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During harvesting of nanovesicles (NVs) from blood, blood cells and other
particles in blood are exposed to mechanical forces which may cause activation of platelets, changes of membrane properties, cell deformation and
shedding of membrane fragments. We report on the eﬀect of shear forces imposed upon blood samples during the harvesting process, on the concentration of membrane nanovesicles in isolates from blood. Mathematical models
of blood ﬂow through the needle during sampling with vacutubes and with
free ﬂow were constructed, starting from the Navier-Stokes formalism. Blood
was modeled as a Newtonian ﬂuid. Work of the shear stress was calculated.
In experiments, nanovesicles were isolated by repeated centrifugation (up to
17,570 g) and washing, and counted by ﬂow cytometry. It was found that
the concentration of nanovesicles in the isolates positively corresponded with
the work by the shear forces in the ﬂow of the sample through the needle. We have enhanced the eﬀect of the shear forces by shaking the samples
prior to isolation with glass beads. Imaging of isolates by scanning electron
microscopy revealed closed globular structures of a similar size and shape
as those obtained from unshaken plasma by repetitive centrifugation and
washing. Furthermore, the sizes and shapes of NVs obtained by shaking
2
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erythrocytes corresponded to those isolated from shaken platelet-rich plasma
and from unshaken platelet rich plasma, and not to those induced in erythrocytes by exogenously added amphiphiles. These results are in favor or the
hypothesis that a signiﬁcant pool of nanovesicles in blood isolates is created
during their harvesting. The identity, shape, size and composition of NVs in
isolates strongly depend on the technology of their harvesting.

NU

Keywords: Microvesicles, Extracellular vesicles, Exosomes, Isolation,
Platelet activation, Shear stress
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1. Introduction
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Sub-micron membrane-enclosed vesicular fragments of cell interior (nanovesicles - NVs) in body ﬂuids present a promising material for diagnostics and
therapy of many diseases (1)-(4). NVs are released from cells by diﬀerent
mechanisms (5; 6) (Fig.1), but their origin, identity, composition and properties are not yet completely understood. The acknowledged mechanisms are
exovesiculation of the plasma membrane (7; 8), release of exosomes from internal cell compartments (9)-(12) and release of larger vesicles that may carry
genetic material (13; 14) - ascribed to apoptotic bodies. Packing and distribution of membrane constituents creates local membrane curvature which
is consistent with lateral sorting of membrane constituents and drives the
formation of buds and vesicles (4; 15). These features are aﬀected by pathophysiological processes such as cell activation, hypoxia, irradiation, oxidative
injury, exposure to complement proteins and exposure to shear stress (16).
It was found that NV concentration is increased in isolates from blood of
patients with various diseases, e.g. autoimmune diseases, cardiovascular diseases, type II diabetes mellitus, neurodegenerative diseases (17) and in some
types of cancer (18).
To fulﬁll great expectations for their numerous potential uses (1) - (3),
(19), NVs must be harvested from samples that contain cells and extracellular environment, (20) - (28) (Fig. 1) and assessed by some relevant method
(29; 30), such as ﬂow cytometry (31; 32), transmission and scanning electron
microscopy (22), cryo electron microscopy (33), atomic force microscopy (20),
mass spectrometry (34), Raman tweezers microspectroscopy (35), dynamic
light scattering, nanoparticle tracking analysis based on Brownian motion,
and diﬀerent techniques of molecular content determination (36). There
are diﬀerent methods of NV harvesting such as ﬁltration, chromatography,
3
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microﬂuidics, polymer-based extraction (36) and immunoadsorption/bead
capture (26), however, a simple, low cost and therefore commonly applied
method for harvesting NVs from blood is centrifugation and washing of samples (27).

Fig. 1. Scanning electron micrographs of nanovesicles (NVs) and related mechanisms. A:
NVs harvested from cerebrospinal liquor, B: activated platelets from harvesting pellet, C:
NVs harvested from pleural eﬀusion, D: NVs isolated from peripheral blood. Bars = 1 µm.
Methods for preparation and imaging are described in (22).

