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1

CHAPTER 1

Introduction

1.1 Thesis motivation

Cells release small biological sacks filled with fluid, which are called “extracellular
vesicles”. The diameter of extracellular vesicles typically ranges from 30 nm to
1 µm [69, 19], the smallest being some 100-fold smaller than the smallest cells in
the human body. Fig. 1.1A shows a scanning electron microscopy image of vesicles
that are released by an endothelial cell. Because cells release vesicles into their
environment, body fluids, such as blood, saliva, and urine, contain numerous cell-
derived vesicles. Cells employ vesicles to remove waste and transport and deliver
cargo, such as receptors and genetic information, to other cells. Since the cargo
allows vesicles to target messages to specific cells, vesicles most likely play a key
role in intercellular communication. In addition, the size, concentration, cellular
origin, and composition of vesicles in body fluids is changed during diseases. For
example, increased levels of vesicles in plasma are associated with thrombosis
and metastatic carcinomas [37, 73]. The functions of vesicles and their change of
properties during disease imply that vesicles have many clinical applications. For
example, an abundant concentration of a particular vesicle type could be indicative
for the presence of a disease. Such information would enable early recognition of a
disease and monitoring the efficacy of therapy. Furthermore, vesicles can be used
to deliver drugs specifically to the diseased organ without being cleared by the
immune system [284]. For these applications to become reality, we need to gain a
profound understanding of extracellular vesicles.

Rose Johnstone appointed her discovery of vesicle formation in 1987 as “Alice in
Blunderland” [74]. Although the field of vesicle research is growing exponentially
ever since (Fig. 1.1B) and much progress has been made, Johnstone’s statement
still applies to the current state of the field. Physical properties of vesicles, such
as their size distribution, morphology, refractive index, and concentration are still
unknown. For example, the reported concentrations of vesicles in human plasma
from healthy individuals differ 100,000,000-fold [37, 316, 90, 335]. However, since
normal cell counts differ less than 10-fold between healthy individuals, the true
range in vesicle concentrations is probably orders of magnitude smaller.

The main reasons for the differences in the reported concentrations are the
small size of extracellular vesicles and the limited sensitivity of detection tech-
niques. Flow cytometry, which is the most widely applied technique to study single
vesicles, detects only 1 % of all vesicles present. Other techniques measure millions
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Figure 1.1: (A) Scanning electron microscopy image of extracellular vesicles (arrows)
that are secreted by an endothelial cell. Image courtesy of Anita Böing. (B) Number of
publications per year about extracellular vesicles (bars) fitted by an exponential function
(line, R2 = 0.98) [3].

of vesicles simultaneously and are therefore unable to identify sub-populations of
vesicles. Over the last decade, novel techniques found their way to the vesicle labs,
but their suitability for vesicle detection is not sufficiently tested and understood.

The aim of this thesis is to improve the detection of extracellular vesicles by (1)
obtaining insights into fundamental physical properties of vesicles, and (2) gaining
a profound understanding of the currently used and novel detection techniques.
Since this knowledge is a prerequisite to understand the biological relevance of
vesicles in health and disease and increase the clinical usefulness of vesicles, this
thesis paves the way to Vesicles’ Wonderland.

1.2 Thesis contents

Chapter 2 contains an introduction to extracellular vesicles. The history, nomen-
clature, classification, types, properties, functions, and clinical relevance of extra-
cellular vesicles are discussed. In Chapter 3, an overview is provided of 14 currently
available and potentially applicable methods for optical and non-optical determina-
tion of the size, concentration, morphology, biochemical composition and cellular
origin of vesicles. The working principle of all techniques is briefly discussed, as
well as their capabilities and limitations based on the underlying physical parame-
ters of the technique. To compare the precision in determining the size of vesicles
between the discussed techniques, a mathematical model is developed to calcu-
late the expected size distribution for a reference vesicles population. In Chapter
4, an experimental evaluation is performed of 5 of the 14 methods. The most
widely used methods capable of detecting single vesicles are selected, which are
transmission electron microscopy, a conventional flow cytometer, a flow cytome-
ter dedicated to detecting sub-micrometer particles, nanoparticle tracking analysis
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and tunable resistive pulse sensing. The accuracy, precision and detection range of
these methods are determined. Insight into the capabilities of the applied methods
to measure the size distribution of vesicles enabled to explain why the reported
concentrations of vesicles in human blood plasma differ 100,000,000-fold.

Chapter 5 further addresses vesicle detection by flow cytometry, which is the
most widely used technique to study single vesicles. It is shown that vesicle detec-
tion by flow cytometry is partly attributed to swarm detection of smaller vesicles,
that is, multiple vesicles are simultaneously illuminated by the laser beam and
counted as a single event signal. In addition, the relationship between light scat-
tering and the diameter of vesicles is modeled to demonstrate that the current
vesicle gating strategy selects vesicles and cells with a diameter between 800 nm
and 2,400 nm.

For optical detection and characterization of vesicles, the refractive index of
vesicles is an important but unknown property. The refractive index is important
because it relates light scattering to the size and composition of a vesicle. In
Chapter 6, a novel method is described to determine both the refractive index and
the diameter of single vesicles in suspension.

In chapter 4 it is shown that tunable resistive pulse sensing is the most accu-
rate technique to determine the size and concentration of vesicles in suspension.
However, the reproducibility of tunable resistive pulse sensing is not investigated.
In Chapter 7, the reproducibility is quantified. Furthermore, a protocol is devel-
oped to improve both the reproducibility and sensitivity of tunable resistive pulse
sensing.

Because body fluids contain many particles other than vesicles, vesicles require
isolation prior to detection. However, isolation of vesicles from particularly plasma
is challenging due to the high complexity of this body fluid. In Chapter 8 it is
demonstrated that a single step isolation procedure of vesicles from plasma by
size-exclusion chromatography can be used. The acquired knowledge on vesicle
detection is used to demonstrate that size-exclusion chromatography has excellent
recovery and enrichment.

In Chapter 9, the reader is taken beyond the state of the art. The applicability
of vesicle detection by specialized techniques, such as Raman microspectroscopy,
micro nuclear magnetic resonance, small-angle X-ray scattering and anomalous
small-angle X-ray scattering is discussed.

Chapter 10 contains the general discussion, where the major findings of this
thesis are placed into the context of the current state of the field. To finish off,
the future of extracellular vesicles detection is enlightened.
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CHAPTER 2

Classification, functions, and clinical relevance

of extracellular vesicles

Abstract

Both eukaryotic and prokaryotic cells release small, phospholipid-enclosed vesicles
into their environment. Why do cells release vesicles? Initial studies showed that
eukaryotic vesicles are used to remove obsolete cellular molecules. Although this
release of vesicles is beneficial to the cell, the vesicles can also be a danger to their
environment, for instance in blood, where vesicles can provide a surface supporting
coagulation. Evidence is accumulating that vesicles are cargo containers used by
eukaryotic cells to exchange biomolecules as transmembrane receptors and genetic
information. Because also bacteria communicate to each other via extracellular
vesicles, the intercellular communication via extracellular cargo carriers seems to
be conserved throughout evolution, and therefore vesicles are likely to be a highly
efficient, robust, and economic manner of exchanging information between cells.
Furthermore, vesicles protect cells from accumulation of waste or drugs, they con-
tribute to physiology and pathology, and they have a myriad of potential clinical
applications, ranging from biomarkers to anticancer therapy. Because vesicles may
pass the blood-brain barrier, they can perhaps even be considered naturally occur-
ring liposomes. Unfortunately, pathways of vesicle release and vesicles themselves
are also being used by tumors and infectious diseases to facilitate spreading, and
to escape from immune surveillance. In this chapter, the different types, nomen-
clature, functions, and clinical relevance of vesicles will be discussed.

Parts of this chapter have been published as:
� E. van der Pol, A.N. Böing, P. Harrison, A. Sturk, and R. Nieuwland. Classi-

fication, functions, and clinical relevance of extracellular vesicles. Pharmacol.
Rev. 64(3), 676−705 (2012)

� E. van der Pol, T.G. van Leeuwen, and R. Nieuwland. An overview of novel
and conventional methods to detect extracelllular vesicles. In: P. Harrison, C.
Gardiner, and I.L. Sargent, ed. Extracellular vesicles in health and disease, 1st
edn., Singapore, Pan Stanford Publishing (2014)

� R. Nieuwland, E. van der Pol, and A. Sturk. Overview of microvesicles and exo-
somes in health and disease. In: P. Harrison, C. Gardiner, and I.L. Sargent, ed.
Extracellular vesicles in health and disease, 1st edn., Singapore, Pan Stanford
Publishing (2014)
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Chapter 2. Classification, functions, and clinical relevance of extracellular vesicles

2.1 Introduction

2.1.1 Cell-derived vesicles

Both eukaryotic and prokaryotic cells release vesicles, which are spherical particles
enclosed by a phospholipid bilayer. The diameter of vesicles typically ranges from
30 nm to 1µm [69], the smallest being some 100-fold smaller than the smallest
cells. Because cells release vesicles in their environment, body fluids such as blood
and urine, but also conditioned culture media, contain numerous cell-derived vesi-
cles, usually more than 1010 per mL [335, 90]. It is becoming increasingly clear
that most vesicles have specialized functions and play a key role in, for example,
intercellular signaling, waste management, and coagulation. Consequently, there
is a growing interest in the clinical applications of vesicles. Vesicles can potentially
be used for therapy, prognosis, and biomarkers for health and disease. Neverthe-
less, because of the small size and heterogeneity of vesicles, their detection and
classification is challenging [235]. Although different types of vesicles have been
identified, widely used terms, such as “exosomes” and “microparticles,” are often
inconsistent, especially in the older literature. Even if “purified exosomes” are
claimed to be measured, it is prudent to remain cautious. Moreover, it should be
emphasized that the extent to which vesicles really contribute to processes under-
lying physiology and pathology is virtually unexplored, and therefore one should
also remain cautious to extrapolate results from in vitro studies on vesicles and
their functions to the in vivo situation.

In this chapter, the focus will be on exosome-mediated signaling, although we
will also outline recent developments on other vesicles within the relatively novel
and rapidly expanding research field. A screening of the literature on cell-derived
vesicles provided more than 6,000 publications, from which approximately 500
were selected for review, with emphasis on recent publications from high-impact
journals.

2.1.2 History

The discovery of cell-derived vesicles dates back to 1940, when preliminary stud-
ies were performed, addressing the “biological significance of the thromboplastic
protein of blood” [61]. Clotting times of plasma were determined after centrifu-
gation at different speeds, and prolonged high-speed centrifugation (150 min at
31,000 g was shown to significantly extend the clotting time of the supernatant.
Furthermore, when the pellet containing “the clotting factor of which the plasma is
deprived” was added to plasma, the clotting times shortened, indicating that cell-
free plasma contains a subcellular factor that promotes clotting of blood [61]. More
than 20 years later, in 1967, this subcellular fraction was identified by electron mi-
croscopy and was shown to consist of small vesicles, originating from platelets and
termed “platelet dust” [329]. These vesicles were reported to have a diameter be-
tween 20 and 50 nm and had a density of 1.020 to 1.025 g mL−1 [329]. One decade

14



2.1. Introduction

2

later, fetal calf serum was also shown to contain “numerous microvesicles” ranging
in diameter from 30 to 60 nm [78].

Meanwhile, within a completely different line of research, the term “exosomes”
was introduced when vesicles were isolated from conditioned culture medium of
sheep reticulocytes. These vesicles had several characteristic activities in common
with the reticulocyte plasma membrane, including the presence of the transfer-
rin receptor, whereas cytosolic enzyme activities were not detected. Therefore, it
was concluded that “vesicle externalization could be a mechanism for shedding of
specific membrane functions, which are known to diminish during maturation of
reticulocytes to erythrocytes” [152]. Because these exosomes contained the trans-
ferrin receptor but expressed no lysosomal activities, it was also suggested that
there may be a common mechanism to segregate and externalize specific plasma
membrane proteins [153]. The formation of the transferrin receptor-containing
exosomes proved to be a major route for removal of plasma membrane proteins.
Because not only mammalian but also embryonic chicken reticulocytes were shown
to produce transferrin receptor-containing exosomes, this may be a conserved and
common pathway [154, 116]. It was then discovered that exosomes are formed
within multivesicular endosomes (MVEs), also known as multivesicular bodies,
and are being released when membranes of MVEs fuse with the plasma mem-
brane. This pathway of protein sorting turned out to be highly selective, because
other major transmembrane proteins, such as the anion transporter, are fully re-
tained within the mature red cell and are absent within exosomes [151]. Taken
together, these early studies revealed that exosomes might be essential in a sophis-
ticated and specific mechanism to remove obsolete transmembrane proteins.

2.1.3 Nomenclature

Because of the detection difficulties, the multidisciplinary research field, and differ-
ent ways of classification, there is currently no consensus about the nomenclature
of cell-derived vesicles. For example, cell-derived vesicles have often been called
after the cells or tissues from which they originate [e.g., dexosomes (dendritic
cell-derived exosomes) [186], prostasomes (prostate-derived vesicles) [279], matrix
vesicles (vesicles in bone, cartilage and atherosclerotic plaques) [286], and synaptic
vesicles (vesicles from neurons) [315]]. However, such names do not provide a clue
for classification with regard to the type of vesicles involved.

Types of vesicles in recent literature

In four recent reviews, vesicles were classified into between two and six major differ-
ent types [66, 296, 32, 197]. Two common types were distinguished unanimously
[i.e., exosomes and microvesicles (also called shedding vesicles, shedding micro-
vesicles, or microparticles)], and in three of these reviews, apoptotic vesicles (also
called apoptotic blebs, or apoptotic bodies) became a separate class [296, 32, 197].
In addition, “ectosomes,” “membrane particles,” and “exosome-like vesicles” were
distinguished on the basis of the physicochemical characteristics of vesicles, in-
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A B

200 nm

5 µm

C D
200 nm

200 nm

Figure 2.1: Different types of eukaryotic cell-derived vesicles. Transmission electron
micrographs of cell-derived vesicles isolated by differential centrifugation from plasma (A;
exosomes, diameter < 100 nm, urine (B; microvesicles, diameter > 100 nm), or saliva
(C; either exosomes or membrane particles, diameter < 100 nm) of a healthy human
subject. A scanning electron micrograph (D) showing a human umbilical vein endothelial
cell releasing apoptotic vesicles. Please notice the much larger size of apoptotic vesicles
compared with the other types of vesicles, and the typical cup shape of vesicles.

cluding size, density, appearance in microscopy, sedimentation, lipid composition,
main protein markers, and subcellular origin [i.e., originating from intracellular
compartments (exosomes) or plasma membranes] [296]. Although this classifica-
tion is the best and most extensive so far, it is difficult to use in daily practice. For
instance, a vesicle with a diameter of 50 nm can be classified either as an exosome,
ectosome, membrane particle, exosome-like vesicle, or apoptotic vesicle according
to this scheme, and, as correctly mentioned by the authors “in practice, all vesicles
preparations are heterogeneous, with different protocols allowing the enrichment
of one type over another.”

Types of vesicles in this chapter

In this chapter, we propose to distinguish four different types of eukaryotic cell-
derived vesicles: (1) exosomes, (2) microvesicles (microparticles), (3) membrane
particles, and (4) apoptotic vesicles, thereby omitting “ectosomes” and “exosome-
like vesicles,” because there is insufficient evidence to support the existence of
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these types of vesicles [296]. The main characteristics of these types of vesicles are
summarized in Table 2.1 and Fig. 2.1 illustrates the various types of vesicles.

“Ectosomes” have been omitted because (1) the reported size of these neutrophil-
derived vesicles (50−200 nm) was based partially on flow cytometry using 200 nm
beads, a procedure now known to lead to underestimation of the diameter and
concentration of the vesicles as a result of differences in refractive indexes between
the beads and the vesicles [235, 58, 234], (2) these vesicles were observed in vitro
only, and (3) neutrophils also release microvesicles, which was not known when
the term “ectosomes” was introduced [77].

The “exosome-like vesicles” were omitted because (1) these vesicles, which were
shown to contain the 55 kDa full length from the tumor necrosis factor (TNF)-α
receptor, were erroneously reported to be mainly present in the 175,000 g frac-
tion of conditioned medium of human umbilical vein endothelial cells and bron-
choalveolar lavage (BAL) fluid, whereas they are present predominantly in the
100,000 g fractions (i.e., the fraction in which also exosomes are usually isolated)
[296], (2) the transmission electron microscopy (TEM) micrographs show dam-
aged and disrupted vesicles, which makes estimation of the real vesicle size dif-
ficult, and (3) endothelial-conditioned medium and BAL also contain exosomes
[11, 238, 165, 318].

2.1.4 Current limitations of classification

Important criteria for classification with regard to the type of cell-derived vesicles
are size, density, morphology, lipid composition, protein composition, and subcel-
lular origin [296, 235], which are summarized in Table 2.1. In the near future, it is
expected that also the refractive index, ζ-potential, and chemical composition will
be accessible from individual vesicles to become novel relevant characteristics. It
is important to point out the limitations and problems with the current criteria,
which is necessary to fully understand and appreciate the literature about exo-
somes and other types of cell-derived vesicles.

Isolation

Because of the biological complexity of body fluids, isolation of vesicles has proven
to be extremely difficult. For instance, isolation of vesicles from blood is affected
by venipuncture, time between blood collection and handling, the anticoagulant,
the applied separation process, the high viscosity of blood, and the presence of
sticky proteins, including fibrinogen and albumin [333]. Because of their small
size, vesicles are below the detection range of conventional detection methods.
Consequently, recovery and contamination of the separation process cannot be
reliably quantified, and isolation protocols have not been standardized. The inter-
related difficulties of the detection and isolation of vesicles partly explains the
differences in classification criteria and clearly exposes one of the main issues to
be solved by the research field.

In most studies, vesicles are isolated by differential centrifugation. With cen-
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trifugation, the centrifugal force is used for the sedimentation of particulate matter,
such as vesicles in solution. Separation of the various sorts of vesicles present in a
sample is based on size and density, larger and denser components migrating away
from the axis of the centrifuge and smaller and less-dense components migrating
toward the axis. Differential centrifugation involves multiple sequential centrifu-
gation steps, each time removing the pellet and increasing the centrifugal force
to separate smaller and less dense components than the previous step. Typically,
applied centrifugal accelerations are approximately 200 to 1,500 g to remove cells
and cellular debris, 10,000 to 20,000 g to pellet vesicles larger than 100 nm, and
100,000 to 200,000 g to pellet vesicles smaller than 100 nm.

Besides the size and density of vesicles, the efficiency to isolate vesicles will
depend on the shape and volume fraction of the vesicles, the volume, viscosity,
and temperature of the fluid in which the vesicles are present, the centrifugation
time, and the type of rotor used (fixed angle or swing-out). Because vesicles
are heterogeneous in all aspects involved in differential centrifugation, complete
separation of vesicles with a certain diameter or density is still utopian. For
example, we recently applied differential centrifugation to the best of our ability
to separate vesicles smaller than 100 nm from larger vesicles, all present in human
saliva, and observed substantial cross contamination (∼10 %) in both fractions
[30].

Centrifugation also raises other problems that have to be taken into account.
The removal of all cells from biological fluids can be challenging, for instance in
the case of blood, where small platelets and apoptotic bodies overlap in size with
large vesicles. When the centrifugal force applied to remove cells is too high, cells
may fragment or become activated. Washing of vesicle pellets will often result
in the loss of vesicles, resulting in variable yields. For instance, approximately
40 to 60 % of platelet-derived vesicles are lost at every washing step, whereas
vesicles from erythrocytes are unaffected (M.C.L. Schaap and R.J. Berckmans,
personal communication). In addition, a high centrifugal acceleration of 100,000
to 200,000 g may result in vesicle fusion and contamination of the pellets with
proteins, thus hampering TEM and proteomic studies [21, 256, 121]. Moreover,
the functional properties of vesicles may change during isolation. For example,
centrifugation of vesicles may increase thier exposure of phosphatidylserine (PS),
thereby enhancing the ability of vesicles to promote coagulation (R.J. Berckmans,
personal communication).

Besides differential centrifugation, filtration can be applied to isolate vesicles.
With filtration, the isolation of vesicles is based on differences in size, shape, and
deformability between types of vesicles and other particles. Although most filters
have a well-defined pore size, the filtrate may contain larger vesicles than the pore
size due to the deformation of vesicles. In addition, filters may bind subpopulations
of vesicles, and increasing forces have to be applied with decreasing pore size. One
recent advance is the availability of nanofabricated filtration sieves, which have
pores with well-defined diameters as small as 100 nm [72, 251, 301]. Fig. 2.2A
shows a scanning electron micrograph of a filtration sieve containing pores with a
diameter of 900 nm. Nanofabricated filters have the capability to separate plasma
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Figure 2.2: Advanced methods to isolate vesicles. (A) Scanning electron micrograph of
a filtration sieve containing pores with a diameter of 900 nm. Image courtesy of C.J.M.
van Rijn. (B) Schematic of the underlying principle of FFFF. Since relatively small
vesicles (purple) have a large diffusion coefficient compared to relatively large vesicles
(green), small vesicles are on average located more centrally in the flow channel than
larger vesicles. Consequently, due to the parabolic flow profile of the channel flow, small
vesicles elute faster than larger vesicles.

from whole blood by capillary forces only, as was demonstrated using a planar filter
with a thickness of 500 nm [76]. However, the total obtained volume of plasma
from 5µL blood was merely 45 nL. Further investigation is necessary to employ
nanofabricated filters for the isolation of EVs.

Alternatively, vesicles can be isolated and fractionated by size using flow-field
flow fractionation (FFFF). Fig. 2.2B shows a schematic of the underlying prin-
ciple of FFFF. In an open flow channel a laminar flow with a parabolic stream
profile is formed. This main flow transports the sample through the channel to
which a cross flow is applied perpendicularly. The cross flow is directed through
a semipermeable membrane that is located at the bottom wall. The membrane
allows the fluid to exit the channel but prevents the vesicles to pass through. Un-
der the influence of the Brownian motion of vesicles and the counteracting cross
flow, different equilibrium layer heights are formed by different vesicle size frac-
tions. Small vesicles with high diffusion coefficients are on average located more
centrally in the flow channel in fast stream lines and elute first. Larger vesicles
with lower diffusion coefficients are on average located in slow stream lines and
elute later. This results in size-based fractionation with a resolution of up to 10 nm
without exposing the vesicles to high shear stress [170]. Although FFFF is suc-
cessfully applied to isolate exosomes from human neural stem cells [159], FFFF is
not widely applied because it requires extensive optimization of the settings and
is expensive relative to differential centrifugation.

Size

Because vesicles are assumed to be spherical in their natural state, the size of vesi-
cles given is usually the diameter. The relation between the range of the diameter
of vesicles and their concentration is the size distribution, preferably expressed
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as number of vesicles per unit particle size and suspension volume. However,
because most size determinations of vesicles are based on TEM, the original vol-
ume of the suspension from which the vesicles originate cannot be assessed, and a
differential size distribution is used, indicating the number of vesicles per unit par-
ticle size only. Because TEM is performed in a vacuum, fixation and dehydration
are essential preparation steps likely to affect the size and morphology of vesicles
[235]. Novel methods have been explored to determine the size and concentration
of vesicles directly in suspension, including atomic force microscopy [269, 335],
nanoparticle tracking analysis [90], and resistive pulse sensing. Typically, size
distributions obtained from vesicles have the shape of a Gaussian or log normal
distribution, but to what extent this reflects the natural population of vesicles is
unknown, because the results are strongly influenced by (pre)analytical variables
such as the isolation procedure and the detection limit of the applied detection
technique. The (pre)analytical variables together with the choice of statistical
parameters used to describe the size distribution (e.g., minimum, maximum, full
width at half-maximum, mean, median, and mode diameter) all give rise to a
marked range in the reported size for the different types of vesicles.

Density

The determination of the density of vesicles is usually based on sucrose gradient
centrifugation. Because vesicles are very heterogeneous in all aspects involved in
centrifugation, and because observed differences in the densities between types of
vesicles are very small, discriminating types of vesicles by density is difficult.

Morphology

The morphology of cell-derived vesicles can be assessed with detection methods
having subnanometer resolution, such as TEM and atomic force microscopy. For
example, the morphology of exosomes has been traditionally described as “typical
cup-shaped” after fixation, adhesion, negative staining, and visualization by TEM.
However, to what extent this feature is either an artifact due to extensive sample
preparation or actually unique for exosomes and does not apply to other vesicles
is unknown [196]. The cupshaped morphology may still be a useful feature to
distinguish cell-derived vesicles from similar-sized particles. With atomic force
microscopy, the morphology of vesicles adhered to a surface can be studied directly
in solution [269, 335]. However, because of the adhesion of vesicles to the surface,
their structure changes from spherical to hemispherical or flat, depending on the
composition of the membrane [160], which may cause artifacts in the interpretation
of both size and morphology.

Lipid composition, protein composition, and cellular origin

Studies on the cellular origin and intracellular versus plasma membrane origin of
vesicles are often based on the measurement of the lipid and protein composition of
the total population of vesicles that has been isolated (e.g., by Western blotting and
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mass spectroscopy). Obviously, this approach does not provide information on the
presence of contaminants, such as other types of vesicles or copurified proteins. For
example, exosomes from malignant pleural effusions isolated by sucrose gradient
centrifugation contain immunoglobulins [21]. By far the most widely used method
to establish the cellular origin and phenotype of single vesicles is flow cytometry,
which is based on the detection of light scattering and fluorescence from labeled
vesicles. Nevertheless, the smallest detectable single vesicle by flow cytometry
varies between 300 and 700 nm on older generation flow cytometers [234]. Modern
flow cytometers using high collection angle optics are capable of detecting single
polystyrene beads with a diameter as small as 100 nm [252], corresponding to
vesicles with a diameter larger than 150 nm owing to refractive index differences
[58]. Because most vesicles have a diameter smaller than 100 nm, it is not surprising
that according to recent estimates only 1 to 2 % of all vesicles present in biological
fluids (e.g., plasma and urine) are actually detected [235, 335, 58]. One popular
solution to this problem has been to use specific capture beads that are sufficiently
large to be measurable. The capture beads bind multiple smaller vesicles, thus
facilitating their phenotyping by flow cytometry.

In sum, although there is no doubt that different types of cell-derived vesicles do
exist, the interrelated difficulties of the detection and isolation of vesicles hamper
the development of criteria to distinguish them. Consequently, the classification of
vesicles is clearly work in progress. Nonetheless, recent studies have shown that the
detection of single vesicles smaller than 100 nm is becoming feasible. Therefore,
new developments on the detection of vesicles are likely to improve the criteria for
classification [235, 335, 90].

2.2 Types of cell-derived vesicles

2.2.1 Exosomes

Exosomes are cell-derived vesicles that are present in many and perhaps all biologi-
cal fluids, including urine, blood, ascites, and cerebrospinal fluid [229, 53, 163, 311],
fractions of body fluids such as serum and plasma, and cultured medium of cell
cultures. The reported diameter of exosomes is between 30 and 100 nm and the
density ranges between 1.13 and 1.19 g mL−1. Exosomes are usually isolated by
ultracentrifugation (100,000 to 200,000 g). The morphology of exosomes has been
described as cup-shaped after fixation, adhesion, negative staining, and visualiza-
tion by TEM. Regarding their biochemical composition, exosomes are surrounded
by a phospholipid membrane containing relatively high levels of cholesterol, sph-
ingomyelin, and ceramide and containing detergent-resistant membrane domains
(lipid rafts) [331, 270, 296, 197]. The membrane proteins have the same orien-
tation as the cell. Exosomes are characterized by the presence of proteins in-
volved in membrane transport and fusion, such as Rab, GTPases, annexins, and
flotillin, components of the endosomal sorting complex required for transport (ES-
CRT) complex such as Alix, tumor susceptibility gene 101 (TSG101), heat shock
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proteins (HSPs), integrins, and tetraspanins, including CD63, CD81, and CD82
[66, 270, 296, 32, 197, 39, 60, 248].

Although all of the aforementioned properties of exosomes are frequently re-
ported and accepted, none of these properties is unique and identifies exosomes.
There is increasing evidence that there is overlap between properties previously
thought to be unique for exosomes and properties of other types of cell-derived
vesicles, suggesting that there is a continuum of vesicle types with overlapping
properties present in body fluids.

For example, the typically reported diameter of exosomes may be biased toward
smaller particles for two reasons. First, exosomes are often isolated by differential
centrifugation, which involves a loss of relatively large vesicles during removal of
cells by centrifugation. Second, because in most studies only a limited number
of exosomes are visualized by TEM, and because the size distribution of vesicles
typically has the shape of a Gaussian or log normal distribution with a peak below
100 nm, as also confirmed by novel detection methods, such an analysis will easily
overlook the presence of vesicles larger than 100 nm. Although these larger vesicles
represent only a relatively small fraction of the total population, their total surface
area or volume and thus their functional contribution may be relatively large.

Identification of exosomes based on their cup-shaped morphology after negative
staining and visualization by TEM seems questionable. For example, exosomes and
similar-sized vesicles, called membrane particles or prominosomes, both appear
with a cup-shaped morphology on the same electron micrographs [196]. Fig. 2.1
shows that not only exosomes but also vesicles larger than 100 nm may appear cup-
shaped by TEM. Finally, recent evidence indicates that not all exosomes originate
from intracellular MVEs, the “classic pathway” of exosome formation, thereby
making identification of exosomes even more complex.

Classic pathway of exosome formation

The “classic pathway” of exosome formation is by far the best studied and involves
the formation of intraluminal vesicles within MVEs (Fig. 2.3). In turn, MVEs can
fuse with either lysosomes for cargo degradation or with the plasma membrane to
secrete the intraluminal vesicles, which are then released as exosomes.

Different intracellular sorting pathways exist in directing proteins toward intra-
luminal vesicles predestined for either degradation or secretion, thus implicating
the existence of different types of MVEs. Redundant transmembrane receptors are
sorted to intraluminal vesicles predestined for lysosomal degradation after ubiqui-
tination, a post-translational modification that is executed by ESCRT [20, 204].
On the other hand, there is no compelling evidence that the ESCRT is involved in
the sorting of transmembrane receptors to intraluminal vesicles that are predes-
tined to become secreted as exosomes [295, 51, 52, 299, 270, 285, 39]. Although
several ESCRT proteins [295] and ubiquitinated proteins [51] are present in exo-
somes, the ubiquitinated proteins are soluble proteins and not transmembrane
proteins, suggesting that ubiquitination may have occurred in the cytosol rather
than by the ESCRT. Likewise, the sorting of the proteolipid protein to intralu-
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Figure 2.3: Pathways of exosome formation. Cells release exosomes via two mechanisms.
The classic pathway (left) involves the formation of intraluminal vesicles (ILVs) within
multivesicular endosomes (MVEs). In turn, the membrane of MVE fuses with the plasma
membrane, resulting in the release of ILVs. When secreted, ILVs are called exosomes.
Alternatively, the direct pathway (right) involves the release of vesicles, indistinguishable
from exosomes, directly from the plasma membrane.

minal vesicles predestined to become secreted as exosomes is independent from
the ESCRT but depends on the sphingolipid ceramide [194, 299]. Further evi-
dence for two pathways comes from studies showing that lysobisphosphatidic acid
induces the formation of intraluminal vesicles predestined for lysosomal degra-
dation but does not affect the formation of exosomes [198]. This is confirmed
by studies in which cholesterol is labeled with perfringolysin O, which reveals
perfringolysin O-positive and -negative MVEs in B cells, of which only the choles-
terolcontaining MVEs fuse with the plasma membrane resulting in the release
of exosomes [207]. In addition, both epidermal growth factor and the epider-
mal growth factor receptor (EGFR) travel to exosomes via MVEs not containing
the lipids bis(monoacylglycero)phosphate/lysobisphosphatidic acid, whereas the
bis(monoacylglycero) phosphate/lysobisphosphatidic acid-containing vesicles are
degraded by lysosomes [324]. Thus, clearly two intracellular pathways of MVE
sorting exist.

Cytosolic domains of proteins [293] or lipid domains enriched in the tetraspanins
CD9 or CD63 are thought to play a role in the sorting of transmembrane proteins
toward intraluminal vesicles [52, 39]. Several different types of small GTPases
from the Rab family play a role in the intracellular trafficking of MVEs toward
either the plasma membrane [260, 139, 222] or to lysosomes for degradation [280],
as well as cytosolic calcium levels [261, 98, 172], citron kinase, [189], and a still
unidentified combination of soluble N-ethylmaleimidesensitive factor attachment
protein receptors, which is involved in the final fusion of the MVE membrane with
the plasma membrane [244].
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Direct pathway of exosome formation

Next to the “classic pathway” of exosome biogenesis, there is a second and much
more immediate route of exosome formation (Fig. 2.3). T cells and erythroleukemia
cell lines release exosomes directly from their plasma membrane, both sponta-
neously as well as upon expression of HIV Gag or Nef, or after cross-linking of
surface receptors [43, 96, 187]. These vesicles are indistinguishable from exosomes
formed by the classic endosomal pathway because they are enriched in classic ex-
osome markers such as CD63 and CD81 and have a similar diameter and density.
The extent to which such exosomes are also released from other cells or in vivo
(e.g., in biological fluids) is unknown.

2.2.2 Microvesicles

Microvesicles, often called microparticles, is a term used for vesicles that are re-
leased from the plasma membrane during cell stress. This term is also often used to
describe total populations of vesicles isolated from biological fluids [215, 129, 32].
In addition, microvesicles are present in most if not all biological fluids, atheroscle-
rotic plaques and conditioned culture medium [192, 29, 30, 55, 210]. Although
microvesicles are believed to be larger than exosomes and are usually reported to
range in size between 100 nm and 1.0µm in diameter [296], there is much confusion
on this matter. For instance, with regard to the diameter of vesicles in plasma
from healthy human individuals, the following size ranges have been reported: 20
to 50 nm by TEM [329], 200 to 800 nm by TEM [302], 180 nm (mean) by TEM and
atomic force microscopy [120], and 80 nm (mean) by nanoparticle tracking analy-
sis [90]. Consequently, the size ranges of microvesicles and exosomes may overlap,
especially when body fluids are used as a source for isolation of vesicles. In vitro,
activated platelets release two clearly distinct populations of vesicles, small (< 100
nm) vesicles exposing CD63, exosomes, and large (100−1,000 nm) microvesicles ex-
posing typical platelet receptors such as glycoprotein Ib [129]. Therefore, when
only a single cell type is studied in vitro, both types of vesicles may be distin-
guishable. The density of microvesicles is unknown, and microvesicles are usually
isolated by centrifugation at 10,000 to 20,000 g [296]. The term “microparticles”,
however, has also been used for total populations of vesicles isolated from human
plasma at 100,000 g [267] and such populations will contain exosomes [129]. Exo-
somes have a typical cup shape when studied by TEM (Fig. 2.1A), but larger
vesicles (Fig. 2.1B) also show this morphological feature. Although exposure of
PS is often mentioned as a typical marker for microvesicles [296, 32], this seems
questionable at best, because a substantial number of microvesicles do not expose
PS [156, 70], and because exposure of PS is markedly increased by centrifugation
and freeze-thaw procedures [70]. The mechanisms underlying the formation of
microparticles have been recently summarized elsewhere [210]. Taken together,
although exosomes and microvesicles are distinct types of vesicles, neither size,
morphology, nor exposure of PS is a sufficient criterion to distinguish both types
of vesicles from each other.
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2.2.3 Membrane particles

The lumen of the neural tube of embryonic mouse brain contains ventricular fluid,
in which two types of prominin-1 (CD133)-exposing vesicles are present [196],
called prominosomes or membrane particles [196, 296]. One type of membrane
particle has a diameter of approximately 600 nm, whereas the other type has a
diameter between 50 and 80 nm as determined by TEM. Although the small type
of membrane particles is precisely in the size range of exosomes, they showed a
slightly lower density (1.032−1.068 g mL−1) than exosomes on sucrose gradients,
and they do not expose CD63. Because these CD133+ vesicles (1) originate from
the plasma membrane of epithelial cells, (2) occur in human body fluids that
contact the epithelium, such as saliva, urine, and seminal fluid, and (3) coexist
with exosomes in saliva [196, 30], we assume these CD133+/CD63− vesicles to be
different from exosomes. The extent to which the larger type of membrane particle
is different from microvesicles, however, will need additional studies.

2.2.4 Apoptotic vesicles

When cells are undergoing apoptosis, they release PS-exposing vesicles, often called
apoptotic bodies or vesicles. The major difference between apoptotic vesicles
and other cell-derived vesicles is their size. In all studies so far, the diameter
of apoptotic vesicles is reported to range between 1 and 5 µm [164, 295, 138, 302].
This is in the precise size range of platelets in the human blood. Because activated
platelets or platelets undergoing a process resembling apoptosis also express PS, it
may be impossible to resolve apoptotic bodies from platelets based upon size and
a PS-positive phenotype. The density of apoptotic vesicles is 1.16 to 1.28 g mL−1,
which is partly overlapping with the density of exosomes, and their morphology is
typically more heterogeneous than other cell-derived vesicles when visualized by
TEM.

The inappropriate clearance of apoptotic vesicles is considered to be the pri-
mary cause of developing systemic autoimmune disease. Apoptotic cells release
at least two immunologically distinct types of apoptotic vesicles. Apoptotic vesi-
cles originating from the plasma membrane contain DNA and histones, whereas
apoptotic vesicles originating from the endoplasmic reticulum do not contain DNA
and histones but expose immature glycoepitopes [35].

In general, the process of “membrane blebbing” is thought to precede the
release of apoptotic vesicles and microvesicles. The extent to which this assump-
tion is true, however, is unclear. Membrane blebbing requires phosphorylation of
myosin light chain and Rho-associated coiled coil kinase I activity, which becomes
constitutively active upon cleavage by caspase 3, induces a net increase in myosin
light chain phosphorylation and subsequent membrane blebbing [262]. The key
role of caspase 3, one of the executioner enzymes of apoptosis, in membrane bleb-
bing is confirmed by the observation that a human breast cancer cell line, MCF7,
which is deficient of functional caspase 3, lacks membrane blebbing [146]. Alter-
natively, granzyme B cleaves Rho-associated coiled coil kinase II, which produces
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a constitutively active enzyme, and increases myosin light chain phosphorylation
as well as membrane blebbing [275].

2.3 Functions and clinical applications of cell-
derived vesicles

An extensive description of the functions and clinical applications of cell-derived
vesicles is beyond the scope of this thesis and can be found elsewhere [231]. In
short, vesicles play a role in intercellular signaling (e.g. immune suppression, anti-
gen presentation, inflammation), cell adhesion, waste management, coagulation,
and protection against extracellular and intracellular stress. Vesicles have poten-
tial clinical applications spanning therapy, prognosis and biomarkers for disease.

2.4 Conclusions and future directions

The research on cell-derived vesicles from eukaryotic cells is a fast-growing and
exciting new field. Although major progress has been made during the last decade,
our understanding of the molecular mechanisms underlying the release of vesicles
and the sorting of compounds into these vesicles are still incompletely understood,
the criteria to identify different types of vesicle have only been partially elucidated
so far, and, most importantly, the biological relevance of vesicles in health and
disease is poorly understood, especially in vivo.

The finding that vesicles enable the intercellular exchange of biomolecules sug-
gests a new level of communication that may increase our understanding of disease
development and progression. Moreover, vesicles may be useful as clinical instru-
ments for prognosis and biomarkers, and they are promising as autologous drug
vehicles capable of passing pharmacological barriers. To increase their clinical
usefulness, however, novel and dedicated instruments will have to be developed to
detect vesicles and to standardize vesicle measurements between laboratories.
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CHAPTER 3

Methods for detection and characterization

of extracellular vesicles

Abstract

Microparticles and exosomes are cell-derived vesicles present in body fluids that
play a role in coagulation, inflammation, cellular homeostasis and survival, inter-
cellular communication, and transport. Despite increasing scientific and clinical
interest, no standard procedures are available for the isolation, detection and char-
acterization of microvesicles and exosomes, because their size is below the reach of
conventional detection methods. Our objective is to give an overview of currently
available and potentially applicable methods for optical and non-optical determi-
nation of the size, concentration, morphology, biochemical composition and cellu-
lar origin of microvesicles and exosomes. The working principle of all methods is
briefly discussed, as well as their applications and limitations based on the under-
lying physical parameters of the technique. For most methods, the expected size
distribution for a given vesicle population is determined. The explanations of the
physical background and the outcomes of our calculations provide insights into the
capabilities of each method and make a comparison possible between the discussed
methods. In conclusion, several (combinations of) methods can detect clinically
relevant properties of microvesicles and exosomes. These methods should be fur-
ther explored and validated by comparing measurement results so that accurate,
reliable and fast solutions come within reach.

This chapter has been published as:

� E. van der Pol, A.G. Hoekstra, A. Sturk, C. Otto, T.G. van Leeuwen, and R.
Nieuwland. Optical and non-optical methods for detection and characterization
of microparticles and exosomes. J. Thromb. Haemost. 8(12), 2596-2607 (2010)
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3.1 Introduction

Cells release vesicles that function as vehicles for the transport and delivery of
cargo between cells [270, 217]. In addition, vesicles promote coagulation and in-
flammation. Throughout this chapter, we will use “vesicles” as a generic term for
all types of cell-derived extracellular vesicle, unless stated otherwise. Although
the clinical interest and relevance of vesicles is increasingly recognized [246], their
isolation and detection is still cumbersome [157]. At present, novel detection meth-
ods are being explored [335, 185, 159, 227, 340]. This chapter is an assessment of
the accuracy and practicability of methods for the detection of vesicles.

