31446

concentration in apoptotic supernatant was approximately ten times lower than the CD31 in the447

apoptotic MV aliquot after isolation by centrifugation (figure 7A). This factor of approximately 10448

corresponds to the up-concentration factor of the MV preparation (see 2.5). Since the washing steps449

did not contain a high concentration of CD31 (below detection limit of 4.4 mg/ml), this result suggests450

the CD31 measured in the non-centrifuged supernatant was only associated with the MV pelleted451

during the isolation procedure and did not correspond to free CD31 in the cell culture supernatant.452

Moreover this result suggests that more than 95% of the MV expressing CD31 in the supernatant453

could be isolated by the high-speed centrifugation protocol used.454

The MV array presented in this study provided a method to determine the phenotype of MV455

by imaging MV captured on a surface functionalized with antibodies against surface markers of MV.456

Thanks to the read-out by AFM, MV can also be enumerated and sized. In the present work, MV457

were captured on antibodies against CD31 and CD146 and were not captured on antibodies against458

CD42b, which is a platetelet marker. The height profile on the CD42b spot showed structures around459

2 to 4 nm which corresponds to the height of an antibody coated surface as reported in [18]. Thus,460

we can conclude that the MV released from apoptotic HUVECs expressed the endothelial markers461

markers CD31 and CD146 and did not express CD42b. This expression pattern was also shown on462

the HUVECs (figure 3). According to literature [35,53], the combination of markers CD31 positive463

and CD42b negative confirms the endothelial origin of the MV. Therefore we can conclude that464
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the MV present in the MV preparations had been released from the endothelial cells HUVECs. As465

endothelial MV play a very central role in biological processes [53], our in vitro MV population is466

highly interesting and relevant for medical applications. Further investigation of the phenotype of the467

MV should include the expression of phosphatidylserine. This further investigation can be performed468

by the MV array presented here thanks to its flexibility in the surface functionalization.469

5. Conclusions470

In the present study, we showed that our method could generate MV from HUVECs in a471

reproducible way. This validate the use of this MV population for the testing and optimization472

of novel analysis methods for MV. AFM and NTA gave comparable results in the sizing of MV.473

Combining the two methods helps to gain a correct idea of the size of the MV. Moreover we474

introduced the use of an MV array to characterize simultaneously the phenotype (i.e. the surface475

proteins) and the size of MV. With further development, this analysis tool will become very relevant476

to characterize MV isolated from different type of body fluids.477
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PS: Phosphatidylserine504

SD: standard deviation505

506

Appendix A: Characterization of the complete growth medium for HUVECs culture507

The different components of the complete growth medium of HUVECs were processed like the508

cell culture supernatants (centrifugation protocol described in 2.5) to assess if MV or MV like particles509

were present in the complete growth medium before culture with the cells. Figure A.1(a) shows the510

concentration of MV detected in the processed aliquots of the medium components as measured with511
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Figure A.1. Concentration (a) and size distributions (b) of MV isolated from the different components
of the cell growth medium. The concentration and size distribution were obtained by NTA and are
an average of three measurements of a representative sample. The error bars represent the standard
deviation. The concentration of MV found in the complete growth medium was approximately ten
times lower than in the FBS, which corresponded to the dilution factor FBS in the complete growth
medium. For the FBS and the complete growth medium, the size distributions were overlapping with
both a peak around 160 nm. This suggests that the MV from the medium were coming from the FBS.
The other components did not contain a significant amount of MV.

NTA. In the complete growth medium, 1.8x109 MV/ml (SD +/- 5x108, corresponding to 28%) were512

detected. The levels of MV measured in Ham’s F12K and the penicillin/streptomycin solution were513

below 10% of the level of MV in the complete growth medium. However the level of MV in the514

fetal bovine serum (FBS) reached 1.1x1010 MV/ml (SD +/- 3.6x108, corresponding to 3%), that was515

approximately 10 times more than in the complete medium. The size distributions of the MV from516

the complete growth medium and from the FBS (figure A.1(b)) show both a main peak at 160 nm.517

Note that the buffer used (phosphate buffered saline, PBS) was filtered through a 0.1 µm syringe filter518