Despite evident perspectives, NV-based methods have not yet been introduced into clinical practice. Harvesting and keeping of NVs represents
a bottleneck to a clinically relevant quantitative method of assessment of
NVs, as methods and protocols have not yet overcome problems such as poor
repeatability and accuracy, complexity in the interpretation of assessment
methods (37; 26), as well as insuﬃcient understanding of mechanisms of NVs
formation in the organism and during the harvesting.
4
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Imaging techniques applied on isolates from blood by repetitive centrifugation (up to 20,000 g) and washing showed that the harvested material contains small (sub-micron sized) entities that are heterogeneous with respect
to size and shape (20; 22; 38). Many vesicles were rather large (diameter
between 250 and 400 nm) (38). From 50 to 90% of vesicles in isolates carried
molecules characteristic for platelets (39). These vesicles could not have been
created by the budding of the platelet membrane, as the platelets themselves
have only about 2 micrometers in the greatest extension. The observed eﬀects
of external parameters on the size and shape of NVs in isolates (32; 38; 40)
led us to the hypothesis that the particles in the isolates derive from cells and
fragments in which the detachment of particular parts is imposed by shear
forces during the harvesting process (38).
In studies of the eﬀects of detergents on the erythrocyte membrane, membrane vesiculation was induced by adding into the suspension amphiphile
molecules (41)-(43). The shape of exovesicles shed from erythrocytes was
either spherical or tubular (44; 8) while their size was very small, with at
least one extension having 100 nanometers or less (5; 42; 44; 8). Imaging
of the budding erythrocyte membrane conﬁrmed that the buds and the NVs
had similar dimensions and shapes (5). It therefore seems logical to indicate
that in those experiments, NVs found in isolates were the entities that were
pinched oﬀ from the membrane in the process of membrane budding. As
all cells are enclosed by the membrane, it could be expected that similar
processes would take place in cells of other types, albeit they would be constrained by the cytoskeleton. Thin (nano-sized) tubular buds can be observed
in activated platelets (Fig.1B) while shape changes and microexovesiculation
take place also in platelets (45). Also it was suggested that during deformation and re-assembly, the membrane may pick up molecules or their clusters
(inclusions) from the outer solution (46), as the membrane curvature may
locally compose to ﬁt the intrinsic shape of the particular inclusion (15; 47).
We pursued the hypothesis that most of the NVs harvested from blood by
centrifugation and washing derive from fragmentation of blood cells during
the isolation process, due to thermal and mechanical stress, and that native
particles that are already present in samples compose a minority of the population (38). We assumed that the work of the shear stresses during the ﬂow
of blood through the needle is transferred to blood cells, which aﬀects their
fragmentation. In particular, we assumed that the concentration of NVs in
isolates from blood is proportional to the work by shear stresses in blood
during the ﬂow through the needle. We have created NVs by artiﬁcially aug5
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menting shear stress in samples that were rich with erythrocytes and with
platelets. The scanning electron micrographs revealed the presence of NVs
in the samples which supports the hypothesis that technology of harvesting
importantly inﬂuences the identity, size, shape and composition of NVs in
isolates.
2. Experimental Methods
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2.1. Description of microvesicle isolation process
For clinical studies in our laboratory we use a slightly modiﬁed protocol
of Diamant et al. (27) (described below) which is simple and fast and enables
analysis of a relatively large number of samples subjected to similar external
parameters. The isolates obtained by this protocol were visualized by scanning electron microscopy (22; 38) and by atomic force microscopy (20). It was
found that the population of particles in the isolates was heterogeneous with
respect to shapes, but the shapes were characteristic for particles without internal structure previously observed experimentally on a larger scale and also
calculated theoretically by minimization of the membrane free energy (38).
The population of NVs was heterogeneous also with respect to size, with
the majority of nanovesicles having the size between 200 and 500 nm (38).
The isolates were analyzed by labelling by antibodies which interact with
endothelial, platelet and erythrocyte surface molecules (CD31/CD42b and
CD235, respectively). In labelling with anti-CD31-FITC and anti-CD42bPE, about 30% (15 - 45 %) of events corresponded to unlabelled particles.
Out of these, 15% were ascribed to anti-CD235-FITC labelled particles and
9% to the background, leaving around 6% of unlabelled particles in the isolates (39). According to the above, we assumed that the concentration of
NVs measured by ﬂow cytometry will be representative for the hypothetical
mechanism, i.e. fragmentation of cells in shear stress.
2.2. Blood sampling
Experiments were performed according to ethical standards and with
written consent of the blood donors. The study was given ethical permission
from the National Medical Ethics Committee (number 82/07/14).
Sampling was performed after at least 12 hours fasting. Blood was taken
by venipuncture into 2.7 mL tubes containing 270 µL 0.109 mol/L trisodium
citrate (BD Vacutainers, Becton Dickinson, CA) and was gently mixed by
turning the tube upside down. Prior to sampling, tubes were pre-warmed
6
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to 37o C and samples were kept in thermoblocks to minimize activation of
platelets due to thermal stress (48; 38). Processing of the samples started
within 30 min from the sampling. The sampling was interrupted and samples discarded if the ﬂow was nonuniform or if the venipuncture was not
immediately successful.
For the study of sampling with vacuumtubes, blood was taken from 14
donors (11 female, average age 20.1 years and 3 male, average age 20.3 years)
with no record of a disease. Each subject donated blood into two 2.7 mL
evacuated tubes, one with stronger vacuum and the other with weaker vacuum. Blood was taken from medial cubital veins of both arms. The pressure
in the tube was determined by the volume of the acquired blood (see theory
below).
For the study of sampling with free ﬂow blood was taken from two of the
authors (female, 54 years and male, 30 years) with no record of a disease.
Blood was taken from dorsal metacarpal and medial cubital veins. Diﬀerent
needles (Microlance, Becton Dickinson, NJ, USA) were used. The covers
of the tubes were previously removed so that the pressure in the tubes was
equal to the atmospheric pressure. The needle was inserted into the vein and
blood was let to freely ﬂow into the tube. The time needed to obtain the
required volume of blood was measured.