3.1.1 Microparticles and exosomes

The best studied types of vesicle are exosomes and microvesicles. Although a
generally accepted definition is lacking [74, 50], there are several features charac-
terizing exosomes and microvesicles. Exosomes are released from cells containing
multivesicular bodies when the membranes of multivesicular bodies fuse with the
plasma membrane. By transmission electron microscopy (TEM), exosomes appear
with characteristic doughnut morphology, and their diameter ranges between 30
and 100 nm [69]. Their density ranges from 1.13 to 1.19 g mL−1 [294], and pro-
teomes contain characteristic but not unique protein families, including heat shock
proteins and tetraspannins [297]. The main function of exosomes is to modulate
the immune response [296].

Microparticles are released from the plasma membrane during “budding” or
“shedding”. Most, if not all, eukaryotic cells release microvesicles, especially dur-
ing conditions related to stress, such as activation and apoptosis [106]. Micro-
particles are larger and more heterogeneous in morphology than exosomes, with
reported diameters ranging between 100 nm and 1µm [66]. Microparticles are best
known for binding coagulation factors and exposing tissue factor [271, 215, 112].
Their absence is associated with a bleeding tendency [272], and their (increased)
presence is associated with disseminated intravascular coagulation and thrombo-
sis [214, 37]. There is increasing evidence that exosomes and microvesicles are
“multipurpose carriers” facilitating the intercellular exchange of transmembrane
receptors, mRNA, microRNA, and signaling molecules [306, 83, 13]. Furthermore,
they promote cellular survival by removing dangerous or redundant intracellular
compounds [109, 7, 258].

3.1.2 Vesicle isolation, detection, and characterization

Currently, progress in vesicle research is hampered by several factors. Because
of the biological complexity of body fluids, isolation of vesicles has proven to
be extremely difficult. For instance, isolation of vesicles from blood is affected by
venepuncture, time between blood collection and handling, the anticoagulant, cen-
trifugation and washing procedures, the presence of lipoprotein particles and small
platelets within the size range of vesicles, the high viscosity of blood, and the pres-
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ence of sticky proteins, including fibrinogen and albumin. Because of their small
size, vesicles are below the detection range of conventional detection methods. As
a consequence, recovery and contamination cannot be reliably quantified, and iso-
lation protocols have not been standardized. For example, conflicting results were
reported on the procoagulant properties of vesicles from sickle cell disease patients
[27, 267]. Both studies attributed the procoagulant features to “microvesicles”,
but they used markedly different isolation protocols, involving centrifugation at
18,890 g [27] or 100,000 g [267], presumed to result in isolation of microvesicles or
microvesicles and exosomes, respectively.

3.1.3 Clinically relevant properties of vesicles

In this chapter, currently available and potentially applicable methods for the
detection and characterization of vesicles are presented. Clinically relevant prop-
erties of vesicles are size, concentration, morphology, biochemical composition,
and cellular origin. From the size information of individual vesicles, a relative size
distribution can be obtained, providing insights into the number of vesicles of one
particular size relative to those of another size. We define concentration as the
number of vesicles per unit volume. If both the relative size distribution and con-
centration are known, an absolute size distribution can be obtained, which gives
the number of vesicles of one particular size per unit volume. By morphology, we
mean shape and ultrastructure. Ultrastructure is illustrated in Fig. 3.1A, where
vesicles differ not only in shape but also in contrast and surface pattern. The bio-
chemical composition refers to the biological and chemical components of which
vesicles are composed. The cellular origin refers to the cell type from which the
vesicles originate.

3.1.4 Standard population and outline

For each detection method, the working principle is briefly explained and the mea-
surement time is estimated, assuming the detection of 10,000 particles, a number
that is common in flow cytometry. In addition, we give a prediction of the perfor-
mance of each method in detecting size, concentration, morphology, biochemical
composition, and cellular origin, by considering the underlying physical parameters
of the methods. To compare the performance of the methods for size detection,
we made a model predicting the size distribution for a given population of vesi-
cles (see Appendix A). As outlined previously, isolation of vesicles from blood is a
challenge. Therefore, we arbitrarily chose vesicles from urine to create a standard
population as a realistic input for our model. Urine can be used to prepare a
relatively high concentration of vesicles without excessive contamination with, for
example, platelets or proteins.

To create the standard population, we isolated vesicles from fresh cell-free
urine of a healthy male individual by highspeed centrifugation (Fig. 3.1A; 30 min
at 18,900 g), followed by ultracentrifugation of the supernatant (Fig. 3.1B; 1 h
at 154,000 g). We imaged vesicles by TEM and measured the diameter of 500
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Figure 3.1: Transmission electron microscopy (TEM) of vesicles from fresh cell-free hu-
man urine. (A) vesicles isolated from cell-free human urine by centrifugation (30 min at
18,900 g). (B) vesicles isolated from microparticle-depleted urine by ultracentrifugation
(1 h at 154,000 g). (C) Concentration vs. diameter for vesicles as measured by TEM,
and referred to as the standard population. The plot shows a broad distribution between
20 and 440 nm, with a single peak at 45 nm. (D) Scattering cross-section vs. diameter
(logarithmic scale) for vesicles, calculated using Mie theory of a sphere (np = 1.38) sur-
rounded by a membrane (10 nm; ns = 1.48). The medium is water (nm = 1.33) and the
wavelength of the laser is 532 nm. The scattering cross-section, and thus the quantity of
light scattered by a vesicle, strongly decreases with decreasing diameter. (continued)
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Figure 3.1: (E) Scattering coefficient vs. diameter (logarithmic scale) for the standard
population. The scattering coefficient, which is the average number of scattering events
that light encounters per unit length, is given by the product of the concentration of the
standard population and the scattering cross-section. The scattering coefficient strongly
increases with increasing diameter, indicating that the contribution of light scattered by
vesicles smaller than 100 nm is relatively small.

vesicles in each fraction. The combined size distributions are shown in Fig. 3.1C.
As different size distributions of vesicles in blood have been reported [335, 185, 269,
253], it is difficult to compare our standard population with its plasma counterpart.
Nevertheless, our standard population corresponds well with recent data on the
size distribution of plasma vesicles [335]. One has to bear in mind that the reported
absolute size distributions are affected by isolation procedures. In the literature,
vesicle concentrations in plasma range from 107 to 1012 L−1 [335, 340, 253, 263,
213, 124]. As our simulations demand an absolute size distribution as input,
we arbitrarily multiplied our relative vesicle size distribution by 109 L−1, as this
concentration is usually reported in plasma.

The outline of this chapter is as follows. The first part describes optical de-
tection, and is subdivided into methods based on light scattering or fluorescence.
The second part describes non-optical detection methods. Table 3.1 provides an
overview of all detection methods.

3.2 Optical methods

Optical methods have the potential to accurately obtain all clinically relevant
properties of single vesicles at a high speed. Two important parameters in optics
are the wavelength of light and the refractive index of particles relative to the sus-
pending medium. Optical phenomena, including reflection and refraction, depend
on the refractive index n of the material. The refractive index depends on the
wavelength λ, and is defined as the ratio of the speed of light in vacuum to that
in the material. In practice, the higher the difference between the refractive index
of a vesicle and its surroundings, the more light will be scattered.

3.2.1 Light scattering

Light that illuminates a vesicle is partly absorbed and partly scattered. As many
optical setups are based on the detection of scattered light, it is important to know
how much light is scattered by a single vesicle. The quantity of light scattered by a
single vesicle is proportional to the scattering cross-section σ. When the diameter
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AFM, atomic force microscopy; DLS, dynamic light scattering; F-CS, fluorescence corre-
lation spectroscopy; F-NTA, fluorescence nanoparticle tracking analysis; NTA, nanopar-
ticle tracking analysis; QD, quantum dot; STED, stimulated emission depletion; TEM,
transmission electron microscopy. For each method, the resolution, detection limit, ability
to measure the size distribution and concentration, ability to provide biochemical infor-
mation, and the measurement time are estimated. Requirements of the method and/or
assumptions that have to be made to determine the size distribution and concentration are
also listed. d is the microvesicle diameter, dc is the channel diameter, lc is the channel
length, η is the viscosity of the solvent, nv is the refractive index of the vesicle, nm is the
refractive index of the medium, Q is the flow rate, T is the temperature of the solvent, Vd

is the detection volume, and νs,av is the average particle transport velocity. A method that
is incapable, capable but with limitations, or capable of providing information on the size
distribution, particle concentration or biochemical composition is indicated by −, +/−,
and +, respectively. The measurement time is indicated by S, M, and H, which mean
shorter than 1 min, between 1 min and 1 h, and longer than 1 h, respectively. Assump-
tions which are not explained in this chapter are provided in Appendix A.

is at least 10 times smaller than the wavelength, the Rayleigh approximation can
be applied to calculate the scattering cross-section,

σ ∝ d6

λ4

(
m2 − 1

m2 + 2

)2

(3.1)

where ∝ denotes “proportional to”, d is the particle diameter, and m = nv/nm
is the refractive index ratio of the vesicle and the medium [140]. At a wavelength
of 532 nm, which is commonly used in optical devices, the Rayleigh approximation
can be applied to particles of 532/10 ≈ 50 nm and smaller, which is typically the
size of the smallest exosomes. From Eqn 1, it follows that if a vesicle is only 10-fold
smaller than another vesicle, the scattering cross-section and thus the scattered
amount of light decreases 106-fold.

Mie theory provides exact predictions of the absorption and scattering of light
from spheres with arbitrary diameter and refractive index [40]. The solid line
in Fig. 3.1D shows the scattering cross-section vs. the diameter for a sphere
that contains a high refractive index shell, for example a phospholipid membrane,
as calculated with Mie theory. The calculation parameters are chosen to be as
realistic as possible for the case of vesicles. Fig. 3.1D, in a semi-logarithmic
representation, shows that the scattering cross-section drops rapidly for smaller
vesicles. To illustrate how this decrease affects light scattered from all vesicles of
the standard population, the concentration (Fig. 3.1C) is multiplied by the scat-
tering cross-section (Fig. 3.1D) to obtain the scattering coefficient per diameter
(Fig. 3.1E). The scattering coefficient, depicting the mean number of scattering
events of the light per unit length, is a measure of the amount of light scattered
by all vesicles per diameter. Please note that the contribution of light scattered
by vesicles smaller than 100 nm is surprisingly small (Fig. 3.1E), given their high
concentration (Fig. 3.1C). Consequently, smaller vesicles require more sensitive
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optical detection than larger vesicles, and scattering of small particles can easily
be overwhelmed by scattering of large particles.

Optical microscopy

In a bright-field optical microscope, the sample is illuminated by visible light.
Scattered light from the sample is collected by a microscope objective and focused
on a charge-coupled device (CCD) camera. The resolution is the shortest distance
between two adjacent points that can be distinguished by an optical microscope.
The best achievable resolution R is given by the Rayleigh criterion,

R =
1.22λ

2NA
(3.2)

where NA is the numerical aperture of the microscope objective. NA charac-
terizes the range of angles over which the microscope objective accepts light. Oil-
immersion microscope objectives have an NA up to 1.4. Assuming a wavelength
of 532 nm, the best resolution of a standard optical microscope is approximately
200 nm. So, it is impossible to measure the size and morphology of vesicles smaller
than 200 nm by optical imaging. Despite this limitation, gold particles down to
10 nm in diameter have been detected, because gold particles scatter light very
efficiently [87]. They appear as bright spots, but their true particle size is hard to
determine by optical microscopy. For vesicles with light scattering higher than the
detection limit, an estimation of the concentration can be made from the count
of the number of scatter events if the detection volume Vd is known. The time
needed to measure 10,000 vesicles with a standard optical microscope is in the or-
der of hours, and no information on the biochemical composition or cellular origin
is provided.

Scattering flow cytometry

Flow cytometry is well known for counting and separating single cells (diameter
> 1 µm) in fluids at a rate of thousands per second. Most flow cytometers can
detect scattered light and fluorescence. In this section, we consider only light
scattering.

A flow cytometer guides cells and vesicles through a laser beam in a hydrody-
namically focused fluid stream. One detector is placed in line with the laser beam
and measures the forward scattered light (FSC). A second detector measures the
side scattered light (SSC) perpendicular to the beam. From light-scattering the-
ory, the following approximate results can be expected. Particles larger than the
wavelength of light, such as cells, predominantly scatter light in a forward di-
rection. Hence, FSC is associated with particle size. Particles smaller than the
wavelength, such as organelles, scatter relatively more light in a perpendicular
direction, so SSC is associated with the complex anatomy of cells. In reality, how-
ever, light scattering is a complex process. Therefore, light scattering of biological
particles is an active research field [134, 135].
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Figure 3.2: Calculated size distribution for optical detection methods (open black) relative
to the standard population (transparent red), based on the underlying physical parameters
of each method. (A) Scattering flow cytometry determines concentration vs. diameter.
Vesicles larger than 300 nm in diameter are detected, but vesicles smaller than 300 nm
are detected with low efficiency. (B) Dynamic light scattering (DLS) determines the rel-
ative size distribution. The distribution is normalized to 1, and shows a shift to larger
diameters. (C) Nanoparticle tracking analysis (NTA) determines the absolute size distri-
bution with high precision for vesicles larger than 100 nm, but is currently not sensitive
enough to detect vesicles smaller than 50 nm. (continued)
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Figure 3.2: (D) Stimulated emission depletion (STED) microscopy determines counts
vs. diameter. The distribution is normalized to a total count of 10,000 vesicles, and
shows a high correlation with the standard population. (E, F) Both fluorescence corre-
lation spectroscopy (F-CS) and fluorescence NTA (F-NTA) determine the absolute size
distribution, which shows a high correlation with the standard population. The Pearson
correlation coefficients between the calculated distribution and the standard population are
0.61 (scattering flow cytometry), 0.40 (DLS), 0.53 (NTA), 1.00 (STED), 0.98 (F-CS),
and 1.00 (F-NTA).

A flow cytometer performs well in the distinction of cell types, but has major
drawbacks in determining the size of vesicles. First, the lower detection limit of
commercial flow cytometers for polystyrene beads is 300−500 nm [227, 269, 278].
Consequently, only a small fraction of vesicles can be detected. Second, only
particles that differ by approximately 280 nm or more in size can be resolved with
flow cytometers [227, 253]. Third, quantitative size information is obtained by
comparing the scattering intensity of vesicles with that of beads of known size.
The scattering intensity, however, depends not only on size but also on shape,
refractive index, and absorption. The refractive index and absorption are even
interconnected via Kramers-Kronig relationships [94]. For example, according to
Mie calculations, a spherical gold particle 200 nm in diameter scatters 27 times
more light than a polystyrene sphere of a similar size, which, in turn, scatters 15
times more light than a vesicle, owing to refractive index differences (see Appendix
D.1). Furthermore, for non-spherical geometries, complex computer simulations
are required [304].

Fig. 3.2A shows an impression of the size distribution as calculated for a flow
cytometer in scattering mode, using the standard population as input. As the
detection limit is approximately 300 nm, smaller vesicles are detected with low effi-
ciency [227, 253]. Consequently, the measurements do not reflect the standard pop-
ulation. The poor capability to resolve size differences results in a smooth curve.
The concentration of vesicles can be estimated when the flow rate Q is known. No
specific information on morphology is obtained from the light-scattering intensity.

Biochemical information is obtained by correlating the FSC with the SSC sig-
nal. As vesicles have a size in the order of the wavelength of visible light or smaller,
they scatter light substantially in a perpendicular direction. Side scatter from a
large vesicle therefore overwhelms side scatter from smaller structures inside. As
a consequence, distinguishing vesicles with different cellular origins by correlating
FSC and SSC signals is difficult, but it can be improved by analyzing the polar-
ization of sideward scattered light [117].

Dynamic light scattering (DLS)

DLS, also known as photon correlation spectroscopy or quasi-elastic light scatter-
ing, determines the relative size distribution in a fluid of particles ranging in size
between 1 nm and 6 µm [65, 85]. Particles in a fluid continuously move in random
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directions, owing to continuous collisions with solvent molecules. This causes a
random motion of particles called Brownian motion. The velocity distribution of
particles depends on the temperature T , viscosity η, and (hydrodynamic) particle
diameter d. The smaller the particle, the faster the Brownian motion. Parti-
cles undergoing Brownian motion cause intensity fluctuations of scattered light,
which is measured typically in 30 s. The relative size distribution is obtained from
the intensity fluctuations by applying a mathematical algorithm following from
light-scattering theory. Light scattering theory requires the refractive index ratio
m = nv/nm of the vesicles and the medium, which is currently unknown. DLS
performs well in the size determination of monodisperse samples, i.e. samples con-
taining particles of one particular size, and monitoring a change in a sample such
as aggregation [48, 101, 137]. Detection of the size distribution of polydisperse
samples, i.e. samples containing different-sized particles, is less accurate, as the
measured size distribution is influenced by the presence of small numbers of larger
particles, such as platelets or other contaminants, which scatter more light than
small vesicles, as shown in Fig. 3.1D [101, 137]. Furthermore, the result depends
on the applied mathematical algorithm [48, 101], and two populations can only be
resolved if the particle diameter differs at least two-fold [48, 101, 137, 170].

Fig. 3.2B shows the calculated relative size distribution for DLS relative to
the standard population. The maximum value of the distribution is arbitrarily
set to 1, as the concentration is unknown. Because larger vesicles scatter light
more efficiently than smaller ones, the smallest vesicles become undetectable, and
the distribution shifts to larger diameters. Our calculations closely fit the size
distribution measurement of vesicles from fresh frozen plasma obtained with the
N5 Submicron Particle Size Analyzer [185]. DLS does not provide information on
the biochemical composition or cellular origin.

Nanoparticle tracking analysis (NTA)

NTA measures the absolute size distribution of particles ranging in size from 50 nm
for biological particles to 1µm. Particles in a fluid are illuminated by a laser beam
and therefore scatter light, which is collected by a conventional optical microscope.
NTA visualizes the scattered light from single particles in the field of view of the
microscope. The scattered light shows up as small bright spots moving because of
Brownian motion. The movements of individual particles are followed through a
video sequence acquired over one to several minutes, and the mean velocity of each
particle is calculated with image analysis software [124]. Because the velocity of
Brownian motion depends on the temperature T , viscosity η, and (hydrodynamic)
particle diameter d, it is possible to obtain an absolute size distribution after
system calibration with beads of known size and concentration.

Fig. 3.2C shows the calculated absolute size distribution for NTA. On the basis
of our assessment, NTA performs well for vesicles larger than 50 nm, but detection
of vesicles smaller than 50 nm is not possible, owing to the detection limit of the
microscope. NTA does not detect biochemical composition or cellular origin.
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Raman spectroscopy

Raman spectroscopy is an inelastic light-scattering technique used to reveal the
structure and biochemical composition of macromolecules inside single living cells
[242, 305]. The sample is illuminated by monochromatic laser light. Molecular
vibrations in the sample cause an energy loss or gain during a scattering event,
resulting in a change in wavelength of the scattered light, which can be detected
by specialized, sensitive spectrometers. The pattern of molecular vibrations is
molecule-specific. As vesicles are composed of many different biomolecules, which
all have unique Raman spectra, the chemical composition can be investigated with-
out labeling. A confocal Raman microspectrometer can detect the Raman spec-
trum of volume elements of approximately 0.3µm3 [241, 240], which overlaps with
the dimension of vesicles, such that the chemical composition of single vesicles can
potentially be detected without labeling. Furthermore, Raman microspectroscopy
is a quantitative technique. The signal strength is linearly proportional to the
number of molecules. For a vesicle that fits within the probe volume, the magni-
tude of the Raman signal strength is proportional to the volume of a single vesicle,
and therefore estimates the relative size; this is a method that warrants further
investigation before a reliable comparison with the standard population can be
made. The concentration can be determined if the detection volume Vd is known.
The estimated measurement time is 3 h.

3.2.2 Fluorescence

Fluorescence is the property of a material whereby the material absorbs light of
a particular wavelength and re-emits it at a usually longer wavelength. Most
cells and vesicles exhibit no intrinsic fluorescence by which they can be distin-
guished. Therefore, vesicles are labeled with conjugates of antibodies or proteins
with fluorophores [200]. Commonly used fluorophores are organic dye molecules
and quantum dots. Quantum dots have a typical diameter of 2−20 nm, and have
been used as an artificial light source with which a vesicle can be labeled [337]. In
general, quantum dots are brighter and more stable than organic dye molecules or
fluorescent proteins. As vesicles usually expose antigens from the parental cells,
all methods based on fluorescence detection potentially provide information on
the biochemical composition and cellular origin of vesicles. Fluorescence also of-
fers opportunities to acquire additional chemical information, as the fluorescence
intensity, wavelength and average time for which light is absorbed (fluorescence
lifetime) depend on the molecular environment [309, 211].

Fluorescent multilabeling analysis is not easy to perform, and there are several
practical problems. For example, antibodies usually bind not only to the antigen of
interest but also to Fc receptors. Furthermore, antibodies adhere nonspecifically or
form aggregates, interfering with quantitative optical methods [243]. In addition,
other optical difficulties limit the feasibility of fluorescence detection. For example,
it may be difficult to distinguish the fluorescence signal of interest from background
radiation caused by autofluorescence, or irreversible photobleaching of fluorophores
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may occur [128]. In the case of multilabeling, fluorophores can spectrally overlap,
such that fluorescence associated with one fluorophore is detected by more than
one detector [25].

Fluorescence microscopy

A fluorescence microscope is an optical microscope optimized for fluorescence de-
tection. Usually, the fluorescence emission is separated from the excitation light
with a spectral filter, before detection by a CCD camera. Modern fluorescence mi-
croscopes are able to detect fluorescence from a single fluorophore. For example,
Zhang et al. [337] loaded a synaptic vesicle with a single quantum dot (approx-
imately 15 nm) to monitor membrane fusion and retrieval by high-speed imaging
fluorescence microscopy.

In the case of autofluorescence, the size of vesicles can conceptually be de-
termined, as the fluorescence signal may be proportional to the vesicle volume.
However, in the case of fluorescent labeling, it is highly unlikely that the fluores-
cent amplitude will be proportional to the volume, so no size information can be
obtained. Fluorescence microscopy allows an assessment of the concentration of
vesicles with a certain property under the assumption that all vesicles with that
property are indeed labeled and that the detection volume Vd is known. A typical
measurement time is approximately 1 h.

Stimulated emission depletion (STED) microscopy

In practice, STED microscopy is high-resolution fluorescence microscopy with bet-
ter spatial resolution than described by Eqn. 3.2 for diffraction-limited optics. A
resolution of 16 nm in diameter was successfully demonstrated, and this is suffi-
ciently small to size vesicles [322, 325]. Sizing vesicles by STED, however, requires
labeling of the entire surface of vesicles. Under the assumption that such labeling
can be performed, Fig. 3.2D shows the calculated size distribution. The predicted
distribution correlates well with the standard population. Not only is STED mi-
croscopy promising for determining the size of and locating fluorescently labeled
vesicles, but the high resolution can potentially be used to gain information on
morphology and to determine the distribution of labeled receptors at the surface
of larger vesicles, just as is presently done for organelles inside living cells [130].
The concentration can be determined if the detection volume Vd is known, and
the measurement time for probing 10,000 particles is in the order of hours.

Fluorescence flow cytometry

In a fluorescence flow cytometer, the fluorescence from single particles present
in a hydrodynamically focused fluid stream is measured at a rate of thousands of
particles per second. With fluorescence flow cytometry, it is possible to distinguish
vesicles on the basis of the spectral properties of the fluorescence signal [227].
For detection of nanometer-sized particles by flow cytometry, the signal-to-noise
ratio for fluorescence is higher than the signal-to-noise ratio for scattering, so
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fluorescence flow cytometry is likley to be more sensitive than scattering flow
cytometry. Flow cytometers with confocal optics can detect single fluorophores
with an efficiency of approximately 10 % by minimizing background fluorescence
[100]. As in fluorescence microscopy, the size distribution can, in principle, be
determined when the amplitude of the fluorescence signal is proportional to the
vesicle volume, a method that warrants further investigation. Fluorescence flow
cytometry can estimate the concentration if the flow rate Q is known, again under
the assumptions that all vesicles are labeled and have a fluorescence intensity above
the detection limit and threshold of the flow cytometer.

Fluorescence correlation spectroscopy (F-CS)

F-CS was originally introduced to measure parameters of molecular diffusion [319].
It can determine the absolute size distribution and fluorescence signal of particles in
a fluid [276]. The size distribution is obtained from fluorescence intensity fluctua-
tions caused by particles moving by Brownian motion through a well-characterized
illuminated volume. Unlike DLS, F-CS detects single fluorescent molecules, and
is therefore more sensitive for vesicles smaller than 50 nm; the size distribution
can be more accurately determined in the presence of larger vesicles, and the
concentration can be measured if the detection volume Vd is known [276]. Fig.
3.2E shows the calculated absolute size distribution, under the assumption that
all vesicles are labeled. Although good correlation with the standard population
can be simulated, we should be aware that small numbers of larger particles may
influence the size distribution substantially. The measurement time is in the order
of minutes.

Fluorescence NTA (F-NTA)

F-NTA determines the absolute size distribution and fluorescence signal of particles
in a fluid. The method is similar to NTA, but is based on tracking of fluorescent
particles. F-NTA is an extremely sensitive method for vesicles in the size range
of exosomes, because the signal-to-noise ratio for fluorescence is expected to be
considerably higher than signal-to-noise ratio for light scattering. With F-NTA,
individual quantum dots can be detected. However, bleaching of the fluorescent
marker may limit the tracklength. The good size and concentration detection
properties are illustrated in Fig. 3.2F. Here, the simulations of the absolute size
distribution of vesicles by F-NTA show an excellent correlation with the standard
population.

3.3 Non-optical methods

X-ray microscopy

X-ray microscopy is a relatively new method in biomedical science for imaging the
intact structure of a biological sample at a resolution of 12 nm [59]. For example,
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Figure 3.3: Calculated size distribution for non-optical detection methods (open black)
relative to the standard population (transparent red), based on the underlying physical
parameters of each method. (A) X-ray microscopy and atomic force microscopy (AFM)
determine counts vs. diameter. The methods can resolve size differences in the order
of a few nanometers, and the results show a high correlation with the standard popu-
lation. (B) Absolute size distribution of a commercial impedance-based flow cytometer
with a channel diameter of 25 µm. Vesicles smaller than 300 nm are detected with low
efficiency. The Pearson correlation coefficients between the calculated distribution and
the standard population are 1.00 (X-ray microscopy, AFM) and 0.27 (impedance-based
flow cytometer).

the surface of macrophages was analyzed in their natural state [332] and cryo-
fixed eukaryotic cells were imaged in three dimensions by X-ray tomography [225].
The high resolution of X-ray microscopy is achieved by reducing the wavelength
to a few nm. According to Eqn. 3.2, a shorter wavelength lowers the diffraction
limit. Considering the high resolution, X-ray microscopy is a promising method
for detecting the size and possibly the morphology of vesicles in their physiological
state. Fig. 3.3A shows the calculated size distribution of vesicles using an X-ray
microscope with 12 nm resolution. Due to the high resolution there is a high
correlation with the standard population.

An interesting feature of X-ray microscopy is the potential to detect the bio-
chemical composition without labeling, since X-rays induces fluorescence of most
substances. Furthermore, with X-ray microscopy the localization of chemical ele-
ments within cells can be visualized when using X-ray absorption near-edge struc-
ture spectra [10].

Presently, a major drawback of X-ray microscopy is that X-ray sources are
scarce (synchrotron radiation) or impractical for clinical use (laser plasma x-ray
contact microscopy). However, the field is rapidly evolving, which is exemplified
by the increased availability of the required instrumentation [9].
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Transmission electron microscopy (TEM)

TEM uses electrons instead of photons to create an image. The best achievable
imaging resolution of TEM is given by Eqn. 3.2, and depends largely on the spatial
stability of the electron beam in combination with the chemical stability of the
sample. As the wavelength of electrons is more than three orders of magnitude
shorter than the wavelength of visible light, the resolution of TEM can be lower
than 1 nm. Because of this high resolution, it is possible to determine the size and
morphology of vesicles [229].

As TEM is performed in a vacuum, biomaterials require fixation and dehydra-
tion, which affect size and morphology. Furthermore, the concentration of vesicles
has to be increased by (ultra)centrifugation. As a consequence, the size distri-
bution depends upon preanalytical conditions, and the concentration of vesicles
cannot be determined. With immuno-gold labeling, it is possible to provide bio-
chemical information [229]. The measurement time is in the order of hours.

Atomic force microscopy (AFM)

AFM was developed in 1986 by Binnig et al. [36], and provides subnanometer
resolution topography imaging. An atomic force microscope consists of a cantilever
with a sharp tip at its end that scans a sample surface without physical contact.
Movements of the tip are measured, and a three-dimensional image is created by
software.

Owing to a lateral resolution of 3 nm and a vertical resolution < 0.1 nm [36],
AFM is suitable for size detection and performs better than DLS on polydisperse
samples [137]. Siedlecki et al. and Yuana et al. showed that AFM can be used to
measure the relative size distribution of vesicles in their physiologic state [335, 269].
Because of the high resolution of AFM, vesicles must be bound to an extremely
flat surface, such as mica. Antibodies can be used to bind vesicles to the surface,
so that biochemical information can also be obtained [335]. Because the efficiency
of vesicle binding to a surface using antibodies is unknown, the concentration of
vesicles cannot be determined with certainty. Furthermore, the surface binding
may affect the morphology of vesicles, and this may hamper the determination of
the real diameter.

Fig. 3.3A shows the calculated relative size distribution for 10,000 counts
as measured with AFM, assuming isovolumetric particle deformation and equal
surface binding. Under these assumptions, there is excellent correlation with the
standard population, owing to the high resolution. The measurement time is in
the order of hours.

Impedance-based flow cytometry

The Coulter principle is employed in an impedance-based flow cytometer to count
and measure the size of single particles in a fluid within seconds. An impedance-
based flow cytometer consists of two chambers divided by an insulatingmembrane
containing a single channel. In each chamber, an electrode is immersed in an
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electrolyte to drive an ionic current through the channel. Particles driven into the
channel cause a reduction in current. A relative size distribution can be calculated
from the change in current when the channel length lc and diameter dc are known.
The concentration can also be determined if the average particle transport velocity
νs,av is known.

The sensitivity of impedance-based flow cytometry depends on the channel
size with respect to the vesicle size. The vesicle diameter must be between ap-
proximately 0.1 and 0.7 times the channel diameter [144]. In practice, at least
two impedance-based flow cytometers, each with a different channel diameter, are
required to cover the whole size range of vesicles. The lower detection limit of
commercial impedance-based flow cytometers is currently 300 nm [340]. Conse-
quently, only a small fraction of vesicles can be detected.

Fig. 3.3B shows the calculated absolute size distribution for a commercial
impedance-based flow cytometer with a channel diameter of 25 µm [340]. As the
detection limit is approximately 300 nm, smaller vesicles are detected with low
efficiency. An impedance-based flow cytometer does not provide information on
the morphology, biochemical composition, or cellular origin, but the method can
be combined with light scattering and fluorescence flow cytometry.

3.4 Discussion and conclusion

This chapter gives an overview of (potential) methods for the detection and char-
acterization of vesicles. Table 3.1 lists the assessed possibilities and limitations of
each method, based on the underlying physical parameters of each technique.

Considering the optical methods based on light scattering, DLS and NTA are
potentially capable of measuring relative and absolute size distributions, respec-
tively, of vesicles within minutes. Except for Raman spectroscopy, methods based
on light scattering cannot distinguish vesicles from similar-sized lipoprotein par-
ticles or small platelets, as no biochemical information is obtained. Raman spec-
troscopy could potentially detect the size, concentration, and biochemical compo-
sition of single vesicles without labeling, but the measurement time is in the order
of hours.

Of the optical methods based on fluorescence, STED microscopy, F-NTA, and
F-CS are potentially capable of measuring the absolute size distribution and ob-
taining biochemical information by the application of fluorescent antibody label-
ing. Fluorescent antibody labeling which is not easy to perform, and involves
several practical and optical problems. Real size distribution measurements may
be less accurate, as optical detection can be influenced by many factors, such as
age of the light source, cleanliness of the cuvette or flow channel, stability of the
building and supporting table, and preanalytical conditions.

Among the non-optical methods, X-ray microscopy, TEM and AFM have high
(≤ 12 nm) imaging resolution as compared with optical methods. Size and mor-
phology information can be obtained by imaging, and biochemical information can
also be obtained. However, measurements are based on many assumptions, and
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the measurement time is more than 1 h per sample. A fast non-optical method is
impedance-based flow cytometry, which can resolve small size differences but only
within a limited size range. This technique provides no biochemical information
unless combined with fluorescence flow cytometry.

From Table 3.1, F-NTA seems to be the most suitable method for the detection
of size, concentration, biochemical composition, and cellular origin of vesicles at
high speed, especially as the method can determine the relevant characteristics of
vesicles directly in body fluids. Nevertheless, the other methods mentioned in this
chapter are being rapidly developed, and this might lead to new possibilities and
shorter measurement times.

3.4.1 Combining methods

Methods that have been successfully combined for vesicle detection are flow field-
flow fractionation (F-FFF) with multiangle light scattering (MALS) or DLS [159].
F-FFF can fractionate 27 nm diameter vesicles from 36 nm diameter vesicles [170].
Subsequently, DLS or MALS can accurately determine the size, as the fraction-
ated sample is monodisperse. MALS is based on angle resolved light scattering,
and is used for molar mass and mean particle size determination. We did not
discuss MALS earlier, because the technique does not provide a size distribution
for polydisperse samples. Another method that is practically extendable is Ra-
man spectroscopy, which was recently successfully combined with both Rayleigh
scattering and fluorescence microscopy for intracellular chemical analysis [239].
Raman spectroscopy can also be extended with electron microscopy to correlate
detailed biochemical information with the relative size distribution and morphol-
ogy [307]. Finally, Raman spectroscopy can be integrated with optical coherence
tomography to obtain quantitative information on the concentration-dependent
scattering coefficient [95, 226].

3.4.2 Improving methods

A conventional method that can be optimized for the detection of vesicles is flow
cytometry. By reducing flow chamber dimensions, optimizing the flow chamber
shape, reducing the flow velocity, and using large-aperture optics, the sensitivity
can be increased tremendously. Steen extended a commercial flow cytometer with
dark-field illumination and detection to improve the detection limit to 70 nm for
polystyrene spheres [278]. Single quantum dots can be detected with 99 % accuracy
by flow cytometry when a submicrometer fluidic flow channel combined with a
confocal microscope is used [277]. NTA is a relatively new method, and is currently
showing a high degree of development. Increasing the detector sensitivity and
decreasing the wavelength may lower the detection limit to 30 nm for biological
particles, so that even the smallest vesicles come within reach without the need
for fluorescent labeling. In specialized laboratories, two impedance-based flow
cytometers have been optimized for the detection of submicrometer particles by
reducing the channel diameters to 500 and 132 nm [144, 259]. In combination with
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a commercial impedance-based flow cytometer, this covers the whole size range
of vesicles, but centrifugation or filtration of the sample is required to prevent
frequent problems with blocking of the flow channel.

3.4.3 Recently obtained results

Recently, some of the methods discussed have been applied to vesicles [107]. Here,
we give an interpretation of these results based on our analysis. The concentration
of vesicles in platelet-free plasma was reported to be 200−260·109 L−1 by NTA
[124] and 3−702·109 L−1 by AFM [335]. It is possible that the real concentration
is higher, as the detection efficiency of both methods is < 100 %. However, if we
consider false positives such as lipoprotein particles, the real concentration may
also be lower. With flow cytometry, Yuana obtained a 1,000-fold lower CD41+-
vesicle concentration, of 11−291·106 L−1, than was obtained with NTA and AFM.
The discrepancy in results between flow cytometry and NTA and AFM can be
explained by considering the detection limit of commercial flow cytometers, which
is insufficient to detect vesicles smaller than 300 nm. As most vesicles are smaller
than 300 nm and are therefore not detected (Fig. 3.3A), the detection efficiency is
< 2 %. In addition, different results have also been obtained with the same method.
Lawrie et al. used DLS equipment from two companies, and obtained different size
distributions for the same vesicles in fresh frozen plasma [185]. Sources of these
differences could be the detection angle and the applied mathematical algorithm.
In conclusion, several (combinations of) methods can correctly detect clinically
relevant properties of vesicles. These methods should be further explored and
validated by comparing measurement results, so that accurate, reliable and fast
analyses of extracellular vesicles come within reach.
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CHAPTER 4

Particle size distribution of extracellular vesicles

determined by transmission electron microscopy,

flow cytometry, nanoparticle tracking analysis,

and tunable resistive pulse sensing

Abstract

Background : Enumeration of extracellular vesicles has clinical potential as a bio-
marker for disease. In biological samples, the smallest and largest vesicles typ-
ically differ 25-fold in size, 300,000-fold in concentration, 20,000-fold in volume,
and 10,000,000-fold in scattered light. Because of this heterogeneity, the currently
employed techniques detect concentrations ranging from 104 to 1012 vesicles mL−1.
Objectives: To investigate whether the large variation in the detected concentra-
tion of vesicles is caused by the minimum detectable vesicle size of five widely
used techniques. Methods: The size and concentration of vesicles and reference
beads were measured with transmission electron microscopy (TEM), a conven-
tional flow cytometer, a flow cytometer dedicated to detecting submicrometer par-
ticles, nanoparticle tracking analysis (NTA), and tunable resistive pulse sensing
(TRPS). Results: Each technique gave a different size distribution and concentra-
tion for the same vesicle sample. Conclusion: Differences between the detected
vesicle concentrations are primarily caused by differences between the minimum
detectable vesicle sizes. The minimum detectable vesicle sizes were 70−90 nm
for NTA, 70−100 nm for TRPS, 150−190 nm for dedicated flow cytometry, and
270−600 nm for conventional flow cytometry. TEM could detect the smallest vesi-
cles present, albeit after adhesion on a surface. Dedicated flow cytometry was
most accurate in determining the size of reference beads, but is expected to be
less accurate on vesicles, owing to heterogeneity of the refractive index of vesicles.
Nevertheless, dedicated flow cytometry is relatively fast and allows multiplex flu-
orescence detection, making it most applicable to clinical research.

This chapter has been published as:
� E. van der Pol, F.A.W. Coumans, A.E. Grootemaat, C. Gardiner, I.L. Sargent,

P. Harrison, A. Sturk, T.G. van Leeuwen, and R. Nieuwland. Particle size
distribution of exosomes and microvesicles by transmission electron microscopy,
flow cytometry, nanoparticle tracking analysis, and resistive pulse sensing. J.
Thromb. Haemost. 12(7), 1182−1192 (2014)
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4.1 Introduction

Extracellular vesicles, such as exosomes and microvesicles, are released by cells into
their environment as submicrometer particles enclosed by a phospholipid bilayer
[69]. These vesicles contribute to many homeostatic processes, e.g. coagulation
and inflammation [246, 270, 231], and therefore have potential clinical applications
[30, 193, 247, 17]. Unfortunately, most single vesicles are below the detection range
of many techniques, owing to their small size and low refractive index [235, 233],
leading to misinterpretation of data and reported concentrations ranging from 104

to 1012 vesicles mL−1 in plasma [235, 233, 316, 90, 335, 169, 234].
In Chapter 3, we reviewed the theoretical performance of 14 methods to deter-

mine the particle size distribution (PSD) of vesicles [235]. The PSD describes the
concentration as a function of size, and defines which vesicle types are measured
[231]. Unexpectedly, our simulations predicted that each method would obtain a
different PSD, thereby hampering data interpretation, data comparison, and stan-
dardization.

In this chapter, we performed an experimental evaluation of five of the 14
methods. We selected the most widely used methods capable of detecting single
vesicles: transmission electron microscopy (TEM), a conventional flow cytome-
ter, a flow cytometer dedicated to detecting submicrometer particles, nanoparticle
tracking analysis (NTA), and tunable resistive pulse sensing (TRPS). The PSDs
of a standard population of reference beads and a standard population of vesicles
were measured with all methods.

4.2 Methods

4.2.1 PSD

Throughout this chapter, we define “size” as the diameter of a particle, and the
PSD as the histogram of particle sizes, providing the mean number of particles per
milliliter per 10 nm bin [155]. Data processing and representation were performed
with Originpro (v8.0724; OriginLab Corporation, Northampton, MA, USA).

