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Exosomes and Microvesicles: Methods and Protocols brings together a collection of methods 
for studying extracellular vesicles (EV). There has been significant growth in the field of EV 
research over the last decade as we understand more about the role of exosomes, microves-
icles, and other EVs in many facets of cellular biology. This has been brought about with 
the emerging role of EVs in cell-cell communication and their potential as sources of dis-
ease biomarkers and a delivery agent for therapeutics.

The protocols in this volume of Methods in Molecular Biology cover methods for the 
analysis of EVs which can be applied to those isolated from a wide variety of sources. This 
includes the use of electron microscopy, tunable resistance pulse sensing, and nanoparticle 
tracking analysis. Furthermore, analysis of EV cargoes containing proteins and genomic 
material is covered in detailed chapters that contain methods for proteomic and genomic 
analysis using a number of different approaches. Also presented are approaches for isolating 
EVs from different sources such as platelets and neuronal cells and tissues. Combined these 
provide a comprehensive discussion of relevant methodologies for researching EVs. As with 
other volumes in the Methods in Molecular Biology series, the notes sections at the end of 
each methods chapter give invaluable insight into the methods and provide information 
which can help with troubleshooting and further experimental optimization.

I would like to thank the chapter authors for their contributions to this volume and the 
editorial assistance of John Walker (Series Editor) in putting this volume together.

Melbourne, Australia Andrew F. Hill 

Preface
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Chapter 1

Methods to Analyze EVs

Bernd Giebel and Clemens Helmbrecht

Abstract

Research in the field of extracellular vesicles (EVs) is challenged by the small size of the nano-sized particles. 
Apart from the use of transmission and scanning electron microscopy, established technical platforms to 
visualize, quantify, and characterize nano-sized EVs were lacking. Recently, methodologies to characterize 
nano-sized EVs have been developed. This chapter aims to summarize physical principles of novel and 
conventional technologies to be used in the EV field and to discuss advantages and limitations.

Key words Nanoparticle tracking analysis, Electron microscopy, Dynamic light scattering, Flow 
cytometry, Extracellular vesicles, Resistive pulse sensing

1 Introduction

Eukaryotic and prokaryotic cells release a variety of nano- and 
micron-sized membrane-containing vesicles into their extracellular 
environment, which are collectively referred to as extracellular ves-
icles (EVs). EVs can be harvested from cell culture supernatants 
and from all body fluids including plasma, saliva, urine, milk, and 
cerebrospinal fluid [1]. Depending on their origin, different EV 
subtypes can be distinguished. Together with apoptotic bodies 
(1000–5000 nm), exosomes (70–160 nm) and microvesicles 
(100–1000 nm) provide the most prominent groups of EVs. 
Exosomes are defined as derivatives of the endosomal system and 
correspond to the intraluminal vesicles of multivesicular bodies 
(MVBs), which, upon fusion of the MVB with the plasma mem-
brane, are released into the extracellular environment [2–4]. In 
contrast, microvesicles are directly pinched off the plasma mem-
brane [3]. Even though the release of exosomes was initially 
reported in 1983 by detailed structural analysis using transmission 
electron microscopy [5], research on nano-sized EVs did not gain 
significant prominence until the discovery that small EVs transport 
small RNAs, including micro RNAs [6, 7]. Since then, the interest 
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in EVs as mediators for intercellular signaling, biomarkers for 
 diseases, drug delivery vehicles, or therapeutical agents has dra-
matically increased [8, 9].

The research in the EV field is challenged by the small size of 
the nano-sized EVs. Apart from transmission and scanning elec-
tron microscopy, established technical platforms to visualize, quan-
tify and characterize nano-sized EVs were lacking. In 2011 the 
nanoparticle tracking analysis (NTA) was initially described as a 
useful technology to characterize nano-sized EVs [10, 11]. NTA 
has emerged as one of the most prominent, state-of-the-art tech-
nologies in the EV field. In addition, other methods adopted from 
the field of nanotechnology are available, which have been or 
might be used for the characterization of EVs. This chapter aims to 
summarize physical principles of novel and conventional technolo-
gies to be used in the EV field and to discuss advantages and limita-
tions, which are summarized in Table 1.

Table 1 
Current methods for EV analysis

Technique Particle size
Time for 
measurement Limitations Advantages

Cryo-TEM <1 nm … mm >1 h Sample preparation, only 
small amount of sample 
is analyzed

Morphology

DLS, 
homodyne

1 nm … 6 μm 1–2 min Polydisperse samples 
challenging, presence of 
large particles biases 
results

Wide size range

DLS, 
heterodyne

0.5 nm … 6 μm 1–2 min Analog homodyne DLS, 
but not as dominant

Wide ranges of size and 
concentration

NTA 20 nm … 1 μm 5–10 min Dilution necessary for 
high concentration, 
non-standardized 
method

Visualization, resolution 
(even polydisperse 
samples), low 
concentrations

FCM 300–500 nm … 
10 μm

1 min Working range, pore 
blocking, 
calibration

Fluorescence, 
biochemical 
information

AFM 10–1000 nm >1 h Analog cryo-TEM Morphology

RPS 50 nm to 
10 μm, 
dependent on 
pore size

30 min Working range, pore 
blocking, calibration

High resolution, 
compatible with 
buffers

AF4 ca. 5 nm to 
20 μm

1 h Sample dilution, 
interaction of sample 
with membrane

Fractionation

TEM transmission electron microscopy, DLS dynamic light scattering, NTA nanoparticle tacking analysis, FCM flow 
cytometry, AFM atomic force microscopy, RPS resistive pulse sensing, AF4 flow field flow fractionation

Bernd Giebel and Clemens Helmbrecht
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2 EV Analysis

There are a number of optical and nonoptical methods to analyze 
the size, quality, and concentration of nanoparticles. The maximal 
resolution (dA) of classical light microscopy depends on the wave-
length of light (λ) and the numerical aperture (NA) of the lenses. 
It can be calculated according to the formula:

 
dA NA

.=
×
l

2  
(1)

High-quality lenses (e.g., oil immersion objectives) rarely reach 
apertures of more than 1.4. Accordingly, at a supposed wavelength 
of 550 nm, conventional light microscopes have difficulty resolv-
ing structures less than 200 nm in size. To detect smaller struc-
tures, electron microscopic techniques are required. Thus, EVs are 
conventionally analyzed by electron microscopy, usually via trans-
mission electron microscopy (TEM) and in some cases by scanning 
electron microscopy (SEM) [10, 12]. New fluorescence based 
super-resolution microscopic techniques such as STED (stimulated 
emission depletion) or PALM (photoactivated localization micros-
copy) and atomic/scanning force microscopy definitively allow for 
higher resolutions and certainly will provide important informa-
tion on the nature of EVs in the near future [13–16].

For the preparation of EV samples for electron microscopy differ-
ent methods can be used. Heavy metals, such as osmium tetroxide 
and uranyl acetate, increase the contrast of the analyzed samples. 
However, like aldehyde-based fixation methods, heavy metal treat-
ment regularly results in the dehydration of the samples, resulting 
in EV shrinkage and deformation. Accordingly, EVs frequently 
adopt cup-shaped morphologies, which were initially considered as 
a characteristic feature of exosomes [12]. Upon using cryoelectron 
microscopic technologies lacking chemical fixation and staining 
procedures, native EV sizes and shapes can almost be conserved. 
Here, freshly prepared EVs are transferred to grids and immedi-
ately are cryofixed in liquid nitrogen. As a result of the procedure, 
water is placed in a glass-like state without forming destructive ice 
crystals, thus, leaving the EV structure largely intact [17, 18]. 
Although the electron microscopic analyses provide important 
information on the EV morphology, this technology does not 
allow EV quantification; among others EVs do not quantitatively 
adhere to the grids.

Methods based on the analysis of scattered light are eminently suit-
able for the contact-free analysis of delicate samples such as bio- 
nanoparticles—EVs. In nearly every analysis device, ranging from 
dynamic light scattering (DLS) to fluorescent cell sorting, light 

2.1 Electron 
Microscopy

2.2 Physical 
Background on Light 
Scattering

Methods to Analyze EVs
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scattering is utilized to gain information about the samples in a fast 
and efficient way. Before describing current techniques, a brief 
physical background about the light scattering features of small 
particles should be given.

When small particles (ranging in size from approximately 100 nm 
to several μm), such as in diluted milk or fog, are illuminated by a 
directed beam of light from a laser pointer, the light beam becomes 
visible as the particles scatter the incident light. Single, larger par-
ticles can even be recognized by eye, like dust in the sunlight. In 
the middle of the nineteenth century, Tyndall (1820–1893) 
observed this phenomenon and used it for the detection of small 
particles in liquids. Although he probably was not the first who 
discovered this phenomenon, the effect has been termed the 
“Tyndall effect.” The scattered light contains information, allow-
ing detection and analysis of the particles which is employed in 
common and new techniques based on light scattering.

Bearing in mind the principle of energy conservation, energy can-
not be created nor destroyed but only changed from one form into 
another. As an example, energy (the momentum) can be trans-
ferred from one billiard ball to another. In the elastic case, the bil-
liard balls deform during collision (although this cannot be seen by 
eye), kinetic energy is transferred and the billiard balls return to the 
original form. In contrast, if one of the balls would be made of 
modeling mass, parts of the transferred energy lead to inelastic 
deformation of the modeling mass ball and only parts of the 
momentum are transferred as kinetic energy.

This example reflects the underlying principle in light scatter-
ing. Light is an electromagnetic wave with wavelengths visible to 
the human eye ranging from 380 to 780 nm. The electromagnetic 
wave consists of a large number of small discrete energy packages, 
the photons. The energy of a photon, transferring the energy (E), 
can be calculated via the expression

 
E

h c
= 0

l  
(2)

(h Planck’s constant, h = 6.626 x 10−34 Js; c0: speed of light in vac-
uum, c0 = 2.998 × 108 ms−1).

Upon illumination of a given particle, the light wave inter-
acts with the particle; more precisely, the photons of the light 
wave transfer their energy to the particle’s electrons. As a con-
sequence the electrons oscillate and finally energy can be 
released in form of scatter light in all directions uniformly. In 
elastic scattering, the energy transferred by the photons is 
identical to the energy of the scatter light; consequently, the 
incident and scatter light have identical wavelengths (Fig. 1). 

2.2.1 Tyndall Effect

2.2.2 Elastic 
and Inelastic Light 
Scattering

Bernd Giebel and Clemens Helmbrecht
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Examples for elastic light scattering are Rayleigh scattering 
and Mie scattering, which will be explained below. If the energy 
of the incident and scatter light differ from each other, the pro-
cess is termed inelastic light scattering. Light scattered in a 
Raman process is an example of inelastic light scattering. In 
such a process a part of the energy of the incident light is trans-
formed into another form of energy, e.g., heat or vibrational 
energy. In Stokes Raman scattering, the wavelength of the scat-
tered light is longer than the incident light. In anti-Stokes 
Raman scattering the wavelength of the scattered light is shorter 
than the wavelength of the incident light. The additional energy 
derives from vibrational energy of the molecules of the particle, 
e.g., when the molecules are in excited state.

Of note, compared to elastic scattering, Raman scattering 
is very weak and requires well thought-out arrangements for 
detection [19, 20].

The characteristic of how particles scatter light is mainly related to 
their size. Within the scope of this chapter, we focus on Rayleigh 
and Mie scattering.

Rayleigh scattering describes the elastic scattering of electro-
magnetic waves on particles with sizes rather small compared to 
the incident wavelength r < 0.2 λ. The intensity of the scattered 
light is inversely related to the fourth power of the wavelength 
λ of the incident light. Consequently, light with shorter wave-
lengths is scattered with higher intensities than light with lon-
ger wavelengths. A well-known phenomenon which can be 
explained by Rayleigh scattering is the blue color of the sky; 

2.2.3 The Influence 
of Particle Size

2.2.4 Rayleigh Scattering

Fig. 1 Incident light wave with Ei and λi shifts the electrons of the particle from a 
ground state E0 to a virtual level E1. Elastic scattering: from the virtual level E1, 
electrons return to the ground state, no energy is transformed (e.g., Rayleigh 
scattering). Inelastic scattering: electrons do not return to the ground state E0. 
Parts of the incident energy (Eem″) are transformed into other energy forms (e.g., 
Stokes scattering)
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molecules in the atmosphere scatter the blue parts of sunlight 
approximately ten times stronger than the red parts.

The scattering intensity I also depends on the index of 
refraction n of both, of the particle (n1) and surrounding medium 
(n2). The refractive index is defined as the ratio between the speed 
of light in a given material and in a vacuum. The relative refraction 
index m = n1/n2; n1 and n2 are the refractive indices of particle and 
surrounding media, respectively. Considering all these parameters, 
the intensity (I) of the Rayleigh scattering at a certain distance (R) 
and scattering angle (θ) [21] is given by:
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Of note, the intensity of Rayleigh scattering is proportional to the 
sixth power of the size of small particles, which restricts the size 
detection limit of many scatter based methods. In contrast, the 
irradiation intensity (I0) is only linearly linked to the intensity of 
Rayleigh scattering. A large difference in the refractive index of the 
surrounding medium and the illuminated particles (e.g., water 
n2 = 1.333) increased the intensity of the scattered light.

Particles with similar or larger sizes than the wavelength of the 
incident light cause Mie scattering. The formula to calculate the 
intensity of Mie scattering at a given angle and distance of larger 
particles is much more complex and is neglected here. Particles 
with an approximate size of the wavelength of the incident light 
can be considered as an aggregation of material, whose oscillating 
electrons influence each other and may scatter the light toward a 
certain direction. As a consequence, the Mie scattering intensity is 
less dependent on the wavelength of light than Rayleigh scattering. 
For example, waterdrops in clouds cause wavelength-independent 
Mie scattering; that is the reason why clouds appear white.

For a more detailed description on light scattering, we like to 
refer to more specific literature [22, 23].

3 Methods Based on Light Scattering

An advanced technology applying the scattering light for the 
characterization of nanoparticles is the method of dynamic light 
 scattering (DLS), also known as photon correlation spectroscopy 
(PCS). Here, a distinct proportion of the sample volume—regu-
larly a few microliters—is illuminated with a laser beam. The light 
scattered from the particles within the illuminated part of the 
probe is recorded over time [24]. Due to their Brownian motion, 
the particles in the sample are constantly moving, some of them 
leaving and some of them entering the illuminated part of the 

2.2.5 Mie Scattering

3.1 Dynamic Light 
Scattering (DLS)
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probe. This causes fluctuations of the scattering light, which is 
registered by the detector. Since smaller particles move faster 
within the probe than larger particles, smaller particles cause 
higher fluctuations than larger particles. By the combination of 
mathematical models of the Brownian motion and the light scat-
tering theory differential particle sizes can be calculated within 
seconds [25]. While in the beginning of commercial DLS (around 
1970) only narrow size distributions could be measured, the 
range of modern DLS instruments typically covers sizes ranging 
between 1 nm and 6 μm [26]. To obtain optimal results, the 
presence of contaminants such as dust particles, air bubbles, 
debris and inorganic particles, which can derive from laboratory 
water (e.g., silicates, phosphates, carbonates), must be circum-
vented. For better reproducibility, optimized sample preparation 
including filtration of buffers is mandatory [27].

Depending on the position of the detector, two different 
DLS systems are commercially available, the homodyne and the 
heterodyne DLS.

In a homodyne DLS setup, the laser and detector are 
arranged perpendicular to each other (Fig. 2). The incident light 
with the intensity I0 illuminates the sample and becomes partially 
scattered by the particles suspended in the probe. The intensity 
of the scattered light (IS) is recorded by the detector. Critical 
parameters in this setting are the distance the light has to pass 
through the sample until it reaches the detector and the concen-
tration of the particles. If the particles are too concentrated, sec-
ondary scattering occurs diminishing the amount of scatter light 
that reaches the detector. Hence, appropriate dilutions have to 
be titrated to obtain valid data [28].

Within heterodyne DLS systems the backscattered light is 
analyzed (Fig. 2). The incident laser light is coupled into an opti-
cal fiber to illuminate the probe with the intensity I0. Only light, 
which is scattered by the particles within the probe in an angle of 
180°, can reenter the optical fiber and become transmitted with 

Fig. 2 Principle of homodyne and heterodyne DLS systems
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an intensity IS to the detector [29]. In addition to the average size 
distribution of the particles in the probe and following calibration, 
heterodyne DLS regularly enables to determine the particle con-
centration of given probes. For appropriate measurements of par-
ticle sizes, analyses of polydisperse probes require particle size 
differences with ratios of d1/d2 > 1.8 [30].

Regularly, a 20–50 μL sample volume is sufficient to determine 
the average particle size distribution on commercial DLS instru-
ments in less than a minute. Analyses of monodisperse samples, 
i.e., samples only containing particles with the same size, yield reli-
able results. In the case of polydisperse samples such as blood 
plasma samples, the results may be less clear and require knowl-
edge of the applicable mathematical model. The results are dis-
torted by larger particles with diameters in the micrometer range, 
already when they are present at low concentrations [30]. Upon 
analyzing samples with high particle concentrations or samples 
containing larger agglomerates, heterodyne DLS instruments pro-
vide more flexibility than homodyne instruments, but still are lim-
ited compared to other techniques such as the nanoparticle 
tracking analysis (NTA) [31].

In 2011 NTA was reported to provide a suitable method for EV 
characterization for the first time [10, 11]. Since then, NTA has 
emerged as one of the standard techniques for the characterization 
of EVs. It also allows analyses of larger particles within the microm-
eter range and thus has also been designated as particle tracking 
analysis (PTA).

Analogous to DLS, NTA records the Brownian motion of 
small particles. Similar to DLS, particles in the sample are visual-
ized by the illumination with incident laser light. The scattered 
light of the particles is recorded with a light-sensitive CCD cam-
era, which is arranged at a 90° angle to the irradiation plane 
(Fig. 3). The 90° arrangement, also known as ultramicroscopy, 
allows detection and tracking of the Brownian motion of 
10–1000-nm-sized vesicles. Using a special algorithm the size of 
each individually tracked particle is calculated, thus simultane-
ously allowing determination of the average size distribution of 
particles in a given sample as well as their concentration. Even 
though the NTA technology is relatively new on the market, it 
originated almost 25 years ago [32]; the commercial implementa-
tion of this technique required the availability of fast computer 
systems that are able to cope with the computationally intensive 
video analysis in reasonable time frames.

A brief introduction of the physical principle underlying NTA 
is as follows: When small particles are dispersed in a liquid (the so- 
called continuous phase, e.g., water), the particles move randomly 
in all directions. This phenomenon is termed diffusion and is 
expressed by the diffusion coefficient (D). In more detail, the 

3.2 Nanoparticle 
Tracking Analysis 
(NTA)
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undirected migration of given particles is caused by energy trans-
fers from surrounding water molecules to the particle. In the 
absence of any concentration gradient within the dispersion and 
upon long-term observation, the distances small particles move in 
any direction should neutralize each other over time, leaving a 
total movement of almost zero. However, during given time inter-
vals, diffusing particles move within certain volume elements. In 
NTA the time t between two observation spots is quite short 
(~30 ms). The distance particles have moved during the time inter-
val are recorded and quantified as the mean square displacement 
(x2). Depending on the number of dimensions (one, two or all 
three dimensions) the diffusion coefficient can be calculated from 
the mean square displacement as follows:

 
D

x
t

D
x y
t

D
x y z

t
= = =

2 2 2

2 4 6
, , ,

.
 

Via the Stokes-Einstein relationship, the particle diameter d can be 
calculated as function of the diffusion coefficient D at a tempera-
ture T and a viscosity η of the liquid (kB Boltzmann’s constant) 
[33]:
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In NTA, the particle fluctuation of a single particle is registered in 
two dimensions. After combining the Stokes-Einstein relationship 
and the two-dimensional mean square displacement, the equation 
can be solved for the particle diameter d with:
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Fig. 3 Schematic setup of a nanoparticle tracking analyzer
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By simultaneously tracking several particles, their diameters can be 
determined in parallel. Figure 4 shows a typical particle size distri-
bution of vesicles harvested from blood plasma.

The lower limit of the working range, i.e., the smallest detect-
able particle size, depends on the scattered intensity of the particle 
(compare Eq. 3), the efficiency of the magnifying optics and the 
sensitivity of the camera [34]. Silver and gold nanoparticles are 
strong scatterers due to the comparably large refractive indices of 
2–4 and can be detected down to sizes of ~10 nm. Biological 
nanoparticles such as EVs have refractive indices of around 1.37–
1.45 resulting in a limit of detection of 30–50 nm for NTA [35].

NTA allows the direct measurement of concentration as single 
particles in the illuminated volume are visualized. Thus, NTA is an 
absolute measurement technique allowing the determination of 
total surface or volumes of particles in a sample (see Fig. 4). For the 
measurement of concentration, the instrument is calibrated with 

Fig. 4 Particle size distributions of vesicles in blood plasma. The particle size distributions range from <100 to 
1000 nm dependent on weighing according to number, area, or volume. NTA as absolute technique allows 
quantification of concentration, area, and volume of vesicles present in the sample
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size standards of known size and concentration. The visualization 
of the sample gives a unique impression on the quality of the sam-
ple, such as the presence of agglomerates. The working range of 
0.5 × 106 and 1 × 1010 particles per cm3 is very low compared to 
DLS, allowing NTA to analyze low concentrated samples. To 
record representative size distribution profiles, it is recommended 
to analyze a range of 1000–10,000 single particles.

While in the early stages of NTA development, the manual 
adjustment of microscope and laser was time-consuming, nowa-
days, the measurement cell is aligned within minutes. Currently, 
commercial NTA instruments are offered by only two companies 
(Malvern Instruments Ltd. and Particle Metrix GmbH). 
Depending on the model temperature control, conductivity and 
zeta potential measurement are integrated. The zeta potential 
reflects the surface charge of given particles, which might be 
related to their stability. Currently, efforts are undertaken to 
implement additional components, which, for example, can auto-
matically dilute probes to optimal particle concentrations, record 
electrochemical parameters (e.g., the pH of the probe), and allow 
for the specific characterization of fluorescent-labeled EVs.

The quality of an NTA result is influenced by particle con-
tamination. In addition to the contaminating particles, which 
were mentioned in the section of DLS, high concentrations of 
stabilizing agents (e.g., surfactants) are critical as soon as they 
reach their critical micellar concentration (CMC). Contaminating 
particles may derive from diluents (distilled water or buffer agents) 
or from chemicals used during preparation of samples. Regularly, 
chemicals are not certified for the absence of nanoparticles. 
Precipitates of phosphates, carbonates, or silicates as well as dust 
can be removed by filtration of the buffers, ideally with pore sizes 
below 50 nm. Degassing in ultrasonic bath is also helpful to 
remove air bubbles [34].

For the characterization of EVs, it would be desirable to simul-
taneously analyze the presence of different molecules expressed 
on the surface of EVs using a high-throughput technology. At 
the cellular level, such analyses are regularly performed by 
FC. However, due to the configuration of conventional flow 
cytometers, the size detection limits of particles lie somewhere 
between 300 and 500 nm [36]. Thus, by means of conventional 
flow cytometry, only large EVs can be analyzed at an individual 
particle level. To this end, EV FC analyses have indeed already 
been carried out on larger EVs, particularly in the area of plate-
let research. In the literature corresponding EVs are usually 
referred to as microparticles [37–39]. Analyses of smaller EVs 
by flow cytometry require either a special mechanical setup, or 
EVs must be bound by immunological methods to carrier 
particles.

3.3 Flow 
Cytometry (FC)
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Magnetic carrier particles or latex beads can be coated with 
antibodies that recognize epitopes on EVs, e.g., anti-CD63 anti-
bodies. If the antibody-coated beads are added to EV-containing 
samples, aggregates between the beads and the EVs are formed, 
which can be concentrated by magnetic separation or by low-speed 
centrifugation, respectively. For an appropriate aggregation, suffi-
cient quantities of EVs need to be present in the sample; the beads 
should get saturated with EVs, otherwise aggregates with several 
beads might form. The aggregate formation of EVs with several 
beads can be reduced by vortexing or pipetting. In analogy to cells, 
the formed bead-EV aggregates can be labeled with different 
fluorescence- labeled antibodies. Due to the presence of the beads, 
these aggregates are big enough to be analyzed on conventional 
flow cytometers [40–43]. This technology offers the great advan-
tage for a fast and comprehensive EV characterization. However, 
since only aggregates and not individual EVs are analyzed, this 
form of analysis is a bulk analysis and finally may not reveal much 
more information than conventional Western blots.

Irrespective of the low size resolution of conventional flow 
cytometers, analyses of small EVs at the single-particle level pro-
vide several challenges. As long as the particles are larger than the 
wavelength of light, their size corresponds to the amount of the 
forward-scattered light, which is measured at the forward scatter 
detector. If the particle sizes are around or below the wavelength 
of the light, the intensity of light scattered to the side increases 
proportionally to the forward-scattered light. Accordingly, the size 
of particles that are smaller than the wavelength of the incident 
light can better be determined upon measuring the scattered light 
at the side scatter detector than on the forward scatter detector. 
Alternatively, an extended forward scatter detector can be used, 
which collects the forward-scattered light and proportions of the 
side scattered light.

Groups that have optimized the setup of configurable flow 
cytometers for the measurement of nano-sized particles were 
already able to analyze viruses and EVs at a single-particle  resolution 
[44–46]. Essential prerequisites for such measurements are the 
reduction of signal-to-noise ratio and an increase in the sensitivity 
of the scatter light detection. According to the formula of the 
Rayleigh scattering, a linear increase in sensitivity can be achieved 
by increasing the intensity of the laser light [44]. In addition, the 
signal-to-noise ratio largely depends on the processing of the 
sheath fluid. Regularly, commercial products are sterilized by filtra-
tion through 0.22 μm filters, which is not sufficient to remove 
background noise producing nanoparticles such as calcium phos-
phate or calcium carbonate nanoparticles. Thus, filtration through 
0.05 μm filters is highly recommendable [44]. The background 
noise can also be reduced upon staining EVs with a strong fluores-
cent dye, e.g., the membrane-intercalating PKH67, and by trig-
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gering the subsequent flow cytometric measurements on the 
fluorescence and not as conventionally on the scattered light [46]. 
The disadvantage here is that aggregates of the unbound fluoro-
chromes should be removed before stained EVs get analyzed. Even 
though it is time consuming, currently, density gradient centrifu-
gation appears as the most appropriate technology to separate fluo-
rochrome aggregates and stained EVs. Irrespectively of this, EVs 
can also be marked with fluorescence conjugated antibodies allow-
ing for the specific analyses of antigens of interest [46, 47]. Since 
the surface of EVs is orders of magnitude smaller than that of cells, 
antibodies should be used being conjugated to very bright fluoro-
chromes such as B-phycoerythrin (B- PE) or R-PE. Usage of anti-
bodies with weaker fluorochromes can only be recommended, 
when corresponding epitopes are known to be expressed on the 
EVs very abundantly [47].

Another challenge is the concentration of the EVs to be mea-
sured. Ideally, for single particle analyses, the concentration of par-
ticles to be measured should be in the range of 5 × 105 to 5 × 106 
particles per ml sample liquid. If particles are higher concentrated, 
swarm detection can occur, that is, the simultaneous detection of 
several particles at a given moment [48]. Following enrichment of 
EVs, the concentration regularly strongly exceeds this value; con-
sequently, probes to be measured have to be diluted to sometimes 
homeopathic appearing dilutions.

Raman scattering is a form of inelastic light scattering [19]. Even 
though most of the incident light is scattered in an elastic manner, 
each molecule also specifically scatters light in an inelastic manner and 
thus generates individual Raman spectra of the scattered light. Raman 
microspectroscopy allows the recording and analysis of sample spec-
tra and thus gives information on molecular composition of probes of 
interest. This technique has been used to analyze the composition of 
EVs and allowed discrimination of different EV subtypes from each 
other [49]. Especially when combined with atomic force microscopy, 
Raman spectroscopy might offer a very potent technology to analyze 
and discriminate different EV subtypes [50].

Raman microspectroscopy is a relatively high-priced and spe-
cialized technique. Setup and acquisition require a relatively large 
amount of time, resulting in an incompatibility with high- 
throughput analyses (10–100 vesicles per hour). Due to the low 
intensity of the Raman scattering signal (approx. <1:10,000 of 
elastic scattering), the measurement is influenced by artifacts 
demanding high grade of manual effort and expertise of the oper-
ating personnel. During measurement, EVs are exposed to a high- 
intensity light beam, which can induce photostress and cause 
adverse effects. Depending on the dose and wavelength of the 
incident light beam, (photo) reactions might be induced in the 
EVs and change them irreversibly [49].

3.4 Raman 
Microspectroscopy 
(RM)
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In the 1980s, considerable efforts were made to develop tech-
niques allowing resolving solid state surfaces at atomic levels. As a 
result, the atomic force microscope (AFM) [51] and later the scan-
ning tunneling microscope (STM) were developed.

AFM is based on a tip mounted on a cantilever that is moved like 
the pick-up of a record player in a defined distance over the surface of 
the material to be analyzed. The radius of the tip ideally is reduced to 
that of a few atoms. The torsion of the cantilever is a measure for the 
forces between tip and surface as function of the distance. The tip is 
either attracted (e.g., van der Waals forces) or repelled (e.g., electro-
static forces) from the surface resulting in characteristic force-distance 
curves. In the beginning, AFM has been utilized for the quantitative 
description of the topology of solid-state surfaces under vacuum con-
ditions. Meanwhile immobilized particles such as vesicles can also be 
analyzed in buffers [36, 52, 53]. Thus, AFM became a feasible 
method for the characterization of EVs, especially to analyze their 
size and topology [54, 55]. However, as immobilization of EVs 
might affect their topology, results are influenced by the mode of 
sample preparation [56].

Resistive pulse sensing (RPS) is a technology to measure absolute 
sizes and the concentration of particles in suspension, whose sizes 
range from 100 nm to 100 μm. In principal, the system contains 
two cells, both equipped with an electrode. The cells are con-
nected by membrane containing a small pore or a micro-channel, 
regularly with pore sizes below 1 μm (Fig. 5). To analyze the 
particle concentration and the average size distributions of sus-
pensions, an electric field is applied onto the electrodes. As a con-
sequence, charged particles migrate to the anode or cathode, 
respectively. In analogy to the Coulter principle, each time a par-
ticle passes through the pore, the electrical resistance of the buf-
fer gets altered. These alterations in resistance are recorded. Since 
alterations in the resistance depend on the volume of the migrat-
ing particles, the particle sizes and their zeta potential can be 
calculated [57]. As a prerequisite for this method, the pore diam-
eter (q) has to be much smaller than the pore thickness (l). 
Following calibration with particles of defined sizes, particle sizes 
and their zeta potentials can be calculated; they are proportional 
to the shapes and heights of the recorded pulses. Considering the 
pore of the membrane as a cylinder, the electrical resistance (R) 
of the pure buffer can be calculated as:

 
R

l
A

= r
 

ρ: specific resistance of the buffer, l: pore thickness (typically 
several tens of μm), A: pore area.

3.5 Scattered-Light- 
Independent 
Technologies

3.5.1 Atomic Force 
Microscopy (AFM)

3.5.2 Resistive Pulse 
Sensing (RPS)

Bernd Giebel and Clemens Helmbrecht



15

With A = π/4 × q2 the pore area is related to the pore diameter 
(q). In reality, each particle contains a specific electrical resistance 
which theoretically has to be considered. However, specific electrical 
resistances of given particles are high. If particles are considered as 
insulators, their specific electrical resistance can be neglected [58].

Provided the platform is equilibrated with particles of known 
concentration, the estimated count rates of given particle suspen-
sions to be analyzed reveal their particle concentrations.

The upper end of the working range is limited by the pore size, 
the lower end on the sensitivity in the detection of resistance changes 
(typically ~0.2 q). Before usage, every membrane needs to be cali-
brated with size standards. Upon analyzing biological samples, pore 
blocking often increases the analysis time per sample of up to 1 h. 
RPS instruments capable of detecting particles in the lower nanome-
ter ranges (in general <100 nm) are under development [59].

The family of field flow fractionation techniques (FFF) comprises 
instruments separating polydisperse samples in individual fractions 
while simultaneously determining their particle size. FFF techniques 
are characterized by high resolution and compatibility to flow detec-
tors and have already been used to characterize EVs [60, 61].

The separation is based on the so-called cross-flow principle, 
in which two orthogonal forces act on the particle. Depending on 
the underlying FFF technique, the forces can be created differ-
ently, either by friction in flow field FFF (FFFF, F4), sedimentation 
(sedimentation FFF, SdFFF), or an electrical field (ElFFF). FFFF 
and SdFFF are the most common techniques [62].

In FFFF a separation channel with an asymmetrical flow pro-
file (asymmetrical FFFF, AF4) is prevailingly used; it gives the 
most reproducible results with lowest sample loss (Fig. 6). Before 

3.5.3 Field Flow 
Fractionation (FFF)

Fig. 5 Resistive pulse sensing (RPS). Left: Typical setup with two cells separated 
via an insulating membrane with a single pore. Right: Transient signal of current 
representing a (1) large-, (2) small-, and (3) medium-sized particle. Following 
calibration, the count rate, i.e., the number of pulses per time interval, reflects 
the concentration of the particle suspension to be analyzed
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fractionation starts, the sample is focused as a small band on the 
semipermeable membrane. During fractionation two perpendicu-
lar flows act on the sample, a laminar flow and a cross flow. The 
cross flow counteracts the diffusion tendency of the particles 
away from the membrane. Approximately 10 min after starting 
the measurement, the diffusion and cross flow are equilibrated 
and the particles have accumulated in a certain distance to the 
membrane, which depends on the diffusion coefficient of the par-
ticles. Since smaller particles contain higher diffusion coefficients 
than larger ones, smaller particles accumulate at higher distances 
away from the membrane than larger particles. The laminar flow 
transports particles to the detector. The closer particles accumu-
late toward the middle of the flow channel, the faster they are 
transported to the detector. As a result, smaller particles arrive 
earlier at the detector than larger ones. For the detection a single 
detector or a combination of detectors can be used. The follow-
ing detectors are available: absorption detector (diode array), 
fluorescence detector, scattering light detector, and atom spec-
troscopic detector (e.g., inductively coupled plasma mass spec-
trometer, ICP-MS). The usage of detectors allowing deciphering 
the chemical composition of probes (HPLC, Raman, TXRF) has 
been reported [63].

Typically, polydisperse samples containing three or more dif-
ferent components can be separated. The injection volumes depend 
on the type of sample and the concentration of its particles; it may 
vary from between 20 μl to 2 ml. To set up a successful separation 
composition, concentration and pH of eluents need to be optimized 
to prevent aggregation or irreversible binding of the particles to 
the membrane [64]. During separation the particles are regularly 
diluted 100- to 1000-fold.

Fig. 6 Asymmetrical flow field flow fractionation (AF4). Before separation, given samples are concentrated on 
the membrane. Depending on their sizes, particles diffuse from the membrane and accumulate at certain posi-
tions in which equilibriums of diffusing and cross flow forces are given. Simultaneously to their diffusion, the 
laminar flow transports the particles toward the detector at the end of the flow channel
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4 Conclusion

EVs can be considered as extracellular signal organelles which 
mediate intercellular communications. Accordingly, they are essen-
tially involved in normal physiological and pathophysiological pro-
cesses. In addition to its basic scientific importance, the young field 
of EV research offers an extremely high innovation potential for 
novel diagnostic and therapeutic procedures. Although the num-
ber of EV publications has tremendously increased in recent years, 
progress in the field of EV research is limited by the lack of stan-
dardized methods for their analyses as well as for their processing. 
Interdisciplinary collaborations of device developers and compa-
nies with scientists will certainly help to overcome these limitations 
within the next few years and surely will give new impacts on the 
exciting field of EV research.
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Chapter 2

Tunable Resistive Pulse Sensing for the Characterization 
of Extracellular Vesicles

Sybren L.N. Maas, Marike L.D. Broekman, and Jeroen de Vrij

Abstract

Accurate characterization of extracellular vesicles (EVs), including exosomes and microvesicles, is essential 
to obtain further knowledge on the biological relevance of EVs. Tunable resistive pulse sensing (tRPS) has 
shown promise as a method for single particle-based quantification and size profiling of EVs. Here, we 
describe the technical background of tRPS and its applications for EV characterization. Besides the stan-
dard protocol, we describe an alternative protocol, in which samples are spiked with polystyrene beads of 
known size and concentration. This alternative protocol can be used to overcome some of the challenges 
of direct EV characterization in biological fluids.

Key words Extracellular vesicles, Exosomes, Microvesicles, Characterization, Quantification, Size 
distribution, qNano, Resistive pulse sensing

1 Introduction

Due to their small size (50–1000 nm), accurate characterization of 
extracellular vesicles (EVs) is technically challenging. Over time, 
different techniques have been developed to overcome these chal-
lenges. Most of these techniques are based on bulk analysis of EVs. 
For instance by total protein quantification, western blotting, 
bead-based flow cytometry [1] or modified protein microarrays 
[2]. However, alternative techniques, that allow for single particle 
analysis of EVs, have become recently available [3–8]. One of those 
techniques, provided by the qNano platform (Izon Science Ltd), is 
tunable resistive pulse sensing (tRPS) (Fig. 1).

In tRPS, a non-conductive membrane (“nanopore”) separates 
two fluid cells [9] (Fig. 2). This nanopore is punctured to create a 
single conical shaped opening (Fig. 2, top-left). Once a voltage is 
applied, a current of charged ions through the nanopore is estab-
lished. This baseline current is distorted, as observed by the appear-
ance of peaks or “pulses,” as particles move through the nanopore 
(Fig. 2, bottom). Once a particle enters the sensing zone of the 

Andrew F. Hill (ed.), Exosomes and Microvesicles: Methods and Protocols, Methods in Molecular Biology, vol. 1545,
DOI 10.1007/978-1-4939-6728-5_2, © Springer Science+Business Media LLC 2017



22

Fig. 1 Photographs of the qNano instrument and instrument parts
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Fig. 2 The working mechanism of tunable resistive pulse sensing (tRPS). A membrane (“nanopore”) with a 
nanosized, stretchable pore is separating two fluid compartments (top-left). After applying a voltage across the 
nanopore, a baseline current is established (bottom) which is disrupted by the movement of particles through 
the nanopore. As a particle moves towards the opening (timing 1), it starts to reduce the flow of ions through 
the nanopore (top-right) which will be maximum as the particle enters the nanopore opening (timing 2). This 
disruption reduces as the particle moves across and exits the nanopore (timing 3)
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nanopore [10] (Fig. 2, timing 1), the flow of charged ions, and thus 
the baseline current, will be altered (Fig. 2, top-right). As the par-
ticle enters the conical opening, the relative blockade of the baseline 
current will be maximum (Fig. 2, timing 2). This blockade will 
gradually decrease to baseline levels as the particle moves further 
through the nanopore (Fig. 2, timing 3). To characterize particles 
in a sample, a calibration sample of (polystyrene) beads of known 
volume and concentration is measured first. The magnitude of 
pulses and the particle rate induced by this reference sample can 
subsequently be used to calculate the size profile and concentration 
of the particles in the measurement sample [11, 12].

The movement of particles through the nanopore is based on 
several independent forces, being electrokinetic (electrophoretic 
and electro-osmotic) and fluidic forces [10]. The variable pres-
sure module (VPM) can be used to apply additional external 
force and should be used (≥0.8 kPa) to minimize interfering 
electrokinetic forces when analyzing particles using the smaller 
(NP100-NP200) nanopores [13].

Characterization of EVs using tRPS is technically challenging. 
Due to the heterogeneous nature of EVs a large size range of parti-
cles is usually present in a sample. Larger-sized EVs may clog the 
nanopore, thereby obstructing the measurement. Secondly, the 
sample with calibration beads should consist of the same buffer com-
ponents as the EV sample. This may be technically unfeasible, as the 
buffer components are regularly unknown when measuring EVs, 
especially when measuring EVs directly in a biological sample. This 
problem can be overcome by using a “spiking” approach, in which 
the calibration beads are added to the measurement sample [3].

Here, we describe two different approaches for the characteriza-
tion of EVs using tRPS. First, the standard protocol is described, 
which often suffices for the characterization of purified EVs. 
Secondly, we describe the alternative spiking approach, which could 
be of benefit when characterizing EVs in biological samples.

2 Materials

 1. qNano instrument (Izon Science Ltd, Christchurch, New 
Zealand).

 2. Variable Pressure Module (Izon Science Ltd, Christchurch, 
New Zealand).

 3. Polystyrene calibration particles (Izon Science Ltd, 
Christchurch, New Zealand) (see Note 1).

 4. Nanopores (Izon Science Ltd, Christchurch, New Zealand) 
(see Note 2).

2.1 qNano Specific 
Equipment/Materials

tRPS for EV Characterization
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 1. Filter-tip pipette tips (see Note 3).
 2. Sonication bath (see Note 4).
 3. Lint-free tissues (see Note 5).
 4. Phosphate buffered saline (PBS).
 5. Digital calipers (supplied with the qNano instrument).

 1. Izon Control Suite (Izon Science Ltd, Christchurch, New 
Zealand).

 2. Spreadsheet software (see Note 6).

3 Methods

The standard protocol of tRPS-based EV quantification involves 
separate measurement of a (polystyrene bead-containing) 
calibration sample and the EV-containing sample.

 1. Connect the qNano instrument to a computer running the 
Izon Control Suite Software. Make sure no sources of elec-
trical interference are located close to the instrument (see 
Note 7).

 2. Wet the lower fluid cell by introducing 75 μl PBS and immedi-
ately removing it again (see Note 8).

 3. Place the nanopore of choice (see Note 2). To calibrate the 
stretch, use the digital calipers to measure the distance between 
two opposing arms of the qNano.

 4. Stretch the nanopore to 47 mm and reapply 75 μl to the lower 
fluid cell. Prevent the formation of air bubbles in the lower 
fluid cell. If air bubbles are formed, remove and reapply the 
PBS.

 5. Place the upper fluid cell and the shielding cap (which creates 
a “Faraday cage”) on the nanopore. Add 40 μl PBS into the 
upper fluid cell and apply a voltage. Make sure a stable baseline 
current is established (see Note 9).

 6. Dilute the calibration particles in PBS to the target concentra-
tion of the used nanopore (see Note 10).

 7. Remove the PBS from the upper fluid cell and apply 40 μl of 
the calibration particles into the upper fluid cell. Make sure a 
stable baseline current is established (see Note 9). Reduce the 
applied stretch slowly towards 43 mm and observe the block-
ades caused by the calibration particles. Stop reducing the 
stretch when the mode blockade caused is at least 0.1 nA, but 
preferable >0.3 nA (see Notes 11 and 12).

2.2 General 
Laboratory 
Equipment/Materials

2.3 Software 
for Data Recording 
and Analysis

3.1 Standard 
Protocol
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 8. Apply ≥0.8 kPa pressure using the VPM and click “record” 
(see Note 13). Make sure that a particle rate (see Note 14) of 
>100 min− and a mode blockade height of >0.1 nA is recorded 
(see Note 12).

 9. If the baseline current suddenly drops or keeps drifting during 
recording, pause the recording and try to reestablish a stable 
current (see Note 9).

 10. Record >500 particles, for at least 30 s (see Note 14). Fill out 
the details of the calibration sample in the pop-up form.

 11. Optionally, multi-pressure measurement can be performed (see 
Notes 13 and 15). Hereto, add at least 0.2 kPa and record a 
second measurement (more steps could increase accuracy).

 12. Remove the calibration sample and wash the upper fluid cell by 
resuspending 100 μl PBS in the upper fluid cell 3–4 times. 
Remove residual PBS by usage of the lint-free tissue (see Note 
16).

 13. Introduce the EV sample and make sure the baseline current is 
within 3 % of the baseline for the calibration sample (see Note 
17).

 14. Record the sample at the same VPM pressure(s) as applied for 
the calibration sample.

 15. Click the “Analyse data” tab and right-click on “Unprocessed 
files” and select “Process files”.

 16. Click on the checkbox in the “calibrated” column next to one 
of the sample files. This will initialize the calibration pop-up 
menu. Select the “multi-pressure measurement” tab if appli-
cable and select the sample files and calibration file(s).

 17. Once calibrated, an EV sample file will display a size distribu-
tion in nm instead of nA (Fig. 3, right). Click on “Preview” to 
generate a .pdf file containing statistics such as the concentra-
tion (measured and raw if a diluted sample was used).

The standard protocol for tRPS-based EV quantification relies on 
usage of appropriately formulated calibration samples (i.e., with the 
diluents resembling the fluid of the EV sample). This may be unfea-
sible for biological fluids, since their exact composition may be 
unknown rendering their simulation impossible. Secondly, the vol-
ume of the biological sample (e.g., only 100 μl of plasma) may be 
insufficient for preparation of calibration fluid (which usually can be 
done by removal of small particulate matter by ultracentrifugation 
or filtering). In such cases, an alternative is provided by performing 
a spiking protocol, in which calibration beads are introduced in the 
EV sample [3]. This methodology can also be used when samples 
are measured over a prolonged period of time and stable nanopore 
conditions cannot be guaranteed due to nanopore clogging.

3.2 Spiking 
the Sample 
with Polystyrene 
Beads of Known Size 
and Concentration
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 1. Setup the qNano instrument as outlined in Subheading 3.1 
steps 1–5.

 2. Check the approximate particle rate of the EV samples.
 3. Dilute the EV sample in PBS (see Note 18).
 4. Determine the dilution of polystyrene beads that is needed to 

obtain a count rate that resembles the count rate of the EV 
samples (see Note 19), and check for the ability to distinguish 
EVs and polystyrene beads (see Note 20).

 5. Prepare the samples by diluting polystyrene beads into the 
samples (see Note 21). Also prepare a “beads-only” sample (see 
Note 22).

 6. Record the beads-only and sample measurements, preferable 
in triplicate (see Note 23).

 7. Process all files as outlined in Subheading 3.1 step 15.
 8. Display the size distribution graphs (uncalibrated) of the 

beads-only samples and sample files (Fig. 4, left). Determine at 
which nA value a cutoff can be set to distinguish the two popu-
lations (Fig. 4) (see Note 24).

 9. Obtain the total particle count (in sample details window) for 
each sample and put this into a spreadsheet software program 
(Table 1).

 10. Click the “filter options” button to obtain the filter settings. 
Enter the cutoff obtained in step 8 and filter the samples. 
Make sure to select the “apply to all samples in group” 
checkbox to filter all samples directly.
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Fig. 4 Quantification and size estimation of EVs by spiking the sample with polystyrene beads of known size 
and concentration. Three replicates of glioblastoma cell culture supernatant spiked with 203 nm polystyrene 
beads are measured (left). All particles smaller than 0.48 nA were determined EVs. The EV-to-beads ratio is 
used to calculate the concentration of EVs. The spiked polystyrene beads can be used to obtain an accurate 
size distribution without the need of an external calibration sample (right)
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 11. Obtain the total particle counts for each sample after the filter 
step. Fill out these numbers into the spreadsheet software (see 
Table 1 for an example calculation).

 12. Subtract the EV counts from the total counts to obtain the 
amount of calibration particles. Subsequently, divide the num-
ber of EVs by the number of polystyrene particles to obtain the 
EV-to-bead ratio.

 13. To account for background particles, subtract the average ratio 
obtained for the beads-only samples from each EV-to- bead 
ratio.

 14. Multiply the EV-to-bead ratio to the concentration of polysty-
rene beads in the sample. Secondly, multiply this value by the 
dilution factor of the EVs (see Note 25) to obtain the raw 
concentration of EVs.

 15. Optionally: introduce a correction when overlap of EVs and 
polystyrene beads is observed (see Note 26).

The above-described spiking procedure can also be utilized to 
obtain a proper size distribution profile of EVs in case the prepara-
tion of appropriate calibration samples is impossible.

 1. Prepare, measure, and process the EV samples as outlined in 
Subheading 3.2 steps 1–8.

 2. Once processed open the sample of interest twice in the Izon 
Control Suite.

3.3 Obtaining an EV 
Size Distribution 
from a Spiked Sample

Table 1 
Example calculation of EV concentration using the alternative spiking method

Sample
Beads-only 
#1

Beads-only 
#2

Replicate 
#1

Replicate 
#2

Replicate 
#3

Average current 63 60 62 61 61

Rate 57 74 112 133 105

Cutoff used 0.48 0.48 0.48 0.48 0.48

Total particles 297 299 502 495 500

Extracellular vesicles (EVs) 27 46 254 240 246

Beads + multimers 270 253 248 255 254

EVs/beads 0.100 0.182 1.024 0.941 0.969

Sample—background 0.88 0.80 0.83

EVs (108/ml) in sample 8.83 8.00 8.28

Dilution factor of EVs 2.5 2.5 2.5

EVs (108/ml) raw 22.08 20.01 20.69
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 3. For one of the files, filter the sample to display particles larger 
than the determined cutoff only. Set this sample as “calibra-
tion” and enter the mode size of the calibration particles.

 4. Couple the sample file and the newly create calibration file as 
outlined in Subheading 3.1 step 16.

 5. Once successfully coupled, the unknown sample can now be 
displayed as a size distribution in nm based on the spiked cali-
bration particles (Fig. 4, right). This graph will display two 
populations, one for the EVs and one for the reference 
particles.

4 Notes

 1. For EV characterization different polystyrene beads are used: 
CPC100, CPC200, and CPC400, with mode diameters of 
115, 203, and 335 nm, respectively (these numbers may vary 
based on the batch used).

 2. Different sizes of nanopores are used: the NP100 nanopore 
(optimal size range 70–200 nm), NP150 (80–300 nm), and 
NP200 (100–400 nm). Due to heterogeneity of EV samples, 
the NP150 and NP200 are most often used for characteriza-
tion of EVs.

 3. To minimize background particle detection, we use filter-tip 
pipette tips.

 4. To homogenize the calibration particles a basic tabletop soni-
cator can be used.

 5. To completely remove any residual liquids between measure-
ments, lint-free tissue can be used. To minimize contamina-
tion of background particles, lint-free tissue is preferred over 
regular tissues.

 6. For almost all data analyses the Izon Control Suite can be 
used. However, all data-points can be exported for analysis in 
other software packages. For EV quantification using the spik-
ing method, a spreadsheet software program is required.

 7. Electronic devices used in close proximity of the instrument 
can significantly interfere with the detection signal. This inter-
ference is observed as identical, quickly repeating short pulses. 
We have most often observed this interference caused by 
mobile phones.

 8. This is done to decrease the risk of air-bubble formation in the 
lower fluid cell. Air bubbles can be a major source of instable 
baseline current.