AC
CE

2.3. Isolation of NVs
Samples were centrifuged at 1550 g and 37o C for 20 min in the centrifuge
Centric 400/R, Tehtnica, Železniki, Slovenia to separate cells from plasma.
The upper 250 L of plasma was slowly removed using a tip with wide opening and placed into the 1.5 mL Eppendorf tube. Samples were centrifuged
at 17,570 g for 5 min in the centrifuge Centric 200/R, Domel, Železniki,
Slovenia. Supernatant (225 µL) was discarded while peleted NVs (25 µL)
were resuspended by 225 µL citrated and phosphate buﬀered saline (PBS).
Samples were centrifuged again at 17,570 g and 37o C for 5 min. Supernatant
(225 µL) was discarded while peleted NVs (25 µL) were resuspended by the
addition of 75 µL of PBS.
2.4. Preparation of samples for scanning electron microscopy (SEM)
Glutaraldehyde (GA), dissolved in isoosmolar PBS with citrate, was added
to the sample to obtain ﬁnal concentration of 1% GA. Samples were incubated in GA for 1 h at room temperature (23 o C) and stored at 4 o C until
7
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use. Unbound GA was removed from the samples by washing the supernatant 4 times in time intervals of 30 min. OsO4 , dissolved in isoosmolar
phosphate buﬀer saline with citrate was added to the sample to obtain ﬁnal
concentration of 1%. Samples were incubated for 1 h at room temperature
(23 o C). Unbound OsO4 was removed by washing. To dry the samples, PBS
was exchanged by acetone mixed with citrated PBS. To avoid osmotic shock,
acetone concentration was upgraded (50%, 60%, and 90%). The ﬁnal step
was performed in 100% acetone 1 h with two exchanges of acetone.
For critical point drying in liquid CO2 , sample pellets were transferred
to embedding capsules (Electron Microscope Science, USA, Embeding capsules, Polyetlyene size 00, Cat. number 70010) combined with plankton net
(Scrynel, Switzerland, Millipore, Pore size 11.0 µm, No. NY 1100010), but
at all times immersed in aceton. Samples were cooled to 10o C and presure
was raised to 50 bar, acetone was exchanged with liquid CO2 5 times. For
critical point drying, CO2 phase transition temperature was raised to 32 o C
and pressure to 85 bar. Pressure was released gradually to atmospheric in
the course of 10 min. Dried samples were carefully transferred with a needle
to carbon sticker covered conductive (aluminum) EM mounts. For better
conductance the contact of samples to carbon sticker was made as large as
possible. Samples were sputtered with gold and observed by a LEO Gemini
1530 (LEO, Oberkochen, Germany) scanning electron microscope.
2.5. Flow cytometric analysis
Flow cytometric analysis was performed by using the Altra Flow Cytometer (Beckman Coulter Inc., Fullerton, CA) with a 488 nm water - cooled
laser (for the study of the eﬀect of ﬂow through the needles) and with MACS
QUANT ﬂow cytometer (Miltenyi, Bergisch-Gladbach, Germany) (for the
study of the movement of particles in the tube during the centrifugation).
The presence of particles was determined by forward and side scatter (FS/SS)
parameters. In measurements with Altra instrument, Flow-Count Fluorospheres (radius 10µm, Beckmann-Coulter, Fullerton, CA) of a known concentration (1 × 106 /mL) were used to determine the number of NVs per mL
of plasma. In 3 samples we were unable to assess the concentration of NVs
due to technical problems with the ﬂow cytometer, however, we retained the
data on the blood ﬂow of these samples.
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2.6. Preparation of platelet rich plasma plasma and washed erythrocytes
Blood was centrifuged at 50 g (for platelet rich plasma (PRP)) or at
1500 g and 37o C for 20 min to divide the majority of erythrocytes from the
respective plasma. Plasma was obtained from the upper part of the epruvette
and aliquoted into four 600 µ L samples for further microvesicle isolation,
ﬁxation and visualization. Erythrocytes were obtained from the bottom part
of the epruvette by removing the buﬀy coat. Erythrocytes were washed
with phosphate buﬀered and citrated saline (PBS-citrate), resuspended and
centrifuged at 800 g and 37o C for 5 min. Supernatant was discarded and the
washing process was repeated until the supernatant was clear (no red color
visible).
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2.7. Formation of NVs in plasma or samples of washed erythrocytes by mechanical forces
Four hundred µL of platelet rich plasma or washed erythrocyte samples
in Epppendorf tubes were added 100 µL of 140 mg, ≤ µm acid-washed glass
beads (Sigma Aldrich, MO, USA) and that much PBS-citrate to completely
ﬁll the tube. Samples were shaken in the MillMix20 instrument (Domel d.o.o.,
Železniki, Slovenia) at 30Hz for 5 min. The amplitude was 5 cm. This yielded
maximal acceleration about 180 g. Then, the samples were centrifuged at
50 g for 10 min to sediment the larger particles. 1 mL of supernatant was
removed, placed in another Eppendorf tube with aditional 100 µL of PBScitrate and prepared for imaging with SEM as described above.
3. Theory