4.2.2 Reference beads

To create a reference sample with a known PSD, a mixture of traceable polystyrene
beads (Nanosphere; Thermo Fisher, Waltham, MA, USA) was prepared in de-
ionized water. TRPS measurements require a conductive medium; therefore, the
beads were suspended in electrolyte buffer (Izon, Christchurch, New Zealand).
The size and concentration of the reference beads were selected to resemble those
of previously reported vesicle PSDs [235, 316, 90, 335, 234, 216]. Table 4.1 shows
the size of the reference beads according to TEM data of the manufacturer. The
concentration (beads mL−1) was derived from the specifications. Fig. 4.1A shows
the PSD of the reference beads under the assumption that each subpopulation
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Table 4.1: Catalog numbers, diameters, and concentrations of the subpopulations of
polystyrene reference beads as determined by five methods

Catalog number 3050A 3100A 3200A 3400A 3600A

Diameter (nm)
TEM 46 ± 7 102 ± 5 203 ± 5 400 ± 7 596 ± 8
Conventional flow cytometer 209 ± 8 427 ± 33 592 ± 20
Dedicated flow cytometer 105 ± 4 193 ± 4 399 ± 6 589 ± 7
NTA 49 ± 11 93 ± 21 189 ± 23 380 ± 64 607 ± 27
TRPS 104 ± 10 200 ± 10 418 ± 31 623 ± 36

Concentration (beads mL−1)
Prepared 2.0 · 109 1.0 · 109 1.0 · 108 1.0 · 107 1.0 · 106

Conventional flow cytometer 1.0 · 108 1.0 · 107 0.7 · 106

Dedicated flow cytometer 0.5 · 109 0.8 · 108 0.8 · 107 0.9 · 106

NTA 0.1 · 109 1.0 · 109 1.2 · 108 2.5 · 107 1.0 · 106

TRPS 1.1 · 109 1.2 · 108 1.0 · 107 1.0 · 106

NTA, nanoparticle tracking analysis; TRPS, tunable resistive pulse sensing; TEM, trans-
mission electron microscopy. Diameter is expressed as mean ± standard deviation.

Table 4.2: Manufacturers, catalog numbers, and diameters of silica beads obtained by
imaging at least 500 beads with transmission electron microscopy

Manufacturer Catalog number Diameter (nm)

Corpuscular 147020-10 105 ± 21
Kisker Psi-0.2 206 ± 18

Psi-0.4 391 ± 18
Psi-0.6 577 ± 20
Psi-0.8 772 ± 21
Psi-1.0 918 ± 14

Diameter is expressed as mean ± standard deviation.

has a Gaussian distribution. The reference sample contained five subpopulations,
among which larger beads have lower concentrations

The total concentration was 3.1 · 109 beads mL−1. Prior to analysis, the ref-
erence sample was sonicated for 10 s and vortexed for 10 s. Table 4.2 lists the
diameters of silica beads (Silica oxide size standards, Corpuscular, Cold Spring,
NY, USA; Plain silica, Kisker, Steinfurt, Germany) used to calibrate the flow cy-
tometers and NTA instrument.

4.2.3 Vesicle standard

As isolation of vesicles from blood is challenging [333], we selected urinary vesicles
for our biological standard sample. Urine contains a relatively high concentration
of vesicles with low contamination [235]. Urine from five healthy male individuals
was collected, pooled, and centrifuged twice (8·50 mL, 10 min, 180 g, 4 °C; and
20 min, 1,550 g) to remove cells. Cell-free urine aliquots (12 mL) were frozen in
liquid nitrogen and stored at −80 °C. Prior to analysis, samples were thawed on
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Figure 4.1: Particle size distributions (PSDs) of reference beads and the vesicle standard.
(continued)
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Figure 4.1: Concentrations (on a logarithmic scale) of the reference beads (left) and the
vesicle standard (right) detected by (A, B) transmission electron microscopy (TEM), (C,
D) conventional flow cytometry, (E, F) dedicated flow cytometry, (G, H) nanoparticle
tracking analysis (NTA) and (I, J) tunable resistive pulse sensing (TRPS) are shown.
The bin width is 10 nm. PSDs of the reference beads (black line) were fitted by a sum of
Gaussian functions (dotted red line). PSDs of the vesicle standard (black line) were fitted
by a power-law function (dashed green line). The PSD of the reference beads determined
by TEM is based on data from the manufacturer. PSDs given by NTA and TRPS originate
from two measurements with relatively high-sensitivity (black) and low-sensitivity (blue)
settings.

melting ice for 1 h, centrifuged (10 min, 1,550 g, 4 °C) to remove precipitated salts,
and diluted in 0.2 µm-filtered (MilliPore, Billerica, MA, USA) phosphate-buffered
saline.

4.2.4 TEM

Data from the manufacturer were used to create the PSD of reference beads by
TEM. To analyze the vesicle standard by TEM, vesicles were isolated by centrifuga-
tion (12·1,000 µL, 60 min, 18,900 g, 4 °C). From each aliquot, 900µL was collected
for ultra-centrifugation, the next 75µL was discarded, and the remaining 25µL
contained the relatively large vesicles. The 900µL aliquots were ultra-centrifuged
(60 min, 154,000 g, 4 °C) to collect smaller vesicles from the pellet. All pellets
present in the remaining 25µL from both centrifugation speeds were resuspended
in 975µL PBS citrate and centrifuged as before. For both centrifugation speeds,
the washed pellets were pooled to a final volume of 300µL. Each pool was prepared
as follows: 145 µL was diluted with 145 µL PBS containing 0.2 % paraformalde-
hyde (w/v). After fixation for 24 h, 10µL was applied to a formfar-carbon coated
300 mesh grid (Electron Microscopy Sciences, Hatfield, USA) for 7 min, followed
by staining with 1.75 % uranyl acetate (w/v). Samples were allowed to dry at
room temperature for 2 h and imaged with TEM (CM-10, Philips, Eindhoven,
The Netherlands) at 100 kV.

Next, 1,000 vesicles were segmented manually using the Quick selection tool of
Photoshop v11.0.2 (Adobe Systems, San Jose, CA). Overlapping vesicles were
included in the analysis as their boundaries could be clearly observed. A custom-
made Javascript saved the surface area of the segmented vesicles to a .csv file. The
vesicle size d was calculated from the surface area A using d =

√
4A/π, thereby

assuming that vesicles are spherical. The overall PSD was obtained by summation
of the PSDs obtained by both centrifugation speeds.

To obtain the vesicle concentration, we multiplied the mean number of vesicles
per surface area by the grid area, divided by the sample volume. Here, we assumed
that all vesicles adhered to the grid and were distributed uniformly.
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Figure 4.2: Relationship between scattering and the diameter of vesicles. (A) Side-
scattered light (SSC; logarithmic scale) vs. concentration for polystyrene beads measured
by conventional flow cytometry. (B) Measured (symbols) and calculated (lines) SSC (log-
arithmic scale) vs. diameter for polystyrene beads (black), silica beads (red), and vesicles
(green). The SSC increases with increasing particle diameter, and is lower for vesicles
than for beads. (C) Forward-scattered light (FSC; logarithmic scale) vs. concentration
for polystyrene beads measured by dedicated flow cytometry. The concentration of 102 nm
beads was 100-fold higher than that of the other sizes to discriminate between signal
and background counts. (D) Measured (symbols) and calculated (lines) FSC (logarithmic
scale) vs. diameter for polystyrene beads (black), silica beads (red), and vesicles (green).
Mie calculations are in excellent agreement with the data, except for the 799 nm and
994 nm polystyrene beads, owing to detector saturation. a.u., arbitrary units.
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4.2.5 Conventional flow cytometry

A flow cytometer (FACSCalibur; BD, Franklin Lakes, NJ, USA) with a 15 mW
488 nm laser was used to detect side-scattered light (SSC) for 10 min at a flow rate
of ∼ 60µL min−1. The trigger was set on SSC, with a photomultiplier tube voltage
of 400 V, a gain of 1, and a trigger threshold of 0 [234]. To account for the noise
background, the intensity histogram of a background measurement with de-ionized
water was subtracted from the intensity histogram of each dataset. To calculate
the particle concentration, the flow rate was determined by weighting the sample
volume aspirated during 10 min. To prevent swarm detection [234], the reference
beads and vesicle standard were diluted 1,000-fold (1.7 · 105 counts vs. 1.0 · 105

background counts) and 100-fold (2.6 ·105 counts vs. 1.5 ·105 background counts),
respectively. The absence of swarm detection was confirmed by serial dilutions.

To relate SSC to a particle size, we calibrated the flow cytometer with beads of
known size and refractive index. Fig. 4.2A shows the SSC histogram of polystyrene
beads. Fig. 4.2B shows the SSC of polystyrene and silica beads vs. their size. The
data were fitted by Mie theory, incorporating the size and refractive index of the
beads and the optical configuration of the instrument [40]. Mie calculations were
performed with the scripts of Mätzler [199] in Matlab (v7.9.0.529, MathWorks,
Natick, MA, USA). More details on the light scattering calculations are provided
in Appendix D. The solid curve in Fig. 4.2B was used to relate SSC to the size of
the polystyrene reference beads with a refractive index of 1.61 [234]. The dashed
curve in Fig. 4.2B was used to relate SSC to vesicle size, with the assumption that
vesicles are spheres with a refractive index of 1.40, which was previously estimated
[169] and corresponds to the refractive index of cells [309, 31].

4.2.6 Dedicated flow cytometry

Throughout this chapter, we use “dedicated flow cytometry” as a generic term for
flow cytometers dedicated to detecting submicrometer particles. A flow cytometer
(A50-Micro; Apogee, Hemel Hempstead, UK) with a 20 mW 488 nm laser was used
to detect forward-scattered light (FSC) and SSC. The trigger was set on both
the FSC and SSC detector. The gains were 1, the applied voltages were 290 V
and 415 V, and the thresholds were 5 and 32 for the FSC and SSC detectors,
respectively. Based on the counts from de-ionized water, a gate was set to reduce
the noise background. This approach is preferable, but was not possible on the
FACSCalibur due to high noise on especially the FSC detector. The sample volume
injected by the internal microsyringe was used to calculate the concentration of
particles. In total, 1.4 · 105 reference beads and 0.8 · 105 vesicles were analyzed.
Analogously to our approach for conventional flow cytometry, we related FSC to
the vesicle size by using beads and Mie theory, as illustrated for dedicated flow
cytometry in Fig. 4.2C,D.
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4.2.7 NTA

A dark-field microscope (NS500; Nanosight, Amesbury, UK) with a 45 mW 405 nm
laser and an electron multiplying charge-coupled device (EMCCD) was used to
determine the PSD by tracking the Brownian motion of single particles [90, 108].
Measurements were performed with two dilutions and two detection settings to
increase the effective size range, which is needed because light scattered from the
smallest and the largest beads differs by five orders of magnitude, whereas the
dynamic range of the EMCCD is only approximately three orders of magnitude.
Consequently, settings suitable for detecting 46 nm beads would result in extreme
saturation for 596 nm beads. Two dilutions are needed, because a 50-fold dilution
is required to detect the smallest beads [108], but at this dilution the probability
of detecting a 596 nm bead is < 0.5 %.

Reference beads were analyzed with high-sensitivity settings (diluted 1:50;
shutter, 26.67 ms; gain, 650; threshold, 22; 1.8 · 103 beads tracked) and low-
sensitivity settings (undiluted; shutter, 1.67 ms; gain, 100; threshold, 10; 1.1 · 104

beads tracked). We multiplied the concentration as provided by the NTA soft-
ware by the ratio between the expected and measured concentrations of calibra-
tion beads [108]. This concentration calibration was performed with 102 nm and
203 nm polystyrene beads with concentrations of 2 ·107 and 1 ·108 beads mL−1 for
the high-sensitivity and low-sensitivity settings, respectively. The vesicle standard
was analyzed with high-sensitivity settings (diluted 1:500; shutter, 26.67 ms; gain,
650; threshold, 19; 1.0 · 103 vesicles tracked) and low-sensitivity settings (diluted
1:100; shutter, 26.67 ms; gain, 400; threshold, 10; 1.1 · 103 vesicles tracked). Con-
centration calibration was performed with 105 nm and 206 nm silica beads with a
concentration of 1·108 beads mL−1 for both the high-sensitivity and low-sensitivity
settings [108], as the refractive indices of silica and vesicles are close.

Per sample, 20 videos of 30 s were captured at 22.0 °C and analyzed by NTA
v2.3.0.17 (Nanosight), assuming a medium viscosity of 0.95 cP. To obtain the
overall PSD O(d), the PSDs obtained with high-sensitivity settings, H(d), and low-
sensitivity settings, L(d), were combined at the size d0, where the concentrations
were similar [H(d0) ≈ L(d0), O(d) = H(d) for all d ≤ d0; O(d) = L(d) for all
d > d0].

4.2.8 TRPS

TRPS (qNano; Izon) determines the PSD from resistance pulses caused by particles
moving through a pore. Measurements were performed with two pore sizes, for
two reasons. First, for a single pore, the detectable size range is at best five-fold,
whereas our smallest and largest reference beads differ 12-fold in size. Second, the
analyzed sample volume depends on the pore size. With the NP100 pore, only
0.9 nL of sample was analyzed, containing < 1 bead of 596 nm on average. With
the NP400 pore, 80 nL was analyzed, containing 77 beads of 596 nm.

The reference beads were analyzed by TRPS with high-sensitivity settings
(NP100; voltage, 0.70 V; stretch, 47.0 mm) and low-sensitivity settings (NP400;
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voltage, 0.26 V; stretch, 46.5 mm). The vesicle standard was diluted 1:1, and an-
alyzed with high-sensitivity settings (NP100; voltage, 0.60 V; stretch, 46.0 mm)
and low-sensitivity settings (NP400; voltage, 0.40 V; stretch, 43.5 mm). The pres-
sure was set at 7.0 mbar. Calibration was performed with beads supplied by the
manufacturer. At least 1,000 particles per sample were analyzed. A custom-made
application (Microsoft Visual Basic 2008, Microsoft Corporation, Redmond, WA,
USA) interrupted the measurement when the root-mean-square noise exceeded
10 pA. We required the R2-correlation of cumulative counts with time to exceed
0.999, and the baseline current drift not to exceed 5 %. The two PSDs are com-
bined in a similar way as for NTA.

4.3 Results

4.3.1 TEM

Fig. 4.1 shows all PSDs of the reference beads and vesicle standard. Fig. 4.1A
shows the reference bead PSD based on the prepared concentrations and ma-
nufacturer-supplied data. Fig. 4.1B shows the vesicle standard PSD measured
by TEM. The combined PSD has a peak at 45 nm, and for larger vesicles the
concentration decreases with increasing size. The spikes on the right-hand side
correspond to single vesicles. TEM can detect the smallest vesicles present, owing
to an imaging resolution of ∼1 nm. However, sample preparation may cause a
reduction in vesicle size [333, 294, 148]. In addition, limited and non-uniform
adhesion of vesicles on the surface may affect the PSD.

4.3.2 Conventional flow cytometry

Fig 4.1C shows that the smallest polystyrene bead detected by conventional flow
cytometry was 203 nm, and that the peaks were broadened as compared with the
reference bead PSD. Fig. 4.1D shows that the first bin of the vesicle standard
PSD corresponds to 340 nm, which is 140 nm larger than the smallest detected
polystyrene bead, owing to refractive index differences. The detected concentration
was 1.8 · 107 vesicles mL−1.

4.3.3 Dedicated flow cytometry

Dedicated flow cytometry is capable of detecting single 102 nm polystyrene beads,
as shown in Fig. 4.1E. The width of the peaks is comparable to the reference bead
PSD. Fig. 4.1F shows that the first bin of the vesicle standard PSD corresponds
to 160 nm. Consequently, dedicated flow cytometry detected approximately twice
as small and thereby 18-fold more vesicles than conventional flow cytometry. The
detected concentration was 3.3 · 108 vesicles mL−1. Fig. 4.1D,F was produced on
the assumption of a vesicle refractive index of 1.40 [169, 309, 31].
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4.3.4 NTA

Fig. 4.1G shows the reference bead PSD as detected by NTA. By combining
two measurements with different settings, NTA detected all reference bead sizes,
although only 5 % of the 46 nm beads were detected. Tracking of 46 nm beads
was hindered by the presence of larger beads that saturated the camera. Fig.
4.1G also shows that the peaks overlap because of broadening, which we attribute
to the uncertainty in the measured diffusion coefficient, resulting from a limited
track length and the uncertainty in the particle position. Fig. H shows the vesicle
standard PSD obtained by combining two different settings. The peak at 95 nm
is broad as compared with other vesicle PSDs. The smallest detectable vesicles
appear to be 10 nm, which we attribute to broadening of the PSD. Using identical
settings, we could detect only 5 % of the 46 nm polystyrene beads, which have
comparable light scattering to a 70−90 nm vesicle.

4.3.5 TRPS

Fig. 4.1I shows the reference bead PSD as detected by TRPS. Through combina-
tion of measurements with an NP100 and NP400 pore, beads of 102 nm and larger
were detected. The peaks are broadened as compared with the reference bead
PSD, which may be caused by particle aggregation, electronic noise, and a varying
pore dimension during the measurement. Fig. 4.1J shows the vesicle standard
PSD with a peak at 75 nm.

4.3.6 Power-law function to describe the PSD of vesicles

The PSDs of vesicles are fitted by a mathematical function to enable quantitative
comparison. To select the most appropriate function, we fitted the vesicle standard
PSD with six empirical functions that are frequently used to describe PSDs of
particles in suspension [155], and performed goodness-of-fit tests (Appendix B).
The Gamma function, Weibull distribution and power-law function resulted in the
best fits. Of these functions, we selected the power-law function, as it is least
susceptible to minimum detectable vesicle size. The right panels of Fig. 4.1 show
PSDs of the vesicle standards fitted by the power-law function (dashed lines).

4.3.7 Measurement error and coefficient of variation (CV)
of the reference beads

The measured reference bead PSDs in Fig. 4.1 were fitted by a sum of Gaussian
functions (dotted lines) to derive the mean and standard deviation of the size and
the concentration for each subpopulation of beads (Table 4.1). The symbols in
Fig. 4.3A indicate the relative measurement error of the size as the percentage
difference between the measurement and the manufacturer specification. Because
TEM data were used as reference, its relative size error is set at 0 %. The relative
size error of the other methods was< 9 %. Dedicated flow cytometry had the lowest
error in sizing beads, followed by TRPS, conventional flow cytometry, and NTA.
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We attribute the low error of flow cytometry to the homogeneous refractive index
of polystyrene and the strong relationship between size and scattering power (Fig.
4.2). The error of TRPS was limited because of specific measurement restrictions,
as described in section 4.2. We attribute the relatively large error of NTA to the
uncertainty in the measured diffusion coefficient.

The error bars in Fig. 4.3A indicate the CV, which is the percentage ratio
between the standard deviation and the mean size, and is thus a measure of the
width of the peaks in Fig. 4.1. Owing to the high resolution of TEM as compared
with the measured standard deviation of the bead sizes, this standard deviation
is a close approximation of the actual size of the beads. The lowest CVs were
obtained by dedicated flow cytometry, followed by conventional flow cytometry,
TRPS, and NTA.

Figure 4.3B shows the relative measurement error in determining the concen-
tration of subpopulations of reference beads. TRPS was most accurate in de-
termining the concentration of beads, followed by conventional flow cytometry,
dedicated flow cytometry, and NTA. The error of TRPS was limited because of
specific measurement restrictions. With flow cytometry, the concentration was
derived from the flow rate, which has an uncertainty of 10 %. Dedicated flow cy-
tometry underestimated the concentration of 102 nm beads, as these beads were
close to the detection threshold. NTA was the least accurate method for deter-
mining the concentration of beads, possibly because of broadening of the PSD and
crosstalk between 203 nm beads and 400 nm beads. The concentration of 46 nm
beads was underestimated, as tracking of 46 nm beads was hindered by the pres-
ence of larger beads that saturated the camera.

4.3.8 Concentration of vesicles

Figure 4.4 shows the detected concentration of vesicles per technique. As com-
pared with TRPS and NTA, conventional flow cytometry underestimates the con-
centration of vesicles almost 300-fold, whereas the more sensitive dedicated flow
cytometer underestimates the vesicle concentration 15-fold. With TEM, the de-
tected concentration was affected by sample preparation losses.
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4.4 Discussion and conclusion

In this chapter, we compared the abilities of five commonly used methods to deter-
mine the PSD of vesicles in suspension. A reference mixture of polystyrene beads
with known PSD (Fig. 4.1A) and a vesicle standard from urine (Fig. 4.1B) were
measured by each method. In agreement with our theoretical approach in Chap-
ter 3, each technique gives a different PSD for the same sample. By comparing
the vesicle PSDs and combining these results with the knowledge obtained from
reference beads, however, many differences are now explained.

Throughout section 4.3, we have discussed the requirements and assumptions
involved in the measured PSDs. Table 4.3 summarizes these requirements and
assumptions, and also lists the minimum detectable vesicle size, the measurement
times, and the capabilities to obtain functional information, such as fluorescence.
In the next section, we will discuss our approach and the results in more detail.

4.4.1 TEM

To obtain the size of the reference beads (Fig. 4.1A), we used traceable TEM
measurements of the manufacturer. Traceability means that the measurement
result is related to SI units through an unbroken chain of comparisons with known
uncertainties [202, 310]. To characterize beads, TEM is particularly useful, as
beads are not affected by sample preparation, and the resolution of TEM is higher
than the size of the beads. For comparison purposes, we set the relative size error
of TEM to 0 (Fig. 4.3A). However, the relative size error of the reference beads
ranges from 1.0 % for the 596 nm beads to 4.3 % for the 46 nm beads. The TEM
data also provide the CV of the beads, which is a measure of the spread in bead
sizes. Consequently, the error bars in Fig. 4.3A represent not only the imprecision
of the instrument, i.e. the broadening of the reference bead PSD caused by the
instrument, but also the CV of the reference beads.

We derived the reference bead concentrations from the manufacturer-specified
mass concentration, density and size of the beads. Note that the concentration of
submicrometer beads is not traceable, as uncertainties in the mass concentration
and density of the beads are unknown. The mass concentration is often provided
with single-digit precision, and the density of silica beads may range from 1.8 to
2.5 g cm−3. Consequently, the bead concentration and error thereof are unknown,
and the relative concentration errors can only be mutually compared (Fig. 4.3B).

TEM analysis of vesicles involves two centrifugation steps and extensive sam-
ple preparation. To quantify the influence of these preanalytic variables on the
obtained PSD (Fig. 4.1B), we overlapped the power-law functions of TEM and
TRPS, which required horizontal and vertical stretching of the TRPS data with
factors of 0.88 and 0.21, respectively. Considering TRPS to be the most reliable
method for determining the PSD of vesicles, we hypothesize that vesicles shrink
by 12 %, owing to fixation and dehydration, and that 21 % of the vesicles are re-
covered after centrifugation and binding to the formvar coating.
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Figure 4.5: Particle size distribution (PSD)
of the reference beads detected by nanopar-
ticle tracking analysis (NTA) with low-
sensitivity settings and processed by NTA
v2.3.5.16 software (Nanosight). The bin
width is 10 nm. The software provides raw
data (blue line), a rolling average of the
data (gray line), and data processed with the
finite track length adjustment (FTLA) al-
gorithm (brown line), resulting in different
PSDs. The FTLA algorithm results in a peak
(brown arrow) that is absent in the rolling
average of the data.

4.4.2 Flow cytometry

To relate the measured light scattering to a particle size, we calibrated flow cy-
tometers by using beads and Mie theory (Fig. 4.2), assuming spherical particles of
known refractive index. As beads meet these criteria, Mie theory can be used to
determine their PSD (Fig. 4.1C,E), resulting in dedicated flow cytometry being
the most accurate in sizing beads (Fig. 4.3A). However, the refractive index of
vesicles is probably heterogeneous and not exactly known [143], thereby affect-
ing the PSD of vesicles obtained by flow cytometry (Fig. 4.1D,F). For example,
under the assumption that the vesicle refractive index is 1.40 ± 0.02, the mini-
mum detectable vesicle sizes are 270−600 nm for conventional flow cytometry and
150−190 nm for dedicated flow cytometry (Table 4.3). We attribute the high con-
centration of vesicles > 340 nm obtained by conventional flow cytometry relative
to other techniques to background counts. An advantage of flow cytometry is
knowledge of the analyzed sample volume, such that the particle concentration
can be determined without calibration with beads.

4.4.3 NTA

The PSD of beads determined by NTA shows extensive broadening as compared
with the other techniques (Figs. 4.1G and 4.3A). In addition, the determined
concentration of vesicles requires careful interpretation. The manufacturer or user
calibrates the instrument with beads to relate the mean number of scatterers in the
field-of-view to the concentration [108]. This calibration is valid for a vesicle size
that scatters the same amount of light as the calibration beads. The concentration
of smaller vesicles is underestimated, whereas the concentration of larger vesicles
is overestimated. Moreover, the concentration of beads is not traceable. To obtain
the minimum detectable vesicle size of 70−90 nm, we related the scattering of
46 nm polystyrene beads, which were at the limit of detection, to the diameter of
vesicles by using Mie theory.

Software often applies unknown and undesired operations to the data. For
example, Fig. 4.5 shows the reference bead PSD detected by NTA with the low-
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sensitivity settings and processed by NTA v2.3.5.16 (Nanosight). Analysis of the
videos with this newer software results in a PSD (blue line) different from that
in Fig. 4.1G (blue line). The software generates a batch summary file, wherein a
rolling average is applied to the raw data, resulting in a smoother but less correct
representation of the data (gray line). Application of finite track length adjustment
(FTLA) results in narrower peaks, a decreased accuracy of the determined mean
diameters, and the presence of an additional peak at 445 nm (brown line). As
FTLA introduces artefacts, the application of FTLA to polydisperse samples is
not recommended.

4.4.4 TRPS

Accurate sizing of vesicles by TRPS requires that the electrical conductivity of a
particle is negligible as compared with the conductivity of the electrolyte [155, 158].
As polystyrene beads, cells and intact vesicles meet this requirement [209], we be-
lieve that the detected vesicle size is representative for urinary vesicles (Fig. 4.1J).
However, our measurement restrictions made the TRPS measurements imprac-
tical. The major concerns with TRPS are pore clogging and pore stability. In
the case of pore clogging, we reversed the pressure or temporarily applied a high
pressure with a plunger. As the pores are stretchable, plunging may change the
pore dimensions, as observed by a change in the baseline current. If the baseline
current changed by > 5 %, we repeated the measurement and calibration, resulting
in a measurement time of several hours.

The concentration is obtained by calibration with beads [158], which is inaccu-
rate, because the concentration of the used beads is not traceable. As the flow rate
is mainly determined by pressure across the pore, and not by electro-osmosis or
electrophoresis, the differences between the zeta potentials of vesicles and calibra-
tion beads are negligible. Consequently, the accuracy in determining the vesicle
concentration is expected to be comparable to that for the mixture of beads.

4.4.5 Single-vesicle detection as a biomarker

A biomarker based on vesicle enumeration should determine the concentration of a
specific vesicle type. For this determination, the technique must obtain biochemi-
cal information to identify specific vesicles, and the measurement time should not
exceed several minutes. Furthermore, size accuracy and precision are important,
e.g. to distinguish vesicles from platelets. Our findings demonstrate that any re-
ported concentration needs to be accompanied by the minimum detectable vesicle
size. For example, the shaded area in Fig. 4.1J shows that a decrease in the
minimum detectable vesicle size from 80 nm to 60 nm would result in a 2.4-fold
increase in the obtained concentration. Therefore, we propose daily monitoring of
the minimum detectable vesicle size, as day-to-day variation is expected for each
instrument. Alternatively, a power-law fit may be applied to compare concen-
trations obtained with different minimum detectable vesicle sizes. An additional
requirement for comparison of concentrations is traceable determination of both
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size and concentration, which is problematic for techniques that calibrate the con-
centration with untraceable beads.

In conclusion, each technique gave a different PSD for the same vesicle sam-
ple. Differences between the detected vesicle concentrations are primarily caused
by differences between the minimum detectable vesicle sizes. The minimum de-
tectable vesicle sizes were 70−90 nm for NTA, 70−100 nm for TRPS, 150−190 nm
for dedicated flow cytometry, and 270−600 nm for conventional flow cytometry.
TEM could detect the smallest vesicles present, albeit after adhesion on a surface.
Dedicated flow cytometry was most accurate in determining the size of reference
beads, but is expected to be less accurate on vesicles, owing to heterogeneity of
the refractive index of vesicles. A reliable estimate of the vesicle refractive index
is required to convert the optical scatter signal detected by flow cytometry to size.
Nevertheless, dedicated flow cytometry is relatively fast and allows multiplex flu-
orescence detection, making it most applicable to clinical research.
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CHAPTER 5

Single versus swarm detection of

extracellular vesicles by flow cytometry

Abstract

Background: Microvesicles and exosomes are cell-derived vesicles and potential
biomarkers for disease. Recently, the Scientific Standardization Committee col-
laborative workshop of the International Society on Thrombosis and Haemostasis
initiated standardization of vesicle detection by flow cytometry with polystyrene
beads. Because polystyrene beads have different optical properties than vesicles,
and because the mechanisms causing the detection signal are incompletely under-
stood, there are contradictions between expected and observed results. Objectives:
To develop a model with which to relate the detection signal of a flow cytometer
to the diameter of vesicles and clarify observed discrepancies. Methods: We com-
bined measurements of polystyrene and silica beads with an estimated refractive
index of vesicles and performed Mie calculations of light scattering. Results: We
established the relationship between measured light scattering and the diameter
of vesicles. The Megamix gating strategy proposed by the Scientific Standard-
ization Committee selects single vesicles and cells with diameters between 800
and 2,400 nm when applied on the forward-scattering detector of regular flow cy-
tometers. Nevertheless, we demonstrated that, irrespective of the applied gating,
multiple vesicles smaller than 220 nm or multiple 89 nm silica beads were counted
as a single event signal at sufficiently high concentrations. Conclusions: Vesicle
detection by flow cytometry is attributed to large single vesicles and swarm de-
tection of smaller vesicles; that is, multiple vesicles are simultaneously illuminated
by the laser beam and counted as a single event signal. Swarm detection allows
the detection of smaller vesicles than previously thought possible, and explains the
finding that flow cytometry underestimates the concentration of vesicles.

This chapter has been published as:

� E. van der Pol, M.J.C. van Gemert, A. Sturk , R. Nieuwland, and T.G. van
Leeuwen. Single versus swarm detection of microparticles and exosomes by flow
cytometry. J. Thromb. Haemost. 10(5), 919-930 (2012)
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5.1 Introduction

Microvesicles and exosomes are cell-derived vesicles present in body fluids that
contribute to coagulation, inflammation, cellular homeostasis and survival, inter-
cellular communication, and transport of waste materials [270, 217, 246]. The size,
concentration, biochemical composition, and cellular origin of these biological vesi-
cles contain clinically relevant information [30, 193, 247]. However, because of the
small size of vesicles (30 nm to 1µm), they are below the detection range of many
currently used techniques [235]. Throughout this chapter, we will use ‘vesicles’ as
a generic term for all types of extracellular, biological vesicle.

Approximately 75 % of laboratories apply flow cytometry to detect vesicles
in clinical samples [179]. A flow cytometer guides cells and vesicles through a
laser beam in a hydrodynamically focused fluid stream. One detector is placed in
line with the laser beam, and measures the forward-scattered light (FSC). Other
detectors measure the side-scattered light (SSC) and fluorescence intensity per-
pendicular to the beam. Light scattering by vesicles is essential, as scattering is
generally used as the trigger signal telling the instrument that a vesicle is present.

A difficulty with flow cytometry is that the relationship between the mea-
sured light scattering and the diameter of vesicles is unknown, resulting in recent
discussions about the standardization of vesicle detection [58, 212, 254] and in
unexplained contradictions between the expected and observed measurement re-
sults. For example, according to the literature, the smallest polystyrene beads that
can be detected by commercial flow cytometers typically have a diameter between
200 nm and 300 nm [58, 253, 227]. Because vesicles have a lower refractive index
than polystyrene beads, they scatter light approximately 10-fold less efficiently
than polystyrene beads [58]. Consequently, the smallest single vesicles that are
detectable by flow cytometry must be larger than ∼ 500 nm. Using transmission
electron microscopy (TEM) image analysis, we have recently shown that urinary
vesicles are smaller than 500 nm [235], so we would not expect these vesicles to
be detected by flow cytometry. Nevertheless, urinary vesicles are detectable by
flow cytometry [320], although, from reference measurements with nanoparticle
tracking analysis and atomic force microscopy, we now know that flow cytometry
underestimates the concentration of vesicles by ∼ 1,000-fold [335, 124].

To resolve the contradictions in vesicle detection by flow cytometry, we will first
present measurements on polystyrene beads and silica beads of known diameter,
concentration, and refractive index. Combined with Mie calculations of the optical
scattering power, this allows calibration of the flow cytometer, i.e. relating the
detected scattering power to the diameter of single polystyrene or silica beads. On
that basis, and using an estimated refractive index, we assess the diameter range
of the smallest detectable single vesicles. In addition, we show that 89 nm silica
beads, which have optical properties resembling those of vesicles, can be detected
by regular flow cytometry, albeit at a higher concentration than used to detect
single beads. Using dilution series of silica beads and cell-free urine, we elucidate
the underlying mechanisms of vesicle detection.
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Table 5.1: Diameter of polystyrene beads and silica beads and the efficiency with which
single beads are detected by flow cytometry

Material Diameter (nm) Detection efficiency

Polystyrene 102 ± 5
203 ± 5 0.9 ± 0.2
400 ± 7 1.0 ± 0.2
596 ± 8 0.9 ± 0.2
799 ± 5 1.0 ± 0.1
994 ± 10 1.0 ± 0.1

3005 ± 30 1.2 ± 0.2

Silica 89 ± 36
204 ± 35 0.6 ± 0.2
389 ± 75 1.1 ± 0.3
610 ± 101 1.0 ± 0.2
732 ± 107 1.0 ± 0.2
988 ± 132 1.2 ± 0.3

2795 ± 472 1.1 ± 0.4

Diameter is expressed as mean ± standard deviation. The detection efficiency is defined
as the ratio between the concentration as determined by the flow cytometer and the pre-
pared concentration.

5.2 Methods

5.2.1 Samples

Beads

Table 5.1 summarizes the mean diameter and standard deviation of the used NIST-
traceable polystyrene beads (Thermo Fisher Scientific, Waltham, MA, USA) and
silica beads (Kisker Biotech, Steinfurt, Germany). At the illumination wavelength
of our flow cytometer, which is 488 nm, the refractive indices of polystyrene and
silica are 1.605 and 1.445, respectively. For comparison, the refractive index of
water is 1.337 at this wavelength. As the refractive index of vesicles is assumed
to be 1.38 inside the vesicle and 1.48 at the 10 nm-thick phospholipid membrane
[309, 31, 102, 47], the optical properties of silica beads resemble those of vesicles
better than those of polystyrene beads. To explore the detection limit of our
flow cytometer (Figs. 5.4 and 5.5), beads were diluted in purified and deionized
water (MilliPore, Billerica, MA, USA) to a concentration of 105 /mL. For this
concentration, the expected count rate is 100 events s−1 at an estimated flow rate
of 60 µL min−1, which is within the recommended count rate for the flow cytometer.
To explore the underlying mechanisms of vesicle detection (Fig. 5.7), dilution series
of silica beads were prepared, in which the ratio of 89 nm and 610 nm silica beads
was varied.
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Vesicles

Cell-derived vesicles from human urine were used as a reference sample, because
vesicles can be easily isolated without substantial contamination [235]. Fresh
morning urine from five overnight-fasting healthy male subjects was collected,
pooled, and centrifuged in 50 mL Falcon tubes for 10 min at 180 g and 4 °C (Mikro
200 R; Hettich, Tuttlingen, Germany) within 10 min after collection. The super-
natant (45 mL) was collected and centrifuged for another 20 min at 1,550 g and 4 °C
to remove the remaining cells. Aliquots of the supernatant (40 mL) were frozen in
liquid nitrogen and stored at −80 °C. Samples were thawed on melting ice for 1 h,
and centrifuged for 10 min at 1,550 g and 4 °C to remove precipitated amorphous
salts.

5.2.2 TEM

For TEM analysis, vesicles were isolated by ultracentrifugation 60 min at 154,000 g
and 4 °C), and washed once in phosphate-buffered saline (PBS)-citrate. Next, vesi-
cles were resuspended in 0.2 % paraformaldehyde (w/v). After fixation for 24 h,
vesicles were allowed to adhere to formvar-carbon coated 300 mesh grids (Elec-
tron Microscopy Sciences, Hatfield, PA, USA), stained with 1.75 % uranyl acetate
(w/v), and imaged with a transmission electron microscope (CM-10; Philips, Eind-
hoven, The Netherlands) at 100 kV. From 1,000 vesicles, the surface area was
determined by use of a custom-made Javascript with the Quick selection tool of
Photoshop version 11.0.2 (Adobe Systems, San Jose, CA, USA). From the sur-
face area, the diameter of each vesicle was calculated to create a size distribution.

5.2.3 Flow cytometry

FSC and SSC powers were measured for 1 min with a FACSCalibur (Becton Dick-
inson, Franklin Lakes, NJ, USA) at a high flow rate (60µL min−1). The flow
cytometer has a linearly polarized 15 mW argon-ion laser emitting at 488 nm. The
beam is elliptically focused to a cross-sectional area of 22 × 66µm2, and at high
flow rate the sample core diameter is 56µm [68]. Consequently, the effective beam
volume is 22 · π · 282 = 5.4 · 104 µm3 or 54 pL. The illumination intensity is
∼ 1.4 · 107 Wm−2 [114]. We selected SSC as the trigger signal to indicate to the
instrument that a vesicle or bead is present. The following detector settings were
used throughout this experiment. For SSC, the applied voltage was 400 V, the
gain was 1, and the threshold was 0. For FSC, the amplification was 100, the gain
was 1, and the threshold was 0. As no threshold was applied, optical, electronic
and fluidic noise contribute to a considerable noise background [273]. However,
in modern flow cytometers, both the dark current and stray light are electroni-
cally subtracted from the signal coming from the detector by the baseline restorer,
resulting in a stable and relatively low noise background of < 10,000 counts/min
in our case. To account for this remaining noise background, a background mea-
surement was performed with purified and deionized water before and after each
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Table 5.2: Parameters used for Mie calculations

Parameter Value

Refractive index: polystyrene 1.605
Refractive index: silica 1.445
Refractive index: water 1.337
Refractive index: vesicle inside 1.38± 0.02
Refractive index: vesicle at the membrane 1.48
Vesicle membrane thickness (nm) 10
Illumination wavelength (nm) 488
Illumination intensity (Wm−2) 1.4 · 107

Collection angle: FSC Becton Dickinson FACSCalibur (◦) 0.5−7
Collection angle: SSC Becton Dickinson FACSCalibur (◦) 47−133
Collection angle: FSC Apogee A40 (◦) 1−70
Collection angle: FSC Beckman Coulter FC500 (◦) 2−16

The refractive indices are provided for room temperature, atmospheric pressure, and an
illumination wavelength of 488 nm. FSC, forward-scattered light; SSC, side-scattered
light.

measurement series. The average SSC and FSC histograms of these background
measurements were subtracted from each dataset.

5.2.4 Mie theory

The power of light scattered in a particular direction by a spherical particle, such
as a bead or a vesicle, is calculated by Mie theory, and involves the diameter and
refractive index of the particle, the refractive index of the surrounding medium,
and the wavelength, polarization and intensity of light [40]. We selected Mie
theory because, in contrast to Rayleigh scattering and Faunhofer diffraction, it
is valid for any ratio of the diameter of the particle to the wavelength [235, 40].
All Mie calculations in this chapter are based on the matlab scripts of Mätzler
[199], and are similar to the calculations of Fattaccioli et al. [97], but other free
software is online available [184]. Data processing was performed with matlab
(v.7.9.0.529), and graphs were plotted with OriginPro (v.8.0724). As input
for the Mie calculations, we used the parameters listed in Table 5.2. Here, we
assumed that urine has a refractive index equal to that of water, and that vesicles
are spherical and have refractive indices of 1.38 ± 0.02 inside and 1.48 at the
10 nm-thick phospholipid membrane [309, 31, 102, 47]. Our estimation of the
inner refractive index of vesicles is based on the measured inner refractive index of
cells and bacteria [309]. As vesicles originate from their parent cell, we expected
that vesicles would have an inner refractive index equal to that of their parent cell.

5.2.5 Flow cytometer calibration

Flow cytometry provides the detected scattering power in arbitrary units, implying
that the relationship between the detected scattering power and the diameter of
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Mie calculation
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?

Figure 5.1: From de-
tected scattering power
to vesicle diameter. (A)
The relationship between
the vesicle (circle) di-
ameter and the detected
scattering power P in
arbitrary units (a.u.)
is unknown. (B) From
beads (circle) with known
diameter and refractive
index, the scattering
power P (a.u.) can be
measured. In parallel,
the true scattering power
P (mW) can be calcu-
lated by Mie theory to
obtain the calibration
factor, which relates
the detected scattering
power to the calculated
scattering power. (C)
By use of the calibration
factor, it is possible
to convert the detected
scattering power of any
spherical particle to the
scattering power and
apply Mie calculations
to estimate the particle
diameter.
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vesicles is unknown, as illustrated in Fig. 5.1A. To establish this relationship, we
measured the relative power in arbitrary units (a.u.) and, in parallel, calculated
the absolute power (mW) of light that scattered by beads of known diameter
and refractive index in the direction of the detectors. Fig. 5.1B shows that this
approach enables us to obtain a calibration factor that relates the detected to
the calculated scattering power. The calibration factor is thus a property of the
detector and the optical configuration of the instrument, and is independent of the
sample. Fig. 5.1C shows that this calibration factor allows estimation of the true
diameter of the particle. Note that the calculated scattering power depends on the
estimated illumination intensity (Table 5.2). However, as the detected scattering
power is fitted to the calculated scattering power by use of the calibration factor,
the relationship between the detected scattering power and the diameter of vesicles
remains similar for any value of the illumination intensity.