prior of use and also had a low level of MV (1.1.8 MV/ml).519

Appendix B: Size distributions of MV released over time520
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Figure A.2. Size distributions of MV isolated from control ((a)) and apoptotic ((b)) HUVECs after 1, 4,
8 and 24 hours of treatment with staurosporine. The size distribution was obtained by NTA and is an
average of three measurements of a representative samples.
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Abstract
Cell-derived microparticles have gained a broad interest in the past 
years. Being released by blood cells upon activation or induction 
of apoptosis, they have a great potential as novel diagnostic 
markers and their investigation can bring new knowledge into 
the pathogenesis of various diseases. However, new analysis 
methods are required to correctly and reliably investigate these 
small biological particles (between 50 and 1000 nm). In this work, 
we aimed at developing an in vitro population of cell-derived 
microparticles from endothelial cells. The size of the microparticles 
was analysed by atomic force microscopy. 
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of blood. The current methods for the analysis of MPs are not well 
adapted to meet those requirements [5]. Currently, the most widely 
used method is flow cytometry [5]. In this method a flow of particles 
is focused so that each particle passes in front of a laser as a single 
particle. Due to light scattering, the objects can be detected. Flow 
cytometers are excellent and widely used tools for the study of cells 
(diameter 10 to 15 µm). However the properties of the instruments 
are not well adapted for the study of MPs, which are smaller than the 
wavelength of the laser light. Other investigation methods includes 
the immunoassays ELISA (enzyme-linked immunosorbent assay) or 
PLA (proximity ligation assay) [5], as well as proteomics methods 
like mass spectrometry [6]. However any information relating to the 
size of the particles cannot be provided using those methods. Optical 
methods based on light scattering such as dynamic light scattering 
or combined with the Brownian motion of the particles such as the 
state-of-the-art nanoparticle tracking analysis (NTA) are also used 
for the study of cell-derived microparticles.

The aim of this work is to develop a population of cell-derived 
MPs from the endothelial cell line HUVEC-C and to develop a 
characterization method for MPs. We will use the highly precise 
imaging method atomic force microscopy (AFM) to obtain a picture 
of the microparticles. We will then develop an ImmunoAFM assay in 
order to characterize the surface antigens on the particles.

Material and Methods
Unless stated otherwise, all chemicals were purchased from 

Sigma Aldrich, Schnelldorf, Germany.

Cell culture

Human Umbilical Vein Cells C (HUVEC-C, ATCC® CRL-1730™, 
LGC standard, Borås, Sweden) were cultivated in Ham’s F12K (Life 
Technologies, Nærum, Denmark), 10% fetal bovine serum (Geyer, 
Roskilde, Denmark), 100 units/ml penicillin/0.1 mg/ml streptomycin, 
0.1 mg/ml heparin and 50 µg/ml endothelial cell growth supplement. 
The cells were passaged every two to three days when the confluence 
had reached 80%.

Production of cell-derived microparticles

HUVEC-C cells were seeded in a T25 cell flask with a density 
of 6x103/cm2. After 48 h of incubation, apoptosis was induced with 
the addition of 5 µM staurosporine into the cell medium. 24 h 
after induction of apoptosis, the cell supernatant was collected and 
centrifuged at 1200 g for 5 min in order to remove the cell debris. The 
supernatant was then centrifuged at 18900 g for 30 min according to 
[7] in order to pellet the MPs. 95% of the supernatant was removed 
and the MPs were resuspended in phosphate buffered saline (PBS). 
The MPs were pelleted at 18900 g for 30 min and resuspended in PBS. 
The PBS was filtered (0.22 µm pore size) before use. The cell-derived 
microparticles were stored at -20°C until further analysis.

Analysis of the cell-derived microparticles by atomic force 
microscopy (AFM)

10 µl of cell-derived MPs suspension were deposited 
on a clean silicon surface coated with N-(6-Aminohexyl)

Introduction
Cell-derived microparticles (MPs), also called extracellular 

vesicles, were described for the first time as platelet dust by Wolf 
in 1967 [1], and have gained a large interest in the biomedical field. 
They were considered for a long time as cell debris, but recently it has 
been shown that their investigation can provide valuable information 
about cellular events like stimulation or apoptosis and that they play 
a considerable role in the cell-cell communication [2]. MPs are small 
vesicles (50 to 1000 nm in diameter) and can be found circulating in 
the blood. They arise from membrane blebs on activated or apoptotic 
cells. All types of blood cells (erythrocytes, platelets, endothelial 
cells, etc) produce MPs. The membrane blebbing is indeed part of 
the remodelling of the cell membrane. Later on in the process, the 
blebs are released and form the cell-derived microparticles. Studies 
have shown that the concentration and types of microparticles 
present in the blood differs between healthy controls and patients of 
cardiovascular, inflammatory or autoimmune diseases, and in cancer 
[3]. Therefore, MPs have been proposed as novel diagnostic and 
prognostic biomarkers [4]. Moreover the investigation of MPs can 
provide new insights into the pathogenesis of various diseases.