3.1. Blood flow in the needle
The description of the blood ﬂow through the needle is based on NavierStokes formalism (49). It is assumed that the needle is a cylinder with
constant radius which lies horizontally (eﬀects of gravitation are not considered), with z axis pointing in the direction of the geometrical axis of the
cylinder. Also it is assumed that the ﬂow is uniform and laminar and it is
taken that it is completely developed. For simplicity, blood is described as
an incompressible Newtonian liquid. Due to the cylindrical geometry of the
needle, the cylindrical coordinate system is used. The components of the
Navier-Stokes diﬀerential equation and the velocity proﬁle in the needle are
given in the Appendix.
9
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The only nonzero component of the stress tensor in this ﬂow is
∂vz
,
∂r

(1)
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where η is viscosity of blood, vz is the component of the blood velocity in
the direction of z axis and r denotes the radial distance from the z axis.
By taking into account Eq.(1) and the expression for the velocity proﬁle
(Eq.(A.9)) we obtain
r
σzr = −ηvz,0 2 ,
(2)
r0

MA

where vz,0 = ∆pr02 /4ηl (Eq.(A.10)) is the velocity of blood in the middle of
the needle, r0 is the inner radius of the needle, ∆p is the diﬀerence between
the pressures on both sides of the needle and l is the length of the needle.
The rate of work of the shear forces A can be written as (49)
Z 

ED

dA
1
= η
dt
2

∂vk
∂vi
+
∂xk ∂xi

2

dV,

(3)
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where dt is the element of time and dV is the element of blood volume. The
Einstein notation of tensors was considered. In our case,
2
Z r0 
1
r
dA
= η
vz,0 2 dV,
(4)
dt
2 0
r0
with

dV = 2πrldr.

(5)

Performing the integration yields
dA
1
2
.
= πηlvz,0
dt
4

The total work done within the time t is
Z t
dA
dt.
A=
0 dt

(6)

(7)

It is assumed that this work is used to activate platelets and deform cell
membranes and will therefore be reﬂected in the concentration of NVs in
blood isolates. Another biomechanical parameter of potential relevance is
10
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the shear velocity at the needle wall. Following Eq.(A.9), the shear velocity
is
2vz,0 r
dv
(r) = − 2 ,
(8)
dr
r0

SC

while at r0

2vz,0
dv
.
(r0 ) = −
dr
r0

(9)

NU

Sampling with vacuumtubes
According to Poisseuille-Hagen law the blood ﬂow into the tube is driven
by the diﬀerence in pressures across the needle

MA

dV
πr4 (pv − p)
= 0
,
dt
8ηl

(10)

ED

where pv is the pressure in the vein and p is the pressure in the gas department
of the vacuumtube. At constant temperature
p(V0 − V ) = p0 V0 ,

(11)
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where V0 is the volume of vacuumtube and p0 is the pressure in the vacuumtube before the entrance of the blood. Introducing
x = V /V0

(12)

α = pv /p0

(13)

and

and rearranging (10) and (11) we obtain


πr04 p0
1
dx =
α−
dt.
8ηlV0
(1 − x)
The above diﬀerential equation is solved by calculating the integrals
Z x
Z
Z t
dx
1 x
dx −
dt,
=β
α 0 (x + (1/α − 1))
0
0
which yields the nonlinear equation


αx
1
= βt,
x − ln 1 +
α
(1 − α)
11

(14)

(15)

(16)

where
β = πr04 pv /8ηlV0 .
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The solution of the above equation exists up to the limiting volume xf , for
which
αxf
= 0,
(18)
1+
(1 − α)
so that
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xf = 1 − 1/α.

(19)
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It follows from Eq.(19) that the volume of blood taken by the vacuumtube
is determined by the ratio between the pressure in the vein and the pressure
in the vacuumtube before the sampling. It was assumed that the pressure in
the vein is constant during the sampling.
To calculate the energy released during the sampling, the velocity vz,0 is
expressed by Eqs.(A.10) and (11),
vz,0 =

1
p0 r02
(α −
)
4ηl
1−x

(20)
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which is inserted into Eqs.(6) and (7) to calculate the total energy dissipation
within the time t,
Z
π(p0 r02 )2 t
1 2
) dt.
A=
(α −
(21)
64ηl
1−x
0
Expressing dt by Eq.(14) and inserting it into Eq.(21) gives
Z
1
p 0 V 0 xf
(α −
)dx.
A=
8
1−x
0

(22)

After integration and consideration of Eq.(19) we obtain
A=−

p0 V 0
xf
(
+ ln(1 − xf )),
8 (1 − xf )

(23)

or by using the pressure in the vein,
A=−

pv V 0
((1 − xf ) ln (1 − xf ) + xf ).
8
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Fig. 2. (A): Portion of the vacuumtube volume ﬁlled with blood in dependence on time
for diﬀerent ratios between the pressure in the vein pv and in the vacuumtube p0 , and
(B): the normalized energy released in the needle during the sampling (equal to the work
done by the shear forces A), in dependence on the ﬁnal volume of the blood gathered in
the vacuumtube xf .