5.2.6 Tunable Resistive pulse sensing

To estimate the concentration of vesicles in cell-free urine, tunable resistive pulse
sensing (Izon qNano, Christchurch, New Zealand) was applied. The thawed cell-
free urine was diluted 1:10 with PBS. At least 1,000 vesicles were counted at
a pressure of 6.9 mbar, using both NP100A and NP400A nanopores, which are
optimized for the detection of particles with diameters ranging from 50 nm to
200 nm and 200 nm to 800 nm, respectively.

5.3 Results

5.3.1 Flow cytometry detects vesicles smaller than 220 nm

Fig. 5.2A shows a TEM image of vesicles from urine and Fig. 5.2B their deter-
mined size distribution. The largest vesicles had a diameter of 295 nm. As the
diameter of the smallest polystyrene beads that can be detected by commercial
flow cytometers is typically between 200 nm and 300 nm [58, 253, 227], and because
vesicles have a lower refractive index than polystyrene beads, we would not expect
these urinary vesicles to be detected by flow cytometry.

Fig. 5.3A,B shows the FSC and SSC histograms of the same urine sample
measured with flow cytometry. Both histograms show a peak, indicating that
vesicles were detected. To exclude the possibility that vesicles larger than 300 nm
were present, urine was subsequently filtered with a 220 nm filter (MilliPore) before
analysis. Fig. 5.3C,D shows that, after filtration, FSC and SSC histograms of
vesicles were still obtained, although at fewer counts per minute than with the
unfiltered sample. Thus, in contrast to our expectations, flow cytometry detected
vesicles smaller than 220 nm.
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Figure 5.2: Vesicle detection by transmission electron microscopy (TEM). (A) TEM
image of urinary vesicles. The red circles indicate the surface areas of spherical objects.
(B) Size distribution (logarithmic vertical scale) of 1,000 vesicles determined from five
TEM images. The plot shows a distribution with vesicle diameters between 25 nm and
295 nm, with a single peak at 55 nm.

5.3.2 Scattering power of beads

Fig. 5.4A,C shows FSC histograms of polystyrene beads and silica beads, respec-
tively. The distributions of beads with a diameter smaller than 1,000 nm are broad
and overlapping. Thus, FSC was unable to resolve the diameter of particles smaller
than 1,000 nm. Fig. 5.4B,D shows the SSC histograms of polystyrene beads and
silica beads, respectively. As the SSC distribution of light scattered by beads was
narrow, they could be distinguished from each other. Thus, for our flow cytome-
ter, SSC is more suitable than FSC for resolving particles with a diameter smaller
than 1,000 nm. As the 102 nm polystyrene beads and the 89 nm silica beads could
not be detected, the smallest detectable polystyrene beads and silica beads were
203 and 204 nm, respectively. However, not all 204 nm silica beads were detected.
As the flow rate was known, the bead concentration could be calculated and com-
pared with the true concentration. The ratio between the measured and the true
concentration is defined as the detection efficiency. For the 204 nm silica beads,
the detection efficiency was 0.6±0.2. Table 5.1 shows that the detection efficiency
of all other beads was close to 1, meaning that single polystyrene beads and silica
beads with diameters of 203 and 389 nm, and larger, could be detected.

5.3.3 Smallest detectable single vesicles

To establish the relationship between the detected scattering power and the diam-
eter of vesicles, the flow cytometer needs to be calibrated, as shown in Fig. 5.1.
Therefore, the histograms from beads in Fig. 5.4 were fitted with a normal distri-
bution to determine the mean scattering power and standard deviation for each
bead diameter. The detected scattering power is provided in arbitrary units, and
is proportional to the absolute scattering power (mW), which was calculated by
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Figure 5.3: Vesicle detection by flow cytometry. (A) Forward-scattered light (FSC) his-
togram (logarithmic horizontal scale) of urinary vesicles. A flat peak is observed. In total,
5.5 · 105 events were counted during 1 min. (B) Side-scattered light (SSC) histogram of
urinary vesicles. A single peak is observed. (C) FSC histogram of urinary vesicles filtered
through a 220 nm filter. A flat peak is observed. In total, 5.7 · 104 events were counted
during 1 min. (D) SSC histogram of urinary vesicles filtered through a 220 nm filter. A
single peak is observed. a.u., arbitrary units.
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Figure 5.4: Forward-scattered light (FSC) and side-scattered light (SSC) histograms (log-
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Figure 5.5: Relationship between the measured light-scattering power of beads and the
diameter of vesicles. (A) Measured (symbols) and calculated (lines) forward-scattered light
(FSC) power (logarithmic scale) vs. diameter for polystyrene beads (black) and silica beads
(red). Data points corresponding to a power higher than 1.7 · 10−3 mW (dotted blue line)
are in agreement with theory. The trough at 2,140 nm for the calculation of polystyrene
beads is caused by a Mie resonance. (B) Measured and calculated side-scattered light
(SSC) power vs. diameter for polystyrene beads and silica beads. The power increases with
increasing particle diameter and refractive index. The detection limit is 1.7 · 10−6 mW
(dotted blue line). (C) Measured and calculated FSC power vs. diameter for polystyrene
beads (gray), silica beads (transparent red), and vesicles (green). The light green area
around the Mie calculation for vesicles is a calculated confidence interval, which is based
on an assumed inner refractive index of biological vesicles of 1.38 ± 0.02. The FSC power
increases with increasing particle diameter, and is lower for vesicles than for beads. (D)
Measured and calculated SSC power vs. diameter for polystyrene beads, silica beads, and
vesicles. The intersection of the detection limit with the Mie calculation for vesicles gives
the range of smallest single vesicles that can be detected by the FACSCalibur (blue dotted
line), which is 300−700 nm. The calculation parameters are listed in Table 5.2.
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Mie theory. For our instrument, the calibration factors that relate the measured
to the calculated scattering power are 2.07 ·105 for the FSC detector and 1.26 ·106

for the SSC detector. Fig. 5.5A shows the measured and calculated FSC power
vs. the diameter of polystyrene beads and silica beads. Data points corresponding
to a power higher than 1.7 · 10−3 mW are in agreement with the Mie calculations.
Some beads from which the scattered power was below 1.7·10−3 mW were detected
by FSC, but the observed power was not related to the size of the beads. Fig.
5.5B shows the measured and calculated SSC power vs. diameter for polystyrene
beads and silica beads. The power increased with increasing particle diameter and
refractive index. The data are in excellent agreement with the Mie calculations,
except for the 2,795 nm silica beads. We attribute the underestimation of the
scattered power of 2,795 nm silica beads to a decreased refractive index resulting
from porosity, as stated by the manufacturer. The effective refractive index of the
porous 2,795 nm silica beads that matches with our measurement is 1.423 rather
than 1.445. The power corresponding to the smallest detectable beads is defined
as the detection limit, which is 1.7 · 10−6 mW, meaning that each single vesicle for
which the SSC power was equal to or higher than 1.7·10−6 mW would be detected.

Now the diameter of the smallest detectable single vesicles by flow cytometry
can be assessed. Fig. 5.5C is a close-up of the lower part of Fig. 5.5A, extended
with the calculated FSC power of vesicles. Note that the vesicles scatter light
less efficiently than beads, owing to their lower refractive index. As the exact re-
fractive index of vesicles is unknown, the light green area represents an estimated
confidence interval, which is based on an assumed inner refractive index of bio-
logical vesicles of 1.38 ± 0.02. Fig. 5.5D is a close-up of the lower part of Fig.
5.5B, extended with the calculated SSC power of vesicles. As the detection limit
is 1.7 · 10−6 mW, the estimated diameter range of the smallest detectable single
vesicle is 300−700 nm, which contradicts our finding that vesicles smaller than
220 nm can be detected by flow cytometry (Fig. 5.3).

5.3.4 Detection of vesicles smaller than 220 nm and 89 nm
silica beads

We hypothesize that the detection of vesicles smaller than 220 nm is a consequence
of swarm detection; that is, multiple vesicles are simultaneously illuminated by
the laser beam and counted as a single event signal. Fig. 5.6 shows an artist
impression of swarm detection. As a proof of principle, silica beads with a diameter
of 89 nm, significantly below the 203 nm of single detectable beads, were prepared
at a concentration of 1010 /mL and successfully detected, as reflected by the SSC
histogram shown in Fig. 5.7A. Thus, 89 nm beads with a refractive index close
to that of vesicles can also be detected by flow cytometry at sufficiently high
concentrations, owing to swarm detection.

78



5.3. Results

5

Figure 5.6: Artist
impression of swarm
detection. A flow cy-
tometer guides vesicles
(green dots) through a
laser beam (horizontal
blue cone) in a hydrody-
namically focused fluid
stream (vertical gray
cone). Due to the small
size and high concentra-
tion of vesicles relative
to the dimensions of
the laser beam, multiple
vesicles are simultane-
ously illuminated.

5.3.5 Single bead detection versus swarm detection

For polydisperse samples, such as vesicles in plasma and urine, it is interesting
to know whether a count is generated by one large particle or by multiple small
particles present in the laser beam. Here, a large or a small particle is defined
as a particle scattering more or less light, respectively, than the detection limit of
the flow cytometer. Consequently, the presence of one large particle or of multiple
small particles in the laser beam will both be counted as a single event signal.
Fig. 5.7B shows the SSC histogram of a mixture of small 89 nm silica beads with
a concentration of 1010 /mL and large 610 nm silica beads with a concentration of
105 /mL. The first peak is attributed to the high concentration of 89 nm beads, and
the second peak is attributed to the 105-fold lower concentration of 610 nm beads.
Considering the low concentration of 610 nm beads as compared with that of the
89 nm beads, it is clear that the count rate is dominated by the large particles.

Dilution series are used to investigate the relative contributions of large and
small particles to the count rate of the flow cytometer. Fig. 5.7C shows the
dilution curves of different ratios of 89 nm and 610 nm silica beads. The horizontal
axis represents the sum of the prepared concentrations of 89 nm and 610 nm silica
beads. The left vertical axis shows the count rate (frequency) as determined by
the flow cytometer. As the flow rate was known, the concentration as determined
by the flow cytometer was also calculated, and is shown on the right vertical axis.
First, with large 610 nm beads only, the flow cytometer-determined concentration
obviously equaled that of the prepared concentration, and, within the acquisition
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Figure 5.7: Relative contributions of mechanisms underlying vesicle detection. Side-
scattered light (SSC) histogram (logarithmic horizontal scale) for (A) 89 nm silica beads
at a concentration of 1 · 1010 mL−1, and (B) a mixture of 89 nm and 610 nm silica beads
at concentrations of 1 · 1010 mL−1 and 1 · 105 mL−1, respectively. (C) Frequency or count
rate vs. total concentration (logarithmic scales) of 610 nm silica beads (diamonds), 89 nm
silica beads (squares), mixtures of 610 nm and 89 nm silica beads prepared at ratios of
1:100 (green triangles), 1:10,000 (blue triangles), and 1:100,000 (circles), and (D) cell-
free urine and cell-free urine filtered (arrow) through a 220 nm filter. The right vertical
axis shows the concentration as determined with the flow cytometer. Data points within
the acquisition range (gray area) should be considered reliable. The error bars overlap with
the symbols and are omitted to improve legibility. The dashed horizontal lines indicate
the count rates corresponding to the detection of 610 nm silica beads at four different
concentrations. The solid gray lines are exponential fits through data points with similar
concentrations of 610 nm silica beads. a.u., arbitrary units.
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range (gray area), the relationship between count rate and concentration was linear
(dark red diamonds). Second, after addition of 100 beads of 89 nm to each 610 nm
bead, the flow cytometer-determined concentration remained similar to that of the
samples containing 610 nm beads only (dashed horizontal lines), meaning that, at
this concentration, the 89 nm beads had no influence on the count rate (green
triangles). Third, if we added 10,000 beads of 89 nm to each 610 nm bead, the flow
cytometer-determined concentration increased by 40 %, on average, in comparison
with the samples containing 610 nm beads only (blue triangles), and with addition
of 100,000 beads of 89 nm to each 610 nm bead, the flow cytometer-determined
concentration increased by 350 %, on average, in comparison with the samples
containing 610 nm beads only (red circles). For the latter mixture, the relationship
between count rate and prepared concentration is non-linear, as indicated by the
increased slope, and the data overlap with those of the pure 89 nm beads (black
squares), indicating that the count rate is dominated by the simultaneous presence
of multiple 89 nm beads in the laser beam.

5.3.6 Single vesicle detection versus swarm detection

Fig. 5.7D shows the dilution curves of cell-free urine and cell-free urine filtered
through a 220 nm filter. With tunable resistive pulse sensing (data not shown), the
concentrations of vesicles in unfiltered and filtered cell-free urine were estimated to
be 3.0·1010 /mL and 1.6·1010 /mL, respectively. For cell-free urine, the relationship
between the count rate and the concentration is linear, meaning that the counts
are predominantly caused by single large vesicles. However, the dilution curve of
the filtered cell-free urine reveals that small vesicles also contribute to the count
rate (Fig. 5.7D). The relationship between count rate and concentration of filtered
cell-free urine is non-linear, as indicated by the increased slope, confirming that
the counts are caused by swarm detection.

5.4 Discussion and conclusion

We have developed a model that relates the measured light scattering power to
the diameter of single vesicles by combining measurements on polystyrene beads
and silica beads with Mie calculations. Two mechanisms for vesicle detection by
flow cytometry can be derived from the results. First, a single vesicle is counted if
its diameter is larger than 300−700 nm, i.e. the smallest detectable single vesicle
diameter estimated for our flow cytometer. Second, a swarm of multiple smaller
vesicles is counted as a single event signal if the power of light scattered by all
vesicles that are simultaneously present in the laser beam exceeds the detection
limit. For polydisperse samples, such as vesicles in plasma and urine, counts are
generated by a combination of single particle and swarm detection.

If large and small particles are defined as particles scattering more or less light
than the detection limit of the flow cytometer, single particle detection is caused by
large particles only. As every large particle is counted (Table 5.1), the concentra-
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Figure 5.8: Flow rate dependency of
swarm detection. Frequency or count
rate vs. total concentration of 89 nm
silica beads at high (63 µL min−1;
squares), medium (37 µL min−1; cir-
cles) and low (12 µL min−1; trian-
gles) flow rates. The solid lines are
linear fits through the data points be-
low the maximum acquisition range.
The right vertical axis shows the con-
centration as determined by the flow
cytometer. Data points within the ac-
quisition range (gray area) should be
considered reliable. The error bars
overlap with the symbols. SSC, side-
scattered light.

tion as determined by the flow cytometer equals the prepared concentration, and
a linear relationship between count rate and prepared concentration is obtained,
as demonstrated with the use of large 610 nm silica beads only (Fig. 5.7C).

Swarm detection, on the other hand, is caused by the detection of small par-
ticles only. As multiple small particles have to be simultaneously present in the
laser beam to generate a single event signal, the flow cytometer-determined con-
centration underestimates the real concentration, and the relationship between
count rate and prepared concentration is non-linear. Although the diameters of
the smallest detectable single polystyrene and silica beads are 203 nm and 204 nm,
respectively, we demonstrated that we could detect high concentrations of 89 nm
silica beads (Fig. 5.7A) and vesicles filtered through a 220 nm filter (Fig. 5.3C,D),
owing to swarm detection. For both samples, the flow cytometer-determined con-
centration is more than 1,000-fold lower than the real concentration (Fig. 5.7C,D),
and the relationship between count rate and concentration is non-linear. As the
detection limit of the flow cytometer is 1.7 ·10−6 mW and the mean SSC powers of
an 89 nm silica bead and a urinary vesicle are 2.2 ·10−8 mW and 1.1 ·10−8 mW, re-
spectively, at least 80 silica beads or 160 vesicles have to be simultaneously present
in the laser beam to generate a signal. For both samples, this requirement was
fulfilled, as the estimated volume of the laser beam is 54 pL and the concentrations
of silica beads and vesicles are 1010 /mL and 1.6·1010 /mL, respectively, so that, on
average, 540 silica beads or 860 vesicles were simultaneously present in the beam.
Fig. 5.8 shows the dilution curves of 89 nm silica beads for high, medium and
low flow rates. Within the acquisition range (gray area), the established concen-
tration underestimates the prepared concentration, and the relationship between
count rate and prepared concentration is non-linear. As a lower flow rate yields a
smaller cross-sectional area of the sample stream and thus a smaller effective beam
volume [266], a higher concentration of 89 nm silica beads is required to generate
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an event signal. Consequently, the dilution curves in Fig. 5.8 are shifted to the
right with decreasing flow rates.

For samples containing a mixture of large and small particles, such as vesi-
cles in plasma and urine, counts are generated by both single particle and swarm
detection. If the concentration of small particles is lower than the threshold for
generation of a signal, the count rate is dominated by large particles, and a lin-
ear relationship between count rate and concentration is obtained (Fig. 5.7C).
However, if the concentration of small particles equals or exceeds the threshold for
generation of a signal, the contribution of small and large particles to the count
rate depends on the relative size and concentration of particles (Fig. 5.7C). For
cell-free urine, we have shown that small vesicles contribute to the count rate by
using a 220 nm filter. Without filtration, a fairly linear relationship between the
count rate and the concentration is obtained, indicating that large vesicles, i.e.
vesicles larger than 300−700 nm, are present. Vesicles larger than 295 nm were
not observed by TEM imaging (Fig. 5.2), probably because the amount of im-
aged vesicles did not represent the full population, and because the diameter was
affected by preanalytic factors, such as centrifugation, staining, fixation, and ad-
hesion [333]. Note that the concentration as determined by the flow cytometer
is 1,000-fold lower than the concentration estimated with tunable resistive pulse
sensing, which was observed when flow cytometry was compared with other, novel
detection methods [335, 124]. The presence of multiple vesicles in the laser beam
explains why the concentration is underestimated 1,000-fold, but, more impor-
tantly, swarm detection allows the detection of smaller vesicles than previously
thought possible.

5.4.1 Sensitivity increases with collection angle

Although it is often thought that FSC should be used to determine the size of
vesicles [179, 58, 254, 298, 178], Fig. 5.4A–D shows that, for our flow cytometer,
the SSC detector is more sensitive and has a higher capability to resolve the size
of beads than the FSC detector, as confirmed by other groups using instruments
with a similar optical layout [266, 298, 90]. In this section, we will explain this
phenomenon. Fig. 5.9 shows the optical detection geometry of a flow cytometer
(A) and how this affects the detection of light scattered by a cell (B), a microvesicle
(C), or an exosome (D). Each cell, microvesicle or exosome is illuminated by a laser
beam with a constant intensity, which we estimate to be 1.4 ·107 Wm−2. The FSC
detector is a photodiode that detects light which is scattered under an angle of
approximately 0.5−7◦, depending on the setup of the instrument. To prevent
the laser directly illuminating the FSC detector, both the laser beam itself and
the light scattered under an angle smaller than 0.5◦ are blocked by the so-called
obscuration bar, as indicated by the interruption in the red line. The SSC detector
is a photomultiplier tube, which is not only more sensitive than the photodiode of
the FSC detector, but also detects scattered light over a much broader angle, i.e.
47−133◦. The dashed blue lines inside the gray circular diagrams show how much
light is scattered in each direction. Fig. 5.9B shows that a cell with a diameter of
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5 µm scatters light predominantly in the forward direction, which is in the direction
of the FSC detector. Hence, FSC is associated with cell size. Fig. 5.9C shows that
a microvesicle with a diameter of 500 nm scatters light differently than a cell, i.e.
mainly under an angle of 0−10◦. In comparison with the cell, the fraction of light
scattered in the direction of the FSC detector has decreased, whereas the fraction
of light scattered in the direction of the SSC detector has increased. Fig. 5.9D
shows that an exosome with a diameter of 50 nm scatters light nearly isotropically.
As a result, more light is scattered in the direction of the SSC detector than in the
direction of the FSC detector. As organelles are of a similar size as microvesicles
and exosomes, an increased SSC is commonly associated with the complex anatomy
of cells. In fact, the SSC detector is optimized to detect scattering from multiple
particles smaller than the wavelength. Thus, to increase the sensitivity for vesicle
detection, it is beneficial to select the detector with the largest collection angle.
For most regular flow cytometers, this implies using the SSC detector.

5.4.2 Implications and limitations

Our model explains several recent observations regarding vesicle detection with
flow cytometry. In an effort to standardize vesicle detection, the Scientific Stan-
dardization Committee of the International Society on Thrombosis and Haemosta-
sis (ISTH) proposed a protocol that used 500 nm and 900 nm polystyrene beads
from Megamix to define a vesicle size gate [179]. They observed that flow cytometer-
determined concentrations of vesicles appeared to be consistent among instruments
measuring FSC with a relatively wide solid angle (1−19◦; Beckman Coulter), but
appeared to be inconsistent among instruments measuring FSC with a low solid
angle (0.7−10◦; Becton Dickinson). The low collection angle makes the detection
limit strongly dependent on the width of the obscuration bar, which is specific
for each individual instrument. As vesicle detection typically takes place near the
detection limit, the results differed among the Becton Dickinson instruments.

Chandler et al. applied the Megamix gating strategy to detect platelet micro-
particles (PMPs) on the Apogee A40, which has an FSC collection angle of 1−70◦,
and showed that mainly platelets, which have an average diameter of
2,000−5,000 nm [324], were counted [58]. Unlike Chandler et al., Mullier et al.
and Robert et al. [212, 254] could perfectly distinguish PMPs from platelets by
using the same gating strategy on their flow cytometers, which all had an FSC
collection angle below 19◦. To explain this discrepancy and to show that our
calibration procedure is generally applicable, we have determined the calibration
factors for the FSC detectors of the Apogee A40 and the Beckman Coulter FC500
by using their data [58, 254]. Fig. 5.10A,B shows the diameters of single vesicles
as selected by the Megamix gating strategy for the Apogee A40 and FC500, re-
spectively. The range of diameters of single vesicles gated on theApogee A40 is
200 nm larger than the range gated on the FC500. Owing to the wider collection
angle of the Apogee A40 than of the FC500, the Apogee A40 is more sensitive to
the difference in refractive index between polystyrene beads and vesicles than the
FC500. Nevertheless, single PMPs are not expected to appear in the gated range
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Figure 5.10: Selected vesicle diameter range obtained by applying the Megamix gating
strategy on the Apogee A40 vs. the FC500. (A) Measured (symbols) and calculated (lines)
forward-scattered light (FSC) power (logarithmic scale) vs. diameter for polystyrene beads
(black) and vesicles (circle), for the Apogee A40. The measured data points are adopted
from Chandler et al. [58]. The obtained calibration factor is 2.67 · 106. The Megamix gat-
ing strategy would select single vesicles with a diameter between 1,000 nm and 2,700 nm.
(B) Measured and calculated FSC power vs. diameter for polystyrene beads and vesicles
for the FC500. The measured data points are adopted from Robert et al. [254]. The
obtained calibration factor is 5.18 · 104. The Megamix gating strategy would select single
vesicles with a diameter between 800 nm and 2,400 nm. The calculation parameters are
listed in Table 5.2.
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for either the Apogee A40 or the FC500, as the measured PMP diameter is far
below 500 nm [335, 124, 90]. Rather, it is the presence of multiple PMPs in the
laser beam that makes them detectable by flow cytometry. From reference mea-
surements with novel methods, we know that the concentration of PMPs exceeds
1010 /mL [90], which ensures that multiple vesicles are illuminated simultaneously
and is sufficient to generate a single event signal.

For functional research on vesicles, the presence of multiple vesicles in the
beam may have major consequences. For example, different fluorescence signals
corresponding to a ‘single event signal’ may originate from multiple vesicles, each
containing a different antibody, which may explain the colocalization of granulo-
cyte (CD66e) and platelet (CD61) markers on tissue factor-exposing vesicles [84].
On the other hand, as all vesicles contribute to the signal, our findings explain
why flow cytometry results often correlate with disease.

Our work may lead to a better understanding of vesicle detection by flow cy-
tometry, increased sensitivity by optimizing the instrument-specific settings, and
improvements in the standardization of measurements between laboratories, which
involves at least four steps. First, the scattering power of beads should be mea-
sured for the detector with the largest collection angle and highest sensitivity.
Second, the scattering power of beads should be calculated specifically for the
used detector by Mie theory. Third, the calibration factor should be determined
to quantify the detection signal. Fourth, a gate should be selected on the basis
of the quantified optical power. For improved standardization, the relationship
between the detected scattering power from multiple vesicles, the volume of the
laser beam and the flow rate requires further investigation. For improved vesicle
detection, we suggest modification of the hardware of the flow cytometer [278], and
study of the refractive index of vesicles and the medium. In addition, as many
studies also use fluorescence to identify vesicles, we suggest performing a detailed
analysis on fluorescent beads, although many non-trivial practical and theoretical
problems will have to be solved before a comparable study based on fluorescence
can be performed [235]. In spite of its limitations, flow cytometry will still have
to be the present method of choice, because we do not yet have validated methods
for quantitative enumeration and establishment of the cellular source of vesicles.

In conclusion, we have established a model that relates the detected scattering
power to the diameter of single vesicles. The gating strategy proposed by the ISTH
Scientific Standardization Committee collaborative workshop selects single vesicles
and cells with diameters between 800 nm and 2,400 nm when applied on the FSC
detector of regular flow cytometers. However, vesicle detection by regular flow
cytometry relies on two different mechanisms: (1) detection of single, relatively
large, vesicles that scatter more light than the detection limit, and (2) swarm
detection - that is, multiple relatively small vesicles are simultaneously illuminated
by the laser beam and counted as a single event signal. Swarm detection allows
the detection of smaller vesicles than previously thought possible. It explains
the finding that flow cytometry underestimates the concentration of vesicles, and
it clarifies several observations published by the ISTH Scientific Standardization
Committee collaborative workshop on vesicle detection.
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CHAPTER 6

Refractive index determination of nanoparticles in

suspension using nanoparticle tracking analysis

Abstract

The refractive index (RI) dictates interaction between light and nanoparticles,
and therefore is important to health, environmental and materials sciences. Using
nanoparticle tracking analysis, we have determined the RI of heterogeneous par-
ticles < 500 nm in suspension. We demonstrate feasibility of distinguishing silica
and polystyrene beads based on their RI. The hitherto unknown RI of extracellu-
lar vesicles from human urine was determined at 1.37 (mean) at a wavelength of
405 nm. This method enables differentiation of single nanoparticles based on their
RI.

This chapter has been published as:

� E. van der Pol, F.A.W. Coumans, A. Sturk, R. Nieuwland, and T.G. van
Leeuwen. Refractive index determination of nanoparticles in suspension us-
ing nanoparticle tracking analysis. Nano Lett. 14(11), 6195-6201 (2014)
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6.1 Introduction

The refractive index (RI) of nanoparticles is an indispensable property in a wide
range of applications and studies, but is difficult to measure [167]. The RI de-
pends on the wavelength, and is defined as the ratio of speed of light in vacuum
to speed of light in the material. It relates light scattering to the size, shape, and
chemical composition of a nanoparticle [40] and it defines the magnitude of the
optical force that an electromagnetic field exerts on nanoparticles [28, 250]. Deter-
mination of the RI may be utilized to differentiation between different components
of samples. For example, in atmospheric particulate matter, pollen (RI ≈ 1.53)
[62] could be distinguished from cement dust (RI ≈ 1.70) [99] and fly ash (RI =
1.55−1.60) [149]. In clinical samples, it may be possible to distinguish vesicles from
similar-sized lipoproteins (RI = 1.45−1.60) [206], which are abundantly present
in blood [108, 90]. Potential differentiation of other nanoparticles by RI include
soda lime, borosilicate, calcium carbonate, aluminum oxide, aluminum silicate,
diamond, gold, nickel, polymethylmethacrylate (PMMA), polytetrafluoroethylene
(PTFE), bacteria, viruses, and yeast. Thus, the RI dictates the interaction be-
tween light and nanoparticles in diverse applications spanning environmental sci-
ence (e.g. the effect of aerosols on climate [105, 205]), or the carbon content of
plankton [282]), health (drug delivery [191, 145, 118], or photodynamic therapy
[174, 257]), and materials science (nanoparticles in paint [176, 15], or solar cells
[338]).

Table 6.1 shows the capabilities of current techniques for determining the RI
of particles. For polydisperse particles with homogeneous RI, the most applied
technique is RI matching the medium to the particles [23, 126]. However, RI
matching cannot be applied to particles of biological origin due to osmotic effects.
Moreover, a sample with heterogeneous RI analyzed with a technique suitable
only for homogeneous RI may result in artifacts. For monodisperse particles of
known size and concentration, the RI can be determined by measuring the optical
extinction coefficient of multiple particles simultaneously [205, 190, 181]. Sorting
on size may allow these techniques to determine the RI of polydisperse parti-
cles. However, size-based fractionation of particles < 500 nm is difficult [310] and
may introduce artifacts. For samples with heterogeneous RI and unknown size
distribution, the RI can be derived from single particles by measuring angle or
wavelength resolved scattering, Fraunhofer diffraction, or the stiffness of an opti-
cal trap [167, 24, 64, 230, 169, 8, 168, 89, 303]. These techniques, however, have
only been applied to particles > 500 nm. Thus, currently no method is capable of
determining RI of single nanoparticles (< 500 nm) in suspension.

Consequently, the RI of extracellular vesicles < 500 nm, such as exosomes, is
unknown. Extracellular vesicles are biological nanoparticles that are released by
cells to transport waste and exchange intercellular messages, such as DNA, RNA,
or surface receptors [231]. Body fluids, but also seawater, contain typically 105 to
1010 of these vesicles per mL [90, 46, 232, 34]. Since most vesicles have specialized
functions and contribute to homeostatic processes, clinical applications of vesicles
are in development [231]. Fig. 6.1A shows a transmission electron microscopy
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Figure 6.1: Size and morphology of urinary vesicles by transmission electron microscopy
(TEM). (A) TEM image of urinary vesicles. The vesicles have a characteristic cup-
shaped morphology. (B) Particle size distribution of 2,000 vesicles determined from 25
TEM images. The distribution ranges from 15 nm to 485 nm and has a single peak at
45 nm.

(TEM) image of vesicles from human urine. Sample preparation for TEM analysis
and TEM analysis are extensively described in section 4.2.4. Urine contains a
relatively high concentration of vesicles with low contamination of similar-sized
non cell-derived particles [235]. Fig. 6.1B shows the particle size distribution
(PSD) of urinary vesicles based on TEM data. The PSD ranges from 25 nm to
485 nm with a mode diameter of 45 nm. The small size and large heterogeneity
of vesicles are characteristic of biological fluids and hamper their detection [232].
Please note that other biological fluids, such as blood, contain many components
< 1 µm with different RI, including protein aggregates (RI = 1.59−1.64) [206, 201],
lipoproteins (RI = 1.45−1.60) [206], and viruses (RI = 1.52−1.57) [268, 221].

Currently, various optical techniques, such as flow cytometry, nanoparticle
tracking analysis (NTA), and Raman microspectroscopy, are employed and im-
proved to study vesicles in suspension [90, 235, 234, 287]. An essential property
in these studies is the RI of vesicles. For example, RI determines the smallest
detectable vesicle in NTA and flow cytometry, RI determines the smallest vesicle
size that can be trapped with Raman microspectroscopy, and RI determines the
relationship between size and scatter in flow cytometry [232]. In flow cytometry,
the RI of vesicles has (accidentally) been assumed to be similar to polystyrene
beads. This resulted in a gating strategy that selected vesicles with diameters
from 800−2,400 nm, rather than the intended 500−900 nm [234]. The aim of this
chapter is to develop a method to determine the RI of single nanoparticles in
suspension and, as a proof of principle, apply the method to estimate the RI of
extracellular vesicles.
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Figure 6.2: Detection of light scattered by particles undergoing Brownian motion. (A)
Schematic representation of the nanoparticle tracking analysis (NTA) setup. A laser beam
(purple) with a wavelength (λ) of 405 nm and a power (P ) of 45 mW illuminates parti-
cles (spheres) in suspension. The particles are undergoing Brownian motion, which is the
random motion (white arrow) resulting from collisions with molecules in the suspension.
Light scattered by a particle is collected by a microscope objective with a numerical aper-
ture (NA) of 0.4. (B) Scattering power versus time of a 203 nm polystyrene bead (solid)
and the maximum scattering power (dashed). Due to Brownian motion the particle moves
through the focal plane and the laser beam, causing the scattering power to fluctuate.

6.2 Methods and results

6.2.1 Approach

We have determined the RI by independently measuring diameter and light scat-
tering power of individual particles with NTA and solving the inverse scattering
problem with Mie theory. Fig. 6.2A schematically depicts the operating principle
of the NTA. We visualized scattered light from particles illuminated by a 45 mW
405 nm laser by a dark-field microscope (NS500, Nanosight, UK). Due to Brownian
motion, each particle moved randomly through the suspension. We used the tra-
jectory of each particle in the lateral direction relative to the microscope objective
to determine the diffusion coefficient, which we related to the particle diameter
via the Stokes-Einstein equation [90, 46, 108]. Because the detected scattering
power depends on the axial position of a particle, which changed due to Brownian
motion, the detected scattering power fluctuated.

Fig. 6.2B shows a typical measurement of the scattering power versus time for
a polystyrene bead with a diameter of 203 nm. Since we focused the objective onto
the optical axis of the laser beam, the maximum scattering power was measured
when the particle was in focus. To derive the RI, we described the measured
(maximum) scattering power P from particles in focus by the theoretical scattering
cross section σMie from Mie theory [40] using the measured particle diameter as
input to the calculation. Mie theory, extensively described by Bohren and Huffman
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Figure 6.3: Measured
(symbols) and calculated
(lines) scattering cross
section versus diameter
for polystyrene beads
(black) and silica beads
(red). The scattering
cross section increases
with increasing particle
diameter and refractive
index. The particle
diameters are determined
by transmission electron
microscopy (TEM).
Error bars indicate one
standard deviation of the
mean.

[40], provides an analytical solution of Maxwell’s equations and describes light
scattering of spheres of all size parameters. However, Mie theory does not reduce
these variables to a single equation, since the solution to Maxwell’s equations are
infinite series expansions of the electromagnetic fields. We use the Matlab Mie
scripts of Mätzler [199] to calculate the infinite series and obtain the amplitude
scattering matrix elements, which describe the relation between the incident and
scattered field amplitudes of a sphere. Our model incorporates particle diameter
and RI, RI of the medium, and wavelength, polarization, and collection angles of
the microscope (see Appendix D).

6.2.2 Calibration

To calibrate the NTA instrument, we measured the scattering power of polystyrene
beads PPS of known size and calculated the scattering cross section of polystyrene
spheres σPSMie. The RI of bulk polystyrene is 1.633 at 405 nm [161]. We measured
PPS for monodisperse populations of beads (Nanosphere, Thermo Fisher, MA)
with a mean diameter of 46 nm, 102 nm, 203 nm, 400 nm, and 596 nm and a con-
centration of 108 beads/mL. For each diameter, 5 videos of 30 s were captured
with NTA v2.3.0.17 software (Nanosight) and at least 100 particles were tracked.
Since the scattering power of the beads differs more than 3 orders of magnitude,
each sample required different camera settings (see Appendix C) to prevent pixel
saturation. The videos contain 8-bit images of 640 by 480 pixels, which were pro-
cessed with scripts by Blair and Dufresne [38] in Matlab (v7.13.0.564) to track the
particles (see Appendix C). From the trajectory of each particle, we calculated
the mean square displacement and diffusion coefficient and related it to particle
diameter via the Stokes-Einstein equation. Furthermore, the script determined
the maximum scattering power of each particle within its trajectory and corrected
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for the applied shutter time and camera gain. An increase in minimum track-
length increases the precision of the measured diameter and scattering power, but
also reduces the number of analyzed particles. After the analysis described in
Appendix C, we required a minimum tracklength of 30 frames. We performed all
measurements at 22.0 °C and assumed a medium viscosity of 0.95 cP. To take into
account the illumination irradiance and transmission efficiency, the median of PPS
was scaled onto σPSMie by a least square fit. The resulting scaling factor is 0.067,
which is a property of the instrument that we will use throughout this chapter to
scale P to σ. Fig. 6.3 shows PPS and σPSMie versus particle diameter. The data
and theory show good agreement, with a coefficient of determination R2 = 0.997.

6.2.3 Validation

To validate our approach, we have measured the scattering cross section of monodis-
perse populations of silica beads (Kisker Biotech, Germany) with a diameter of
89 nm, 206 nm, 391 nm, and 577 nm and a concentration of 108 beads/mL, as
shown in Fig. 6.3. Since the RI of silica beads (RISi) is not exactly known, we
performed a least square fit between the scattering cross section of silica beads
σSiMie and the data. We found a RISi of 1.432, which is in between 1.43 and 1.45
of previous estimates [167, 127], confirming that NTA can be used to determine
the RI of nanoparticles.

To further validate the method, we determined the PSD and RI distribution of a
mixture of 203 nm polystyrene beads and 206 nm silica beads with a concentration
of 108 beads/mL for both populations. We captured 20 videos of 30 s to track at
least 1,000 particles. Data were processed as described above. Fig. 6.4A shows the
measured σ versus bead diameter. Each dot represents a single particle, and two
populations of beads are clearly discernible. As a reference, the grey lines show
σMie for seven RIs between 1.35 and 1.65. Fig. 6.4B shows the bead mixture
PSD obtained by NTA fitted by a Gaussian distribution, which resulted in a size
of 213 ± 25 nm (mean ± standard deviation). As a reference, the vertical bar
shows the diameter of the silica beads determined by TEM, which is 206 ± 18 nm.
We attribute the overestimation of the mean diameter to the uncertainty in the
measured diffusion coefficient and to the difference between the hydrodynamic
diameter measured by NTA and the physical diameter measured by TEM.

Fig. 6.4C shows the RI distribution of the bead mixture and a fit of two Gaus-
sian distributions. We could clearly distinguish silica beads from similar-sized
polystyrene beads. We obtained an RISi of 1.447 ± 0.021 (mean ± standard de-
viation), which is close to 1.432 as derived from Fig. 6.3 and in between 1.43
and 1.45 of previous estimates [167, 127]. For the RI of polystyrene beads (RIPS)
we obtained 1.665 ± 0.046, which is between 1.59 and 1.68 of previous estimates
[205, 161]. Previous estimates with other techniques resulted in standard devia-
tions of RIPS between 0.011 and 0.027, [167, 205, 181] which is lower than our
result. However, those techniques could not detect single particles < 500 nm, nor
particles with a heterogeneous RI. The precision of RIPS measurements with NTA
is approximately 2-fold larger than literature values. We expect that the precision
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Figure 6.4: Size and refrac-
tive index (RI) determina-
tion of a mixture of 203 nm
polystyrene beads and 206 nm
silica beads in water by
nanoparticle tracking anal-
ysis (NTA). (A) Scattering
cross section versus diameter
calculated by Mie theory
(lines) and measured for the
bead mixture (dots). (B)
Particle size distribution of
the bead mixture (solid line)
fitted by a Gaussian function
(dotted line; offset f0 = 0,
mean µ= 213 nm, stan-
dard deviation SD = 25 nm,
area A = 1.26 · 106). The
vertical green bar indicates
µ± SD of the 206 nm silica
beads measured by TEM.
(C) RI distribution of the
bead mixture (solid line)
fitted by a sum of two
Gaussian functions (dotted
line; f1 = 0, µ1 = 1.447,
SD1 = 0.021, A1 = 458,
µ2 = 1.665, SD2 = 0.046,
A2 = 793). The vertical
green bars indicate the range
of reported RIs from litera-
ture.
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of RI will be reduced for particles with a lower RI than polystyrene, as σ becomes
more dependent on the RI for such particles. This may partly explain why the
standard deviation of RISi was 0.021. Moreover, since the standard deviation of
the diameter scales with 1/

√
tracklength, [203] increasing the tracklength will re-

duce the standard deviation of the diameter, σ and RI. Technical modifications
required to dramatically increase the tracklength without reducing the number of
particles tracked have been demonstrated [54]. To further reduce the standard
deviation of σ, we propose to improve the illumination homogeneity of the micro-
scope.