 9. The baseline current depends on the applied buffer, stretch and 
voltage. The current should be stable and the root mean square 
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(RMS) noise should be <10 pA. If these conditions are not met, 
air bubbles or (partial) nanopore blocking may be causative. To 
solve this, resuspend the sample in the upper fluid cell and check 
if the baseline becomes stable. If not, remove both the sample 
and the PBS in the lower fluid cell. If (after reapplication of 
PBS) no stable baseline current is established, the nanopore 
may be (partially) blocked. Tap the shielding cap (using the sup-
plied plunger) to vibrate the nanopore and to disrupt particles. 
Clogging may also be solved by induction of a brief pressure by 
pushing down and pulling out of the plunger. Alternatively, the 
shielding cap can be put in place whilst pressing on the nano-
pore, which will vibrate the nanopore. Also, the nanopore can 
be maximally stretched (i.e., 47 mm), combined with applying 
maximal external pressure. If still unsuccessful, remove the 
nanopore and rinse heavily using deionized water. Re-place the 
nanopore on the instrument.

 10. Each nanopore has a target concentration. For the NP100 and 
NP150 nanopores the target concentration is 10E10 per ml 
and for the NP200 the target concentration is 10E9 per ml.

 11. The blockade height caused by a particle moving through the 
nanopore is based on the stretch, the applied voltage and the 
buffer used. If the nanopore opening is reduced (less stretch 
applied) the relative blockade by the particle will increase. This 
also implies that smaller particles surpass the detection thresh-
old. Larger particles, on the other hand, will block the nano-
pore more frequently. By increasing the voltage applied, the 
flow of ions will increase and so will the (relative) blockade 
caused by particles moving through the nanopore. However, 
an increased voltage can also result in increased RMS noise. 
The flow of ions, and thus a higher baseline current, can also 
be established by using a buffer with increased salt concentra-
tion. However, this may influence the EV characteristics, for 
instance caused by changes in osmosis.

 12. For accurate detection of particles a mode blockade of at least 
0.1 nA is required. However, the mode blockade set for the cali-
bration particles will also determine the range of EVs detectable 
by the instrument. For instance, a mode blockade of 0.1 nA for 
203 nm calibration beads indicates that the instrument will only 
be able to detect particles that are slightly smaller than 203 nm. 
Reducing the stretch or increasing the voltage (see Note 11) 
could be needed to decrease the lower detection limit.

 13. External pressure needs to be applied to counteract the influ-
ence of electrokinetic forces. These electrokinetic forces are 
not negligible when using small pore sizes (NP100-NP200) 
[14], which is often the case upon EV quantification. Since 
EVs display a modest zeta potential (i.e., the potential 
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difference between the dispersion medium and the stationary 
layer of fluid attached to the particle) [15, 16] the influence of 
the electrokinetic forces is low and can be completely abol-
ished by applying >0.8 kPa external pressure [13].

 14. The particle rate recorded (particles per minute) will depend on 
the concentration of the particles, the applied pressure and 
applied stretch (the rate will decrease by decreasing the stretch). 
Since at least 500 particles should be recorded, a particle rate of 
>100 per minute is advised but not required. In our experience 
particle rates >2000 per minute will be less reliable.

 15. Multi-pressure measurement is advisable when measuring EVs 
with increased surface charge (e.g., as a result of coupling highly 
charged ligands to the surface). In such cases, difference in sur-
face charge between EVs and polystyrene calibration beads will 
result in inaccurate concentration estimations as one of the par-
ticle sets is more likely to move through the nanopore than the 
other [14]. Measurement of the calibration bead sample and 
EV sample at multiple pressures provides additional data that is 
used to accurately calculate the concentration of EVs.

 16. Residual PBS in the upper fluid cell can dilute the measurement 
sample. To prevent this, remove the upper fluid cell and gently 
wipe lint-free tissue in the bottom-opening of the cell.

 17. To accurately compare a calibration sample with an EV sam-
ple, the baseline current should not differ more than 3 %. If 
unable to reach a comparable baseline current, apply the 
strategy outlined in Note 9. Alternatively, dilution of the sam-
ple in PBS could make the EV sample more comparable to 
the calibration sample.

 18. Dilution in PBS may facilitate EV counting by the qNano 
instrument. However, to guarantee appropriate counting of 
EVs, try to keep the particle rate above 70–100 particles per 
minute (see Note 14).

 19. Although not strictly necessary, an EV-to-bead ratio of approx-
imately 1 will make the measurements most reliable. If EVs or 
beads outnumber their counterparts the calculation of con-
centrations will be more prone to variation.

 20. To distinguish EVs from polystyrene beads, both populations 
should be identifiable based on blockade sizes. For EV quantifi-
cations in biological samples we tend to use a NP200  nanopore 
in combination with CPC400 (mode 335 nm) polystyrene 
beads or an NP150 nanopore in combination with 203 nm 
beads. To maximize the population of EVs detected, try to 
obtain settings where the polystyrene beads induce blockades of 
at least 0.5 nA. By increasing the blockade height caused by the 
polystyrene particles, the detection limit for the EVs will 
decrease (see Note 12).
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 21. Example sample preparation:
 (a)  40 μl cell culture supernatant (after 5 min 300 × g 

centrifugation to remove cells).
 (b) 40 μl PBS.
 (c)  20 μl 1:200 diluted 203 nm polystyrene beads (stock 

1e12 ml−1).
 22. A beads-only sample is used to quantify background particles 

and to identify the population of polystyrene beads. For this 
sample “EV free cell culture medium” should be used that has 
received the same treatments as the samples of interest, but 
lacks EVs.

 23. To spread variation in nanopore conditions, each set of sam-
ples should be measured once before recording duplicates and 
triplicates. Prepare fresh samples (i.e., addition of PBS and 
beads) directly before each measurement.

 24. Setting the cutoff remains arbitrary. Make sure each sample 
has the same bin-size setting (ViewSettings panel, accessible 
by clicking the popup button in the View panel). We choose 
to set the cutoff at 0.48 nA (Fig. 4, left). All particles smaller 
than the cutoff are determined EVs.

 25. Since the EVs are diluted (upon mixing with calibration beads 
and addition of PBS) the obtained concentration should be 
corrected for this. For the example setup outlined in note 21, 
the EVs are diluted 2.5 times.

 26. A correction can be introduced when the detection of EVs 
and polystyrene beads overlaps. Measure the EV sample with-
out polystyrene beads and determine the “Bead-to-EV ratio” 
based on the cutoff determined in Subheading 3.2 step 8 
(here the term “bead” refers to the fraction of EVs that are 
detected within the spiked-bead-detection range). Usually 
this ratio is insignificant, but if not add this Bead-to-EV ratio 
to the EV-to-bead ratio as determined in Subheading 3.2 
step 13. This new ratio should be used for the remaining 
steps in the protocol.
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Chapter 3

Immuno-characterization of Exosomes Using Nanoparticle 
Tracking Analysis

Kym McNicholas and Michael Z. Michael

Abstract

Due to their size, small extracellular vesicles such as exosomes have been difficult to identify and to quan-
tify. As the roles that exosomes play in intercellular signalling become clearer, so does their potential utility 
as both diagnostic biomarkers for disease and as therapeutic vectors. Accurate assessment of exosomes, 
both their number and their cargo, is important for continued advancement in the field of vesicle research. 
To that end, several technologies, including nanoparticle tracking analysis, have been developed to define 
the physical characteristics of vesicle preparations and determine their concentration. This chapter describes 
a method for identifying the size and concentration of a subpopulation of vesicles in biological samples, 
using nanoparticle tracking analysis. Characterization of distinct exosomes is enabled by specific marker 
antibodies, coupled to fluorescent quantum dots.

Key words Quantum dots, Qdots®, NanoSight, CD63, Exosomes, Microvesicles

1 Introduction

Exosomes are extracellular vesicles, released from a wide variety of 
cell types, and are being increasingly recognized as mediators of 
intercellular signaling and potential biomarkers of human disease 
[1]. They comprise a specific subset of cell-derived vesicles, formed 
through the endosomal pathway [2]. The precise definition of an 
exosome is still open to some debate, even regarding their size. 
Early exosomal research was based on electron micrographs show-
ing cup-shaped vesicles up to 100 nm in diameter, but more recent 
work has widened this range from 50-180 nm [3–5]. Regardless, it 
is their small size that poses unique challenges for their study. 
Nanoparticle tracking analysis (NTA) has been recently devised as a 
means of both quantifying and determining the size of particles 
between 30 nm and 1 μm in diameter. This analysis is reliant on a 
NanoSight (NanoSight Limited, Malvern Instruments, Amesbury, 
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UK) instrument, which is an upright microscope fitted with a high-
sensitivity video camera and a laser light source above which the 
sample is retained as a particulate suspension. The NanoSight 
Tracking Analysis software monitors the movement of particles, 
such as exosomes as small as 40 nm, in real time, and has been suc-
cessfully used to characterize vesicle populations in a wide variety of 
human samples including plasma, placenta [5], serum [3], urine [6] 
as well as conditioned media from cell lines including human lym-
phoblastoid T-cells [7] and breast cancer cells [8]. In addition to 
sizing vesicles, NTA also addresses the issue of characterizing vesi-
cles, by virtue of cellular markers, using antibodies conjugated to 
fluorescent moieties, such as quantum dots [9].

Several proteins that are located on the outer surface of exo-
somes have been identified to distinguish exosomes from other 
 microvesicles. These include members of the tetraspanin protein 
family, CD9, CD81, and especially CD63, which are known to be 
highly enriched and detectable in exosome preparations [3, 10, 
11]. Antibody-mediated fluorophore labeling of markers such as 
CD63, EpCAM [3] and NDOG2 [5] has been combined with 
NTA to successfully determine the size and concentration of exo-
somes in a sample.

The NanoSight instrument tracks vesicles by passing a laser 
beam through the liquid sample and detecting light scattered from 
nanoparticles in suspension. The light scatter is captured in a short 
video, which enables the Brownian motion of particles in this sam-
ple to be determined on a frame-by-frame basis. The distance 
moved by a particle is used in the calculation of the particle diffu-
sion (Dt), a number which is then used to estimate the particle’s 
hydrodynamic diameter using the Stokes–Einstein equation [5]. 
The NanoSight LM10 can be fitted with diodes for different laser 
wavelengths (405, 488, 532, and 635 nm). A matched long-pass 
filter allows the NTA software to visualize only the fluorescently 
labeled particles excited by the laser. In normal scattered light the 
total population of particles in a sample can be tracked. With the 
long-pass filter in place, a subset of particles labeled with the fluo-
rescent quantum dots can be identified and measured.

This method describes, in four major procedures, the process 
in which a NanoSight LM10 can be used to detect and measure 
the size and concentration of exosomes labeled with an antibody–
quantum dot conjugate in a sample. The first procedure describes 
the isolation of microvesicles from cell medium and biological sam-
ples by ultracentrifugation. The second step involves the conjuga-
tion of an anti-human CD63 antibody to a quantum dot using a 
commercially available kit. This conjugate is then incubated with a 
vesicle preparation and finally viewed under the NanoSight unit in 
both normal light scatter and fluorescent modes.

Kym McNicholas and Michael Z. Michael
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2 Materials

 1. HT29 human colon adenocarcinoma cell line.
 2. Dulbecco’s modified Eagle’s medium (DMEM) High Glucose 

1× (GIBCO, Life Technologies).
 3. Exo-FBS™ (System Biosciences Inc.).
 4. 10× phosphate buffered saline (PBS): 80 g NaCl, 2.0 g KCl, 

14.4 g Na2HPO4, 2.4 g KH2PO4. Add water to 1 L. Dilute to 
1× as needed with water. Adjust pH to 7.4. Filter (0.2 μm) and 
autoclave. Store at room temperature.

 5. Qdot® 605 Antibody Conjugation Kit (Life Technologies). 
Store at 4 °C.

 6. Mouse monoclonal antibody to human CD63 clone H5C6 
(300 μg; BD Pharmingen/Biosciences™).

 7. 75 % ethanol.
 8. Minisart 0.22 μm sterile filters (Sartorius).
 9. Nonstick hydrophobic microcentrifuge tubes 0.65 mL.
 10. Ultracentrifuge tubes.
 11. Exoquick-TC™ (System Biosciences Inc.).

3 Methods

Microvesicles are commonly isolated from conditioned media and 
biological samples, such as urine [13], by a two-step differential 
centrifugation process. Initially the sample is centrifuged at low 
speed to sediment cells, membrane fragments and other debris. The 
supernatant containing exosomes is then filtered and centrifuged at 
high speed to sediment microvesicles. A colorectal cancer cell line 
HT29 was cultured at 37 °C in a 5 % CO2 humidified incubator as 
an adherent monolayer in DMEM media supplemented with 10 % 
exosome-depleted serum Exo-FBS™ (see Note 1). Conditioned 
medium was collected in 15 mL tubes and processed as follows:

 1. Spin conditioned media at low speed (1500 × g) 4 °C for 
20 min.

 2. Aliquot supernatant. Spin 10,000 × g at 4 °C for 45 min.
 3. Aliquot supernatant into ultracentrifuge tubes. Spin 150,000 × g 

at 4 °C for 2 h.
 4. Discard supernatant. Resuspend pellet in 1.5 mL 1× PBS. Mix 

well.
 5. Filter preparation (0.22 μm).
 6. Aliquot into 1.5 mL ultracentrifuge tube. Spin 110,000 × g 

4 °C for 70 min.

3.1 Vesicle Isolation 
from Conditioned 
Media (Adapted 
from [12])

Immuno-characterization of Exosomes Using Nanoparticle Tracking Analysis
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 7. Discard supernatant. Resuspend vesicle pellet in 35 μL 1× 
PBS. Mix well. Store at −80 °C in nonstick hydrophobic 
microcentrifuge tubes.

Biofluids (e.g., saliva) are received fresh, stored on ice and processed 
on the same day.

 1. Aliquot saliva into 1.5 mL microcentrifuge tube and centrifuge 
8000 × g at RT for 5 min.

 2. Transfer supernatant into 15 mL tube. Add filtered (0.22 μm) 
1× PBS to final 5 mL volume. Centrifuge, 1500 × g, 4 °C for 
20 min. Samples can then be treated as per the conditioned 
media.

Quantum dots are fluorescent semiconductor nanocrystals (10–
20 nm diameter) that can be conjugated to a primary antibody of 
choice using commercially available kits, with a range of emission 
wavelengths (see Note 2).

 1. 300 μg of mouse monoclonal anti-human CD63 (BD 
Biosciences™) antibody was conjugated to quantum dots, with 
an emission maximum of 605 nm, according to the manufac-
turer’s instructions (Qdot® 605 Antibody Conjugation Kit, 
Life Technologies) and stored at 4 °C, protected from light 
(see Note 3).

 2. As a negative control, mouse immunoglobulin G has been 
labeled in the same way (3). Most commercial Qdot conjuga-
tion kits include steps for the removal of excess antibody and 
unbound Qdots. Unconjugated reagent can give misleading 
NTA results, so should be removed. Washing the sample 
through a filter, such as a 300 kDa centrifugal filter at low 
speed, has been suggested [14] [5].

The optimum concentration of the antibody–Qdot conjugate is 
dependent on the vesicle concentration and the binding efficiency 
of the conjugate.

 1. Efficient labeling was achieved by overnight incubation of the 
CD63-Qdot conjugate with a high concentration of exosomes 
followed by dilution of sample and removal of unbound Qdots.

 2. The conjugate was added to give a final concentration of 
10 nM. Incubation times should be optimized and can extend 
from 15 min [5], or 2 h [3] at room temperature, to overnight 
incubation at 4 °C.

Following incubation of the vesicle preparation with the antibody 
conjugated Qdots, unbound Qdots were removed prior to detec-
tion. After an overnight incubation, diluting the sample with 1× 
PBS and further precipitating bound exosomes with Exoquick-TC™ 

3.2 Vesicle Isolation 
from Biofluids

3.3 Antibody 
Conjugation

3.4 Immunofluo
rescence Labeling 
with Antibody–
Quantum Dot 
Conjugate

3.5 Removal 
of Unbound Antibody–
Quantum Dot 
Conjugates
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(System Biosciences) greatly reduces the background caused by 
unbound Qdots.

 1. Add one volume Exoquick-TC™ to five volumes sample (or 
according to the manufacturer’s instructions), mix well by 
pipetting and incubate overnight at 4 °C.

 2. Following incubation, centrifuge at 1500 × g, for 45 min at 
4 °C.

 3. Resuspend vesicle pellet in 1× PBS prior to further dilution for 
analysis on the NanoSight LM10.

The following steps apply to a NanoSight LM10 fitted with a 
405 nm laser (blue/violet), 430 nm long-pass filter and a high 
sensitivity digital camera system (OrcaFlash2.8, Hamamatsu 
C11440, NanoSight Ltd). Constant sample flow was not used  
(see Note 4).

 1. A minimum volume of 0.25 mL can be loaded into the LM10 
chamber. Slowly inject the sample containing microvesicles in 
suspension into the luer lock port of the chamber using a 1 mL 
syringe. Care should be taken to avoid introducing air bubbles 
into the chamber. Ensure all air bubbles are removed before 
switching on the laser.

 2. Allow the sample to stand for a short time (up to 15 s). This 
avoids drift affecting the analysis of the video.

 3. When the laser is on, the beam should appear as a thin blue line 
passing through the chamber, in normal light scatter mode. 
Ideally, all videos should be captured with the sample as close 
as possible to the “thumbprint” (flare spot where the laser 
beam emerges) without obvious interference from light scat-
tered by the thumbprint itself. This is particularly important 
when the fluorescent filter is used. Also, multiple videos should 
be taken in the same position relative to the thumbprint. If the 
optical flat (prism) has a chrome finish, then the optimal view-
ing position is just after the vertical line, down beam from the 
thumbprint. Ensure the laser is switched off after video capture 
has finished.

 4. Chamber temperature is recorded manually, using the pro-
vided thermometer, and ranges between 20 and 25 °C. This 
value is then used for temperature compensation by the NTA 
analysis software.

 5. It is advisable to initially load only diluent into the chamber, to 
check the cleanliness of the diluent and the chamber. A sixty- 
second video of this diluent should show less than 200 com-
pleted tracks. If more are seen then replace diluent and clean 
the chamber and optical flat before reloading.

3.6 Loading 
a Sample 
into the NanoSight 
Chamber
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 1. The exosome preparation should be diluted so that the num-
ber of particles (per mL) falls between 108 and 109 and does 
not contain particles larger than 1 μm in diameter.

 2. A minimum of three videos per sample should be captured 
and analyzed within a short period of time. Ideally a minimum 
of 1000 tracks should be captured within a 60-s video. 
Sample adherence to the chamber may reduce concentra-
tion measurements if it is left in the chamber for longer 
periods of time.

 3. For consistency and accuracy, all settings should be kept con-
stant between samples. For example, the minimum expected 
particle size determines the maximum distance that the soft-
ware expects a particle to move from one frame to the next. 
Since NTA release 2.3, this value is calculated from the first ten 
seconds of the video, which is preferable to the operator hav-
ing to predict a value. Recently, Gardiner et al. [14] have pro-
vided a useful summary of the NTA software settings and their 
values appropriate for the dispersion of the sample.

 4. Similarly the camera level must be kept constant between sam-
ples in order to compare sample concentrations. The highest 
camera sensitivity (level 16) may be needed when the fluores-
cent filter is in place because the fluorescent signal is dimmer 
than the signal in light scatter mode (see Note 5). Often this 
entails starting with a higher concentration of sample for fluo-
rescent mode and then diluting the sample to obtain good 
quality reads in normal light scatter mode. This dilution will 
depend on the binding efficiency of the Qdot conjugate.

 5. By integrating multiple measurements (minimum n = 3) for 
each sample, in both light scatter mode and fluorescence mode, 
specific subsets of microparticles can be quantified (% bound 
vesicles) and characterized according to the external markers 
they possess.

 6. Determine the profile of unbound detection reagent by ana-
lyzing a sample containing only antibody Qdot conjugate, 
and diluent, with the NanoSight instrument. With the fluo-
rescent filter in place, finely focus the camera until the smallest 
particles are single points of light (see also Notes 6–8). 
Unbound Qdots typically appear as a peak in the range 
20–40 nm.

4 Notes

 1. To prevent bovine extracellular vesicles confounding measure-
ments, cell culture media should be depleted of exosomes and 
other particles. Commercial exosome-depleted fetal bovine sera 
are available.

3.7 Analysis 
of Exosome 
Preparations 
with Qdot Conjugated 
Antibodies
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 2. To enable experimental flexibility, Qdots can be conjugated to 
intermediate reagents, such as streptavidin, that enable detection 
using a range of biotinylated antibodies, but care should be 
taken to block samples that may contain endogenous biotin 
thereby avoiding a nonspecific signal.

 3. Alternative labeling kits should be considered. Conjugation kits 
that employ SiteClick™ chemistry may provide more specific con-
jugation of the Qdot to the heavy chain of IgG antibodies, thus 
ensuring that conjugated antibodies can bind to their antigen.

 4. While Qdots are quite stable, prolonged exposure to intense 
light can lead to photo-bleaching of many fluorophores. This 
problem may be overcome by delivering particle suspensions 
into the sample chamber, under constant flow. This is standard 
for later NanoSight models (e.g., NS300 and NS500), however 
the LM10 model will require a syringe pump assembly. The 
NTA software compensates for flow during analysis.

 5. Labeled vesicles are very dim compared to light scatter mode. 
The brightness can be enhanced using the greyscale histogram 
in NTA software, as well as reducing the background.

 6. Care should be taken when viewing preparations of cell culture 
media containing phenol red, such as DMEM. This medium 
will naturally fluoresce under the laser, potentially yielding mis-
leading results. To check for this, load unlabeled sample and 
check that the sample does not fluoresce in fluorescence mode.

 7. If necessary, silica or fluorescent microspheres (Polysciences 
Inc., Warrington, PA, USA) may be used as standards to cali-
brate the NanoSight instrument.

 8. Clean the chamber with diluent between samples. To avoid 
cross-contamination, diluent and then compressed air should 
be passed through the fittings. The optical flat should be 
removed and thoroughly cleaned with 70 % ethanol.
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Chapter 4

Imaging and Quantification of Extracellular Vesicles 
by Transmission Electron Microscopy

Romain Linares, Sisareuth Tan, Céline Gounou, and Alain R. Brisson

Abstract

Extracellular vesicles (EVs) are cell-derived vesicles that are present in blood and other body fluids. EVs 
raise major interest for their diverse physiopathological roles and their potential biomedical applications. 
However, the characterization and quantification of EVs constitute major challenges, mainly due to their 
small size and the lack of methods adapted for their study. Electron microscopy has made significant con-
tributions to the EV field since their initial discovery. Here, we describe the use of two transmission elec-
tron microscopy (TEM) techniques for imaging and quantifying EVs. Cryo-TEM combined with 
receptor-specific gold labeling is applied to reveal the morphology, size, and phenotype of EVs, while their 
enumeration is achieved after high-speed sedimentation on EM grids.

Key words Blood plasma, Extracellular vesicles (EVs), Transmission electron microscopy (TEM), 
Cryo-TEM, Immuno-gold labeling, Annexin-A5 (Anx5), Phosphatidylserine (PS), Antibodies (Abs), 
Erythrocytes, Platelets

1 Introduction

Extracellular vesicles (EVs) are cell fragments enclosed within a 
lipid membrane, which are released by cells under various stimuli 
and are found in blood and other body fluids [1–4]. EVs, also 
called microvesicles, microparticles, or exosomes, have been pro-
posed to participate in diverse functions in health and disease, 
which explains the intense research activity focusing on EVs. In 
blood, EVs participate in physiological processes of coagulation, 
inflammation and intercellular communication [5–7], while ele-
vated EV levels have been reported in various diseases [8–11]. 
Other studies have stressed the potential biomedical applications of 
EVs as disease biomarkers, drug delivery vehicles, or vaccines 
[12–15].

Our current understanding on EVs—what they are and what 
they do—remains however limited, mainly because EVs are small 
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objects, most of them being comprised between 100 and 500 nm 
diameter [16], which renders difficult their characterization and 
their isolation. In addition, EVs originate from different cell types, 
hence are heterogeneous in composition, and they are present only 
at low concentration in unprocessed body fluids [17]. The diffi-
culty of characterizing EVs is well recognized and is reflected by 
diverging results from the literature, e.g., on the size or the con-
centration of EVs in blood.

Many methods have been applied to the characterization of the 
structure or phenotype of EVs, including flow cytometry, trans-
mission electron microscopy (TEM), atomic force microscopy, 
dynamic light scattering, nanoparticle tracking analysis, and resis-
tive pulse sensing [18–20]. EM techniques used in combination 
with immuno-gold labeling have made significant contribution in 
the EV field, from the initial demonstration of their existence more 
than 30 years ago [21–23] to the recent description of their 
detailed structure [16, 17]. EVs have been analyzed extensively by 
classical electron microscopy (EM) techniques like negative stain-
ing [24, 25], thin sectioning [19], cryo-sectioning [26], or scan-
ning- EM [27]. EV imaging by cryo-TEM has recently become 
popular [16, 28, 29], allowing for the observation of EVs in their 
hydrated near-native state [30].

Using cryo-TEM together with receptor-specific gold label-
ing, we have been able to provide a detailed description of the 
morphology, size distribution, and phenotypes of the main EV 
populations present in platelet free plasma (PFP) from healthy 
donors [16]. This approach, which presents the major advan-
tage to be applicable to complex media such as unprocessed 
plasma, presents an intrinsic limitation for quantifying EVs. 
Indeed, as EVs are drained through a perforated carbon film 
covering EM grids, EVs larger than the carbon film openings, 
like tubular EVs and large fragments, are preferentially retained 
by the carbon net, while spherical EVs, which are smaller, pass 
freely through the net. Consequently, the enumeration of EVs 
by this approach is affected by a systematic error, called “fish-
net” artifact, causing an over- estimation of the proportion of 
large EVs (Fig. 1). This problem could be overcome by using a 
simple method in which EVs were sedimented on EM grids cov-
ered with a continuous carbon film and quantified by TEM after 
air-drying. This method, previously used for the enumeration of 
viruses [31], allowed us to determine EV concentrations in PFP 
samples (Fig. 2).

We present here step-by-step application protocols of these 
two complementary TEM methods in the case of blood plasma 
samples (see Note 1).

Romain Linares et al.



45

2 Materials

Prepare all solutions using ultrapure water (prepared by purifying 
deionized water to a resistivity of 18.2 MΩ cm with a tandem 
RiOs5-Synergy system (Millipore, Molsheim, France)) and analyti-
cal grade reagents (purchased from Sigma-Aldrich (Lyon, France) 
except when otherwise stated).

 1. 21-G needle.
 2. 4.5 mL BD Vacutainer® tubes containing 0.1 volume of 

129 mM sodium citrate (Becton Dickinson, Le Pont de Claix, 
France).

 3. Eppendorf 5804-R centrifuge equipped with an A-4-44 swing-
ing bucket rotor (Eppendorf, Montesson, France).

 1. Phe-Pro-Arg-Chloromethyl ketone (PPACK) (Haematologic 
Technologies, Cryopep, Montpellier, France).

 2. Gold nanoparticles conjugated [32] with:
(a) Annexin-A5 (Anx5).
(b) Anti-CD235a-mAb (clone 11E4B-7-6, Beckman Coulter, 

Villepinte, France).
(c) Anti-CD41-mAb (clone P2, Beckman Coulter).

2.1 Blood Collection 
and PFP Preparation

2.2 Sample 
Preparation

Fig. 1 Scheme of the “fish-net” artifact of cryo-TEM analysis of PFP samples. (a) PFP suspension layered over 
an EM grid coated with a perforated carbon net. The PFP contains EVs of various sizes. The scheme is not 
drawn to scale, as the distance between two copper bars is about 50 μm, the size of the holes in the carbon 
film varies from few hundred nm to several μm and the size of the EVs varies from 30 nm to 8 μm. (b) Upon 
draining the liquid with a filter paper from the bottom or back side of the EM grid, the large EVs are retained 
by the net, while the smaller EVs pass freely through the net. (c) Ultimately, a thin liquid layer of PFP of few 
hundred nm thickness is quickly frozen and observed in the microscope. Due to this “fish-net” artifact, the 
proportion of large EVs is over-estimated by cryo-TEM. Adapted from [16]

EV Imaging and Quantification by TEM
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Fig. 2 Gallery of TEM images of EVs from PFP samples. (a–c), EVs imaged by Cryo-TEM after gold-labeling. (a) 
Spherical EVs after labeling with Anx5-gold-NPs, illustrating the high labeling specificity. Scale bar: 100 nm. 
(b) (Inset) Low magnification view of a large membrane fragment (contoured with a back dashed line). Scale 
bar: 1 μm. The image represents an enlarged view of the boxed area in the inset, showing the dense and 
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 3. Cacodylate buffer (see Note 2): 100 mM sodium cacodylate, 
0.02 % sodium azide, pH 7.4. Add about 900 mL water to a 1-L 
glass beaker. Weigh 21.4 g sodium cacodylate and transfer to the 
glass beaker. Add 2 mL of 10 % sodium azide and adjust pH to 
7.4 with 1 M HCl. Make up to 1 L with water. Store at 4 °C.

 4. Cacodylate buffer supplemented with Ca2+: 100 mM sodium 
cacodylate, 2 mM CaCl2, 0.02 % sodium azide, pH 7.4. Prepare 
as in step 3, except adding 400 μL of a 5 M CaCl2 solution to 
the beaker before pH adjustment.

 5. Polyallomer 4.5 mL centrifuge tubes (Beckman Coulter).
 6. Standard razor blades.
 7. Standard coarse (P80) and fine (P1200) sandpapers.
 8. Home-made 12-mm diameter hemispherical piece of Epon- 

Araldite resin. Resin components (see Note 3) (Agar Scientific, 
Stansted, UK):
(a) Agar 100 (exchangeable with Epon 812) and Araldite 

CY212 resins.
(b) Hardener: dodecenylsuccinic anhydride (DDSA).
(c) Accelerator: 2,4,6-tris dimethylaminomethyl phenol (DMP-

30), exchangeable with benzyl dimethylamine (BDMA).
 9. Drying oven.
 10. Standard thin (less than 0.5 mm) double sided tape (Tesa, 

Lieusaint, France).
 11. 300 mesh copper EM grids coated with a continuous carbon 

film (Ted Pella, Eloise, Tremblay-en-France, France).
 12. Optima™ MAX-E ultracentrifuge equipped with a MLS50 

rotor (Beckman Coulter).
 13. 300 mesh copper EM grids coated with a perforated carbon 

film (Ted Pella).
 14. UV/Ozone device (BHK, Claremont, CA, USA).
 15. Leica EM-CPC cryo-chamber (Leica Microsystems SAS, 

Nanterre, France).
 16. Whatman filter paper n°4/5 (Whatman, Versailles, France).
 17. Cryo grid boxes (Eloise).
 18. Liquid nitrogen cryo container (Dutscher, Brumath, France).
 19. Gatan 626 cryo holder (Gatan, CA, USA).

Fig. 2 (continued) homogenous labeling with Anx5-gold-NPs. Scale bar: 0.5 μm. (c) Tubular EV labeled with 
anti-CD235a-gold-NPs. Scale bar: 0.5 μm. White asterisks in a–c point to areas of the carbon film. (d–f), 
Images of EVs observed on EM grids after sedimentation. (d) EVs presenting a near-circular shape, covered 
with Anx5-gold-NPs. Scale bar: 200 nm. (e) Large fragment homogenously labeled with Anx5-gold-NPs. Scale 
bar: 1 μm. (f) Tubular EV labeled with anti-CD235a-gold-NPs. Scale bar: 0.5 μm. In (a–f), very rare gold-NPs 
are present in the background, illustrating the high specificity of labeling. Adapted from [16] and [17]
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3 Methods

Carry out all procedures at room temperature.

 1. Mix 2.9 g Agar 100 resin, 2.35 g Araldite CY212 resin, 6.2 g 
DDSA and add 375 μL DMP-30.

 2. Gently agitate the mix with a magnetic stirrer until homogene-
ity whilst avoiding the formation of bubbles (the mix is highly 
viscous).

 3. Pour the mix with a syringe into 4.5 mL polyallomer centri-
fuge tubes, up to about 1 cm height.

 4. Place the tubes in upright position in an oven at 60 °C for 
overnight polymerization.

 5. Cut the tube wall with a razor blade and recover the solid resin 
pieces (see Note 4).

 6. Sand their flat top surface successively with a coarse and a fine 
sandpaper (see Note 5).

 7. If some of the resin mix is left over, it can be stored for several 
months at −20 °C and used later. Thaw frozen resin samples at 
room temperature, then follow steps 3–6 in Subheading 3.1.

 1. Peripheral venous blood is drawn from donors after written 
informed consent. Blood is collected using a 21-G needle in 
4.5 mL tubes containing 0.1 volume of 129 mM sodium 
citrate.

 2. Discard the first tube, handle blood tubes with care and start 
the preparation of PFP within less than 1 h after blood collec-
tion [33].

 3. Centrifuge blood tubes at 2500 × g for 15 min at 25 °C in a 
centrifuge equipped with a swinging bucket rotor, with a low 
deceleration setting. Transfer the upper 1.8 mL of each tube in 
a 2-mL Eppendorf tube.

 4. Centrifuge the 2-mL Eppendorf tubes at 2500 × g for 15 min 
at 25 °C. Harvest and pool the upper 1.3 mL of each tube, 
which constitutes the PFP.

 1. Expose EM grids coated with a perforated carbon film for 
10 min to UV/ozone in order to render them hydrophilic 
[34] (see Note 6).

 2. Deposit a 4 μL droplet of pure PFP onto an EM grid (see 
Note 7).

 3. Remove the excess of liquid by blotting from the back side of 
the grid with a filter paper (see Note 8) and quickly plunge the 
grid into liquid ethane cooled down by liquid nitrogen (see 
Note 9) using a LEICA EM-CPC cryo-chamber.

3.1 Fabrication 
of Resin Support 
for EM Grids (Fig. 3)

3.2 Blood Collection 
and Preparation 
of PFP Samples

3.3 Preparation 
of PFP Samples 
for Cryo-TEM

3.3.1 Preparation of Pure 
PFP Samples
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 4. Maintain EM grids prepared this way under liquid nitrogen 
and store them in cryo grid boxes in a cryo container until use 
(see Note 10).

 5. For cryo-TEM observation, mount a grid in a cryo-holder and 
insert it in the electron microscope.

 1. Deposit 7 μL of fresh PFP in an Eppendorf tube, add 1 μL of 
100 μM PPACK solution prepared in water and homogenize 
gently with a micropipette.

 2. For labeling PS-exposing EVs, add 1 μL of Anx5-conjugated 
gold nanoparticles (Anx5-gold-NPs) at a concentration of 
2 × 1016 particles/L, 1 μL of 100 mM CaCl2 and homogenize 
gently with a micropipette (see Note 11).

 3. Incubate for 15 min.
 4. For labeling EVs by means of specific antibody-conjugated 

gold nanoparticles (Ab-gold-NPs), apply the same procedure, 
except that PPACK and CaCl2 are omitted and substituted by 
2 μL PFP and incubation time is 1 h (see Note 12).

 5. For double labeling experiments, label first PFP samples with 
10 nm Ab-gold-NPs for 45 min, then with 4 nm Anx5-gold- 
NPs for an additional 15 min.

 6. Then, follow steps 1–5 in Subheading 3.3.1.

 1. For labeling PS-exposing EVs, deposit 100 μL of fresh PFP (see 
Note 7) in an Eppendorf tube, add 1 μL of 1 mM PPACK, 
1 μL of Anx5-gold-NPs at 2 × 1016 particles/L, and 5 μL of 
200 mM CaCl2. Homogenize gently with a pipette.

 2. Incubate for 15 min.
 3. For labeling EVs with specific Ab-gold-NPs, apply the same 

procedure except that PPACK and CaCl2 are omitted and 
incubation time is 1 h (see Note 13).

 4. Take a 12-mm diameter resin support, adhere a thin piece of 
double-sided tape and fix 2–4 EM grids coated with a continu-
ous carbon film. Only the grid edges should contact the tape in 
order to recover them easily (see Fig. 3).

 5. Deposit the resin support with the EM grids at the bottom of 
a 4.5 mL polyallomer centrifuge tube.

 6. Transfer the volume from the Eppendorf tube over the resin 
support.

 7. Add gently 3 mL of 100 mM cacodylate buffer, pH 7.4, sup-
plemented with 2 mM CaCl2 in the case of Anx5 labeling.

 8. Centrifuge in an ultracentrifuge equipped with a swinging- 
bucket rotor at 100,000 × g for 1 h at 20 °C.

 9. Remove carefully the liquid above the EM grids and discard it.

3.3.2 Preparation of PFP 
Samples Labeled with Gold 
Nanoparticles Conjugated 
with Proteins

3.4 Sedimentation 
of PFP Samples on EM 
Grids

EV Imaging and Quantification by TEM
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 10. Recover the EM grids by cutting the centrifuge tube with a 
razor blade, let them dry in air, and store them in an EM-grid 
box (see Note 14).

TEM observation of PFP samples is carried out similarly for both 
cryo samples and samples sedimented on EM grids. However, dis-
tinct procedures are applied due to large differences in the overall 
number of EVs per grid square.

 1. Scan the grid first at 300× magnification over several hundred 
squares (see Note 15). This step allows the detection and 
quantification of large (over 1 μm) EVs.

 2. Second, scan the grid at 5000× magnification (see Note 16). 
This is required for the detection of sub-micrometer EVs.

3.5 Transmission 
Electron Microscopy 
Observation and EV 
Quantification

3.5.1 Cryo-TEM 
Observation

Fig. 3 Scheme of the procedure of EV sedimentation on EM grids. (a) Side and top views of an epoxy resin 
support with a hemispherical end on one side and a flat surface on the other side. A thin piece of double-sided 
tape is fixed on the flat surface and four EM grids coated with a continuous carbon film are deposited on the 
tape edges. (b) The epoxy support with four attached EM grids is inserted in a centrifuge tube before filling the 
tube with a PFP suspension. (c) Scheme of an EM grid coated with a continuous carbon film with an overlying 
PFP suspension before (left) and after (right) centrifugation. Adapted from [16]
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 1. Scan the grid first at 300× magnification over several hundred 
squares (see Note 15). This step allows the detection and 
quantification of large (over 1 μm) EVs.

 2. Second, scan fives grid squares (see Note 17) at 5000× magni-
fication (see Note 18). This is required for the detection of 
sub- micrometer EVs. As this step is more time-consuming, a 
manual cell-counter is handy and limits operator-induced bias 
in EV quantification.

 3. Apply a stringent method for enumerating EVs, in which only 
the objects that present a high and homogenous gold-NP 
labeling with a well-defined near-to-circular or tubular shape 
are taken into account (see Fig. 2).

 4. Calculate the EV concentration in pure PFP, by taking into 
account the number (N) of EVs counted per μm2, the total 
area of sedimentation (A in μm2) the nominal volume (V in 
μL) of PFP used for centrifugation. The EV concentration per 
μL pure PFP is equal to (N × A)/V.

4 Notes

 1. The methods described here for PFP samples are in principle 
applicable with other body fluids, as already established for 
cryo-TEM with synovial liquid [35], milk [36], pleural liquid 
(Ms submitted) or cerebrospinal fluid [37], as well as for cell 
culture EVs. Each type of material requires specific conditions 
of preparation, principally for eliminating cells, cell debris, and 
large aggregates contained in the original sample.

 2. Cacodylate buffer contains arsenic and sodium azide, which 
are toxic compounds. Wear recommended protection equip-
ments (gloves and mask for weighting and gloves for use).

 3. Wear gloves for weighting and using resin components which 
can be harmful or corrosive.

 4. Be careful when using razor blades.
 5. Wear a mask when sanding resin supports, to avoid inhaling 

resin dust.
 6. Glow discharge devices can also be used.
 7. Homogenize PFP before use by gentle pipetting.
 8. This step requires some practice. The duration of the blotting 

step is critical and depends on the viscosity of the liquid medium.
 9. Wear gloves, protection glasses and long-sleeved clothes, as 

liquid ethane may cause severe burnings.
 10. Maintenance of the cold chain is mandatory, as vitreous ice 

only exists at T below −130 °C. A temperature around −170 °C 
is ideal.

3.5.2 TEM Observation 
After On-Grid 
Sedimentation and EV 
Quantification

EV Imaging and Quantification by TEM
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 11. A final volume of 10 μL allows preparing two cryo-EM grids 
per sample, which is highly recommended because the success 
rate in the preparation of cryo-EM grids of good quality is 
variable.

 12. Incubation time must be optimized with each other type of 
Ab-conjugated gold-NPs.

 13. Although double labeling can in principle be performed with 
the on-grid sedimentation approach by using gold-NPs of two 
distinct sizes, e.g., 10 and 4 nm as described in cryo-TEM in 
Subheading 3.3.2.4, the detection of small (<10 nm) gold- 
NPs requires the use of a higher magnification (e.g., 13,000 × g 
for 4 nm particles), which makes the scanning operation much 
longer.

 14. We noticed a variable aging of EM grids prepared this way, 
probably due to environmental storage conditions, principally 
humidity level. We recommend observing shortly after prepa-
ration, ideally within a week.

 15. With PFP from healthy donors, about one to five large EVs are 
observed over a total of one hundred grid squares.

 16. Absolute quantification cannot be achieved by cryo-TEM due 
to the “fish-net” artifact described in Fig. 1 and also because 
the overall EV concentration in PFP is low, of the order of 
100,000 EVs per μL [17]. On average, less than one EV per 
grid square is observed with PFP from healthy donors. 
Increasing EV concentration for example by ultracentrifuga-
tion is possible [25]. However this may lead to modifications 
of the original material, such as vesicle aggregation, fragmenta-
tion of large objects, or activation of residual platelets.

 17. As the repartition of EVs over the grid may be heterogeneous, 
it is recommended to select squares at different places over the 
grid, in order to obtain representative data.

 18. With PFP from healthy donors, about one hundred EVs are 
observed per grid square with the on-grid sedimentation 
method.
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Chapter 5

Quantitative Analysis of Exosomal miRNA via qPCR 
and Digital PCR

Shayne A. Bellingham, Mitch Shambrook, and Andrew F. Hill

Abstract

Extracellular vesicles, such as exosomes and microvesicles, have been shown to contain potential microRNA 
(miRNA) biomarkers that may be utilized in the diagnosis of various diseases from cancer to neurological 
disorders. The unique nature of the extracellular vesicle bilayer allows miRNA to be protected from degrada-
tion making it an ideal source of material for biomarkers discovery from both fresh and archived samples. Here 
we describe the quantitative analysis of miRNA isolated from exosomes by quantitative PCR and digital PCR.

Key words Exosomes, miRNA, Biomarker, Taqman assay, RNA isolation, Quantitative PCR, 
Digital PCR

1 Introduction

MicroRNAs (miRNAs) are a class of noncoding RNA species of 
~22–24 nucleotides in length that functionally repress target 
mRNA by binding their 3′-untranslated regions [1]. Currently 
there are more than 2500 known miRNA species in the latest miR-
BASE release v21, with each potentially having multiple messenger 
RNA gene targets [2]. Subsequently, miRNA can regulate essential 
biological pathways such as cellular signaling, cellular differentia-
tion and development, proliferation, infection and immunity 
response, tumorigenesis, and apoptosis [3].

Exosomes are small vesicles that are secreted into the extracel-
lular milieu from a variety of cells and can be isolated from both 
cell culture media and body fluids such as blood, urine, saliva, cere-
brospinal fluid and synovial fluid [4–9]. Exosomes contain both 
mRNA and miRNA, termed exosomal RNA, which has been 
shown to be functional when transferred between different cell 
types [6]. Exosomal RNA has also been demonstrated to be pro-
tected from degradation by cellular RNAses and relatively stable 
when stored for extended periods of time or subjected to tempera-
ture changes [4, 10].
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Aberrant miRNA expression has been implicated in a number 
of diseases including cancer, cardiovascular disease and neurologi-
cal disorders [11–13]. The role of exosomal miRNA as a disease 
biomarker has also been of great interest for the diagnosis of sev-
eral diseases. Consequently, several exosomal miRNA signatures 
have been identified from circulating biological fluids and cell cul-
ture studies that show potential both as a biomarker for diseases 
such as cancer, neurodegenerative disorders, and kidney disease 
[9, 14–18].

In this chapter, we describe detection of exosomal miRNA 
signatures via quantitative PCR (qRT-PCR) and QuantStudio™ 
3D Digital PCR System using TaqMan microRNA assays. 
However, other qRT-PCR and Digital PCR platforms are avail-
able, including Qiagen’s miScript system, Exiqon’s miRCURY 
LNA system, and Bio-Rad’s Droplet Digital PCR System. The 
principal steps involved in analysis of miRNA signature require 
extraction of high- quality RNA that includes small RNA <200 nt 
in length and validation of specific miRNA. The techniques 
described here are for exosomes samples captured from cell cul-
ture medium via standard ultracentrifugation techniques or 
Optiprep Gradient fractionation [9, 19]. They can also be adapted 
for exosomal miRNA analysis from biological fluids such as urine, 
plasma, or serum samples [14, 20].

2 Materials

Prepare all solutions using 0.2 μM filtered ultrapure Milli-Q RNase 
free water and analytical grade reagents. Prepare and store all 
reagents at room temperature (unless indicated otherwise). It is 
essential that handling and collection procedures for biological 
samples are carried out according to strict protocols to ensure 
RNA does not degrade.

 1. Microcentrifuge with ability to be set at 4 °C or placed in cold 
room.

 2. Phosphate buffered saline (PBS).
 3. miRNeasy Isolation Kit (Qiagen).
 4. Trizol LS Reagent (Invitrogen).
 5. Chloroform.
 6. 100 % ethanol, ACS grade.
 7. Milli-Q RNase/DNase-free water.
 8. Luer Lock syringes.
 9. 0.2 μM syringe filters.
 10. Heat block set to 95–100 °C.
 11. Screw-capped RNase-free 1.5 mL Eppendorf tubes.

2.1 Extraction 
of Exosomal RNA

Shayne A. Bellingham et al.
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 1. Agilent 2100 Bioanalyzer (Agilent Technologies Inc.).
 2. Agilent RNA 6000 Nano Kit (Agilent Technologies Inc.).
 3. Agilent Small RNA Kit (Agilent Technologies Inc.).
 4. Taqman MicroRNA Assays for each specific miRNA (Applied 

Biosystems).
 5. MicroRNA Reverse Transcription Kit.
 6. Taqman Gene Expression Master Mix or Fast Advanced Master 

Mix (Applied Biosystems).
 7. Viia7 Real-Time PCR system (Applied Biosystems), or similar 

instrument.
 8. Fast-reaction tubes (0.1 mL), 96-well plates (Applied 

Biosystems), or equivalent.
 9. microAmp Adhesive Film (Applied Biosystems).
 10. GeneAmp® PCR System 9700 (Applied Biosystems).

 1. QuantStudio™ 3D Digital PCR 20K Chips, Chip Case Lids, 
and Sample Loading Blades (Applied Biosystems).

 2. QuantStudio™ 12K Flex OpenArray® Immersion Fluid and 
Fluid Tip (Applied Biosystems).

 3. QuantStudio™ 3D Digital PCR Chip Loader (Applied 
Biosystems).

 4. UV-Activated Chip Sealant Syringe (Applied Biosystems).

 1. QIAcube (Qiagen), fully automated sample processing for 
Subheading 3.1.

 2. TaqMan PreAmp Master Mix (Applied Biosystems), in 
Subheading 3.2.

 3. QIAgility (Qiagen), for liquid handling and reaction plate 
setup in Subheading 3.2.

3 Methods

The miRNeasy Mini Kit enables purification of total RNA, which 
includes RNA from approximately >18 nucleotides from all types 
of animal tissues and cells, including difficult-to-lyse tissues. The 
miRNeasy Mini Kit is used for low-throughput RNA purification 
using spin columns. Co-purification of miRNA and total RNA 
using the miRNeasy Mini Kit can be automated on the QIAcube 
(Optional).

 1. Cool centrifuge to 4 °C.
 2. Ensure exosome samples are in ~250 μL 0.2 μM filtered PBS 

per extraction in screw-cap Eppendorf tubes (see Note 1).

2.2 Exosomal 
MicroRNA Expression 
Analysis Using 
qRT-PCR

2.3 Digital PCR Using 
QuantStudio 
3D System

2.4 Optional 
Materials

3.1 Extraction 
of Total RNA 
Including miRNA 
with miRNeasy Mini 
Kit from Exosome 
Samples

Quantitative Analysis of Exosomal miRNA via qPCR and Digital PCR
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 3. Disrupt exosome sample in 750 μL of TRIzol LS reagent. 
Vortex the tube for 10 s (see Note 2).

 4. Incubate the tube containing the homogenate at room tem-
perature (15–25 °C) for 5 min.

 5. Add 250 μL chloroform to the tube containing the homoge-
nate in the fume hood and cap the tube securely. Vortex the 
tube for 15 s (see Note 3).

 6. Incubate the tube containing the homogenate at room tem-
perature for 2–3 min in the fume hood.

 7. Centrifuge for 15 min at 12,000 × g at 4 °C (see Note 4).
 8. Carefully transfer the upper aqueous phase to a new collection 

tube and record the volume. The volume of the aqueous phase 
should be recorded accurately. Do not transfer or disrupt the 
interphase or lower red organic phase as it contains protein and 
DNA contamination (see Note 5) (Optional QIAcube extrac-
tion see Note 6).

 9. Add 1.5 volumes of 100 % ethanol to the volume of “recovered 
aqueous phase from step 8” and mix thoroughly by inverting 
or pipetting several times. For example if 350 μL aqueous 
phase recovered add 525 μL of 100 % ethanol. Do not 
centrifuge.

 10. For each sample, assemble a miRNeasy Mini spin column 
together with a 2 mL collection tube (supplied in the miR-
Neasy kit).

 11. Pipet up to 700 μL of the sample, including any precipitate 
that may have formed, into the assembled miRNeasy Mini spin 
column and centrifuge at 8000 × g (10,000 rpm) for 15–30 s at 
room temperature (15–25 °C). Discard the flow- through and 
reuse the collection tube.

 12. Repeat step 10 using the remainder of the sample. Discard the 
flow-through and reuse the collection tube.

 13. Add 700 μL Buffer RWT to the miRNeasy Mini spin column. 
Centrifuge for 15–30 s at 8000 × g (10,000 rpm) to wash the 
column. Discard the flow-through, reusing the collection tube.

 14. Pipet 500 μL Buffer RPE into the miRNeasy Mini spin col-
umn. Centrifuge for 15–30 s at 8000 × g (10,000 rpm) to wash 
the column. Discard the flow-through and reuse the collection 
tube.

 15. Add another 500 μL Buffer RPE to the miRNeasy Mini spin 
column. Close the lid gently and centrifuge for 2 min at 
8000 × g (10,000 rpm) to dry the miRNeasy Mini spin column 
membrane (see Note 7).
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 16. Place the miRNeasy Mini spin column into a new 2 mL collec-
tion tube (not supplied), and discard the old collection tube 
with the flow-through. Centrifuge in a microcentrifuge at full 
speed for 1 min (see Note 8).