Sampling with free flow
In this case the needle is inserted into a vein and blood is allowed to
ﬂow into the tube due to a higher pressure in the vein with respect to the
atmosphere (for 5-15 mm Hg),
∆p = pv − pa ,

(25)

where pv and pa are the pressure in the vein and the atmospheric pressure,
respectively. We assume that this diﬀerence is constant throughout the blood
13
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sampling.
To calculate the dissipated energy, we use Eqs.(6) and (7). With free
ﬂow, the velocity ﬁeld is constant with time so that

Using Eq.(A.10) we obtain

π∆p2 r04 t
.
64ηl

NU

A=

(26)

(27)
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It follows from Eq.(27) that the work A depends on the pressure diﬀerence,
radius of the needle, time of ﬂow, viscosity of blood and length of the needle.
However, these quantities are not independent. According to the PoiseuilleHagen law for constant ﬂow,

ED

πr4 ∆p
V
= 0 .
t
8ηl

(28)
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Here, V is the volume of the harvested blood and t is the time required
to harvest this volume of blood. The dependencies of the energy on the
above quantities is not straightforward as they depend on the choice of the
parameter that is used in expression. Combining Eqs.(27) and (28) gives
1
A = ∆pV,
8

(29)

however, the pressure diﬀerence is not known. Some parameters can be
measured, e.g. the volume of the collected blood and the time which is
required to collect this volume while the dimensions of the needle are also
known. For such choice, combining Eqs. (27) and (28) gives
A=

ηlV 2
.
πr04 t

(30)

To eliminate unknown viscosity of blood, two samples were taken from the
same donor, immediately one after another, but with diﬀerent needles. Ratios
between the energies and between the respective concentrations of NVs in
isolates were calculated,
4
t2
l1 V12 r0,2
δA =
,
(31)
2 4
l2 V2 r0,1 t1
14

δN V =

cN V,1
,
cN V,2
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where the numbers 1 and 2 stand for the ﬁrst and the second sampling,
respectively.
4. Experimental results
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4.1. Comparison of theory with experiments
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Table 1. Effect of pressure in vacuumtube on concentration of isolated NVs
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subject
cNV,w
1
584
2
471
3
176
4
358
5
615
6
448
7
194
8
388
9
316
10
274
11
165
12
277
13
233
14
223
average ± SD 337 ± 149

cNV,s
462
738
530
1064
1093
601
322
516
1055
443
275
711
299
336
603 ± 291

cNV,s /cNV,w
0.79
1.57
3.01
2.97
1.78
1.34
1.66
1.33
3.34
1.62
1.67
2.57
1.28
1.51
1.88

Concentration of NVs in isolates obtained by sampling with vacuumtubes
with stronger and weaker vacuum, cNV,s and cNV,w , respectively, and the
ratio cNV,s /cNV,w .
Table 1 shows concentration of NVs in isolates obtained by sampling with
vacuumtubes with stronger and weaker vacuum, cNV,s and cNV,w , respectively.
It can be seen that the concentration in samples obtained by vacuumtubes
with stronger vacuum was considerably higher (1.79 times higher). The difference was statistically signiﬁcant (p = 7.3 ×10−4 ) with statistical power
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0.96 at α = 0.05. The contribution to the scattering of the measured concentration values due to variations in venous pressure between subjects can be
surpassed by calculating the ratio cNV,s /cNV,w . We hypothesized that this ratio reﬂects the ratio between the energies dissipated during the sampling (Eq.
(24)) which can be determined solely by the measured parameters xf , where
we obtained xf,s = 0.9 and xf,w = 0.7. The calculated ratio As /Aw = 1.98
agrees well with the average value of the ratio between the concentrations
obtained from the data (Table 1) 1.88.
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Fig. 3. Energy dissipated in the needle in dependence on the concentration of NVs in
the isolates. Each point was obtained by two blood samplings performed on the same
donor, immediately one after another, but with diﬀerent types of needles; δA = A1 /A2
and δNV = cNV,1 /cNV,2 . Two blood donors (female, 54 years and male, 30 years) donated
blood for the experiment.

Fig. 3 shows the dependence of the work by shear forces during ﬂow
through the needle on the concentration of NVs in the isolates. The correlation is statistically signiﬁcant (Pearson correlation coeﬃcient = 0.69 with
one - tailed probability p = 1.2 ·10−5 ). There were no statistically signiﬁcant
correlations between the concentration of NVs and the length of the needle,
the radius of the needle (gauge) or the time of the blood ﬂow (two tailed
probability p ≥ 0.05), but we found statistically signiﬁcant correlations of
NV concentration with volumetric ﬂow, shear velocity and maximal velocity
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Fig. 4. Scanning electron images of sediments of samples shaken with glass beads at 180 g.
A: erythrocyte fragments and a relatively well preserved erythrocyte (marked with white
arrow), B: normal discocytes in the control (unshaken) sample of washed erythrocytes,
C: remnants of platelets and D: disc-like shapes characteristic for resting platelets in the
control (unshaken) sample of platelet rich plasma.