6.2.4 Application

As a proof of principle, we applied NTA for the determination of the RI of uri-
nary vesicles from a healthy male individual. After collection, urine was cen-
trifuged twice (50 mL, 4 °C, 10 min, 180 g; and 20 min, 1,550 g) to remove cells,
and diluted 100-fold in 50 nm-filtered (Nucleopore, GE Healthcare, IL) phosphate-
buffered saline (PBS). Fig. 6.5A shows σ versus the diameter of urinary vesicles
measured by NTA. We captured 20 videos of 30 s to track at least 1,000 vesicles.
Since the scattering power of the vesicles differs more than 3 orders of magnitude,
we used three different camera settings: gain 100, 350, and 470. The gains were
selected such that the range of detectable scattering cross sections overlapped.
Data processing was performed as described above. The grey lines again show
the relationship between σ and the diameter for seven RIs between 1.35 and 1.65,
taking into account that the RI of PBS is 0.002 higher than the RI of water [166].
Fig. 6.5B shows the measured PSD of urinary vesicles. The PSD ranges from
45 nm to 865 nm with a mode diameter of 115 nm. Similar to TEM, the right-hand
side of the PSD shows a decreasing concentration with increasing diameter, but
vesicles smaller than ∼100 nm are below the detection limit for the settings used.
Fig. 6.5C shows the measured RI distribution of urinary vesicles, with a mean RI
of 1.37. The RI of urinary vesicles is lower compared to a previous estimate of
plasma vesicles > 500 nm, which have an RI distribution ranging from 1.34 to 1.50
with a peak at 1.40 [169]. However, in contrast to urine, plasma of non-fasting
subjects contains chylomicrons [231], which are lipoprotein particles with an RI
between 1.45 and 1.60 [206]. In addition, plasma vesicles may differ in composition
from urinary vesicles. Moreover, our estimated RI of urinary vesicles falls within
the range of estimates [235, 234, 58] based on the RI of cells [309, 31, 102]. The
true RI of vesicles may differ from our estimate for four reasons. First, the scaling
factor that relates scattering power to σ is obtained with polystyrene beads for
which the RI uncertainty is 2.7 % [205]. Second, the heterogeneous sample required
different camera settings. Therefore, we have corrected detected scattering power
for non-linear camera gain response, which may change over time. Third, NTA
determines the hydrodynamic diameter and therefore overestimates the physical
diameter of a particle. Since σ increases with diameter for particles < 200 nm,
an overestimation of the particle diameter causes an underestimation of the RI.
Fourth, we have modeled vesicles as spheres with a uniform RI distribution. In
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Figure 6.5: Size and refrac-
tive index (RI) determina-
tion of urinary vesicles in
phosphate-buffered saline by
nanoparticle tracking analy-
sis (NTA). (A) Scattering
cross section versus diame-
ter calculated by Mie the-
ory (lines) and measured for
urinary vesicles with cam-
era gain 100 (red circles),
350 (blue squares), and 470
(green triangles). (B) Par-
ticle size distribution (black
line) of urinary vesicles. (C)
RI distribution of urinary
vesicles (black) and the range
of estimates from literature
(vertical green bar).
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practice, however, a vesicle consists of a low RI core enclosed by a several nm thick
phospholipid shell with an RI of 1.46 ± 0.06 [309, 31]. With Mie theory, σ of a
shelled particle can be analytically described. Oscillations of σ as a function of
the diameter are likely to shift for a shelled particle compared to a solid particle,
which warrants further investigation, since such a shift should be measurable with
NTA.

6.3 Conclusion

In conclusion, we have demonstrated the first use of NTA to determine the RI of
individual nanoparticles in suspension. A major advantage of this single particle RI
determination over bulk RI measurements, is that this method will give accurate
RI measurements even if particles with different RI are present in the sample.
Further, this method may be applied to differentiate between populations in a
sample based on RI. We found that the mean RI of extracellular vesicles < 500 nm
is 1.37 at 405 nm. This hitherto unknown property of vesicles is essential to data
interpretation and standardization of clinical research on vesicles. We expect that
determination of the RI of nanoparticles with NTA will become an important tool
in biomedical diagnostics, materials science, and oceanography, as well as other
fields where the optical characterization of nanoparticles is of critical importance.
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CHAPTER 7

Reproducible extracellular vesicle size and

concentration determination with

tunable resistive pulse sensing

Abstract

Introduction: The size of extracellular vesicles (EVs) can be determined with a
tunable resistive pulse sensor (TRPS). Because the diameter of the sensing pore
varies from pore to pore, the minimum detectable diameter also varies. The aim
of this chapter is to determine and improve the reproducibility of TRPS mea-
surements. Methods: Experiments were performed with the qNano system (Izon)
using beads and a standard urine vesicle sample. With a combination of volt-
age and stretch that yields a high blockade height, we investigate whether the
minimum detected diameter is more reproducible when we configure the instru-
ment targeting (1) fixed stretch and voltage, or (2) fixed blockade height. Results:
Daily measurements with a fixed stretch and voltage (n = 102) on a standard
urine sample show a minimum detected vesicle diameter of 128 ± 19 nm [mean
± standard deviation; coefficient of variation (CV) 14.8 %]. The vesicle concen-
tration was 2.4 ± 3.8 · 109 vesicles mL−1 (range 1.4 · 108 − 1.8 · 1010). When we
compared setting a fixed stretch and voltage to setting a fixed blockade height on
3 different pores, we found a minimum detected vesicle diameter of 118 nm (CV
15.5 %, stretch), and 123 nm (CV 4.5 %, blockade height). The detected vesicle
concentration was 3.2−8.2 ·108 vesicles mL−1 with fixed stretch and 6.4−7.8 ·108

vesicles mL−1 with fixed blockade height. Conclusion: Pore-to-pore variability is
the cause of the variation in minimum detected size when setting a fixed stretch
and voltage. The reproducibility of the minimum detectable diameter is much
improved by setting a fixed blockade height.

This chapter has been published as:

� F.A.W. Coumans, E. van der Pol, A.N. Böing, N. Hajji, A. Sturk, T.G. van
Leeuwen, and R. Nieuwland. Reproducible extracellular vesicle size and concen-
tration determination with tunable resistive pulse sensing. J. Extrecell. Vesicles
3: 25922 (2014)
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7.1 Introduction

To establish whether there is any clinical value in the particle size distribution
(PSD) of extracellular vesicles (EVs), reproducible measurements are a prerequi-
site. In Chapter 4, we have determined the PSD of urinary vesicles by transmission
electronmicroscopy, flow cytometry, nanoparticle tracking analysis, and tunable re-
sistive pulse sensing (TRPS) [232]. We found that TRPS, commercialized as the
qNano (Izon, Christchurch, New Zealand), is the most accurate technique to de-
termine the PSD of vesicles in suspension. However, we did not investigate the
reproducibility of TRPS measurements. Moreover, standard procedures for deter-
mining the PSD of vesicles by TRPS are absent.

7.1.1 TRPS operating principle

The operating principle of TRPS is illustrated in Fig. 7.1. In TRPS, the resistance
of a small pore filled with conductive medium is continuously measured [144, 82].
To measure the pore resistance, a voltage is applied across the pore, and the
electric current through the pore is measured. The resistance R of a cylindrical
pore is given in eqn. 7.1, with the conductivity of the medium ρ, the length of the
pore L, and the diameter of the pore D:

Rpore =
4ρL

πD2
(7.1)

Fig. 7.1B shows a cartoon of the signal from a vesicle moving through the pore.
To drive vesicles through the pore, TRPS uses a combination of electrophoretic
and convective flow induced by the applied voltage and an external pressure across
the pore, respectively [326]. The influence of diffusion and electro-osmosis on the
flow rate is typically negligible [326, 171]. While the vesicle is moving through
the pore, the pore resistance is increased. This resistive pulse is observed as a
transient decrease of the current. The magnitude of the dip in current is called
the blockade height in the qNano system. From this dip in current, the resistive
pulse is derived, which is proportional to the vesicle volume [171]:

∆R =
4ρ

πD4
d3 (7.2)

Eqn. 7.2 was derived for a spherical vesicle with diameter d inside a cylindrical
pore. Because D is unknown, calibration with beads of known diameter is required
to find 4ρ/πD4. If D changes, the calibration needs to be repeated. The user can
adjust D by stretching the pore, but D is also affected by factors that are beyond
control of the user, such as the Mullins effect (stress induced softening) [314] and
accumulation of high-molecular-weight proteins on the pore, such as fibrinogen or
von Willebrand Factor. To limit the impact of variation in ρ and D throughout
an experiment, the change in resistance ∆R relative to the resistance of the pore
R is used for analysis (analysis in ∆I/I mode). Although the qNano has a conical
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A B

Figure 7.1: Operating principle of tunable resistive pulse sensing. When a non-conductive
vesicle in a conductive medium passes through a pore, it causes a brief increase in electri-
cal resistance of the pore. This is measured by monitoring the electrical current through
the pore. (A) Schematic representation of a pore with a vesicle passing from position
a−d. (B) Current from a particle moving through the pore. The letters a−d correspond
to vesicle positions a−d in (A).

instead of cylindrical pore geometry [171], eqn. 7.1 and 7.2 are sufficient to describe
the principle of sizing with TRPS.

The vesicle concentration is derived from the count rate, which is also calibrated
with reference beads. The diameter of the pore used in the qNano system can be
tuned by changing the stretch of the pore holder, hence the name tunable resistive
pulse sensing. Fig. 7.2 shows a picture of the qNano system.

7.1.2 Size limits of TRPS

The diameter of cell-derived vesicles in body fluids such as urine typically ranges
from 30 to 1,000 nm. Since TRPS cannot detect the smallest vesicles, it is im-
portant to know what the smallest detectable size by TRPS is, especially because
the smallest detectable vesicle size strongly affects the main parameters of a PSD,
such as mean size, median size, standard deviation and concentration [232]. From
eqn. 7.1 and 7.2 it becomes clear that the smallest detectable size of TRPS is
limited by the pore size, conductivity of the medium, stability of the baseline cur-
rent and noise of the detection electronics [82, 131]. A smaller pore will increase
the magnitude of the resistive pulse and therefore decrease the smallest detectable
vesicle size. A change in pore size also affects the stability of the baseline current.
Thus, a reproducible and stable pore size is required to have reproducible mea-
surements. To distinguish resistive pulses from noise and eliminate the impact of
noise, a detection threshold is set below the noise by the analysis software (see
Fig. 7.1B).

Particles larger than the pore cannot be measured with TRPS, because these
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Figure 7.2: Tunable re-
sistive pulse sensing com-
mercialized as the qNano
system. Left: air-based
variable pressure module
(VPM). Right: qNano
system. The pore and
fluid cells are contained
within the green square.
The insert shows the bot-
tom fluid cell and the cru-
cifix containing the pore
mounted on the stretching
mechanism.

particles cause pore clogging (described as pore blockages in other papers). If pore
clogging occurs, the measurement has to be paused to unclog the pore, which may
alter the dimensions of the pore.

7.1.3 Goals

Our goals are to determine and improve the reproducibility of TRPS measure-
ments.

7.2 Methods

7.2.1 Approach

We performed 3 experiments to reach our goal. (I) To determine the reproducibil-
ity of TRPS, we measured the PSD of a standard population of vesicles 102 times
at fixed settings of the voltage and stretch and determine the variation in min-
imum detectable vesicle size and concentration. (II) To improve sensitivity, we
investigated how the set voltage, stretch, and pressure affect the measured base-
line current and blockade height. (III) Using insights from experiment I and II,
we studied how a fixed blockade height may improve the reproducibility of TRPS.

7.2.2 Standard population of vesicles and reference beads

To obtain a standard population of vesicles with low contamination by lipopro-
teins, platelets and protein aggregates [235], we selected vesicles from urine as
our standard sample. Urine from 1 healthy male individual was collected, pooled,
centrifuged twice to remove the cells (10 mL at 180 g, 4 °C, and 20 min at 1,550 g,
4 °C), and filtered with a 0.45µm filter (MilliPore, Amsterdam, The Netherlands).
Aliquots of 150µL cell-free filtered urine were snap frozen in liquid nitrogen and
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Figure 7.3: (A) Particle size distribution obtained from 3 measurement of the standard
sample. The size distribution is shown as a histogram with bin width 10 nm. The min-
imum detected size for these 3 distributions is indicated with vertical arrows below the
x-axis. (B) Histogram of the minimum detected size of the standard sample for 102 con-
secutive measurements measured on 102 days. The dashed line shows a fit of a normal
distribution with a mean size of 127 nm and standard deviation of 19 nm.

stored at −80 °C. Before analysis, samples were thawed in 37 °C water to dissolve
amorphous salts, and diluted 1:1 in 0.22µm filtered (Millipore) phosphate buffered
saline (PBS; 9.0 g NaCl, 0.22 g Na2HPO4.2H2O and 0.032 g NaH2PO4.2H2O, per
L de-ionized water) .

To calibrate the size and concentration and to find the relationship between
the voltage, stretch, pressure, baseline current, and blockade height, we prepared
polystyrene beads with a mode diameter of 203 nm (Izon) and a concentration of
2.0 · 109 particles mL−1. To prevent aggregation of the beads, 0.6 mM sodium
dodecyl sulphate (SDS) was added to the bead PBS. Prior to use, the beads were
sonicated for 5 min and vortexed for 10 s.

7.2.3 Instrument settings and analysis

Reproducibility at fixed stretch and voltage (I)

To determine the reproducibility of TRPS, we measured the PSD of a standard
population of vesicles. A measurement requires selection of electrolyte, nanopore,
stretch, voltage and pressure. For the electrolyte, we selected PBS to prevent
osmotic effects on vesicle size. Pores with different diameters are available for the
qNano. The 3 pore types applicable to the measurement range of 50−1,000 nm
are the NP100, NP200 and NP400. The naming of the pore types is not related to
the diameter of the pore. Each pore type has a different measurement range with
some overlap between the measurement ranges. The NP200 is most frequently
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used in our lab because it is the most sensitive pore with an acceptable pore
clogging rate on our samples. Pores were stretched 10 times from 43 to 47 mm
to eliminate the influence of the Mullins effect [314]. Since standard procedures
for measuring vesicles were unavailable at the time we started this experiment,
we followed manufacturers’ recommendations at the time and set the stretch at
45 mm, the voltage at 0.34 V, and the pressure at 7.5 mbar.

For each experiment, particles were measured for 10 min or until 1,000 particles
were counted. We repeated the measurement if (1) the baseline current drifted
by more than 5 %, (2) the RMS (root mean square) noise exceeded 10 pA or (3)
the R2-correlation of cumulative counts versus time was less than 0.999. The R2-
correlation and the baseline current drift are indirect indicators that a change in
D may have occurred, which would reduce the size accuracy. Measurement and
analysis were performed with Izon Control Suite v2.2.2.44 software. Summary of
the data and graphical representation of the data was done in Matlab 2010b
(Mathworks, Natick, MA). Since the detection threshold (Fig. 7.1B) is set by the
analysis software at 50 pA from the mean baseline current, the smallest detectable
vesicle size can be calculated from the mean blockade height from beads of known
size. Variation in the smallest detectable size was expressed as the coefficient of
variation (CV), which is defined as the ratio of the standard deviation to the mean.

Optimal settings for detecting small sizes (II)

Experiment I was performed with manufacturer recommended settings. A sys-
tematic study of the selected measurement parameters is needed. To find the
optimal settings for detecting small sizes, we determined the relationship between
stretch, voltage, baseline current, and blockade height by testing combinations of
stretch (43, 44, ..., 47 mm) and voltage (0.1, 0.2, ..., 0.8 V). For each experiment,
we measured 1,000 beads or for 10 min, whichever came first. We repeated the
measurement if (1) the baseline current drifted by more than 5 %, (2) the RMS
noise exceeded 10 pA or (3) the R2-correlation of cumulative counts versus time
was less than 0.999. All data from this experiment were acquired with 3 pores
at a constant pressure of 7.5 mbar. Settings that resulted in maximum blockade
height, but without frequent pore clogging and without instability in the detection
electronics due to excessive current, we appointed the optimal settings for detect-
ing small sizes. These settings were then used to study the influence of pressure
during measurement. We measured the bead and the vesicle sample with 3 pores
at 0, 2.5, 5.0, ..., 15 mbar applied pressure. For selection of the optimal pressure,
we considered the impact of pressure on the blockade height, and on the number
of particles measured per minute.

Procedures to improve reproducibility (III)

Based on the optimal settings for detecting small sizes from experiment II, we
evaluated whether setting a fixed blockade height improved the reproducibility of
TRPS. To set the stretch, we set a voltage and adjusted the pore stretch until the
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target current was achieved. According to eqn. 7.1, this is expected to improve
the reproducibility of the pore size (D) and particle rate between pores. We did
not exceed 47.5 mm stretch to prevent damage to the pore. Next, we adjusted
the voltage to achieve a fixed mode blockade height on the calibration beads.
This sets the minimum detected size directly, because the detection threshold
(Fig. 7.1B) directly relates to the blockade height for a bead of known size to the
smallest detected size. This method was compared to fixed stretch and voltage
by repeated measurements on a single pore, and single measurements on multiple
pores, referred to as inter-pore and intra-pore in the rest of the text. The inter-
pore and intra-pore measurements were performed on different days. The pore was
loaded onto the qNano, and calibration was performed for each measurement. For
the 2 configuration methods, we compared the reproducibility of the particle rate,
the minimum detected size and the concentration of the standard vesicle sample.

7.3 Results

7.3.1 Reproducibility at fixed stretch and voltage (I)

We have determined the PSD of a standard population of urinary vesicles 102 times
using a fixed stretch and voltage. Three randomly selected PSDs are shown in Fig.
7.3A. While the overall shape of the distributions is similar, the minimum detected
diameter was 106, 109 and 138 nm. The distribution of minimum detected sizes on
the 102 measurements is shown in Fig. 7.3B. The minimum detected size ranged
from 89 to 165 nm (average 128 nm, standard deviation 19 nm). From the shape
of the PSD, it is expected that the change in minimum detectable size affects the
determined concentration [232]. The mean urinary vesicle concentration is 2.4 ·109

vesicles mL−1 with a standard deviation of 3.8 · 109 (CV 158 %). Due to the large
variability in minimum detected size and the skewed PSD, it is meaningless to
describe PSDs with statistical parameters like mean, mode, median, nor to report
a concentration without restricting size range.

Since (1) the baseline current is determined by the pore dimensions, (2) dif-
ferent pores have different baseline currents at similar settings, (3) the baseline
current fluctuates over time (up to 5 % in 1 h, data not shown), and (4) the pore
is made from polyurethane, which is a flexible material, we hypothesize that the
variations in the minimum detectable vesicle size are caused by variations in the
pore dimensions. However, minimizing the impact of the variations in the pore
dimensions by optimizing the settings requires a thorough understanding and op-
timization of the measurement parameters.

7.3.2 Optimal settings for detection of small vesicles (II)

Optimal voltage and stretch

To find the optimal settings for detection of small vesicles, we investigated the
relationship between the set voltage, stretch, and pressure, the baseline current
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Figure 7.4: Effect of set voltage and stretch on baseline current and blockade height. Each
point represents the average of 3 pores. Lines are linear fits to the data. (A) Relationship
between baseline current, stretch, and voltage. (B) Relationship between blockade height
and baseline current. The combination of parameters selected for further optimization is
indicated with a bold circle.

and blockade height. For these experiments, we have determined the average
baseline current and blockade height of 203 nm beads using 3 pores. Fig. 7.4A
shows the baseline current versus voltage for different values of the pore stretch.
Each data point has a CV between 11 and 22 %. The baseline current shows a linear
relationship with the voltage, as expected from Ohm’s law. In addition, a linear
relationship between baseline current and stretch was found. For all combinations
of the voltage and the stretch, the average RMS noise was 7.6 pA (SD 0.8 pA,
range 6.0−9.4 pA). This is sufficiently smaller than the 50 pA detection threshold
configured in the analysis software to guard against false positive events due to
noise.

A higher blockage height for 203 nm beads means that smaller particles can be
detected. Fig. 7.4B shows the relationship between the blockade height and the
baseline current. The maximum blockade height was found for small stretch and
high baseline current. However, a stretch of 43 and 44 mm resulted in frequent
pore clogging, and baseline currents in excess of 140 nA occasionally had high RMS
noise, making them unsuited for measurements. At 45 mm stretch, the highest
blockade was achieved with 0.5 V. Thus, at 7.5 mbar of pressure, settings that are
generally applicable to all NP200 pores and optimized for small particle detection
are 0.5 V, 45 mm stretch, resulting in a mean current and blockade height of 117 nA
and 0.30 nA for 203 nm beads, respectively.

Optimal pressure

The effect of pressure on blockade height and particle rate was determined on 3
pores for beads and urine measured with 45 mm stretch and 0.5 V. An increased

108



7.3. Results

7

A

B

Figure 7.5: Impact of pressure on measurement. The data from 3 pores are shown for
beads (black markers) and urine (blue markers). (A) Particle rate versus pressure. (B)
Blockade height versus pressure.
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Figure 7.6: Flow chart
for fixed blockade height
method.

pressure resulted in an increased particle rate (Fig. 7.5A) and a reduced blockade
height (Fig. 7.5B) for both beads and urine vesicles. Increasing the pressure from
7.5 mbar to 15 mbar approximately resulted in a 2-fold increase in particle rate,
a 2-fold decrease in time needed to measure 1,000 particles, a 7 % reduction in
blockade height, and only a 2 % increase of the smallest detectable vesicle. Given
this large reduction in measurement time relative to the low loss in sensitivity,
we selected 15 mbar as the optimal pressure for urinary vesicles. Consequently,
the optimized settings for detecting small size were: 0.5 V, 45 mm stretch, 117 nA
baseline current, 15 mbar pressure, and 0.28 nA blockade height for 203 nm beads.

7.3.3 Procedures to improve reproducibility (III)

In experiment I, we found that a fixed stretch and voltage results in poor repro-
ducibility due to variations in the minimal detectable size. In experiment II, we
found that 0.5 V, 45 mm stretch, and 15 mbar pressure are optimal settings for
urinary vesicle measurements with the NP200 pore. At these optimized settings,
however, the current and blockade height for 203 nm beads differ between NP200
pores due to variations in pore dimensions. An alternative approach to fixed volt-
age and stretch may be to set a fixed blockade height on reference beads, which
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Table 7.1: Particles rate and average minimum and median detected diameter for 2
methods to configure TRPS measurements.

Method Fixed stretch Fixed blockade height

Inter-pore
Particle rate (min−1) 67 136
Minimum diameter (nm) 96 ± 3.6 121 ± 4.3
Median diameter (nm) 130 ± 2.8 160 ± 4.7

Intra-pore
Particle rate (min−1) 115 199
Minimum diameter (nm) 118 ± 15.5 123 ± 4.5
Median diameter (nm) 156 ± 15.6 166 ± 4.7

Diameter is expressed as mean ± coefficient of variation (CV).

directly determines the minimum detectable size through the detection threshold
(Fig. 7.1B). Here, we will evaluate both approaches.

For fixed blockade height, first we set a voltage of 0.5 V, and then adjusted
the pore stretch until a baseline current of 117±0.9 nA was achieved. Next, we
adjusted the voltage to achieve a fixed mode blockade height of 0.28±0.03 nA on the
calibration beads. See Fig. 7.6 for a flow diagram of the fixed blockade method.
The target settings were taken from the optimized settings found earlier. The
tolerances on current and stretch are achievable in a single iteration of configuring
the instrument. The tolerance on the blockade height is expected to contribute up
to 3.5 percentage point to the minimum detected size.

We measured the standard vesicle sample in triplicate with a single pore (inter-
pore) and with 3 different pores (intra-pore). The results of these measurements
are shown in Fig. 7.7 and in Table 7.1. Fig. 7.7A shows the average particle
rate, Fig. 7.7B the minimum detectable diameter, and Fig. 7.7C the concentra-
tion using a single pore (left; inter-pore) and multiple pores (right; intra-pore) for
fixed stretch and voltage, and fixed blockade height. With the intra-pore compari-
son, the particle rate again was lowest with fixed stretch (115 min−1) compared to
fixed blockade height (199 min−1). The minimum detected diameter (% CV) was
118 (15.4 %) with fixed stretch, and 123 (4.5 %) with fixed blockade height. The
minimum detected diameter CV on fixed blockade height remained comparable
between inter- and intra-pore, while the CV with fixed stretch was substantially
larger in the intra-pore measurement. This suggests that the fixed blockade height
is more effective at standardizing the minimum detected diameter. With the inter-
pore comparison, the detected concentration (Fig. 7.7C) has similar spread (range
6.2−8.6·108 vesicles mL−1 with fixed stretch, range 5.0−7.2·108 vesicles mL−1 with
fixed blockade height). For multiple pores, the detected concentration (Fig. 7.7C)
is most repeatable for fixed blockade height (range 6.4−7.8·108 vesicles mL−1 ver-
sus 3.2−8.2·108 vesicles mL−1 with fixed stretch and voltage). The 9 % difference
in average detected concentration between inter- and intra-pore measurements may
be attributable to sample thawing losses, since these experiments were performed
on different days.
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Figure 7.7: Inter- and intra-pore
reproducibility (both n = 3) of par-
ticle rate (A), minimum detected
diameter (B) and concentration
(C) for 2 configuration methods.
Labels below (C) refer to the meth-
ods fixed stretch and voltage and
fixed blockade height.
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7.4 Discussion

TRPS allows size determination of non-conducting particles in conducting media
[232]. Since vesicles are relatively non-conducting, TRPS is a suitable technique to
study vesicles. However, the vesicle size distribution of different samples cannot be
compared rigorously if the size distributions cannot be parameterized. Because the
PSD of vesicles extends below the minimum detection limit of the qNano system,
and because the vesicle concentration increases with decreasing detectable vesicle
size in biological fluids, a reproducible minimum detected size is required for this
parameterization. The simplest approach to achieve this would be to truncate the
data below a certain size. Fig. 7.3 demonstrates that this size cutoff with a NP200
pore would need to be approximately 160−170 nm, which would dramatically re-
duce the utility of a TRPS measurement because the vast majority of vesicles
would go undetected. Therefore, a solution that improves the reproducibility of
the minimum detected size is preferred.

7.4.1 Optimal settings for detection of small vesicles

To find settings for detection of the smallest vesicles, we varied voltage to deter-
mine the blockade height on beads of known size. We found that low stretch and
high current results in high blockade height (Fig. 7.4) and thus improved minimum
detected diameter. The minimum applicable stretch is limited by the increased
incidence of pore clogs, and the maximum voltage was limited by the instability in
the detection electronics above a baseline current of 140 nA. Increasing the pres-
sure reduces the blockade height. However, the number of particles in the urinary
samples was so low that we had to select the highest possible pressure of 15 mbar.
As optimal settings for detection of small sizes we obtained a stretch of 45 mm, a
voltage of 0.5 V, and a pressure of 15 mbar, corresponding to a current of 117 nA
and a blockade height of 0.28 nA for 203 nm beads. Much smaller vesicles can be
detected if the detection threshold of 50 pA is reduced, for example, by application
of digital signal processing techniques which should even allow detection of pulses
smaller than the RMS noise.

7.4.2 Procedure to improve reproducibility

The obtained optimal settings for detection of small sizes were close to the settings
that we applied to study the reproducibility of the size and concentration of vesicles
in 102 urine samples from the same pool. However, in this study we obtained
concentrations in a range of 2 orders of magnitude and a minimum detectable
vesicles size CV of 15 %. We compared the fixed stretch and voltage strategy that
led to this to a fixed blockade height strategy. The latter strategy results in a more
reproducible pore size, as can be seen in the reduced CV on the particle rate. The
most reproducible minimum detected size (CV 4.5 %), as well as concentration, is
found with the fixed blockade height. These reproducibilities are much better than
what was measured on the 102 samples with fixed stretch and voltage; however, a
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much larger sample than 3 experiments is needed to determine whether these gains
are durable. If not, addition of beads to the sample can improve concentration
reproducibility, but will not allow detection of vesicles with the same size as the
beads [316].

7.4.3 Minimum detected size would be more reproducible
with a tighter tolerance pore

A more reproducible pore could allow a simpler procedure than our proposed solu-
tion. Because the tunable pores are made of polyurethane, both the tolerances on
the molding process as well as on the fabrication of the pore itself are a challenge.
Rejection of pores that deviate from the desired size would reduce this issue, but a
very high rejection rate would be cost prohibitive. A cheaper solution would be to
produce the pores with, for example, silicon lithography, where tolerances of a few
percent on both pore diameter and thickness are feasible. This direction would
eliminate the tunable aspect of the TRPS system, which may be convenient as it
eliminates the need for setting the stretch parameter.

7.4.4 Applicability to other vesicle types

We used urine vesicles for the selection of the optimal instrument configuration
method. We expect the result to be applicable to other vesicle samples as well,
provided the preparation of these samples did not induce high levels of large con-
taminants. Samples with higher vesicle concentrations should be measured at a
lower pressure. Isolation by a Sepharose 2B column [42] could be used to minimize
the presence of proteins in the sample.

7.5 Summary

Experiments to optimize a TRPS protocol with high sensitivity and reproducibil-
ity were performed. We demonstrated that the pore diameter can be controlled
by adjusting stretch until a certain baseline current is achieved. The minimum
detected size was made reproducible by adjusting the voltage to set the blockade
height. With a standard urine vesicle sample, we demonstrated that the varia-
tion in detected particle rate, diameters and concentration is primarily caused by
variation between pores. Until more reproducible pores become available, we will
apply the following steps for the most reproducible results: (1) set the instru-
ment stretch to achieve a fixed current, (2) set the instrument voltage to achieve
a fixed blockade height on beads of known size, (3) allow the system to stabilize
for 3 min before calibration, (4) measure your samples, repeat the measurement if
the baseline current drifts by more than 5 %, or the particle rate is not constant
(R2 < 0.99), and (6) analyze the data in ∆I/I mode.
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CHAPTER 8

Single-step isolation of extracellular vesicles by

size-exclusion chromatography

Abstract

Background : Isolation of extracellular vesicles from plasma is a challenge due
to the presence of proteins and lipoproteins. Isolation of vesicles using differential
centrifugation or density-gradient ultracentrifugation results in co-isolation of con-
taminants such as protein aggregates and incomplete separation of vesicles from
lipoproteins, respectively. Aim: To develop a single-step protocol to isolate vesi-
cles from human body fluids. Methods: Platelet-free supernatant, derived from
platelet concentrates, was loaded on a sepharose CL-2B column to perform size-
exclusion chromatography (SEC; n = 3). Fractions were collected and analysed by
nanoparticle tracking analysis, tunable resistive pulse sensing, flow cytometry and
transmission electron microscopy. The concentrations of high-density lipoprotein
cholesterol (HDL) and protein were measured in each fraction. Results: Frac-
tions 9−12 contained the highest concentrations of particles larger than 70 nm
and platelet-derived vesicles (46 ± 6 % and 61 ± 2 % of totals present in all col-
lected fractions, respectively), but less than 5 % of HDL and less than 1 % of
protein (4.8 ± 1.0 % and 0.65 ± 0.3 %, respectively). HDL was present mainly
in fractions 18−20 (32 ± 2 % of total), and protein in fractions 19−21 (36 ± 2 %
of total). Compared to the starting material, recovery of platelet-derived vesicles
was 43 ± 23 % in fractions 9−12, with an 8-fold and 70-fold enrichment compared
to HDL and protein. Conclusions: SEC efficiently isolates extracellular vesicles
with a diameter larger than 70 nm from platelet-free supernatant of platelet con-
centrates. Application SEC will improve studies on the dimensional, structural,
and functional properties of extracellular vesicles.

This chapter has been published as:

� A.N. Böing, E. van der Pol, A.E. Grootemaat, F.A.W. Coumans, A. Sturk, and
R. Nieuwland. Single-step isolation of extracellular vesicles by size-exclusion
chromatography. J. Extracell. Vesicles 3: 23430 (2014)
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8.1 Introduction

The scientific and clinical interest in plasma-derived vesicles is tremendous, since
these vesicles may contain clinically relevant information [188, 288, 292, 308, 340].
Isolation of vesicles from plasma with good recovery and without contamination
of proteins and lipoproteins, however, is a challenge. Thus far, most isolation
protocols are based on differential centrifugation. After removal of cells in the first
low-speed centrifugation step, vesicles are isolated using centrifugal accelerations
of 19,000−100,000 g [294]. Unfortunately, protein aggregates are generated at high
velocities of ∼ 100,000 g, [21, 120, 256] and vesicles may clump. Isolation of vesicles
from plasma is further hampered by the viscosity and density of plasma, and by
the presence of lipoprotein particles with a density and diameter similar to the
extracellular vesicles of interest [294, 249, 231]. Consequently, isolation of vesicles
from plasma or serum by density-gradient ultracentrifugation results in co-isolation
of high-density lipoprotein (HDL), and isolation of HDL results in co-isolation of
vesicles (as described in the response of Yuana Y. and Nieuwland R. to [317] and
by Vickers K.C. et al. [312]). Thus, there is an urgent need for a simple and fast
protocol to isolate vesicles from human plasma.

In platelet research, two different protocols are commonly applied to isolate
platelets from platelet-rich plasma, that is, to replace the plasma by buffer. In one
procedure, platelets are isolated from the plasma by centrifugation and washing
[71, 339]. In the other procedure, platelets are isolated by size-exclusion chro-
matography (SEC), also known as “gel filtration” [339, 180]. SEC has also been
used previously to isolate vesicles from sera, ascites and saliva, and was shown
to separate vesicles from proteins [291, 289, 274, 220]. Whether SEC separates
vesicles from HDL, however, has never been investigated. In this Chapter, we in-
vestigate the efficacy of single-step SEC for isolation of extracellular vesicles from
human platelet-free supernatant of platelet concentrates and we studied the sep-
aration of vesicles by SEC from HDL and proteins.

8.2 Material and methods

8.2.1 Platelet concentrates

Platelet concentrates were from Sanquin (Amsterdam, The Netherlands). Buffy
coats from 5 whole blood units are pooled together with one plasma unit of one
of these donors. Subsequently, this pool was gently centrifuged. The resulting
platelet rich plasma was slowly extracted using an automated separator via leuko-
cyte reduction filter to a PVC-citrate storage bag. Platelet concentrates (n = 3,
9−12 days old, < 1 leukocyte /3 ·108 platelets) were stored with agitation at room
temperature until use.
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Figure 8.1: Image of size-
exclusion chromatography
column. A 10 mL syringe
stacked with sepharose
CL-2B for isolation of
vesicles from platelet-free
supernatant of platelet
concentrates.

8.2.2 Platelet-depleted plasma

Platelet concentrate (30 mL) was diluted 1:1 with filtered phosphate-buffered saline
[PBS; 1.54 mol/L NaCl, 12.4 mmol L−1 Na2HPO4, 2.05 mmol L−1 NaH2PO4, pH 7.4;
0.22µm-filter (Merck chemicals BV, Darmstadt, Germany)]. Next, 12 mL acid
citrate dextrose (ACD; 0.85 mol L−1 trisodiumcitrate, 0.11 mol L−1 D-glucose and
0.071 mol L−1 citric acid) was added and the suspension was centrifuged for 20 min
at 800 g, 20 °C. Thereafter, the vesicle-containing supernatant was isolated and
centrifuged (20 min at 1,550 g, 20 °C) to remove remaining platelets. This cen-
trifugation procedure was repeated for 3 cycles, to ensure complete removal of
platelets.

8.2.3 SEC column

Sepharose CL-2B (30 mL, GE Healthcare; Uppsala, Sweden) was washed with
PBS containing 0.32 % trisodiumcitrate (pH 7.4, 0.22µm-filtered). Subsequently,
the tip of a 10 mL plastic syringe [Becton Dickinson (BD), San Jose, CA] was
stuffed with nylon stocking (20 denier, Hema, Amsterdam, The Netherlands), and
the syringe was stacked with 10 mL washed sepharose CL-2B to create a column
with a diameter of 1.6 cm and a height of 6.2 cm (Fig. 8.1).
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8.2.4 Collection of fractions

Platelet-free supernatant of a platelet concentrate (1.5 mL) was loaded on the
column, followed by elution with PBS/citrate (0.32 %, pH 7.4, 0.22 µm filtered).
The eluate was collected in 26 sequential fractions of 0.5 mL (Fig. 8.1). For each
fraction, the number of particles was determined by nanoparticle tracking analysis
(NTA), tunable resistive pulse sensing (TRPS) and flow cytometry. In addition,
HDL cholesterol and protein concentrations were measured for each fraction. Of
each fraction, ∼ 200 µL was frozen in liquid nitrogen and stored at −80 °C for
subsequent transmission electron microscopy (TEM) on thawed fractions.

8.2.5 Nanoparticle tracking analysis

The concentration and size distribution of particles in collected fractions was mea-
sured with NTA (NS500; Nanosight, Amesbury, UK), equipped with an EMCCD
camera and a 405 nm diode laser. Silica beads (100 nm diameter; Microspheres-
Nanospheres, Cold Spring, NY) were used to configure and calibrate the instru-
ment. Fractions were diluted 10−1,000-fold in PBS to reduce the number of par-
ticles in the field of view below 200 per image. Of each fraction, 10 videos with
a duration of 30 s were captured with the camera shutter set at 33.3 ms and the
camera gain set at 400. All fractions were analysed using the same threshold,
which was calculated by custom-made software (MATLAB v.7.9.0.529). Analysis
was performed by the instrument software (NTA 2.3.0.15).

8.2.6 Tunable resistive pulse sensing

The concentration and size distribution of particles was measured with TRPS
(qNano; Izon Science, Christchurch, New Zealand) using an NP200A nanopore.
This nanopore was suitable for the detection of 100−400 nm particles. Samples
were measured with 7 mbar pressure, 45 mm stretch and 0.34 V. Samples were
analysed for 5 min or until 1,000 vesicles were counted, whichever came first. To
calibrate size and concentration, carboxylated polystyrene beads (Izon Science)
were sonicated for 10 s, diluted in PBS with 0.3 mM sodium dodecyl sulphate and
analysed immediately after dilution.

8.2.7 Flow cytometry

To detect platelet vesicles, 20µL of each fraction was incubated for 15 min with
an antibody against glycoprotein IIIa (CD61), which is a subunit of the platelet
fibrinogen receptor and also known as integrin β3 [phycoerythrin (PE)-conjugated
CD61; 5µL 1:10 prediluted in PBS/citrate, Pharmingen, San Diego, CA]. IgG1-PE
(BD) was used as control antibody. To detect all vesicles, 20µL of each fraction was
labelled with lactadherin (fluorescein isothiocyanate-conjugated, 5µL 1:10 predi-
luted in PBS/citrate). After incubation, 300µL PBS/citrate was added and sam-
ples were analysed on a FACSCalibur (BD, Cellquest version 4.0.2) for 1 min at a
flow rate of 60µL min−1. The trigger was set on FSC at E00, the SSC voltage at
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329 V, and the thresholds at FSC 30 and SSC 0. No gates were used to determine
extracellular vesicles.

8.2.8 Transmission electron microscopy

After thawing, samples from all fractions, both undiluted and 50-fold diluted
in PBS, were subjected to overnight fixation, in 0.1 % final concentration (v/v)
paraformaldehyde (Electron Microscopy Science, Hatfield, PA). Then, a 200-mesh
formvar and carbon coated copper grid (Electron Microscopy Science) was placed
on a 10 µL droplet to allow adherence of particles to the grid (7 min, room temper-
ature). Thereafter, the grid was transferred onto drops of 1.75 % uranyl acetate
(w/v) for negative staining. Each grid was studied using a transmission electron
microscope (Fei, Tecnai-12; Eindhoven, the Netherlands) operated at 80 kV using
a Veleta 2,000×2,000 side-mounted CCD camera and Imaging Solutions software
(Olympus, Tokyo, Japan).

8.2.9 Protein

The protein concentration was determined using a Bradford protein assay accord-
ing to the manufacturer’s instructions (Pierce, Rockford, IL). The absorbance was
measured at 595 nm on a Spectramax Plus (Molecular Devices, Sunnyvale, CA).
In addition, to directly visualize the relative presence of proteins in the collected
fractions, in a single experiment, 10µL of each fraction was mixed with 10µL
2-fold concentrated reducing sample buffer, boiled for 5 min and loaded on an
8−16 % gradient gel (BioRad, Hercules, CA). Proteins were stained with Bio-Safe
Coomassie G-250 Stain (BioRad).

8.2.10 Western blot

Proteins from all fractions (800µL) were precipitated using trichloroacetic acid
(20 % final concentration; Sigma-Aldrich, St. Louis, MO). From each fraction,
equal amounts of protein (4µg) were dissolved in non-reducing sample buffer,
boiled and loaded on 8−16 % gradient PAGE gels (Biorad), and proteins were
transferred to PVDF membrane (Millipore, Billerica, MA). Blots were incubated
with anti-CD63 (BD, clone H5C6) or anti-CD9 (BD, clone M-L13), extensively
washed and then incubated with a goat-anti-mouse (GAM)-horseradish peroxidase
(Dako, Glostrup, Denmark). Subsequently, the PVDF membranes were incubated
with a 5-fold diluted peroxidase substrate (LumiLight, Roche Diagnostics, Almere,
The Netherlands) for 5 min, followed by analysis of luminescence using a LAS4000
luminescence image analyser (Fuji, Valhalla, NY).

8.2.11 High density lipoprotein

HDL cholesterol was determined using the colorimetric reagent HDL-Cholesterol
Plus third generation (Roche Diagnostics, Almere, The Netherlands) on a Cobas
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C8000 analyser (Roche) as per manufacturer’s instructions. This assay specifically
detects HDL-associated cholesterol [283]. Furthermore, a specific protein present
in HDL, apo lipoprotein A1 (APO A1), was measured on an Architect (Abbott,
Abbott Park, IL) according to manufacturer’s instructions.

8.2.12 Recovery and enrichment

Recovery was defined as the total number of CD61-exposing vesicles in all fractions
combined divided by the total number of CD61-exposing vesicles in the starting
material. Recovery in a limited number of fractions is the total number in those
fractions divided by the total number in the starting material.

The enrichment factor of vesicles to protein or HDL in fraction X is the ratio
of CD61-exposing vesicles to protein or HDL in fraction X compared to the ratio
of vesicles to protein or HDL in the starting material. Results from 3 independent
experiments are presented as the mean ± standard deviation.