The main problem in developing MPs as diagnostic tools is the 
difficulty of separating and characterizing them qualitatively and 
quantitatively in the complicated molecular and cellular environment 
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aminopropyltrimethoxysilane (ABCR, Karlsruhe, Germany). After 1 
min of absorption, the sample was rinsed with 200 µl milliQ water 
(filtered against 0.22 µm pore size) three times. The sample was then 
dried under air flow within 1 min. The sample was scanned using 
the AFM system XE 150 (Park Systems, Suwon, Korea) in tapping 
mode (non-contact intermittent mode). The cantilever (Tap300Al-G, 
BudgetSensor, Sofia, Bulgaria) had a force constant of 40 N/m and 
a resonance frequency of 300 kHz with a tip radius of curvature 
below 10 nm. The topography of the sample was registered using the 
software XEP and the images were analysed with the software XEI 
(Park Systems, Suwon, Korea).

Results
Development of a system model for the study of cell-derived 
microparticles

Since the aim of this project is to work on the methodology 
for analysis of cell-derived microparticles, it is a main concern to 
work with a defined and characterized population of cell-derived 
microparticles in order to validate the new methods. We cultivated 
HUVEC-C cells according to standard cell cultivation procedures. 
When the cells had reached 70% confluency, 5 µM staurosporine was 

added to the medium in order to induce apoptosis. Staurosporine is 
an inhibitor of protein kinases. It induces apoptosis in endothelial 
cells by breaking the focal adhesion sites by dephosphorylation of 
focal adhesion kinase [8]. Figure 1 shows the effects of the chemical 
compound staurosporine. The pictures in the first row of Figure 1 
show HUVEC-C cells that have not been treated with staurosporine. 
8 hours as well as 24 hours after the beginning of the experiment, 
the cells had conversed a morphology characteristic for HUVEC-C 
cells, that is to say that the cells were attached on the bottom of the 
cell culture flask and were spread and elongated. The cells treated 
with staurosporine are shown in the second row of Figure 1, 8 hours 
and 24 hours after addition of staurosporine. Already 8 hours after 
addition of staurosporine, the morphology of the HUVEC-C cells 
had changed completely. The cells were round and had detached 
from the surface of the cell culture flask, which is characteristic for 
cells undergoing apoptosis. Therefore we could conclude that the 
treatment with staurosporine was efficient to induce apoptosis in 
the HUVEC-C cells. The supernatant was collected and purified 
by high speed centrifugation in order to resuspend the cell-derived 
microparticles in the phosphate buffer PBS.

Analysis of the cell-derived microparticles by atomic force 
microscopy

The cell derived microparticles collected from the cell supernatant 
were analyzed by atomic force microscopy (AFM) in order to 
determine the size distribution of the sample. Figure 2 shows a 
representative picture of the scanned microparticles. Using the upper 
threshold method, the projected areas of each of the microparticles 
were obtained and the diameter was calculated according to the 
following formula: 2 aread

π
= × . The data were represented in a histogram 

(Figure 3). Figure 3A shows the size distribution for MPs collected 
from the supernatant of apoptotic cells (apoptotic MPs), while Figure 
3B shows the size distribution of MPs collected from non-treated cells 
(control MPs). The relative change of the mean diameter was 42% and 
the distributions were found to be significantly different according 
to the non-parametric Kolmogorov-Smirnov Test with p=0.05. These 
data suggested that the induction of apoptosis in HUVEC-C cells 
had an effect on the size of the MPs released from those cells. AFM 
was well suited for the study of these small biological objects. Using 
AFM objects with a broad size range could be analysed in the same 
experiment and a clear picture of the samples could be obtained.

Conclusion and Outlook
We have established a model system of cell-derived microparticles 

Control 8 h Control 24 h

5 µM Staurosporine 8 h 5 µM Staurosporine 24 h

Figure 1: Generation of in-vitro endothelial microparticles. HUVEC-C cells 
were incubated for 24 h with 5 µM staurosporine so that apoptosis was 
induced in the cells as well as the release of endothelial microparticles. The 
pictures were taken with an optical microscope (phase contrast,10X).

Figure 2: Topography picture of a sample of cell derived microparticles Cell-
derived microparticles were produced by induction of apoptosis in HUVEC-C 
cells. The sample was scanned in non-contact taping mode by AFM. The 
picture on the right shows a 3D projection of the 2D picture. The picture is 
a scan of 5x5 µm.

Figure 3: Size distribution of cell-derived microparticles (MPs) Control cell-
derived microparticles are particles collected from non-treated cells, while 
apoptotic cells were collected from cells which had been treated with the 
apoptosis inducting chemical staurosporine. The mean diameter of the 
apoptotic cell-derived microparticles was larger than the one of control cell-
derived microparticles.
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in vitro. It was very easy to collect the microparticles and purify them 
to obtain a solution for analysis. The characterization of the cell-
derived microparticles was performed by atomic force microcospy, 
a method well adapted to the size of those objects. This lay down the 
basement of a new analytical method for cell-derived microparticles. 
AFM will be further used in combination with microparticle specific 
capture molecules such as antibodies, so that the surface antigens can 
also be characterized.
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