of blood (at the center of the needle) (two tailed probability p ≤ 0.01).
4.2. Visualization of isolates from shaken erythrocyte suspension and platelet
rich plasma
Fig.4 shows sediments of the shaken samples of washed erythrocytes
(panel A) and of PRP (panel C). Many micrometer-sized irregular cell fragments can be seen in Fig. 4A, while we also found a relatively well preserved
erythrocyte that survived shaking with glass beads at 180 g. A defect marked
with white arrow on Fig. 4A could be described as a ’shooting wound’, the
glass bead playing the part of the ’bullet’. For comparison, Fig. 4B shows
a normal discocyte shape predominant in the population of washed erythrocytes (which were not shaken in the homogenizer). The remnants of shaken
platelets are shown in Fig. 4C. In contrast to thin disc-like shapes of resting
platelets found in platelet rich plasma (Fig. 4D) the remnants of platelets
17

ED

MA

NU

SC

RI
P

T

ACCEPTED MANUSCRIPT

AC
CE

PT

Fig. 5. Scanning electron images of isolated vesicles from samples shaken with glass beads
at 180 g. A: globular vesicles deriving from washed erythrocytes, B: vesicles isolated from
control samples of unshaken washed erythrocytes treated with amphiphile molecules, C:
globular vesicles deriving from shaken platelet rich plasma, D: globular vesicles deriving
from unshaken platelet rich plasma.

in the shaken samples were globular. The membrane of cells that were not
shaken appeared smooth (Figs. 4B and D) while nanostructured surface was
evident especially in the sample with shaken platelets (Fig. 4C).
Figure 5 shows vesicles isolated from shaken samples of erythrocytes
(panel A) and platelet rich plasma (panel C), and from corresponding unshaken (control) samples (panels B and D, respectively). In the sample of unshaken washed erythrocytes, vesiculation was induced by adding amphiphile
molecules (Ca2+-ionophore A23187) to the suspension of erythrocytes. The
ionophore-induced vesicles were much smaller than the vesicles formed in the
shaken sample, homogeneous in size and almost spherical (compare Figs. 5A
and 5B). The shape and size of vesicles isolated from shaken and unshaken
platelet rich plasma however, appeared similar to each other (Figs. 5C and
5D) and also similar to the vesicles isolated from samples of shaken washed
18
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erythrocytes (Fig.5A).

AC
CE

Fig. 6. Characteristic shapes of vesicles without internal structure: A: dumbbell shaped
vesicle in the sample of shaken washed erythrocytes (marked with white arrow), B: dumbbell shaped vesicle in the sample of shaken platelet rich plasma (marked with white arrow),
C: spherical vesicle in the sample of shaken washed erythrocytes (marked with white arrow) and D: spherical vesicle in the sample of shaken platelets (gray arrow). An ordered
group of spherically shaped buds or vesicles can be seen (white arrow).