8.3 Results

8.3.1 Particles by NTA

The concentration of particles was determined by NTA in both starting material
and fractions. Particles detected by NTA are not necessarily extracellular vesi-
cles. With our settings, NTA will detect single particles with a diameter larger
than ∼ 70 nm, which may include not only vesicles, but also protein aggregates,
chylomicrons (size range 100−2,000 nm [67]) and very low density lipoproteins
(VLDL; 27−200 nm [67]). NTA will not detect HDL (7−12 nm [67]), low density
lipoproteins ([LDL; 18−23 nm [67]) and intermediate density lipoproteins (IDL;
23−27 nm [67]). After SEC, the highest concentration of particles was found in
fractions 9−12 (Fig. 8.2A). The recovery of particles measured by NTA was 76 ±
38 %, and 46 ± 6 % of the recovered particles were present in fractions 9−12.

8.3.2 Particles by TRPS

The concentration of particles was determined by TRPS in both the starting ma-
terial and in the fractions. Also particles detected by TRPS are not necessarily
vesicles. With our settings, TRPS can detect single particles with a diameter of
∼ 100−400 nm, which will include vesicles, protein aggregates, chylomicrons and
VLDL. TRPS will not detect HDL, LDL, or IDL. After SEC, the highest con-
centrations of particles were present in fractions 9−12 (Fig. 8.2B). The recovery
of particles measured by TRPS was 60 ± 10 %, and 72 ± 1 % of the recovered
particles were present in fractions 9−12 (Fig. 8.2B).
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Figure 8.2: (A) Particles (larger than 70 nm) measured by NTA. (B). Particles
(100−400 nm) measured by tunable resistive pulse sensing (TRPS). (C) CD61+ vesi-
cles measured by flow cytometry. (D) Lactadherin− vesicles measured by flow cytometry.
(E) HDL (cholesterol) concentration measured by a colorimetric assay. (F) HDL (APO
A1) concentration measured by a turbidimetric assay. (G) Protein concentration mea-
sured by a Bradford protein assay. (H) Overview of all measured results.

8.3.3 Detection of platelet-derived vesicles

Since the particles detected in fractions 9−12 by both NTA and TRPS are not
necessarily vesicles, we applied flow cytometry to distinguish vesicles from lipopro-
tein particles. Because the studied extracellular vesicles originated from platelets,
we used CD61 and lactadherin as vesicle markers. With our settings, the flow
cytometer detects vesicles with a diameter larger than 500 nm. The recovery of
CD61-exposing vesicles by flow cytometry was 71 ± 35 %, and 61 ± 2 % of the
recovered vesicles were present in fractions 9−12 (Fig. 8.2C). The recovery of
CD61-exposing vesicles in fractions 9−12 was 43 ± 23 % of the starting material.
The recovery of lactadherin-binding vesicles was 163 ± 55 %, and 44 ± 5 % of
the recovered vesicles were present in fractions 9−12 (Fig. 8.2D). The recovery
of lactadherin-binding vesicles in fractions 9−12 was 73 ± 31 % of the starting
material.

8.3.4 Lipoproteins and protein

The recovery of HDL cholesterol was 103 ± 11 %, and fractions 18−20 contained 32
± 2 % of total recovered HDL (Fig. 8.2E). Although the HDL cholesterol assay is
specific for HDL, we confirmed these measurement results by also measuring APO
A1, a specific HDL protein, in a control experiment. The recovery of HDL APO
A1 was 72 % and fractions 18−20 contained 38 % of total recovered HDL APO A1
(Fig. 8.2F). The recovery of protein was 95 ± 17 %, and fractions 19−21 contain
36 ± 2 % of total recovered protein (Fig. 8.2G). Fractions 9−12 contained the
majority of vesicles and additionally contained 4.8 ± 1.0 % of total recovered HDL
cholesterol, whereas HDL APO A1 was below the detection limit (0.01 g L−1) in
these fractions. Fractions 9−12 contained 0.65 ± 0.30 % of total recovered protein.

8.3.5 Overview of detected parameters

Figure 8.2H shows an overlay of the percentage of particles (NTA, TRPS), vesicles
(CD61-exposing, lactadherin-binding), HDL (cholesterol, APO A1) and protein
per fraction. Particles and vesicles showed a peak at fraction 10, whereas HDL
(cholesterol and APO A1) and protein showed a peak at fraction 19 and 20, respec-
tively. Thus, it is clear that vesicles can be separated from protein and lipoproteins
by SEC.
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8.3.6 Presence of proteins per fraction

To directly visualize the efficacy of SEC to separate vesicles from plasma proteins,
a control experiment was performed in which similar volumes from all collected
fractions (as described in section 8.2) were compared for the presence of plasma
protein after gel electrophoresis. The starting material, platelet-free supernatant
of a platelet concentrate (1.5 mL), contained very high concentrations of proteins
including albumin (66 kDa) when applied directly to gel electrophoresis (3 and
20 µL, 8.3A right gel). Evidently, after SEC low levels of protein become detectable
from fraction 8 or 9 onwards, but the bulk of the protein elutes from fraction 15
onwards. Thus, vesicles, which are mainly present in fractions 9−12, are clearly
separated from the bulk of soluble plasma proteins by SEC.

8.3.7 Presence of CD63 and CD9 per fraction

To confirm the detection of vesicles by flow cytometry, we performed a con-
trol experiment to study the presence of CD63 and CD9, both vesicle-associated
tetraspanins, by Western blot. CD63 and CD9 were both detectable in fractions
9 and 10 (Fig. 8.3B and C, respectively), confirming the presence of vesicles in
these fractions.

8.3.8 Visualization of vesicles, lipoproteins, and proteins

TEM was used to confirm the presence of vesicles or lipoprotein particles. Fig. 8.4
shows representative images of the starting material and fractions 5, 9−11, and
17−20 (Fig. 8.4A−I). In the starting material, vesicles were not visible due to
the abundant presence of lipoproteins and proteins (Fig. 8.4A). To improve the
visualization of the contents of the starting material and fractions 17−20, we also
performed TEM on 50-fold diluted samples (Fig. 8.5A−E). In the diluted starting
material, vesicles (cup shaped) as well as lipoproteins (white spheres) and proteins
(white ragged structures) were visible (Fig. 8.5A). In fraction 5, no vesicles or
lipoproteins are detectable (Fig. 8.4B), which confirms the results of NTA, TRPS
and flow cytometry. As expected, in fraction 9 the vesicles were clearly visible, but
also visible were low numbers of lipoproteins (Fig. 8.4C). Vesicles were also visible
in fractions 10 and 11 (Fig. 8.4D−E), but the number of lipoprotein particles was
increased compared to fraction 9. The vesicles in fractions 9−11 range in diameter
from 70 to 500 nm. Very few vesicles and an abundance of proteins and lipoprotein
particles were visible in fractions 17−20 (Figs. 8.4F−I and 8.5B−E). Thus, TEM
confirms that SEC separates vesicles from proteins and lipoproteins.

8.3.9 Recovery and enrichment

As mentioned, most particles and vesicles were present in fractions 9−12. To gain
insight into the extent of purification of the vesicles, we calculated the recovery of
CD61-exposing vesicles, protein, and HDL cholesterol of fractions 9−12 compared
to the starting material (Fig 8.6A). In fraction 9, the recovery of vesicles was 14 ±
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Figure 8.3: Presence of proteins, CD63, and CD9 in collected fractions. (continued)
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Figure 8.3: (A) The presence of proteins in each fraction determined by loading 20 µL on
PAGE gels. The molecular weight of albumin is 66 kDa. (B,C) Presence of tetraspanins
in the different fractions was studied by Western blot, with 4 µg protein used per fraction.
First, the presence of CD63 was shown (53 kDa, panel B), and next the presence of CD9
was shown (24 kDa, panel C). The tetraspanin bands are indicated by arrows in panels B
and C. Platelet lysate was used as positive control.
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Figure 8.4: Transmission electron microscopy images of starting material (A), fraction 5
(B), fractions 9−11 (C-E), and fractions 17−20 (F-I). All samples were undiluted. Scale
bars are 200 nm (A−G), 500 nm (H), and 1 µm (I).
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Figure 8.5: Transmission electron microscopy images of starting material (A), and frac-
tions 17−20 (B-E). All samples were diluted 50-fold in PBS prior to fixation. Scale bars
are 200 nm.
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9 % and the recoveries of protein and HDL cholesterol were low, 0.023 ± 0.010 %
and 0.80 ± 0.07 %, respectively. Thus, sepharose CL-2B SEC results in a 560 ±
340-fold enrichment of vesicles compared to proteins in the starting material (Fig.
8.6B), and a 17 ± 11-fold enrichment of vesicles compared to HDL cholesterol
(Fig. 8.4C).

When fractions 9 and 10 were combined, the recovery of vesicles was 31 ± 19 %,
but this increase was at the expense of an increased contamination with protein and
HDL cholesterol compared to fraction 9 alone (Fig. 8.6A). Nevertheless, combining
fractions 9 and 10 gives a 330 ± 110-fold enrichment of vesicles compared to protein
(Fig. 8.6B), and a 19 ± 11-fold enrichment of vesicles compared to HDL cholesterol
(Fig. 8.6C). Combining fractions 9−11 recovered 38 ± 21 % of the vesicles from the
starting material and results in a 150 ± 40-fold enrichment of vesicles compared
to protein (Fig. 8.6B), and a 12 ± 4-fold enrichment of vesicles compared to
HDL cholesterol (Fig. 8.4C). Combining fractions 9−12 recovered 43 ± 23 % of
vesicles from the starting material and give a 70 ± 19-fold enrichment of vesicles
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compared to protein (Fig. 8.6B), and a 8 ± 3-fold enrichment of vesicles compared
to HDL cholesterol (Fig. 8.6C). Thus, it is clear that the recovery of vesicles can
be improved by combining fractions 9−11 or 9−12, but this result is at the expense
of more contamination by protein and HDL cholesterol (Fig. 8.6A).

8.4 Discussion

We demonstrate that vesicles can be purified from human platelet-free supernatant
of platelet concentrates by sepharose CL-2B SEC. With this approach, vesicles can
be easily separated from proteins and HDL. We also isolated vesicles from human
plasma with SEC, which resulted in similar recoveries of vesicles, proteins, and
lipoproteins in fractions 9−12 (data not shown).

SEC has several major advantages compared to differential centrifugation and
density-gradient ultracentrifugation, which are the most widely applied protocols
for vesicle isolation. Compared to differential centrifugation, there is no risk of
protein complex formation and vesicle aggregation. In addition, the high viscosity
of plasma affects the recovery of vesicles isolated by differential centrifugation
[208, 219], but does not affect the recovery of vesicles by SEC.

Compared to density-gradient ultracentrifugation, buffers with physiological
osmolarity and viscosity can be used. The most commonly applied density gradi-
ent for the isolation of vesicles, sucrose [294, 21, 5, 162, 223, 237, 245], may have
some additional downsides. For example, isolation of organelles by sucrose density-
gradient ultracentrifugation is detrimental, since these gradients are “highly vis-
cous and grossly hyperosmotic, leading to slow sedimentation rates for small par-
ticles and loss of water from subcellular organelles” [104]. Furthermore, whereas
several investigators reported a loss of biological function when vesicles are isolated
by sucrose density-gradient ultracentrifugation (International Society for Extracel-
lular Vesicles meeting Budapest, October 2013), vesicles from saliva isolated by
SEC are still fully functional with regard to their capacity to induce coagulation
(data not shown, personal communication C.M. Hau), indicating that the bio-
logical properties of vesicles seem unaffected after isolation by SEC. Moreover,
by density-gradient ultracentrifugation, contaminants with overlapping densities
cannot be isolated. For example, the density of HDL considerably overlaps with
vesicles [294, 249].

The recovery of vesicles isolated with SEC is 43 ± 23 %, when combining frac-
tions 9−12. Similar recoveries are reported after isolation of vesicles by (ultra)
centrifugation and detection by flow cytometry, namely 50−80 % [147]. Further-
more, Momen-Heravi showed a recovery of 2 % of plasma vesicles after ultracen-
trifugation as measured by NTA [208]. In both studies, however, contamination
by proteins and lipoproteins was not studied. When combining fractions 9−12, a
reduction of 70-fold in the protein to vesicle ratio and 8-fold in the HDL to vesicle
ratio is found. To our knowledge, it is unknown to which extent HDL and protein
are reduced in the vesicle fraction after a (sucrose gradient) ultracentrifugation
protocol. However, despite the reduced contamination after isolation of vesicles
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with SEC, we recommend the use of blood samples collected from fasting subjects,
to minimize potential contamination by chylomicrons and VLDL.

The principle of SEC is separation based on a difference in size. The sepharose
beads in the column have pores with a diameter of approximately 75 nm [330, 122],
and a tortuous path through the bead. A particle that can enter the beads is
delayed due to the increased path length. All particles larger than ∼ 75 nm,
including lipoproteins, cannot enter the beads and can only travel along with the
void volume fluid. Based on our TEM results, the smallest vesicles that are present
in fraction 9−12 have a diameter of 70 nm or larger, which confirms the theoretical
separation of components below and above 75 nm.

Because the size distribution of vesicles, as measured by TRPS and NTA, does
not change between the starting material and fraction 9−12 (data not shown),
there seems to be no separation of vesicles in the size range from 70 to 500 nm.
We confirmed this by making a mixture of 100 and 400 nm silica beads. After
application of SEC, 45−48 % of both sizes of beads were recovered in fractions
9−12, confirming no separation within this size range (data not shown).

Vesicles smaller than ∼ 75 nm are probably present in the fractions high in
HDL, that is fractions 18−20. From the size distributions of vesicles in urine [235]
and erythrocyte concentrates (Y. Yuana, personal communication), we estimate
that approximately 50 % of all vesicles are larger than 75 nm. It is unknown
whether vesicles smaller than 75 nm harbour different clinical information than the
larger vesicles. Sepharose CL-2B has relatively large pores. Choice of a sepharose
with smaller pores may allow the isolation of vesicles smaller than 75 nm, albeit
with higher contamination by lipoproteins.

We used sepharose CL-2B in a 10 mL plastic syringe (Fig. 8.1), which has a
diameter of 1.6 cm and a height of 6.2 cm. We expect that the column height,
column diameter and sample volume can be optimized to improve separation of
vesicles from contaminants and the recovery of vesicles. For example, a longer,
narrower column with the same volume of sepharose may result in an improved
separation of protein and vesicles. A narrower column with a smaller volume
of sepharose and the same length, on the other hand, may result in a higher
recovery of vesicles. Investigators should optimize those parameters to their own
experimental needs.

Because the size distribution of vesicles does not vary between fractions 9 and
12, we assume that the vesicles in each fraction are comparable. Fraction 9 is the
purest vesicle fraction, but contains only 14 % of the vesicles in the starting mate-
rial. The method used for further analysis determines whether it is best to collect
only fraction 9 or to combine multiple fractions. For example, for proteomics the
lowest possible contamination with protein is essential and the use of fraction 9
only may be optimal. For TEM imaging, the background is much improved when
comparing fractions 9−11 to the starting material (Fig. 8.4A−D). Combining mul-
tiple fractions may result in a higher density of vesicles on the TEM grid, speeding
up the analysis. For flow cytometry, we prefer a higher concentration of vesicles if
this does not lead to swarm detection [218, 234], and thus fractions 9−12 would
be combined.

129



8

Chapter 8. Isolation of extracellular vesicles by size-exclusion chromatography

In conclusion, this chapter shows that vesicles of a diameter larger than 75 nm
can be isolated from complex body fluids, such as plasma, by single-step SEC. Pu-
rification of vesicles in combined fractions 9−12 relative to protein and HDL is 70-
and 8-fold, respectively. Recovery of vesicles with sepharose CL-2B SEC is 43 %
compared to 2−80 % with ultracentrifugation. Thus, compared to ultracentrifu-
gation, SEC results in a good recovery of vesicles with almost complete removal
of contaminants. Furthermore, vesicle isolation by sepharose CL-2B SEC takes
less than 20 min, compared to 2−96 h for ultracentrifugation, thus vesicle samples
can be prepared for analysis on the same day of collection. In addition, sepharose
CL-2B SEC components cost approximately e15,- and no expensive equipment is
needed. Thus, isolation of vesicles by SEC is quick, cheap, and easy.
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CHAPTER 9

Beyond the state of the art: detection of

extracellular vesicles by specialized techniques

Abstract

Cell-derived or extracellular vesicles, including microvesicles and exosomes, are
abundantly present in body fluids such as blood. Although such vesicles have
gained strong clinical and scientific interest, their detection is difficult because
many vesicles are extremely small with a diameter of less than 100 nm, and, more-
over, these vesicles have a low refractive index and are heterogeneous in both size
and composition. In this chapter, we focus on four methods that are not com-
mercially available: Raman microspectroscopy, micro nuclear magnetic resonance,
small-angle X-ray scattering (SAXS), and anomalous SAXS. These methods are
currently being explored to study vesicles and are likely to offer novel information
for future developments.

Parts of this chapter have been published as:

� E. van der Pol E., F.A.W. Coumans, Z. Varga, M. Krumrey, and R. Nieuwland.
Innovation in detection of microparticles and exosomes. J. Thromb. Haemost.
11(Suppl. 1), 36−45 (2013)
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9.1 Introduction

Cell-derived (extracellular) vesicles contain a phospholipid bilayer and have diam-
eters ranging from 50 nm to 5µm [231]. We will use the term “vesicles” for all
vesicles in human body fluids and culture media because no consensus exists on
nomenclature and classification [231]. The scientific and clinical interest in vesicles
is increasing as they contribute to health and disease processes and are potentially
useful as biomarkers and therapeutic agents.

The detection of vesicles is extremely challenging because many vesicles have a
diameter of less than 100 nm, have a low refractive index, are highly heterogeneous
[235], and are sensitive to collection and handling conditions [235, 333, 177, 336,
236, 70]. Detection limitations have practical consequences because methods such
as flow cytometry have been pushed to their limits, resulting not only in improved
detection but also in measurement of artefacts.

Vesicles have been studied extensively by electron microscopy and functional
(coagulation) assays since the 1950’s. Many investigators, including ourselves,
have used flow cytometry for the detection of vesicles since the 1990’s, but owing
to the use of novel technologies, such as nanoparticle tracking analysis (NTA),
dynamic light scattering (DLS), and tunable resistive pulse sensing (TRPS), we
have learned that many vesicles are too small to be detected as single vesicles
by flow cytometry. Since then, the detection of vesicles has gained considerable
interest, and at present, a plethora of detection methods are being explored and no
gold standard exists for the detection of vesicles. In parallel, attempts are being
made to standardize vesicle measurements and pre-analytical variables.

To illustrate the presence and dimensions of vesicles in body fluids, Fig. 9.1A
shows a size distribution of vesicles in 1 mL platelet-free plasma after a single
freeze/thaw cycle, measured with NTA (Nanosight, Amesbury, UK). The total
number of particles/vesicles in this sample is 7.3 · 1010 mL−1, with a total surface
area of 22 cm2 (Fig. 9.1B) and a total volume of 73 nL (Fig. 9.1C). Thus, the total
volume of the particles/vesicles is approximately 85-fold less than of leukocytes in
1 mL of blood, whereas the total surface area is comparable.

Please also note that the size of vesicles is within a range of easily detectable
contaminants such as immune complexes [120, 132, 16], calcium-phosphate mi-
croprecipitates [182], liposomes and other particles [90], and fluorescent antibody
aggregates [6], which may introduce artefacts in any of the techniques described in
this chapter. For example, we can erroneously reproduce the finding that ‘platelet-
derived microvesicles’ are present in synovial fluid, but only when we do not remove
the fluorescent antibody aggregates before labeling of the vesicles [29, 41]. The
distributions shown in Fig. 9.1 may be affected by the presence of contaminants.
Nevertheless, Fig. 9.1 illustrates that vesicle measurements require instruments
capable of detecting the majority of such particles/vesicles in a large size range.

In this chapter, we focus on four methods, which are not yet commercially
available, but are likely to offer new and relevant information and directions for
future research.
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Figure 9.1: Properties of vesicles in plasma. (A) Distribution of particle/vesicle sizes
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9.2 Beyond state of the art: detection of vesicles
by specialized techniques

9.2.1 Raman microspectroscopy

Raman spectroscopy is based on the detection of inelastic light scattering and
is used to study the structure and chemical composition of macromolecules in-
side single living cells [242]. The sample is illuminated by monochromatic laser
light. When the light is inelastically scattered by the sample, the wavelength
shifts due to an energy gain or loss associated with molecular vibrations in the
sample. Because this wavelength shift is molecule specific, Raman spectroscopy
allows label-free examination. With Raman microspectroscopy, the probe volume
is typically < 1 µm3, which overlaps with the dimension of vesicles. Fig. 9.2 shows
the Raman spectrum of a single vesicle isolated from an erythrocyte concentrate
by differential centrifugation. This spectrum was obtained using a confocal Raman
microspectrometer, in which a 647 nm laser with a power of 100 mW was focused
on a probe volume of 0.3µm3 [240]. Due to the high irradiance, the vesicle was
optically trapped in the laser beam. The peaks in the spectrum are specific to the
chemical bonds and symmetry of the molecules. Because the amplitude of the sig-
nal is linearly proportional to the number of molecules, Raman microspectroscopy
is a quantitative technique. Recently, Raman microspectroscopy was applied to
study vesicles of Dictyostelium discoideum, a convenient model to study eukary-
otic vesicles [287]. Without labeling, at least two different types of vesicles were
identified, illustrating that Raman microspectroscopy allows label-free distinction
between single vesicles of different composition.

Applicability and limitations

Raman microspectroscopy is a relatively expensive and specialized method with
limited availability. In addition, a measurement takes considerable time, because
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trapping is a stochastic process and because the intensity of Raman scattering is
weak compared with Rayleigh scattering. Consequently, acquisition times in the
order of seconds per vesicle are required. Thus, with the current state of the art,
obtaining Raman spectra from 1,000 vesicles would take hours.

New developments

To obtain simultaneous information on the size, concentration, and chemical com-
position of single vesicles in suspension without fluorescence antibody labeling, we
will combine Raman microspectroscopy with TRPS (qNano). The sample stream
in the qNano will force vesicles through the focused laser beam to reduce measure-
ment time.

9.2.2 Micro nuclear magnetic resonance (µNMR)

Nuclear magnetic resonance (NMR) can be used to measure the magnetic suscep-
tibility of a sample, that is, the degree of sample magnetization in response to
an applied magnetic field. In general, biological samples have negligible magnetic
susceptibility [265], but using magnetic nanoparticles conjugated to an antibody,
the presence of an antigen exposed on a vesicle can be detected. The miniatur-
ized micro nuclear magnetic resonance (µNMR) system [142] is a lab-on-a-chip
NMR device capable of measuring the large contrast in magnetic susceptibility
between biological samples and magnetic nanoparticles. Vesicles with a diameter
of 50−150 nm are loaded into multiple parallel chambers, each chamber contain-
ing a 50 nm pore size filter to prevent the vesicles from leaving the chamber while
allowing reagents to pass through the chamber. Each chamber is labeled with a
different antibody conjugated to 38 nm ferrite nanoparticles [264]. The number of
vesicles present in a chamber is estimated by labeling vesicles in one of the cham-
bers with an antibody directed against CD63, a tetraspanin exposed on many
vesicles. The magnetic susceptibility detected in the parallel sample chambers is
normalized for the CD63 signal to account for variations in the number of vesicles
in each chamber. The µNMR system detects the presence of magnetic nanoparti-
cles in the sample chamber with great sensitivity. For example, the CD63 signal
from 104 vesicles could be detected, which is claimed to be a 1,000-fold more sensi-
tive than ELISA. The sample size is 1µL per chamber and the measurement time
approximately 1 h.

Applicability and limitations

The µNMR has been applied to detect glioblastome multiforme (GBM) vesicles
in plasma of mice and humans [142]. µNMR provides no information on single
vesicles. Nevertheless, the high sensitivity of this method beholds great promise
to detect rare vesicles, such as tumor-derived vesicles in plasma samples. For
example, in GBM, vesicles may be a new serological biomarker in a field where
the currently available biomarkers are insensitive and expensive to measure [142].
The number of different antigens that can be detected can be expanded by loading
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Figure 9.3: Scattered
intensity of phospholipid
vesicles by SAXS. The
scattering intensity
curve of 100 nm phos-
pholipid vesicles provides
information about the
size (low q) and bilayer
thickness (high q) of the
vesicles. The relevant
physical quantity for the
dimensional characteri-
zation is the momentum
transfer q, which is
related to wavelength λ
and scattering angle θ by
q = 4π/λ sin θ.

and labeling more sample chambers. Changing the filter pore sizes used for sample
preparation may allow biochemical characterization of vesicles of different sizes.

9.2.3 Small-angle X-ray scattering (SAXS)

Small-angle X-ray scattering is based on the elastic scattering of X-ray photons
at low angles. In contrast to protein crystallography, where the atomic structure
of macromolecules is determined by collecting the scattering pattern at wide an-
gles, SAXS can provide structural information on nanomaterials, for example, the
bilayer thickness of vesicles, in the 1 nm to 100 nm size range. For sufficiently
monodisperse nanoparticles, a traceable size determination is possible [113, 175].
SAXS measurements require monochromatic X-rays with a wavelength below 1 nm,
which is perfectly suited to probe nanomaterials. The forward scattered radiation
from the sample is recorded at small angles (typically up to about 3◦) with a large
area pixel detector placed at variable distance (typically 1 m to 4 m) from the
sample. The one-dimensional scattering curves as function of the scattering angle
are obtained by radial averaging of the two-dimensional scattering pattern. The
momentum transfer depends on the scattering angle and wavelength, and provides
information for dimensional characterization.

SAXS was already applied to describe the organization of the lipid bilayer of
various vesicles of synthetic and natural origin [45, 49, 133, 57], for example, Cas-
torph et al. studied the structure of synaptic vesicles using SAXS and obtained
detailed information on size, density, and composition [57]. Because extracellu-
lar vesicles are enclosed by a phospholipid bilayer membrane, SAXS can provide
detailed information on their phospholipid bilayer structure and embedded trans-
membrane proteins, which are both in the nm range. In the case of objects such
as vesicles with overall diameter below 100 nm, the scattering of the whole vesicle
appears at low momentum transfer, enabling the characterization of the vesicle
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size and shape. These features can be demonstrated for synthetic phospholipid
vesicles, which are commonly used as model systems for biological membranes and
as drug delivery vehicles. The scattered intensity of a liposome system with a
diameter of 100 nm is shown in Fig. 9.3.

Applicability and limitations

While SAXS has been applied in soft matter science, two main limitations have
to be considered. The scattered intensity relates to the sixth power of the ra-
dius in the case of spherical particles, causing large differences in the scattering
signal from particles with different sizes. As a consequence, the scattering from
samples containing vesicles with large differences in diameter may lead to am-
biguous determination of the size distribution. As small-angle scattering results
from electron density discontinuities, the second limitation is the decrease in the
scattered intensity with decreasing (electron) density contrast. Therefore, SAXS
characterization of biological materials that have a low electron density contrast
relative to the aqueous media requires very intense monochromatic X-rays, which
are usually available only at synchrotron radiation facilities. Fig. 9.4A shows
the electron storage ring BESSY II with 250 m circumference in Berlin, together
with the laboratory of PTB [26]. Beamline 2a in this figure is the 40 m long four-
crystal monochromator beamline. The SAXS set-up of Helmholtz-Zentrum Berlin
is installed at this beamline as shown in Fig. 9.4B. The monochromatized and
collimated X-ray beam interacts with the sample placed in a vacuum chamber.

9.2.4 Anomalous small-angle X-ray scattering (ASAXS)

Biological samples exhibit complex small-angle scattering curves due to their mul-
ticomponent nature and hierarchical structural characteristics. Identifying each
scattering contribution is the main challenge in the interpretation of SAXS curve of
samples such as vesicles. Separation of the scattering contributions of the different
constituents of this complex system can be achieved using anomalous small-angle
X-ray scattering (ASAXS). Because every chemical element has characteristic X-
ray absorption edges, the presence of each element can be detected by recording
scattering curves at appropriate wavelengths. In case of vesicles, ASAXS can
identify the contribution from proteins (sulfur), phospholipids, and nucleic acids
(phosphorus). For example, the distribution of proteins between the inner and
outer side of the phospholipid bilayer can be determined, as well as the thickness
of the bilayer. Because the absorption edges of relevant elements of vesicles are
at photon energies below 3 keV, where the penetration length of X-rays is limited,
the commonly used glass capillaries have to be replaced by a dedicated sample
cell with thin (< 1 µm) silicon nitride windows. The sample cell and the detector
have to be placed in vacuum. A vacuum-compatible large area X-ray detector has
become only recently available and will be used to study vesicles present in human
body fluids in the METVES project (www.metves.eu) [88].
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A

B

Figure 9.4: Measuring vesicles by Small-Angle X-ray Scattering. (A) The layout of the
PTB laboratory at the BESSY II synchrotron radiation facility in Berlin (Germany).
The ring circumference is 250 m. (B) The generated X-ray photons pass the four-crystal
monochromator beamline.
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9.3 Discussion

Vesicles have become firmly established entities, a fact illustrated by founding of
the International Society for Extracelluar Vesicles (www.isev.org). Only recently
it has become apparent, however, by application of novel commercially available
technologies such as NTA and TRPS, that many vesicles are extremely small with
a diameter of less than 100 nm. The straightforward detection of such vesicles
is hampered by their small size, high concentration, low refractive index, and
heterogeneity in size, composition, and morphology.

We have also shown that exciting attempts are now being made to explore the
cutting edge of physical and biochemical know-how to improve the detection of
vesicles. Some of the methods, such as SAXS, can provide the absolute size or
size distribution of vesicles in suspension, whereas other methods, such as Raman
microspectroscopy, have the potential to obtain biochemical information, such as
cellular origin, on the level of single vesicles directly in suspension without labeling.

For the vesicle field to leap forward, the detection limits of existing technologies
need to be pushed further or the detection limits need to be improved by combining
technologies and developing new technologies. With more sensitive technology,
we expect to gain a growing insight into the composition, biological and clinical
relevance of vesicles in health and disease.
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CHAPTER 10

Discussion and outlook

The topic of this thesis is the detection of extracellular vesicles as biomarkers for
disease. To give an example of biomarkers, Table 10.1 shows normal hematology
values of blood cells. Such tables are used in hospitals to recognize abnormal
values and diagnose patients. In the future, extracellular vesicles will become part
of hematology tables, as their concentration correlate with disease. For this future
to materialize, vesicle science will need a solid foundation. Prerequisites for the
development of vesicle biomarkers are: (1) knowledge of physical properties of
vesicles, (2) insight into capabilities and limitations of detection techniques, (3)
availability of techniques with the capability of deriving the cellular origin and
function of vesicles and with improved sensitivity compared to current state-of-art
technology, and (4) standardization of measurements.

10.1 Impact of the physical properties of vesicles
on their detection

From a biological and clinical perspective, the most relevant properties of extra-
cellular vesicles are their cellular origin and function (Chapter 2). However, the
cellular origin can only be measured indirectly, whereas a functional test, such
as the fibrin generation test, requires isolation of numerous vesicles. Physical de-
tectable properties of vesicles are size, concentration, refractive index, composition
(e.g. lipids, DNA, RNA, antigens, and other proteins), morphology, density, and
zeta potential (Chapter 3). From these properties the cellular origin of vesicles
may be deduced. In this thesis we focus primarily on the size, concentration, and
RI of vesicles, since these three properties play a key role in vesicle detection.

Table 10.1: Normal hematology values of the most abundant blood cells in male adults
[4].

Hematology parameter Concentration (cells mL−1)

Platelet count 1.50− 4.00 · 108

Erythrocyte count 4.50− 5.50 · 109

Reticulocyte count 2.5 − 10.0 · 107

Leukocyte count 4.0 − 10.5 · 106

Total cell count 4.7 − 6.0 · 109
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10.1.1 Particle size distribution and concentration

Similar to others, we show that vesicles are heterogeneous in size and that their
diameter ranges from 30 nm to 1µm. We found concentrations in the order of 1010

vesicles/mL in urine (diameter 70−800 nm, Chapter 4). We demonstrate that the
concentration of vesicles decreases with increasing diameter, and that this relation-
ship can be accurately described by the power-law function. From tunable resistive
pulse sensing (TRPS) and nanoparticle tracking analysis (NTA) measurements it
follows that > 80 % of the vesicles is < 100 nm in diameter. At a concentration of
1010 vesicles/mL, the total volume of vesicles is approximately 85-fold less than of
all leukocytes in 1 mL of blood, whereas the total surface area is comparable. We
speculate that the number of receptors exposed on a vesicle is proportional to the
surface area, whereas the amount of cargo a vesicle can transport is proportional
to the volume. Given the equal total surface area and small total volume of vesi-
cles relative to leukocytes, we hypothesize that surface receptors are important
candidates to reveal the cellular origin and potential functions of vesicles.

Several techniques, such as dynamic light scattering and small-angle X-ray
scattering, measure scattering from multiple vesicles simultaneously. Due to the
broad particle size distribution (PSD) of vesicles, these techniques are prone to
artifacts, since scattering is dominated by the presence of a few larger vesicles (Fig.
3.1E). In addition, the distinction between coexisting vesicle types is difficult if
not impossible with such bulk measurements (Chapter 2). To resolve coexisting
vesicle types, single vesicle detection is preferred.

Flow cytometers detect single particles, but given their limited sensitivity and
the power-law distribution of the vesicle PSD, the majority of vesicles are below
the detection limit of common flow cytometers. However, due to the high vesicle
concentration, multiple vesicles are simultaneously illuminated by the laser beam
and erroneously counted as a single event signal (Chapter 5). We christened this
phenomenon swarm detection to distinguish it from coincidence detection. With
swarm detection, tens or hundreds of vesicles are continuously present in the de-
tection volume, while coincidence detection refers to the occasional presence of
two cells in the detection volume.

The most important implication of the power-law function is the strong depen-
dence of the detected vesicle concentration on the minimum detectable vesicle size
(Chapter 4). For example, a decrease in the minimum detectable vesicle size of
only 20 nm may result in a 2.4-fold increase in the obtained vesicle concentration
(Fig. 4.1). This finding emphasizes the need to quantify and monitor the minimum
detectable vesicle size. For four techniques we have determined the minimum de-
tectable vesicle size, which is 70−90 nm for nanoparticle tracking analysis (NTA),
70−100 nm for TRPS, 150−190 nm for a flow cytometer dedicated to the detec-
tion of submicrometer particles, and 270−600 nm for conventional flow cytometry.
These differences in minimum detectable vesicle size contribute for > 60 % to
the 300-fold difference in concentration between these techniques (Appendix B).
In addition, the differences in the minimum detectable vesicle size explains why
the reported concentrations of vesicles in human plasma from healthy individuals
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range from 104 to 1012 vesicles/mL [37, 316, 90, 335]. Thus, the vesicle size is not
only important to distinguish vesicle types (Table 2.1), but is also an important
quality parameter of vesicle concentration measurements. From now on, any re-
ported vesicle concentration should include the detected size range.

10.1.2 Refractive index

The refractive index (RI) determines how efficiently a vesicle scatters light, which
is essential to data interpretation and comparison. For urinary vesicles we obtained
a mean RI of 1.37 at 405 nm, with an RI below 1.40 for 95 % of vesicles (Chapter
6). This RI is much lower than the frequently and often unintentionally assumed
values between 1.45 and 1.63 [179, 313, 253]. To illustrate the optical impact of
this finding: a 100 nm vesicle (RI=1.37) scatters approximately 90-fold less light
than a similar-sized polystyrene bead (RI=1.63). The low RI of vesicles relative
to water (1.34 at 405 nm) is consistent with their structure and falls within the
range of estimates [235, 234, 58] based on the RI of cells [309, 31, 102, 47]. Due
to the low RI, a 30 nm vesicle with a physical cross section of 700 vesicles/mL has
an optical scattering cross section of only 0.02 nm2. Needless to say, detecting
scattering from vesicles demands a sensitive detector.

We used the vesicle RI to establish the relationship between the vesicle diam-
eter and light scattering measured by flow cytometry, which is presently the most
frequently applied technique for single vesicle detection. We demonstrated that the
gating strategy proposed by the Scientific Standardization Committee (SSC) col-
laborative workshop of the International Society on Thrombosis and Haemostasis
(ISTH) selects single vesicles and cells with diameters ranging from 800−2,400 nm
instead of the envisioned 500−900 nm (Chapter 5). Thus, for over a decade, we
and others have unintentionally studied particles with diameters > 800 nm. Our
finding and recent cryo-electron microscopy data suggest that these particles are
empty blood cells instead of extracellular vesicles [19].

10.1.3 Applicability to other vesicle samples

We have developed a toolbox to determine vesicle properties, which we applied to
urinary vesicles, since urine contains a relatively high concentration of vesicles with
low contamination of similar-sized non cell-derived particles, such as lipoproteins.
In other samples, we have found vesicle properties comparable to urinary vesicles.
For example, the power-law function was also applicable to fit the PSD of vesicles
from plasma (Fig. B.2), blood bank concentrates, and cultured cell medium (data
not shown). Nevertheless, a rigorous determination of vesicle properties in other
samples is still needed but challenging, since samples like plasma contain different
vesicle types and similar-sized non cell-derived particles. Tools that can determine
the vesicle size and concentration, as well as identify different vesicles types and
distinguish vesicles from other particles need to be developed.
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10.2 Outlook

In this section, the future of vesicle detection will be discussed based on the phys-
ical properties of vesicles and insight into capabilities and limitations of detection
techniques.

10.2.1 Novel detection techniques

Requirements

A biomarker based on vesicle enumeration should determine the concentration of
a specific vesicle type within minutes. To realize this, detection techniques need
to become sufficiently sensitive to identify the cellular origin of single vesicles with
diameters of 50 nm and larger. In addition, detection techniques need to be able
to distinguish vesicles from impurities. To provide valuable information on the
vesicle concentration, the detection volume and minimum detectable vesicle size
need to be quantified. Ultimately, single vesicles are sorted to perform functional
tests on subpopulations of vesicles.

Cellular origin of vesicles

Current techniques will soon meet the requirements to determine the vesicle size
and concentration. Therefore, the next step is to determine the cellular origin of
single vesicles. The origin of vesicles could be derived by detecting their antigen
expression, for example, erythrocyte vesicles with glycophorin A (CD235), platelet
vesicles with glycoprotein IIIa (CD61), or tumor vesicles with Epithelial cell ad-
hesion molecule (EpCAM; CD326).

The number of antigens per vesicle is unknown. We can provide an initial
estimate by assuming that the antigen density in the membrane of a vesicle is
similar to the density in the cell membrane. In this case, a 100 nm vesicle would
have 300 glycophorin A molecules (erythrocyte [81]), 100 CD61 molecules (platelet
[228]), or 0−20 EpCAM molecules (T24 and SKBR3 breast cancer cell lines [79]).
For comparison, a 2µm platelet typically has 50,000 CD61 molecules. Hence, the
fluorescent signals from labeled vesicles are weak. A vesicle detection technique
will require quantification of the minimum detectable number of dye molecules,
and determination of the efficiency with which these few receptors are labeled.
Potentially, labeling efficiency can be studied by optically trapping single vesicles in
the evanescent field of an optical resonator (Optofluidics, Philadelphia, PA, USA)
and imaging fluorescently labeled receptors with stimulated emission depletion
microscopy.

A technology leap is still needed before current immunofluorescence techniques
are sufficiently sensitive to differentiate between our hypothetical 100 nm vesicles.
Alternative to the antigen based identification, we could pursue vesicle differen-
tiation based on “bulk” chemical composition measured by Raman microscopec-
troscopy, or differentiate based on morphology.
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Figure 10.1: Schematic representation of hybrid resistive pulse sensing - Raman mi-
crospectroscopy. Resistive pulse sensing consists of two fluid cells divided by a non-
conductive membrane (blue horizontal line). A voltage is applied by two electrodes (yel-
low) to flow an electrical current (I) through the pore. When a vesicle (green dots) passes
through the pore, this will result in an increase of the pore resistance and a decrease of
the measured current. The change in current can be related to the vesicle size. After
passing through the pore, the vesicle will be optically trapped by a focused laser beam to
measure the elastic scattering intensity and Raman spectrum of the vesicle.

ExoFlow

The exosome flow cytometer, or “ExoFlow”, is a flow cytometer tailored to detect
and characterize sub-micrometer vesicles. Due to the capability of measuring size,
concentration, and multiple fluorescence signals on thousands of vesicles per sec-
ond, flow cytometry is the workhorse for single vesicle detection. However, (1) size
determination of vesicles by flow cytometry is inaccurate and imprecise because
the vesicle RI is heterogeneous, (2) the presence of impurities reduces specificity
of measurements, and (3) the sensitivity to detect vesicles < 150−190 nm is lack-
ing. To overcome these problems we will integrate TRPS into the flow cell of
the ExoFlow and improve the scatter sensitivity. We will use the combination of
vesicle sizing by TRPS and the improved scatter sensitivity to determine the RI
of all detected particles in the sample. Since the RI of urinary and plasma vesicles
is 1.37±0.03 (Chapter 6) and 1.39±0.04 [169], respectively, we expect that this
RI determination can be used to distinguish vesicles from protein aggregates (RI
between 1.45−1.60) [330] and bulk proteins (RI between 1.61±0.02) [201].