 17. Label clean RNase free 1.5 mL collection tubes and transfer 
the miRNeasy Mini spin column to each collection tube.

 18. Pipet 30–50 μL nuclease-free water directly onto the miR-
Neasy Mini spin column membrane.

 19. Centrifuge for 1 min at 8000 × g (10,000 rpm) to elute the 
RNA (see Note 9).

 20. Eluted RNA should be immediately placed on ice to prevent 
potential degradation. Keep at −20 or −80 °C for short- and 
long-term storage, respectively.

A number of factors govern the choice of miRNAs chosen for 
qRT-PCR validation. Importantly, if cells and/or tissues are of 
murine origin, the candidate miRNA must have a known human 
homologue, so that putative disease biomarkers identified can be 
tested in human patient samples. Second, given the goal of pro-
ducing clinically relevant assays, miRNAs should be highly detect-
able in both relevant diseased tissue and noninvasive body fluids 
such blood. Finally, prioritization of miRNAs based on their func-
tion, such as a known role in the target disease of interest, may be 
a sensible approach if the candidate list is large.

The MicroRNA Reverse Transcription (RT) Kit provides the nec-
essary components for optimal performance in TaqMan MicroRNA 
Assays. Components of this kit are used with the RT primer pro-
vided with the TaqMan MicroRNA Assay to convert miRNA to 
cDNA (see Note 10).

 1. Assess the quantity and quality of isolated total RNA including 
microRNA by running 1 μL of the Total RNA sample on the 
Agilent Bioanalyzer using both the Agilent RNA 6000 kit and 
Agilent small RNA assay kit, following manufacturer’s instruc-
tions (see Note 11).

 2. Before use, thaw the 5× RT primer and MicroRNA Reverse 
Transcription Kit components on ice, resuspend the solutions 
completely by gently vortexing, then briefly centrifuge 
1000 × g, ~10 s (see Notes 12 and 13).

 3. In a polypropylene tube, prepare the RT master mix on ice by 
multiplying the volume of components in Table 1 to the 
required number of RT reactions (see Note 14).

 4. Mix gently. Do not vortex. Centrifuge in a microcentrifuge to 
bring the solution to the bottom of the tube (see Note 13).

 5. Place the RT master mix on ice until you prepare the RT reac-
tion tubes or plate.

3.2 Exosomal 
MicroRNA Expression 
Analysis Using 
qRT-PCR

3.2.1 MicroRNA Reverse 
Transcription
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 6. For each 15-μL RT reaction, combine into a 0.2-mL polypro-
pylene RT reaction tube or into a well of a 96-well reaction 
plate 7 μL RT master mix (from step 3) with 5 μL total RNA 
(1–10 ng per reaction as determined from concentration 
provided by Bioanalyzer in Subheading 3.3.1, step 1) (see 
Note 15).

 7. Add 3 μL of 5× RT primer from each assay set into the corre-
sponding RT reaction tube or plate well.

 8. Seal the tube with optical caps or reaction plate with optical 
adhesive film and mix thoroughly by inverting the solution. 
Centrifuge to bring the solution to the bottom of the tube or 
well.

 9. Incubate the tube on ice for 5 min and keep it on ice until you 
are ready to load the thermal cycler.

 10. To perform reverse transcription: Program the thermal cycler 
conditions as in Table 2.

 11. Load the reactions into the thermal cycler and start the reverse 
transcription. When run has finished, remove tubes and centri-
fuge briefly to spin down contents and eliminate any air bub-
bles. Store cDNA for short-term (4 °C) or long-term storage 
(−15 to −25 °C) or proceed immediately to qPCR.

Table 1 
Master Mix for reverse transcription reactions

Component
RT master mix volume 
per 15 μL reaction

Volume for ten reactions 
including excess

10× RT buffer 1.5 18.0

25× dNTP mix (100 mM) 0.15 1.8

RNase inhibitor 0.19 2.28

MultiScribe™ reverse transcriptase 1.0 12.0

Nuclease-free milli Q H2O 4.16 49.92

Total per reaction 7.0 84.0

Table 2 
Thermal cycler conditions for reverse transcription

Step 1 Step 2 Step 3 Step 4

Temperature (°C) 16 42 85 4

Time 30 min 30 min 5 s ∞
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The TaqMan® MicroRNA Assays combine a target-specific stem- 
loop reverse transcription primer that extends the 3′ end of the 
target to produce a cDNA template that allows specific detection 
of mature miRNA with a microRNA gene expression assay that can 
be used in standard real-time PCR.

 1. If frozen, thaw cDNA samples by placing them on ice. When 
thawed, resuspend the samples by vortexing and then centri-
fuge the tubes briefly.

 2. Thaw 20× Taqman microRNA assays on ice, and resuspend 
samples by vortexing, then centrifuge the tubes at 1000 × g, for 
10 s (see Notes 12 and 16).

 3. Thaw Taqman Gene Expression Master mix or Fast Advanced 
Master mix on ice and mix by thoroughly by swirling the 
bottle.

 4. Add 210 μL nuclease-free milli Q H2O to each individual 
cDNA template for a final dilution of 1:15, mix and centrifuge 
briefly (see Note 17).

 5. Prepare the PCR reaction mix in a microcentrifuge tube on ice 
according to Table 3 before transferring it to the reaction plate 
for thermal cycling and fluorescence analysis (see Note 18).

 6. Vortex then centrifuge the tube(s) briefly to spin down the 
contents and eliminate any air bubbles from the solutions.

 7. Transfer the appropriate volume of each reaction mixture to 
each well of the Applied Biosystems 96-well plate, seal plate 
with optical adhesive film and spin for 5 min, 2000 × g at 4 °C 
in a centrifuge fitted with plate adapters (see Note 19).

3.2.2 Taqman Gene 
Expression MicroRNA 
Assay

Table 3 
Reaction mixtures for TaqMan gene expression assays

20 μL reactions 10 μL reactions

1 replicate 4 replicates 1 replicates 4 replicates

TaqMan gene expression (2×)  
or fast advanced master mix (2×)

10.0 50.0 5.0 25.0

TaqMan microRNA assay (20×) 1.0 5.0 0.5 2.5

Diluted cDNA template 9.0 45.0 4.5 22.5

Total volume 20.0 100.0 10.0 50.0
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 8. Load and run the plate on real-time quantitative PCR instru-
ment, Viia7 or equivalent instrument either standard mode or 
fast mode as indicated in Table 4 (see Note 20).

 9. The relative fold change of miRNA levels are determined based 
on the threshold cycle (Ct) and are normalized by the ΔΔCt 
method [21]. Normalize your Ct values using the average CT 
of the endogenous controls (see Notes 21 and 22).

 10. Use ∆CT (miRNA Ct—averaged endogenous control Ct) or 
fold-change relative to a calibrator or reference sample (2∆∆CT) 
for relative expression analysis.

This PCR assay utilizes chips containing 20,000 nanoscale reaction 
wells partitioning a sample into as many as 20,000 independent 
PCR reactions. This enables higher sensitivity, accuracy and deter-
mination of an absolute concentration of target copies/μL without 
a standard curve or reference.

 1. Remove from storage and allow the QuantStudio™ 3D Digital 
PCR Master Mix and TaqMan® Assay(s) to reach room 
temperature.

 2. Review the concentration of your cDNA samples and prepare 
dilutions if necessary (see Note 23).

 3. Gently invert the tube of Digital PCR Master Mix ten times 
(or gently vortex on low–medium speed).

3.3 Quantstudio™ 
3D Digital PCR Assay

3.3.1 Prepare 
the Reaction Mix 
and Samples

Table 4 
qPCR thermal cycling conditions

Standard mode thermal-cycling conditions

Step

UDG incubation Polymerase activation PCR (40 cycles)

Hold Hold Denature Anneal/extend

Time 2 min 10 min 15 s 1 min

Temp. 50 °C 95 °C 95 °C 60 °C

Fast mode thermal-cycling conditions

Step

UNG incubation Polymerase activation PCR (40 cycles)

Hold Hold Denature Anneal/extend

Time 2 min 20 s 1 s 20 s

Temp 50 °C 95 °C 95 °C 60 °C
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 4. In an 0.5- or 1.5-mL reaction tube, prepare sufficient PCR 
reaction mix for your samples. Scale the component amounts 
appropriately, depending on the number of samples that you 
are running.

 5. Vortex, then briefly centrifuge the DNA samples.
 6. Transfer 32.4 μL of PCR reaction mix to each labeled reaction 

tube.
 7. Transfer 3.6 μL of each sample, diluted to the appropriate con-

centration, to the corresponding reaction tube. Mix well by 
gently pipetting up and down after each transfer (or gently 
vortex on low-medium speed).

 8. Cap the reaction tubes, then briefly centrifuge them and 
immediately proceed to load the Digital PCR 20K Chips (see 
Note 24).

 1. Allow the prepared digital PCR reaction to equilibrate to room 
temperature (approximately 15 min) and remove the following 
consumables from their packaging and place them on a clean, 
dry, lint-free surface:

●● QuantStudio™ 3D Digital PCR Chip Case Lid.
●● QuantStudio™ 3D Digital PCR Sample Loading Blade.

 2. Plug in and power on the QuantStudio™ 3D Digital PCR Chip 
Loader, then wait until the Chip Loader status light illuminates 
solid green (≥20 min depending on room temperature).

 3. Remove the Chip Sealant syringe, plunger, and tip from the 
protective packaging. Remove the protective caps from both 
ends of the syringe, twist and push the tip to lock it into place, 
then insert the plunger into the opposite end of the syringe. 
Syringe can be stored and reused (see Note 25).

 4. Remove the QuantStudio™ 12 K Flex OpenArray® Immersion 
Fluid syringe, plunger, and tip from the packaging. Unscrew 
the cap from the syringe, then attach the OpenArray® 
Immersion Fluid Tip by pushing it into place and confirm tip 
locked in place before proceeding. Carefully depress the 
plunger until Immersion Fluid flows from the tip of the assem-
bled syringe. Use within 1 h of opening (see Note 26).

 5. Open the QuantStudio™ 3D Digital PCR 20 K Chip package, 
then gently grasp the chip by its sides and load it face-up into 
the chip nest. Lock the chip into place by pressing down the 
chip nest lever prior to placing the chip into the chip nest.

 6. Briefly vortex and centrifuge the prepared digital PCR reac-
tion, then carefully transfer 16.7 μL of the solution into the 
sample-loading port of the QuantStudio™ 3D Digital PCR 
Sample Loading Blade. Press the sample loading blade lever, 
then install the Sample Loading Blade to the Chip Loader.

3.3.2 Load the Chips 
Using the Chip Loader
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 7. Remove the red protective film from a QuantStudio™ 3D 
Digital PCR Chip Case Lid, press the Lid Nest button, care-
fully place the Chip Case Lid into the Lid Nest with the 
barcode on the underside, and the Immersion Fluid opening 
on the bottom right. Then release the button to clamp the 
chip in place.

 8. Press the black loading button on the Chip Loader to load the 
Digital PCR 20K Chip. The status light flashes green during 
the loading sequence, and displays solid green when finished. 
After the Chip Loader loads the Digital PCR 20 K Chip, 
immediately add 10–15 drops of Immersion Fluid directly 
onto the chip so that the fluid covers the entire surface (see 
Note 27).

 9. Rotate the Chip Loader arm so that the Chip Case Lid solidly 
contacts the Digital PCR 20K Chip, firmly press down for 15 s 
to ensure a tight seal, then press the Lid Nest button and return 
the Chip Loader arm to its original position (see Note 28).

 10. Fill the Chip Case with Immersion Fluid by holding the Chip 
Case by its edges and at a 45° angle so that air can escape from 
the loading port as you fill it. Fill until the Chip Case contains 
an air bubble no larger than the fill port (<2–3 mm in diame-
ter). Check for air bubbles that might be hidden behind the 
serial number label. Remove any excess Immersion Fluid from 
the Chip Case to ensure optimal imaging on the QuantStudio™ 
3D Instrument.

 11. Seal the Chip Case using Chip Sealant by inserting the syringe 
tip into the fill port of the sealed Chip Case, then carefully fill 
the port with Chip Sealant, ensuring that the fluid touches the 
walls of the hole. When full, finish the seal by lifting the syringe 
tip and add a small amount of sealant over the top of the port.

 12. Insert the Digital PCR 20K Chip assembly into the UV- Curing 
Station on the Chip Loader. The ultraviolet light will illumi-
nate for approximately 15 s, then remove the chip and place it 
on a clean, dry, lint-free surface (see Note 29).

 13. Visually inspect the sealed Digital PCR 20K Chip for leaks, 
bubbles. Store the prepared Digital PCR 20K Chip in a clean, 
dry, dark location and begin thermal cycling within 2 h.

 1. Using the GeneAmp® PCR System 9700, open the heated 
cover, then wipe the surface of both sample blocks using a lint- 
free wipe to ensure that they are clean and dry.

 2. Confirm the Tilt Base is installed to the thermal cycler and that 
Chip Adapters are installed to both sample blocks.

 3. Load the QuantStudio™ 3D Digital PCR 20K Chips into the 
thermal cycler with the fill ports on the chips positioned toward 

3.3.3 Thermal Cycle 
the Digital PCR 20K Chips
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the front of the thermal cycler. Lay the QuantStudio™ Thermal 
Pads over the Digital PCR 20K Chips. Slide the heated cover 
forward and pull the heated cover lever down to engage the 
cover with the QuantStudio™ 3D Digital PCR 20K Chips (see 
Note 30).

 4. Use the thermal cycler to select and start the preprogrammed 
run (Table 5) for the Digital PCR 20K Chips.

 5. Remove the Digital PCR 20K Chips from the Chip Adapters 
and allow them to equilibrate to room temperature. The 
Digital PCR 20K Chip is now ready to be imaged by the 
QuantStudio™ 3D Instrument within 1 h of removal from the 
thermal cycler (see Note 31).

 1. In the Destination screen from the Main Menu of the 
QuantStudio™ 3D Instrument touch the desired destination 
for the imaging data. If using use a USB drive, insert the drive 
into the USB port on the front of the instrument.

 2. Open the chip tray and load the Digital PCR 20K Chip into 
the bay. Confirm that the Digital PCR 20K Chip is correctly 
aligned with the barcode on top and facing the user.

 3. In the instrument touchscreen, touch Start Run, then wait for 
the QuantStudio™ 3D Instrument to image the chip (see 
Note 32).

 4. When the touchscreen displays the Analyzing Chip screen 
remove the Digital PCR 20K Chip. Store or discard it as 
desired (see Note 33).

 5. After reviewing the results of the run, touch Done to close the 
results screen (see Note 34).

4 Notes

 1. We have regularly extracted exosomal RNA from samples 
stored in PBS or samples collected in Optiprep© Gradient frac-
tions using TRIzol® LS.

3.3.4 Analyzing 
the Digital PCR 20K Chips

Table 5 
PCR cycling conditions for the digital PCR 20 K chips

PCR protocol

Run speed Rxn. vol.Stage 1 Stage 2 Stage 3

96.0 °C 60.0 °C 98.0 °C 60.0 °C 10.0 °C Std. 20 μL
10:00 2:00 0:30 2:00 99:59
1× 39× 1×
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 2. It is essential that TRIzol® LS is used if exosomes are resus-
pended in a buffer such as PBS or Optiprep© Gradient. 
TRIzol® LS is a concentrated version of TRIzol® and ideal for 
samples resuspended in buffer. TRIzol® should only be used 
for cell pellets or tissue samples which are not suspended in 
buffer.

 3. Exosomes resuspended in 250 μL of buffer must maintain the 
correct sample to TRIzol® LS and chloroform ratio to yield 
maximal RNA and quality.

 4. After centrifugation, the sample separates into three phases: an 
upper, colorless, aqueous phase containing RNA; a white inter-
phase; and a lower, red, organic phase. Following centrifuga-
tion, if the interphase layer is not compact, repeat the 
centrifugation step.

 5. The aqueous layer from the RNA extraction must be accu-
rately measured in order to determine the correct volume of 
100 % ethanol to precipitate RNA. The 1.5 volumes of ethanol 
ensure precipitation of small RNAs and miRNAs.

 6. Optional QIAcube for automation miRNeasy mini kit can be 
continued from this step following manufacturer’s instructions.

 7. The long centrifugation dries the spin column membrane, 
ensuring that no ethanol is carried over during RNA elution. 
Residual ethanol may interfere with downstream reactions. 
Following centrifugation, remove the miRNeasy Mini spin 
column from the collection tube carefully so the column does 
not contact the flow-through. Otherwise, carryover of etha-
nol will occur.

 8. Perform this step to eliminate any possible carryover of Buffer 
RPE or if residual flow-through remains on the outside of the 
miRNeasy Mini spin column after step 15.

 9. If the expected RNA yield is >30 μg, repeat step 18 with a 
second volume of 30–50 μL RNase-free water. Elute into the 
same collection tube. To obtain a higher total RNA concentra-
tion, this second elution step may be performed by using the 
first eluate (from step 19). The yield will be 15–30 % less than 
the yield obtained using a second volume of RNase-free water, 
but the final concentration will be higher.

 10. MicroRNA RT reactions can be multiplexed with up to 96 
individual 5× primers and and/or TaqMan MicroRNA Assays 
for with or without preamplification in each reaction without 
loss of performance [22]. We have successfully multiplexed up 
to 20 assays per RT reaction following the protocol with or 
without preamplification.

 11. Assessment of RNA quality and integrity is crucial to successful 
downstream applications for gene expression analysis as 
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microRNA expression cannot be accurately profiled from 
degraded total RNA samples. Running samples on the 
Bioanalyzer with the RNA 6000 kit provides an accurate assess-
ment of both the RNA quantity and quality by determining 
the RNA integrity number (RIN) of the given sample. A RIN 
greater than or equal to 7 is recommended for the profiling of 
microRNAs [23].

 12. Centrifugal force greater than 1000 × g may result in rubber 
caps of 5× RT primer and 20× assays tubes being lodged inside 
tubes.

 13. Do not vortex MultiScribe™ Reverse Transcriptase or RT mas-
ter mix containing MultiScribe™ Reverse Transcriptase.

 14. Include additional reactions in the calculations to provide 20 % 
excess volume for the loss that occurs during reagent transfers.

 15. For each microRNA assay an individual reverse transcription 
(RT) reaction must be prepared per sample. Therefore the final 
15 μL reaction contains 7 μL RT master mix: 5 μL RNA: and 
3 μL of 5× RT primer specific for each individual miRNA.

 16. Keep all TaqMan reagents protected from light, in the freezer, 
until you are ready to use them. Excessive exposure to light 
may affect the fluorescent probes.

 17. The final diluted cDNA template volume is sufficient for eight 
replicates.

 18. We recommend quadruplicate replicates for each assay; how-
ever, triplicate replicates may be performed if necessary. 
Calculating the total volume required for each component by 
the number of replicates for each sample according to the 
table. For every four reactions, include volume for a fifth reac-
tion to provide excess volume for the loss that occurs during 
reagent transfers.

 19. Optional, reaction plate can be setup on QIAgility or equiva-
lent liquid handling platform according to manufacturer’s 
instructions.

 20. If using Taqman Gene expression master mix run the plate in 
standard mode. Check thermal-cycling parameters of your instru-
ment with master mix compatibility as parameters may vary.

 21. A universally excepted endogenous control for microRNA has 
yet to be established. Based on our experience we find the 
RNU6B, snoRNA202 and snoRNA135 to show the least vari-
ability between mouse hypothalamic GT1-7 samples [9].

 22. It is recommended that a set of several endogenous small 
nuclear RNA (snRNA) and/or small nucleolar RNA 
(snoRNA) endogenous controls control genes be selected 
and screened based on the species, tissues, or cell lines used in 
your study. Alternatively, or in addition to, use specific miRNAs 
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that demonstrate the least variability across experimental 
conditions. Applied Biosystems recommends the following 
candidate  control genes for Human: RNU48, RNU44, U47, 
RNU6B and Mouse: snoRNA202, snoRNA234 samples 
based upon data generated by across a wide variety of tissues 
and cell lines that show the least variability [24]. Alternatively, 
the use of a spike- in- control such as C. elegans miR-39 may 
be used to normalize [14].

 23. The recommended cDNA volume is based upon a human 
gDNA sample at 10 ng/μL concentration with the target 
sequence present at two copies per diploid genome. This rec-
ommended volume will vary depending upon species, sample 
type, and sample concentration. For miRNA samples we have 
found that using either neat undiluted cDNA, 1:5 diluted or 
1:10 diluted gives optimal results for target sequence between 
200 and 2000 copies/μL. As a general guide, if the Ct value of 
the target miRNA is ~15–20 then 1:10 dilution is recom-
mended; Ct value of 20–25 then 1:5 is recommended and Ct 
value >25 then undiluted neat cDNA is recommended.

 24. For optimal results, load the Digital PCR 20K Chips as soon as 
possible after setting up the reactions. If necessary, place the 
reactions on ice until you are ready to use them. If placed on 
ice, warm the samples to room temperature prior to loading.

 25. Do not discard the Chip sealant packaging. When not in use 
store the Chip sealant in its protective packaging.

 26. Use all of the immersion fluid within 1 h of uncapping syringe 
and then dispose of. Once a syringe is opened, you cannot 
recap for later use.

 27. If any fluid is present on the edges of the case that will contact 
the lid, remove it with a lint-free wipe that has been sprayed 
with isopropanol.

 28. Press down on the Chip Loader until you reach a hard stop. 
The arms requires >20 lbs of force to correctly apply and seal 
the Chip Case Lid.

 29. Do not allow the Digital PCR 20K Chip to contact the roof of 
the UV-Curing Station.

 30. Load the right sample block first, placing at least 1 chip on the 
right sample block. Balance the load between the left and right 
sample blocks so that the pressure applied by the heated cover 
and thermal pads is uniform across all samples.

 31. Visually inspect each Digital PCR 20K chip surface and clean 
using a lint-free laboratory wipe to remove any condensation 
or Immersion Fluid from the surface of the chip by wiping in 
one direction. If necessary, use a lint-free laboratory wipe 
sprayed with isopropanol to remove any dried residue.
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 32. Do not open the tray or remove the USB drive while the 
instrument displays the countdown screen. Doing so will inval-
idate the image data and require you to repeat the run.

 33. You can read another Digital PCR 20K Chip without waiting 
for the analysis to complete. To begin the next run, load the 
chip and touch Start Run as described in step 2. Data auto-
matically saves to the USB. To identify samples, run the sam-
ples in order and arrange by the timecode incorporated into 
the data file name.

 34. If the analysis of the imaging data produced a red flag for either 
probe (FAM™ or VIC® dye), visually inspect the chip for prob-
lems and read the chip again.
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Chapter 6

Small RNA Library Construction for Exosomal RNA 
from Biological Samples for the Ion Torrent PGM™  
and Ion S5TM System

Lesley Cheng and Andrew F. Hill

Abstract

Next-generation deep sequencing (NGS) technology represents a powerful and innovative approach to 
profile small RNA. Currently, there are a number of large-scale and benchtop sequencing platforms avail-
able on the market. Although each platform is relatively straightforward to operate, constructing cDNA 
libraries can be the most difficult part of the NGS workflow. Constructing quality libraries is essential to 
obtaining a successful sequencing run of high-quality reads and coverage. The quality and yield of RNA 
affect hybridization and ligation of sequencing adapters. In the field of biomarker discovery, there has been 
an interest in profiling exosomal RNA from biological fluids. However, very little RNA yield is obtained 
when extracting RNA from exosomes, thus making library construction difficult. Here, this protocol 
describes an optimized protocol for constructing small RNA libraries from low yields of RNA, in particu-
lar, extracted from exosomes isolated from biological fluids.

Key words Small RNA deep sequencing, Ion Torrent, Exosomes, Biological fluids, miRNA, 
Small RNA

1 Introduction

Next-generation deep sequencing (NGS) has allowed the ability to 
profile and discover noncoding small RNA species. One of the 
most studied species of small RNA is microRNA (miRNA) of 
approximately 22–24 nucleotides which acts as a post-translational 
regulator of gene expression [1]. Consequently, miRNA can regu-
late essential biological pathways such as cellular development, 
proliferation, apoptosis, and cellular signaling. Currently there are 
more than 2500 known miRNA species with each having multiple 
messenger RNA gene targets [2]. As they are highly abundant in 
cells and tissues, extracting small RNA including miRNA is rela-
tively uncomplicated, and small RNA libraries can be successfully 
constructed. However, miRNA is also found as smaller quantities 
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in biological fluids such as blood, urine, cerebral spinal fluid, and 
synovial fluid [3–6].

RNA extraction from these biological fluids can be difficult as 
there is a high level of protein contaminates such as albumin and 
immunoglobulins. In addition, there is little RNA circulating in 
these fluids due to the presence of RNases. However, miRNA can 
be secreted extracellularly in cell-derived extracellular vesicles such 
as exosomes where they are protected from RNases and remain 
relatively stable. miRNAs have been implicated in many diseases 
and have been shown to be taken up by distant cells as cargo in 
exosomes as a method of cell-to-cell communication to poten-
tially influence disease pathogenesis and progression [7]. Together, 
the pathogenic nature of miRNAs and ability to be secreted extra-
cellularly into biological fluids, this presents miRNA as a promis-
ing biomarker for diagnosis and therapeutic monitoring for 
diseases such as cancer, neurodegenerative disorders, heart disease, 
and infection.

Firstly, exosomes can be isolated from biological fluids by 
sequential ultracentrifugation which involves the removal of large 
debris, proteins, and microvesicles through low-speed centrifuga-
tion [8]. This is followed by pelleting the smaller membrane vesi-
cles, exosomes, by high-speed ultracentrifugation as described 
elsewhere. Isolation of exosomes from various biological fluids can 
be challenging in addition to extracting the RNA contained in the 
exosomes (termed exosomal RNA). The minimal yields obtained 
of exosomal RNA consequently makes constructing small RNA 
libraries difficult.

The team at Ion Torrent has developed a kit for small RNA 
libraries (Ion Total RNA-Seq Kit v2) mostly catered for RNA-rich 
samples extracted from cells and tissues. Here, the protocol adapted 
from the Ion Total RNA-Seq Kit v2 has been modified for samples 
with less than 10 ng of RNA. In particular, the protocol outlined 
here is for exosomes isolated from biological fluids which contain 
an enriched population of miRNA and small RNA species [3, 9]. 
Upon constructing the small RNA libraries, libraries can be tem-
plated using the One Touch 2 or Ion Chef system and sequenced 
on the Ion Torrent Personal Genome Machine (PGM™) or Ion S5 
benchtop sequencer with the potential to obtain 5–6 million reads 
per 318™ chip or 80 million reads per 540 chip using 200 bp 
sequencing.

2 Materials

 1. Phosphate-buffered saline (PBS).
 2. Screw cap tubes (1.8 ml).
 3. miRNeasy mini kit (Qiagen).

2.1 RNA Isolation 
and Quantification

Lesley Cheng and Andrew F. Hill
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 4. TRIzol® LS reagent (Life Technologies).
 5. Chloroform.
 6. Nonstick Lo-bind RNase-free microfuge tubes (1.5 ml).
 7. Ethanol, 100 %, ACS reagent grade or equivalent.
 8. Nuclease-free water.
 9. Small RNA Bioanalyzer® assay kit (Agilent).
 10. RNA Nano or Pico Bioanalyzer® assay kit (Agilent).
 11. Bioanalyzer® instrument (Agilent).

 1. Ion Total RNA-Seq Kit v2 components: 96-well deep well 
processing plate, nucleic acid binding beads, binding solution, 
and washing solution with ethanol added as indicated.

 2. Ethanol, 100 %, ACS reagent grade or equivalent.
 3. 96-well magnetic stand.
 4. Heat block to 80 °C.
 5. Nonstick RNase-free microfuge tubes (1.5 ml).
 6. Small RNA Bioanalyzer® assay kit.
 7. RNA Nano or Pico Bioanalyzer® assay kit.

 1. PCR RNase-free 0.2-ml tubes.
 2. Ion Total RNA-Seq Kit v2 components: Ion Adapter Mix v2, 

hybridization solution, 2× ligation buffer, and ligation enzyme 
buffer.

 3. Thermal cycler with heated lid, for 0.2-ml tubes.

 1. Nuclease-free water.
 2. Ion Total RNA-Seq Kit v2 components: 10× RT buffer, 

2.5 nM dNTP mix, Ion RT Primer v2, 10× SuperScript® III 
enzyme mix.

 3. PCR RNase-free 0.2-ml tubes.
 4. Thermal cycler with heated lid, for 0.2-ml tubes.

 1. Ion Total RNA-Seq Kit v2 components: 96-well deep well 
processing plate, nucleic acid binding beads, binding solution, 
and washing solution with ethanol added as indicated.

 2. Ethanol, 100 %, ACS reagent grade or equivalent.
 3. 96-well magnetic stand.
 4. Heat block to 37 °C.
 5. Nonstick Lo-bind RNase-free microfuge tubes (1.8 ml).

 1. Ion Total RNA-Seq Kit v2 components: Platinum® PCR 
SuperMix High Fidelity, Ion 5′ PCR primer v2, and Ion 3′ 
PCR primer v2.

2.2 Enrichment 
of Small RNA

2.3 Hybridize 
and Ligate RNA

2.4 Synthesis 
of cDNA for PCR 
Amplification

2.5 Purify and Size 
Select cDNA Products

2.6 Amplify 
the cDNA by PCR

Small RNA Library Construction for Exosomal RNA from Biological Samples…
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 2. Ion Xpress RNA 3′ barcode primer.
 3. Ion Xpress RNA-Seq Barcode BC primer (BC01–BC16).
 4. Thermal cycler.

 1. Ion Total RNA-Seq Kit v2 components: 96-well deep well 
processing plate, nucleic acid binding beads, binding solution, 
and washing solution with ethanol added as indicated.

 2. Ethanol, 100 %, ACS reagent grade or equivalent.
 3. 96-well magnetic stand.
 4. Heat block to 37 °C.
 5. Nonstick Lo-bind RNase-free microfuge tubes (1.8 ml).

 1. DNA 1000 Bioanalyzer® assay kit (Agilent).
 2. Bioanalyzer® instrument (Agilent).
 3. Low Tris-EDTA buffer (supplied in Bioanalyser kit).
 4. Nonstick Lo-bind RNase-free microfuge tubes (1.8 ml).

3 Methods

It is essential that handling and collection procedures for biological 
samples are carried out according to strict protocols to ensure 
RNA does not degrade. In addition, exosome isolation should also 
be optimized with the aim to collect maximal yields of exosomes 
from the fluid [10, 11]. See Note 1.

 1. Cool centrifuge to 4 °C.
 2. Ensure exosome sample has been resuspended in 250 μl of 

PBS within a screw cap microfuge tube (1.8 ml).
 3. Add 750 μl of TRIzol® LS, vortex for 5–10 s to ensure proper 

lysis, and incubate at room temperature for 5 min. See Note 2 
for more information.

 4. Add 250 μl of chloroform, secure the cap, and shake for 15 s. 
Incubate at room temperature for 3 min. See Note 3 for more 
information.

 5. Centrifuge at 12,000 × g for 15 min at 4 °C.
 6. Transfer the upper aqueous layer into a Lo-bind DNA 

microfuge tube. Do not transfer or disrupt the interphase as 
this will introduce protein and DNA contamination.

 7. Measure the volume of aqueous phase and add exactly 1.5 volumes 
of 100 % fresh ethanol to precipitate small and large RNA. 
Mix thoroughly by pipetting.

 8. Transfer 700 μl of sample into an RNeasy mini column in a 
2-ml collection tube provided in the miRNeasy mini kit.

2.7 Purify and Size 
Select PCR Products

2.8 Assess the Yield 
and Size Distribution 
of the Amplified 
Library cDNA

3.1 RNA Extraction 
of Exosomal Samples
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 9. Close the lid of the column and centrifuge at 8000 × g for 15 s 
at room temperature. Discard the flow through.

 10. Repeat using the remainder of the sample.
 11. Add 700 μl of Buffer RWT to the RNeasy mini column. 

Close the lid, and centrifuge at 8000 × g for 15 s at room 
temperature. Discard flow through.

 12. Add 500 μl of Buffer RPE to the RNeasy mini column. Close the 
lid, and centrifuge at 8000 × g for 15 s at room temperature. 
Discard flow through.

 13. Add 500 μl of Buffer RPE to the RNeasy mini column. Close the 
lid, and centrifuge at 8000 × g for 2 min at room temperature. 
Discard flow through.

 14. Transfer the RNeasy mini column into a new 2-ml collection 
tube. Centrifuge the column with its lid open at 13,000 × g for 
1 min at room temperature to ensure the membrane is dry and 
devoid of ethanol.

 15. Transfer the RNeasy mini column to a new 1.5-ml collection 
tube for elution of RNA.

 16. Add 100 μl of RNase-free water directly onto the RNeasy mini 
column membrane.

 17. Incubate for 1 min at room temperature.
 18. Close the lid of the column and centrifuge at 8000 × g for 

1 min at room temperature to elute the RNA.
 19. Concentrate the sample from 100 to 6 μl using a centrifugal 

vacuum concentrator (e.g., SpeedyVac®). See Note 4.
 20. Thoroughly resuspend the concentrated RNA in the new vol-

ume of 6 μl and centrifuge the sample to the bottom of the 
tube.

 21. Use 1 μl of the exosomal RNA sample to quantitate and assess 
the small RNA profile using a small RNA Bioanalyzer® assay. 
Follow the manufacturer’s instructions for performing the 
assay.

 22. Use 1 μl of the exosomal RNA sample to quantitate and assess 
the large RNA profile using a RNA Nano or Pico Bioanalyzer® 
assay. Follow the manufacturer’s instructions for performing 
the assay.

The ultimate success of library construction can be largely reliant 
on the quality and profile of the exosomal RNA samples. The 
majority of exosomes isolated from biological fluids are enriched 
with small RNA of less than 200 nt with minimal or no large RNA 
species (>200 nt). The absence of large ribosomal RNA makes 
assessing the RNA integrity number (RIN) not possible or chal-
lenging. However, a total RNA analysis (0–4000 nt) should be 

3.2 Assessing 
Exosomal RNA Profiles 
and Yield

Small RNA Library Construction for Exosomal RNA from Biological Samples…
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performed if the sample is suspected of containing RNA species 
larger than 200 nt. The aim of assessing the small RNA profile is to 
determine the percentage of miRNA in your sample. The sample 
must contain greater than 1 % miRNA to ensure successful library 
construction.

 1. Upon running the exosomal RNA sample on a small RNA 
chip, determine the mass of total RNA and miRNA 
(10–40 nt).
(a) If the sample has small and large RNA species, calculate 

the percentage of miRNA using this formula:
% miRNA = (mass of miRNA (ng) ÷ mass of total 
RNA) × 100.

(b) If the sample has only small RNA and no large RNA species, 
calculate the percentage of miRNA using this formula:
% miRNA = (mass of miRNA ÷ mass of total small 
RNA) × 100.

 2. Determine whether the sample requires small RNA 
enrichment:

≥1 % miRNA Small RNA enrichment is not required, and the RNA 
sample can be used in the ligation reaction. Continue 
to “hybridize and ligate RNA.”

However, if the sample contains significant large 
ribosomal RNA species, it is still recommended to 
perform small RNA enrichment for optimal ligation 
of sequencing adapters. Therefore, continue to 
“enrichment of small RNA” (Fig. 1).

≤1 % miRNA Small RNA enrichment is required. Continue to 
“enrichment of small RNA.”

The enrichment of small RNA assists in the ligation of sequencing 
adapters to only the small RNA of interest rather than larger RNA 
fragments that may be present in the sample, although, the obser-
vation that exosomes isolated from biological fluids only contain 
small RNA consequently has been biologically enriched for small 
RNA. Thus, enrichment by nucleic acid beads would not be 
required for samples biologically enriched with small RNA.

 1. Pre-warm nuclease-free water to 80 °C.
 2. Gently vortex the nucleic acid binding beads to resuspend the 

beads.
 3. Add 7 μl of beads to the wells of the processing plate.
 4. Accurately add 120 μl binding solution concentrate to each well 

and mix by pipetting up and down ten times. Avoid bubbles 
being generated to ensure correct measurement of 120 μl.

 5. Resuspend RNA sample (maximum of 20 μg total RNA) in 
75 μl nuclease-free water.

3.3 Enrichment 
of Small RNA

Lesley Cheng and Andrew F. Hill
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 6. Transfer 75 μl of each RNA sample to a well containing beads 
in the processing plate.

 7. Set a pipette at 105 μl and attach a new 200 μl tip to the 
pipette. Pre-wet the tip with 100 % ethanol by pipetting the 
ethanol up and down three times.

 8. Without changing the pre-wet tip, add 105 μl of 100 % ethanol 
to each well. Upon dispensing the ethanol, do not pipette to 
the last pipette stop or dispense the last drop. Rather, remove 
the last drop by touching the tip to the well wall. This allows 
for accurate pipetting of 100 % ethanol, thus providing the best 
results for size selection. Continue with the same pre- wet tip 
for each well. If you have contaminated the pre-wet tip with 
RNA sample, prepare another pre-wet tip.

 9. With a new pipette tip for each well, resuspend the suspension 
in each well by pipetting the wells up and down ten times. The 
suspension should be homogenous in color after mixing.

 10. Incubate the suspension for 5 min at room temperature to 
allow large RNA fragments to bind to the beads.

 11. Place the processing plate on the magnetic stand for 5 min to 
separate the beads from solution. Ensure the supernatant clears 
before proceeding.

 12. While the processing plate remains on the magnetic stand, 
transfer the supernatant to a new well on the plate. The super-
natant contains the small RNA species.

 13. Remove the processing plate from the magnetic stand.
 14. Add 30 μl of nuclease-free water to the supernatant transfered 

in step 12.
 15. Set a pipette at 570 μl and attach a new 1000 μl tip to the 

pipette. Pre-wet the tip with 100 % ethanol by pipetting the 
ethanol up and down three times.

 16. Without changing the pre-wet tip, add 570 μl of 100 % ethanol 
to each well.

 17. Gently vortex the nucleic acid binding beads tube to resuspend 
the beads.

 18. Add 7 μl beads to the wells of the processing plate.
 19. Set a P200 pipette at 150 μl and attach a new 200 μl tip to the 

pipette. Resuspend the suspension in each well by pipetting the 
wells up and down ten times. The suspension should be 
homogenous in color after mixing.

 20. Incubate the suspension for 5 min at room temperature to 
allow small RNA fragments to bind to the beads.

 21. Place the processing plate on the magnetic stand for 5 min to 
separate the beads from solution. Ensure the supernatant clears 
before proceeding.

Lesley Cheng and Andrew F. Hill
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 22. Leave the processing plate on the magnetic stand, then care-
fully aspirate and discard the supernatant from the plate.

 23. While the processing plate remains on the magnetic stand, 
add 150 μl wash solution concentrate (with ethanol) to each 
sample.

 24. Incubate on the magnetic stand for 30 s. Do not resuspend 
beads.

 25. Leave the processing plate on the stand, and then carefully 
aspirate and discard the supernatant from the plate.

 26. Remove all of the wash solution concentrate from the well 
without disturbing the magnetic beads in the well. Use a 10 μl 
pipette to remove residual ethanol.

 27. Air-dry the beads at room temperature for 1–2 min. Do not 
over dry the beads. Over-dried beads appear cracked.

 28. Remove the processing plate from the magnetic stand.
 29. Elute the small RNA with 30 μl of pre-warmed (80 °C) 

nuclease- free water to each sample.
 30. Mix thoroughly by pipetting up and down ten times.
 31. Incubate the sample for 1 min.
 32. Place the processing plate on the magnetic stand for 1 min to 

separate the beads from solution.
 33. Ensure the solution has cleared before proceeding.
 34. For each sample, collect 30 μl of eluent.
 35. Run 1 μl of the enriched small RNA sample on the Agilent® 

Bioanalyzer® using a small RNA assay kit. Follow the manufac-
turer’s instructions.

One of the essential steps to constructing libraries for deep 
sequencing is to ligate sequencing adapters to RNA fragments in 
the sample. These adapters may be platform specific and include 
a set of single-stranded oligonucleotides with a defined sequence 
used to identify the start and end of a RNA fragment for sequenc-
ing. The Ion Adapter Mix v2 contains a 5′ primer and 3′ primer 
for ligation.

3.4 Hybridize 
and Ligate RNA

Table 1  
Determining the amount of RNA required

Sample type
Amount of miRNA (10–40 nt)  
in 3 μl

Total RNA of 
sample, μg

Sample contains small and large RNA species 5–100 ng ≤1

Sample enriched with miRNA and small RNA only 1–100 ng
Ideally, use ≥10 ng of miRNA

≤1

Refer to Fig. 1 for examples of samples containing enriched small RNA

Small RNA Library Construction for Exosomal RNA from Biological Samples…
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 1. Using the results from the Agilent® 2100 Bioanalyzer® instru-
ment and the small RNA assay kit, determine the amount of 
total RNA (in particular miRNA) to use according to the RNA 
profile of the sample (Table 1). The amount of total RNA 
needs to be in a volume of 3 μl. If necessary, concentrate 
the small RNA with a SpeedVac® centrifugal concentrator. 
See Notes 5 and 6.

 2. Add 3 μl of the small RNA sample as determined above into a 
0.2-ml PCR tube.

 3. Add 3 μl of hybridization solution to each sample.
 4. Add 2 μl of Ion Adapter Mix v2 to each sample. The total volume 

per reaction should be 8 μl.
 5. Pipet the mixture up and down five times to mix, then centrifuge 

briefly to collect the liquid at the bottom of the tube.
 6. Run the hybridization reaction in a thermal cycler according to 

Table 2 with the lid temperature set at 100 °C.
 7. While the hybridization reaction occurs, thaw out the 2× liga-

tion buffer, and briefly centrifuge down any white precipitate 
found inside the lid of the tube. Warm the 2× ligation buffer at 
37 °C, and vortex until any precipitate until dissolved.

 8. Once the hybridization reaction has completed, place the 
reactions on ice.

 9. Add 10 μl of 2× ligation buffer to each sample.
 10. Add 2 μl of ligation enzyme mix to each sample. The total 

volume of the reaction should now be 20 μl.
 11. Pipet the mixture up and down five times to mix, then centrifuge 

briefly to collect the liquid at the bottom of the tube.
 12. Incubate the 20 μl ligation reaction in a thermal cycler at 16 °C 

for 16 h with the thermal cycler lid set to 16 °C.

Once the sequencing adapters have been ligated on both 5′ and 3′ 
ends of RNA fragments present in the sample, they are then used 
to perform a reverse transcription to generate single-stranded 
cDNA of the RNA fragments.

 1. Place the overnight ligation reactions on ice, and prepare the 
samples for reverse transcription accordingly to Table 3 or 4:

3.5 Synthesis 
of cDNAs for PCR 
Amplification

Table 2  
Thermal cycle conditions for hybridization

Temperature, °C Time, min

65 10

16  5
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 2. Vortex the RT reaction with ligated RNA sample to mix, 
and centrifuge to collect the liquid in the bottom of the tube. 
The reaction should now have a total volume of 40 μl.

 3. Incubate the RT reaction with ligated RNA sample at 70 °C 
for 10 min (with a heated lid set at 100 °C), then snap cool 
on ice.

 4. Add 4 μl of 10× SuperScript® III Enzyme Mix to each ligated 
RNA sample.

 5. Gently vortex to mix thoroughly, then centrifuge briefly.
 6. Incubate in a thermal cycler at 42 °C for 30 min (with a heated 

lid set at 100 °C).
 7. The cDNA can be stored at −80 °C or used immediately. 

See Note 6 for more information.

The cDNA is then purified in order to remove excess primers, dNTPs, 
and enzymes. In addition, nucleic acid beads are used to size select 
cDNA products of approximately 77–200 nt. Adapter dimers with 
no RNA insert are 77 nt, while anything larger suggests a insert was 
ligated in between the adapters. This protocol should eliminate 
cDNA products larger than 200 bp for 200 bp deep sequencing.

 1. Pre-warm nuclease-free water to 37 °C.
 2. Gently vortex the nucleic acid binding beads to resuspend the 

beads.

3.6 Purify and Size 
Select cDNA Products

Table 3  
cDNA reaction for miRNA input ≤10 ng

Component Volume for one reaction, μl

Nuclease-free water 5

10× RT buffer 4

2.5 nM dNTP mix 2

Ion RT Primer v2 5

Table 4  
cDNA reaction for miRNA input ≥ 10 ng

Component Volume for one reaction, μl

Nuclease-free water 2

10× RT buffer 4

2.5 nM dNTP mix 2

Ion RT Primer v2 8
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 3. Add 7 μl of beads to the wells of the processing.
 4. Accurately add 140 μl binding solution concentrate to each 

well and mix by pipetting up and down ten times. Upon 
aliquoting, avoid bubbles being generated to ensure correct 
measurement of 140 μl.

 5. Transfer 40 μl of the RT reaction to a well containing beads in 
the processing plate.

 6. Set a P200 pipette at 120 μl and attach a new 200 μl tip to the 
pipette. Pre-wet the tip with 100 % ethanol by pipetting the 
ethanol up and down three times.

 7. Without changing the pre-wet tip, add 120 μl of 100 % ethanol 
to each well. See Note 7.

 8. With a new pipette tip for each well, resuspend the suspension 
in each well by pipetting the wells up and down ten times. The 
suspension should be homogenous in color after mixing.

 9. Incubate the suspension for 5 min at room temperature to 
allow large RNA fragments to bind to the beads.

 10. Place the processing plate on the magnetic stand for 5 min to 
separate the beads from solution. Ensure the supernatant clears 
before proceeding.

 11. While the processing plate remains on the magnetic stand, 
transfer the supernatant to a new well on the plate. The super-
natant contains the small RNA species.

 12. Remove the processing plate from the magnetic stand.
 13. Add 72 μl of nuclease-free water to the supernatant of the new 

sample well.
 14. Set a P200 pipette at 78 μl and attach a new 200 μl tip to the 

pipette. Pre-wet the tip with 100 % ethanol by pipetting the 
ethanol up and down three times.

 15. Without changing the pre-wet tip, add 78 μl of 100 % ethanol 
to each well. See Note 7.

 16. Gently vortex the nucleic acid binding beads tube to resuspend 
the beads.

 17. Add 7 μl beads to the wells of the processing plate.
 18. Set a P200 pipette at 150 μl and attach a new 200 μl tip to the 

pipette. Resuspend the suspension in each well by pipetting the 
wells up and down ten times. The suspension should be 
homogenous in color after mixing.

 19. Incubate the suspension for 5 min at room temperature to 
allow small RNA fragments to bind to the beads.

 20. Place the processing plate on the magnetic stand for 5 min to 
separate the beads from solution. Ensure the supernatant clears 
before proceeding.

 21. Leave the processing plate on the magnetic stand, then care-
fully aspirate and discard the supernatant from the plate.
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 22. While the processing plate remains on the magnetic stand, add 
150 μl wash solution concentrate (with ethanol) to each sample.

 23. Incubate on the magnetic stand for 30 s. Do not resuspend 
beads.

 24. Leave the processing plate on the stand, and then carefully 
aspirate and discard the supernatant from the plate.

 25. Remove all of the wash solution concentrate from the well 
without disturbing the magnetic beads in the well. Use a 10 μl 
pipette to remove residual ethanol.

 26. Air-dry the beads at room temperature for 1–2 min. Do not 
over dry the beads. Over-dried beads appear cracked.

 27. Remove the processing plate from the magnetic stand.
 28. Elute the small RNA with 12 μl of pre-warmed (37 °C) 

nuclease- free water to each sample.
 29. Mix thoroughly by pipetting up and down ten times.
 30. Incubate the sample for 1 min.
 31. Place the processing plate on the magnetic stand for 1 min to 

separate the beads from solution.
 32. Ensure the solution has cleared before proceeding.
 33. For each sample, collect 12 μl of eluent.
 34. Transfer size selected cDNA into nonstick Lo-bind RNase- free 

microfuge tubes. cDNA can be stored at −80 °C or used 
immediately.

 1. To prepare non-barcoded libraries, use the primers provided in 
the Ion Total RNA-Seq Kit v2. To prepare barcoded libraries, 
use the PCR primers from Ion Xpress™ RNA-Seq Barcode 
01–16 Kit. Barcoding libraries enable sequencing of multiple 
samples in a single multiplexed sequencing run.

 2. For each sample, prepare the PCR reactions accordingly in a 
0.2-ml PCR tube. Add the reagents in order as displayed in 
Table 5 or 6.

 3. Gently vortex to mix thoroughly, then centrifuge briefly.
 4. Run the cDNA sample in a thermal cycler using the conditions 

in Table 7.

The PCR products are then purified in order to remove excess 
primers, dNTPs, and enzymes. In addition, nucleic acid beads are 
used to size select PCR products of approximately 77–200 nt or 
85–200 nt for barcoded libraries. This protocol should eliminate 
cDNA products larger than 200 bp for 200 bp deep sequencing.

 1. Pre-warm nuclease-free water to 37 °C.
 2. Gently vortex the nucleic acid binding beads to resuspend the 

beads.

3.7 Amplify 
the cDNA by PCR

3.8 Purify and Size 
Select PCR Products
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 3. Add 7 μl of beads to the wells of the processing plate.
 4. Accurately add 140 μl binding solution concentrate to 

each well and mix by pipetting up and down ten times. 

Table 5  
Non-barcoded library PCR reactions

Non-barcoded library

Component Volume for one reaction, μl

Platinum® PCR SuperMix High Fidelity 45

Ion 5′ PCR Primer v2  1

Ion 3′ PCR Primer v2  1

cDNA sample  6

Total volume 53

Table 6  
Barcoded library PCR reactions

Barcoded library

Component Volume for one reaction, μl

Platinum® PCR SuperMix High Fidelity 45

Ion Xpress™ RNA 3′ Barcode Primer  1

cDNA sample  6

Ion Xpress™ RNA-Seq Barcode BC primer 
(choose from BC01–BC16)

 1

Total volume 53

Table 7  
PCR cycling conditions

Stage Temperature, °C Time

Hold 94 2 min

Cycle (two cycles) 94 30 s
50 30 s
68 30 s

Cycle (14 cycles) 94 30 s
62 30 s
68 30 s

Hold 68 5 min
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Upon aliquoting, avoid bubbles being generated to ensure 
correct measurement of 140 μl.

 5. Transfer 53 μl of the PCR reaction to a well containing beads 
in the processing plate.

 6. Set a P200 pipette at 110 μl and attach a new 200 μl tip to the 
pipette. Pre-wet the tip with 100 % ethanol by pipetting the 
ethanol up and down three times.

 7. Without changing the pre-wet tip, add 110 μl of 100 % ethanol 
to each well. See Note 7.

 8. With a new pipette tip for each well, resuspend the suspension 
in each well by pipetting the wells up and down ten times. The 
suspension should be homogenous in color after mixing.

 9. Incubate the suspension for 5 min at room temperature to 
allow large RNA fragments to bind to the beads.

 10. Place the processing plate on the magnetic stand for 5 min to 
separate the beads from solution. Ensure the supernatant clears 
before proceeding.

 11. While the processing plate remains on the magnetic stand, 
transfer the supernatant to a new well on the plate. The super-
natant contains the small RNA species.

