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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 [229]. We will use the term “vesicles” for all
vesicles in human body fluids and culture media because no consensus exists on
nomenclature and classification [229]. 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
[233], and are sensitive to collection and handling conditions [233, 331, 176, 334,
234, 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 [181], 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
present in 1 mL plasma (histogram bin width 10 nm) and a log-normal distribution that
was least squares fit to the data (red line). The log-normal fit was used to derive the
distribution of vesicle surface area (B) and total vesicle volume (C) per 10 nm bin. For
comparison, the total surface area and total volume of 5 · 106 leukocytes is shown in panels
B and C, respectively.
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Figure 9.2: Raman spectrum of a sin-
gle erythrocyte-derived vesicle. The
Raman spectrum of a single erythro-
cyte vesicle is shown in suspension af-
ter subtraction of the background spec-
trum of the medium. The peaks re-
veal specific chemical bonds, which are
present in this vesicle. For instance,
the peak at 1,654 cm−1 is characteris-
tic for Amide I, the peak at 1,440 cm−1

is characteristic for methylene (CH2)
bending, and the peak at 2,947 cm−1 is
characteristic for hydrocarbon (C−H)
stretching.

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 [240]. 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 < 1µm3, 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 [238]. 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 [285]. 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 [263], 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 [262]. 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, 174].
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 (< 1µm) 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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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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