Isolates from shaken samples (both, platelet rich plasma and washed erythrocytes) contained dumbbell shaped vesicles (Figs.6A and 6B) that correspond to the minimum of the membrane free energy at given membrane area
and enclosed volume (38). Also spherical vesicles were found in these samples (Fig. 6C and 6D). Spherical vesicles likewise correspond to the minimum
of the membrane free energy for a particular volume to area ratio (15). It
is therefore indicated that the observed samples include membrane-enclosed
vesicles without internal structure.
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We have analyzed process of harvesting NVs from blood following venipuncture. During blood sampling the blood ﬂows from the vein through the needle
into the tube. It is exposed to shear stress in the needle. In the tube it comes
in contact with plastic walls and mixes with anticoagulant. Also, it might be
exposed to temperature diﬀerence with respect to the body. All this causes
changes in cell membranes. In platelets, the changes may exhibit as activation with concomitant chemical reactions. Stress imposed upon cells aﬀects
their physical properties and therefore determines also to what extent the
cell membranes will be prone to vesiculate in the next steps of the isolation
process.
The ﬁrst centrifugation (at 1500 g for 15 min) sediments the majority of
blood cells. Two regions in the tube are evident after the ﬁrst centrifugation: a red bottom region consisting mostly of erythrocytes and a yellowish
upper region. Then, the upper 250 µL of the yellowish supernatant (platelet
poor plasma) is centrifuged at 17,570 g for 5 min. We assumed that this
step produces most of NVs from residual cells, due to high shear stress and
the corresponding equivalent of mechanical work in the viscous plasma. NVs
gather at the bottom of the Eppendorf tube. A small region (smaller than
about 30 µL) with slightly diﬀerent refraction index containing a red dot
(erythrocytes and hemoglobin-containing NVs) can be visualized at the bottom of the Eppendorf tube. The upper part (plasma) is exchanged with PBS
(with smaller viscosity comparing to viscosity of plasma). After the pellet is
re-suspended in PBS, the particles are sedimented again by the third centrifugation at 17,570 g for 5 min. The last centrifugation is supposed to minimize
the presence of dissolved proteins and smaller particles. The supernatant is
exchanged with PBS while the pelet consists of ’washed’ residual cells and
NVs.
We have pursued the previously suggested hypothetical mechanism of
production of NVs in this process (38): NVs found in the isolates derive from
cells and fragments of cells that reside in the supernatant plasma after the
ﬁrst (slower) centrifugation of whole blood. During further processing of the
sample the fragments may be further fragmented, merged or re-conﬁgured,
depending on the properties of cell membranes and plasma. The identity,
concentration, shape and size of isolated NVs thus depend on the properties of the blood cells that are exposed to shear stress during sampling and
processing.
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We have developed mathematical models to describe the above assumptions and features and performed experiments to validate the descriptions.
We constructed two diﬀerent models of blood sampling: sampling with vacuumtubes and sampling with free ﬂow. Comparing theory with results of
experiments showed agreement on the level of populations of samples. This
indicates that the suggested mechanisms were relevant.
It was assumed that the samples exposed to higher shear stress will give
higher concentrations of NVs, mostly due to activation of platelets. In sampling with free ﬂow, we calculated the work performed by the shear stress
and some other related parameters during blood ﬂow through the needle. It
was previously indicated that shear stress may aﬀect the platelets and therefore diagnostic procedures that depend on their state (reviewed in (36)). It
is generally thought that needles with larger radii (e.g. smaller gauge value)
should be used to avoid activation of platelets. It is believed that these processes are important also in isolation of NVs. However to our best knowledge,
no experimental evidence was presented to justify the suggestions that larger
radii of the needle would yield lower concentration of NVs in isolates. We
found that higher work of shear stress and related parameters (shear velocity,
maximal velocity and volumetric ﬂow) were connected to higher concentration of NVs. Although it follows from Eq.(30) that the work by the shear
stress in the needle is inversely proportional to the fourth power of the radius
of the needle, the work depends also on the length of the needle and on the
volumetric ﬂux, which in turn depends on the dimensions of the needle. We
found no correlation of the needle radius with the concentration of NVs in
isolates. This however does not mean that the radius is insigniﬁcant, but
instead, that it should be considered in combination with other parameters.
To predict the concentration of NVs in the isolate, it is not enough to know
the radius of the needle (the gauge), especially as needles with diﬀerent radii
also have diﬀerent lengths. Also the needle dimensions aﬀect the volumetric
ﬂux of blood through the needle, which should also be taken into account.
Our results indicate that the radius of the needle, the length of the needle,
and the pressure in the needle are parameters working together to determine
the production of NVs during the process of harvesting. In this work we
present results of an analysis which considers besides the radius of the needle
also the length of the needle and the volumetric ﬂux of blood, within the suggested mechanism based on calculation of the work performed by shear forces
during blood ﬂow through the needle. The results are in favor of the hypothesis that larger work yields higher concentration of NVs in isolates (Table 1,
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Fig.3). This agreement indicates that the model assumptions as regards the
laws involving the dimensions of the needle, are relevant. It should however
be made sure that the needle is thick and short enough to enable continuous
ﬂow of blood. If the blood ﬂow is too slow, the surface tension may cause
formation of drops which cannot be described with the above formalism.
The experimental results presented in this work support the suggested
theoretical predictions. Diﬀerences and correlation coeﬃcients show high statistical signiﬁcance and unambiguous statistical power. The best result was
obtained in blood sampling with vacuumtubes. All the vacuumtubes with
lower pressure (stronger vacuum), but one, yielded higher concentration of
NVs comparing to the tubes with higher pressure (weaker vacuum)(Table
1). Predictability of concentration of NVs on the basis of work transformed
into activation of platelets and changes of the cell membranes was less effective with free ﬂow (Fig.3). It seems that in sampling with free ﬂow there
were more poorly controlled issues that could have caused dissipation of the
concentration of NVs in isolates. Each point in Fig.3 was obtained by two
samplings with diﬀerent needles. The samplings therefore could not have
been performed from the same position of the vein. The points in Fig.3
were obtained by combination of sampling from the medial cubital veins and
metacarpal veins on both hands. The diﬀerences in pressures in these veins
were unknown. Sampling with free ﬂow may take more than two minutes,