 12. Remove the processing plate from the magnetic stand.
 13. Add 35 μl of nuclease-free water to the supernatant of the new 

sample well.
 14. Set a P200 pipette at 35 μl and attach a new 200 μl tip to the 

pipette. Pre-wet the tip with 100 % ethanol by pipetting the 
ethanol up and down three times.

 15. Without changing the pre-wet tip, add 35 μl of 100 % ethanol 
to each well. See Note 7.

 16. Gently vortex the nucleic acid binding beads tube to resuspend 
the beads.

 17. Add 7 μl beads to the wells of the processing plate.
 18. Set a P200 pipette at 150 μl and attach a new 200 μl tip to the 

pipette. Resuspend the suspension in each well by pipetting 
the wells up and down ten times. The suspension should be 
homogenous in color after mixing.

 19. Incubate the suspension for 5 min at room temperature to 
allow small RNA fragments to bind to the beads.

 20. Place the processing plate on the magnetic stand for 5 min to 
separate the beads from solution. Ensure the supernatant clears 
before proceeding.

 21. Leave the processing plate on the magnetic stand, then carefully 
aspirate and discard the supernatant from the plate.

 22. While the processing plate remains on the magnetic stand, add 
150 μl wash solution concentrate (with ethanol) to each sample.
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 23. Incubate on the magnetic stand for 30 s. Do not resuspend 
beads.

 24. Leave the processing plate on the stand, and then carefully 
aspirate and discard the supernatant from the plate.

 25. Remove all of the wash solution concentrate from the well 
without disturbing the magnetic beads in the well. Use a 10 μl 
pipette to remove residual ethanol.

 26. Air-dry the beads at room temperature for 1–2 min. Do not 
over dry the beads. Over-dried beads appear cracked.

 27. Remove the processing plate from the magnetic stand.
 28. Elute the small RNA with 10 μl of pre-warmed (37 °C) 

nuclease- free water to each sample.
 29. Mix thoroughly by pipetting up and down ten times.
 30. Incubate the sample for 1 min.
 31. Place the processing plate on the magnetic stand for 1 min to 

separate the beads from solution.
 32. Ensure the solution has cleared before proceeding.
 33. For each sample, collect 10 μl of eluent and store in a nonstick 

Lo-bind RNase-free microfuge tubes (1.5 ml) at −80 °C 
until use.

 1. Run 1 μl of the purified cDNA library on an Agilent® 2100 
Bioanalyzer® instrument with the Agilent® DNA 1000 Kit or 
High Sensitivity DNA kit. Follow the manufacturer’s instruc-
tions for performing the assay.

 2. Using the 2100 expert software, perform a smear analysis to 
determine size distribution of the amplified cDNA:
(a) Begin with “gating” the size range for all of the ligation 

products: 50–300 bp.
(b) Lastly, gate the size range for the desired ligation 

products.
For example, to gate miRNA ligated products:
For non-barcoded libraries: 86–106 bp.
For barcoded libraries: 94–114 bp.
Adjust the size range to include all library peaks except for 

cDNA fragments with no insert (refer to Table 8 and 
Fig. 2 for examples).

 3. Calculate the ratio of the desired ligation products in total 
ligation products using the formula for:
Non-barcoded libraries: [Area (86 − desired range bp)] ÷ [Area 

(50–300 bp)].
Barcoded libraries: [Area (94 − desired range bp)] ÷ [Area 

(50–300 bp)].

3.9 Assess the Yield 
and Size Distribution 
of the Amplified 
Library cDNA
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If the ratio of the desired products is:
≥50 % Proceed to library dilution required for template 

preparation on the One Touch 2 (approximately 13 pM) 
or Ion Chef (approximately 45 pM) instrument (See Note 
8 and 9).

≤50 % Proceed to library dilution required for template prepa-
ration on the One Touch 2 (approximately 13 pM) or the 
Ion Chef (approximately 45 pM) instrument; however, 
expect to see an increase in the number of filtered reads 
(e.g., no insert, excess adapters, etc). Otherwise, start 
again with a larger input of RNA. See Note 8 and 9).

 4. Determine the molar concentration of cDNA libraries using 
the size range gated between 50 and 300 bp. Use this concen-
tration to pool barcoded libraries, and determine the library 
dilution required for template preparation for barcoded and 
non-barcoded libraries. See Note 10.
(a) Continue to template preparation using the One Touch 2 

or Ion Chef manual according to the manufacturer’s 
instructions.

(b) The optimal input of cDNA library for template preparation 
is between 10-13 pM on the One Touch 2 system or 
between 43-45 pM on the Ion Chef instrument.

4 Notes

 1. It is essential that exosomal isolation procedures are optimized 
to obtain maximal yields of exosomes from the biological fluid. 
Consequently, this allows extraction of maximal RNA yield 
and contributes in the success of constructing small RNA 
libraries for deep sequencing.

Table 8 

Assess the yield and size distribution of the amplified library cDNA

Insert 
length, bp Possible RNA species

Size of non-barcoded library 
represented on the Bioanalyzer® 
instrument, bp

Size of barcoded library 
represented on the 
Bioanalyzer® instrument, bp

0 No RNA ligated ~77 ~85

10 Unknown ~87 ~95

20 miRNA ~97 ~105

≥50 tRNA, 5s RNA, and 
other small RNA 
species

≥127 ≥135
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 2. It is essential that TRIzol® LS is used if exosomes are resus-
pended in a buffer such as PBS. TRIzol® LS is a concentrated 
version of TRIzol® and ideal for samples resuspended in buffer. 
TRIzol® should only be used for cell pellets or tissue samples 
which are not suspended in buffer.

Fig. 2 Examples of small RNA cDNA libraries. The barcoded cDNA library was assessed using a High Sensitivity 
DNA assay chip (a and b) or DNA 1000 assay chip (c and d) and run on the Agilent® Bioanalyzer® instrument. 
A smear test was performed by gating the size range for all of the ligation products (50–300 bp indicated in 
blue) followed by gating the size range of miRNA (94–114 bp indicated in green). For example in a, the per-
centage of ligated miRNA products was 85 % (not shown). However, the size range to include all desired library 
peaks (94–156 nt) except for cDNA fragments with no insert (<94 nt) was preferred for this particular sample. 
It was observed that 93 % of the library contained the desired peaks as observed in the region table. The total 
concentration of the library to be used for template dilution is 67. 575 pM. Sample (a) has two prominent 
peaks: one at 107 bp possibly representing miRNA ligated products and another peak at 116 bp (unknown RNA 
species) of approximately equal concentrations. (b) Contains a larger peak at 107 bp indicating that this 
sample potentially has more miRNA species than the unidentified peak at 116 bp. (c) is highly enriched with 
miRNA ligated products which displays a peak at 109 bp. Although has little traces of ligated fragments larger 
than 109 bp. (d) is a library which has a prominent peak of miRNA ligated fragments and other small RNA 
species. Peaks observed at approximately 87 bp are representative of adapter dimers with no insert
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 3. Exosomes resuspended in 250 μl of PBS must maintain the 
correct sample to TRIzol® LS and chloroform ratio to yield 
maximal RNA and quality. Furthermore, the aqueous layer 
from the RNA extraction must be accurately measured in order 
to determine the correct volume of 100 % ethanol to precipitate 
RNA. The 1.5 volumes of ethanol ensure precipitation of small 
RNAs and miRNAs.

 4. Upon elution of the exosomal RNA from the RNeasy mini 
column or any other column used, allow the elution buffer to 
incubate for 1 min to provide RNA sufficient time to unbind 
from the filter. Furthermore, instead of eluting twice, elute 
with a larger volume (100 μl), and concentrate the sample with 
a SpeedVac® before analyzing the RNA profile on a small RNA 
assay chip.

 5. If the yield of small RNA is under 5 ng, concentrate the sample 
to 3 μl, and use the whole sample for library construction.

 6. If you have stored your RNA samples at −20 or −80 °C, 
ensure you resuspend the RNA samples thoroughly, and 
briefly centrifuge before transferring the RNA for library 
construction.

 7. For best results, use a new bottle of 100 % ethanol for size 
selection and cleanup procedures. This is to ensure the ethanol 
has not evaporated. The success of size selection heavily replies 
on precipitating the correct size range of nucleic acid frag-
ments at a given ethanol concentration. Pre-wetting the pipette 
tip ensures accurate pipetting of ethanol. Ensure your pipettes 
are calibrated.

 8. If there is not enough cDNA for sequencing, it is possible to 
add more cDNA into the PCR reaction or increase the number 
of PCR cycles to 15–20 PCR cycles. However, this must be 
performed for all samples within the project otherwise batch 
bias will be observed.

 9. If you obtain a low yield of cDNA library, your RNA input may 
be too low. Optimize your exosome isolation and RNA extrac-
tion to ensure the highest miRNA yield possible. Ensure you 
have greater than 1 ng of miRNA and that the percentage of 
miRNA in your sample is greater than 1 %.

 10. Upon diluting the library for template preparation, it is critical 
to resuspend the library thoroughly once thawed and centri-
fuge briefly. Dilute the library using low TE buffer and appro-
priate serial dilutions that enable accurate pipetting and 
pooling. Vortex each dilution well followed by a brief centri-
fuge. Do not reuse diluted libraries.

Small RNA Library Construction for Exosomal RNA from Biological Samples…
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Chapter 7

A Protocol for Isolation and Proteomic Characterization 
of Distinct Extracellular Vesicle Subtypes by Sequential 
Centrifugal Ultrafiltration

Rong Xu, Richard J. Simpson, and David W. Greening

Abstract

Scientific and clinical interest in extracellular vesicles (EVs) has increased rapidly as evidence mounts that 
they may constitute a new signaling paradigm. Recent studies have highlighted EVs carry preassembled 
complex biological information that elicit pleiotropic responses in target cells. It is well recognized that 
cells secrete essentially two EV subtypes that can be partially separated by differential centrifugation (DC): 
the larger size class (referred to as “microvesicles” or “shed microvesicles,” sMVs) is heterogeneous 
(100–1500 nm), while the smaller size class (referred to as “exosomes”) is relatively homogeneous in 
size (50–150 nm). A key issue hindering progress in understanding underlying mechanisms of EV subtype 
biogenesis and cargo selectivity has been the technical challenge of isolating homogeneous EV subpopulations 
suitable for molecular analysis. In this protocol we reveal a novel method for the isolation, purification, 
and characterization of distinct EV subtypes: exosomes and sMVs. This method, based on sequential 
centrifugal ultrafiltration (SCUF), affords unbiased isolation of EVs from conditioned medium from a 
human colon cancer cell model. For both EV subtypes, this protocol details extensive purification and 
characterization based on dynamic light scattering, cryoelectron microscopy, quantitation, immunoblot-
ting, and comparative label-free proteome profiling. This analytical SCUF method developed is poten-
tially scalable using tangential flow filtration and provides a solid foundation for future in-depth 
functional studies of EV subtypes from diverse cell types.

Key words Extracellular vesicles, Exosomes, Shed microvesicles, Purification, Sequential centrifugal 
ultrafiltration

1 Introduction

Extracellular vesicles (EVs) are important mediators of intercellular 
communication [1]. EVs mediate local and systemic cell commu-
nication through the horizontal transfer of information (i.e., 
mRNAs, microRNAs, and proteins) [2–14]. Scientific and clinical 
interest in EVs has increased rapidly as evidence mounts that they 
may constitute a new signaling paradigm [15]. It is clear that EVs 
carry preassembled complex biological information that elicit 
pleiotropic responses in various target cells [16–22]. It is well 
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recognized that cells secrete essentially two EV subtypes that can 
be readily separated by differential centrifugation: the larger size 
class (referred to as “microvesicles” or “shed microvesicles,” sMVs) 
is heterogeneous (100–1500 nm) [18, 23–28], while the smaller 
size class (referred to as “exosomes”) is relatively homogeneous in 
size (50–150 nm) [28, 29]. A key issue hindering progress in 
understanding underlying mechanisms of EV biogenesis and cargo 
selectivity has been the technical challenge of isolating homoge-
neous EV subpopulations suitable for molecular analysis [28, 29].

Effective methods for the isolation and characterization of EVs 
remain challenging [16, 30–32]. Further, EVs are a heterogeneous 
group, with the nomenclature still being defined and refined by 
the research community [33–35]. Current strategies to isolate EVs 
include differential centrifugation (DC) [36], filtration using 
hydrophilic polyvinylidene difluoride (PVDF) membranes of 
different pore sizes [37, 38], high-performance size-exclusion 
chromatography (SEC) [39], ultrafiltration with SEC [32], immu-
nocapture [18, 40], heparin affinity purification [41], differential 
density-gradient ultracentrifugation [16], tangential flow filtration 
[42], field-flow fractionation [43], synthetic polymer-based pre-
cipitation [44–46], and microfluidic isolation [47]. Our group 
recently performed a proteomic analysis evaluating the ability of 
different techniques (namely, differential ultracentrifugation, 
OptiPrep density-gradient centrifugation, and immunocapture 
using EpCAM (CD326) antibodies coupled to magnetic beads to 
enrich for exosome markers and proteins involved in exosome bio-
genesis, trafficking, and release). A detailed description [16] and 
protocol [48] describing these different methods for EV isolation 
are described. With these improved methods however comes the 
need to define homogeneous subtypes of EVs, to ensure that sub-
sequent downstream targeted functional analyses to investigate 
their biological roles are undertaken.

In this protocol we reveal a novel method for the isolation, 
purification, and characterization of distinct EV subtypes: exo-
somes and sMVs (Fig. 1). This method, based on sequential 
centrifugal ultrafiltration (SCUF) of different hydrophilic polyvi-
nylidene difluoride (PVDF) membranes, affords unbiased isolation 
of EVs from a human colon cancer cell model [28]. For both EV 
subtypes, this protocol details extensive purification (Fig. 1) and 
characterization based on dynamic light scattering (Fig. 2), cryo-
electron microscopy (Fig. 2), quantitation (Fig. 1), immunoblot-
ting (Figs. 2 and 4), and label-free proteomic profiling (Figs. 3 and 
4). Using proteomic-based characterization, we identify 350 pro-
teins that are selectively enriched in sMVs (in comparison with 
exosomes), many of which have not been previously described in 
EVs; we expect that many of these identifications will form the 
basis for definitive sMV protein markers that will enable their dis-
tinction from exosomes. Further, we compare this SCUF approach 
with conventional differential centrifugation approaches in EV 
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isolation and characterization (Fig. 1), indicating the selectivity of 
this methodology. This analytical workflow is potentially scalable 
using tangential flow filtration and provides a solid foundation for 
future in-depth functional studies of EV subtypes from diverse cell 
types and an increased range of functional assays.

2 Materials

 1. Human LIM1863 colorectal cancer cells [49] (see Note 1).
 2. RPMI-1640 media (#11875119, Life Technologies).
 3. Tissue culture flasks T150 cm2 (#355001, BD Falcon).
 4. Cell culture medium: 5 % (v/v) fetal calf serum (FCS), 0.1 % 

(v/v) Insulin-Transferrin-Selenium (ITS) (#51300-044, Life 
Technologies), and 60 μg/mL benzylpenicillin and 100 μg/mL 

2.1 Cell Culture 
and Concentrated 
Culture Medium (CCM) 
Preparation

Pellet

Filtrate

Fn 1

SCUF-sMVs

Membrane 1 - 0.65 µm

Membrane 2 - 0.45 µm

Membrane 3 - 0.22 µm

Membrane 4 - 0.1 µm

Retentate

100,000 x g, 60 min

20 mL CCM

PBS wash
10,000 x g, 30 min

PBS wash x 2
100,000 x g, 60 min

(836 μg)

(1328 μg)

Retenate
Fn 2

Retenate
Fn 3

Retenate
Fn 4

Human colorectal cancer LIM1863 cells
~7.2x 109 cells

0.6% ITS

Culture medium (900 mL)
480 x g,  5 min
2,000 x g,  10 min
Centrifugal ultrafiltration (3K NMWL)

Concentrated culture medium 
(CCM, 22 mL)

DC-sMVs

PBS wash x 2

DC-Exos

Pellet Supernatant

Differential centrifugation
(10,000 x g, 30 min)

(219 μg)

(187 μg)

1 mL CCM

Conventional differential centrifugation(DC) approach Sequential centrifugal ultrafiltration (SCUF) approach

24 h (serum-free culture)

Ultracentrifugation
(100,000 x g, 60 min)
PBS wash

Fn 5

SCUF-Exos

Total EV approach

1 mL CCM

Ultracentrifugation
(100,000 x g, 60 min)

Total-EVs
(338 μg)

PBS wash

Pellet

Ultracentrifugation
(100,000 x g, 60 min)

Fig. 1 Isolation of exosomes and shed microvesicles from culture medium. Human cancer cells (LIM1863) 
were grown for 24 h in serum-free culture conditions, with culture medium isolated, and concentrated (CCM). 
Several different EV isolation methods were employed including (a) conventional differential centrifugation 
(DC) approach, (b) sequential centrifugal ultrafiltration (SCUF) approach, and (c) total EV approach. For conven-
tional DC approach, CCM was centrifuged at 10,000 × g for 30 min (to isolate DC-sMVs, 187 μg) and the 
supernatant sequentially ultracentrifuged at 100,000 × g for 1 h (to isolate DC-Exos, 219 μg). For the SCUF 
approach, CCM (20 mL) was fractionated using a combination of different molecular pore-sized ultrafilters 
(0.65–0.1 μm). SCUF-sMVs were isolated using 0.65 μm membrane filter (Fn 1, 836 μg). Following sequential 
ultrafiltration of the <0.65 μm filtrate, SCUF-Exos were isolated using a 0.1 μm membrane filter (Fn 5, 
1328 μg). For total EVs (Exos and sMVs), CCM (1 mL) was ultracentrifuged at 100,000 × g for 30 min, with PBS 
wash (total EVs, 338 μg). The protocol describes each of the different methods for EV isolation
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streptomycin (P/S) (#15140-122, Life Technologies) supple-
mented in RPMI-1640 media.

 5. Serum-free cell culture medium: 0.6 % (v/v) ITS and P/S in 
RPMI-1640 media [48] (see Note 2).

 6. 50 mL polypropylene centrifuge tubes (three separate 50 mL 
tubes required for every 50 mL of CM collected due to sample 
processing) (#352070, Falcon tubes, Life Technologies).

 7. Refrigerated centrifuge (to 4 °C), centrifugation capability to 
3000 × g.

 8. Polyallomer tubes, appropriate for the ultracentrifuge rotor.
 9. Amicon Ultra-15, Ultracel 3K centrifugal filter devices 

(#UFC900308, Merck Millipore).

 1. CCM (1 mL 1.9 mg protein).
 2. Ultracentrifuge and matched rotor (TLA-55) (Optima 

MAX- XP, Beckman Coulter).
 3. Sterile/filtered PBS.

2.2 EV Isolation (See 
Notes 3 and 4)

2.2.1 Conventional 
Differential Centrifugation 
(DC) Approach

Fig. 2 Characterization of distinct exosomes and shed microvesicles isolated by SCUF. (a) For Western blotting, 
SCUF-Exos and SCUF-sMVs were probed with anti-mAbs to Alix, TSG101, CD63, CD81 and EpCAM. (b) Size and 
morphology of SCUF-Exos and SCUF-sMVs were visualized by cryo-EM. Scale bar shown for individual size 
ranges. (c) Size distribution of SCUF-Exos and SCUF-sMVs (measured from ~200 cryoelectron micrographs 
from five fields of view. (d) Dynamic light scattering analysis of CCM, SCUF-Exos and SCUF-sMVs. Mean hydro-
dynamic diameter of EVs was calculated by fitting a Gaussian function to the measured size distribution
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 4. TLA-55 fixed angle (small scale/washing)—Microcentrifuge 
Polypropylene Tube (#357448, Beckman Coulter).

 1. CCM (20 mL, 38 mg protein).
 2. Different pore-sized PVDF ultrafilters (depending on range 

selectivity). For this protocol we utilize 0.65, 0.45, 0.22, and 
0.1 μm filter membrane (#UFC40VV25, 0.65 μm; UFC40GV25, 
0.22 μm; UFC40HV25, 0.45 μm; UFC40DV25, 0.65 μm; 
Durapore Ultrafree-CL, Merck Millipore).

 3. Refrigerated centrifuge (to 4 °C), centrifugation capability to 
3000 × g.

 4. TLA-55 fixed angle (small scale/washing)—Microcentrifuge 
Polypropylene Tube (#357448, Beckman Coulter).

2.2.2 Sequential 
Centrifugal Ultrafiltration 
(SCUF) Approach (See  
Note 5)
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 5. Ultracentrifuge (Optima MAX-XP, Beckman Coulter).
 6. Sterile/filtered PBS.

 1. CCM (1 mL, 1.9 mg protein).
 2. Ultracentrifuge and matched rotor (TLA-55) (Optima 

MAX- XP, Beckman Coulter).
 3. Sterile/filtered PBS.
 4. TLA-55 fixed angle (small scale/washing)—Microcentrifuge 

Polypropylene Tube (#357448, Beckman Coulter).

 1. EVs prepared by subheading 2.2.1 as indicated (DC approach) 
in 500 μL PBS.

 2. SW40 Ti rotor-Thinwall Polypropylene tubes (#345775, 
Beckman Coulter).

 3. Ultracentrifuge (Optima TM XPN, Beckman Coulter).

2.2.3 Total EV Isolation

2.3 EV 
Characterization  
(See Note 6)

2.3.1 Buoyant Density 
Analysis (OptiPrep 5–40 % 
Gradient) (See Note 7)

Fig. 3 Proteome analysis of exosomes and shed microvesicles using SCUF. (a) Proteomic profiling of the two 
distinct EV subtypes, SCUF-sMVs and SCUF-Exos, by the workflow shown. Stringent data validation and label- 
free quantitation based on normalized spectral count (Nsc) ratios was performed. (b) The distribution of identi-
fied proteins is shown in a two-way Venn diagram of SCUF-sMVs and SCUF-Exos with 256 proteins commonly 
identified, and 350 and 98 proteins uniquely identified in SCUF-sMVs and SCUF-Exos, respectively. (c) For each 
individual protein, significant peptide MS/MS spectra were summated and normalized by the total number of 
significant peptide MS/MS spectra identified in the sample. The ratio serves an indicator of protein abundance, 
i.e., the higher the ratio, the more abundant the protein within the sample. Protein categories of interest included 
(1) exosome markers, (2) cytoskeleton network components, and (3) cargo trafficking and sorting proteins
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 4. Stock solution of OptiPrep (60 % (w/v) aqueous iodixanol 
(Axis-Shield PoC, Norway).

 5. Prepare discontinuous iodixanol gradient, 40 % (w/v), 20 % 
(w/v), 10 % (w/v), and 5 % (w/v) solutions of iodixanol by 
diluting stock with 0.25 M sucrose/10 mM Tris, pH 7.5.

 6. Sterile/filtered PBS.
 7. TLA-55 fixed angle (small scale/washing)—Microcentrifuge 

Polypropylene Tube (#357448, Beckman Coulter).

 1. SDS sample buffer (4 % (w/v) sodium dodecyl sulfate, 125 mM 
Tris-HCl, pH 6.8, 20 % (v/v) glycerol, 0.01 % bromophenol 
blue, 50 mM dithiothreitol (DTT)). This can be prepared in 
bulk, aliquoted, and stored at −20 °C.

 2. CCM from preparations in Subheading 2.1.

2.3.2 Protein 
Quantitation 
(Densitometry- Based)  
(See Note 8)

Protein Acc Gene Name Protein Description SCUF-
Exosa

SCUF-
sMVb

Rsc
(SCUF-Exos v 
SCUF-sMV)c

sMV marker
Q02241 KIF23 Kinesin-like protein KIF23 0 27 -14.1

P55060 XPO/CSE1L Exportin-2 0 21 -11.1

Exosome
marker Q99816 TSG101 Tumor susceptibility gene 

101 12 0 17.0

a

KIF23

TSG101

CSE1L

b

a - Significant MS/MS spectral counts identified in SCUF-Exos
b - Significant MS/MS spectral counts identified in SCUF-sMVs
c - Relative spectral count ratio (Rsc) for proteins identified in SCUF-sMVs, compared with SCUF-Exos

Fig. 4 Validation of sMV markers: KIF23 and CSE1L. (a) For SCUF-sMVs and SCUF-Exos, relative spectral count 
ratios (Rsc) were determined as detailed in Eq. 2. Unique expression of KIF23 and CSE1L were defined as sMV 
markers, while TSG101 was confirmed as exosomal marker for comparison. Rsc serves an indicator of protein 
abundance, i.e., the higher the ratio, the more abundant the protein within the sample. (b) To confirm expres-
sion of sMV and exosomal markers, Western blotting was performed (15 μg protein) for several EV prepara-
tions. These included DC-sMVs, DC-Exos, OptiPrep density-gradient separated (DG)-sMVs (1.19 g/mL fraction) 
and DG-Exos (1.10 g/mL fraction). Fractions were probed with anti-mABs directed to KIF23, CSE1L, and 
TSG101, demonstrating the selectivity of sMV and exosomal marker proteins

Rong Xu et al.
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 3. NuPAGE 1-mm 12-well 4–12 % (w/v) Bis-Tris Precast gels 
(Life Technologies).

 4. NuPAGE 1 × MES running buffer (#NP0002-02, Life 
Technologies).

 5. XCell SureLock gel tank (Life Technologies).
 6. BenchMark Protein Ladder standard of known protein con-

centration (1.7 μg/μL) (#10747-012, Life Technologies).
 7. SYPRO Ruby fluorescent stain for protein detection separated 

by polyacrylamide gel electrophoresis (PAGE) (#S-21900, Life 
Technologies).

 8. SYPRO Ruby fix solution (40 % (v/v) methanol, 10 % (v/v) 
acetic acid in water).

 9. SYPRO Ruby destaining solution (10 % (v/v) methanol with 
6 % (v/v) acetic acid).

 10. Orbital shaker.
 11. Typhoon 9410 variable mode imager, green (532 nm) excita-

tion laser, and 610BP30 emission filter (Molecular Dynamics).
 12. ImageQuant software (Molecular Dynamics) or suitable densi-

tometry-based analysis software.

 1. iBlot Dry Blotting System and transfer membranes (#IB1001, 
Invitrogen).

 2. 5 % (w/v) skim milk powder in Tris-buffered saline (50 mM 
Tris, 150 mM NaCl) with 0.05 % (v/v) Tween-20 (TTBS).

 3. Mouse anti-TSG101 (BD Biosciences; 1:500) in TTBS.
 4. Mouse anti-CD81 (Santa Cruz Biotechnology; 1:1000) in 

TTBS.
 5. Mouse anti-Alix (Cell Signaling Technology; 1:1000) in TTBS.
 6. Mouse anti-KIF23 (Santa Cruz Biotechnology; 1:1000) in 

TTBS.
 7. Mouse anti-CSE1L (Santa Cruz Biotechnology; 1:1000) in 

TTBS.
 8. Mouse anti-EPCAM (nonreducing) (Santa Cruz 

Biotechnology; 1:1000) in TTBS.
 9. Mouse anti-CD63 (nonreducing) (Santa Cruz Biotechnology; 

1:1000) in TTBS.
 10. IRDye 800 goat anti-mouse IgG (1:15,000, LI-COR 

Biosciences).
 11. Orbital shaker.
 12. Odyssey Infrared Imaging System, v3.0 (LI-COR Biosciences, 

Nebraska, USA).

2.3.3 Western Blot 
Analysis (See Note 6)

Isolation and Characterisation of Distinct Extracellular Vesicle Subtypes
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 1. CCM (50 μL), EV preparations for DLS (~10 μg proteins in 
50 μL PBS).

 2. Sterile/filtered PBS.
 3. Titertek shaker (Flow Laboratories, Inc.).
 4. Disposable micro cuvettes (ZEN0040, Malvern Instruments 

Ltd., UK).
 5. Zetasizer Nano ZS (Malvern Instruments Ltd., UK).

 1. EV preparations (~2 μg protein).
 2. Aurion Protein-G gold 10 nm (ProSciTech, QLD, Australia).
 3. Sterile/filtered PBS.
 4. Glow-discharged C-flat holey carbon grids (ProSciTech).
 5. Liquid ethane.
 6. Liquid nitrogen.
 7. Gatan cryoholder (Gatan, Inc., Warrendale, PA, USA).
 8. Tecnai G2 F30 (FEI, Eidhoven, NL).

 1. CCM (1–2 μL) and EV preparations (1–2 μg/μL).
 2. NanoSight NS300 equipped with 405 nm (violet) laser, 

sCMOS camera, and NTA software 3.1 build 3.1.45 
(NanoSight Ltd., Minton Park, UK).

 3. 1 mL disposable syringe.
 4. Sterile/filtered PBS.

 1. Imperial Protein Stain (#24615, Pierce, Thermo Fisher 
Scientific).

 2. Protein LoBind Tubes—1.5 mL microcentrifuge tube (low 
protein binding, Eppendorf, #022431081) or Protein LoBind 
Plates (low protein binding, Eppendorf, #951032905).

 3. 100 mM ammonium bicarbonate (NH4HCO3: 0.4 g in 50 mL 
water).

 4. 50 mM ammonium bicarbonate/acetonitrile (1:1 v/v).
 5. 50 mM ammonium bicarbonate in water.
 6. 10 mM dithiothreitol (DTT) (Calbiochem, San Diego, USA) 

in 100 mM ammonium bicarbonate (7.5 mg DTT).
 7. 50 mM iodoacetamide (IAA) (Fluka, St. Louis, USA) in 

100 mM ammonium bicarbonate (10 mg IAA).
 8. 1 mL trypsin buffer: 10 mM ammonium bicarbonate, 10 % 

acetonitrile.
 9. Trypsin stock solution: dissolve content of a 20 μg vial (V5111, 

5 × 20 μg, Promega) in 20 μL of trypsin buffer (10 mM 

2.3.4 Dynamic Light 
Scattering (DLS)  
(See Note 9)

2.3.5 Cryoelectron 
Microscopy (cryo-EM) (See 
Note 10)

2.3.6 Nanoparticle 
Tracking Analysis (NTA) 
(See Note 11)

2.4 Proteomic 
Sample Preparation 
and Analysis (See 
Note 12)
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 ammonium bicarbonate, 10 % acetonitrile) and keep on ice. 
The concentration of trypsin is 1 μg/μL.

 10. 10 mL of 5 % TFA in water (v/v).
 11. Buffer A: 0.1 % TFA, 2 % acetonitrile in water.
 12. 2 mL Extraction Buffer: (A) 30 % acetonitrile in 0.1 % TFA and 

water; (B) 50 % acetonitrile in 0.1 % TFA and water; (C) 85 % 
acetonitrile in 0.1 % TFA and water.

 13. Thermomixer temperature range up to 56 °C.
 14. Thermostat oven at 37 °C.
 15. Sonicator.
 16. Vacuum centrifuge (lyophilizer).
 17. STAGE-Tip/desalting column—remove small disks (2–3) of 

C18 Empore filter using a 22 G flat-tipped syringe and ejecting 
disks into P200 pipette tips or a commercial one (#SP301 
STAGE-Tips, C18 material, 200 μL tip, Thermo Fisher 
Scientific). Ensure that the disk is securely wedged in the bot-
tom of the tip. Condition the columns for each sample (utilize 
Extraction Buffer).

 18. MS sample vials with snap lid (#THC11141190, Snap ring vial 
with glass insert, Thermo Fisher Scientific).

 19. Nanoflow UPLC instrument (Ultimate 3000 RSLCnano 
Thermo Fisher Scientific).

 20. Orbitrap Elite mass spectrometer (Thermo Fisher Scientific) 
equipped with a nanoelectrospray ion source (Thermo Fisher 
Scientific).

 21. Pre-column: Acclaim PepMap100 C18 5 μm 100 Å (Thermo 
Fisher Scientific).

 22. VYDACMS C18-reversed phase column (25 cm length, 75 μm 
inner diameter, 3 μm 300 Å) (Grace, Hesperia, CA).

 23. Xcalibur software v2.1 (Thermo Fisher Scientific).
 24. Proteome Discoverer (v1.4.0.288, Thermo Fisher Scientific).
 25. Mascot (Matrix Science, London, UK; v 1.4.0.288).
 26. Sequest (Thermo Fisher Scientific, San Jose, CA, v 1.4.0.288).
 27. X! Tandem (v 2010.12.01.1).
 28. Scaffold (Proteome Software Inc., Portland, OR, v 4.3.4).

3 Methods

In this protocol we reveal a novel method for the isolation, purifica-
tion, and characterization of distinct EV subtypes: exosomes and 
sMVs (Fig. 1). This method, based on sequential centrifugal 
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ultrafiltration (SCUF) of different hydrophilic polyvinylidene diflu-
oride (PVDF) membranes, affords unbiased isolation of EVs from a 
human colon cancer cell model. For these distinct EV subtypes, this 
protocol details extensive purification (Fig. 1) and characterization 
based on dynamic light scattering (Fig. 2), cryoelectron microscopy 
(Fig. 2), quantitation (Fig. 1), immunoblotting (Figs. 2 and 4), and 
label-free proteomic profiling (Figs. 3 and 4). Further, we compare 
this SCUF approach with conventional differential centrifugation 
approaches in EV isolation and characterization (Fig. 1), identify 
several new sMV protein markers, and indicate the selectivity of the 
SCUF methodology.

 1. As a model, human colon carcinoma LIM1863 cell organoids 
[49] were cultured in T150 cm2 flasks in (300 mL) cell culture 
medium (5 % FCS, 0.1 % ITS) at 10 % CO2, 37 °C (see Note 1).

 2. Cells (~7.2 × 109) were washed four times with 30 mL of 
serum- free media (or sterile PBS) and cultured for 24 h in 
900 mL serum-free cell culture medium (see Note 2).

 3. Culture medium (CM) is collected (~900 mL) into 50 mL 
polypropylene tubes and centrifuged at 4 °C (480 × g for 
5 min, 2000 × g for 10 min) to remove intact cells and cell 
debris. The CM supernatant is retained and contains both 
soluble (cytokines, growth factors, etc.) and membrane vesicle 
components.

 4. CM is concentrated using Amicon Ultra-15, Ultracel centrifu-
gal filter devices with 3K NMWL (3000 × g). Several centrifu-
gal filter devices can be used for the same sample to increase 
efficiently of concentration, before combining retentate into 
one centrifugal filter for further concentration (95 % of filtrate 
filtered).

 5. CCM storage: Short-term on ice (within 3 days), long-term up 
to 6 months −80 °C.

 1. For isolation of sMVs, 1 mL of CCM is centrifuged at 
10,000 × g for 30 min to isolate sMVs. The pellet is resus-
pended in 1 mL of sterile/filtered PBS, before further centrif-
ugation at 10,000 × g for 30 min to obtain the washed sMV 
pellet (referred to as DC-sMVs). sMVs are either used imme-
diately (on ice) or stored at −80 °C.

 2. To isolate Exos, the supernatant after the initial 10,000 × g cen-
trifugation step is isolated and ultracentrifuged at 100,000 × g 
for 60 min at 4 °C. The pellet is resuspended in 1 mL sterile/
filtered PBS and re-centrifuged (100,000 × g, 60 min), resus-
pended in 50 μL PBS to obtain washed exosomes (referred to 
as DC-Exos). Exosomes are either used immediately (on ice) 
or stored at −80 °C.

3.1 Cell Culture 
and CCM Preparation

3.2 EV Isolation (See 
Notes 3 and 4)

3.2.1 Conventional 
Differential Centrifugation 
(DC) Approach
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 1. PVDF ultrafilters were washed by 500 μL PBS and centrifuged 
at 3000 × g for 10 s, discard PBS and put on ice.

 2. CCM was fractionated using a series of different pore-size 
PVDF ultrafilters (Durapore Ultrafree-CL) ranging from 0.65, 
0.45, 0.22, and 0.1 μm.

 3. CCM was initially centrifuged at 3000 × g using 0.65 μm ultra-
filters (95 % of the filtrate retained). Filters were washed with 
500 μL PBS. The retentate (SCUF-fraction >0.65 μm, fraction 
1 (Fn1)) from this step was transferred into a fresh micro-tube, 
washed with 0.5 mL PBS, and harvested by centrifugation at 
10,000 × g for 30 min.

 4. The Fn1 filtrate (i.e., <0.65 μm) was sequentially filtered 
through 0.45 μm (Fn2), 0.22 μm (Fn3), and 0.1 μm (Fn4) 
filters.

 5. All fractions were individually harvested by ultracentrifugation 
at 100,000 × g for 60 min.

 6. For the fraction filtered through the 0.1 μm filter (Fn5), this 
fraction was washed with 0.5 mL PBS and re-centrifuged at 
100,000 × g for 60 min.

 7. All EV preparations (i.e., Fn1–5) were resuspended in 500 μL 
PBS. Fractions are either used immediately (on ice) or stored 
at −80 °C.

 1. For comparison of DC and SCUF approaches with total EVs, 
both sMVs and Exos were isolated using ultracentrifugation. 
For isolation of total EVs, 1 mL of CCM is centrifuged at 
100,000 × g for 60 min, the pellet resuspended in 1 mL of ster-
ile/filtered PBS, before further centrifugation at 100,000 × g 
for 60 min to obtain the washed total EV pellet (referred to as 
total EVs). Total EV fraction is either used immediately (on 
ice) or stored at −80 °C.

 1. Each EV preparation (DC-Exos, 500 μL, 578 μg proteins; 
DC- sMVs, 500 μL, 893 μg proteins) overlaid on top of the 
discontinuous iodixanol gradient (40 % (w/v), 20 % (w/v), 
10 % (w/v), and 5 % (w/v) solutions of iodixanol was made by 
diluting a stock solution of OptiPrep with 0.25 M 
sucrose/10 mM Tris, pH 7.5). The gradient was formed by 
adding 3 mL of 40 % iodixanol solution, followed by careful 
layering of 3 mL each of 20 % and 10 % solutions and 2.5 mL 
of the 5 % solution.

 2. EV preparation density solution is centrifuged at 100,000 × g 
(TLA-45 fixed angle) for 18 h at 4 °C.

 3. Twelve individual 1 mL gradient fractions collected manually 
for each preparation (with increasing density—top–bottom 
collection).

3.2.2 Sequential 
Centrifugal Ultrafiltration 
(SCUF) Approach  
(See Note 5)

3.2.3 Total EV Isolation

3.3 EV 
Characterization

3.3.1 Buoyant Density 
Analysis (OptiPrep 5–40 % 
Gradient) (See Note 7)

Isolation and Characterisation of Distinct Extracellular Vesicle Subtypes



104

 4. For both preparations (i.e., DC-Exos and DC-sMVs), fractions 
were diluted with 2 mL PBS and centrifuged at 100,000 × g for 
3 h at 4 °C followed by washing with 1 mL PBS and resus-
pended in 50 μL PBS. DG-sMV buoyant density determined 
(1.19 g/mL), and DG-Exos buoyant density determined 
(1.10 g/mL).

 5. To determine density of each fraction, a control OptiPrep gra-
dient containing 500 μL of 0.25 M sucrose/10 mM Tris, 
pH 7.5 was run in parallel. Fractions were collected as 
described, serially diluted 1:10,000 with water, and the iodixa-
nol concentration determined by absorbance at 244 nm using 
a molar extinction coefficient of 320 1 g−1 cm−1 [50].

 1. Samples (CCM or purified EVs) (5 μL) were solubilized in 
SDS sample buffer and loaded on NuPAGE 4–12 % (w/v) Bis-
Tris Precast gels.

 2. 5 μL BenchMark Protein Ladder (1.7 μg/μL) is loaded into a 
separate well on NuPAGE 4–12 % (w/v) Bis-Tris Precast gels 
for quantitation.

 3. Electrophoresis was performed at 150 V for 1 h in NuPAGE 
1× MES running buffer.

 4. After power off, the gels were removed from the tank and fixed 
in 50 mL fixing for 30 min on an orbital shaker and stained 
with 30 mL SYPRO Ruby for 60 min, followed by destaining 
for 1 h at RT.

 5. Gel is scanned and fluorescent intensity imaged on a Typhoon 
9410 variable mode imager, using a green (532 nm) excitation 
laser and a 610BP30 emission filter at 100 μm resolution.

 6. Densitometry quantitation was performed using ImageQuant 
software to determine protein concentration relative to a 
BenchMark Protein Ladder standard of known protein con-
centration (1.7 μg/μL). SYPRO Ruby is a highly sensitive flu-
orescent stain of proteins to detect linear quantitation range 
over three orders of magnitude, also being compatibility with 
mass spectrometry.

 1. Samples (~15 μg protein) lysed in SDS sample buffer with 
50 mM DTT and heated for 5 min at 95 °C (closed cap, 
although cap can be opened for evaporation to reduce load 
volume in the gel well).

 2. Electrophoresis performed on lysed samples at constant 150 V 
for 1 h.

 3. Proteins electro-transferred onto nitrocellulose membranes 
using iBlot Dry Blotting System.

3.3.2 Protein 
Quantitation 
(Densitometry- Based) (See 
Note 8)

3.3.3 Western Blot 
Analysis (See Note 6)
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 4. Membranes blocked with 5 % (w/v) skim milk powder in Tris- 
buffered saline with 0.05 % (v/v) Tween-20 (TTBS) for 1 h 
at RT.

 5. Membranes probed with primary antibodies (anti-TSG101, 
anti-EPCAM (no reducing condition), anti-Alix, anti-CD63 
(no reducing condition), anti-CD81, anti-KIF23, and anti- 
CSE1L) for 1 h at RT or overnight at cold room in TTBS fol-
lowed by incubation with secondary antibody, IRDye 800 goat 
anti-mouse IgG for 1 h in darkness at RT (Figs. 2 and 4).

 6. All antibody incubations were carried out using gentle orbital 
shaking.

 7. Western blots were washed three times in TTBS for 10 min 
after each incubation step and visualized using the Odyssey 
Infrared Imaging System.

 1. For DLS analyses, 50 μL CCM or 10 μg proteins of each EV 
preparation in 50 μL PBS were shaken (Titertek shaker, Flow 
Laboratories, Inc.) at 4 °C for 20 min to dissociate possible EV 
aggregates.

 2. Disposable micro cuvettes (ZEN0040, Malvern Instruments 
Ltd., UK) were used and DLS measurements conducted at 
20 °C using a Zetasizer Nano ZS (Malvern Instruments 
Ltd., UK), operated at 633 nm and backscattering at 173°. 
Light scattering was recorded for 200 s with 10 replicate 
measurements.

 3. DLS signal intensity was transformed to volume distribution 
[volume (%)], assuming a spherical shape of EVs, using the 
Dispersion Technology Software v.5.10 (Malvern Instruments 
Ltd., UK) (Fig. 2).

 1. EV preparations (~2 μg protein) mixed with Aurion Protein-G 
gold 10 nm at 1:3 ratios. This will allow vesicle diameters to be 
determined and the possibility for tomographic data collection.

 2. Samples transferred onto glow-discharged C-flat holey carbon 
grids and excess liquid blotted. Grids immediately plunge- 
frozen in liquid ethane.

 3. Grids mounted in a Gatan cryoholder in liquid nitrogen.
 4. Images acquired at 300 kV using a Tecnai G2 F30 in low-dose 

mode.
 5. Typically 5–10 fields of view are obtained (Fig. 2).

 1. For NTA analyses, 1–2 μL CCM or 1–2 μg EV preparations 
were diluted into 1 mL PBS in 1.5 mL tubes.

 2. 1 mL disposable syringe was used to inject sample (1 mL) into 
O-ring top plate in NanoSight NS300 instrument equipped 
with a 405 nm laser and sCMOS camera.

3.3.4 Dynamic Light 
Scattering (DLS)  
(See Note 9)

3.3.5 Cryo-transmission 
Electron Microscopy 
(cryo-EM) (See Note 10)

3.3.6 Nanoparticle 
Tracking Analysis (NTA) 
(See Note 11)
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 3. Videos were collected and analyzed using the NTA software 3.1 
build 3.1.45. Temperature was recorded at 25 °C. Ensure 20–40 
particles are within the field of view and 2–10 × 108 of typical 
particle concentration; the image is optimized to identify camera 
level, sample concentration, beam position, and focus.

 4. For each sample, multiple videos (n = 5) of typically 60 s dura-
tion were taken.

 5. Post-acquisition settings were optimized with appropriate 
detection threshold maintained between samples. Replicate 
histograms for each sample were averaged with EV size and 
particle concentration.

 1. EV preparations (10 μg) lysed in SDS sample buffer and heated 
at 95 °C for 10 min, and proteins separated by SDS-PAGE 
(approximately 15 mm into the gel) and visualized by Imperial 
Protein Stain, and gel was destained with ddH2O.

 2. For each band prepare a 1.5 mL microcentrifuge tube with 
500 μL of 50 mM ammonium bicarbonate/acetonitrile 
(1:1 v/v).

 3. Each gel lane was excised, and individual gel pieces were trans-
ferred carefully into microcentrifuge tubes.

 4. For sample reduction, microcentrifuge tubes are centrifuged 
briefly, heated using a thermomixer at 56 °C (700 rpm for 
15 min), and the solution discarded. 200 μL acetonitrile is 
added, and gel pieces should shrink and take an opaque-white 
color. Remove acetonitrile and air-dry for 5 min in thermo-
mixer at 56 °C. Add 50 μL fresh DTT solution and incubate at 
56 °C for 30 min.

 5. For sample alkylation, set thermomixer to 22 °C, and remove 
DTT solution completely. Immediately add 70 μL IAA solu-
tion, and incubate for 20 min in thermomixer 22 °C (700 rpm) 
covered by aluminum foil.

 6. The IAA solution is then removed, and 300 μL acetonitrile 
added for 2 min and then removed. Add 100 μL of 50 mM 
ammonium bicarbonate/acetonitrile (1:1 v/v), and incubate 
for 30 min in thermomixer with light mixing at RT. The sam-
ple should be lightly centrifuged and supernatant removed.

 7. 100 μL acetonitrile added to sample, removed completely, and 
air-dried for 5 min.

 1. For tryptic digestion, add enough trypsin to cover the dry gel 
pieces (typically, 60–70 μL trypsin solution depending on gel 
volume with 500 ng trypsin). Store all samples immediately 
on ice. After 30 min, check if all solution is absorbed and add 
more trypsin, if necessary. Gel pieces should be completely 
covered with trypsin.

3.3.7 Proteomic Analysis

Protein Extraction, 
Reduction, Alkylation (See 
Note 12)

Tryptic Digestion 
and STAGE-Tip Desalting
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 2. Leave gel pieces for another 30 min to saturate with trypsin, 
and add 20 μL of 50 mM ammonium bicarbonate to cover the 
gel pieces.

 3. Place tubes with gel pieces into the thermostat oven, and incu-
bate samples overnight (around 16 h) at 37 °C.

 4. Add 2 μL of 5 % TFA to each digest, briefly vortex and spin (for 
samples >80 μL volume then use 4 μL).

 5. Withdraw supernatants to low protein tubes; use a pipette with 
fine gel loader tip (reuse these tips for all following peptide col-
lection steps).

 6. Add 70 μL of Extraction Buffer B to each tube, and sonicate 
for 15 min on the low power setting.

 7. Centrifuge briefly, and collect the supernatants into their cor-
responding low-bind tube by reusing the tip.

 8. And repeat steps 6 and 7 using Extraction Buffer A and 
Extraction Buffer B, respectively.

 9. Add 50 μL 100 % acetonitrile, and let the gel pieces to shrink, 
and take an opaque-white color, no sonication required.

 10. Dry down samples (covered with Vacufilm with four pin holes) 
in vacuum centrifuge for 15 min.

 11. Re-acidify with 5 μL of 5 % TFA. Check and make sure 
pH < 2.5.

 12. For STAGE-Tip desalting, prepare as many desalting columns 
as necessary by punching out small disks (2–3) of C18 Empore 
filter using a 22 G flat-tipped syringe and ejecting the disks 
into P200 pipette tips. Ensure that the disk is securely wedged 
in the bottom of the tip.

 13. Condition columns by forcing 100 % acetonitrile through 
(25 μL), and check whether the STAGE-Tips are leaky. A 
benchtop centrifuge of maximum centrifugation force of 
400 × g should be used to all STAGE-Tip filtering.

 14. Remove any remaining organic solvent in the column by forc-
ing Buffer A (0.1 % TFA, 2 % acetonitrile) through the disk 
(×2) (30 μL).

 15. Force the acidified peptide sample (pH < 2.5) through the 
C18-STAGE-Tip column, and wash the column with 20 μL 
buffer A.

 16. Transfer STAGE-Tips to new tubes, and elute the peptides from 
the C18 material using 20–30 μL Extraction Buffer B (×2), 
20 μL Extraction Buffer A, and 20 μL Extraction Buffer C.

 17. Carefully dry samples in the speed vac without heating, until 
all acetonitrile has evaporated (~2–3 μL final volume). Note to 
not completely overdry/dehydrate peptide sample due to 
issues with sample loss and resolubilization.
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 18. Add correspondingly a volume of Buffer A (0.1 % TFA, 2 % 
acetonitrile) in water to final volume 10 μL.

 19. Withdraw in MS-specific vial for analysis (typically 3 μL loaded 
representing ~3.5–4 μg sample). To determine peptide con-
centration, a spectrophotometer analysis can be obtained based 
on 215 nm absorbance and comparison with known standard.

 20. Short-term storage at 4 °C (within 2 weeks) or long-term 
−80 °C (up to 18 months).

 1. Tryptic peptides were subjected to GeLC-MS/MS using a 
nanoflow UPLC instrument (Ultimate 3000 RSLCnano 
Thermo Fisher Scientific) coupled online to a high-resolution 
linear ion trap (Orbitrap Elite) mass spectrometer (Thermo 
Fisher Scientific) equipped with a nanoelectrospray ion source 
(Thermo Fisher Scientific).

 2. Tryptic peptide samples were first loaded on a pre-column 
(Acclaim PepMap100 C18 5 μm 100 Å, Thermo Fisher 
Scientific) and separated using a VYDACMS C18-reversed 
phase column (25 cm length, 75 μm inner diameter, 3 μm 
300 Å, Grace, Hesperia, CA) with a 120-min linear gradient 
from 0 to 100 % (v/v) phase B (0.1 % (v/v) FA in 80 % (v/v) 
acetonitrile) at a flow rate of 250 nL/min [28].

 3. MS data were acquired using a data-dependent Top 20 
method dynamically choosing the most abundant precursor 
ions from the survey scan (300–2500 Th) using CID frag-
mentation. Survey scans were acquired at a resolution of 
120,000 at m/z 400.

 4. Unassigned precursor ion charge states as well as singly charged 
species were rejected, and peptide match was disabled.

 5. The isolation window was set to 3 Th and fragmented with 
normalized collision energies of 25.

 6. The maximum ion injection times for the survey scan and the 
MS/MS scans were 20 and 60 ms, respectively, and the ion 
target values were set to 3E6 and 1E6, respectively.

 7. Selected sequenced ions were dynamically excluded for 90 s. 
Data were acquired using Xcalibur software v2.1 (Thermo 
Fisher Scientific).