Hybrid resistive pulse sensing - Raman microspectroscopy

TRPS can determine the size, concentration, and zeta potential of vesicles >
70 nm in suspension (Chapters 4 and 7). While these parameters are valuable,
it is unlikely that the cellular origin of a vesicle can be deduced from its size
and zeta potential. This can be overcome by complementing TRPS with Raman
microspectroscopy. Raman microspectroscopy can provide chemical characteristics
of single vesicles (9), such as the presence of proteins, lipids, organic compounds,
and genetic content, which may identify the parent cell (Chapter 9).
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Fig. 10.1 shows a schematic representation of the hybrid resistive pulse sensing -
Raman microspectroscopy system. A vesicle is driven through the TRPS nanopore
by electrophoresis to determine its diameter and zeta potential. Next, the vesicle
is trapped by a focused laser beam, and its backscattering and Raman signature
is probed. The backscattering and size of the vesicle are used to determine the
vesicle RI from Mie theory.

We are in the process of constructing this setup using a customized TRPS
device (qNano, Izon, Oxford, UK) and a custom-built Raman microspectrometer.
The spectrometer has a spectral range of −27 to 3,490 cm−1 and a spectral resolu-
tion of 4.0 cm−1, which enables the identification of spectral features characteristic
of phospholipid vesicles [63, 287]. After the Raman peaks that are characteristic
of the origin of vesicles are known, coherent anti-Stokes Raman scattering (CARS)
can be applied to increase measurement speed.

Blinking tubes measured with NTA

A study of plasma vesicles by cryo-electron microscopy [19, 143, 334] demonstrated
the existence of a vesicle sub-population (< 5 % of total) that is not round but
tubular. The tubular morphology may contain information on the cellular origin
of these vesicles. Since the scattering cross section of tubular particles depends
on the particle orientation, and these vesicles will rotate freely in suspension, the
scatter signal from these tubular vesicles will appear to blink when observed by
NTA [54].

10.2.2 Standardization

In addition to novel detection techniques, clinical studies on vesicles require data
comparison. Currently, data comparison on vesicles in clinical samples is hampered
by the application of varying vesicle isolation procedures and different instruments.
Since the minimum detectable vesicle size and thus the detected vesicle concentra-
tion is instrument dependent, there is a high demand for standardization of vesicle
measurements.

Flow cytometry standardization through vesicle size approximation

We are developing a standardization procedure to improve the reproducibility of
the measured concentration of vesicles by flow cytometry. Without standard-
ization, the reproducibility of vesicles concentration measurements has an 80 %
coefficient of variation (CV). The proposed standardization strategy by the SSC
collaborative workshop of the ISTH improved the reproducibility to a CV of 60 %,
but excluded the worst performing instruments. The main reasons for the poor
performance of current standardization strategies are that differences between op-
tical configurations of flow cytometers and differences between the RI of vesicles
and beads are not taken into account.

Our solution encompasses a mixture of traceable reference beads (www.metves.
eu) and software (www.exometry.com). The reference beads need to be measured
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Figure 10.2: Screenshot of the software developed for flow cytometry standardization
through vesicle size approximation.
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Table 10.2: Fictive hematology values of the most abundant extracellular vesicles in male
adults.

Hematology parameter Concentration (vesicles mL−1)

Platelet vesicle count 2.3− 6.2 · 109

Erythrocyte vesicle count 7.0− 8.6 · 1010

Reticulocyte vesicle count 3.9− 15.6 · 108

Leukocyte vesicle count 6.2− 16.4 · 107

Total vesicle count 7.3− 9.4 · 1010

once a day and are automatically recognized by the software. The software estab-
lishes the relationship between particle diameter, RI and light scattering, which
is specific for the optical configuration of the flow cytometer. Next, the software
provides a vesicle size gate, which the user can apply to its own data analysis ap-
plication to determine the concentration of vesicles within a predefined size range.
Fig. 10.2 shows a screenshot of the software.

The standardization project is sponsored by the SSC of ISTH and involves 62
different flow cytometers in 32 clinical laboratories worldwide. The final results
are expected at the ISTH 2015 congress.

10.2.3 Vesicle-based diagnostics have high potential

Our ambition is to add vesicles to the reference hematology values of blood cells
in Table 10.1. An important question is how much sample would need to be
analyzed to perform a vesicle-based hematology test. To make a first assessment,
we assumed that the relative frequency of hematological vesicles is the same as
the relative frequency of their cells of origin. Combined with a total concentration
of 7 · 1010 vesicles per mL blood, this resulted in the fictive hematology values of
blood vesicles in Table 10.2. To count 1,000 vesicles (Poisson error ≤ 3 %) of the
least frequent vesicle type, we would need to analyze 100 nL blood and thus count
7.3 million vesicles. This sample volume can be perfectly handled by microfluidic
chips, which may shift our single step isolation of vesicles from plasma (Chapter 8)
to single step isolation of vesicles from whole blood [76], thereby solving several pre-
analytical issues [333]. A major advantage of the vesicle hematology test would be
the small sample volume. The small sample volume would lighten the phlebotomy
burden on sensitive patient groups, such as neonates [44], and in addition, it might
enable continuous monitoring of hematology values.

Other rare vesicles of clinical interest are tumor-derived vesicles. For prostate
cancer, the median concentration of circulating tumor cells (CTCs) is 7 per 7.5 mL
blood. Under the assumption that CTCs have a diameter of 30µm [73] and break
up in vesicles with a PSD that resembles the power-law distribution, the concen-
tration of tumor-derived vesicles is ∼ 107 mL−1. Blood of these patients contained
250 tumor microparticles with a diameter of 2−4 µm per 7.5 mL [73]. Extrapolat-
ing the power-law PSD from 2−4µm particles to tumor-derived vesicles < 1 µm
results in a concentration of ∼ 108 mL−1. Although these numbers warrant further
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investigation, they are in the same order of magnitude as the estimated leukocyte-
derived vesicles in Table 10.1.

In conclusion, we have obtained a solid insight into the physical properties of
vesicles and the capabilities of current detection techniques. We are developing
techniques that are capable of deriving the cellular origin and function of sin-
gle vesicles. These techniques will have improved sensitivity compared to current
state-of-art. Standardization and rigorous characterization of the measurement
techniques are essential. These are important steps towards vesicle-based diagnos-
tics, allowing us to live healthier ever after.
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APPENDIX A

Mathematical model to predict the measured

vesicle size distribution

This appendix contains a mathematical model to predict the measured size distri-
bution for a given vesicle population. In addition, this appendix contains assump-
tions involved in both the mathematical model and Table 3.1 of Chapter 3.

A.1 Model

To compare the performance of the various methods on size detection, we made a
model which predicts the detected size distribution for a given vesicle population.
The model considers the detection limit and the size resolvability of each method.
With the detection limit we mean the smallest and largest biological vesicle that
can be detected due to physical limitations of the applied detection technique.
With size resolvability we refer to the ability of a method to resolve two popu-
lations with different particle size. The size distributions are generated without
considering noise.

To account for the detection limit, the model simply rejects vesicles from the
input population that cannot be detected because they are too small or too large
to be detected by that method. Table A.1 shows the detection limit for each
method as used by our model. For commercial flow cytometers based on light
scattering, nanoparticle tracking analysis (NTA), fluorescence nanoparticle track-
ing analysis (F-NTA), and Coulter counters, the detection limit is provided by
the references. The lower detection limit of dynamic light scattering(DLS) and
fluorescence correlation spectroscopy (F-CS) depends on the polydispersity of the
sample. Since large vesicles scatter more light or show more fluorescence than
small vesicles, smaller vesicles cannot be detected. For DLS, we assume that all
vesicles, for which the scattering coefficient per diameter range is smaller than
28 times the maximum detectable scattering coefficient, cannot be detected. The
factor 28 was chosen by considering a 12-bits detector that due to noise effectively
uses 8-bits to measure intensity fluctuations in the signal. With F-CS, the amount
of fluorescence is assumed to be proportional to the surface area of the vesicles.
All diameters for which the surface area times the concentration is smaller than
28 times the maximum are rejected. For stimulated emission depletion microscopy
(STED), X-ray microscopy, transmission electron microscopy (TEM), and atomic
force microscopy (AFM) the detection limit is supposed to be equal to the imaging
resolution.

151



Appendix A. Mathematical model to predict the measured vesicle size distribution

Table A.1: Detection limit, size resolvability, and full width at half maximum (FWHM) of
the Gaussian function as used to calculate the size distribution of the detection methods.

Method Detection
limit (nm)

Size
resolvability

Gaussian
FHWM

References

Scattering flow
cytometry

300 280 nm 280 nm [253, 227, 322]

DLS 70 F = 2 2/3 d [137, 48, 170, 101]
NTA 50−1000 F = 4/3 2/7 d [56]
STED microscopy 16 16 nm 16 nm [322]
F-CS 30 F = 2 2/3 d [276]
F-NTA 1 F = 4/3 2/7 d [56]
X-ray microscopy 12 12 nm 12 nm [59]
TEM, AFM 1 1 nm 1 nm [36]
Impedance-based flow cytometry 300 F = 1.1 2/21 d [144, 259, 340]

AFM, atomic force microscopy; DLS, dynamic light scattering; F: size resolvability fac-
tor; F-CS, fluorescence correlation spectroscopy; F-NTA, fluorescence nanoparticle track-
ing analysis; NTA, nanoparticle tracking analysis; STED, stimulated emission depletion;
TEM, transmission electron microscopy.
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Figure A.1: Concentration vs.
diameter for three Gaussian dis-
tributions centered at diameter d,
dF and dF 2 (solid line) and the
sum of the three Gaussian distri-
butions (dashed line). The full
width at half maximum (FWHM)
of the Gaussian distributions do
not overlap. Therefore, the Gaus-
sian distributions can be resolved
from their sum.
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Table A.2: Wavelength (λ) and numerical aperture (NA) as used to calculate the res-
olution of optical microscopy, nanoparticle tracking analysis (NTA), fluorescence mi-
croscopy, and fluorescence nanoparticle tracking analysis (F-NTA).

Method λ(nm) NA Resolution (nm)

Optical microscopy 532 1.4 200
NTA 635 0.4 1000
Fluorescence microscopy 532 1.4 200
F-NTA 405 0.4 600

After rejecting vesicles from the input population by considering the detec-
tion limit, the remaining size distribution is convolved with a Gaussian function
to account for the size resolvability. Applying a Gaussian convolution to a size
distribution is comparable to applying a Gaussian blur filter to an image. The
larger the full width at half of the maximum (FWHM) of the Gaussian function,
the more the image is blurred and the more difficult it is to resolve details from
the image. Table A.1 shows the size resolvability and the FWHM of the Gaussian
function for each method as used by our model. For commercial flow cytometers
based on light scattering, a size resolvability of 280 nm is used [253, 227]. For
all microscopy methods, the FWHM of the Gaussian function is defined by the
imaging resolution. Due to the physical nature of many non-imaging methods,
the size resolvability is often expressed as a factor F in size difference that can be
resolved. For example, for DLS the mean size of two sub populations can only be
resolved from the autocorrelation of the intensity fluctuations if the size difference
between the particles is roughly a factor 2 [137, 48, 170, 101]. So in case of DLS,
a sub population of vesicles with 200 nm in diameter can potentially be resolved
from a sub population of 400 nm vesicles, but a sub population of 400 nm vesicles
cannot be resolved from a sub population of 600 nm vesicles. We account for this
by increasing the FWHM of the Gaussian function during convolution. Figure A.1
shows how we calculated the FWHM of the Gaussian function as function of the
diameter d and the size resolvability factor F . The solid black curves are Gaussian
distributions at position d, Fd, and F 2d. By definition, two Gaussian distributions
can be resolved from their sum if their FWHM do not overlap. Mathematically
this can be expressed as follows:

d+ hd ≤ Fd− hFd (A.1)

where hd is the half width at half of the maximum of the Gaussian distribution.
Solving Eqn. A.1 for the FWHM gives:

FWHM(d) = 2hd ≤ 2
F − 1

F + 1
d (A.2)

By using Eqn. A.2 to calculate the FWHM of the Gaussian function as function
of d, the sum of the three Gaussian functions from Fig. A.1 can still be resolved,
as shown by the dashed curve.
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Appendix A. Mathematical model to predict the measured vesicle size distribution

A.2 Assumptions involved in model and table 3.1

A.2.1 Resolution

The resolution of optical microscopy, NTA, fluorescence microscopy, and F-NTA
are determined using Eqn. 3.1. Table A.2 summarizes the used values for λ
and NA. Values for F-NTA are obtained from the product specifications of a
commercialized system [56]. The resolution is rounded off to 100 nm, since that is
approximately the order of accuracy. For the other methods described in Chapter
3, the resolution is provided by the references.

A.2.2 Measurement time

In Table 3.1, the measurement time for all microscopy methods for imaging 10,000
particles is estimated at 1 h or longer. We assume that one image contains on
average 100 particles. Although recent technological developments yield an image
acquisition time faster than 1 s for each method [323, 332, 160, 141], taking 100
images within 100 s is currently not feasible since several actions have to be per-
formed before an image can be acquired. For example, the region of interest has to
be selected and for some methods the focal distance must be set. Sample regions
might be damaged or simply contain no vesicles, which requires human interven-
tion in case of automated microscopes. Therefore, assuming a measurement time
of 1 min per image is more realistic, resulting in a total measurement time of 1 h
or longer. For routine clinical use, imaging of vesicles requires dedicated image
analysis software to process the data quickly and accurately.

The measurement time for Raman spectroscopy on 10,000 particles is estimated
at 3 h or longer, based on the setup of Dr. C. Otto. In this setup, vesicle tracing is
automated using scanning electron microscopy (SEM) and high-speed nanometer
resolution positioning stages. The time to measure the Raman spectrum of a single
vesicle is assumed to be 1 s, so the measurement time of 10,000 particles is in the
order of 3 h. For the other methods described in Chapter 3, the measurement time
is provided by the references.

A.2.3 Hydrodynamic diameter

Table 3.1 states that DLS, NTA, F-CS, and F-NTA provide the particle diameter
under the assumption of d = dh. Instead of determining the diameter d of a parti-
cle, the methods determine the hydrodynamic diameter dh. That is the diameter
of a perfect solid sphere that has the same translational diffusion properties as the
particle being measured. We assume that d equals the dh.
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APPENDIX B

Mathematical function to fit the

particle size distribution of vesicles

In Chapter 4, we have used a mathematical function to describes the relationship
between the concentration and diameter of vesicles. To select the mathematical
function that optimally describes the particle size distribution (PSD), we have
fitted the PSD of the vesicle standard as measured by transmission electron mi-
croscopy (TEM) and tunable resistive pulse sensing (TRPS) with six empirical
functions that are frequently used to describe PSDs of particles in suspension
[155]: the exponential function, the Gamma function, the Lorentzian function, the
power-law function, the Weibull distribution, and the log-normal distribution. We
selected TEM and TRPS as the most accurate methods to determine the PSD of
vesicles. The exponential function is given by

C(d) = ce−bd (B.1)

where C is the concentration of vesicles as function of the diameter d, c is a scale
factor for the particle concentration, and b is a fit parameter. The exponential
function becomes a Gamma function by adding an extra slope parameter a:

C(d) = cdae−bd (B.2)

The Lorentzian function is given by

C(d) =
2Ctot
π

w

4(d− dc)2 + w2
(B.3)

where Ctot is the total concentration, and dc and w specify the location of the
peak and the full width at half maximum of the distribution, respectively. The
power-law function is given by

C(d) = k

(
d

d0

)−m
(B.4)

where k has the same dimension as C and m is a non-dimensional constant. Pa-
rameter d0 ≡ 1 and has the same dimension as d to create a dimensionally homo-
geneous equation. The Weibull distribution is given by

C(d) =
ca

b

(
d− ds
b

)a−1
exp

[
−
(
d− ds
b

)a]
(B.5)
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Appendix B. Mathematical function to fit the particle size distribution of vesicles

where c is a scale factor for the particle concentration, a is a non-dimensional
constant, and ds is the smallest particle diameter of the distribution. Parameter
b has the same dimension as d to create a dimensionally homogeneous equation.
The log-normal distribution is given by

C(d) =
Ctot√
2πσd

exp− ln(d/µ)2

2σ2
(B.6)

where Ctot is the total concentration, and µ and σ are the mean and standard
deviation of the natural logarithm of the distribution, respectively.

The PSD of vesicles is an asymmetrical distribution, but the Lorentzian func-
tion is symmetrical, the exponential function, Gamma function, and power-law
function diverge as the particle size tends to 0, and the Weibull distribution di-
verges as the particles size tends to ds. Thus, the shape of these functions differs
from the shape of the PSD of vesicles. However, these functions can still be used
to describe a part of the PSD. In fact, for all methods except TEM the full PSD
is not measured due to the presence of vesicles that are smaller than the lower de-
tection limit. Therefore, functions are fitted to data on the right-hand side of the
peaks only. Fitting was done by taking the natural logarithm of both the function
and the data and performing a least square fit. Fig. B.1 shows the PSD of the
vesicle standard measured by TEM and TRPS fitted by an exponential function,
a Gamma function, a Lorentzian function, a power-law function, and a Weibull
distribution. Fig. B.2A shows the PSD of the vesicle standard measured by TEM
fitted by a log-normal distribution. Due to the “long tail” at the right-hand side
of the log-normal distribution, the fit did not converge for data on he right-hand
side of the peak. Therefore, the log-normal distribution is fitted to the full PSD
obtained by TEM only, since the PSD by TEM is not affected by the lower de-
tection limit. The obtained fit parameters are listed in Table B.1. To determine
the goodness-of-fit, the reduced χ2 and the adjusted R2 were calculated for each
fit and listed in Table B.2 .

Best fits were obtained with the Gamma function, power-law function, and
the Weibull distribution. For further analysis, we selected the power-law function,
since it is least susceptible to the minimal detectable vesicle size and it has the
least fit parameters. To show that the power-law function is not only applicable to
fit the PSD of the vesicle standard, we have applied it to vesicles from plasma. Fig.
B.2B shows that also the PSD of vesicles from platelet poor plasma as measured
by TRPS can be well-described by a power-law function.

To show that the detected concentrations of vesicles in Fig. 4.4 where primarily
determined by the minimum detectable vesicle size, we have calculated the vesi-
cle concentration of the power-law fit of TRPS between the minimum detectable
vesicle size of each method and 800 nm. Table B.3 shows the actual detected vesi-
cle concentration and the concentration expected from the minimum detectable
vesicle size. For all methods except TEM, the expected concentration was within
40% of the detected concentration, confirming that the detected concentrations
were primarily determined by the minimum detectable vesicle size. With TEM,
the detected concentration is affected by the binding efficiency.
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Figure B.1: Particle size distribution of the vesicle standard measured by transmission
electron microscopy (TEM) and tunable resistive pulse sensing (TRPS) fitted by (A,B)
an exponential function, (C,D) a Gamma function, (E,F) a Lorentzian function, (G,H)
a power-law function, and (I,J) a Weibull distribution.

157



Appendix B. Mathematical function to fit the particle size distribution of vesicles

A B

0 200 400 600 800
104

106

108

1010

 RPS data (used for fitting)
 RPS data (remaining)
 Power-law function

C
on

ce
nt

ra
tio

n 
[1

0 
nm

]-1
 m

l-1

Diameter (nm)

T
T

0 200 400 600 800
104

106

108

1010

 TEM data (used for fitting)
 TEM data (remaining)
 Log-normal distribution

C
on

ce
nt

ra
tio

n 
[1

0 
nm

]-1
 m

l-1

Diameter (nm)

Figure B.2: (A) Particle size distribution of the vesicle standard measured by transmis-
sion electron microscopy (TEM) and fitted by a log-normal distribution. (B) Particle
size distribution of vesicles from platelet poor plasma measured by tunable resistive pulse
sensing (TRPS) and fitted by a power-law function using fit parameters k = 4.520 · 1021

and m = 5.938, giving a χ2
red of 0.14 and a R2

adj of 0.97.

Table B.1: Parameters used to fit the particle size distribution of the vesicle standard
measured by transmission electron microscopy (TEM) and tunable resistive pulse sens-
ing (TRPS) with an exponential function, a Gamma function, a Lorentzian function, a
power-law function, a Weibull distribution, and a log-normal distribution.

Function Parameter TEM TRPS

Exponential function b 2.389 · 10−2 2.079 ·10−2

c 3.416 · 108 2.050 ·109

Gamma function a -2.229 -4.371
b 9.040 · 10−3 -1.870 · 10−3

c 1.929 · 1012 1.666 · 1017

Lorentzian function Ctot 9.201 · 109 5.824 · 1010

dc 30.04 77.34
w 56.43 28.95

Power-law function k 2.494 · 1014 3.992 · 1016

m 3.508 4.024
Weibull distribution a 6.199 · 1012 7.279 · 1010

b 0.1977 10.05
c 0.3400 0.5294
ds -13.18 66.28

Log-normal distribution Ctot 9.676 · 109

µ 0.6284
σ 48.99

Parameters are explained throughout the text.
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Table B.2: Results of goodness-of-fit tests applied to fitting a function to the PSD of the
vesicle standard as measured by transmission electron microscopy (TEM) and tunable
resistive pulse sensing (TRPS).

TEM TRPS
Function χ2

red R2
adj χ2

red R2
adj

Exponential function 0.16 0.96 0.39 0.89
Gamma function 0.07 0.98 0.23 0.93
Lorentzian function 0.20 0.95 0.30 0.92
Power-law function 0.10 0.97 0.23 0.94
Weibull distribution 0.07 0.98 0.24 0.93
Log-normal distribution 0.20 0.97

χ2
red, reduced χ2; R2

adj, adjusted R2.

Table B.3: Total concentration of vesicles from urine as detected by transmission electron
microscopy (TEM), conventional flow cytometry, dedicated flow cytometry, nanoparticle
tracking analysis (NTA), and tunable resistive pulse sensing (TRPS) and the expected
concentration calculated by bounding the power-law fit of TRPS on urine vesicles between
the minimum detectable vesicle size and 800 nm.

Method Smallest
detectable vesicle

size (nm)

Detected
concentration

(vesicles mL−1)

Expected
concentration

(vesicles mL−1)

Ratio (-)

TEM 40 1.2 · 109 1.8 · 1010 0.1
Conventional flow cytometry 340 1.6 · 107 2.7 · 107 0.6
Dedicated flow cytometry 160 3.3 · 108 2.8 · 108 1.2
NTA 70 4.6 · 109 3.4 · 109 1.3
TRPS 60 5.0 · 109 5.5 · 109 0.9
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APPENDIX C

Optimal settings for refractive index determination

with nanoparticle tracking analysis

This appendix contains the optimal particle tracking parameters and camera set-
tings for refractive index determination of single vesicles with NTA (Chapter 6).

C.1 Particle tracking parameters

Each measurement comprises videos of scattering particles undergoing Brownian
motion. The videos contain 8-bit images of 640 by 480 pixels, which are processed
with scripts by Blair and Dufresne [38] in Matlab (v7.13.0.564) to track the
particles. The script basically performs five tasks.

First, a spatial band-pass filter is applied to each image to suppress pixel noise
up to 2 pixels and long-wavelength image variations down to 25 pixels. Second, a
threshold of 5 is applied to each image to find local maxima to pixel level accuracy.
If multiple peaks are found within a radius of 13 pixels, only the position of the
brightest peak is stored. Third, each local maximum is enclosed by a window with
a diameter of 25 pixels to obtain the scattering power and the centroid to sub-
pixel accuracy. The scattering power is the sum of all pixel intensities within the
window divided by the shutter time and camera gain response and the centroid is
calculated by taking the weighted average. Particles that cause pixel saturation are
omitted. Fourth, 2-dimensional trajectories are calculated from the list of particles
coordinates at discrete times. The maximum allowed jump distance of a particle
between two successive frames is set to 23 pixels, which corresponds to 3.9µm. The
minimum tracklength of a particle is set to 30 frames, which will be discussed in
the next paragraph. From the trajectory of each particle, we calculated the mean
square displacement and diffusion coefficient and relate it to particle diameter via
the Stokes-Einstein equation.

C.1.1 Minimum tracklength

The tracklength determines to what precision the diameter and scattering power
are measured. A longer tracklength will increase the precision of both parameters.
However, a longer tracklength also means that fewer particles are tracked, which
reduces the correlation between the sample and the sampled population. Thus, the
minimum tracklength determines a trade-off between precision and the number of
particles included in the analysis.
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Appendix C. Optimal settings for refractive index determination with NTA
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Figure C.1: Impact of the minimum tracklength on the accuracy of nanoparticle track-
ing analysis. (A) Coefficient of variation (CV) of the scattering power, (B) CV of the
diameter, (C) and number of particles versus tracklength for 102 nm (solid black line),
203 nm (dashed red line), and 400 nm (dotted blue line) polystyrene beads. CV is defined
as standard deviation divided by mean. (D) Number of particles versus tracklength for
urinary vesicles. An increase of the minimum tracklength reduces the CV on scattering
power and diameter, but also reduces the number of analyzed particles. To have a Pois-
son error ≤ 3 %, the minimum required number of analyzed particles is 1,000 (horizontal
dotted line). Therefore, we selected a minimum tracklength of 30 frames (vertical dashed
lines).
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C.2. Camera settings

To select the optimal minimum tracklength, we determine the relationship
between tracklength and scattering power, diameter, and number of analyzed par-
ticles. The coefficient of variation (CV), which is the percentage ratio between the
standard deviation and the mean, is used to express the reproducibility of scatter-
ing power and diameter. Fig. C.1A shows the CV of the scattering power versus
the minimum tracklength for 102 nm, 203 nm, and 400 nm polystyrene beads (sam-
ple 2, 3, and 4 in Table C.1). To eliminate the impact of the number of analyzed
particles on the CV, we determined the CV for a fixed number of beads that were
at least tracked for 45 (102 nm beads) or 100 (203 nm and 400 nm beads) frames.
Increasing the minimum tracklength increases the probability that a particle is
in focus. Since beads are monodisperse, the mean scattering power increases and
converges, whereas the standard deviation decreases. Consequently, the scattering
power CV decreases with increasing minimum tracklength. Smaller beads diffuse
faster than larger beads, and therefore require less tracks to converge. The average
scattering power CV is 55, 47, and 43 % for tracklenghts of 15, 30, and 45 frames,
respectively.

Fig. C.1B shows the CV of the determined diameter versus the minimum
tracklength for the same beads. Because the standard deviation of the determined
diameter scales with 1/

√
tracklength, the diameter CV decreases with increasing

minimum tracklength. The diameter CV is 30, 19, and 16 % for tracklenghts of
15, 30, and 45 frames, respectively.

Fig. C.1C shows that the number of analyzed beads decreases with minimum
tracklength. This is because particles that diffuse outside the field-of-view of the
microscope before the minimum required tracklength is reached, are rejected from
the analysis. Since smaller beads have a larger diffusion coefficient, smaller parti-
cles diffuse faster outside the field-of-view and are therefore more prone to rejection
than larger particles. Fig. C.1D shows that the number of analyzed urinary vesi-
cles (sample 11, 12, 13 in Table C.1) also decreases with tracklength. The number
of events is 3,843, 1,280, and 567 for tracklenghts of 15, 30, and 45, respectively.
A minimum tracklength of 30 frames is selected for further analysis, because the
errors in diameter and illumination power are close to the best achievable (espe-
cially for vesicles < 150 nm, which is 53 % of the total), while a representative
sample is still analyzed.

C.2 Camera settings

Since the scattering power of the particles in the samples differs more than 3 orders
of magnitude, each sample required different camera settings. Table C.1 shows the
applied camera settings.
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Appendix C. Optimal settings for refractive index determination with NTA

Table C.1: Sample characteristics, applied camera settings, and number of valid tracks.

Sample d (nm) C (ml−1) Shutter time (ms) Gain (-) Valid tracks

1. Polystyrene beads 46 108 23.3 425 136
2. Polystyrene beads 102 108 30.0 1 134
3. Polystyrene beads 203 108 2.67 1 235
4. Polystyrene beads 400 108 0.83 1 226
5. Polystyrene beads 596 108 0.50 1 231
6. Silica beads 89 108 23.3 370 297
7. Silica beads 206 108 35.0 1 98
8. Silica beads 391 108 10.0 1 286
9. Silica beads 577 108 4.67 1 233
10. Beads mixture 203 & 206 2 · 108 5.00 1 1744
11. Urinary vesicles 35.0 100 93
12. Urinary vesicles 35.0 350 446
13. Urinary vesicles 35.0 470 741

d, diameter; C, concentration.
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APPENDIX D

Light scattering calculations

Electromagnetic fields, such as light, can be mathematically described by Maxwell’s
equations. Mie theory provides an analytical solution of Maxwell’s equations and
describes light scattering of spheres and shells of all size parameters. Mie theory is
extensively described by Bohren and Huffman [40]. The formulations by Bohren
and Huffman are implemented in Matlab by Mätzler [199]. Throughout this thesis,
we have used the scripts of Mätzler to calculate the scattering properties of beads,
cells, and vesicles.

D.1 Total scattering cross section

The total scattering cross section Csca,tot is a hypothetical area describing the
probability of light with unit incident irradiance being scattered (in all directions)
by the particle. Therefore, the scattering cross section is proportional to the
quantity of light scattered by a particle. In Chapter 3, we used the scripts of
Mätzler to calculate the scattering efficiency Q, which is related to Csca,tot and
the particle cross section as follows:

Q =
4Csca,tot
πd2

(D.1)

where d is the particle diameter. We calculated the scattering cross section of a
gold sphere (np = 0.40 + 2.54i) with 200 nm diameter in water (nw = 1.33) using
an illumination wavelength of 532 nm to be 1.13 · 105 nm2. The character i is
mathematically defined as i =

√
−1 and represents the absorption losses of the

material. The scattering cross section for a 200 nm polystyrene sphere (np = 1.60)
is 4.22 · 103 nm2, which is 27 times smaller than the scattering cross section of a
200 nm gold sphere. The scattering cross section for a 200 nm vesicle (np = 1.38)
that contains a 10 nm thick shell (ns = 1.46), e.g. a phospholipid membrane, is
283 nm2, which is 15 times smaller than the scattering cross section of a 200 nm
polystyrene sphere and 399 times smaller than that of a 200 nm gold sphere.

D.2 Aperture-weighted scattering cross section

The detection methods used in Chapters 4, 5, and 6 collect scattered light under
specific angles. To take into account the optical configuration of these instruments,
the differential scattering cross section has to be integrated over the collection
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Figure D.1: Optical configuration of the (A) FACSCalibur flow cytometer and (B) coordi-
nate system and variables used to calculate the scattering intensity of a spherical particle
that is illuminated by a laser beam. Symbols are explained throughout the text.

angles of the instrument. In Chapter 5, we followed the approach of Fattaccioli et
al. [97] to calculate the forward and side scattered light from beads and vesicles
for the BD FACSCalibur (Becton Dickinson, Franklin Lakes, NJ, USA). However,
Fattaccioli et al. did not take into account that the transmission efficiency of a
lens decreases with increasing propagation angle relative to the optical axis.

In the next section, we will discuss the approach that we used in Chapters 4 and
6 to calculate the light scattering intensity for particles measured by nanoparticle
tracking analysis (NTA; NS500, Nanosight, UK) and flow cytometry.

D.2.1 Optical configuration FACSCalibur

Fig. D.1A shows a schematic of the optical configuration of the FACSCalibur. A
linearly polarized 15 mW argon-ion laser emitting at 488 nm is elliptically focused
to illuminate cells or vesicles, which are hydrodynamically focused in the flow cell.
Forward scattered light (FSC) is measured in line with the laser beam. To prevent
the laser directly illuminating the photodiode, the laser beam is blocked by the
obscuration bar (OB). Side scattered light (SSC) is collected by an objective with
a numerical aperture (NA) of 1.2, which is placed perpendicular to the beam.
NA characterizes the range of angles over which the objective collects light and is
defined as NA = nm sinαmax, where nm is the refractive index of the medium and
αmax is the maximum propagation angle. The SSC detector is a photomultiplier
tube (PMT), which is not only more sensitive than the photodiode of the FSC
detector, but also detects scattered light over a much broader angle. Therefore,
we select SSC as the trigger signal and measure SSC from vesicles to derive their
particle size distribution (PSD).
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D.2. Aperture-weighted scattering cross section

D.2.2 Optical configuration NS500

The optical configuration of the Nanosight NS500 is comparable to the detection
of SSC in the FACSCalibur. A linearly polarized 45 mW diode laser emitting at
405 nm is collimated in a flow cell and illuminates vesicles. Light is collected in
the SSC direction by an objective with an NA of 0.4.

D.2.3 Model

Fig. D.1B shows a spherical particle with diameter d and refractive index np that
is illuminated by a plane electromagnetic wave propagating along the z direction
and polarized in the x direction:

Ei = E0,xe
i(kz−ωt)êx (D.2)

with E0,x the electric field amplitude, ω the angular frequency, t the time, êx the
orthonormal basis vector in the direction of the positive x axis, k = 2πnm/λ the
wave number, and λ is the wavelength of the incident light in vacuum. The total
scattering cross section is given by:

Csca =

∫ 2π

0

∫ π

0

|X|2
k2

sin θdθdφ (D.3)

with θ the polar angle, φ the azimuthal angle, and X the vector scattering am-
plitude. In a flow cytometer, θ and φ are limited by the optical aperture of the
microscope objective, and since the detected scattering power P is in arbitrary
units, a scalar F is introduced to scale the calculations to the data:

P = F

∫ φ2

φ1

∫ θ2

θ1

η|X|2
k2

sin θdθdφ (D.4)

where η is the angle dependent transmission efficiency of the objective. For SSC
on the FACSCalibur, θ is integrated from θ1 = θo − αmax to θ2 = θo + αmax,
with θo the angle between the optical axis of the objective and the propagation
direction of the incoming wave êz. Since the objective has a circular geometry, φ1
is expressed in terms of θ as follows :

φ1 = arcsin

(
sin( 1

2π − αmax)

sin( 1
2π − θo + θ)

)
(D.5)

and φ2 = π−φ1. The number of steps over which θ and φ are integrated is 50. For
a spherical particle, the vector scattering amplitude X is related to the amplitude
scattering matrix elements Sj as follows:

X = (S2 cosφ)ê‖s + (S1 sinφ)ê⊥s (D.6)

where the basis vector ê‖s is parallel and ê⊥s is perpendicular to the scattering
plane, which is defined by the scattering direction êr and the propagation direction

167



Appendix D. Light scattering calculations

-1/2π 0 1/2π
0.0

0.2

0.4

0.6

0.8

1.0

η

α (rad)

Figure D.2: Transmission efficiency versus
angle of propagation for a high NA objective.

of the wave êz. The parameters S1 and S2 depend on d, np, nm, k, and θ, and are
calculated using the Matlab routines of Mätzler. Since ê‖s and ê⊥s are orthogonal,
the term |X|2 can be written as

|X|2 = |S2|2 cos2 φ+ |S1|2 sin2 φ (D.7)

Equation D.7 is used to calculate the scattering power for SSC on the NS500.
In the FACSCalibur, however, SSC is filtered by a 90/10 beam splitter placed
under the Brewster angle, such that only the scattered component parallel to êx
is measured [97]. Under these conditions, the term |X· êx|2 is to be considered
and can be written as

|X|2 = |S2|2 cos4 φ cos2 θ + |S1|2 sin4 φ+ (S1S
∗
2 + S∗1S2) cos2 φ sin2 φ cos θ (D.8)

Since the transmission efficiency η of light propagating through a high NA objective
decreases with increasing propagation angle α with respect to êo (see Fig. D.1A),
a sine function was chosen empirically as a weighting function for η:

η = sin

(
πα

2αmax
+

1

2
π

)
(D.9)

Fig. D.2 shows an example of the weighting function for αmax = 0.35π, which is
close to an NA of 1.2. To calculate α, it is expressed in terms of θ and φ by using
the inner product between êr and êo and taking φo = 1

2π, where φo denotes the
angle between êo and êx, resulting in

α = arccos[sinφ cos(θo − θ)] (D.10)

To find the optimal values for unknown values of F , NA, θo, and θs, a least square
fit was applied on data from beads of known size and refractive index. Since the
NS500 is equipped with a low NA objective, no weighting function was applied.
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APPENDIX E

Wound scabs protect regenerating tissue against

harmful ultraviolet radiation

This appendix contains a draft manuscript which is not related to the topic of this
thesis. The authors are E. van der Pol, Y.D. Mudde, F.A.W. Coumans, T.G. van
Leeuwen, A. Sturk, and R. Nieuwland.

Abstract

Benefits attributed to wound scabs include prevention of blood loss and protection
against infection. However, when formation of a wound scab is prevented the
risk of infection is reduced. Moreover, in the absence of a wound scab, wounds
heal faster and scar formation is reduced. The question arises why we develop a
wound scab. Here we show that wound scabs inhibit transmission of ultraviolet
radiation (UVR). We compared the UVR transmittance of human wound scabs to
sunscreen by measuring the sun protection factor (SPF) with diffuse transmittance
spectroscopy. Three wound scabs showed SPFs of 70, 84, and 300, which is more
effective than the most protective commercially available sun block. Our results
demonstrate that a wound scab offers natural protection against UVR, thereby
likely to reduce the risk of DNA damage during regeneration of wound tissue
exposed to sunlight.

E.1 Introduction

Wound healing is a complex interplay between haemostasis, inflammation, forma-
tion of new tissue, and tissue remodelling [195, 119, 33]. Haemostasis involves
formation of a platelet plug, thereby limiting blood loss and reducing the risk of
infection. Concurrently, leukocytes are recruited, granulation tissue, new blood
vessels and an extracellular matrix are formed, damaged tissue is removed, and
tissue remodelling starts that can last for more than a year [195, 119]. A hallmark
of dermal wound healing is the formation of a dry wound scab, which consists of
blood cells such as platelets and erythrocytes, and proteins such as fibrin [321].
Wound scabs contain higher numbers of microorganisms than the underlying tissue
[115], suggesting that one of the functions of wound scabs is to trap pathogens,
thereby reducing the risk of infection. However, a wound in the oral cavity is
not covered by a scab, and usually heals without infection despite the abundant
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presence of pathogens [115, 255]. In fact, when formation of a dry wound scab is
prevented, the risk of infection is reduced, wounds heal faster, and scar formation
is reduced [115, 255, 328, 103, 327]. Taken together, no beneficial trait is con-
sistently attributed to wound scabs. Because the intact skin protects underlying
tissue from ultraviolet radiation (UVR), we hypothesize that wound scabs, which
temporarily replace the skin, may also inhibit transmission of UVR, thereby re-
ducing the risk of sunlight-induced DNA damage to vulnerable cells in the wound
area during regeneration of tissue.

In order to study the UVR protection of wound scabs, we measured their UVR
transmittance, calculated their sun protection factor (SPF), and compared these
to values for sunscreen. In vivo, the SPF is defined as the amount of UVR required
to produce erythema on protected skin relative to unprotected skin [2]. Fig. E.1
shows that erythema of the Caucasian skin induced by solar irradiance is mainly
caused by the ultraviolet radiation B (UVB) region of the spectrum (280−315 nm),
with a maximum near 305 nm [2, 1, 281]. Fig. E.1 also shows that erythema is
considerably reduced when the skin is protected by SPF 15 sunscreen, as measured
by diffuse transmittance spectroscopy. In vitro, SPF is defined as the ratio of the
areas under the two curves [86].

E.2 Methods

E.2.1 Sample preparation

By micropipetting, 4µL/cm2 sunscreen (private label SPF 15 and SPF 50, Etos,
The Netherlands) was applied between two quartz slides to obtain a spatially ho-
mogeneous distribution by capillary attraction. The quartz slides were removed
from each other in lateral direction, resulting in two quartz slides coated with
2 µL/cm2 sunscreen each [2], which was immediately covered with medical tape
(Transpore, 3M company, MN, USA) to imitate the texture of human skin [86].
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After 30 min, the samples were mounted on an aluminium plate containing a
10.4 mm aperture, with the samples covering the aperture. Wound scabs were
collected anonymously from healthy individuals and mounted on a plate contain-
ing a 3.0 mm aperture.

E.2.2 Diffuse transmittance UVR spectroscopy

The samples were placed in the opening of an integrating sphere (70672, New-
port, CA, USA). Light from a fibre-coupled Xenon lamp (E7536, Hamamatsu,
Japan) was spectrally filtered (UG11, Schott, Germany) and collimated to a beam
with a diameter of 13.0 mm, resulting in an irradiance of 24 Wm−2. The out-
put port of the integrating sphere is connected to a fiber, guiding the light to a
thermo-electrically cooled CCD (S10141-1108S, Hamamatsu, Japan) mounted on
a 284 mm focal length imaging spectrograph (M266, Solar Laser Systems, Russia)
with a grating of 2,200 grooves mm−1. An Hg(Ar) lamp (6035, Oriel cooperation,
CA, USA) was used for spectral calibration. The acquisition time was 3.5 s for SPF
15 sunscreen and 35 s for the other samples. All data are reported as the mean
± standard deviation of 5 measurements. Data processing and data representa-
tion were done with Matlab (v.7.14, MathWorks, MA, USA) and OriginPro
(v.8.0724, OriginLab, MA, USA), respectively. After subtracting the dark current
and binning the data (bin width 1 nm), the transmittance T (λ) was calculated and
used to evaluate the SPF14:

SPF =

∫ 400nm

290nm
E(λ)S(λ)dλ∫ 400nm

290nm
E(λ)S(λ)T (λ)dλ

(E.1)

where E(λ) is the erythemal spectral effectiveness as defined by the International
Commission on Illumination [1], S(λ) the reference solar spectral irradiance [2],
and λ the wavelength of light.
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E.3 Results

The diffuse transmittance spectra of sunscreen with SPF 15 and SPF 50 and three
human wound scabs are shown in Fig. E.2. The transmittance spectra of sunscreen
with SPF 15 and SPF 50 are the mean transmittance spectra of 5 independent
measurements and result in an SPF of 15± 4 and 45± 11, respectively. All wound
scabs inhibit the transmission of UVB more effectively than SPF 50 sunscreen.
The measured SPFs of the studied wound scabs are 84, 70, and 300 for wound
scab A, B, and C, respectively.