 1. Raw data were processed using Proteome Discoverer 
(v1.4.0.288, Thermo Fisher Scientific). MS2 spectra were 
searched with Mascot (Matrix Science, London, UK; v 
1.4.0.288), Sequest (Thermo Fisher Scientific, San Jose, CA, v 
1.4.0.288), and X! Tandem (v 2010.12.01.1) against a data-
base of 125,803 ORFs (UniProt Human, 2014_07).

MS/MS Analysis

Database Searching 
and Protein Identification

Rong Xu et al.



109

 2. Peptide lists were generated from a tryptic digestion with up to 
two missed cleavages, carbamidomethylation of cysteines as 
fixed modifications, and oxidation of methionines and protein 
N-terminal acetylation as variable modifications.

 3. Precursor mass tolerance was 10 ppm, product ions were 
searched at 0.6 Da tolerances, min peptide length defined at 6, 
maximum peptide length 144, and max delta CN 0.05. Peptide 
spectral matches (PSM) were validated using Percolator based 
on q-values at a 1 % false discovery rate (FDR) [51, 52].

 4. With Proteome Discoverer, peptide identifications were 
grouped into proteins according to the law of parsimony and 
filtered to 1 % FDR [53].

 5. Scaffold (Proteome Software Inc., Portland, OR, v 4.3.4) was 
employed to validate MS/MS-based peptide and protein iden-
tifications from database searching. Initial peptide identifica-
tions were accepted if they could be established at greater than 
95 % probability as specified by the Peptide Prophet algorithm 
[54]. Protein probabilities were assigned by the Protein 
Prophet algorithm [53].

 6. Protein identifications were accepted, if they reached greater 
than 99 % probability and contained at least two identified 
unique peptides. These identification criteria typically estab-
lished <1 % false discovery rate based on a decoy database 
search strategy at the protein level. Proteins that contained 
similar peptides and could not be differentiated based on MS/
MS analysis alone were grouped to satisfy the principles of par-
simony. Contaminants and reverse identification were excluded 
from further data analysis. UniProt was used for protein anno-
tation (cellular compartment, subcellular location, molecular 
function, transmembrane regions).

 1. The relative abundance of a protein within a sample was esti-
mated using semiquantitative normalized spectral count (Nsc) 
ratios. For each individual protein, significant peptide MS/MS 
spectra (i.e., ion score greater than identity score) were sum-
mated and normalized by the total number of significant MS/
MS spectra identified in the sample (Eq. 1):

 Nsc = +( ) − +( )n f t n f/  (1)

where n is the number of significant peptide spectral counts for 
each protein in the sample, t is the total number of significant 
MS/MS spectral counts identified in the sample, and f is the 
correction factor set to 1.25. A correction factor is required to 
allow an Nsc value to be calculated when n = 0.

Label-Free Spectral 
Counting (See Note 13)
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 2. To compare relative protein abundance between samples, the 
ratio of normalized spectral counts (Rsc) was estimated (Eq. 2), 
as previously described based on studies by [55, 56]:

 
Rsc B A A A B B= +( ) − +( )] [ +( ) − +( ) n f t n f n f t n f/

 
(2)

where n is the significant protein spectral count, t is the total 
number of significant MS/MS spectra in the sample, f is a cor-
rection factor set to 1.25, and A and B are the samples being 
compared.

4 Notes

 1. Human colon carcinoma LIM1863 cells established at the 
Ludwig Institute in Melbourne from a resected invasive human 
colon carcinoma grow as free-floating suspension clusters that 
contain differentiated columnar cells. LIM1863 cells consis-
tently yield a degree of morphological differentiation similar to 
that seen in the intestinal crypt and have many of the proper-
ties of the intestinal stem cell (stemness) [49]. This cell model 
has been extensively characterized by our laboratory [16, 18, 
20, 28, 48].

 2. For cell culture models, cell viability should be assessed to 
ensure that cells remain viable in serum-free culture conditions 
(refer notes in [48]).

 3. Our group recently performed a proteomic analysis evaluating 
the ability of different techniques (namely, differential ultra-
centrifugation, OptiPrep density-gradient centrifugation, and 
immunocapture using EpCAM (CD326) antibodies coupled 
to magnetic beads) to enrich for exosome markers and proteins 
involved in exosome biogenesis, trafficking, and release. A 
detailed description [16] and protocol [48] describing these 
different methods for EV isolation are described.

 4. Even though EVs are increasingly recognized as important 
biological and therapeutical entities, standardized methods for 
their analysis are still lacking. A detailed position paper on stan-
dardized sample collection, isolation, and analysis methods in 
EV research was recently reported [30]. Various recommenda-
tions on discovery research, characterization, and diagnostic 
research are discussed, defined, and refined by the research 
community [33–35]. In this protocol we have utilized a novel 
method to isolate EV subtypes from a cancer model and char-
acterize these EVs using standard approaches. A salient finding 
was the first report of 350 proteins uniquely identified in sMVs, 
many of which have the potential to enable discrimination of 
this EV subtype from exosomes (notably, members of the 
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septin family, kinesin-like protein (KIF23), exportin-2/chro-
mosome segregation like-1 protein (CSE1L), and Rac GTPase-
activating protein 1 (RACGAP1)). These components have 
further been validated using conventional differential centrifu-
gation, supporting their use as select sMV markers (Fig. 4b).

 5. Sequential centrifugal ultrafiltration (SCUF). Low protein- 
binding PDVF ultrafilters were employed to reduce protein/
EV interaction, clogging, and protein loss. Other size range 
filter membranes could be used to select other EV subtypes; 
however 98 % of protein content and EV detected from the five 
fractions in this protocol were from fractions 1 and 5 (sMVs 
and Exos, respectively). SCUF-Fn1, which contains large EVs 
(SCUF-sMVs), was centrifuged at 10,000 × g for 30 min, and 
it could reduce exosome fraction contamination.

 6. EV characterization. There are numerous methods to charac-
terize specific subtypes of EVs. In addition size, expression of 
specific proteins based on the biogenesis and cargo selection of 
EVs has been used [24, 57, 58]. In this protocol immunoblot-
ting is used to verify expression of select protein markers: Alix 
(exosome formation, secretion), TSG101 (exosome formation, 
secretion), CD63 (exosome secretion), CD81 (exosome secre-
tion), KIF23 (sMV marker), CSE1L (sMV marker), RACGAP1 
(sMV marker), while EpCAM is commonly expressed in exo-
somes and sMVs. Although several other exosomal and sMV 
markers exist, these data provided herein refer specifically to the 
human LIM1863 cell model. CD63 and EpCAM should be 
used in nonreducing conditions for SDS- PAGE [28].

 7. Buoyant density. In comparison with sucrose density gradients, 
OptiPrep velocity gradients have low viscosity, iso- osmotic 
gradients that provide rapid and efficient separation of EVs. 
OptiPrep velocity gradients have been shown to efficiently sep-
arate exosomes from HIV-1 particles [59]. These density gra-
dients are often utilized by layering the CCM/crude EV 
mixtures on top of the sucrose gradient [60–62], a sucrose 
cushion [63, 64] or iodixanol [59] with centrifugation for a 
few hours to overnight. If centrifugation is too short and/or 
the tube is too long, though, contaminating aggregates may 
not reach the bottom of the tube and thus end up in the same 
fractions as EVs. Since different classes of EVs may have over-
lapping densities, however, even density-based procedures may 
achieve enrichment rather than true isolation. Exosomes have 
been shown to have buoyant density in the range of 1.09–
1.12 g/mL (predominantly enriched at 1.10–1.11 g/mL) on 
continuous sucrose or iodixanol density gradients following 
ultracentrifugation [16, 17, 19]. While sMVs have been shown 
to float at buoyant densities in the range of 1.06–1.22 g/mL 
(unpublished observations), expression of KIF23 is predomi-
nantly detected in fraction 1.18–1.19 g/mL [28].
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 8. EV quantification. Standardized methods for EV analysis and 
quantification are still lacking [30]. Recent studies have shown 
the importance of technical knowledge of the instruments used 
for EV quantification to ensure that data interpretation is accu-
rate [65]. Understanding that distinct EVs exist with different 
concentrations will ensure that users are not compromised by 
EV heterogeneity. Increased understanding of the possibilities 
and pitfalls of these technologies for characterization will ben-
efit standardized and large-scale clinical application of EVs.

 9. Dynamic light scattering (DLS). DLS allows the size distribu-
tion profile of small particles in suspension to be determined. 
For use in EV characterization, users should ensure a low EV 
protein concentration (typically 1–2 μg, with further dilutions 
often required). A concurrent issue with DLS is that often a 
small amount of larger particles or aggregates (high volume 
and displacement) can compromise results. Although multiple 
aspects and interpretation of the data could be obtained (i.e., 
intensity, volume, number distribution graphs), we recom-
mend volume and number distribution for EV detection. 
Further DLS does not differentiate EVs from protein aggre-
gates of similar size due to protein complexes, especially insol-
uble immune complexes, overlap in biophysical properties 
(size, light scattering, and sedimentation) [66–70].

 10. Electron microscopy (EM). In this protocol, cryo-EM is pro-
vided although standard transmission EM could also be used to 
provide direct evidence for the presence of vesicular structures. 
Cyro-EM is recommended to measure Exos and sMVs based 
on high-resolution analysis of particle size and morphology. 
Cryo-EM utilizes EVs in frozen samples with the  advantage of 
avoiding effects of dehydration and chemical fixation. Larger 
sMV membranes >1000 nm are difficult to detect, possibly 
associated with the stability of larger EV structures when frozen 
[28]. Further, cryo-EM allows tomographic data collection and 
the ability for spatial visualization of more complex structures.

 11. Nanoparticle tracking analysis (NTA). NTA is an optical par-
ticle tracking method to measure the size distribution and con-
centration of EVs. It tracks the movement of laser- illuminated 
individual particles under Brownian motion and calculates 
their diameter using statistical models. An advantage of NTA is 
the unbiased high peak resolution for polydisperse samples. 
Like DLS, NTA does not differentiate EVs from protein aggre-
gates of similar size [29, 66, 71]. Dilution is required for the 
NTA (106–109 particles per mL recommended), with further 
recommendations including 20–40 particles in the field of 
view and 2–10 × 108 particle concentration [69, 72–74]. A 
recent study has shown that the NTA camera level and detec-
tion threshold to be significant factors in the quantification of 
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application. J Clin Invest. 126(4):1152–62

 2. Valadi H, Ekstrom K, Bossios A et al (2007) 
Exosome-mediated transfer of mRNAs and 
microRNAs is a novel mechanism of genetic 
exchange between cells. Nat Cell Biol 9:654–659

 3. van Niel G, Porto-Carreiro I, Simoes S et al 
(2006) Exosomes: a common pathway for a 
specialized function. J Biochem 140:13–21

 4. Peinado H, Lavotshkin S, Lyden D (2011) The 
secreted factors responsible for pre- metastatic 
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Semin Cancer Biol 21:139–146
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Embryonic stem cell-derived microvesicles 
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dence for horizontal transfer of mRNA and 
protein delivery. Leukemia 20:847–856

 6. Nazarenko I, Rana S, Baumann A et al (2010) 
Cell surface tetraspanin Tspan8 contributes to 
molecular pathways of exosome-induced 
endothelial cell activation. Cancer Res 70: 
1668–1678

 7. Webber J, Steadman R, Mason MD et al 
(2010) Cancer exosomes trigger fibroblast to 
myofibroblast differentiation. Cancer Res 
70:9621–9630

 8. Liu Y, Xiang X, Zhuang X et al (2010) 
Contribution of MyD88 to the tumor 
exosome- mediated induction of myeloid 
derived suppressor cells. Am J Pathol 176: 
2490–2499

liposomes, although changing these variable settings were less 
prominent for quantification of EVs [65].

 12. In this protocol, given that conventional high-resolution mass 
spectrometers can utilize more complex, unfractionated (or 
limited fractionation) samples, we typically employ a short 
range gel (i.e., 9–10 mm into the gel well), with the gel piece 
divided into 2–3 equal portions. These portions are then indi-
vidually reduced, alkylated, and tryptically digested [48].

 13. In this chapter, label-free proteomic profiling was employed to 
deliver relative quantification of protein expression between 
distinct EVs. Spectral counting (SpC) counts the number of 
spectra identified for a given peptide in different biological 
samples and then integrates the results for all measured pep-
tides of the protein(s) that are quantified [75]. SpC is a com-
monly used approach for measuring protein abundance in 
label-free proteomic analyses [48]. Further details on quantita-
tive mass spectrometry relating to comparative analyses can be 
obtained from [76]. Other protocols can be used to focus on 
spectral counting quantification specifically [77], with rele-
vance to extracellular vesicles [16–18, 78].
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Chapter 8

Multiplexed Phenotyping of Small Extracellular Vesicles 
Using Protein Microarray (EV Array)

Rikke Bæk and Malene Møller Jørgensen

Abstract

The Extracellular Vesicle (EV) Array is based on the technology of protein microarray and provides the 
opportunity to detect and phenotype small EVs from unpurified starting material in a high-throughput 
manner (Jørgensen et al., J Extracell vesicles 2:1–9, 2013). The technology was established to perform 
multiplexed phenotyping of EVs in an open platform. This protocol outlines the microarray printing 
procedure followed by the steps of capture and detection of small extracellular vesicles from plasma/serum 
or cell culture supernatants. The principles of data treatment and analysis are thoroughly described as well.

Key words Protein microarray, Extracellular vesicles, Exosomes, Capture antibodies, Surface antigens, 
Multiplexed phenotyping

Abbreviations

dAF488 Dextran coupled with Alexa Fluor 488
sEV small Extracellular vesicle
IgG Immunoglobin gamma
ON Overnight
PBS Phosphate-buffered saline
RT Room temperature

1 Introduction

Extracellular vesicles (EVs) are released from healthy as well as 
diseased cells to facilitate cellular communication. They have a 
wide variety of names including exosomes, microvesicles, and mic-
roparticles. Several methods exist to characterize the protein com-
position of EVs either related to a surface marker phenotype or to 
the proteins present in the EV cargo as reviewed by Revenfeld 
et al. [1]. While the EV phenotype is particularly important in the 
determination of cellular and subcellular origin, it can in 
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combination with a protein cargo analysis also provide clues about 
the functionality of the EVs.

The EV Array is based on the technology of protein microarray 
and allows the detection and phenotyping of sEVs from unpurified 
starting material in a high-throughput manner [2]. The technol-
ogy was developed to perform multiplexed phenotyping of sEVs in 
an open platform. Protein microarrays are well accepted as power-
ful tools in the search for antigens or antibodies in various sample 
types [3, 4] and constitutes basis for a high-throughput method. 
This provides the opportunity to track interactions and activities of 
proteins in a large scale. A great advantage of protein microarray is 
that a large number of proteins can be tracked in parallel. Using 
the EV Array, it is at present possible to phenotype for at least 60 
markers simultaneously [5]. In addition, the technique offers a 
rapid and highly sensitive method consuming only small quantities 
of samples and reagents. An outline of the laboratory procedures, 
requirements, and time frames for the EV Array is illustrated in 
Fig. 1a.

Fig. 1 (a) Schematic view of the laboratory procedures, requirements, and time frames for the EV Array. (b) 
Graphical sketch of the EV Array procedure. STEP 1: Epoxy-silane-coated microarray slides are the basis for 
the EV Array. STEP 2: EV containing samples (plasma/serum or cell culture supernatants) are applied, and the 
sEVs are captured onto the slides depending on their specific surface antigens. STEP 3: A cocktail of biotin-
labeled detection antibodies is applied. Here illustrated with a cocktail of antibodies against the exosomal 
markers CD9, CD63, and CD81. STEP 4: Fluorescently labeled streptavidin is added prior to detection of the 
captured sEVs. * The time needed for printing and data analysis depends on the number of analytes and 
samples to be analyzed
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Micro-sized spots of capturing antibodies against known EV 
surface antigens are printed in a customized setup using microarray 
printing technology (Fig. 1b STEP 1). The EV Array is printed on 
standard epoxysilane-coated microarray slides in patterns fitting 
into each well of a multi-well cassette. The use of a 96-well multi-
well cassette allows the EV Array to be performed as a high-
throughput procedure using a minimum of sample. A maximum of 
100 μL of vesicle-containing sample can be applied to each well 
(Fig. 1b STEP 2). The captured vesicles are detected using a cock-
tail of biotinylated antibodies against the tetraspanins CD9, CD63, 
and CD81 (Fig. 1b STEP 3). These markers are regarded as exo-
somal markers in general [6–8], which is the type of EV that the 
EV Array is designed to analyse, though other sEVs of the same 
size are captured as well. This particular antibody combination is 
applied to ensure that all captured exosomes are detected. If 
wanted, the focus can easily be changed from exosomes to another 
type of sEV by replacing the detection antibodies, though subse-
quent optimization may be needed. Afterward, fluorescently 
labeled streptavidin is used to quantify the amount of exosomes 
captured on each spot (Fig. 1b STEP 4). The readout is a fluores-
cence signal for each individual microarray spot. The method is 
semiquantitative and determines the phenotype of sEVs for up to 
60 protein markers simultaneously.

The EV Array is optimized as a high-throughput analysis where 
20 samples can be analyzed simultaneously on each microarray 
slide. The technique features an overnight (ON) incubation to 
capture the sEVs and consequently the method can be completed 
in 2 days. As outlined, the development of the EV Array technol-
ogy leaves the possibilities open to simply change the detection 
antibodies in order to detect other populations or subpopulations 
of sEVs as, e.g., tissue factor-bearing vesicles (Fig. 1b STEP 3). 
Hereby an open platform is generated, which is easy to transform 
and optimize further in a research and clinical perspective.

As clarified in Fig. 1a, specific laboratory requirements are nec-
essary to perform an EV Array. The microarray epoxy-coated slides, 
which are custom-printed with the antibodies against the targeted 
EV marker proteins, are the basis of the Array. For laboratories 
without access to microarray printing technologies, several com-
mercial companies offer custom-made microarray slides. To use 
the EV Array in a high-throughput manner, a simple multi-well 
cassette to allow multiple Arrays on each slide is required, and to 
detect the fluorescent signals, either a microarray scanner or labo-
ratory gel scanner is needed.

Using a method such as the EV Array to phenotype sEVs has 
shown a great potential in diagnostics as highlighted by Jakobsen 
et al. [9] and Sandfeld-Paulsen et al. [10] where the EV Array was 
used to phenotype plasma sEVs from NSCLC patients and other 
lung-diseased controls. By establishing a multi-marker model, it was 
possible to separate the cancer patients with up to 75.3 % accuracy.

EV Array
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2 Materials

Prepare all solutions using purified deionized water (sensitivity of 
18 MΩ cm at 25 °C) and analytical grade reagents. Prepare and 
store all reagents at room temperature (RT) (unless otherwise indi-
cated). When handling the microarray slides, powder-free gloves 
should be used and touching should be limited to the edges of the 
slide.

 1. SpotBot Extreme Protein Microarray Spotter (Arrayit 
Corporation, CA, USA).

 2. 946MP4 Pin (Arrayit Corporation, CA, USA).
 3. Nexterion® Slide E, epoxysilane-coated glass slides with bar-

code (SCHOTT Nexterion, Germany).
 4. Phosphate-buffered saline (PBS): 137 mM NaCl, 10 mM 

Na2HPO4, 2.7 mM KCl, 1.8 mM KH2PO4, and adjust to 
pH 7.4 with HCl. Sterile filter with 0.22 μm filter.

 5. Glycerol, minimum 99 % (see Note 1).
 6. Dextran coupled with Alexa Fluor 488 (dAF488), 10.000 MW, 

anionic, fixable (Life Technologies Corp, USA) (see Note 2).
 7. Capture antibodies of interest: Diluted to 50–300 μg/mL in 

PBS containing a final glycerol content of 5 % and 50 μg/mL 
dAF488 (store at –40 °C).

 8. Positive control: 50–100 μg/mL biotinylated IgG in PBS con-
taining a final glycerol content of 5 % and 50 μg/mL dAF488 
(store at −40 °C).

 9. Negative control: PBS containing 5 % glycerol and 50 μg/mL 
dAF488 (Store at –40 °C).

 10. Microarray 384-well microplate (Arrayit Corporation, CA, USA).
 11. InnoScan 710 AL microarray scanner (Innopsys, France).
 12. Mapix (microarray analysis software, Innopsys, France).

 1. Peristaltic pump.
 2. High-Throughput Wash Station (Arrayit Corporation, CA, 

USA).
 3. Magnetic stirrer.
 4. Blocking buffer: 50 mM ethanolamine, 100 mM Tris, 0.1 % 

(v/v) SDS, pH 9.0. Add 3.05 mL ethanolamine solution, 
12.1 g Tris, and 5 mL of 20 % SDS solution to approximately 
900 mL of water. Mix and adjust pH with NaOH. Add water 
up to a total of 1 L solution. Sterile filter with 0.22 μm and 
store at 4 °C.

2.1 Printing 
of Microarray

2.2 EV Array 
Analysis
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 5. Wash buffer: PBS (see Subheading 2.1) containing 0.05 % 
Tween®20 (500 μL per 1 L PBS). Sterile filter with 0.22 μm 
and store at 4 °C.

 6. Multi-well microarray hybridization cassette 4 × 24 or 1 × 24 
(Arrayit Corporation, CA, USA).

 7. Adhesive tape for ELISA plates or similar.
 8. Orbital shaker.
 9. Rectangular plate, four chambers, transparent, non-treated 

(Nunc, Thermo Fisher Scientific, MA, USA).
 10. Detection antibodies (anti-human CD9/biotin, CD63/biotin, 

and CD81/biotin, Ancell Corporation, MN, USA; Catalog # 
156-030, 215-030, and 302-030, respectively). Antibodies are 
diluted freshly at 1:1500 with wash buffer (3 mL per slide).

 11. Streptavidin Cy®5 conjugate (Life Technologies Corp, USA): 
The streptavidin Cy®5 conjugate is diluted freshly at 1:1500 in 
3 mL wash buffer per slide.

 12. Microarray High-Speed Centrifuge (Arrayit Corporation, CA, 
USA).

 13. InnoScan 710 AL microarray scanner (Innopsys, France).
 14. Mapix (microarray analysis software, Innopsys, France).

3 Methods

 1. Place the prepared printing solutions in a microarray micro-
plate; 10 μL antibody or control solutions are sufficient.

 2. Give the plate a short spin (1 min) to remove air bubbles (see 
Note 3).

 3. Place the microplate, epoxy-coated slides and one contact- 
printing pin in the SpotBot Extreme Microarray Printer and 
manufacture the EV Arrays using the 21-well Multiple 
Microarray Format function (see Fig. 2a and Note 4).

 4. Keep the temperature at 15–18 °C and the humidity at 55–65 % 
during the printing procedure by using the appertaining cool-
ing bath and humidity controller, respectively (see Note 5).

 5. Use an uncoated glass slide for disposal of 20 preprints after 
which each printing solution is printed as triplicate in each sub-
array (see Fig. 2b and Note 6).

 6. Before applying the next antibody solution, perform a washing 
procedure on the pin, as recommended by the manufacturer.

 7. Quality control of the printing is manually performed using 
the InnoScan microarray scanner and the Mapix software with 
the settings of 532 nm at 10 V, PTM at 100 %, and a 20 μm 
resolution (see Fig. 2c and Note 7).

3.1 Printing 
of Microarray
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 8. Use the SpotBot software to generate a *.GAL file for the data 
analysis (see Note 8).

 9. The EV Array slides are stored in closed containers at RT ON 
or longer until performance of the analysis (see Note 1).

 1. Place the EV Array slides into the gasket in the High- 
Throughput Wash Station placed on a magnetic stirrer set to 
120 rpm.

 2. Add 450 mL blocking buffer using the peristaltic pump at a 
speed of 5 mL/min (see Note 9).

 3. After addition of blocking buffer, the slides are left to block for 
additional 30 min.

 4. Exchange the blocking buffer with 450 mL of wash buffer and 
set the magnetic stirrer to 200 rpm, which is the setting for the 
remainder of the analysis.

 5. Let the slides wash for 15 min.
 6. Place the slides in the hybridization cassette (up to four slides 

per cassette) (see Note 10).
 7. Load the samples of interest in the individual wells. Samples 

should be diluted in wash buffer (see Notes 11 and 12).

3.2 EV Array 
Analysis

Fig. 2 (a) Bar-coded microarray glass slide (7.5 × 2.5 cm) printed in a 21-well setup as sketched out. (b) 
Outline of the printed analytes and controls in triplicates. Here sketched out with eight different analytes. (c) 
Quality control of the printed controls and analytes. Prior to analysis, the quality is validated by scanning at a 
resolution of 20 μm at 532 nm, a setting of 10 V, and a PMT at 100 %. (d) Scanning after capture and detection 
of sEVs. The scanning is performed at 635 nm, a setting of 10 V, and a PMT of 60 %. During data analysis a 
created *.GAL file is used to locate the printed spots as illustrated with the white frame and spot circles
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 8. One well per slide should contain a blank/negative control 
(wash buffer) (see Note 13).

 9. Seal the hybridization cassette with self-adhesive tape or similar 
to avoid evaporation.

 10. Place the hybridization cassette on an orbital shaker set to 
450 rpm for 2 h at RT and afterward incubate the cassette at 
4 °C ON (no agitation is needed).

 11. Empty the casette and carefully remove the slides from the 
hybridization cassette and place them in the High-Throughput 
Wash Station filled with wash buffer for 15 min.

 12. Place the slides in the rectangular four chambers plate (one 
slide in each chamber) together with 3 mL of the detection 
antibody cocktail per chamber.

 13. Place the chamber on an orbital shaker and incubate for 2 h 
at RT.

 14. Wash the slides in the High-Throughput Wash Station for 
15 min.

 15. Place the slides in another rectangular four chambers plate 
with 3 mL of the diluted streptavidin Cy®5 conjugate per slide.

 16. Incubate on an orbital shaker for 30 min under cover at RT 
(see Note 14).

 17. Wash the slides in wash buffer for 15 min under cover, exchange 
the wash buffer with water and wash for additionally 15 min.

 18. Dry the slides using the Microarray High-Speed Centrifuge for 
20–30 s.

 19. Load the slides into the microarray scanner (see Note 15).
 20. Scan the slides at a resolution of 5 μm at 635 nm using 10 V 

and a PMT at 60 %.
 21. Open the *.tif file together with the respective *.GAL file in 

the Mapix software.
 22. Locate all the printed spots either manually or automatically 

(see Note 16) using a fixed spot size (e.g., Ø135 μm).
 23. Calculate the total spot intensity for each spot and use the save 

function to generate a *.txt file (see Fig. 3).
 24. Import the *.txt file contents into Microsoft Excel or another 

mathematical program, and use the values of total intensity to 
calculate the relative intensity (RI) for each analyte and each 
sample (block) (e.g., see Note 17 of calculation).
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where N indicates the number of spot replicates (triplicates).
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4 Notes

 1. The addition of glycerol ensures that the printed antibodies 
will stay in solution on the EV Array slides for up to one month 
at RT. Dried out spots will alter the shape of the processed 
spots and the signal cannot be accounted as reliable.

 2. Addition of dAF488 provides the possibility to perform a qual-
ity control of the printed spots using the InnoScan microarray 
scanner. The dextran molecules do not adhere to the epoxy-
coated slides; hence, it will not disturb the following analysis.

 3. The centrifuge used is an Eppendorf 5810 centrifuge with 
rotor A-4-62 and a microplate adapter.

 4. The 21-well Multiple Microarray Format function is a software 
setup that allows for subarray prints, which fit into the 4 × 24 
(or 1 × 24) multi-well hybridization cassette used in the follow-
ing EV Array analysis. The use of the 21-well setup instead of 
the 24-well setup is chosen to avoid printing on the barcode, 
which may cause the very delicate pins to block. Slides without 
barcode can be used and will allow printing in a 24-well setup.

 5. If the humidity exceeds 75 %, there is a major risk that the 
printing compartment will steam up, which will cause the spots 

Fig. 3 Example of the content of a *.txt file generated after analysis of the EV 
Array. Column 1 designates the block number/sample well in the 21-well format. 
Columns 2 and 3 indicate the spot placement inside the block. Columns 4 and 5 
give the ID and name of the printed analyte (as indicated in the *.GAL file). The 
last column gives the total intensity of the spot scanned at 635 nm
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to blur together. The limits of the steam formation may vary 
depending on the humidity and temperature parameters in the 
surroundings.

 6. The chosen pin type will deliver approx. 1 nL solution in each 
spot. The diameter of the spots is approx. 135 μm though it 
may vary depending on the constituents of the used antibody.

 7. Pins used for microarray contact printing are very delicate due 
to the tiny sample channels, which in the given pin type will take 
up approx. 250 nL printing solution. Therefore, even though 
the printing compartment is a closed box and even if great care 
is taken when the printing is prepared, small dust particles will 
find their way into the compartment when placed in a non-clean 
room lab. This will occationally disturb the spotting procedure 
and therefore needs to be outlined. Scanning at 532 nm makes 
it easy to point out if spots are missing and, consequently, the 
print will be discarded in the following analysis.

 8. The GenePix Array List (GAL) file describes the size and posi-
tion of blocks (one per sample well) and the layout of analytes 
(spots) printed in them, together with the names and identifi-
ers of the printed spots. The *.GAL files can also be generated 
manually using, e.g., Microsoft Excel.

 9. Addition of blocking buffer is a critical step; if the blocking 
solution is added too fast, it will result in deformed spots 
(rocket shaped), which may interfere with each other and make 
the analysis unusable. In the following steps of the analysis, it 
is no longer necessary to add buffer in this gentle manner.

 10. Make sure the hybridization cassette is closed thoroughly or 
leak may occur. Avoid the slides to dry out on the printed side 
at any time during the analysis. This will cause a high back-
ground signal/fluorescence to appear.

 11. Plasma/serum samples: In most cases 10 μL of sample in 
90 μL wash buffer is the best compromise of signal versus 
background. In some cases (low expressed analytes), it is rele-
vant to add more sample, e.g., 20 μL sample and 80 μL wash 
buffer, but one should note that increasing the amount of sam-
ple most likely will increase the background signal, which is 
described in [5]. The use of different blood collection tubes 
and the effect of various preanalytical treatments is outlined in 
[11]. Furthermore, other kinds of bodyfluids have been tested 
as well and is described in [12].

 12. Cell culture supernatant: If the supernatant of a given cell line is 
to be analyzed for the first time, it is recommended to concen-
trate it 20–100 times using a 100 K filter (e.g., Amicon Ultra-15 
centrifugal filter unit with Ultracel-100 membrane, Merck 
Millipore). When loaded onto the EV Array, it should be diluted 
at least 1:1 in wash buffer depending on its concentration. A 
negative control/culture media control should be included. 
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When the given cell culture supernatant is characterized 100 μL 
of non-concentrated, undiluted sample is sufficient. Usually 
only a small subset of markers is positive when analyzing cell 
culture supernatant.

 13. To streamline the data analysis, it is recommended to use the 
same well as the negative control (wash buffer) each time. As a 
standard well number 21 has been used.

 14. To avoid the Cy5® fluorescence signal to decay, the slides 
should be protected from light during the incubation and 
washing steps.

 15. A normal gel scanner (e.g., Typhoon, GE Healthcare) or simi-
lar fluorescence scanner can be used instead of the specialized 
microarray scanner.

 16. Using automatically detection of blocks and spots a manually 
validations is necessary.

 17. For this example (see Fig. 3), the negative control (wash buffer) 
is placed in well 21.
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Chapter 9

Purification and Analysis of Exosomes Released by Mature 
Cortical Neurons Following Synaptic Activation

Karine Laulagnier, Charlotte Javalet, Fiona J. Hemming, and Rémy Sadoul

Abstract

Exosomes are vesicles released by most cells into their environment upon fusion of multivesicular endosomes 
with the plasma membrane. Exosomes are vesicles of 60–100 nm in diameter, floating in sucrose at a 
density of ~1.15 g/mL and carrying a number of marker proteins such as Alix, Tsg101, and Flotillin-1. 
We use dissociated cortical neurons cultured for around two weeks as exosome-releasing cells. In these 
conditions, neurons make mature synapses and form networks that can be activated by physiological stim-
uli. Here, we describe methods to culture differentiated cortical neurons, induce exosome release by 
increasing glutamatergic synapse activity, and purify exosomes by differential centrifugations followed by 
density separation using sucrose gradients. These protocols allow purification of neuronal exosomes 
released within minutes of activation of glutamatergic synapses.

Key words Exosomes, Mature neurons, Primary neuronal culture, Regulated secretion, Glutamatergic 
synapses, Bicuculline

1 Introduction

In the following protocols, “exosomes” refer to nanovesicles 
released in the extracellular medium upon fusion of multivesicular 
endosomes with the plasma membrane. Extracellular vesicles are 
called exosomes when (1) their diameter ranges from 60 to100 nm 
(observed by electron microscopy or nanoparticle tracking analy-
sis), (2) they float at a density ranging from 1.1 to 1.19 g/mL on 
a linear gradient of sucrose, and (3) they carry typical protein 
markers such as Alix, Flotillin-1, Tsg101, or CD63 [1, 2]. An 
updated profile of proteins, lipids, and nucleic acids found in exo-
somes is available at www.microvesicles.org [3]. During the last 10 
years, vesicles having the above-described characteristics of exo-
somes have been detected in different biological fluids including 
milk, saliva [4], and cerebrospinal fluid [5]. Exosomes are known 
to be released constitutively by various cell lines and can be purified 
from cell supernatants after several days of culture [6, 7]. 
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Concerning the central nervous system (CNS), several studies have 
shown that cultured astrocytes [8], microglia [9], and neurons 
[10] also secrete exosomes constitutively. These reports have led to 
the hypothesis that exosomes are involved in intercellular commu-
nications in the normal or pathological CNS [11, 12]. This hypoth-
esis has been reinforced by the demonstration that exosomes 
released by myelinating cells (oligodendrocytes in the CNS and 
Schwann cells in the peripheral nervous system) can be endocy-
tosed by neurons [13, 14]. A few studies have described exosome 
release within minutes in a regulated way following a rise of intra-
cellular calcium due to calcium ionophores [15, 16] or activation 
of specific membrane receptors [17]. We have used neurons dis-
sociated from rat cortices and cultured for 2 weeks in order to 
investigate how the release of exosomes might be regulated by 
neuronal activity. These cell cultures contain both excitatory gluta-
matergic and inhibitory GABAergic neurons, which make func-
tional networks by the second week in culture. Thus, incubation 
with GABA receptor antagonists, such as picrotoxin or bicuculline, 
alleviates inhibitory activities within the networks and increases the 
excitatory activity of glutamatergic synapses [18, 19]. We have 
already reported that picrotoxin or bicuculline rapidly (10–15 min) 
and massively augmented the calcium-dependent secretion of exo-
somes in a way dependent on AMPA and NMDA receptors [20]. 
The first part of this chapter describes our protocol for the prepara-
tion of viable primary cultures of neurons up to their mature state. 
The second part explains how to stimulate exosome release using 
bicuculline. Finally, we give details for purifying exosomes from 
supernatants of stimulated neurons: this is based on low-speed 
centrifugations required to remove cell debris, followed by ultra-
centrifugation to pellet the nanovesicles. The vesicles are then puri-
fied on a linear 8–60 % sucrose gradient where they move to a 
density of 1.1–1.15 g/mL. This protocol allows the characteriza-
tion of a homogeneous exosome population, whose release is 
tightly regulated by glutamatergic activity (Fig 1).

2 Materials

 1. Animals: Use one pregnant rat (OFA strain) at embryonic day 
18 (usually ~12–13 embryos) for one culture.

 2. Borate buffer 0.1 M, pH 8.4: Dissolve 3.1 g boric acid (H3BO3) 
and 4.75 g sodium tetraborate (borax) in 1 L of distilled water. 
Adjust to pH 8.4. Filter the solution (0.22 μm) and store 
at 4 °C.

 3. Coating solution: Dissolve poly-d-lysine (PDL, Sigma, molec-
ular weight 30,000–70,000) in borate buffer in order to obtain 
a 50 μg/mL solution.

2.1 Primary Cultures 
of Cortical Neurons
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 4. Dissection buffer: Hank’s balanced salt solution (HBSS, no 
calcium, no magnesium, no phenol red; Life Technologies) 
with 1 mM HEPES (Life Technologies) and 100 U/mL peni-
cillin and 100 μg/mL streptomycin (Life Technologies). 
Adjust pH to 7.4, filter (0.22 μm) and store at 4 °C.

 5. Hemocytometer (Malassez™ or equivalent).
 6. Seeding medium: On the day of seeding, prepare ~200 mL of 

DMEM (Dulbecco’s modified eagle’s medium, high glucose, 
pyruvate, Life Technologies) with 10 % horse serum (v/v, heat 
inactivated, Life Technologies).

 7. Trypsin solution: 0.25 % trypsin-EDTA (Life Technologies) 
containing 15 mM HEPES and 33 mM d-glucose. Ready to 
use aliquots of 3 mL can be stored for weeks at −20 °C.

 8. Trypsin inhibitor solution: Dissolve soybean trypsin inhibitor 
powder (Sigma) in the dissection buffer to a final concentra-
tion of 2 mg/mL. Ready to use aliquots of 3 mL can be stored 
for weeks at −20 °C.

 9. Neuron culture media: Supplement ~250 mL of Neurobasal® 
media (Life Technologies) with 2 % B27® (v/v, serum-free 

Fig. 1 Release of exosomes by mature neurons under glutamatergic stimulation. 52 × 106 cortical neurons 
were grown with (a) or without (b) AraC to DIV15. As described in Subheading 3.2, neurons were incubated in 
Neurobasal® medium alone (“–”) or with 40 μM bicuculline (“Bic”) for 15 min at 37 °C. Exosomes were pel-
leted from supernatants by ultracentrifugation. Pellets were resuspended in sample buffer, run on SDS-PAGE, 
and blotted against exosomal markers Flotillin-1 (50 kDa) and Alix (92 kDa) or the neuronal marker L1-Cam 
(200 kDa). Synaptic activation by bicuculline increases the amount of exosomes released by neurons as 
revealed by the increase in the detection of exosomal markers. (c) 52 × 106 neurons were treated with 
bicuculline- containing medium. Exosomes were pelleted from supernatants by ultracentrifugation and resus-
pended in 8 % sucrose solution. 10 % of the sample was run and blotted directly (“10 % inp.”). The remaining 
90 % were loaded onto a 8–60 % sucrose linear gradient and ultracentrifuged. Ten fractions of the gradient 
were collected and washed by ultracentrifugation, and pellets were resuspended in sample buffer for Western 
blot analysis. The exosomal marker Flotillin-1 appears in three fractions ranging from 1.1 to 1.15 g/mL of 
sucrose as expected for exosomes

Regulated Exosome Secretion by Cortical Neurons
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supplement, Life Technologies), 2 mM glutamine, 1 mM 
sodium pyruvate.

 10. Cytosine-β-d-arabinofuranoside hydrochloride (AraC, Sigma) 
solution: Dissolve AraC in sterile distilled water to obtain a 
stock solution at 10 mM. Aliquot and store at −20 °C.

 1. K5 solution: 5 mM KCl, 1.8 mM CaCl2, 0.8 mM MgSO4, 
110 mM NaCl, 26 mM NaHCO3, 1 mM NaH2PO4, 0.7 % 
(w/v) d-glucose and 15 mM HEPES. Adjust pH to 7.4. Filter 
(0.22 μm) and keep at 4 °C (see Note 1).

 2. Bicuculline stock solution: Dissolve bicuculline methiodide 
powder (Sigma) in pure distilled water at 5 mM, aliquot, and 
store at −80 °C.

 3. Stimulating solution: On the day of experiment, prepare K5 
solution with 40 μM of bicuculline. Prepare 80 mL for the 
stimulation of twenty 100 mm dishes of neurons (52 × 106 
neurons).

 1. 50 mL tubes that can withstand 20,000 × g centrifugation 
(e.g., Falcon® tubes).

 2. Centrifuge allowing 20,000 × g run (Sorvall Sc60 or 
equivalent).

 3. Fixed-angle rotor allowing 20,000 × g centrifugation (F13- 
14X50CY FIBERLite® Thermo Scientific or equivalent).

 4. Swinging rotor (SW41 and SW32 from Beckman Coulter or 
equivalent).

 5. Ultracentrifuge (Optima L-90K or equivalent).
 6. Ultracentrifugation tubes in polyallomer or Ultra-Clear™ for 

SW41 (maximum 12 mL) and SW32 (maximum 35 mL) 
swinging rotors.

 7. Gradient maker connected to a peristaltic pump and a glass 
capillary tube.

 8. Dulbecco’s phosphate-buffered saline (DPBS, no calcium, no 
magnesium, Life Technologies).

 9. 8 % and 60 % sucrose solutions (w/v) in distilled water contain-
ing 3 mM imidazole. 6 mL of each solution are required for 
one gradient. Adjust to pH 7.4. Filter solutions through a 
0.22 μm sterile filter. Store at 4 °C.

 10. Refractometer 0–72 % (Euromex or equivalent).
 11. Washing solution: 3 mM imidazole in distilled water. Adjust to 

pH 7.4. Store at 4 °C. ~100 mL are required for one 
gradient.

 12. Hydrophilic syringe filter unit, 0.22 μm, PVDF (Millex-GV 
Durapore® Millipore or equivalent).

2.2 Release 
of Exosomes 
by Mature Cortical 
Neurons

2.3 Exosome 
Purification
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3 Methods

Pre-warm all media and solutions to 37 °C except when specified. 
Precool all centrifuges to 4 °C except when another temperature is 
indicated.

Four 100 mm dishes (1 × 107 neurons) are required to com-
plete purification of exosomes at step 12 of Subheading 3.2 
(“exosome pellet”). Twenty 100 mm dishes (52 × 106 neurons) are 
needed when exosomes need to be purified on a linear gradient of 
sucrose (steps 1–22 of Subheading 3.2).

 1. Coating of dishes: Add 4 mL of the PDL solution per 100 mm 
dish, i.e., 2.6 μg PDL/cm2 (see Note 2). Leave dishes for at 
least 4 h before seeding in a humidified incubator at 37 °C. Rinse 
dishes three times with sterile water. Finally, add 8 mL seeding 
medium per dish and incubate at 37 °C in a humidified 
incubator.

 2. Dissection of rat embryo brains (see Note 3): Isolate embryos 
and cover them with dissection solution. Dissect out cortices 
from rodent brains (see Note 4) and pool them in 15 mL tubes 
filled with dissection solution.

 3. Dissociation of cortical neurons by trypsin: Let cortices sedi-
ment in the 15 mL tube. Remove supernatant and add 3 mL 
of pre-warmed trypsin solution. Place the tube horizontally in 
the incubator at 37 °C, 5 % CO2 for 15 min. Turn it back to 
vertical and let cortices sediment. Remove trypsin solution. 
Add 5 mL of dissection solution to wash the cortices. Let the 
cortices sediment. Remove the supernatant. Repeat the wash 
once more. Add 3 mL of trypsin inhibitor solution. Place the 
tube horizontally in the incubator at 37 °C for 2 min. Turn it 
back to vertical and let cortices sediment. Remove the trypsin 
inhibitor solution. Rinse twice with dissection solution. Finally, 
add 5 mL of dissection solution to the cleaned cortices.

 4. Mechanical dissociation of cortical neurons: Aspirate and flush 
the cortices first with a 5 mL pipette, then with a 1 mL tip 
(~40 ups and downs) to obtain a homogeneous solution. 
Be careful to avoid bubbles.

 5. Filter the homogenate through a 70 μm filter placed above a 
50 mL tube to remove debris. Centrifuge the cells for 5 min at 
room temperature at 100 × g. Gently remove the supernatant, 
then add 5 mL of seeding medium to the pellet and slowly 
homogenate the cell suspension. Keep the cell suspension at 
37 °C in a water bath.

 6. Counting neurons: Mix 10 μL of the cell suspension with 
170 μL HBSS solution and 20 μL trypan blue. Load this cell 
dilution into a hemocytometer. Count only living cells (dead 
cells will be dyed blue) under the microscope (see Note 5).

3.1 Primary Culture 
of Cortical Neurons 
from 18-Day-Old Rat 
Embryos
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 7. Seeding cortical neurons: Plate neurons at a density of 3 × 104 
cells/cm2, i.e., 26 × 105 neurons per 100 mm coated dish. An 
example of counting and seeding is given in Note 6.

 8. Primary cultures (see Note 7): After 2 h, replace 75 % seeding 
medium by neuron culture medium. Repeat this again imme-
diately. This can be done up to 24 h after plating neurons 
(see Note 8).

 9. After 4 days in vitro (DIV), add 20 % complete culture medium 
supplemented with 5 μM AraC (final concentration) per dish. 
AraC is used to stop glial cells proliferation (see Note 9).

 10. At 11 DIV, add 10 % pre-warmed culture medium to each dish.
 11. Cortical neurons can be used at DIV14-15.

 1. Wash the dishes (see Note 10) by removing 80 % of the culture 
medium and gently adding 4 mL of K5 media per dish. 
Repeat once.

 2. Add 4 mL per dish of bicuculline-containing solution (see 
Note 11).

 3. Leave dishes 15 min at 37 °C in the incubator.
 4. Harvest and pool supernatants of bicuculline-treated cells and 

keep all tubes on ice during exosome purification.
 5. Centrifuge supernatants for 10 min at 2,000 × g at 4 °C (see 

Note 12).
 6. Transfer each supernatant to 50 mL tubes.
 7. Centrifuge for 30 min at 20,000 × g at 4 °C (see Note 13).
 8. Filter supernatants through a 0.22 μm filter and transfer them 

to ultracentrifuge tubes (see Note 14). Tubes for a SW41 rotor 
have to be filled up to 10 mL. Tubes for a SW32 rotor have to 
be filled up to 30 mL.

 9. Weigh and equilibrate the tubes with PBS.
 10. Centrifuge for 90 min at 100,000 × g at 4 °C (see Note 15).
 11. Gently remove the supernatant and invert the tubes on an 

absorbent paper. The pellet corresponds to the “exosome pellet” 
(see Note 16).

 12. You can stop the purification at this step and resuspend the 
exosome pellet in SDS-sample buffer for Western blot analysis 
(Fig. 1a, b).

 13. For further purification of exosomes on a sucrose gradient, 
gently resuspend the exosome pellet in 300 μL 8 % sucrose 
solution (see Notes 17 and 18).

 14. Make a continuous gradient from 8 to 60 % sucrose in a SW41 
tube (see Note 18).

3.2 Glutamatergic 
Synapse Activation 
by Bicuculline 
Incubation 
and Exosome 
Purification
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 15. Gently add the 300 μL exosome sample from step 13 to the 
top of the gradient (see Note 19).

 16. Centrifuge the gradient 18 h at 210,000 × g, at 4 °C.
 17. Collect 1 mL fractions starting from the top of the gradient 

and transfer each fraction to a new SW41 ultracentrifuge tube. 
Gently shake each fraction to homogenize the sucrose 
concentration.

 18. Place 10 μL of each fraction in the refractometer to measure 
their sucrose density (see Note 20).

 19. Add 10 mL of washing solution to each SW41 tube containing 
the fractions and mix.

 20. Ultracentrifuge all fractions for 2 h at 210,000 × g at 4 °C 
(see Note 21). Tubes can be kept on ice before centrifugation.

 21. Discard the supernatant and resuspend each pellet in the 
required buffer (e.g., SDS-sample buffer for Western blot analysis). 
Analyses of the exosome pellet from step 12 and of fractions of 
a typical gradient are shown in Fig. 1.

4 Notes

 1. An improvement of these protocols is to replace K5 solution 
by Neurobasal® medium (Life Technologies) to harvest exo-
somes. This avoids any shock caused by a change in media 
composition.

 2. The PDL concentration used for coating is critical for the 
viability of the culture. Take care to homogenize the solution 
before use and do not leave the coated dishes more than 48 h 
in the incubator.

 3. All the instruments (such as forceps and scissors) must be ster-
ile. In order to avoid neuronal mortality, the time between 
harvesting of embryos and the seeding of cells should not 
exceed 2 h. Generally, 9 embryos are enough for twenty 
100 mm dishes of neurons (52 × 106).

 4. Dissection of pup brains (similar to E18 embryos brain) is 
described in [21]. Briefly, under a sterile hood, decapitate each 
embryo and transfer the heads to a dish filled with pre-warmed 
dissection solution. Insert the tips of fine scissors into the aper-
ture made by the section of the vertebral column and cut for-
ward, along the skull dorsolaterally, taking care not to damage 
the brain. Remove the top of the skull to uncover the brain. 
Slide the closed tips of the forceps underneath the brain to 
push it out from the skull. Transfer it to a new dish filled with 
clean dissection solution and then work under a binocular 
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microscope for the next steps which need fine forceps. Separate 
the two hemispheres, remove meninges, then cleave off the 
olfactory bulbs, brain stem, and the cerebellum. Finally, dissect 
out the hippocampus to obtain clean cortices.

 5. Counting is a critical step because the seeding density deter-
mines the viability of the primary culture.

 6. From ~12 embryos, we generally obtain ~14 × 107 living neu-
rons in the 5 mL cell suspension. After diluting ten times in 
seeding medium, we distribute ~950 μL of the cell suspension 
per 100 mm dish to obtain a seeding density of 2.6 × 106 neu-
rons per 100 mm dish (3 × 104 cells/cm2).

 7. Primary cultures are highly sensitive to changes in pH and 
temperature. Therefore, avoid opening and closing the incuba-
tor as much as possible over the whole culture period. Keep an 
incubator dedicated to long-term neuronal culture, if possible. 
Do not leave neurons outside the incubators for too long.

 8. Never replace 100 % of the culture media to avoid drying the 
cells. Aspirate only 6 mL of seeding media and replace it gently 
without flushing by 6 mL of the culture medium.

 9. Primary cultures can be grown without AraC. In this case, the 
cultures contain a mix of neurons and glial cells. They are less 
fragile and can be kept alive longer than when grown with 
AraC. However, as described in the introduction, exosomes 
are secreted by glial cells present in the culture (astrocytes, oli-
godendrocytes, and microglia). We use an antibody against 
L1-CAM to differentiate exosomes released by neurons from 
exosomes released by glial cells since L1-CAM is exclusively 
expressed by neurons (see Fig. 1b).

 10. Always check the viability of each dish under a microscope 
before use. Do not use cultures if the neurons are not 
refringent.

 11. As a control, two dishes are treated in the same conditions with 
K5 without bicuculline. In our hands, only few exosomes are 
released without bicuculline treatment. See Fig. 1a, b to com-
pare the two conditions.

 12. This step removes dead cells and nuclei.
 13. This step removes large debris and microvesicles.
 14. This step further cleans the supernatants, in particular removes 

vesicles bigger than 200 nm.
 15. Different times and speeds of ultracentrifugation can be found 

in the literature to pellet nanovesicles. Run for at least 60 min 
at 100,000 × g (calculation based on the speed at the bottom of 
the tube). However, many ultracentrifuges include the accel-
eration and/or deceleration phases in their timing. It is thus 
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recommended to increase the length of the run. Running too 
slow can lead to a loss of material. Running too fast (more than 
200,000 × g) and too long (more than 2 h) can lead to con-
tamination of the pellet by lighter particles such as endoplas-
mic reticulum or mitochondria-derived vesicles.