Fig. E.3 shows the erythemal spectral effectiveness of solar irradiance in the
absence and presence of wound scab A. In the presence of wound scab A, solar
irradiance induces erythema 84 times slower than uncovered skin, illustrating that
a wound scab effectively protects underlying tissue from UVR.

E.4 Discussion and conclusion

We demonstrate that a human wound scab is an excellent sun block against UVR.
Exposure of the skin to sunlight results in absorption of UVR, leading to direct
UVB-induced DNA damage and indirect ultraviolet radiation A-induced DNA
damage via generation of reactive oxygen species [150]. It is mainly the UVB-
induced release of photo-damaged DNA fragments that leads to erythema and
triggers DNA repair mechanisms [91, 12, 80].

When DNA damage is not or insufficiently repaired, the remaining mutations
increase the risk of developing skin cancer, including melanoma [80, 92]. Because
a wound scab effectively inhibits exposure to UVR, coverage of a wound by a
scab protects the otherwise exposed cells from UVR-induced DNA damage. Since
extensive cell migration, proliferation and differentiation occur in a healing wound,
which is not protected from UVR by melanin, inhibition of UVR by a wound scab
is essential and is likely to reduce the risk of skin cancer.
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E.4. Discussion and conclusion

Our present finding is supported by two lines of circumstantial evidence. First,
after removal of a wound scab the underlying tissue is characterized by hypopig-
mentation (“white scarring”), illustrating that the newly formed skin is protected
from UVR-induced DNA damage and thus lacks melanin production. Second,
wounds formed on locations not exposed to UVR, such as wounds within the hand
palm or at the underside of the foot, tend not to develop a wound scab.

Taken together, we postulate that a main biological function of human wound
scabs is to inhibit the exposure to UVR, thus protecting otherwise exposed and
vulnerable cells in a wound from UVR-induced DNA damage. Future research
comprises the provision of epidemiological evidence that in the absence of a wound
scab people have an increased risk of skin cancer.
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Lüthi B., Marggraf S., Müller P., Schneebeli M. et al. Characterization of the
PILATUS photon-counting pixel detector for X-ray energies from 1.75 keV
to 60 keV in J. Phys. Conf. Ser. vol. 425 062001 IOP Publishing (2013).

89. Doornbos R.M.P., Schaeffer M., Hoekstra A.G., Sloot P., de Grooth B.G.
and Greve J. Elastic light-scattering measurements of single biological cells
in an optical trap Appl. Opt. 35(4), 729–734 (1996).

90. Dragovic R.A., Gardiner C., Brooks A.S., Tannetta D.S., Ferguson D.J.P.,
Hole P., Carr B., Redman C.W.G., Harris A.L., Dobson P.J., Harrison P. and
Sargent I.L. Sizing and phenotyping of cellulars vesicles using Nanoparticle
Tracking Analysis Nanomed. Nanotechnol. Biol. Med. 7(6), 780–788 (2011).

91. Eller M.S., Ostrom K. and Gilchrest B.A. DNA damage enhances melano-
genesis Proc. Natl. Acad. Sci. USA 93(3), 1087–1092 (1996).

92. Elwood J.M. and Jopson J. Melanoma and sun exposure: an overview of
published studies Int. J. Cancer 73(2), 198–203 (1997).

93. Escola J.M., Kleijmeer M.J., Stoorvogel W., Griffith J.M., Yoshie O. and
Geuze H.J. Selective enrichment of tetraspan proteins on the internal vesi-
cles of multivesicular endosomes and on exosomes secreted by human B-
lymphocytes J. Biol. Chem. 273(32), 20121–20127 (2010).

94. Faber D.J., Aalders M.C.G., Mik E.G., Hooper B.A., van Gemert M.J.C. and
van Leeuwen T.G. Oxygen saturation-dependent absorption and scattering
of blood Phys. Rev. Lett. 93(2), 028102 (2004).

95. Faber D.J., van der Meer F., Aalders M.C.G. and van Leeuwen T.G. Quan-
titative measurement of attenuation coefficients of weakly scattering media
using optical coherence tomography Opt. Express 12(19), 4353–4365 (2004).

96. Fang Y., Wu N., Gan X., Yan W., Morrell J.C. and Gould S.J. Higher-order
oligomerization targets plasma membrane proteins and HIV gag to exosomes
PLoS Biol. 5(6), e158 (2007).
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Pállinger E., Pap E., Kittel A., Nagy G., Falus A. and Buzás E.I. Membrane
vesicles, current state-of-the-art: emerging role of extracellular vesicles Cell.
Mol. Life Sci. 68(16), 2667–2688 (2011).
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Théry C., Rodŕıguez R. and Batanero E. Exosomes from bronchoalveolar
fluid of tolerized mice prevent allergic reaction J. Immunol. 181(2), 1519–
1525 (2008).

191



Bibliography

239. Pully V.V., Lenferink A. and Otto C. Hybrid Rayleigh, Raman and two-
photon excited fluorescence spectral confocal microscopy of living cells J.
Raman Spectrosc. 41(6), 599–608 (2010).

240. Pully V.V., Lenferink A.T.M. and Otto C. Time-lapse Raman imaging of
single live lymphocytes J. Raman Spectrosc. 42(2), 167–173 (2011).

241. Puppels G.J., Colier W., Olminkhof J.H.F., Otto C., De Mul F.F.M. and
Greve J. Description and performance of a highly sensitive confocal Raman
microspectrometer J. Raman Spectrosc. 22(4), 217–225 (1991).

242. Puppels G.J., De Mul F.F.M., Otto C., Greve J., Robert-Nicoud M., Arndt-
Jovin D.J. and Jovin T.M. Studying single living cells and chromosomes by
confocal Raman microspectroscopy Nature 347(6290), 301–303 (1990).

243. Radbruch A. Flow Cytometry and Cell Sorting 2nd edn. Springer, New York
(2000).

244. Rao S.K., Huynh C., Proux-Gillardeaux V., Galli T. and Andrews N.W.
Identification of SNAREs involved in synaptotagmin VII-regulated lysosomal
exocytosis J. Biol. Chem. 279(19), 20471–20479 (2004).

245. Raposo G., Nijman H.W., Stoorvogel W., Leijendekker R., Harding C.V.,
Melief C.J.M. and Geuze H.J. B lymphocytes secrete antigen-presenting vesi-
cles J. Exp. Med. 183(3), 1161–1172 (1996).

246. Ratajczak J., Wysoczynski M., Hayek F., Janowska-Wieczorek A. and Rata-
jczak M.Z. Membrane-derived microvesicles: important and underappreci-
ated mediators of cell-to-cell communication Leukemia 20(9), 1487–1495
(2006).

247. Rautou P.E., Leroyer A.S., Ramkhelawon B., Devue C., Duflaut D.,
Vion A.C., Nalbone G., Castier Y., Leseche G., Lehoux S., Tedgui
A. and Boulanger C.M. Microparticles From Human Atherosclerotic
Plaques Promote Endothelial ICAM-1-Dependent Monocyte Adhesion and
Transendothelial Migration Circ. Res. 108(3), 335–343 (2011).

248. Record M., Subra C., Silvente-Poirot S. and Poirot M. Exosomes as intercellu-
lar signalosomes and pharmacological effectors Biochem. Pharmacol. 81(10),
1171–1182 (2011).

249. Redgrave T.G., Roberts D.C.K. and West C.E. Separation of plasma lipopro-
teins by density-gradient ultracentrifugation Anal. Biochem. 65(1), 42–49
(1975).

250. Righini M., Ghenuche P., Cherukulappurath S., Myroshnychenko V.,
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Caspase-3-mediated cleavage of ROCK I induces MLC phosphorylation and
apoptotic membrane blebbing Nat. Cell Biol. 3(4), 346–352 (2001).

263. Shah M.D., Bergeron A.L., Dong J.F. and López J.A. Flow cytometric
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Extracellular vesicles

The human body is made up of cells. Cells release small sacks filled with fluid,
which are called “extracellular vesicles”. The diameter of extracellular vesicles
(EV) typically ranges from 30 nm to 1µm, the smallest being some 100-fold smaller
than the smallest cells of the human body. Because cells release EV into their
environment, our body fluids, such as blood, saliva, and urine, contain numerous
EV.

Detection hampers clinical applications of EV

Cells release EV to remove waste, and to transport and deliver cargo, such as
receptors and genetic information, to other cells. Since the size, concentration,
cellular origin, and composition of EV in body fluids change during disease, EV
have promising clinical applications, such as diagnosis of cancer and monitoring
the efficacy of therapy. However, clinical applications of EV are not realized yet,
because currently used detection techniques lack the sensitivity to detect the ma-
jority of EV.

Aim of this thesis

The aim of this thesis is to improve the detection of EV by (1) obtaining insights
into physical properties of EV, and (2) gaining a profound understanding of tech-
niques to detect EV.

Physical properties of EV

Detection is the act of perceiving “something”. To specify “something”, physically
detectable properties of EV are defined in Chapter 2. Examples of these properties
are size, concentration, density, morphology, biochemical composition, refractive
index, zeta potential and deformability. This thesis focuses on the properties size,
concentration and refractive index of EV, since these three properties play a key
role in the optical detection of EV.
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Gaining understanding of detection techniques

In Chapter 3, an overview of currently available and potentially applicable tech-
niques to detect the size and concentration of EV is provided. The working prin-
ciple of all techniques is briefly discussed, as well as their capabilities and limita-
tions based on the underlying physical parameters of the technique. To compare
the precision in determining the size of EV between the discussed techniques, a
mathematical model is developed to calculate the expected size distribution for a
reference EV population. In Chapter 4, the most applicable techniques of Chapter
3 are selected for an experimental evaluation. For these techniques, the accuracy
and precision in measuring the EV size and concentration are determined. Al-
though each technique gives a different size distribution and concentration for the
reference EV population, all techniques indicate that the concentration of EV de-
creases with increasing diameter. Consequently, the minimum detectable EV size
of a technique affects the measured concentration. Differences between the mini-
mum detectable EV size of techniques explain the 100,000,000-fold difference in the
reported concentrations of EV in human blood plasma. The relationship between
the concentration of EV and their diameter can be described by the power-law
function.

EV detection by flow cytometry

Chapter 5 addresses EV detection by flow cytometry, which is the most widely
used technique to study single EV. Due to their small size and high concentration,
however, multiple EV are simultaneously illuminated by the laser beam of the flow
cytometer, and therefore are counted as a single event signal. This phenomenon
is christened “swarm detection”. In addition, the relationship between light scat-
tering and the diameter of EV is modeled using Mie theory. This relationship is
used to demonstrate that a currently widely applied standardization procedure for
EV detection selects EV and cells with a diameter of 800−2,400 nm instead of the
envisioned 500−900 nm. Consequently, in many studies other particles than the
envisioned EV were studied.

Refractive index of EV

A variable of Mie theory is the refractive index of EV, which determines how effi-
ciently a EV scatters light. In Chapter 6, a method based on nanoparticle tracking
analysis is developed to determine the size and refractive index of single EV and
other nanoparticles. For urinary EV a mean refractive index of 1.37 at 405 nm
was obtained, which is much lower than the frequently and often unintentionally
assumed values between 1.45 and 1.63. The low refractive index of EV implies
that EV scatter light less efficiently than calibration beads. Consequently, detect-
ing scattering from EV demands a sensitive detector. The determined refractive
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index of EV can be used to relate scattering to diameter, which is useful for data
interpretation and calibration.

EV detection by tunable resistive pulse sensing

Tubable resistive pulse sensing is a technique to measure the size and concentration
of EV in suspension. In Chapter 7, a protocol is developed to determine and
improve the reproducibility of tunable resistive pulse sensing.

Single-step isolation of EV

Because body fluids contain many particles other than EV, EV require isolation
prior to detection. Isolation of EV particularly from plasma is challenging due
to the presence of proteins and lipoproteins. In Chapter 8, a single-step protocol
to isolate EV from human body fluids is developed. The protocol is based on
size-exclusion chromatography and has excellent recovery and enrichment.

The future of EV-based diagnostics

In the future, EV will be included in reference tables, such as hematology ref-
erence tables, as their physical properties are expected to correlate with disease.
Prerequisites to establish EV as clinical biomarkers are: (1) knowledge of phys-
ical properties of EV, (2) insight into capabilities and limitations of detection
techniques, (3) availability of techniques with the capability of deriving the cellu-
lar origin and function of EV and with improved sensitivity compared to current
state-of-art technology, and (4) standardization of measurements. Standardization
is important for data comparison between laboratories. In Chapter 9, the appli-
cability of EV detection by techniques that are beyond the current state-of-art is
discussed. Chapter 10 enlightens the future of EV-based diagnostics.

This thesis provides solid insight into (1) the physical properties of EV and (2)
the capabilities and limitations of current detection techniques. This knowledge is
the onset to (3) the development of novel detection techniques and (4) improved
standardization procedures, which are important steps towards EV-based diagnos-
tics.
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Samenvatting

Celblaasjes

Het menselijk lichaam is opgebouwd uit cellen. Cellen snoeren ronde blaasjes af,
die “celblaasjes” worden genoemd. Deze celblaasjes zijn kleiner dan een duizend-
ste millimeter. De kleinste celblaasjes zijn maar liefst duizend keer kleiner dan
de dikte van een mensenhaar. Omdat cellen blaasjes afsnoeren, bevatten onze
lichaamsvloeistoffen, zoals bloed, speeksel en urine, talrijke celblaasjes.

Klinische toepassingen van celblaasjes

Cellen snoeren blaasjes af om afval te verwijderen en om te communiceren met
andere cellen. Omdat de grootte, concentratie, herkomst en samenstelling van
celblaasjes in lichaamsvloeistoffen verandert tijdens ziekte, heeft het meten van
celblaasjes veelbelovende klinische toepassingen, zoals kanker diagnostiek en het
monitoren van de effectiviteit van therapie. Klinische toepassingen van celblaasjes
zijn er echter nog niet, met name omdat de meeste celblaasjes te klein zijn voor
de huidige meettechnieken.

Doel van dit proefschrift

Het doel van dit proefschrift is om het meten van celblaasjes te verbeteren. Dit
doel wordt bereikt door (1) het verkrijgen van inzicht in de natuurkundige ei-
genschappen van celblaasjes, en (2) het verkrijgen van inzicht in technieken die
gebruikt worden om celblaasjes te meten.

Natuurkundige eigenschappen van celblaasjes

Meten is de waarde van een natuurkundige eigenschap bepalen. In Hoofdstuk 2
worden de natuurkundige eigenschappen van celblaasjes gedefinieerd. Voorbeelden
van deze eigenschappen zijn de de diameter, concentratie, dichtheid, vorm, bio-
chemische samenstelling, brekingsindex, oppervlaktelading en vervormbaarheid.
In dit proefschrift ligt de nadruk op de eigenschappen diameter, concentratie en
brekingsindex van celblaasjes, omdat deze drie eigenschappen een belangrijke rol
spelen bij het meten van celblaasjes met behulp van optische technieken.
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Het verkrijgen van inzicht in de meettechnieken

Hoofdstuk 3 geeft een overzicht van momenteel gebruikte en mogelijk toepasbare
technieken voor het meten van de diameter en concentratie van celblaasjes. Het
werkingsprincipe, de mogelijkheden en de beperkingen van de technieken worden
besproken op basis van de onderliggende natuurkundige eigenschappen van deze
technieken. Om de kwaliteit van de technieken te kunnen vergelijken, is een wis-
kundig model ontwikkeld om per techniek de verwachte grootteverdeling van een
referentie populatie van celblaasjes te berekenen. Het wiskundig model geeft in-
zicht in de nauwkeurigheid waarmee de technieken de diameter van celblaasjes
kunnen meten.

In Hoofdstuk 4 worden de meest geschikte technieken uit Hoofdstuk 3 gese-
lecteerd en gebruikt om de diameter en concentratie van een referentiepopulatie
van celblaasjes te meten. Hoewel elke techniek een andere grootteverdeling en
concentratie meet voor dezelfde populatie celblaasjes, meet elke techniek een af-
name van de concentratie celblaasjes bij toenemende diameter. Door deze relatie
tussen de concentratie en diameter van celblaasjes, hangt de gemeten concentratie
celblaasjes af van de kleinste celblaasjes die een techniek kan gemeten. De ver-
schillen tussen de kleinst meetbare celblaasjes van technieken verklaren waarom
de gemeten concentraties van celblaasjes in menselijk bloedplasma onderling een
factor 100.000.000 kunnen verschillen.

Celblaasjes meten met flowcytometrie

Hoofdstuk 5 gaat over het meten van celblaasjes met flowcytometrie. Flowcy-
tometrie is de meest toegepaste techniek om celblaasjes één voor één te meten.
Door de geringe diameter en de hoge concentratie van celblaasjes worden echter
meerdere celblaasjes tegelijkertijd belicht door de laserstraal van de flowcytome-
ter, met als gevolg dat deze celblaasjes samen worden geteld als één groter deeltje.
Dit fenomeen wordt “zwerm detectie” genoemd. Verder is de relatie tussen licht-
verstrooiing en de diameter van celblaasjes beschreven met Mie-theorie. Uit deze
relatie blijkt dat een wereldwijd gebruikte standaardisatieprocedure om celblaasjes
te meten geen celblaasjes selecteert van 500−900 nm, maar celblaasjes en zelfs cel-
len met een diameter van 800−2.400 nm. Dat betekent dat in vele studies andere
deeltjes zijn bestudeerd dan de veronderstelde celblaasjes.

Brekingsindex van celblaasjes

Een variabele van de Mie-theorie is de brekingsindex van celblaasjes. De bre-
kingsindex bepaalt hoe efficiënt een celblaasje licht verstrooit. Kennis van de
brekingsindex van celblaasjes is een voorwaarde voor het afleiden van de diameter
van celblaasjes uit het lichtverstrooiingssignaal van bijvoorbeeld een flowcytome-
ter. In Hoofdstuk 6 is een methode ontwikkeld om de diameter en brekingsindex
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van afzonderlijke celblaasjes en andere nanodeeltjes te bepalen. Voor celblaasjes
uit menselijk urine is een gemiddelde brekingsindex van 1,37 bij een golflengte van
405 nm gevonden. Deze waarde ligt veel lager dan de tot nu toe veronderstelde
waarde tussen de 1,45 en 1,63. Door hun lage brekingsindex verstrooien celblaasjes
licht veel minder efficiënt dan synthetische kalibratie bolletjes van dezelfde diame-
ter. Het spreekt dan ook voor zich dat het meten van celblaasjes zeer gevoelige
technieken vereist.

Celblaasjes meten met een klein gaatje

Met de techniek “Tunable resistive pulse sensing” worden celblaasjes één voor één
door een klein gaatje geleid om de diameter en concentratie van celblaasjes te
meten. Hoofdstuk 7 beschrijft een protocol voor het bepalen en verbeteren van de
reproduceerbaarheid van deze techniek.

Zuiveren van celblaasjes

Lichaamsvloeistoffen bevatten naast celblaasjes ook andere deeltjes met een ver-
gelijkbare diameter, zoals eiwitten en lipoprotëınen. Daarom moeten celblaasjes
worden gescheiden van deze andere deeltjes voordat ze kunnen worden gemeten.
In Hoofdstuk 8 is een protocol geschreven om celblaasjes uit menselijke lichaams-
vloeistoffen te zuiveren. Het protocol is makkelijker te gebruiken dan huidige
protocollen om celblaasjes te zuiveren.

De toekomst van diagnostiek op basis van celblaas-
jes

Als een patiënt het ziekenhuis bezoekt, wordt vaak bloed afgenomen. In dit bloed
monster wordt het aantal cellen geteld en het resultaat van deze celtelling wordt
vergeleken met referentietabellen van gezonde proefpersonen. Deze informatie
helpt een arts om een diagnose te stellen. Omdat de natuurkundige eigenschappen
van celblaasjes in lichaamsvloeistoffen verandert tijdens ziekte, zullen celblaasjes
in de toekomst deel uit maken van dergelijke referentietabellen. Vereisten voor
het gebruik van celblaasjes in de kliniek zijn: (1) kennis van de natuurkundige
eigenschappen van celblaasjes, (2) inzicht in de mogelijkheden en beperkingen van
technieken voor het meten van celblaasjes, (3) de beschikbaarheid van technieken
die de functie en cellulaire herkomst van celblaasjes kunnen meten en die kleinere
celblaasjes kunnen meten dan de huidige technieken, en (4) standaardisatie van
metingen. Standaardisatie van metingen is van belang om klinische resultaten van
verschillende ziekenhuizen onderling te kunnen vergelijken. In Hoofdstuk 9 wordt
de toepasbaarheid van nieuwe technieken voor het meten van celblaasjes besproken.
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Hoofdstuk 10 bevat een uiteenzetting over de toekomst van diagnostiek op basis
van celblaasjes.

Dit proefschrift biedt diepgaand inzicht in (1) de natuurkundige eigenschappen
van celblaasjes, en (2) de mogelijkheden en beperkingen van de huidige technieken
voor het meten van celblaasjes. De verworven kennis geeft aanzet tot (3) de
ontwikkeling van nieuwe meettechnieken, en (4) standaardisatie van metingen,
wat essentiële stappen zijn om diagnostiek op basis van celblaasjes mogelijk te
maken.
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Bûtensellige pûdsjes ûnder it fergrutglês

Durk H. Veenstra, Maaike W. Andela, Jantsje Y. Veenstra-Tjalma,

Anne R. Glazema en Edwin van der Pol

Bûtensellige pûdsjes

It minsklik lichem bestiet út sellen. De sellen fan it minsklik lichem skiede withoe
folle lytse pûdsjes ôf, dy’t yn it Ingelsk “extracellulaire vesicles” hjitte - bûtensellige
pûdsjes of selpûdsjes yn it Frysk. Dizze selpûdsjes binne lytser as in tûzenste
milimeter. De lytste selpûdsjes binne sels tûzen kear lytser as de dikte fan in
minskehier. Om’t al ús sellen pûdsjes yn harren omjouwing loslitte, kinne jo
harren yn ús bloed, flibe, urine en oare lichemsfloeistoffen fine.

Nei alle gedachten hawwe selpûdsjes klinyske ta-
passings

Sellen litte pûdsjes los om ôffal fuort te smiten en om fracht te ferfieren nei oare
sellen. Om’t de grutte, konsintraasje, oarsprong en gearstalling fan de selpûdsjes
by sike minsken oars is as by sûne minsken, soenen selpûdsjes klinyske tapassings
hawwe kinne. Sa’n tapassing is bygelyks it fêststellen fan sikens en it byhâlden
fan it ferrin fan terapy. Klinyske tapassings foar selpûdsjes besteane lykwols noch
net, om’t de selpûdsjes sa lyts binne dat se net sa bêst te mjitten binne mei de
hjoeddeiske techniken.

Doelstelling fan dit proefskrift

It doel fan dit proefskrift is om it mjitten fan selpûdsjes te ferbetterjen. Dit sil
barre troch (1) it opdwaan fan nije ynsichten yn de natuerkundige eigenskippen fan
selpûdsjes en (2) it krijen fan djiprikkende kunde fan hjoeddeiske en nije techniken
foar it mjitten fan selpûdsjes.
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Natuerkundige eigenskippen fan selpûdsjes

As jo wat mjitte wolle, dan moatte jo earst witte hokker eigenskippen jo mjitte
wolle. De natuerkundige eigenskippen fan selpûdsjes dy’t wy mjitte kinne, binne
ûnder oare de grutte, konsintraasje, brekkingsyndeks, gearstalling, foarm, tichtens,
oerflaktespanning en ferfoarmberhyd (Haadstik 2). Yn dit proefskrift rjochtsje we
ús foaral op de grutte, konsintraasje en brekkingsyndeks fan selpûdsjes, om’t dizze
trije eigenskippen it meast wichtich binne foar it mjitten fan selpûdsjes mei optyske
techniken.

Begrip krije fan mjittechniken

Yn Haadstik 3 wurdt in oersicht jaan fan beskikbere en potinsjeel tapasbere me-
toaden om de grutte en konsintraasje fan selpûdsjes te mjitten. Der wurdt sprutsen
oer de wurking, mooglikheden en beheinings fan ferskate metoaden op grûnslach
fan de ûnderlizzende natuerkundige eigenskippen fan dy techniken. Om de brûkbe-
rens fan de ferskate metoaden te fergelykjen, waard der in rekkenmodel ûntwikkele
om per metoade de grutte-ferdieling fan deselde populaasje selpûdsjes te foarspel-
len. It rekkenmodel jouwt ynsicht yn de sekuerens fan de ferskate metoaden wermei
de grutte fan selpûdsjes teoretysk mjitten wurde kin.

De meast geskikte metoaden út Haadstik 3 wurde yn Haadstik 4 brûkt om
de grutte-ferdieling en konsintraasje fan deselde populaasje selpûdsjes te mjitten.
Nijsgjirrich genôch mjit eltse technyk in oare grutte-ferdieling en konsintraasje foar
deselde populaasje selpûdsjes. Derneist is der ek in oerienkomst: alle techniken
litte folle mear lytse as grutte selpûdsjes sjen. As jo selpûdsjes telle wolle, dan
moatte jo sadwaande goed yn’e gaten hawwe wat de lytst mjitbere selpûdsjes
binne. Yn oare wurden, de gefoeligheid fan in technyk is fan grutte ynfloed op
de metten konsintraasje. Dit ynsicht ferklearret it ferskaat yn de konsintraasjes
selpûdsjes yn minskebloed, dy’t oprinne kin oant ferskillen fan wol 100.000.000
kear!

Selpûdsjes mjitte mei in selteller

Haadstik 5 besjocht it mjitten fan selpûdsjes mei in selteller. Dit is de meast brûkte
technyk om selpûdsjes ien foar ien te mjitten. Troch harren lytse trochsnee en
hege konsintraasje wurde dochs faak meardere selpûdsjes op it selde stuit opljochte
troch de laserstriel fan de selteller. Al dizze selpûdsjes wurde dan lykwols telt as
ien grut selpûdsje. Wy hawwe dit ferskynsel “swaarm deteksje” doopt. Dêrneist
is de relaasje tusken ljochtwjerkeatsing en de trochsnee fan selpûdsjes modellearre
mei de saneamde Mie-teory. Dêrmei wurdt sjen litten dat de op it stuit breed
tapaste standerdisaasjeproseduere selpûdsjes en sellen útsiket mei in trochsnee fan
800 oant 2.400 nm, ynstee fan de trochsnee fan 500 oant 900 nm, dy’t hja earst op
it each hienen.
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Brekkingsyndeks fan selpûdsjes

In fariabele fan de Mie-teory is de brekkingsyndeks fan selpûdsjes, dy bepaalt hoe
goed in selpûdsje ljocht ferstruit. Yn Haadstik 6 is in metoade ûntwikkele om de
grutte en de brekkingsyndeks fan nanopartsjes, sa as selpûdsjes, te mjitten. Foar
urine-pûdsjes fûnen wy in gemiddelde brekkingsyndeks fan 1,37 by in golflingte
fan 405 nm, wat in stik leger is as de faak ûnbedoeld oannaam wearden tusken
1,45 en 1,63. De lege brekkingsyndeks betsjut dat selpûdsjes minder goed ljocht
ferstruie as de faak brûkte kalibraasjebaltsjes. Dêrom hat it mjitten fan pûdsjes in
gefoelige detektor nedich. De berekkene brekkingsyndeks fan selpûdsjes kin brûkt
wurde foar de ferhâlding tusken de ljochtwjerkeatsing en de trochsnee. En dat is
dan wer brûkber foar ynterpretaasje fan mjittingen mei de selteller.

Selpûdsjes mjitte mei in lyts gatsje

Mei de metoade “resistive pulse sensing” wurde de selpûdsjes troch in lyts gatsje
lutsen om sa de elektryske wjerstân te mjitten. Dizze wjerstân is in maat foar de
grutte fan selpûdsjes. Yn Haadstik 7 is in rjochtline ûntwikkele om de betrouberens
en gefoeligens fan dizze metoade te besjen en te ferbetterjen.

Ienfâldige skieding fan selpûdsjes

Om’t lichemsfloeistoffen ek in protte oare dieltsjes as selpûdsjes hawwe, moatte
selpûdsjes skieden wurde foardat hja metten wurde kinne. It skieden fan selpûdsjes,
yn it bysûnder selpûdsjes fan bloedplasma, is tige dreech troch de oanwêzigens fan
aaiwiten en fetaaiwiten. Yn Haadstik 8 is in ienfâldige rjochtline ûntwikkele foar
it skieden fan selpûdsjes fan lichemsfloeistoffen, sûnder dat we derby in protte
selpûdsjes kwytreitsje.

It paad nei selpûdsje-diagnostyk

As in siik persoan yn it sikehûs bedarret, wurde der faak buiskes mei bloed
ôfnommen. Fan dit bloedmûnster wurde de sellen teld en fergelike mei de oan-
tallen fan sûne persoanen. Dit wurdt dien mei saneamde referinsjetabellen. Mei
de ôfwikings fan de referinsjetabellen kin de dokter in diagnoase stelle. Yn de ta-
komst sille selpûdsjes ûnderdiel wurde fan sokke referinsjetabellen, om’t der sterke
oanwizings binne dat harren eigenskippen by sike minsken oars binne as by sûne
minsken. Foardat selpûdsjes klinysk brûkt wurde kinne, sille der earst op fjouwer
gebieden fjidere stappen setten moatte wurde. (1) Der moat genôch kunde wêze
fan de natuerkundige eigenskippen fan selpûdsjes. (2) Wy moatte ynsicht hawwe
yn de mooglikheden en de beheinings fan de mjittechniken dy’t wy brûke wolle.
(3) Der moatte techniken ûntwikkele wurde wermei’t it mooglik is om de sellulêre
oarsprong en funksje fan de lytste selpûdsjes te mjitten. (4) As lêste sil der in
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standaardisaasje fan mjittingen komme moatte. Yn Haadstik 9 wurde metoaden
besjoen foar it mjitten fan selpûdsjes dy’t bûten de hjoeddeiske mooglikheden lizze.
Haadstik 10 beljochtet it paad nei selpûdsje-diagnostyk.

Dit proefskrift jout in deeglik ynsicht yn de natuerkundige eigenskippen fan
selpûdsjes en de mooglikheden en beheiningen fan de besteande mjittechnyken.
Dizze kunde is it begjin fan it ûntwikkeljen fan nije mjitmetoaden en ferbettere
standerdisaasjerjochtlinen. En dat is wer in wichtige stap yn de rjochting fan
selpûdsje-diagnostyk.
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Stellingen

1. Detectie van extracellulaire vesicles wordt belemmerd door hun kleine
grootte.

2. In humane lichaamsvloeistoffen neemt de concentratie van extracellulaire
vesicles af bij toename van hun diameter.

3. Een flowcytometer detecteert zowel grote vesicles als zwermen van kleine
vesicles, die beide eenzelfde signaal genereren.

4. De gemeten concentraties van extracellulaire vesicles in humaan plasma kun-
nen onderling tot een factor 108 verschillen. Deze verschillen worden veroor-
zaakt door stellingen 1−3 en de verschillende detectiegrenzen van de ge-
bruikte meettechnieken.

5. Het rapporteren van een gemeten concentratie van extracellulaire vesicles is
alleen zinvol als ook het groottebereik wordt vermeld.

6. Gegeven het totale membraanoppervlak van extracellulaire vesicles in bloed
is het waarschijnlijker dat vesicles een rol spelen bij de bloedstolling dan bij
transport van afval.

7. Een voorwaarde om inzicht te verwerven in de functies van extracellulaire
vesicles is het bestuderen van modelorganismen, zoals bacteriën [287] en
borstelwormen [183].

8. Wondkorsten beschermen de herstellende huid tegen ultraviolette straling.

9. Fouten publiceren is minder fout dan gepubliceerde fouten verzwijgen (bij-
voorbeeld E. Boilard et al., Science 2010 [41]).

10. De voorspelde zeespiegelstijging in het jaar 2100 door opwarming van de
aarde is verwaarloosbaar ten opzichte van de zeespiegeldaling tijdens de vol-
gende ijstijd (op basis van De menselijke maat door S. Kroonenberg [173]).

11. Ter behoud van het legendarische karakter van de Elfstedentocht zou het
beleid van de Koninklijke Vereniging De Friesche Elf Steden zich moeten
richten op het maximaliseren van het aantal deelnemers dat de tocht vol-
brengt.

12. Het feit dat Diederik Stapel een hogere h-index heeft dan Peter Higgs, toont
aan dat wetenschappelijke kwaliteit niet kan worden gekwantificeerd.
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Dit avontuur begon in de intercity tussen Amersfoort en Amsterdam. Na een sol-
licitatiegesprek nam ik toevallig plaats naast Leon Terstappen, die mij adviseerde
om een kijkje te nemen bij Ton van Leeuwen in het Academisch Medisch Centrum
(AMC).

Op Bevrijdingsdag 2009 fietste ik daarom van de Middenweg naar de Meiberg-
dreef voor een sollicitatiegesprek met Ton. Uit de opmerking “kijk, een 7, dat is
niet zo best” bleek al snel dat bij Ton de lat hoog ligt en dat er enige twijfels
waren over mijn cijferlijst. Van mijn kant waren er echter ook twijfels over de
geheimhouding van de projectomschrijving: “Het projectvoorstel is vertrouwelijk,
dus dat kan ik je niet geven. Maar het zou aardig zijn als je nog even met Rienk
Nieuwland kunt praten”.

Ik zag mijn kans schoon en wist Rienk te charmeren met de Friese samenvatting
van mijn Master scriptie, welke wellicht een doorslaggevende rol heeft gespeeld bij
de overweging om mij aan te nemen, gezien mijn matige cijferlijst. Een half uur
later fietste ik mét een kopie van een projectvoorstel over vesicles naar huis en op
1 juli begon mijn promotietraject.

Het verloop van dit sollicitatiegesprek is kenmerkend voor de samenwerking
tussen mij, mijn promotoren en copromotor. Het voortbrengen van nieuwe kennis
door het samenbrengen van twee verschillende vakgebieden vereist balans, open-
heid, humor en misschien ook toeval: vier ingrediënten die volop aanwezig waren.
Ton en Rienk, ik ben jullie erg dankbaar voor het vertrouwen dat jullie in mij
hebben gesteld. Onze wekelijkse discussies hebben sterk bijgedragen aan de tot-
standkoming van dit proefschrift. Ton, ik waardeer het dat je naast het leiden van
de vakgroep tijd hebt vrijgemaakt voor mijn onderzoek, en ik wil je bedanken voor
de vrijheid die je me hebt gegeven. Ik bewonder je creativiteit, brede inzicht in de
natuurkunde en openheid. Een mogelijkheid tot samenwerken ga je vrijwel nooit
uit de weg. Rienk, ik heb veel lering getrokken uit jouw levenswijsheden (“bluff
your way”) en je kennis van de biologie en wetenschappelijk schrijven (de 80-20
regel). Jouw experimentele inzichten en ideeën hebben mij een hoop rekenwerk
bespaard. Ik heb veel te danken aan jouw staat van dienst in het vesicle onderzoek
en jouw besef van ontbrekende kunde. Het is genieten als jij de metrologisten quasi
onschuldig vraagt wat de onzekerheid is van de laatste anomalous small angle X-
ray scattering resultaten. Guus, ik wil je bedanken voor je scherpe kritiek op onze
manuscripten en toekomstplannen. Vanaf de zijlijn hield jij overzicht en stuurde
mijn project op cruciale momenten bij, waarvoor ik je erkentelijk ben.
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Naast de hulp van mijn promotors en copromotor, is dit proefschrift mede tot
stand gekomen door de hulp en ondersteuning van vele collegae, familie en vrien-
den. Allereerst wil ik alle mensen van het Laboratorium Experimentele Klinische
Chemie (LEKC) bedanken voor hun tomeloze inzet. Frank, dit is het tweede dank-
woord waarin ik je noem. Sinds onze kennismaking in Philadelphia heb ik veel van
je geleerd. Je kritische blik, sterke mening en parate kennis waardeer ik enorm.
Ik prijs me dan ook gelukkig met jouw aanstelling in het AMC, wat onmiskenbaar
heeft bijgedragen aan de inhoud van dit proefschrift, de planning van mijn pro-
motie en de continüıteit van het onderzoek naar vesicle detectie.

Anita (B.), onder jouw dagelijkse supervisie heeft het LEKC zich ontwikkeld
tot het equivalent van een geoliede pipetteermachine met wereldwijde faam. Ik
ben erg blij met je expertise in de biochemie en de gesprekken en discussies die
we buiten het werk om gehad hebben. Anita (G.), hartelijk dank voor je expe-
rimentele ondersteuning. Jouw elektronen microscopie afbeeldingen vormen de
fundamenten van dit proefschrift. Het opwerken van 5 L mannelijke urine vlak
na je ontbijt is vast een onvergetelijke ervaring die een extra pluim verdient. Chi,
zo delicaat als je de pipet hanteert, zo gezwind heb jij een stress poppetje gehal-
veerd. Mijn dank gaat in het bijzonder uit naar je experimentele ondersteuning
buiten het AMC. Onze avonturen in Oxford en Enschede hebben geleid tot een
dataset ter dikte van dit proefschrift, waaruit ongetwijfeld een mooi manuscript
zal voortvloeien. Marianne, jij hebt mij de fijne kneepjes van de flow cytometer
bijgebracht, waarvoor dank. Najat, bedankt voor de energie die je gestoken hebt
in het verbeteren van de qNano metingen. De moeilijkheid van deze opgave blijkt
uit de term “qNono” die Hajar voor dit instrument bedacht heeft en waar ik tot
ongenoegen van sommigen nog steeds veel plezier aan beleef. Yuana, als metro-
logist van het LEKC heb je een onmetelijke hoeveelheid vesicles gëısoleerd, wat
onontbeerlijk is voor het METVES project. René, ik waardeer je sceptische blik
en kritiek tijdens de werkbespreking, mede omdat ze mijn focus gericht houden op
de klinische toepassing. Tevens gaat mijn waardering uit naar je digitale onder-
steuning. Moore, bedankt voor het overbrengen van jouw expertise op het gebied
van elektronen microscopie. Anneke, het was mij een waar genoegen om de laatste
hoofdstukken van dit proefschrift bij jouw op kantoor te typen. Hartelijk dank
voor je secretariële ondersteuning.

Mijn dank gaat eveneens uit naar iedereen van de afdeling Biomedical Engineering
& Physics (BMEP), waar een groot deel van dit werk gedaan is. In het bijzon-
der bedank ik Jelmer en Paul (B.) voor hun bijdrage een de ontwikkeling van de
Raman opstelling, Angela en Judith voor hun positieve bijdrage aan de chemie,
veiligheid en hygiëne in het lab, Martin (B.) voor de razendsnelle digitale onder-
steuning en Jetty voor haar secretariële inzet. Martin (van G.), jouw rekenkunde
en ervaring is van onschatbare waarde voor onze groep. Ik wil je bedanken voor
jouw bijdrage aan met name hoofdstuk 5. Dirk, jouw kennis van lichtverstrooiing
lijkt onuitputtelijk. Onze discussies over de scripts van Mätzler, die ik tussen neus
en lippen door ook erkentelijk ben, vormen de basis van 4 hoofdstukken uit dit
proefschrift. Henk, met veel plezier heb ik met je samengewerkt tijdens het be-
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geleiden van Quido en het onderhouden van de BMEP website. Ed, helaas heeft
ons ZonMw project het daglicht nooit gezien. Wellicht kunnen we de pen weer
eens oppakken voor een nieuwe projectaanvraag. Cees, bedankt voor je advies
over met name de elektrode van de qNano. Nienke, “keeper of the beads”, jouw
sinterklaas gedicht veranderde mijn eigen perspectief op dit onderzoek voorgoed.
Veel succes in Twente! Nicolas, Martijn, Rolf en Roy, jullie humor en kennis van
mijn werk heeft geleid tot de titel van dit proefschrift, waarvoor veel dank. Roy
en Jeroen (van der A.), ik heb genoten van ons dagelijkse bakje koffie bij Carla,
wat goed was voor de ontspanning en zelfs heeft geleid tot een publicatie. Mitra,
naast de koffiepauzes op het voetenplein vind ik je ontwikkeling van chemica naar
“optica” prachtig. Jeroen (K.), Duc en Paul (C.), met veel plezier heb ik met jullie
samengewerkt aan manuscripten op het gebied van optische coherentie tomogra-
fie. Maurice, Annemarie, Nienke, Ronald, Oscar en Judith, het optreden met de
BEPH-band heeft een fantastische indruk op mij na gelaten. Vanuit de diepste
krochten der AMC dank ik mijn (ex-) mede kelder genoten, Gerda, Jasmin, Sas-
kia, Kai, Annemieke en Richelle, maar ook de laatste generatie Tim, Alan, Paul
(R.), Dick en Leah voor de goede sfeer en de morele ondersteuning tijdens de koffie.

Tijdens dit onderzoek heb ik de eer gehad om studenten te begeleiden voor hun
profielwerkstuk, natuurkunde research practicum, Bachelor onderzoek of Master
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