 16. Exosome pellets purified from neuronal supernatants are not 
visible. White opaque material is not relevant to vesicle pellets 
but to contaminating debris. Nanovesicle pellets are known to 
adhere quite strongly to plastic tubes, so prolonged but gently 
flushing (at least 100 aspirations with a pipette) is needed to 
resuspend pellets correctly. Flush only the bottom but not the 
walls of the tube and avoid bubbles.

 17. Harvest 30 μL from the 300 μL and mix directly with a con-
centrated SDS-sample buffer (“10 % input”; Fig. 1c).

 18. Various protocols for making sucrose gradient can be found in 
the literature [22]. Before pouring the gradient, mark the 
ultracentrifuge tube at the 10 mL level. In the gradient former, 
add 5.5 mL of 60 % sucrose solution in chamber 1 and 5.5 mL 
60 % sucrose solution in chamber 2 which is linked by tubing 
to the pump. Avoid bubbles in the tubules between the two 
chambers. Place the magnetic bar in chamber 2, switch on the 
stirring, and check the efficiency and regularity of the stirring 
speed. Place the capillary at the bottom of the ultracentrifuge 
tube. Switch on the pump at a speed of ~1 mL/min and imme-
diately open the clamp between the two chambers. Stop the 
pump when the gradient volume reaches the 10 mL mark. 
Delicately remove the capillary from the tube.

 19. To balance the rotor, fill a second ultracentrifuge tube with 
5.3 mL of 8 % sucrose solution and 5 mL of 60 % sucrose solu-
tion. Equilibrate the tubes with the 8 % sucrose solution.

 20. Check the linearity of the gradient by tracing the sucrose den-
sity as a function of the fraction.

 21. The purpose of this ultracentrifugation step is to concentrate 
vesicles and wash out sucrose from each fraction. The speed 
and length of centrifugation is thus faster and longer than 
the first ultracentrifugation in step 7 without risk of 
contamination.
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Chapter 10

A Method for Isolation of Extracellular Vesicles 
and Characterization of Exosomes from Brain  
Extracellular Space

Rocío Pérez-González*, Sebastien A. Gauthier*, Asok Kumar,  
Mitsuo Saito, Mariko Saito, and Efrat Levy

Abstract

Extracellular vesicles (EV), including exosomes, secreted vesicles of endocytic origin, and microvesicles 
derived from the plasma membrane, have been widely isolated and characterized from conditioned culture 
media and bodily fluids. The difficulty in isolating EV from tissues, however, has hindered their study 
in vivo. Here, we describe a novel method designed to isolate EV and characterize exosomes from the 
extracellular space of brain tissues. The purification of EV is achieved by gentle dissociation of the tissue to 
free the brain extracellular space, followed by sequential low-speed centrifugations, filtration, and ultracen-
trifugations. To further purify EV from other extracellular components, they are separated on a sucrose 
step gradient. Characterization of the sucrose step gradient fractions by electron microscopy demonstrates 
that this method yields pure EV preparations free of large vesicles, subcellular organelles, or debris. The 
level of EV secretion and content are determined by assays for acetylcholinesterase activity and total pro-
tein estimation, and exosomal identification and protein content are analyzed by Western blot and 
immuno-electron microscopy. Additionally, we present here a method to delipidate EV in order to improve 
the resolution of downstream electrophoretic analysis of EV proteins.

Key words Extracellular vesicles, Exosomes, Brain, Extracellular space, Differential ultracentrifugation, 
Sucrose step gradient, Delipidation

1 Introduction

Although described more than 40 years ago, the release of 
membrane- enclosed vesicles by cells into the extracellular space has 
been the subject of increasing interest in the past few years. EV are 
phospholipid bilayer membrane-enclosed secreted vesicles that 
contain lipids, proteins, and RNA (mRNA and miRNA). Exosomes 
are one subtype of membrane-enclosed secreted vesicles with a size 
ranging from 20 to 150 nm. They form intracellularly by inward 
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budding of the endosomal membrane, leading to the formation of 
multivesicular bodies (MVBs). The internal vesicles are released as 
exosomes when MVBs are fused with the plasma membrane. While 
most published studies refer to isolated vesicles as exosomes, the 
methodology used in these studies most likely results in the isola-
tion of EV of multiple types and multiple origins. EV have been 
purified from cell culture conditioned media [1] and bodily fluids, 
such as cerebrospinal fluid [2], plasma [3], and urine [4], by differ-
ent methods. The most commonly used protocol for EV isolation 
is differential ultracentrifugation, which is usually followed by an 
extra purification step, such as a sucrose gradient centrifugation 
[5]. Several alternative methods have been recently introduced and 
utilized for isolation and purification of exosomes including 
antibody- coated magnetic beads [6], microfluidic devices [7], pre-
cipitation technologies [8], and microfiltration approaches [9]. 
The difficulty in isolation of EV from tissues, however, has delayed 
their study in vivo. We have developed a protocol to isolate EV 
from the extracellular space of human and murine brain tissues. 
Electron microscopy (EM) imaging of EV shows that this method 
yields a pure EV preparation free of large vesicles, subcellular 
organelles, and debris (Fig. 1). Further, EM analysis revealed no 
difference between EV isolated from brain tissues frozen for sev-
eral years at −80 °C and EV from freshly isolated mouse brains 
[10]. Therefore, this procedure can be applied to postmortem 
human material that has been frozen for long periods of time. The 
first step of the isolation procedure involves mild treatment of 

Fig. 1 EV isolated from frozen human brain. Wide-field EM imaging shows mul-
tiple human brain EV of sizes ranging from 20 to 150 nm and no other structures 
or cellular debris. Scale bar 100 nm
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tissue with papain in order to dissociate the tissue and free the 
extracellular space, containing brain EV. This procedure is widely 
used for harvesting viable primary neurons from fresh brain tissue 
[11]. The mild papain treatment does not trigger cell lysis and thus 
prevents the contamination of the extracellular fluid with intracel-
lular organelles and vesicles. Low-speed centrifugation to remove 
cells and debris is followed by filtration of the brain extracellular 
material to eliminate from the samples vesicles larger than 200 nm 
and protein aggregates. EV are isolated from the filtrate by differ-
ential ultracentrifugation as described previously [5], including a 
final sucrose step gradient centrifugation. The centrifugation of 
the sucrose step gradient at high-speed results in migration of EV 
through the gradient and in their settlement at the interphase 
between two adjacent sucrose layers whose densities flank the EV 
density. EV equilibrate with sucrose solution at a density ranging 
from 1.09 to 1.17 g/ml. Thus, the final purification step elimi-
nates possible contamination with other types of extracellular vesi-
cles, proteins nonspecifically associated with EV, and large protein 
aggregates, which do not have the EV density. The sucrose step 
gradient centrifugation resolves a sample into seven different frac-
tions, from the top lightest a fraction to the bottom g heaviest 
fraction. Western blot analysis for the exosomal marker Alix [12] 
(Fig. 2a) and EM imaging (Fig. 2b) have shown the presence of 
exosomes only in fractions b, c, and d. This purification method 
yields large enough amounts of exosomes allowing for multiple 
downstream analyses. An adult/juvenile mouse hemibrain usually 
yields from 200 to 300 μg of total EV proteins. Similar yields are 
obtained from 0.2 g of human brain tissue.

New methods to isolate EV from cell media and bodily fluids 
are being commercialized and are finding their way to common 

Fig. 2 Characterization of exosomes isolated from a murine brain. A. Western blot analysis demonstrating 
the presence of the exosomal marker Alix in fractions b, c, and d, collected from the sucrose step gradient 
column. B. EM imaging showing mouse brain EV of sizes ranging from 20 to 150 nm in fractions b, c, and d. 
Scale bar 100 nm
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practice. In an attempt to speed up the isolation procedure, we 
tested one of the kits designed for EV isolation from cell medium 
to isolate EV from brain tissue. In order to do that, we first  followed 
our protocol to remove brain cells and generate a cell medium-like 
product that was processed according to the kit manufacturer’s 
protocol. Unfortunately, the yield of the EV obtained using the 
commercially available kit was low and the preparations were 
contaminated with cellular debris, as observed by EM.

EV, especially exosomes, are limited by a lipid bilayer enriched 
in cholesterol and sphingolipids (reviewed in [13]). When EV pro-
teins are analyzed by gel electrophoresis, lipids interfere with the 
run, especially of low-molecular-weight protein bands (Fig. 3). 
The removal of lipids from the EV before electrophoretic analysis 
improves the resolution of the bands on electrophoretic gels 
(Fig. 3). Therefore, we describe here a protocol to delipidate EV 
that is based on the method of lipid extraction described by Saito 
et al. [14] and Matyash et al. [15]. While the lipid profile of brain 
EV can be studied from the soluble fraction, the protein content 
can be analyzed from the precipitate.

Fig. 3 Improved resolution of EV protein bands in gel electrophoresis by delipida-
tion. The representative 4–20 % Tris–HCl gel stained with Coomassie blue (upper 
panel) shows non-delipidated and delipidated EV proteins in fractions b, c, and d. 
Western blot of the same proteins with 4G8 antibody that reacts with amyloid β 
(Aβ) (lower panel) shows EV Aβ in the brain of a mouse model of β amyloidosis, 
Tg2576, at 24 months of age, before and after delipidation
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The protocol described here requires rigor and precise perfor-
mance and deviation from some of its details, such as the use of the 
wrong rotor for ultracentrifugation, would prevent success.

2 Materials

 1. Freshly removed or previously frozen at −80 °C murine or 
human brain tissue. Brain tissue sample is one-mouse hemi-
brain or 0.2-g human tissues.

 2. 70 % ethanol.
 3. Sterile tools for dissecting brain tissues (including scissors, 

tweezers/forceps, and razor blade/scalpel) and a dissecting pad.
 4. Dry ice to flash-freeze tissues.
 5. Hibernate A (BrainBits, LLC, HA) kept at 4 °C.
 6. Papain vials (Worthington Biochemicals, LK003178). Freshly 

prepare a solution of 20 units/ml papain in Hibernate A and 
keep at 37 °C (3.5 ml per sample).

 7. Plastic transfer pipettes.
 8. Protease inhibitors: PMSF (Phenylmethylsulfonyl fluoride, 

Sigma P7626) and the cocktail LAP (Leupeptin, Sigma L2884; 
Antipain, Sigma A6191; Pepstatin A, Sigma P4265).

 9. 15-ml conical tubes.
 10. 10-ml plastic pipettes.
 11. 50-ml conical tubes.
 12. 1× phosphate-buffered saline (PBS) without calcium and mag-

nesium at pH 7.4 kept at 4 °C.
 13. 70-ml high-speed centrifugation polycarbonate tubes 

(Beckman Coulter, 355622).
 14. 0.2-μm filter adapters with surfactant-free cellulose acetate 

membrane (Corning, 431219) and 20-ml plunge syringes.
 15. 1.5-ml microfuge tubes.

 1. N-2-Hydroxyethylpiperazine-N′-2-ethane sulfonic acid 
(HEPES), pH 7.5, 1 M.

 2. Sucrose (Reagent, A.C.S.). Freshly prepare 2 ml each of 0.25, 
0.6, 0.95, 1.3, 1.65, and 2 M sucrose solutions in 20 mM 
HEPES (per sample).

 3. PBS kept at 4 °C.
 4. 13-ml high-speed ultra-clear centrifuge tubes (Beckman 

Coulter, 344060).
 5. 10-ml high-speed centrifugation tubes (Beckman Coulter, 

355647).
 6. 0.5-ml microfuge tubes.

2.1 Supplies/
Reagents Used 
for Isolation of EV 
from Brain Tissues

2.2 Supplies/
Reagents Used 
for Purification of EV 
on a Sucrose Step 
Gradient
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 1. 20 % paraformaldehyde (PFA) (Reagent, A.C.S.).
 2. PBS kept at 4 °C.
 3. 1 % glutaraldehyde (EM grade distillation purified).
 4. Uranyl-oxalate, pH 7.0.
 5. Methyl cellulose (25 cP, Sigma M-6385).
 6. Uranyl acetate (UA) (Reagent, A.C.S.), pH 4.0. Prepare nine 

parts 2 % methyl cellulose and one part 4 % UA mixed just 
before use.

 7. 300 mesh Formvar carbon-coated EM grids (Electron 
Microscopy Sciences, FCF300).

 8. Parafilm.
 9. Clean forceps.
 10. Glass dish.
 11. Stainless steel loops.
 12. Whatman number 1 filter paper.

 1. Acetylthiocholine iodide (Sigma-Aldrich, A5751).
 2. 5,5-Dithiobis(2-nitrobenzoic acid) (DNTB) (Sigma-Aldrich, 

D8130).
 3. Freshly prepare AChE activity assay working solution contain-

ing 1.25 mM acetylthiocholine iodide and 0.1 mM DNTB in 
0.1 M phosphate buffer (PB) at pH 8.0.

 4. Flat bottom 96-well plate and adhesive cover.

 1. 2× RIPA lysis buffer (2 % Triton-X, 2 % sodium deoxycholate, 
0.2 % SDS, 300 mM NaCl, 100 mM Tris–HCl pH 7.4, and 
1 mM EDTA in double distilled water) freshly supplemented 
with protease inhibitors (2 mM PMSF and 0.02 % v/v LAP).

 2. BCA protein assay kit (Pierce™, 23225).
 3. Flat bottom 96-well plate and adhesive cover.

 1. 6× SDS loading buffer (0.375 M Tris–HCl pH 6.8, 12 % 
SDS, 50 % glycerol, 30 % β-mercaptoethanol, 0.06 % bromo-
phenol blue).

 2. 4-20 % Tris–HCl electrophoresis gel.
 3. 5× electrophoretic running buffer/6× transfer buffer (0.125 M 

Tris base, 1.25 M glycine). When diluting to 1×, add SDS to 
0.1 % for electrophoretic running buffer, or methanol to 20 % 
for transfer buffer.

 4. 0.45 μm polyvinylidene fluoride membrane (PVDF) 
(Immobilon).

 5. TBST (10 mM Tris, 150 mM sodium chloride, pH 7.5, 0.1 % 
Tween- 20).

2.3 Supplies/
Reagents Used 
for Characterization 
of Brain EV

2.3.1 EM Imaging

2.3.2 Acetylcholi
nesterase (AChE) Activity 
Assay

2.3.3 EV Protein Content 
Analysis

2.3.4 Western Blot 
Analysis
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 6. Blocking buffer (5 % milk, Bio Rad) in TBST.
 7. Primary antibodies diluted in TBST, such as anti-Alix (EMD 

Millipore, ABC40) and antibody 4G8 (BioLegend, 39220).
 8. Secondary antibodies diluted in TBST, such as anti-mouse IgG 

(GE Healthcare Life Sciences) and anti-rabbit IgG antibodies 
(GE Healthcare Life Sciences).

 9. ECL Western Blotting Substrate (Thermo Scientific) and 
SuperSignal West Femto Maximum Sensitivity Substrate 
(Thermo Scientific).

 10. Reflection autoradiography film.

 1. Dry ice to flash-freeze the EV.
 2. Filter paper (EMS Lens tissue, Electron Microscopy Sciences) 

and rubber bands to attach the filter paper to the tubes.
 3. Methyl tertially butyl ether (MTBE) (HPLC grade)/methanol 

(HPLC grade) (1:1) to solubilize EV lipids.
 4. 1× RIPA lysis buffer prepared by diluting 2× RIPA buffer with 

protease inhibitors in PBS.

3 Methods

The following protocols describe the isolation of EV from mouse 
hemibrain tissue (Subheading 3.1), the purification of EV on a 
sucrose step gradient column (Subheading 3.2), different assays to 
characterize the EV in general and exosomes in particular 
(Subheading 3.3), and a method to delipidate EV (Subheading 3.4). 
All the procedures can be applied to 0.2 g of human brain tissue. 
Brain EV levels can be quantified by measuring either EV AChE 
activity (Subheading 3.3.2) or EV protein content 
(Subheading 3.3.3), calculating the total level of either AChE 
activity or protein content in the EV isolated from the hemibrain 
and standardization to the hemibrain weight. The level of exosome 
secretion into the brain extracellular space can be calculated from 
Western blots of exosomal protein markers (e.g., Alix, Tsg101, or 
CD63) (Subheading 3.3.4) by quantification of the protein bands 
and standardization to the hemibrain weight. Specific protein con-
tent within exosomes can be calculated by standardizing the levels 
of that specific protein to an exosomal marker such as Alix quanti-
fied from a Western blot.

 1. Sacrifice a mouse by a method approved by your animal care 
committee.

 2. Spray the fur of the mouse around the head/neck region with 
70 % ethanol and decapitate the animal.

2.4 Supplies/
Reagents Used 
for Delipidation of EV

3.1 Isolation of EV 
from Brain Tissues

Brain Exosomes 
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 3. Remove the mouse brain from the skull and place it on a cool 
dissecting pad. Make sure the brain is clean of hair and skin bits.

 4. Cut out the cerebellum and the olfactory bulbs. Separate and 
weight the two hemibrains. The hemibrain used for EV isolation 
can be flash frozen and processed later. Always use the same 
hemibrain for the same application, for example, always use the 
right hemibrain for EV isolation and the left one for preparing 
brain homogenate.

 5. Finely mince the hemibrain (fresh or frozen) used for EV isola-
tion with a razor blade/scalpel in a few drops of a 20 units/ml 
papain solution in Hibernate A kept at 37 °C (see Note 1).

 6. Transfer the brain tissue with a plastic transfer pipette into a 
15-ml conical tube containing 3.5 ml of 20 units/ml papain in 
Hibernate A kept at 37 °C.

 7. Incubate for 20 min at 37 °C to dissociate the tissue and free 
the extracellular space. Gently shake (not vortex) the tube 
every 5 min. In the meantime repeat the procedure from step 
1 for the next mouse (see Note 2).

 8. Stop the enzymatic papain reaction by adding 6.5 ml of ice 
cold Hibernate A supplemented with protease inhibitors 
(2 mM PMSF and 0.02 % v/v LAP).

 9. Pass the tissue in solution through the tip of a 10-ml plastic 
pipette (15–20 times) to further loosen up the tissue until the 
solution is homogenous.

 10. Centrifuge the filtrate at 300 × g for 10 min at 4 °C to discard 
brain cells.

 11. Collect the supernatant and centrifuge at 2000 × g for 10 min 
at 4 °C to discard large cell debris.

 12. Transfer the supernatant into a 70-ml high-speed centrifuga-
tion polycarbonate tube.

 13. Add ice cold PBS to bring the volume up to 60 ml (see Notes 3 
and 4).

 14. Ultracentrifuge the tubes for 30 min at 10,000 × g at 4 °C 
using a fixed-angle rotor (e.g., Beckman 45Ti rotor for 70-ml 
tubes in a Sorvall WX ultra 80 centrifuge) (see Note 5) to dis-
card small cell debris.

 15. Collect carefully the supernatant leaving the pellet undisturbed 
(see Note 6), and pass it through a 0.2-μm syringe filter adapter 
into another 70-ml polycarbonate tube. This filtration step 
eliminates larger vesicles from the EV preparations.

 16. Add ice cold PBS to bring the volume up to 60 ml (see Notes 3 
and 4).

 17. Ultracentrifuge the tubes for 70 min (10 min to get up to 
speed and 1 h at max speed) at 100,000 × g at 4 °C using a 
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fixed-angle rotor (e.g., Beckman 45Ti rotor for 70-ml tubes in 
a Sorvall WX ultra 80 centrifuge) (see Note 5) to pellet the EV.

 18. Discard the supernatant without disturbing the EV pellet. 
The supernatant can be poured off.

 19. Gently resuspend the pellet in 1 ml of PBS kept at 4 °C, and fill 
the tube up to a volume of 60 ml with cold PBS (see Notes 3 
and 4). This step will wash the EV in a large volume of PBS to 
eliminate contaminating proteins.

 20. Ultracentrifuge the tubes for 70 min at 100,000 × g at 4 °C 
using a fixed-angle rotor (e.g., Beckman 45Ti rotor for 70-ml 
tubes in a Sorvall WX ultra 80 centrifuge) (see Note 5).

 21. Discard the supernatant without disturbing the EV pellet. 
The supernatant can be poured off. Invert the tube and take 
out the leftover supernatant with a micropipette. Keep the 
pellet at 4 °C.

 22. Resuspend the EV pellet in 180 μl of PBS: 90 μl to resuspend 
most of the EV and 90 μl to wash the tube and collect the 
remaining EV (see Note 7), and transfer into 1.5-ml microfuge 
tube.

 1. Resuspend the EV pellet in 2 ml of the 0.95 M sucrose solu-
tion (or if the EV are already resuspended in a small volume of 
PBS, add enough 0.95 M sucrose to reach a volume of 2 ml).

 2. Carefully lay 2 ml sucrose solutions on top of each other start-
ing with the highest concentration (2.0 M sucrose) at the 
bottom of a 13-ml high-speed ultra-clear centrifuge tube. 
Insert the 0.95 M sucrose solution containing the EV in the 
step sucrose gradient on top of the 1.30 M sucrose layer (see 
Notes 4 and 8).

 3. Ultracentrifuge the tubes at 200,000 × g for 16 h using a 
swinging- bucket rotor (e.g., Beckman SW40Ti swinging rotor 
for 13-ml soft tubes in a Sorvall WX ultra 80 centrifuge).

 4. Collect 1 ml fraction from the top of the gradient and then 
collect 2 ml fractions flanking the interphase between two 
adjacent sucrose step layers into 10-ml high-speed centrifuga-
tion tubes (see Note 9).

 5. Add ice cold PBS to the tubes to bring up the volume to 8 ml 
(see Notes 4–5).

 6. Ultracentrifuge the tubes at 100,000 × g for 1 h using a fixed- 
angle rotor (e.g., Beckman MLA-80 rotor for 10-ml tubes in a 
Beckman Optima MAX-E high-speed centrifuge).

 7. Discard the supernatant without disturbing the EV pellet. The 
supernatant can be poured off. Invert the tube and take out the 
leftover supernatant with a micropipette. Keep the pellet at 4 °C.

3.2 EV Purification 
on a Sucrose Step 
Gradient

Brain Exosomes 
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 8. Resuspend the fraction pellets in 30 μl of PBS: 15 μl to resuspend 
the pellet and 15 μl to wash the tube and collect the remaining 
EV, and transfer into 0.5-ml microfuge tubes.

This protocol follows the method previously described by Thery 
et al. [5].

 1. Fix 2 μl of the EV in 2 % PFA (add 20 % PFA to the EV in PBS) 
(see Note 10).

 2. Deposit 5-μl fixed EV on Formvar carbon-coated EM grids. 
Cover and let the membranes adsorb for 20 min in a dry 
environment.

 3. Put 100-μl drops of PBS on a sheet of Parafilm. Transfer each 
grid on top of a drop of PBS with clean forceps to wash.

 4. Transfer each grid onto a 50-μl drop of 1 % glutaraldehyde for 
5 min.

 5. Transfer onto a 100-μl drop of distilled water and let grids 
stand for 2 min. Repeat seven times for a total of eight water 
washes.

 6. Transfer the grid onto a 50-μl drop of uranyl-oxalate solution, 
pH 7.0, for 5 min.

 7. Transfer the grid onto a 50-μl drop of methyl cellulose-UA for 
10 min on ice.

 8. Remove the grids with stainless steel loops, and blot excess 
fluid by gently pushing the loop sideways on Whatman num-
ber 1 filter paper so that a thin film is left behind over the EV 
side of the grid.

 9. Air-dry the grid 5–10 min while still on the loop.
 10. Observe under the electron microscope at 80 kV.

 1. Pipette 18 μl of 0.1 M PB, pH 8.0, into a 96-well plate.
 2. Resuspend 2 μl of the EV in the PB, pH 8.0.
 3. Add 280 μl of the AChE assay working solution to the well and 

mix the plate thoroughly on a plate shaker for 30 s.
 4. Cover the plate and incubate at 37 °C in the dark for 45 min.
 5. Measure the absorbance at 412 nm on a plate reader.

EV protein content can be determined by using the BCA protein 
assay kit on the EV lysate diluted 1:5 in distilled water (2 μl 
lysate + 8 μl distilled water) (see Note 12):

 1. EV lysates are prepared by adding an equal volume of 2× RIPA 
buffer freshly supplemented with protease inhibitors to the EV 
suspended in PBS.

 2. Pipette10 μl of each standard or EV sample into a 96-well 
plate.

3.3 Characterization 
of Brain EV

3.3.1 EM Imaging

3.3.2 AChE Activity Assay 
(See Note 11)

3.3.3 EV Protein 
Estimation
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 3. Add 200 μl of the BCA working reagent to each well and mix 
the plate thoroughly on a plate shaker for 30 s.

 4. Cover the plate and incubate at 37 °C for 30 min.
 5. Cool the plate to room temperature and measure the absor-

bance at or near 562 nm on a plate reader.

 1. Add 6× SDS loading buffer to the EV lysate. Equal volumes of 
EV lysates (5–20 μl) are loaded in each lane.

 2. Boil the samples at 96 °C for 5 min.
 3. Separate EV proteins in 4–20 % Tris–HCl electrophoresis gel.
 4. Electrophoretically transfer the proteins onto a PVDF 

membrane.
 5. Block the membrane in blocking solution for 1 h at room 

temperature.
 6. Incubate the membrane with primary antibody overnight at 

4 °C.
 7. Incubate the membrane with secondary antibody for 1–2 h at 

room temperature.
 8. Incubate the membrane in chemiluminescent fluid for 5 min 

and visualize on reflection autoradiography film.

 1. Freeze the EV resuspended in PBS (obtained at the end of 
Subheading 3.2) (see Note 14) and lyophilize the samples 
overnight. For the lyophilization process, lids of microfuge 
tubes should be open and covered with filter paper. The filter 
paper will allow evaporation of water while preventing the loss 
of proteins.

 2. Add 200 μl of MTBE/methanol (1:1) and mix thoroughly 
using a bath-type sonicator and a vortex mixer.

 3. Centrifuge at 500 × g for 5 min at room temperature.
 4. Remove the supernatant without disturbing the pellet contain-

ing the EV proteins (see Note 15).
 5. Dry the pellet in a vacuum concentrator and resolubilize the 

EV proteins in 1× RIPA lysis buffer containing protease inhibi-
tors. EV proteins can be analyzed by Western blotting as 
described above (Subheading 3.3.4).

4 Notes

 1. Prepare the papain solution fresh to minimize loss of enzyme 
activity. Incubate for 10 min at 37 °C before use.

 2. With this protocol, EV can be isolated from up to four fresh 
hemibrains. Dissect the hemibrain of the second mouse, while 

3.3.4 EV Protein Content 
Analysis (See Note 13)

3.4 Delipidation 
of EV

Brain Exosomes 
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the hemibrain of the first animal is incubated in the papain 
solution, and so on with the other samples. This results in a 
10-min delay between each hemibrain. Process all the brain 
tissue samples one after the other and place them on ice until 
the first centrifugation step. Then centrifuge all samples 
together. Up to six samples can be analyzed when EV are iso-
lated from frozen brain tissues (which results in a 5-min delay 
between samples).

 3. Always fill high-speed centrifuge tubes up to at least ¾ of the 
total volume capacity.

 4. Make sure that all high-speed centrifuge tubes have the same 
weight (to the 0.01 g).

 5. For ultracentrifugation steps in a fixed-angle rotor, mark the 
side of the tube facing up in the centrifuge rotor to point out 
the location of the pellet.

 6. Leave enough supernatant in the tube so that the pellet stays 
submerged and does not contaminate the supernatant containing 
the EV.

 7. The EV resuspended in PBS can be characterized following the 
procedures described in Subheading 3.3. If no characterization 
of the EV is desired at this point, the EV pellet can be directly 
resuspended in 0.95 M sucrose, as explained in Subheading 3.2.

 8. Fill soft high-speed centrifuge tubes to the top to prevent the 
tube from collapsing during high-speed centrifugation.

 9. This protocol generates seven fractions counting the top 1 ml 
of the gradient (first fraction), five 2 ml fractions containing the 
material accumulated at the interphases between two consecu-
tive sucrose layers, and the bottom 1 ml of the gradient (last 
fraction). Fractions are named from the top to the bottom as a, 
b, c, d, e, f, and g. Fractions b, c, and d contain EV (Fig. 2a).

 10. Store the fixed samples at 4 °C until analysis by EM. Regular 
EM analysis can be performed on the EV preparations before 
and after the purification onto the sucrose column. However, 
immuno-EM analyses are only doable in preparations before 
column, most likely due to interference with sucrose.

 11. The AChE activity assay is based on the Ellman assay previously 
described [16].

 12. EV protein content estimation can also be performed after the 
delipidation of EV. However, it is recommended doing it 
before delipidation as the proteins are more easily solubilized 
in the lysis buffer, improving the accuracy of the BCA protein 
assay.

 13. It is advisable to perform Western blot analysis on delipidated 
samples to improve the resolution of the bands (Fig. 3).

Rocío Pérez-González et al.



151

 14. Before freezing the EV in PBS, save a small volume for EM 
analysis and AChE activity assay.

 15. The supernatant containing the soluble fraction (EV lipids) 
can be used to study the lipid profile of EV.
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Chapter 11

Isolation of Exosomes and Microvesicles from Cell  
Culture Systems to Study Prion Transmission

Pascal Leblanc, Zaira E. Arellano-Anaya, Emilien Bernard, Laure Gallay, 
Monique Provansal, Sylvain Lehmann, Laurent Schaeffer, Graça Raposo, 
and Didier Vilette

Abstract

Extracellular vesicles (EVs) are composed of microvesicles and exosomes. Exosomes are small membrane 
vesicles (40–120 nm sized) of endosomal origin released in the extracellular medium from cells when mul-
tivesicular bodies fuse with the plasma membrane, whereas microvesicles (i.e., shedding vesicles, 100 nm 
to 1 μm sized) bud from the plasma membrane. Exosomes and microvesicles carry functional proteins and 
nucleic acids (especially mRNAs and microRNAs) that can be transferred to surrounding cells and tissues 
and can impact multiple dimensions of the cellular life. Most of the cells, if not all, from neuronal to 
immune cells, release exosomes and microvesicles in the extracellular medium, and all biological fluids 
including blood (serum/plasma), urine, cerebrospinal fluid, and saliva contain EVs.

Prion-infected cultured cells are known to secrete infectivity into their environment. We characterized 
this cell-free form of prions and showed that infectivity was associated with exosomes. Since exosomes are 
produced by a variety of cells, including cells that actively accumulate prions, they could be a vehicle for 
infectivity in body fluids and could participate to the dissemination of prions in the organism. In addition, 
such infectious exosomes also represent a natural, simple, biological material to get key information on the 
abnormal PrP forms associated with infectivity.

In this chapter, we describe first a method that allows exosomes and microvesicles isolation from 
prion-infected cell cultures and in a second time the strategies to characterize the prions containing exo-
somes and their ability to disseminate the prion agent.

Key words Extracellular vesicles, Exosomes, Microvesicles, Prions, PrPC, PrPSc, PrPRes, Spreading

1 Introduction

Communication between cells and tissues can be mediated through 
different pathways including direct cell-cell contacts or through 
the release in the extracellular milieu, of functional signals 
composed of soluble mediators like hormones, neurotransmitters, 
or cytokines. However, the extracellular milieu was found to be 
more complex than previously thought. Indeed, characterization 
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of  biological fluids revealed the presence of additional components 
or cell-derived structures including nucleoprotein complexes (for 
reviews [1, 2]) and membrane vesicles (i.e., extracellular vesicles; 
EVs) released by the cells and tissues (for review [3]). Recent 
studies revealed that release of nucleoprotein complexes as well as 
extracellular vesicles plays a major role in the intercellular commu-
nication [1, 2, 4–6]. Here we will focus our attention on the 
recently identified extracellular vesicles, as powerful mediators of 
intercellular communication but also as potential structures 
involved in the transport and the dissemination of prion agents.

Most of cells (if not all) release EVs in the extracellular envi-
ronment. EVs are composed of microvesicles (including shedding 
vesicles and apoptotic bodies) and exosomes (for reviews [3, 7]). 
Biogenesis of microvesicles occurs at the cell surface by a budding 
process of the plasma membrane similar to what is depicted for 
retroviruses. Despite this, the mechanisms involved in the budding 
process of shedding vesicles are still elusive although it was 
described that Arf6, actin [8], and more recently Tsg101 [9] could 
be involved. Exosome biogenesis, meanwhile, is initiated by a bud-
ding process of the limiting membrane surrounding the early 
endosomes and is ended with the formation of multivesicular bod-
ies (MVBs, late endosomal compartments) when the lumen is filled 
with small intraluminal vesicles (ILVs) [10]. After fusion of the 
MVB surrounding membrane with the plasma membrane, the 
released ILVs in the extracellular medium are subsequently termed 
exosomes. While exosomes share size distribution with viruses 
(from 30 to 120 nm), microvesicles (especially the shedding vesicles) 
overlap in size with bacteria and protein aggregates (from 100 nm 
to 1 μm). Apoptotic bodies fall into the size range of 1–5 μm 
(for review [3]).

The cellular and molecular mechanisms by which exosomes are 
formed are a recent and very active field of investigation. Today, it 
is largely admitted that different subpopulations of MVBs/ILVs 
coexist in the cell cytosol, explaining, at least in part, the strong 
heterogeneity of size and composition of exosomes released in the 
extracellular medium [11–13]. Currently, three potential mecha-
nisms have been identified to be involved in exosome biogenesis 
based on knowledge acquired for the ILVs formation and cargo 
sorting. The first one, well described in yeast, involves the endo-
somal sorting complex required for transport (ESCRT) machinery 
[14–16]. The second pathway involves the synthesis of ceramide 
[17], and the last process (ESCRT and ceramide independent) 
involves, in some cellular contexts, tetraspanin proteins such as 
CD63 or CD9 [11, 18, 19].

Microvesicles and exosomes have been isolated in most of 
biological fluids including cerebrospinal fluid [20, 21]; milk 
[22, 23]; saliva [24, 25]; urine [26]; semen [27]; nasal, ascites, 
 bronchoalveolar, and amniotic fluids [28–31]; bile [32]; and blood 
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(serum/plasma) [33] and are recovered in most of cell culture 
supernatants. Extracellular vesicles, especially exosomes, were dis-
covered 30 years ago [34, 35] and were considered until recently 
little more than garbage cans whose job was to discard unwanted 
cellular components [36]. Over the past few years, evidence has 
revealed that these structures also act as messengers, conveying 
information to distant tissues [37]. Biochemical characterization of 
isolated microvesicles and exosomes revealed they can passively 
and actively recruit proteins and nucleic acids (especially mRNAs 
and microRNAs) that are functional and that can be transported 
and transferred to other cells and tissues, where they can alter 
cellular functions and physiology [38–43].

Transmissible spongiform encephalopathies (TSEs), or prion 
diseases, are a group of fatal neurodegenerative diseases affecting 
humans and animals. TSEs are characterized by the conformational 
conversion of the normally soluble, protease-sensitive cellular prion 
protein (PrPC) into an abnormal detergent-insoluble and partially 
protease-resistant isoform called PrPSc [44]. PrPSc has been found 
to be tightly associated with prion infectivity, and recent evidence 
has shown that PrPSc is a major component of the prion infectious 
agent (for review [45]).

In TSEs, infectious prions generally enter the host through the 
gastrointestinal tract and are first detected in the periphery long before 
they reach the central nervous system where they induce the pathol-
ogy. Different cell types, including lymphoid organs and peripheral 
nerves, contribute to the replication and transfer of infectious prions 
from peripheral sites to the brain, yet the molecular mechanisms 
underlying the cell-to-cell spreading of prions in vivo are unclear 
[46] although some hypotheses have been suggested [47–49].

In vitro experiments revealed that transfer of prions from 
infected cells to uninfected cells could be mediated through direct 
cell-cell contacts [50, 51] or tunneling nanotubes (TNTs) [52]. 
However, in 1997 Schatzl and colleagues also observed that prion 
infectivity could be detected in the conditioned cell culture medium 
[53] suggesting that prions can also be secreted. Interestingly, in 
precursor studies, we found that prion proteins (PrPC and PrPSc) 
can be released in the extracellular milieu in association with exo-
somes [54–57] but also with viral particles [56]. In addition, our 
study revealed that purified exosomes from supernatants of infected 
cell cultures can transmit the prion agent and induce the pathology 
in inoculated mice [55]. Association of PrPSc and PrPc with exo-
somes was also confirmed in different studies [21, 58–67]. 
Recently, we and others observed an efficient inhibition of infec-
tious prion multiplication and release by targeting the exosomal 
pathway [68–70]. These data suggest that multivesicular body 
compartments are internal sites of prion conversion and that the 
exosomal pathway could correspond to a potential therapeutical 
target to limit the spreading of prions.
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In one study, prions were also found to be released in association 
with microvesicles [71] raising the possibility that prions can be 
released in the extracellular medium through several pathways.

While in vitro models indicate that transmission of prions from 
cell-to-cell can occur through secretion of infectious EV/exo-
somes, there is no evidence yet that this is also occurring in the 
in vivo situation.

Detection of infectious prions has been validated in several 
biological fluids including urine, saliva, milk, and blood of infected 
animals through different experimental strategies like in vivo bioas-
says, protein misfolding cyclic amplification (PMCA), or by real- 
time quaking-induced conversion (RT-QuIC; [72–88]). In this 
respect, recent studies revealed the association of pathological PrP 
with exosomes released in blood of infected animals [89, 90].

While TSEs have been considered for a long time to be the 
only neurodegenerative disorder involving an infectious agent of 
protein origin able to spread in the organism and between indi-
viduals, the last 10 years have seen the emergence of key proteins 
involved in other neurodegenerative disorders such as Alzheimer’s 
disease, synucleinopathies (Lewy body dementia (LBD), 
Parkinson’s disease, multisystemic atrophy (MSA)), or amyo-
trophic lateral sclerosis (ALS) that share some features with prions 
(for reviews [91–93]). β-amyloid peptide (Aβ), Tau, α-synuclein, 
super oxide dismutase 1 (SOD1), or Tar DNA-binding protein 43 
(TDP-43) have been all found to be misfolded and aggregated in 
their respective disorders through seeded polymerization pro-
cesses. Similarly to prions, these proteins in their pathological state 
are able to self-propagate, possibly leading to their spreading in the 
organism. The strong similarities between the misfolded proteins 
presented above and the prion agent involved in TSEs make it 
tempting to consider that SOD1/Tau/Aβ/TDP-43 or α-synuclein 
could correspond to prions [91, 92, 94–100]. However, TSE’s 
prion agents are infectious and are transmissible between individu-
als, whereas other prion-like proteins (also called prionoids) did 
not so far presented the capacity to propagate within communities 
and cause macroepidemics such as kuru or bovine spongiform 
encephalopathy (for review [93]). More recently, the group of 
Stanley Prusiner identified the α-synuclein-MSA disease as a sec-
ond potential prion disorder due to the accumulation and replica-
tion ex vivo and in vivo of a specific MSA strain of the α-synuclein 
protein [100, 101].

Interestingly, recent studies also revealed that, like prions, 
these prions and prionoids can be found associated with extracel-
lular vesicles (especially with exosomes) released in the extracellular 
medium, in cell culture systems, or in biological fluids like CSF or 
blood [6, 98, 102–109] thus strongly suggesting that exosomes 
could potentially be involved in their in vivo spreading.
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The role of the exosomal and/or the microvesicle pathways in 
the spreading of prions through the organism need to be deeply 
investigated. This approach involves the study of exosomes and 
microvesicles in prion-infected cell culture systems to understand 
and to characterize their roles in prion disease and more generally in 
neurodegenerative disorders associated with protein misfolding.

2 Materials

Antibodies:

 1. Prion protein antibodies (J. Grassi; SPI-Bio Bertin Pharma).
(a) SAF32 (epitope 79–92; 1/10,000 for Western blotting 

(WB); 1/200 in IEM).
(b) SAF83 (epitope 142–160; 1/200 in IEM).
(c) Sha31 (epitope 145–152; 1/6000 for WB).

 2. Tsg101 (ref. ARP37310 T100, Aviva System Biology; 
1/1000 + 1 % milk for WB).

 3. Alix (Ref. pab0204, Covalab: 1/1000 for WB).
 4. EF1α (Ref. 05-235 CBP-KK1, Upstate Cell Signaling; 1/500 

for WB).
 5. Calnexin (Ref. SPA-865, Stressgen; 1/1000 for WB).
 6. Flotilin 1 (Ref. F1180, Sigma-Aldrich; 1/1000 for WB).
 7. CD63 (ref H5C6 556019, BD Pharmingen; 1/300 + 0.5 % 

milk for WB).
 8. CD81 (ref JS-81 555675, BD Pharmingen; 1/500 + 0.5 % 

milk for WB).
 9. Bridging rabbit anti-mouse (Dakopatt) for immunogold elec-

tron microscopy (generally used at 1/200).
 10. Protein-A-gold can be purchased from Cell Microscopy 

Center, Department of Cell Biology, Utrecht University, the 
Netherlands.

Cell culture:

 1. Fetal calf serum (FCS) (cat. No. A15-102, GE Healthcare).
 2. Opti-MEM Glutamax I (Ref. 51985-026, Gibco Life 

Technologies) containing 10 % (w/v) FSC; 1 % penicillin/
streptomycin (Ref. 15140-122, Gibco Life Technologies 
100 mg/ml).

 3. Phosphate-buffered saline w/o calcium and magnesium (1× 
PBS) (Ref. SH30028.02, Hyclone).

 4. Trypsin-EDTA (Ref. 15400-054, Gibco Life Technologies).
 5. Doxycycline (ref. D1822, Sigma-Aldrich).

2.1 Reagents
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Biochemical reagents:

 1. Proteinase K (PK) solution 20 mg/ml (cat. No.25530-049, 
Invitrogen).

 2. PK-lysis buffer: 0.5 % sodium deoxycholate (Sigma-Aldrich, St 
Louis), 0.5 % Triton X-100, 150 mM NaCl, and 50 mM Tris–
HCl, pH 7.5.

 3. Phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich, St. 
Louis, MO) solubilized in 2-propanol (at 100 mM) and stored 
at −20 °C.

 4. Sample buffer (reduced condition): 125 mM Tris–HCl, pH 
6.8, 4 % sodium dodecyl sulfate (SDS), 10 % glycerol, 0.02 % 
bromophenol blue, and 5 % β-mercaptoethanol (Sigma- 
Aldrich, St. Louis).

 5. Sample buffer (nonreduced condition): 125 mM Tris–HCl, 
pH 6.8, 4 % sodium dodecyl sulfate (SDS), 10 % glycerol, 
0.02 % bromophenol blue.

 6. Methanol.
 7. Glycine (Sigma-Aldrich).
 8. Uranyl acetate, pH 4.
 9. Methyl cellulose-UA, pH 4: nine parts 2 % methyl cellulose 

and one part 4 % uranyl acetate (mix just before use).
 10. Glutaraldehyde 25 % (EM grade; Electron Microscopy 

Sciences).
 11. Paraformaldehyde 20 % (EM grade; Electron Microscopy 

Sciences).
 12. Coomassie blue stain solution: 10 % acetic acid, 45 % methanol, 

and 0.025 % Coomassie blue R (Sigma-Aldrich).
 13. BioRad protein assay (cat 500-0006).
 14. Membrane for protein transfer Immobilon-P PVDF (cat. No. 

IPVH00010, Millipore).
 15. Towbin transfer buffer: 25 mM Tris, 192 mM glycine (20 % 

methanol), pH 8.3.
 16. MycoAlert kit (cat# LT07-118, Lonza).
 17. TNE 10× buffer: 250 mM Tris–HCl pH 7.5; 1.5 M NaCl; 

10 mM EDTA.

 1. Biosafety level 2 cell culture facility.
 2. Tissue culture plasticware (corning, ref); 162 cm2; T75 cm2 

vented flasks.
 3. Cell culture incubator (37 °C, 5 % CO2 atmosphere).
 4. Centrifuge Beckman Allegra™ 25R/rotor (fixed angle) TA 

10.250 (conical tubes 50 ml polypropylene).

2.2 Equipment
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 5. Ultracentrifuge Beckman OPTIMA™ LE-80 K/swinging 
rotor Beckman SW32ti (tubes Beckman Ultra-Clear N°344058 
or polyallomer N°326823); swinging rotor Beckman SW41ti 
(Ultra-Clear N°344059); fixed rotor 45Ti Beckman (tubes 
Herolab PC thick-walled threaded 94 ml ref 253290 with 
screw caps ref 254682).

 6. Ultracentrifuge Beckman OPTIMA™ max/swinging rotor 
MLS-50 (tubes Beckman polyallomer N°326819).

 7. Centrifuge (Jouan, CR412)/rotor M4 (cat 11174218).
 8. Steritop Express TMPLUS filter 0.22 μm (Millipore).
 9. Transmission electron microscope (CM120 electron micro-

scope Philips).
 10. Formvar-carbon coated EM grids [110].
 11. Forceps (Dumont N°5).
 12. Stainless steel loops (Pasteur “oese”) [110]. Loops are slightly 

larger than the grids and are generally mounted on a 1 ml plastic 
micropipettor tip.

 13. Whatman filter paper N°1.
 14. Electrophoretic apparatus ATTO (AE-6450 dual mini Slab kit).
 15. Trans-Blot semidry transfer apparatus (BioRad).

 1. N2a#58 and N2a#22L.
 2. GT1-7#CT and scGT1-7#22L.
 3. MovCT and scMov127S.
 4. RovCT and scRov127S.
 5. NIH3T3#CT and scNIH3T3#22L.

3 Methods

Today, less than 30 cell lines and primary cells have been found to 
be permissive for prion replication [111]. Among them, we and 
others found that neuroblastoma cells [112–114], murine NIH3T3 
fibroblasts [115], murine GT1-7 hypothalamic cell line [53, 114, 
116], murine MovS6 Schwann-like cells [117], and the RK13 
rabbit epithelial cells (ovRK13/Rov; [118]) when infected by 
prion agents release infectious prions in the extracellular medium 
in association with exosomes [54–59, 64, 65, 69]. N2a cells were 
also found to release infectious prions in association with bigger 
microvesicles [71].

MovS6 cells are neuroglial cells originating from dorsal root 
ganglia of transgenic mice expressing the ovine PrPC (tgOv) and 
simian virus 40 (SV40) T-antigen. These cells were found to be 
permissive to a sheep scrapie agent (strain 127S). MovS6 cells were 

2.3 Cell Lines

3.1 Cell Culture
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shown to sustain an efficient and stable replication of sheep prions 
based on the high level of accumulation of abnormal PrP (PrPRes) 
and infectivity in infected cultures. Most of protocols described 
here have been carried out on the Mov cell line.

 1. Culture of (murine and ovine) prion-infected cells is carried 
out in biosafety level 2 cell culture facility.

 2. Most of the permissive cells described above are cultured in 
Opti-MEM medium containing 10 % FCS, glutamine, and 
penicillin/streptomycin mix antibiotics (full Opti-MEM). The 
NIH3T3 cells are cultured in similar conditions excepted for 
the Opti-MEM that is replaced by DMEM. Permissive and 
prion-infected cells are easily available from laboratories work-
ing in the prion field. However, infection of permissive cells 
can also be established by treating cells with brain homoge-
nates from prion-infected animals, lysates, or conditioned 
media from infected cell cultures (described in [119]). Once 
obtained, these cells can maintain prion replication over many 
passages.

 3. Passaging of infected MovS6 cells is carried out by first wash-
ing the cells with PBS and by adding trypsin-EDTA for 2 min 
at room temperature. Cells are resuspended in full Opti-MEM 
medium and plated in adequate cell culture flasks/dishes. 
For routine culturing, normal and 127S-infected MovS6 cells 
are plated at 1:10 (see Note 1) and passaged twice per week 
(see Note 2).

 1. Before starting exosomes and microvesicles production, verify 
that your cells are free of mycoplasma using the MycoAlert kit 
(Lonza) (see Note 3).

 2. Prepare ExoFree medium (see Note 4).
 3. Plate out cells (2 × 106) in T162 cm2 flasks in ExoFree medium 

(20 ml) (see Note 5).
 4. Incubate cells for 4 days. Cells must not be overgrown at day 

4 to avoid cell mortality or cell release in the cell conditioned 
medium (see Note 6).

 1. After 4 days of culture, conditioned media are collected (see 
Note 5), transferred into 50 ml Falcon tubes, and centrifuged 
at 300 × g (swinging bucket M4, CR412 Jouan) for 5 min at 
4 °C to gently remove cells in suspension.

 2. Carefully collect the supernatant without pipetting the poten-
tial cell pellet and transfer supernatants into new 50 ml Falcon 
tubes and centrifuge at 2000 × g (swinging bucket) for 20 min 
at 4 °C to remove cellular debris.

 3. Carefully transfer the supernatant to new 50 ml tubes and 
centrifuge at 10,000 × g (fixed angle rotor Allegra 25, 

3.2 Exosomes 
and Microvesicles 
Production

3.3 Isolation 
of Exosomes 
and Microvesicles 
from Prion-Infected 
Cell Cultures
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Beckman Coulter) for 30 min at 4 °C. At this step, visible pel-
lets correspond to microvesicles (see Note 7).

 4. To recover exosomes (see Note 8), the resulting supernatants 
are carefully transferred into ultracentrifuge tubes (Ultra-Clear 
or polyallomer tubes, Beckman Coulter) into a sterile environ-
ment (see Note 9) and ultracentrifuged at 100,000 × g (gaverage) 
for 90 min at 4 °C in SW32ti swinging rotor in an OPTIMA™ 
LE-80 K ultracentrifuge (Beckman Coulter). Alternatively, if 
larger volumes are collected, you can use the 45Ti rotor 
(Beckman Coulter) (see Note 10).

 5. Immediately after spin completion, discard the supernatant by 
inversion of the tube. Note that at this step, a pellet, enriched 
in exosomes, can be visible in the center of the bottom of the 
ultracentrifuge tube.

 6. Resuspend the individual exosomal pellets in PBS by up and 
down pipetting (see Note 11).

 7. Pool the resuspended exosomes and transfer into a new ultra-
centrifuge tube and centrifuge at 100,000 × g for 75 min at 
4 °C. This step can be realized in an SW41Ti rotor or small 
swinging rotors like SW60Ti or MLS-50 (Beckman Coulter).

 8. Immediately after centrifugation, discard the supernatant by 
inversion. At this step a translucent pellet can be visible in the 
center of the bottom of the tube.

 9. Using an aspirating pipet covered with a sterile tip, aspirate the 
small remaining droplets of PBS on the walls of the tubes. Do 
not suck the wall of the lower part of the tube to avoid the 
exosomal pellet loss.

 10. Resuspend the pellet in specific resuspension buffers (see 
Note 12). This exosomal pellet will be named hereafter 100K 
pellet.

 11. Use immediately this 100K pellet or store at −20 °C or at 
−80 °C for longer storage.

Sucrose density gradients are usually used to isolate the exosomes. 
Exosomes fractionated through sucrose gradients are distributed 
in fractions ranging from 1.10 to 1.20 g/ml depending of the cell 
type from which they were isolated. The methodology we used is 
based on what has been described for retroviruses that display simi-
lar densities.

 1. Prepare the linear sucrose gradient using two sucrose solutions 
corresponding to a 60 % (weight/weight) and a 5 % (w/w) 
sucrose in 1× TNE buffer.

 2. Place 6 ml of 60 % sucrose solution into the bottom of an 
Ultra-Clear ultracentrifuge tube (SW41Ti rotor, Beckman 
Coulter).

3.4 Characterization 
of Infectious 
Exosomes Using 
Linear Sucrose 
Density Gradients
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 3. Overlay carefully >6 ml of the 5 % sucrose solution onto the 
dense 60 % sucrose phase and obtain a convex meniscus on the 
top of the two step gradient.

 4. Close the tube with Parafilm, and maintain the Parafilm using 
a ring corresponding to a cut part of the top of a 15 ml Falcon 
tube. Place the same ring to the bottom of the gradient tube to 
equilibrate the tube. No air bubbles must be present inside the 
tube (very important; see Note 13).

 5. Gently lay down the tube on its side at the horizontal and 
allow to diffuse 3 h at room temperature or overnight at 
4 °C. Tubes must be maintained stably in this position.

 6. Slowly straighten the tube to the vertical. The gradient is ready 
to use (see Note 14).

 7. Take off the Parafilm.
 8. Slowly pipet off 1.5 ml of sucrose gradient (see Note 15).
 9. Gently overlay 0.5 ml of the exosomal suspension (see 

Subheading 3.3) on the preformed gradient.
 10. Do not forget to make an equilibrium tube in the same condi-

tions but with exosomal suspension from noninfected cells.
 11. Ultracentrifuge the gradient at 100,000 × g (gaverage) for 16–19 h 

at 4 °C to the equilibrium. Use medium acceleration and break 
to avoid disturbance of the gradient.

 12. After spin completion, 15 fractions (about 740 μl each) are 
collected from the top of the tube using a pipet. Take 20 μl of 
each fraction and measure the refractive index to determine the 
density (see Note 16).

 13. Take 80 μl of each fraction and solubilize the proteins with 
20 μl of 5× sample buffer. Store the non-treated fractions at 
−20 °C or for longer storage at −80 °C.

 14. Boil the samples at 95 °C for 5 min and briefly centrifuge the 
tubes.

 15. Analyze the different fractions (30 μl of the samples) directly 
using SDS-polyacrylamide gel electrophoresis.

 16. Transfer the gel onto a PVDF membrane (Towbin buffer con-
taining 20 % methanol) using a semidry Trans-Blot apparatus 
(BioRad).

 17. Immunoblot the membrane with antibodies directed against 
exosomal markers like Alix, TSG101, cyclophilin A (CypA), 
elongation factor 1 alpha (EF1α), or flotillin and with PrP anti-
bodies like SAF32 and Sha31.

 18. If you want to use antibodies that recognize the exosomal 
markers CD63, CD81, or CD9 tetraspanin proteins, do not 
reduce and do not denature the samples before SDS-PAGE 
analysis (see Note 17).
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 19. If fractionated exosomes need to be analyzed in other buffer 
conditions, positive fractions for PrPC/PrPRes and exosomal 
markers can be pooled or not and diluted in 1× PBS and ultra-
centrifuged during 70 min at 100,000 × g. The exosomal pel-
lets can thus be resuspended in the appropriate buffer.

Purified extracellular vesicle preparations can be visualized by elec-
tron microscopy (EM). Under EM, exosomes appear with a “cup- 
shaped” structure and have sizes ranging from 50 to 120 nm. On 
the contrary, microvesicles display sizes of >120 nm with aspect of 
large membranous structures. Note that “cup-shaped” structures 
of exosomes correspond to artifactual structures due to fixation 
steps. Exosome pellets analyzed by cryoelectron microscopy dis-
play perfect circular structures [10].

 1. Concentrated or purified exosomes (described in 
Subheadings 3.3 and 3.4, step 1, respectively) are fixed in PBS 
containing 2 % PFA and 0.065 % glutaraldehyde (EM grade) 
for 5 min at room temperature.

 2. Fixed exosomal preparations (5–20 μl depending on the con-
centration of vesicles) are applied on Formvar-carbon-coated 
grids incubated for 30 min at room temperature.

 3. Using clean forceps, transfer the grids on a drop of 1× PBS on 
a Parafilm, and wash the grids by floating them for 4 min, four 
times at room temperature.

 4. Wash the grids by floating on a drop of bidistilled and filtered 
water eight times for 1 min on Parafilm.

 5. During the washing steps, prepare the contrasting solution 
(4 % uranyl acetate pH 4 + 2 % methyl cellulose: 900 μl of meth-
ylcellulose + 100 μl of uranyl acetate pH 4).

 6. Spot two drops of contrasting solution on a glass plate covered 
by a Parafilm and put the plate on ice.

 7. Wash the grids in the first drop and then incubate in the dark 
on the second drop for 10 min.

 8. Remove the excess of staining solution using a Pasteur “oese” 
(stainless steel loops) and strip (push the loop sideways) the 
“oese” + grids on a Whatman filter N°1.

 9. Let the grids dry on the “oese” for 5–10 min at room 
temperature.

 10. Take off the grids with forceps, and view the preparations with 
a transmission electron microscope at 80 kV (CM120 electron 
microscope Philips, Eindhoven, the Netherlands).

Association of PrPSc with exosomes or microvesicles can be detected 
through different experimental strategies. The main method used 
to determine the presence of PrPSc is the detection of the partially 
Proteinase K (PK)-resistant PrP (PrPRes) by Western blotting. 

3.5 Electron 
Microscopy

3.6 Detection 
of PrPSc and Infectivity 
in Extracellular 
Vesicles
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Alternatively, association of PrPSc with exosomes or microvesicles 
can also be detected by immunogold electron microscopy (IEM) 
in presence of guanidine isothiocyanate treatment [56, 120].

Prion infectivity is most of the time associated with the pres-
ence of PrPRes , and our analyses showed that exosomes released by 
infected cells are infectious for animals. However, detection of 
PrPRes is notoriously less sensitive than infectivity assays, and some 
infectious PrPSc entities are sensitive to PK digestion [121]. 
Therefore, it is highly recommended to confirm the presence of 
exosome-associated prions by performing infectivity assays. For 
decades, the gold standard for detection and quantification of 
prion infectivity had relied on inoculation of appropriate animals 
and determination of the time to terminal disease (incubation 
period method) or the dilution at which a given sample transmits 
disease to 50 % of the inoculated animals (endpoint titration 
method). More recently, alternative strategies have been developed 
leading to simple, versatile, and sensitive cell-based assays (SCA) to 
detect prion infectivity [122, 123].

For negative and positive controls, use noninfected and infected 
cells, respectively. Ideally, use the exosome producer cells. Typically, 
PrPRes can be detected in p100K harvested from 5 ml of condi-
tioned medium.

 1. Lyse the cells and exosomes (p100K or purified exosomes from 
density gradients) in ice-cold PK-lysis buffer during 20 min.

 2. Centrifuge the cell lysates at 800 × g for 10 min at 4 °C to pel-
let the nuclei and insoluble materials.

 3. Collect the post-nuclear supernatant.
 4. Determine the protein concentration using a BCA or Bradford 

assay.
 5. Digest 300 μg of total proteins with PK (16 μg of PK per mg 

of protein) for 30 min at 37 °C in a final volume of 300 μl of 
PK-lysis buffer (see Note 18).

 6. Do not forget to reserve cell and exosomal lysates for non-PK- 
treated controls.

 7. After 30 min, incubate the digestions at 4 °C for 5 min.
 8. Add PMSF to a final concentration of 5 mM (see Note 19) and 

incubate for 5 min on ice.
 9. Centrifuge samples at 20,000 × g for 45 min at 4 °C (see 

Note 20).
 10. Carefully discard the supernatant using a pipet (P200). Do not 

touch the white pellet with the tip (see Note 21).
 11. Resuspend the pellets in 15 μl of 2× sample buffer, vortex, and 

boil for 5 min at 95 °C.

3.6.1 Immunoblot 
Detection of PrPRes
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 12. In the same time denature non-PK treated cell and exosomal 
lysates from (6) with sample buffer. Use these samples as non- 
PK- treated controls (see Note 17).

 13. Analyze the samples by SDS-PAGE and immunoblotting.

 1. Concentrated or purified exosomes are fixed in 1× PBS con-
taining 2 % PFA and 0.065 % glutaraldehyde (EM grade) and 
incubated for 5 min at room temperature.

 2. Fixed exosomal preparations are applied on Formvar-carbon- 
coated grids (5–20 μl depending on the concentration of vesi-
cles) for 30 min at room temperature.

 3. Wash the grids by floating on a drop of 1× PBS containing 
50 mM glycine for four times of 4 min each at room tempera-
ture on a sheet of Parafilm.

 4. Treat the grids with 3 M guanidine thiocyanate for 5 min at 
room temperature for PrPSc epitope revelation (see Note 8).

 5. Wash the grids eight times (for 1 min) in 1× PBS to eliminate 
the guanidine thiocyanate.

 6. Incubate the grids on a drop of 1× PBS containing 10 % FCS 
to saturate.

 7. Incubate the grids with the anti-PrP SAF83 or Sha31 (1/200) 
antibodies in 1× PBS 5 % FCS for 30 min at room temperature 
(see Note 8).

 8. Wash six times for 3 min in 1× PBS containing 0.5 % FCS.
 9. Incubate the grids with a bridging rabbit anti-mouse IgM anti-

body (1/200) 30 min at room temperature in 1× PBS 5 % 
FCS.

 10. Wash six times for 3 min with 1× PBS containing 0.5 % FCS at 
room temperature.

 11. Incubate the grids with the protein-A-gold 15 nm (1/60) in 
1× PBS containing 5 % FCS for 20 min at room temperature.

 12. Wash the grids six times for 3 min in 1× PBS containing 0.5 % 
FCS at room temperature.

 13. Fix the complex antigen-antibody-protein-A-gold with 1× 
PBS containing 1 % glutaraldehyde for 5 min at room 
temperature.

 14. Wash four times for 4 min in 1× PBS containing 50 mM gly-
cine at room temperature.

 15. Wash the grids by floating on a drop of bidistilled and filtered 
water eight times for 1 min on Parafilm.

 16. During the washing steps, prepare the contrasting solution.
 17. Spot two drops of contrasting solution on a glass plate covered 

by a Parafilm and put the plate on ice.

3.6.2 PrPSc Immunogold 
Electron Microscopy (IEM) 
Detection
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 18. Wash the grids in the first drop and then incubate in the dark 
on the second drop for 10 min.

 19. Remove the excess of staining solution using a Pasteur “oese” 
(stainless steel loops) and strip (push the loop sideways) the 
“oese” + grids on a Whatman filter N°1.

 20. Let the grids to dry on the “oese” for 5–10 min at room 
temperature.

 21. View the preparations with a transmission electron microscope 
(CM120 Electron Microscope; Philips, Eindhoven, the 
Netherlands).

Reliable and sensitive detection of 127S ovine prion infectivity can 
be conveniently obtained by exposing recipient permissive ovRK13 
cells to samples to be tested [122].

Cell homogenates are infected Mov cell cultures used to prepare 
the conditioned media. Typically, cells from a single T-162 cm2 flask 
are trypsinized and pelleted at 120 × g for 7 min. Cell pellets are 
resuspended in 1 ml of PBS and homogenized in a high-speed 
homogenizer. Alternatively, the cell suspensions are subjected to 4 
cycles of −80 °C freezing/37 °C thawing. Protein concentration is 
determined by BCA. The exosome fractions are either exosome pel-
lets resuspended in PBS or pellets from sucrose fractions resuspended 
into PBS. As a general guideline, infectivity in cell homogenate sam-
ples containing a few micrograms of proteins and in exosome pellets 
harvested from the equivalent of 1.5 ml of conditioned medium is 
typically detected by the ovRK13 cell-based assay.

 1. Seed ovRK13 cells in six-well plates (0.5–0.75 × 106 cells per 
well in 3 ml of medium containing 1 μg/ml of doxycycline 
(dox)), and incubate at 37 °C, 5 % CO2, until the cells are 
confluent (2 days).

 2. Remove the cell culture medium and inoculate the cells by 
adding 3 ml of dox-supplemented medium containing differ-
ent dilutions of the samples to be tested (cell homogenate, 
exosomes). We usually test 1/1, 1/3, 1/9, and 1/81 dilutions 
of each sample on target cells (see Fig. 1).

 3. Incubate the cells for 7 days.
 4. Aspirate the medium and add 3 ml of fresh dox-containing 

medium.
 5. Change the medium in each inoculated well every 5–7 days.
 6. Twenty-eight days after cell inoculation, remove the medium 

and rinse the monolayers with 3 ml of cold 1× PBS.
 7. Add 1 ml of PK-lysis buffer to each well.
 8. Incubate for 10 min at 4 °C.
 9. Collect the whole lysates in test tubes and clarify by centrifuga-

tion at 425 × g, 1 min in a microcentrifuge at 4 °C.

3.6.3 Cell-Based 
Quantification of Prion 
Infectivity in Cellular 
and Exosome Fractions
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 10. Collect the post-nuclear supernatants in clean tubes.
 11. Quantify the cellular proteins by BCA assay and store at −20 °C 

until processing for abnormal PrP detection by immunoblotting.
 12. For PrPRes detection, incubate 500–750 μg of cellular proteins 

with PK (1 μg of PK per 250 μg of proteins) for 2 h at 37 °C.
 13. Stop the reaction with Pefabloc (4 mM final).
 14. Centrifuge the samples at 20,000 × g for 30 min at room tem-

perature in a microfuge.
 15. Discard the supernatant.
 16. Add 20–30 μl of sample buffer to the barely visible pellet and 

denature the sample at 100 °C for 10 min.
 17. Store at −20 °C until PrPRes analysis by immunoblotting.

In this assay, the amount of PrPRes accumulating in the inocu-
lated cells is proportional to the amount of 127S infectivity in the 
inoculum (see Fig. 1). By comparing PrPRes levels in cells inoculated 
by appropriate dilutions, one can estimate the relative infectious 
titer of the cellular, exosome pellet and gradient fractions.

4 Notes

 1. We observed that repeated passaging of infected MovS6 cells 
with higher dilutions leads to a significant loss of PrPRes.

 2. In our hands, passaging of infected MovS6 cells only one time 
per week at 1:10 dilution leads to high cell mortality and 
fusiform cell phenotype.

Fig. 1 Cell-based assay of infectivity in p100K and cell fractions. Serial dilutions 
(from 1 to 1/81) of Mov 127S cell homogenates and the corresponding p100K 
were inoculated to ovRK13 cells. Four weeks later, infection was visualized by 
immunodetection of PrPRes in the inoculated cultures
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 3. Mycoplasma contaminations can strongly affect the cell 
biology (such as cell division, viability) and thus the release of 
extracellular vesicles in the extracellular medium.

 4. FCS is enriched in bovine exosomes which must be removed 
to selectively analyze cell-secreted exosomes. To this end, 
Opti-MEM containing 20 % FCS (420 ml, e.g., 6 × 70 ml) 
must be centrifuged overnight (16 h) at 100,000 × g (gaverage) at 
4 °C in the 45Ti rotor (Beckman Coulter). The resulting 20 % 
FCS-depleted medium (referred to as ExoFree medium) is 
then filtered through a 0.22 μm Steritop Express™ PLUS 
(Millipore) and diluted to the half with Opti-MEM to reach 
10 % of FCS. This method allows preparing 840 ml of ready to 
use ExoFree medium. The antibiotic mix is added before use.

 5. For classical studies, we use 2 × T162 cm2 flasks corresponding 
to a final volume of 40 ml of supernatant. For proteomic or 
transcriptomic analyses of normal and infected Mov p100K, 
we use 10 × T162 cm2 of noninfected and infected cells corre-
sponding to 200 ml of supernatant for each condition.

 6. Ideally, cells must be just at confluence, but not overgrown to 
avoid cell lethality and release of artifactual shedding vesicles 
and apoptotic bodies in the conditioned medium.

 7. Incline the tube in the opposite and slowly pipet the 
supernatant.

 8. At this step, many protocols use a 0.22 μm filtration to elimi-
nate contaminations by vesicles with sizes >200 nm. We don’t 
perform this step because it is well known that PrPSc is sticky 
and filtration is expected to result in PrPSc loss.

 9. If exosomes containing PrPSc are used as inoculum to infect 
permissive target cells, the isolation of exosomes must be car-
ried out in a sterile environment to avoid contamination by 
microorganisms.

 10. When larger volumes (2 × 200 ml) of supernatants are handled 
(e.g., proteomic and transcriptomic studies of normal versus 
infected cells), we perform the 100,000 × g ultracentrifugation in 
larger volume tubes (see Subheading 2) with the 45Ti rotor 
(Beckman Coulter). Using this rotor, you can ultracentrifuge eas-
ily a total of 400 ml of supernatant corresponding to 200 ml of 
conditioned medium from noninfected cells and 200 ml from 
infected cells. Note that although this rotor is useful to ultracen-
trifuge larger volumes, this rotor is an angle fixed and the resulting 
p100K pellet is thus less stable and less easy to recover.

 11. We usually use sterile filter tips to avoid contamination of 
pipets with infectious materials.

 12. Depending on the downstream experiments, you have to select 
the appropriate buffer for resuspension. For example, fraction-
ation of exosomes through linear sucrose density or iodixanol 

Pascal Leblanc et al.



169

velocity gradients or cell-based assay of infectivity will need 
resuspension of the exosomal pellet in PBS. For detection of 
the Proteinase K (PK)-resistant PrPRes, the p100K may be 
resuspended in PK-lysis buffer. Similarly, proteomic or tran-
scriptomic analyses of the final exosomal pellet will require a 
specific buffer.

 13. Bubbles inside the tube will destroy the linearity of the gradi-
ent during its formation.

 14. Gradients preformed in these conditions are simple to make 
and highly reproducible.

 15. Elimination of 1.5 ml of the top of the gradient allows overly-
ing the exosomal suspension (0.5 ml) and letting free about 
1 cm of the top of the tube. Once realized, we consistently 
obtain 8–60 % linear sucrose gradients.

 16. If you use prion-infected materials (exosomes from infected 
cell cultures), note that you have to deeply decontaminate 
your refractometer after use. On the other hand, you can mea-
sure the refractive index on a parallel linear density gradient 
that has been loaded with exosomal preparation from a normal 
cell culture. In our hands, this alternative gave good results.

 17. For detection of CD63, CD81, and CD9 tetraspanin proteins 
as exosomal marker, do not use reducing agents (i.e., 
β-mercaptoethanol and/or DTT), and do not boil the samples.

 18. Depending on the volume of conditioned medium used, the 
amount of proteins in the exosomal lysates may be very low. It 
is advisable to adjust the protein concentration to 300 μg with 
cell lysates from noninfected cells.

 19. Addition of PMSF at 4 °C to block the PK digestion leads to 
the formation of white flakes that correspond to PMSF precipi-
tation at this temperature.

 20. White flakes make a white pellet after centrifugation. PrPRes is 
present in this pellet.

 21. PrPRes is very sticky, so do not touch this pellet with the tip to 
avoid PrPRes loss.

 22. The SAF83 or the Sha31 monoclonal antibodies are directed 
against the C-terminal part of the PrP protein (epitopes 142–
160 and145–152, respectively). They allow the detection of 
PrPSc after denaturation by the guanidine thiocyanate.
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Chapter 12

Isolation of Platelet-Derived Extracellular Vesicles

Maria Aatonen, Sami Valkonen, Anita Böing, Yuana Yuana, 
Rienk Nieuwland, and Pia Siljander

Abstract

Platelets participate in several physiological functions, including hemostasis, immunity, and development. 
Additionally, platelets play key roles in arterial thrombosis and cancer progression. Given this plethora of func-
tions, there is a strong interest of the role of platelet-derived (extracellular) vesicles (PDEVs) as functional 
mediators and biomarkers. Moreover, the majority of the blood-borne EVs are thought to originate from 
either platelets or directly from the platelet precursor cells, the megakaryocytes, which reside in the bone mar-
row. To circumvent confusion, we use the term PDEVs for both platelet-derived and/or megakaryocyte- 
derived EVs. PDEVs can be isolated from blood or from isolated platelets after activation. In this chapter, we 
describe all commonly used PDEV isolation methods from blood and prepurified platelets.

Key words Extracellular vesicle, Platelet, Microparticle, Exosome, Isolation, Size-exclusion chroma-
tography, Immunobeads, Gradient centrifugation

1 Introduction

Blood contains high numbers of cell-derived extracellular vesicles (EVs). 
Most studies so far have shown that the majority of EVs in human 
blood originate from platelets or from their precursor cells in the bone 
marrow, the megakaryocytes [1]. Activated platelets will release EVs, 
and these EVs can be distinguished from those generated from mega-
karyocytes by exposure of typical activation markers, such as P-selectin 
(CD62P). By far, most investigators have used flow cytometry to study 
the presence of platelet-derived EVs (PDEVs) in blood or fractions 
thereof, because flow cytometry can establish the cellular origin of sin-
gle EVs by using CD-specific antibodies. This method, however, has 
several limitations which should be carefully considered before applica-
tion as well as interpretation of results [2–4].

Working with platelets or PDEVs presents two challenges. 
First, platelets are easily activated, leading to artifacts. This activation 
can occur during blood collection and/or handling, during isolation, 
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by contact with surfaces such as glass, by high shear or cold 
temperatures, etc. The risk of such artifacts can be reduced by ade-
quate preanalytical steps such as the use of a needle with a large 
diameter for blood collection, low shear during blood collection, 
an effective anticoagulant, plastic tubes, and room temperature. 
Furthermore, inhibitors of platelet activation, such as prostaglan-
din E1 can be added to further reduce the risk of activation. Second, 
platelets and similarly PDEVs easily form clumps or aggregates 
when pelleted by centrifugation. Aggregation of platelets is due to 
their activation, which results in fibrinogen binding and cross- 
linking of platelets. This is also the assumed cause for the clumping 
of the PDEVs. Because centrifugation itself may result in platelet 
activation and activation leads to fibrinogen binding, which is 
thought to be a prerequisite for release of PDEVs [5], centrifuga-
tion should be performed preferably under conditions where plate-
let activation is reduced or prevented. Therefore, low pH, the 
presence of compounds that inhibit platelet activation, the use of 
minimal centrifugal forces and minimizing the number of isolation 
steps requiring resuspension of pellets are recommendable when 
analysis of single platelets or PDEVs is needed.

2 Materials

 1. Blood collection kit including disinfectants, tourniquet, nee-
dles with a minimum inner diameter of 0.84 mm (18 G), and 
3 mL anticoagulant-containing tubes to collect blood for 
hematological parameter checking.

 2. Acid citrate dextrose (ACD): 75 mM trisodium citrate, 39 mM 
citric acid, and 135 mM d(+)-glucose. Prepare solution in 
MqH2O (Milli-Q water), set the pH to 4.5 and sterile filter the 
solution with 0.2 μm filter. Store in −20 °C.

 3. Two 50 mL falcon tubes containing 5 mL at room tempera-
ture (RT) ACD as anticoagulant.

 1. 10 mL of ACD (use at RT).
 2. 100 μL of Prostaglandin E1 (PGE1 [Sigma-Aldrich]): Dissolve 

the PGE1 in ethanol (100 μg/mL), prepare 50 μL aliquots in 
vials on ice and store aliquots immediately in −20 °C. Do not 
reuse.

 3. 1000 mL of OptiPrep buffer: 10 mM 4-(2-hydroxyethyl)-1- 
piperazineethanesulfonic acid (Hepes) and 0.85 % NaCl, pH 7.4. 
Prepare the OptiPrep buffer by weighing 2,383 g Hepes and 
8.5 g NaCl, set the pH 7.4, add to 1000 mL with Mq H2O and 
filter with 0.2 μm filter (see Note 1), store RT.

 4. 20 mL of 17, 13, and 10 % v/v iodixanol (OptiPrep, Axis- 
Shield, Oslo, Norway) solutions: dilute in OptiPrep buffer. 

2.1 Blood Collection 
for 50 mL of Whole 
Blood

2.2 Platelet Isolation 
from 50 mL of Whole 
Blood
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Store RT covered from light and mix well before use. Use fresh 
solutions.

 5. 10× stock solution of Tyrode’s buffer: 1.37 M NaCl, 3 mM 
NaH2PO4, and 35 mM Hepes, pH 7.35. Prepare 10× stock 
solution by weighing 40 g NaCl, 0.206 g NaH2PO4∙H2O, 
4.17 g Hepes, set the pH at 7.35 and add to 500 mL with 
MqH2O. Store at 4 °C.

 6. 10× stock solution of glucose buffer: 55 mM D(+)-glucose. 
1.982 g D(+)-glucose in 200 mL of MqH2O, sterile filter with 
0.2 μm filter and store at 4 °C.

 7. 20 mL of working Tyrode’s buffer: 137 mM NaCl, 0.3 mM 
NaH2PO4, 3.5 mM Hepes. Take 50 mL of 10× Tyrode’s stock 
solution, 50 mL of 10× glucose stock solution and add to 
500 mL with MqH2O. Filter with 0.1 μm filter store at 4 °C.

 8. Hematology analyzer or equivalent for counting platelets.

 1. 100 μL of 200 mM CaCl2, 500 mM KCl, and 200 mM MgCl2 
solutions: Prepare by dissolving salts in MqH2O and store at RT.

 2. Platelet agonists to stimulate vesiculation might include co- 
stimulation with collagen and thrombin or with lipopolysac-
charide (LPS), LPS-binding protein (LBP), and CD14. Also 
stimulations with Ca2+-ionophore, collagen, thrombin, 
cross-linked collagen related peptide (CRP-XL [6]), ade-
nosine diphosphate (ADP), or TRAP-6 are possible (see 
Note 2).

 1. 20 mL Sepharose CL-2B (GE Healthcare).
 2. Telos filtration columns 15 mL (Kinesis).
 3. 20 μm polyethylene frits (Kinesis).
 4. 10 mL BD™ disposable syringe (Becton Dickinson).
 5. PBS: 1.54 M NaCl, 12.4 mM Na2HPO4, and 2.05 mM 

NaH2PO4. Prepare in MqH2O, set pH 7.4.
 6. Trisodium citrate: 3.2 % trisodium citrate in distilled water.
 7. PBS/0.32 % citrate: dilute 10 mL 3.2 % trisodium citrate 1:10 

with PBS, set pH 7.4. Filter through a 0.22 μm filter.

 1. μMACS streptavidin kit consists of streptavidin-coated mag-
netic beads and equilibrium buffer for protein applications 
(Miltenyi Biotec).

 2. μColumn, μMACS magnet separator, and a MultiStand 
(Miltenyi Biotec).

 3. Hepes buffer: 10 mM Hepes, 137 mM NaCl, and 4 mM KCl. 
Prepare in MqH2O, set pH 7.4.

 4. Hepes–citrate buffer: 10.8 mM sodium citrate in Hepes buffer, 
pH 7.4.

2.3 Generation 
of PDEVs by Platelet 
Activation

2.4 Isolation 
of Vesicles 
from Human Plasma 
by Size- Exclusion 
Chromatography

2.5 EV Isolation 
Using Antibody- 
Covered Beads
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 5. Biotinylated anti-human CD41 monoclonal antibody (MoAb 
[Clone P2; Beckman Coulter).

 6. Biotinylated mouse IgG1 (Beckman Coulter).

3 Methods

 1. Collect blood from healthy donors (see Note 3).
 2. To prevent platelet activation, use tourniquet lightly (see Note 4) 

or no tourniquet at all.
 3. Discard the first 3 mL of the blood from experiments. Initial 

platelet count can be determined from this sample with a 
hematological analyzer.

 4. Continue blood collection to 50 mL falcon tubes containing 
5 mL of ACD (see Note 5).

 1. Prepare 10 mL aliquots of whole blood in 15 mL falcon tubes 
and centrifuge tubes at 200 × g, RT, 12 min without brake 
(see Note 6).

 2. Transfer the platelet rich plasma (PRP) to 15 mL falcon tubes 
(see Note 7).

 3. Add 10 % v/v ACD and 100 ng/mL PGE1 to PRP to prevent 
platelet activation.

 4. Centrifuge PRP at 900 × g, RT, 15 min.
 5. Remove supernatant and softly resuspend the platelets to 2 mL 

of OptiPrep buffer with a 3 mL plastic Pasteur. Add to 6 mL 
with OptiPrep buffer. To reduce the risk of platelet activation 
add 100 ng/mL PGE1 to tube (see Note 8).

 6. Prepare iodixanol gradient into a 50 mL falcon tube by gently 
pipetting 15 mL of 17 % iodixanol, 14 mL of 13 % iodixanol, 
and 14 mL of 10 % iodixanol (see Note 9).

 7. Add 6 mL of platelet suspension on top of the gradient 
(see Note 10).

 8. Centrifuge the gradients at 300 × g, RT, 20 min without brake.
 9. Recover the platelet fraction (see Note 11) from the tube and 

divide it to two 15 mL falcon tubes according to the volume. 
Add the volume to 10 mL with OptiPrep buffer, add 100 ng/
mL PGE1 and centrifuge at 900 × g, RT, 15 min with brake.

 10. Wash the obtained platelets by adding OptiPrep buffer and 
100 ng/mL PGE1.

 11. Centrifuge the fractions at 900 × g, RT, 15 min with brake.
 12. Discard the supernatant and resuspend the platelets to 2–4 mL 

of sterile-filtered Tyrode’s buffer.

3.1 Blood Collection

3.2 Platelet Isolation 
from Whole Blood

Maria Aatonen et al.
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 13. Determine the platelet concentration and adjust it to 250 × 106 
platelets/mL with sterile-filtered Tyrode’s buffer (see Note 12).

 1. Add MgCl2, CaCl2, and KCl solutions to the platelet suspension 
so that the final concentrations are 1 mM, 2 mM, and 3 mM, 
respectively.

 2. For co-stimuli of platelets, add 1 U/mL thrombin and 10 μg/mL 
collagen, and for inflammatory activation add 100 ng/mL of 
LPS, LBP, and CD14 of each to reaction tube. Additional acti-
vations with 1 U/mL thrombin, 10 μg/mL collagen, 10 μM 
calcium ionophore, 1 μg/mL CRP-XL, 60 μM ADP, or 10 μM 
TRAP-6 can be done. After adding agonist(s), add platelet sus-
pension to the tubes (see Note 13).

 3. Incubate samples the required time in 37 °C (see Note 14).

 1. Centrifuge the samples at 5000 × g, RT, 5 min and 11,000 × g, 
RT, 1 min (see Note 15).

 2. Transfer the supernatant to new tubes and centrifuge at 
2500 × g, RT, 15 min.

 3. Transfer the supernatant to new tubes and verify the absence of 
platelets and other cells with hematological analyzer. The 
platelet count should be zero.

 4. To isolate the microparticle-enriched fraction of PDEVs, cen-
trifuge the sample at 20,000 × g, 4 °C, for 40 min.

 5. To isolate the exosome-enriched fraction of PDEVs, transfer 
the supernatant of step 4 to ultracentrifuge tubes and centri-
fuge at 100,000 × g, 4 °C, 1–2 h (see Note 16). Remove the 
supernatant from the other side of the presumed location of 
the pellet.

 6. Resuspend the pellet to PBS and centrifuge at 100,000 × g, 
4 °C, 1–2 h. Remove the supernatant.

 7. Use vesicles fresh or store them for further characterization in 
−80 °C.

 1. Mix the sepharose CL-2B gently and pour 20 mL of sepharose 
CL-2B in a beaker. Let the sepharose settle down for at least 
15 min.

 2. Discard the supernatant fluid with a plastic pipet.
 3. Add 15 mL PBS/0.32 % citrate and swerve the mixture 

gently.
 4. Let the sepharose settle down for at least 15 min.
 5. Repeat steps 2–4 twice.
 6. Discard the supernatant and add 10 mL of PBS/0.32 % 

citrate.

3.3 Generation 
of PDEVs by Platelet 
Activation

3.4 Isolation of PDEV 
Subpopulations with 
Centrifugation

3.5 EV Isolation 
from Human Plasma 
by Size- Exclusion 
Chromatography
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 7. Place a Telos filtration column of 15 mL in a holder and level it 
vertically. Pipet 10 mL PBS/0.32 % citrate into the column and 
mark the level of the buffer. Remove the air from the frit by 
introducing pressure to the column with the plunger of a BD 
syringe until the fluid drops out with steady pace (see Note 17).

 8. Degas the sepharose for 5 min with vacuum. To degas 
PBS/0.32 % citrate, filtration with 0.05 μm filter or ultrasoni-
cation can be also used.

 9. Pipet the washed and degassed sepharose into the filtration 
column with a plastic pipet without air bubbles. Let the sep-
harose settle, but avoid running dry. Add more sepharose 
until the mark is reached with stacked sepharose. Wash the 
sepharose column three times with 4 mL PBS/0.32 % citrate 
(see Note 18).

 10. Place a 20 μm polyethylene frit on the bottom of a 10 mL BD 
syringe rough side up and remove the air from the frit with 
PBS/0.32 % citrate as previously.

 11. Remove the frit from the BD syringe by turning the syringe 
upside down and gently place the frit on top of the prepared 
sepharose column with tweezers. Please be aware that both 
sides of the frit are not identical. The smooth side must be 
placed on the sepharose. Keep the sepharose column wet with 
PBS/0.32 % citrate until use (see Notes 19 and 20).

 12. Before adding the sample wait until the PBS/citrate above the 
sepharose column has almost disappeared, but prevent run-
ning dry!

 13. Load 1 mL of plasma on the almost dry sepharose column.
 14. Immediately start collecting fractions of 500 μL. The vesicles 

will be eluated in fractions 8–9. However, we recommend that 
this is verified with a vesicle detection method, as there can be 
variations based on the operator/laboratory.

 15. Option: Discard the first 3.5 mL. Then collect a fraction of 
1 mL, which is the vesicle fraction.

 16. When the plasma sample has almost completely entered the 
column, carefully add PBS/0.32 % citrate until the column is 
completely filled.

 17. Repeat the addition of PBS/0.32 % citrate until all fractions are 
isolated. To complete protein and HDL elution, 26 fractions 
of 500 μL must be collected (see Note 21).

 1. Mix 100 μL of sample containing PDEVs with 0.2 μg/μL of 
biotinylated anti-human CD41 MoAb (see Note 22). As a 
negative control, biotinylated mouse IgG1 is used at the same 
concentration as the antibody.

 2. Rotate the mixture gently for 30 min at room temperature 
(RT) in the dark.

3.6 EV Isolation 
Using Antibody 
Covered Beads

Maria Aatonen et al.
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 3. Add 200 μL streptavidin-coated magnetic beads to the mixture 
(see Note 23), rotate gently for 5 min at RT, in the dark.

 4. Position the μMACS magnet separator on the MultiStand.
 5. Place the μColumn on the μMACS magnet separator.
 6. Rinse the μColumn once with 100 μL of the equilibration buf-

fer and twice with 250 μL degassed Hepes–citrate buffer.
 7. Add the mixture of sample with biotinylated antibody or IgG1 

and streptavidin-coated magnetic beads to the μColumn 
(see Fig. 1).

 8. Collect the eluate and pass it again through the column to 
ensure all streptavidin-coated magnetic beads bind to the 
μMACS magnet separator.

 9. Collect the eluate containing PDEVs-depleted fraction 
(negative selection) if needed for further analysis (see Note 24 
and Fig. 1).

 10. Rinse the μColumn twice with 500 μL Hepes–citrate buffer.
 11. Detach the μColumn from the μMACS magnet separator and 

add 75 μL Hepes–citrate buffer to collect the first eluate con-
taining platelet EVs (positive selection, see Fig. 1).

 12. Add 75 μL Hepes–citrate buffer again to the μColumn and 
quickly apply a syringe plunger (from a 5-mL syringe) to rinse 
the μColumn and increase elution efficiency of PDEVs.

 13. Collect and combine the second eluate with the first eluate 
containing PDEVs (positive fraction) and use directly for 
further analysis (see Notes 25 and 26).

4 Notes

 1. Since small particles are studied, filters should be chosen 
carefully, because debris may come from the filters upon elu-
tion. Filters from Merck have proven to filter solutions the best 
for our purposes.

 2. Please bear in mind that although calcium ionophore is not a 
physiological agonist to induce PDEVs. Nevertheless, this is a 
valuable manner to produce vesicle-like structures [7].

 3. The use of any medication that might affect platelet function 
should be avoided during 10 days before blood donation. Fasting 
is recommended, with normal non-caffein fluid intake.

 4. If tourniquet is used, it should be released after insertion of 
the needle in order to collect the blood with free flow tech-
nique [7].

 5. One-sixth of the final volume should be ACD, i.e., one part 
ACD plus five parts blood.

Isolation of Platelet-Derived Extracellular Vesicles
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 6. When whole blood is aliquoted to tubes with smaller diameter 
(e.g., 15 mL falcons), usually PRP can be obtained more care-
fully and the buffy-coat layer is more easily avoided. Avoid 
blood smears at the sides of the tubes, because they may lead 
to poorer separation of PRP.

Streptavidin magnetic beads

Elution of

Application of

Incubation of
vesicles with
biotinylated
anti-CD41
Labeling with
streptavidin-
coated magnetic
beads

labeled vesicles

Elution of
CD41-depleted
fraction

to mColumn

containing
fraction
(platelet-derived
Evs)

CD41-

vesicle Biotinylated CD41

Fig. 1 General workflow for isolation of platelet-derived EVs (PDEVs) with 
biotinylated anti-CD41 using μMACS streptavidin beads. PDEVs-containing 
sample is incubated with biotinylated anti-human CD41 and labeled with 
streptavidin- coated magnetic beads. Sample is washed and after elution of 
PDEV-depleted fraction, the fraction containing CD41 positive vesicles is eluted 
from the column
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 7. The PRP is the yellowish top phase in the tube and depending 
from the platelet content it can be cloudy or clearer. PRP 
should be obtained carefully so that no other cells are extracted 
among platelets. Leave ~0.5 mL of PRP on top of the cell 
fraction and divide the PRP in 6 mL aliquots.

 8. Obtained platelets from up to 50 ml of whole blood can be put 
into one iodixanol gradient for separation. Therefore, the pellets 
are suspended to 6 mL of OptiPrep buffer.

 9. The preparation of iodixanol gradient has to be done carefully. 
The first 15 mL of gradient (17 % v/v iodixanol in OptiPrep 
buffer) can be pipetted directly to a 50 mL falcon tube, but the 
following parts of the gradient have to be layered with caution. 
Touch gently with the pipet tip the surface of the previous 
iodixanol layer. Raise the pipet tip a little, yet maintaining a 
contact to the previous layer through capillary action. Add the 
next layer of 13 % iodixanol slowly and gently on top of the 
17 % iodixanol while raising the pipet tip constantly (while 
maintaining a contact to the previous layer). Repeat the same 
procedure with 10 % iodixanol. Alternatively, you can build the 
gradient by letting the solutions slowly run down via the side 
of the slightly tilted tube. After pipetting, clear borders between 
the layers should be visible. If the layers are not visible, the 
gradient should not be used. Preparation of the gradient can 
be done during the centrifugation (step 4 in Subheading 3.2) 
in order to place the platelet suspension to the gradient as soon 
as possible. After preparation, the gradient should be used 
within the next 20 min, otherwise the separation of the sample 
may not be complete.

 10. The introduction of the sample to the gradient has to be done 
gently. Take few drops of platelet suspension to a plastic Pasteur 
pipette and create bubbles on top of the gradient. Pipet the 
rest of the platelet suspension to the gradient through the bub-
bles. This way the surface of the gradient is not disturbed.

 11. The platelet fraction is a cloudy part in the gradient, usually 
about 10–14 mL in volume (see Fig. 2).

 12. If the suspension is really cloudy, additional dilution with ster-
ile-filtered Tyrode’s buffer might be required in order to get 
accurate measurement.

 13. Specific attention should be made to the source of for example 
collagen and LPS [7]. For other agonists there are several man-
ufacturers providing products with high quality.

 14. Activation times are agonist-dependent [7–11]. Note that the 
LPS-activation does not produce vesicles in the 10–30 min 
activation at 37 °C usually used for the other agonists [12].

 15. Additional short spin is needed to tighten the platelet pellet if 
platelets are activated with agonists which do not induce strong 
aggregate formation (e.g. LPS) or have not been activated.

Isolation of Platelet-Derived Extracellular Vesicles
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 16. The centrifuge used for this purpose is OptimaTM MAX-XP 
Ultracentrifuge (Beckman Coulter, Brea, CA, USA), combined 
with the rotor TLA-55, k-factor 66.

 17. This procedure is necessary to degas the frit inside the filtration 
column.

 18. The column should not run dry at any point. Make sure that at 
any given time there is buffer on top of the sepharose. If the 
column runs dry, it has to be discarded.

 19. The column can be prepared on the day before experiments 
and stored in 4 °C, when capped and covered with Parafilm. 
If stored overnight, let the column reach RT and wash the 
column 3–4 times with buffer before loading the sample.

 20. If the column is prepared more than 1 day before usage the 
used buffer should contain 0.05 % (w/v) sodium azide as 
preservative.

 21. Recycling of the column is not recommended.
 22. The immune-magnetic beads method is optimized for direct 

isolation/separation of PDEVs from plasma [13]. The concen-
tration of 27 μg biotinylated antihuman CD41 MoAb (see 
Subheading 2.5) is sufficient to label 107–1010 vesicles/mL 
derived from 100 μL plasma. If a sample containing higher 
concentration of vesicles is used, the concentration of antibody 
needs to be titrated.

Fig. 2 The platelet fraction before and after gradient centrifugation. Fraction 1 (F1) 
containing platelets suspended in OptiPrep buffer before centrifugation. After cen-
trifugation, the fraction above the platelet fraction containing the plasma/plasma 
protein fraction is discarded and platelets (F2) obtained. Fraction F3 showing 
separated leukocytes, erythrocytes, and activated platelets. Image modified from 
Aatonen et al. J Extracell Vesicles. 2014; 3:10.3402/jev.v3.24692
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 23. An excess of streptavidin-coated magnetic beads (200 μL) is 
added to bind all bound and unbound biotinylated molecules in 
the mixture. The biotin and streptavidin bond also forms very 
rapidly and is stable over a wide range of pH and temperature 
[14]. Thus, prolonged incubation of biotinylated molecules 
with streptavidin-coated magnetic beads is not necessary.

 24. The depletion efficiency greatly depends on the strength of the 
magnetic labeling. Other type of column (e.g., LD column 
from Miltenyi) which will retain both strongly and weakly 
labeled vesicles may be used to perform negative selection.

 25. Using immune-magnetic beads method, recovery of the 
PDEVs in the positive fraction is ~80 %.

 26. Because the non-covalent interaction between biotin and 
streptavidin is the strongest interaction known with a dissocia-
tion constant, K(d), in the order of 4 × 10–14 M [15], the mag-
netic beads cannot be detached from the vesicles. However, 
these magnetic beads are ~50 nm in diameter, and thus, their 
presence will not interfere with further downstream applica-
tion such as functional assays [13].
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Chapter 13

Bioinformatics Tools for Extracellular Vesicles Research

Shivakumar Keerthikumar, Lahiru Gangoda, Yong Song Gho, 
and Suresh Mathivanan

Abstract

Extracellular vesicles (EVs) are a class of membranous vesicles that are released by multiple cell types into 
the extracellular environment. This unique class of extracellular organelles which play pivotal role in inter-
cellular communication are conserved across prokaryotes and eukaryotes. Depending upon the cell origin 
and the functional state, the molecular cargo including proteins, lipids, and RNA within the EVs are 
modulated. Owing to this, EVs are considered as a subrepertoire of the host cell and are rich reservoirs of 
disease biomarkers. In addition, the availability of EVs in multiple bodily fluids including blood has created 
significant interest in biomarker and signaling research. With the advancement in high-throughput tech-
niques, multiple EV studies have embarked on profiling the molecular cargo. To benefit the scientific 
community, existing free Web-based resources including ExoCarta, EVpedia, and Vesiclepedia catalog 
multiple datasets. These resources aid in elucidating molecular mechanism and pathophysiology underly-
ing different disease conditions from which EVs are isolated. Here, the existing bioinformatics tools to 
perform integrated analysis to identify key functional components in the EV datasets are discussed.

Key words Exosomes, Ectosomes, Bioinformatics, Extracellular vesicles, Microvesicles

1 Introduction

Extracellular vesicles (EVs) are evolutionarily conserved membra-
nous vesicles that are released by a variety of cells into the extracel-
lular environment [1–3]. Upon release, EVs can be taken up by 
recipient cells both local and distant. Whilst the exact mechanism 
by which the EVs communicate with the target cells are poorly 
understood [4], recent evidences suggest that the EVs orchestrate 
a multitude of cellular functions in the recipient cells. The molecu-
lar cargo within the EVs including nucleic acids, proteins and lipids 
regulate these cellular functions. Similar to a cell, EVs have a lipid 
bilayer membrane that consists of cholesterol, sphingomyelin and 
ceramide and are recognized to encompass lipid rafts [4, 5]. While 
standardization of EV nomenclature is yet to be achieved [6], 
based on the mode of biogenesis, EVs can be broadly classified into 
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three main classes [7]: (a) ectosomes, (b) exosomes, and (c) apop-
totic bodies.

EVs are shown to play multiple biological functions including 
immune response regulation [5, 8, 9], antigen presentation [10, 
11], the transfer of RNA and proteins [12–14], transfer of infec-
tious cargo [15–17], nonclassical secretion of proteins [18–20], 
and cell-to-cell communication [21–23]. Also, EVs have been 
involved in disease progression including the transfer of oncogenic 
proteins/RNA in cancer and pathogenic proteins between neu-
rons involved in neurodegeneration [24, 25]. In addition, EVs are 
considered as reservoirs of disease biomarkers [4]. It has been pre-
viously identified that glioblastoma tumor specific exosomes con-
taining EGFRvIII was detected in the serum of glioblastoma 
patients [13]. The detection of tumor-derived exosomes via a 
blood test has the potential to provide diagnostic value to provide 
a therapy response for cancer patients [13, 26].

With the recent interest on EVs coupled with the advancement 
of high-throughput techniques, many studies have identified the 
genomic, transcriptomic, proteomic, and lipidomic profiles of EVs. 
With the explosion of multitude of data, the bioinformatics analy-
sis of such multidimensional data becomes critical. Here, the cur-
rently available free-to-use and commercial Web resources and 
stand-alone software will be discussed.

2 Online Databases for EV Research

To further facilitate the scientific community in new discoveries, 
three databases currently exists including ExoCarta, Vesiclepedia, 
and EVpedia. These databases have significantly reduced the bur-
den on the researchers to collate the already published data manu-
ally prior to analyzing their own datasets.

ExoCarta (http://www.exocarta.org) is a Web-based resource of 
exosomal proteins, RNA, and lipids (launched in 2009). It is man-
ually curated by expert biologists and contains both published and 
unpublished exosomal studies [27]. With the involvement of the 
scientific community, the database will evolve into an enriched 
resource containing high-quality exosomal studies.

Vesiclepedia (http://www.microvesicles.org) is a community 
driven compendium of proteins, RNA, and lipids in EVs. It is a 
continuous community annotation project with the active involve-
ment of the EV researchers [7].

EVpedia (http://evpedia.info) is an integrated database of high- 
throughput datasets from both prokaryotic and eukaryotic vesicles 
[28]. EVpedia also provides an array of tools for global analysis of 
vesicular components.

2.1 ExoCarta

2.2 Vesiclepedia

2.3 EVpedia

Shivakumar Keerthikumar et al.
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As the purity of the population of EVs isolated depends on the 
isolation protocol employed, continuous research has been per-
formed to characterize the markers that could be identified in each 
of the populations. The databases are routinely used for this pur-
pose by various groups for establishing EV markers [29–36]. In all 
the databases, the precise isolation procedures along with the 
buoyant density (if provided in the respective study) allows the 
researchers to filter the datasets based on the isolation method or 
the EV type for further analysis. For example, a meta-analysis of 
exosomal data downloaded from ExoCarta revealed that exosomes 
are enriched with membrane proteins and depleted with nuclear 
proteins [37]. In addition, EVs are also shown to carry a host cell 
type specific protein/RNA signature [4, 38] and enriched with 
proteins implicated in oncogenesis [39] making them ideal source 
of disease biomarkers. EV-based protein secretion as a possible 
mechanism of nonclassical secretory pathway has prompted various 
groups to query the three databases for proteins lacking signal pep-
tides [40, 41].

3 Software Tools for Global Analysis

As EVs carry a rich cargo of proteins, RNA, and lipids, the use of 
high-throughput analysis is logical (Fig. 1). To understand the pre-
cise functions of EVs, most of the studies (hypothesis and data 
driven) are required to perform global high-throughput analyses. 
Currently, many free-to-use and commercial software packages are 
available for analyzing the EV-based OMICS datasets (Table 1). 
The tools adopt a common strategy to map the provided list of 
genes/proteins systematically to custom databases and provide a 
list to biological annotations that are statistically enriched in the 
query dataset. The tools aid in identifying key pathways and pro-
cesses regulating the biological function through enrichment anal-
ysis. Though there are several tools that can perform global analysis, 
some of the tools that are most commonly used will be discussed 
briefly.

The Database for Annotation, Visualization and Integrated 
Discovery (DAVID) is one of the largely used Web-based enrich-
ment analysis tool [42]. The users can upload the data and can 
perform functional annotation/gene classification. In addition, the 
tool also allows for cross database accession identifier conversion.

Among the tools available for the analysis of genetic and protein 
interaction networks, Cytoscape is the most commonly used [43]. 
It is an open-source tool that allows for analysis and visualization 
of interaction networks (Fig. 2). Recent flow of multidimensional 
datasets and the popularity of Cytoscape among the scientific com-
munity have prompted for the development of multiple plugins, 

3.1 DAVID

3.2 Cytoscape
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Fig. 1 A flowchart to depict the integrated bioinformatics analysis that can be performed to identify key com-
ponents in EV datasets. Isolated EVs can be analyzed to profile the genomic, transcriptomic, proteomic, and 
lipidomic contents. With the generated datasets, multiple integrated analyses can be performed including 
Gene Ontology (biological process and molecular function) enrichment, protein interaction network, pathway, 
domain enrichment, and subcellular localization analysis

Table 1 
Online tools for functional enrichment anlaysis

Name of the 
tool URL Analysis category

1 DAVID [42] http://david.abcc.ncifcrf.gov/ Gene ontology enrichment; 
pathway; protein domain

2 Cytoscape [43] http://www.cytoscape.org/ Protein interaction network; 
pathway

3 IPA® http://www.ingenuity.com/products/ipa Gene ontology; pathway; protein 
interaction; disease

4 MetaCore™ http://thomsonreuters.com/metacore/ Gene ontology; pathway; protein 
interaction; disease

Shivakumar Keerthikumar et al.
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each through independent efforts resulting in a multifunctional 
tool. Users can upload the biological interaction dataset in multi-
ple formats and visualize the interaction networks. In addition, 
gene ontology enrichment analysis can be performed through the 
plugin BiNGO [44].

IPA® and MetaCore™ are commercial software that provide the 
users with multiple options of analyzing large scale OMICS datas-
ets. Both the software rely on customized datasets integrated 
through accumulating publicly available free-to-use scientific data-
bases. In addition, the existing databases are enriched with 

3.3 Ingenuity 
Pathway Analysis® 
(IPA) and MetaCore™

Fig. 2 A protein interaction network obtained from Cytoscape. Proteins exclusively identified in colorectal cancer 
cell-derived exosomes were analyzed using Cytoscape to obtain the protein interaction network. Proteins impli-
cated in “Metabolism of proteins” and “Proteasome, M/G1 transition” were clustered in the network analysis

Bioinformatics Analyses of Extracellular Vesicles
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additional new data through manual curation of the literature 
which is the major strength of these software tools. Some of the 
advantages and disadvantages of these two commercial softwares 
have been analyzed and reviewed recently [45, 46]. Nevertheless, 
these commercial softwares provide easy-to-use stand-alone appli-
cations allowing non-bioinformatics scientists to perform func-
tional analysis.

4 Conclusion

With the unparalleled advancement of high-throughput experi-
ments, bioinformatics analyses have become critical to elucidate 
the biological processes regulating the physiological and patho-
logical conditions. There are many software tools that are currently 
available to perform global analyses. In order to understand the 
data better and to identify key functional modules, the users have 
to aware of the pitfalls associated with such tools. Most of the anal-
yses heavily rely on the background databases that are often cus-
tomized. A thorough knowledge of how the background database 
was assembled is important to make critical evaluation of the 
analysis.
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Chapter 14

Preparation and Isolation of siRNA-Loaded Extracellular 
Vesicles

Pieter Vader, Imre Mäger, Yi Lee, Joel Z. Nordin, Samir E.L. Andaloussi, 
and Matthew J.A. Wood

Abstract

RNA interference (RNAi) has tremendous potential for specific silencing of disease-causing genes. Its clinical 
usage however critically depends on the development of carrier systems that can transport the RNAi-
mediating small interfering RNA (siRNA) molecules to the cytosol of target cells. Recent reports have 
suggested that extracellular vesicles (EVs) form a natural transport system through which biomolecules, 
including RNA, is exchanged between cells. Therefore, EVs are increasingly being considered as potential 
therapeutic siRNA delivery systems.

In this chapter we describe a method for preparing siRNA-loaded EVs, including a robust, scalable 
method to isolate them from cell culture supernatants.

Key words Extracellular vesicles, Exosomes, Microvesicles, siRNA, Size-exclusion chromatography, 
Drug delivery

1 Introduction

RNA interference (RNAi) is an endogenous mechanism for regu-
lating gene expression [1]. It is mediated by small RNA molecules, 
including short interfering RNA (siRNA). Because synthetic 
siRNA molecules introduced into cells can silence the expression of 
virtually any gene, their therapeutic potential is enormous. 
However, cellular entry for such large, hydrophilic, and anionic 
molecules is restricted by the plasma membrane. Therefore, before 
RNAi can fulfill its therapeutic potential, carrier systems that can 
deliver siRNA molecules to their final intracellular targets must be 
developed [2].

Recent reports have suggested that extracellular vesicles (EVs) 
form a natural transport system through which proteins, mRNA, 
and microRNA are exchanged between cells [3]. EVs, including 
exosomes and microvesicles, are membranous nanovesicles that are 
released from numerous cell types via multiple mechanisms [4]. 
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EVs are capable of transferring RNA molecules to other cells in a 
selective manner, thereby influencing the phenotype and function 
of recipient cells [5–7]. Importantly, an increasing number of stud-
ies suggests a key role for EV-mediated intercellular communica-
tion in a variety of physiological and pathological processes [8].

Because EVs are natural carriers of small RNA, and likely uti-
lize native mechanisms for uptake, intracellular trafficking and 
delivery of their content, the possibility of using EVs as vehicles for 
therapeutic siRNA delivery attracts increasing attention [9–11]. In 
fact, very encouraging proof-of-concept studies, in which EVs 
have been exploited as siRNA delivery vehicles, have been pub-
lished recently. In these first reports, exogenous siRNA was intro-
duced into EVs using electroporation [12, 13]. However, it was 
later reported that siRNA loading via electroporation is far less 
efficient than initially described, highlighting the need for alterna-
tive methods to prepare siRNA-loaded EVs [14]. One such alter-
native approach is to exploit the endogenous cellular machinery for 
sorting RNA cargo into EVs. This strategy involves transfection of a 
shRNA expression vector or synthetic siRNA into parental cells, 
after which siRNA-carrying EVs can be directly isolated from cell 
culture supernatants. Previously, these EVs have been shown to be 
capable of transferring functional siRNA to recipient cells [7, 15].

To date, most studies have employed differential ultracentrifu-
gation for EV isolation [16]. However, high speed centrifugation 
steps cause aggregation as well as rupture of EVs, which may be 
detrimental for their functional recovery. We have therefore 
adapted and optimized an alternative EV isolation method based 
on ultrafiltration followed by size-exclusion chromatography, 
which allows high yield isolation of EVs while preserving their bio-
physical and functional properties.

This chapter will focus on the preparation and isolation of 
siRNA-loaded EVs. First, preparation of siRNA-loaded EVs using 
a straightforward overexpression protocol is described, followed 
by the methodology to isolate EVs from cell culture supernatants 
using size-exclusion chromatography. Furthermore, because the 
efficiency of siRNA loading into EVs may depend on several factors 
(including cell type, siRNA sequence, presence of siRNA target 
[17], and siRNA modifications [18]), protocols to determine load-
ing efficiency are outlined.

2 Materials

 1. 15 cm culture dishes.
 2. Dulbecco’s Modified Eagle Medium (DMEM).
 3. Fetal bovine serum (FBS).
 4. Penicillin/streptomycin (P/S).

2.1 Preparation 
of siRNA-Loaded 
Extracellular Vesicles
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 5. Opti-MEM (Life Technologies).
 6. Lipofectamine 2000 (Life Technologies) (see Note 1).
 7. siRNA-expression vector (see Note 2).
 8. Phosphate-buffered saline (PBS).

 1. 0.8 μm filter membrane.
 2. 100-kDa molecular weight cutoff (MWCO) Amicon spin fil-

ters (EMD Millipore).
 3. Hi-Prep 16/60 Sephacryl S-400 High Resolution column 

(GE Healthcare) (see Note 3).
 4. Chromatography system equipped with UV monitor (e.g., GE 

AKTA Prime Liquid Chromatography system).

 1. TRIZol LS reagent (Life Technologies).
 2. Synthetic cel-miR-39 (cel-miR-39-3p, 5′-UCACCGGGUGU 

AAAUCAGCUUG-3′).
 3. Chloroform.
 4. Glycogen.
 5. Isopropyl alcohol.
 6. 75 % ethanol.
 7. Nuclease-free water.
 8. Equipment for RNA quantification.

 1. Custom TaqMan Small RNA Assay, containing small RNA- 
specific RT and PCR primers (Life Technologies).

 2. High Capacity cDNA Reverse Transcription Kit (Life 
Technologies).

 3. Nuclease-free water.

 1. Custom TaqMan Small RNA Assay, containing small RNA- 
specific RT and PCR primers (Life Technologies).

 2. TaqMan Universal Master Mix II, no UNG (Life Technologies).
 3. Nuclease-free water.
 4. Real-time PCR instrument.

3 Methods

 1. Seed HEK293 cells (see Note 4) at a split ratio of 1:6 in 15 cm 
culture dishes in DMEM supplemented with 10 % FBS 
and P/S.

 2. Culture cells at 37 °C at 5 % CO2 for 24 h.

2.2 Isolation 
of siRNA-Loaded 
Extracellular Vesicles

2.3 Determination 
of siRNA Loading 
Efficiency

2.3.1 RNA Isolation

2.3.2 Reverse 
Transcription

2.3.3 PCR Amplification

3.1 Preparation 
of siRNA-Loaded 
Extracellular Vesicles
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 3. Remove medium, wash cells with PBS and replace with 
Opti-MEM.

 4. Per 15 cm culture dish, dilute 40 μl Lipofectamine 2000 in 
500 μl Opti-MEM. Incubate at room temperature for 5 min.

 5. Per 15 cm culture dish, dilute 20 μg plasmid DNA (siRNA- 
expression vector) in 500 μl Opti-MEM.

 6. Add Lipofectamine 2000 mixture to the plasmid DNA mixture, 
vortex for 10 s, and incubate at room temperature for 20 min.

 7. Add Lipofectamine 2000–DNA mixture to the culture dish.
 8. Incubate at 37 °C at 5 % CO2 for 4 h.
 9. Remove transfection medium, wash cells with PBS and replace 

with Opti-MEM supplemented with P/S (see Note 5).
 10. Culture cells at 37 °C at 5 % CO2 for 48 h, allowing cells to 

reach 95 % confluency.
 11. Collect conditioned medium and proceed to Subheading 3.2.

 1. Centrifuge conditioned medium at 300 × g for 5 min, followed 
by 2000 × g for 10 min to remove cells and debris.

 2. Filter conditioned medium through a 0.45 μm filter membrane 
(see Note 6).

 3. Concentrate conditioned medium by ultrafiltration through 
100-kDa molecular weight cutoff (MWCO) Amicon spin filters 
to a final volume of 3 ml (see Note 7).

 4. Connect a Hi-Prep 16/60 Sephacryl S-400 High Resolution 
column to a chromatography system equipped with UV moni-
tor (e.g., GE AKTA Prime Liquid Chromatography system) 
and equilibrate the column according to the manufacturer’s 
instructions.

 5. Regenerate column with one column volume of PBS at 
0.5 ml/min.

 6. Apply sample onto the column via a 5 ml sample loop.
 7. Fractionate sample using 1.5 column volumes of PBS at 

0.5 ml/min. Collect eluent into 2 ml fractions.
 8. Based on UV absorbance, pool fractions containing purified 

EVs (see Fig. 1) and concentrate by ultrafiltration through 
100- kDa molecular weight cutoff (MWCO) Amicon spin filters 
to a final volume of 200 μl.

 9. Use directly or store at −80 °C for RNA isolation.

 1. Add 750 μl TRIzol LS reagent per 250 μl EV sample. Lyse 
EVs by pipetting up and down, followed by incubation at 
room temperature for 5 min. Proceed to step 2 or store sample 
at −80 °C.

 2. Add 3 μl of cel-miR-39 miRNA (1 pg/μl) (see Note 8).

3.2 Isolation 
of siRNA-Loaded 
Extracellular Vesicles

3.3 Determination 
of siRNA Loading 
Efficiency

3.3.1 RNA Isolation

Pieter Vader et al.



201

 3. Add 200 μl chloroform per 750 μl Trizol LS reagent. Shake 
vigorously for 15 s.

 4. Incubate at room temperature for 3 min.
 5. Centrifuge at 12,000 × g at 4 °C for 15 min.
 6. Transfer the upper, aqueous phase to a new tube.
 7. Add 1 μl (=20 μg) glycogen.
 8. Add 500 μl isopropyl alcohol per 750 μl TRIzol LS reagent 

used for the homogenization in step 1. Vortex briefly and 
incubate at room temperature for 20 min.

 9. Centrifuge at 12,000 × g at 4 °C for 10 min.
 10. Discard supernatant and wash RNA pellet with 1 ml 75 % etha-

nol per 750 μl TRIzol LS reagent used for the homogenization 
in step 1. Vortex briefly.

 11. Centrifuge at 7500 × g at 4 °C for 5 min.
 12. Discard supernatant and air-dry the RNA pellet for 5–10 min.
 13. Resuspend RNA pellet in nuclease-free water.
 14. Incubate at 55–60 °C for 10–15 min.
 15. Determine RNA quantity and purity (e.g., with NanoDrop 

and/or Quant-IT Ribogreen RNA assay).
 16. Proceed to Subheading 3.3.2 or store RNA at −80 °C.

 1. Combine 3 μl 5× RT primer and 5 μl RNA template.
 2. Incubate at 85 °C for 5 min, then at 60 °C for 5 min (see Note 9). 

Place on ice.
 3. Prepare RT master mix on ice. Combine per reaction: 0.15 μl 

dNTP (100 mM), 1.00 μl RT enzyme (50 U/μl), 1.50 μl RT 
buffer (10×), 0.19 μl RNase inhibitor (20 U/μl) and 4.16 μl 
nuclease-free water.

3.3.2 Reverse 
Transcription (RT)

Fig. 1 Fractionation of conditioned medium. Concentrated conditioned medium 
was applied to a Hi-Prep 16/60 Sephacryl S-400 High Resolution column and 
fractionated. The eluent was monitored for UV absorbance at 280 nm. The first 
peak area fractions contain EVs, while later fractions contain smaller constitu-
ents, including contaminating proteins

siRNA-Loaded Extracellular Vesicles
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 4. Add 7 μl RT master mix to the 8 μl RT primer/denatured 
RNA solution from step 2.

 5. Incubate at 16 °C for 30 min, then at 42 °C for 30 min and 
85 °C for 5 min.

 6. Proceed to Subheading 3.3.3 or store RT reaction at −20 °C.

 1. Prepare PCR master mix on ice. Per 20 μl reaction, combine: 
1.00 μl PCR primer (20×), 10.00 μl Taqman Universal Master 
Mix II (2×) and 7.67 μl nuclease-free water.

 2. Combine 18.67 μl PCR master mix and 1.33 μl product from 
the RT reaction.

 3. Incubate samples in a real-time PCR instrument at 95 °C for 
10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C 
for 1 min.

 4. Normalize siRNA levels across samples using the spiked-in 
cel- miR- 39 as controls. For absolute quantification of siRNA 
levels, run a standard curve using synthetic siRNA duplexes in 
parallel with the samples (including the RT step).

4 Notes

 1. Lipofectamine 2000 can be replaced by any other alternative 
transfection strategy that is optimized for the cell type or cell 
line of interest.

 2. Alternatively, cells can be transfected with synthetic siRNA 
duplexes. This may offer the possibility of loading chemically 
modified, such as fluorescent dye-labeled, siRNA duplexes, 
into EVs.

 3. We routinely use the Hi-Prep 16/60 Sephacryl S-400 
High Resolution column for isolating EVs from conditioned 
Opti- MEM. For purification of EVs from other sources, such 
as FBS- containing media or plasma, different column types 
and/or size exclusion media may be required.

 4. In principle, any primary cell or cell line can be used as a source 
of siRNA-loaded EVs. We routinely use HEK293 because they 
are easy to grow and transfect.

 5. We routinely use serum-free Opti-MEM as EV collection 
medium. When using cells other than HEK293 cells as source 
of siRNA-loaded EVs, their viability under these conditions 
should be verified first in order to avoid unwanted cell death. 
When necessary, EV-depleted FBS can be added to the culture 
medium (see Note 3).

 6. Filtration of conditioned medium using a 0.45 μm filter 
membrane allows passage of all EVs smaller than 450 nm. 

3.3.3 PCR Amplification

Pieter Vader et al.
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If exosomes are being studied specifically, the use of 0.22 μm 
filter membranes may be more appropriate.

 7. It is recommended to wash the membrane carefully with PBS 
for increased EV recovery. A molecular weight cutoff of 
100 kDa may be crucial for efficient recovery, because higher 
molecular weight cutoffs may allow passage of EVs through 
the membrane.

 8. There is no consensus on suitable housekeeping small RNAs in 
EVs. Therefore, spiked-in cel-miR-39 is used to correct for dif-
ferences in RNA extraction efficiency between samples.

 9. When working with a double-stranded template, such as 
siRNA, template has to be denatured with sequence-specific 
RT primer before performing the reverse transcription.
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Chapter 15

Interaction of Extracellular Vesicles with Endothelial  
Cells Under Physiological Flow Conditions

Susan M. van Dommelen, Margaret Fish, Arjan D. Barendrecht,  
Raymond M. Schiffelers, Omolola Eniola-Adefeso, and Pieter Vader

Abstract

In the last few years it has become clear that, in addition to soluble molecules such as growth factors and 
cytokines, cells use extracellular vesicles (EVs) for intercellular communication. For example, EVs derived 
from cancer cells interact with endothelial cells, thereby affecting angiogenesis and metastasis, two essential 
processes in tumor progression. In most experiments, the interaction of EVs with target cells is investi-
gated under static conditions. However the use of dynamic flow conditions is considered more relevant, 
especially when studying EV uptake by endothelial cells. Here, we describe the use of a perfusion system 
to investigate the interaction of (tumor) EVs with endothelial cells under dynamic flow conditions.

Key words Binding, Uptake, Extracellular vesicles, Physiological flow, Endothelial cells, Targeting

1 Introduction

Cells release nano-sized vesicles that are used for intercellular com-
munication both in vitro and in vivo. These vesicles are found in 
bodily fluids including blood, urine, spinal fluid, breast milk, 
semen, and saliva. They consist of a phospholipid membrane inter-
spersed with proteins and contain biomolecules derived from the 
cell of origin. Different vesicle subtypes can be discriminated based 
on their intracellular origin, and include exosomes and microvesi-
cles. However, in experimental practice, it is difficult to distinguish 
between vesicle subgroups due to similar properties such as size 
and protein content. Therefore, researchers in the field have 
adopted the general name extracellular vesicles (EVs) [1].

Since the discovery that EVs play a role in various (patho)phys-
iological processes, the EV research field has expanded dramati-
cally. It is becoming clear that, in addition to soluble factors such 
as growth factors and cytokines, cells use EVs for intercellular 
communication. For example, EVs modulate immune reactions [2], 
affect tissue repair [3], and influence tumor progression [4].
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The formation of new blood vessels, a process called angiogene-
sis, is essential to tumor growth. EVs derived from different cancer 
cell types were shown to activate endothelial cells, thereby driving 
them to a more angiogenic phenotype [5, 6]. Furthermore, tumor 
cell-derived EVs are able to promote metastasis by the preparation 
of a metastatic niche in distant organs [7, 8]. In these processes, 
tumor cell EVs interact with cells in the tumor environment, such 
as endothelial cells.

The interaction of fluorescently labeled EVs with target cells is 
typically studied using flow cytometry and fluorescence micros-
copy. In most experiments uptake and binding is studied under 
static conditions. However, the use of dynamic flow conditions is 
considered more relevant, especially when studying EV uptake by 
endothelial cells. Therefore, when studying the interaction of 
(tumor) EVs with the vessel wall, a perfusion setup is preferred 
over a static system.

In the protocol proposed here, fluorescently labeled tumor 
cell-derived EVs are perfused over endothelial cells in order to 
investigate their binding and uptake. We describe methods for iso-
lation of EVs from culture supernatant, EV labeling, preparation of 
an endothelial cell layer, and the experimental setup of the perfu-
sion experiment.

These methods provide opportunities to investigate the bind-
ing behavior of EVs to the vessel wall with different shear rates and 
in different disease or activation states of the endothelium.

2 Materials

 1. 175 cm2 culture flasks.
 2. Human epidermoid carcinoma cell line A431 (ATCC).
 3. DMEM (Dulbecco’s Modified Eagle Medium) high glucose cell 

culture medium, supplemented with 10 % FBS (fetal bovine 
serum), 100 units/ml penicillin, and 0.1 mg/ml streptomycin.

 4. EV-free FBS (see Note 1).
 5. Tabletop centrifuge with temperature control.
 6. 0.22 μm bottle top filter (Millipore).
 7. Ultracentrifuge with appropriate rotor and tubes.
 8. Phosphate buffered saline without CaCl2 and MgCl2 (PBS 

−/−), pH 7.1–7.5.

 1. 1 M NaHCO3 solution, pH 8.3.
 2. Vortex mixer.
 3. Alexa Fluor 488 carboxylic acid, succinimidyl ester (Life 

Technologies), 10 mg/ml in DMSO.
 4. Heating block for 1 ml tubes.

2.1 Isolation of EVs 
from Cell Culture 
Supernatant

2.2 Fluorescent 
Labeling of EVs
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 1. Sepharose CL-4B.
 2. Column 12 cm in length, 1.6 cm in width (XK 16/20 column, 

GE Healthcare).
 3. 20 % ethanol.
 4. HEPES buffered saline (HBS), 25 mM HEPES, 140 mM 

NaCl, pH 7.4.
 5. Liquid chromatography system (e.g., ÅKTA-FPLC, GE 

Healthcare).

 1. 1 ml syringes.
 2. 100-kDa centrifugal sample concentrator (e.g., Vivaspin, 

Sartorius).
 3. 0.5 M NaOH solution.

 1. EV quantification system (e.g., NTA (Nanoparticle Tracking 
Analysis, NanoSight) or TRPS (Tunable Resistive Pulse 
Sensing, IZON)).

 2. Phosphate buffered saline with 0.9 mM CaCl2 and 0.5 mM 
MgCl2 (PBS +/+), pH 7.1–7.5.

 1. Silicon sheet (0.0125 cm thickness) containing 0.2 cm × 3 cm 
(W × H × L) perfusion channel and vacuum channels.

 2. Perspex frame containing inlet and outlet tubing holders.
 3. 60 °C incubator.

 1. Glass coverslips (24 × 50 mm).
 2. 96 % ethanol.
 3. Slide tray plate, 4 well, non-treated (e.g., PAA).
 4. 1 % gelatin in water, autoclaved.
 5. 0.5 % glutaraldehyde in water, filtered.
 6. 1 M glycine in water, filtered.
 7. Human umbilical vein endothelial cells (HUVECs) (Lonza).
 8. EGM-2 HUVEC medium (EBM-2 medium completed with 

EGM-2 kit, Lonza) supplemented with 100 units/ml penicillin 
and 0.1 mg/ml streptomycin.

 1. Syringes.
 2. Syringe pump (e.g., Harvard apparatus 22).
 3. Inlet and outlet tubings.
 4. Clamp.
 5. Heating block for 5 ml tubes.
 6. Fluorescent microscope (e.g., Zeiss Observer Z1).
 7. Vacuum pump.

2.3 Preparation 
of Size- 
Exclusion Column

2.4 Purification 
of EVs After Labeling

2.5 Preparation 
of EV-Containing 
Perfusion Buffer

2.6 Preparation 
of Flow Perfusion 
Chamber

2.7 Preparation 
of an Endothelial Cell 
Layer

2.8 Experimental 
Setup and Perfusion 
Experiment
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3 Methods

EVs are isolated from cell media supernatant using differential cen-
trifugation. Isolation is preferably performed in a sterile environ-
ment (see Note 2).

 1. Culture A431 cells (see Note 3) in complete cell culture 
medium in 3T175 flasks at 37 °C, 5 % CO2.

 2. Replace medium with EV-free medium (see Note 1) 24–48 h 
before cells reach 90–95 % confluency.

 3. Harvest the supernatant when cells are 90–95 % confluent.
 4. Centrifuge supernatant at 300 × g for 10 min at 4 °C to remove 

cells.
 5. Pour supernatant into new tubes.
 6. Centrifuge supernatant at 2000 × g for 10 min at 4 °C to 

remove cell debris.
 7. Pour supernatant onto a 0.22 μm filter and filter under vacuum 

pressure.
 8. Transfer supernatant to ultracentrifuge tubes and spin at 

100,000 × g for 70 min at 4 °C to sediment EVs.
 9. Aspirate supernatant and resuspend pellet in PBS −/−.
 10. Spin solution at 100,000 × g for 70 min at 4 °C.
 11. Aspirate supernatant and resuspend EV pellet in 90 μl PBS −/−.

From this step on, keep EVs protected from light.

 1. Add 10 μl 1 M NaHCO3 to the EV sample.
 2. Vortex solution.
 3. Add 1 μl of Alexa Fluor 488-NHS ester (10 mg/ml in DMSO) 

to the solution, vortex (see Note 4).
 4. Incubate EVs with the dye for 60 min at 37 °C.

 1. Use CL-4B Sepharose to pack a 12 cm long and 1.6 cm wide 
column, according to the manufacturer’s instructions. Connect 
the column to a liquid chromatography system to control flow 
rate and pressure (see Note 5).

 2. Store column in 20 % ethanol at 4 °C to prevent 
contamination.

 3. Before use, flush column with HBS and set preferred flow rate. 
A typical flow rate is 2.2 ml/min.

 1. Fill a 1 ml syringe with 300 μl HBS.
 2. Transfer 100 μl of the stained EVs into the same syringe.
 3. Inject the total volume of 400 μl onto the column.

3.1 Isolation of EVs 
from Cell Culture 
Supernatant

3.2 Fluorescent 
Labeling of EVs

3.3 Preparation 
of Size- 
Exclusion Column

3.4 Purification 
of EVs After Labeling

Susan M. van Dommelen et al.



209

 4. Collect fractions containing EVs (see Fig. 1) and pool.
 5. Change the buffer to PBS +/+ (see Note 6) using a 100-kDa 

centrifugal concentrator.
 6. After purification, flush the column using 0.5 M NaOH.

 1. Determine the concentration of EVs in the sample using NTA 
or TRPS (see Note 7).

 2. Dilute or concentrate (using a 100-kDa centrifugal concen-
trator) the sample to a final concentration of 1010 EVs/ml. 
A minimum volume of 5 ml is required.

The chamber consists of a perspex frame that contains the inlet and 
outlet of the channel formed by a silicon sheet which is placed on 
the frame (Fig. 2c, d).

 1. One day before the experiment, pre-wet the silicon sheet with 
water and attach it to the perspex frame such that the channel 
is aligned with inlet and outlet.

 2. Dry chamber overnight in a 60 °C incubator.

In this protocol, human umbilical vein endothelial cells (HUVECs) 
are used (see Note 8).

 1. Sterilize glass coverslips (24 × 50 mm, 12.5 cm2) using 96 % 
ethanol.

 2. Transfer each coverslip to a well in a slide tray plate and wash 
with PBS −/−.

 3. Add 0.9 ml 1 % gelatin onto each coverslip, incubate for 20 min 
at 37 °C, 5 % CO2.

 4. Add 1.8 ml 0.5 % glutaraldehyde to each coverslip, incubate at 
room temperature for 20–60 min.

3.5 Preparation 
of EV-Containing 
Perfusion Buffer

3.6 Preparation 
of Flow Perfusion 
Chamber

3.7 Preparation 
of an Endothelial Cell 
Layer

Fig. 1 UV absorbance chromatogram showing distinct fractions after EV purification 
using size-exclusion chromatography

EV Binding Under Flow Conditions
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 5. Aspirate all liquid without touching the glass.
 6. Add 1.8 ml 1 M glycine to each coverslip, incubate at room 

temperature for 20 min.
 7. Aspirate all liquid without touching the glass.
 8. Add 1.8 ml PBS −/− to each coverslip.
 9. Aspirate all liquid without touching the glass.
 10. Seed cells (0.5 ml/coverslip), incubate for 45 min at 37 °C, 

5 % CO2. To obtain a confluent monolayer, seed confluent 
HUVECs 2 days before the experiment in a 1:2 dilution in 
EGM-2 (see Note 9).

 11. Add 3 ml additional EGM-2 to each well.

The order of events in this setup (Fig. 2) is important to prevent 
air bubbles from entering the perfusion chamber.

 1. Remove air bubbles underneath the silicon sheet by applying 
pressure.

 2. Adjust pump settings (see Note 10).
 3. Place a drop of PBS +/+ on the chamber channel to remove air 

from inlet and to avoid air when placing cells.
 4. Fill inlet tubing with sample using a syringe, clamp tubing 

(see Note 11), remove syringe and connect the inlet tubing to 
the chamber. Keep sample in a heating block at 37 °C.

 5. Connect syringe to the outlet tubing and connect outlet tubing 
to chamber.

 6. Place coverslip on the drop of PBS +/+ with cells facing the 
chamber.

 7. Connect vacuum and check if glass is tightly fixed to the silicon 
sheet.

 8. Remove clamp from inlet tubing.
 9. Pull sample through softly using the syringe connected to the 

outlet tubing.
 10. Place syringe in syringe pump.
 11. Start pump (see Note 12).
 12. Dry outside of chamber and place it on the microscope.
 13. Adjust microscope to fluorescent mode; if set correctly, a flow 

of fluorescent EVs should be visible.
 14. Focus on the cells using bright field mode.
 15. Switch to fluorescent mode.
 16. Capture a video or take a time lapse of pictures. Make sure 

microscope stays in focus throughout the whole experiment.
 17. In our experience, perfusion can be performed up to 2 h. 

Perfusion time is limited by loss of cell viability. Always 

3.8 Experimental 
Setup and Perfusion 
Experiment

Susan M. van Dommelen et al.



211

Fig. 2 Setup of the perfusion experiment. (a, b) Picture and schematic overview of experimental setup. (c) 
Picture showing the perfusion chamber placed on the microscope. (d) Picture showing details of the perfusion 
chamber. The chamber consists of a perspex frame that contains the inlet (D3) and outlet (D4) of the perfusion 
channel (D1), formed by a silicon sheet (D7) which is placed on the frame. The channel in the chamber we use 
is 0.2 cm × 0.0125 cm × 3 cm (W × H × L). A glass coverslip (D6) containing cells is placed over the channel. 
Vacuum (D2 vacuum channel, D5 vacuum tubing) is applied to the chamber to close the system

EV Binding Under Flow Conditions
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examine the morphology of the cells when considering 
experiment length.

 18. After perfusion, it is possible to fixate the cells by adding fixative 
to the system. In that way, cells can be examined later using 
confocal microscopy or flow cytometry.

4 Notes

 1. Fetal Bovine Serum (FBS) naturally contains EVs. Therefore, 
FBS is depleted from EVs by centrifuging a 30 % solution of 
FBS in culture medium for 15–17 h at 100,000 × g at 4 °C. 
After sedimentation of the EVs, the supernatant is filtered 
through a 0.22 μm filter and stored at −20 °C until use. Upon 
use, the FBS is further diluted in culture medium.

 2. For working in a sterile environment, a laminar flow cabinet 
should be used. Filter all the buffers before use, treat tubes and 
lids with 70 % ethanol and allow them to dry in a flow cabinet.

 3. In this protocol EVs derived from A431 human epidermoid car-
cinoma cells are used, but may be replaced by other types of EVs.

 4. Different dyes may be used for vesicle labeling. Beside protein 
dyes, lipid and luminal dyes are available. The dye described in 
this method is conjugated to an NHS ester, which reacts with 
free amines. This leads to the exterior covalent coupling of 
Alexa 488 to proteins on EVs. When choosing a suitable dye, 
consider the lasers and filters of the microscope and brightness 
of the label.

 5. If a liquid chromatography system is not available, a tabletop 
pump may be used to control flow rate. To determine peak 
fractions, UV or fluorescent measurements may be performed 
using a spectrofluorometer.

 6. In this protocol PBS +/+ is used as perfusion buffer. Other 
buffers may also be considered, including culture medium, 
plasma, and even full blood. The magnesium and calcium ions 
may be crucial for binding. For example, divalent cations are 
crucial for ligand binding to many integrins [9].

 7. NTA and TRPS provide an estimation of the number of EVs in 
a sample.

 8. Different types of endothelial cells may be used in this method. 
Depending on the research question, primary cells derived from 
the microvasculature or aorta may be considered. Endothelial 
cell lines may also be used. In order to mimic a certain (disease) 
state, endothelial cells may be stimulated with cytokines, 
lipopolysaccharides or drugs before the experiment.

 9. A confluent layer of endothelial cells is required for the cells to 
be able to resist flow.

Susan M. van Dommelen et al.
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 10. The following settings can be adjusted in most syringe pumps: 
diameter of the syringe, flow direction, and flow rate. The 
syringe inner diameter and the pump setting determine the 
flow rate of the system. Therefore, calibrate the syringe pump 
before use. Different flow rates lead to different shear rates, 
depending on the size of the channel. The formula to convert 
flow rate to shear rate can be found in Fig. 3. A shear rate of 
300 s−1 mimics venous and 1600 s−1 arterial shear rate.

 11. Clamping the inlet tubing is important to prevent air from 
entering the chamber.

 12. Steps 7–11 need to be performed quickly to prevent static 
vesicle binding to the cells before perfusion starts.
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Chapter 16

Flow Cytometric Analysis of Extracellular Vesicles

Aizea Morales-Kastresana and Jennifer C. Jones

Abstract

To analyze EVs with conventional flow cytometers, most researchers will find it necessary to bind EVs to 
beads that are large enough to be individually resolved on the flow cytometer available in their lab or facil-
ity. Although high-resolution flow cytometers are available and are being used for EV analysis, the use of 
these instruments for studying EVs requires careful use and validation by experienced small-particle flow 
cytometrists, beyond the scope of this chapter. Shown here is a method for using streptavidin-coated beads 
to capture biotinylated antibodies, and stain the bead-bound EVs with directly conjugated antibodies. We 
find that this method is a useful tool not only on its own, without further high resolution flow cytometric 
analysis, but also as a means for optimizing staining methods and testing new labels for later use in high 
resolution, single EV flow cytometric studies. The end of the chapter includes sphere-packing calculations 
to quantify aspects of EV- and bead-surface geometry, as a reference for use as readers of this chapter opti-
mize their own flow cytometry assays with EVs.

Key words Flow cytometry, Extracellular vesicles, Exosomes, Subsets

1 Introduction

High sensitivity flow cytometers have been reported [1], and 
methods for analysis of extracellular vesicles (EVs) have been 
reported with bead-based assays [2], imaging cytometers [3], and 
adaptations of commercially available flow cytometers [4, 5]. 
However, the methods of use of those instruments for the study of 
extracellular vesicles are specialized and not readily implemented 
by researchers without focused training or the assistance of experi-
enced flow cytometrists.

The difficulty of studying EVs with flow cytometry lies in the 
small size of the materials being studied (Fig. 1). EVs are so much 
smaller than the cells that modern flow cytometers were designed 
to study, that the analysis of EVs with conventional flow cytome-
ters can be accompanied by numerous artifacts if the researcher 
does not take appropriate precautions to avoid swarm [6], which 
can be due to coincident events at the laser intercept with the sam-
ple and can be due excess event anomalies in instrument signal 

Andrew F. Hill (ed.), Exosomes and Microvesicles: Methods and Protocols, Methods in Molecular Biology, vol. 1545,
DOI 10.1007/978-1-4939-6728-5_16, © Springer Science+Business Media LLC 2017
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processing. The purpose of this chapter is to present a method that 
can be used and adapted by any laboratory with access to any flow 
cytometer that is used to study cells.

To analyze EVs with conventional flow cytometers, a broadly 
useful approach is to bind EVs to beads that are large enough to be 
reliably resolved on the flow cytometer. An early example of this 
approach demonstrated that 30–100 nm exosomes could be iso-
lated from cell culture supernatants and characterized by flow 
cytometry, after binding the exosomes to latex beads [7]. Shown 
here is a method for using streptavidin-coated beads to capture 
biotinylated antibodies, prior to washing the beads (to remove 
unbound antibodies), capturing EVs, and staining the bead-bound 
EVs with directly conjugated antibodies. We find that the use 
ligands that are specific for EV populations of interest is helpful for 
reducing nonspecific background that can be caused by protein 
binding to latex or other protein-binding beads. Figure 2 illus-
trates the conceptual approach, while Fig. 3 sets out the basic steps 
for the method. Objects in Fig. 2 are not drawn to scale. Rather, 
they are drawn to best illustrate the conceptual assembly of the 
beads with ligands.

Multi-Vesicular Body (MVB)

10 mm Cell

IgG antibody (4 x 11 nm)

Exosome with antibody

Microvesicles (0.1-1 mm)
Exosome (0.1 mm)

Fig. 1 Relative sizes of EVs, cells, and antibodies. The typical size of a laser intercept at the point of flow cyto-
metric analysis of cells, beads, or EVs is 10–20 μm, while exosomes and similar EVs are ~0.1 μm. The objects 
in this figure are drawn to scale, to illustrate relative sizes of relevant structures and objects
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2 Materials

Maintaining sterile conditions throughout these steps will help to 
reduce background and preserve EV integrity. Because precipitates 
or small particles of salts, proteins, or other materials can interfere 
with nanometric sample analysis, it is important to perform all 
experiments with ultrapure reagents, with low background, veri-
fied by nanoparticle tracking analysis (NTA) or other similar small 
particle measuring instrument (see Note 1).

 1. PureProteome™ Streptavidin Magnetic Beads (EMDMillipore).
 2. Anti-CD81-biotin and anti-CD9-biotin, 0.5 mg/ml 

(Biolegend).
 3. PureProteome™ Magnetic Stand, 8-well (EMDMillipore).
 4. Dulbecco’s hosphate buffered saline (dPBS), pH 7.4 (GIBCO/

Invitrogen).

Magnetic Bead

Fluorophore

Streptavidin

Biotinylated Capture

Fluorescent Detection

EVs with Epitopes A ( )
and B ( )

Antibody (anti-B)*

Antibody (anti-A)

Fig. 2 Detection of EVs and EV-associated surface molecules by binding EVs to beads. To analyze EVs with 
conventional flow cytometers, it is generally necessary to bind EVs to beads that are large enough to be indi-
vidually resolved on the flow cytometer. The objects are not drawn to scale. Rather, they are drawn to best 
illustrate the conceptual assembly of the beads with ligands

Flow Cytometric Analysis of Extracellular Vesicles
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 5. Tris buffered saline (TBS), pH 7.4.
 6. Tween 20 (Bio-Rad).
 7. Casein blocking buffer (1 % Casein in TBS).
 8. T-TBS: 0.1 % Tween 20 in TBS.
 9. Additional antibodies for flow cytometry, including Fc-Block.
Fc-Block is Rat Anti-Mouse CD16/CD32 (BD Biosciences).
 10. Agitation/mixing/inversion system.
 11. DNAse/RNAse-free, sterile, low protein-binding microcentri-

fuge tubes.

3 Methods

There are three steps to this method. The first step is isolation and 
quantification of EVs, from cell culture supernatants or biofluids. 
Isolation of EVs can be performed in a crude manner, removing 
only the cells from supernatants of a cell culture, or in a more  precise 
manner with size exclusion chromatography or with serial ultracen-
trifugation, as previously described [8, 9], and is not further 
described here. When binding EVs to beads, it is critical to know 
the approximate EV binding capacity of the surface of the bead, as 

1. Produce Beads with Affinity for EV-Specific Epitope (A)

2. Bind EVs with Epitope A to Beads from Step 1

3. Label Epitope B on Bead-bound EVs with Anti-B Antibody

Perform flow cytometric analysis of EV-Bead conjugates

1a. Incubate streptavidin-coated beads with 1b. Wash beads to remove unbound anti-A
antibodiesbiotinylated anti-A antibodies

2a. Incubate EVs with Epitope A-specific Beads 2a. Wash Beads to remove unbound EVs (EVs
without Epitope A)to capture EVs with Epitope A

3a. Incubate EV-coated Beads with antibodies
specific for Epitope B

3b. Wash anti-B labeled EV-coated Beads to
remove unbound anti-B antibody

Fig. 3 Flowchart for capture and analysis of EVs by binding to beads. Shown here is a general method for using 
streptavidin-coated beads to capture biotinylated antibodies, prior washing the beads (to remove unbound 
antibodies), capturing EVs, and staining the bead-bound EVs with directly conjugated antibodies
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well as the approximate EV concentration in the solution from 
which EVs will be captured and bound onto beads (Subheading 3.1) 
for staining prior to flow cytometric analysis (Subheading 3.2). 
Table 1 includes estimates of the relevant surface- binding capacity 
of cells, beads, and EVs (see Notes 2 and 3).

In this protocol, 10 μm magnetic beads (Millipore) are coupled 
with 100 μg/ml biotinylated antibody for 1 h at room temperature, 
under gentle agitation. EV capture is performed with rotation over-
night at room temperature or at 4 °C, depending on epitope and 
EV-cargo stability. Beads of this size were selected due to their large 
EV-binding capacity and their size, which is equivalent to cells that 
can be visualized with standard flow cytometric methods.

This protocol is designed to prepare a minimal volume of 8 μl of 
beads, which we find is a minimal quantity to perform 4–5 assays, 
with a minimum of ~50,000 bead events to be collected for each 
analysis by flow cytometry (see Notes 4 and 5). Two microliters of 
beads can be used the capture EVs from 10 to 15 ml of tissue culture 
supernatants, after 300 × g and 10,000 × g centrifugation steps to 
remove cells and large debris. When adding 2 μl of the Millipore 
Streptavidin Magnetic Beads to 10 ml of tissue culture supernatant, 
the concentration of beads during the incubation is 2.4 × 104/ml. If 
purified (and concentrated, small volume) EV samples are used, 
~1011 EVs at 1012 EV/ml is recommended as a starting point for this 
protocol (see Note 6).

To capture CD81-positive and CD9-positive EVs on beads:

 1. Mix streptavidin-coated magnetic bead stock by inversion or 
gentle vortexing, to resuspend completely.

 2. Transfer 2 μl of beads to a 2 ml sterile microfuge tube (round 
bottom, if available). Add 40 μl T-TBS, mix gently.

 3. Place the tube with the beads into a magnetic stand that will 
support 1.5–2 ml microcentrifuge tubes (Dynal magnetic 
stand by Invitrogen, or PureProteome magnetic stand by 
EMDMillipore).

 4. The beads will migrate to the magnet within minutes, and be 
visible as a dark (or ruddy) patch or stripe.

 5. Carefully aspirate away >95 % of the liquid, being cautious not 
to touch the beads with the pipette tip.

 6. Add 250 μl of T-TBS to the tube, and then remove the tube 
and mix the beads gently in the buffer to wash.

 7. Place the tube back on the magnetic stand, and, again, aspirate 
and discard the free buffer, taking care not to disturb the beads 
that at the side of the tube.

 8. Repeat steps 6–7 as a wash, twice more.
 9. Add 2 μg of SAV-conjugated antibody (1 μg of anti-CD81 and 

1 μg of anti-CD9; 2 μl of each antibody, in this example).

3.1 EV Capture 
on Beads

Flow Cytometric Analysis of Extracellular Vesicles
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 10. Add T-TBS to a final volume of 8 μl (an additional 4 μl in this 
example).

 11. Incubate for 1 h at room temperature with gentle agitation. It 
is important to make sure that the solution is mixing, and that 
the beads are not stationary at the bottom of the tube.

 12. After the incubation, place the tube back in the magnet, 
remove the supernatant, and repeat steps 6 and 7 three times, 
with 250 μl T-TBS each time, to wash away unbound anti-
body. To quantify the amount of residual antibody that did not 
bind to the beads, the first supernatant from step 12 may be 
set aside for analysis, rather than be discarded after aspiration.

 13. Wash once in the magnet with phosphate buffered saline, 
pH 7.4.

 14. Resuspend the antibody-coupled beads in 8 μl of PBS.
 15. The final concentration of beads is 1.25 % w/v, or approxi-

mately 120 million beads per ml.
 16. Combine 2 μl of these labeled beads with 10–15 ml tissue cul-

ture supernatant that contains EVs of interest. (The supernatant 
should be free of cells and other debris, after a 10,000 × g cen-
trifugation, or equivalent size exclusion chromatography step.)

 17. Incubate the beads and supernatant overnight, with constant, 
gentle rotation in a refrigerated room.

For staining, EV-coated beads are blocked with Fc Block (Fc Block 
may be optional for human EVs) in a saline buffer containing 5 mg/
ml casein, 25 mM Tris and 150 mM NaCl at pH 7.4, and then 
directly conjugated antibodies (e.g., PE-, FITC-, APC-, or other 
label-coupled antibodies) are added at 10 μg/ml in same buffer for 
15 min (see Note 7). As with all protein-based protocols, the fol-
lowing protocol is best performed under refrigerated conditions 
(4 °C) (see Notes 8 and 9).

 1. Centrifuge the mixture of supernatant with beads at 300 × g, 
for 5 min. Beads and EVs bound to beads will pellet at this 
step.

 2. Aspirate supernatant (keep for later analysis, if desired) to leave 
the bead pellet along with ~500 μl of fluid. The bead pellet 
may be difficult to visualize at this step, so leaving the 500 μl 
of buffer is a means of being careful not to lose the beads in the 
aspirate.

 3. Mix the remaining 500 μl and beads, then transfer to a 
microfuge tube and place in the magnetic stand.

 4. Remove the buffer supernatant with care to not disturb the 
beads at the side of the tube, beside the magnet.

 5. Add, 100 μl Casein blocking buffer + 2 μl Fc Block per tube.
 6. Incubate for 10 min, with gentle agitation.

3.2 EV Staining 
on Beads for Flow 
Cytometric Analysis

Flow Cytometric Analysis of Extracellular Vesicles
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 7. Prepare in separate tubes: 100 μl of antibody in casein- blocking 
buffer, for each staining assay (see Note 10).

 (a)  Each staining solution should have 1 μg of antibody per 
tube

 (b)  Example: if the concentration of the antibody stock is 100 μg/
ml, use 10 μl of antibody per 100 μl of staining solution (with 
90 μl casein buffer to complete the volume) (see Note 11).

 (c)  For negative controls, isotype control antibodies as a “neg-
ative staining control” are one appropriate negative con-
trol, but another important negative control is a negative 
control for nonspecific binding to the beads. For this non-
specific binding control, we use beads that were coated 
with biotinylated antibody, but not EVs, and then stained 
with the same antibodies used to stain the EV-bound beads.

 8. After 10 min blocking step with agitation, return the sample 
tube with beads to the magnetic stand, remove the buffer from 
the beads, and then add the antibody mix (see Note 12).

 9. Incubate for 15 min in agitation.
 10. Wash two times more with Casein-Blocking TBS buffer.
 11. Resuspend the beads with stained EVs in 150 μl of blocking 

buffer, and proceed to analysis with conventional flow cyto-
metric methods, with appropriate instrument calibration and 
sample compensation controls (Fig. 4).

Fig. 4 Example analysis of epitope detection EVs by binding to beads. EVs isolated from DC2.4 and 4T1 cell 
cultures (dark grey histograms), as well as control EV-depleted medium (light grey histograms), were incu-
bated with anti-CD9 coated magnetic beads overnight, and subsequently labeled with anti-CD9-FITC antibod-
ies. The same clone of anti-CD9 was used for capture and detection, to ensure EV-anchored CD9 detection and 
not free (soluble) CD9 detection, if any. Open histograms with (asterisk) correspond to FITC-CD9 staining 
profile on the surface of EVs from DC2.4 and 4T1 cell lines, while the other histograms represent isotype and 
nonspecific binding controls

Aizea Morales-Kastresana and Jennifer C. Jones
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4 Notes

 1. Antibodies, beads, EV preparations, and all combinations 
thereof must be titrated for optimal results. We find that saving 
supernatants, rather than discarding them, at steps along the 
protocol, and then analyzing the supernatants with protein 
quantification or with gel electrophoresis can help to ascertain 
whether more or less material may be required in future 
iterations.

 2. We find that the Staining Index [10, 11], which is analogous 
to the Fisher Distance in other engineering/computational 
fields, is a useful statistic for comparing conditions and opti-
mizing titrations. This statistic can be simplified as: the differ-
ence between the mean of positive population and negative 
(control) population, divided by the product of the standard 
deviation of the positive and negative populations.

 
SI MFI MFI SD SDpostive negative positive negative= −( ) ×( )/ .

 
SI = Staining index.
MFI = Mean Fluorescence Intensity.
SD = Standard Deviation.

 3. This bead-analysis protocol is optimized for use with cell cul-
ture supernatants that have been generated for the production 
of EVs. In this specific protocol, we used EVs in the range of 
1011 EVs per bead-binding reaction. The concentration of the 
EVs produced by cell lines varies, depending on the cell type 
and on the conditions or stressors of the cell growth. As noted 
above, titration may be required to optimize conditions for 
different cell lines and for different specific EV populations 
that are being isolated from the supernatants.

 4. Because staining intensity of the beads will depend upon num-
ber of positive EVs bound to each bead, in addition to how 
many epitopes are available per EV to bind to the labeled anti-
body, care should be taken to interpret results carefully. 
Brighter staining might be either due to higher levels of ligand 
per EV, or more EVs with the ligand bound to the bead.

 5. Molecules of Equivalent Soluble Fluorescence (MESF) beads 
can be used to quantify number of fluorescent molecules per 
bead, but these beads must be run with each experiment to be 
quantified. MESF beads are only available (Bangs Labs or 
Spherotech) for certain fluorophores, such as FITC and PE, 
and the results can only produce estimates within the linear 
range of the standard curve produced by the beads.

Flow Cytometric Analysis of Extracellular Vesicles
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 6. IF the reader does undertake direct flow cytometric analysis of 
individual vesicles, additional methods may be required to 
remove unbound labels from the EV-bound labels. Options 
for this include sucrose cushions or size exclusion chromatog-
raphy if dilution alone is insufficient to remove background 
due to the unbound label.

 7. Fluorescent labels can undergo quenching, or diminishment of 
the observed fluorescence due to tight fluorophore packing. 
Quenching is one of the reasons that most commercial anti-
bodies are produced to have one bound PE (phycoerythrin) 
molecule, rather than three or four bound PE molecules. If an 
antibody has too many fluorophores, the labeled antibody may 
appear less bright than one with an optimal coupling ratio 
(typically 1, or at most two PE molecules per antibody). A 
typical antibody is ~4 nm × 11 nm, and quenching effects that 
are known to be important for optimal labeling of antibody 
molecules should be expected to be relevant to surface labeling 
of 30–100 nm exosomes and other EVs as well.

 8. For the methods specifically outlined here, we used dPBS, 
without calcium or magnesium. However, some EV epitopes, 
and their ligands, such as Annexin V, require calcium for bind-
ing. Selection of buffer, and inclusion or omission of cations 
such as calcium should be considered for this protocol, just as 
this would be considered for staining of cells.

 9. Flow cytometer standardization with calibration beads, and 
appropriate compensation standards, should be performed 
when analyzing beads, just as with conventional flow cytome-
try for the analysis of cells.

 10. 1 % bovine serum albumin (BSA) and 5 % BSA in PBS can be 
used for blocking, but we find that casein blocking buffer is 
more effective, and yields lower background.

 11. Serum and other biofluids contain biotin, so it is preferable to 
link the biotinylated antibodies to the streptavidin-coated 
beads, prior to incubating the beads in the supernatant or bio-
fluid, where physiological biotin would compete with the bio-
tinylated antibody for binding to streptavidin on the beads.

 12. Proteins will denature if allowed to dry. When the beads bind 
to the magnetic side of the microcentrifuge tube, and the 
supernatant is removed, buffer needs to be added within a cou-
ple of minutes to ensure that the beads do not dry out, which 
would denature the antibodies and proteins of the EVs, and 
interfere with effective staining.

Aizea Morales-Kastresana and Jennifer C. Jones
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