during which the blood ﬂow may change. In sampling with constant free
ﬂow the volume of acquired blood increases proportionally with time and
the nurse decides when to remove the needle from the tube. This is a source
of ﬂuctuations in acquired volume and therefore in the distance of the level
of blood from the centrifuge rotor axis. Removing blood from tubes (for
example by pipette) to equalize the volume causes smearing of blood on the
tube walls which could be a source of error in determination of the volume.
In free ﬂow sampling, the inclination of the needle with respect to vertical
is important as it determines the pressure diﬀerence that drives the ﬂow.
While our theory assumed horizontal position of the needle there may be
technical diﬃculties to keep the needle in such position during sampling.
Also, in sampling with free ﬂow, performing two or three samplings one after
another in the same donor could have taken several minutes during which
the pressure in the veins is more likely to change than during sampling with
vacuumtubes which was faster (usually up to 10 seconds). Namely, in sampling with vacuumtubes, the initial, largest blood ﬂow into the vacuumtube
is determined principally by the pressure in the tube, which can be assessed
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from the saturated volume of blood in the tube.
Blood sampling is a basic part of any method involving NVs and is therefore key to clinical relevance of the respective method. Since blood is a
dynamic system and its state depends on external parameters as well as on
intrinsic properties of the components, sampling itself changes its biophysical
as well as functional properties. Also the overview of available evidence has
shown that the factors which impact the pre-analytical phase of peripherallycollected venous specimens for medical diagnostic use are very complex and
numerous. The anatomic site, tourniquet time, equipment, technique, personnel, education, and the size of the needle that determines shear stress,
were associated with the degree of haemolysis (50)-(52). Until recently, it
was believed that a routine discard of the ﬁrst tube for plasma-based coagulation assays was needed to prevent the risk for faulty results (53; 54). Also
it was found that blood sampling may aﬀect platelet count in the samples
(55).
We have provided further evidence for the hypothesis that the shear forces
importantly aﬀect the concentration of NVs in the isolates from blood and
that the majority of NVs in blood isolates is created after blood sampling.
Three mechanisms of extracellular vesicle creation are generally acknowledged: microexovesiculation of the plasma membrane, release of exosomes
from internal cell compartments and formation of apoptotic bodies. However, in order to observe or assess any of these particles, they should be
harvested from body ﬂuids or tissues. In other words, the isolates are the
only observable material available. The processes during isolation have been
generally disregarded in obtaining information on hypothetic extracellular
vesicles, as if extracellular vesicles were small cells that can be similarly to
cells, sedimented, washed, resuspended, frosted and defrosted or otherwise
manipulated without the loss of identity. Besides the above ambiguities, is
unclear how many NVs are lost in the procedure due to sticking to laboratory
material with which NVs come in contact (tubes, pipette tips), how freezing
and thawing transforms the material and how the material should be kept
and transported to preserve the relevant information. Attempts are being
made to overcome apparently poor repeatability of the isolation methods by
standardization of the procedures, however, standardization could not solve
the problems of poor understanding of relevant mechanisms. To our best
knowledge, the possibilities of the isolation methods have not yet reached
usefulness for predicted multicentric clinical studies (32).
Clinical studies suggest that, for instance, tumor patients show higher
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exosome levels than normal donors (56)-(58), so while they show that the
sampling procedures may induce NVs release, this may diﬀer between patients
and healthy donors. By the same token the size and composition of NVs
should change between disease and normal conditions, and this may inﬂuence
the NV formation due to shear stress. The ’artefact’ of the NV-harvesting
technology is actually clinically relevant (see also the interpretation in (38))
and we think that the technology of harvesting should be exploited to enhance
diﬀerences between health and disease.
It should be noted that by ﬂow cytometry we were measuring NVs larger
than 400 nm. To measure exosomes, the most accepted methods are Nanosight
Track Assay (NTA) or the nascale ﬂow cytometry by cytoﬂex. To distinguish
exosomes from shedding vesicles the presence of a series of tetraspannins and
markers of internal vesicle should be performed. However, formation of fragments in shear stress includes heterogeneous population of particles, to which
also particles larger than 400 nm (which can be measured by ﬂow cytometry)
are an important part. Our results obtained with ﬂow cytometry were able
to show the agreement of the experiments with theoretical predictions. It
could be expected that with more precise methods the agreement could be
even better, however, it would not aﬀect the conclusions and points proven.
We have used trisodium citrate as anticoagulant in the tubes for blood
sampling and in the buﬀer used for washing samples. A particular choice of
anticoagulant would be expected to inﬂuence the outcome through viscosity
coeﬃcient and could also aﬀect the nature of self-assembly of the membranous structures. However we see no indications how a particular choice of
anticoagulant would aﬀect the conclusions presented in the manuscript (i.e.,
that shear forces are the major mechanism of extracellular vesicle formation
during the isolation procedure, and that the dependencies predicted theoretically can be explained by basic physical laws and were actually proven by a
particular experimental setup). Diﬀerent anticoagulants should however be
inspected to optimize the isolation protocol.
We have enhanced the impact of the mechanical forces by shaking the
samples and additionally, by adding glass beads. The shaker moves periodically in the straight line with the amplitude about 5 cm and estimated peak
acceleration of 180 g. The beads due to their characteristic size move relative to the plasma to create a large interface and high shear stress. We have
completely ﬁlled the epruvettes with samples and beads to hinder the motion of the liquid and the particles in the epruvettes. Nevertheless, it could
be expected that due to the motion of beads, the cells and fragments will
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be ruptured. The remnant membranes may however re-assemble as to avoid
contact of hydrocarbon chains with water. Curvature sorting of constituents
(59) follows also in this case.
It is of interest to understand the mechanisms of EV formation to elucidate the origins of physiological and pathophysiological processes. Mastering
the mechanisms would be a base for therapeutic measures, as EVs with required size and composition could be produced for particular uses. Continuing our previous work (38) we assumed that the majority of EVs are formed
during the procedure of harvesting. Movement of the cells and other particles
in blood is caused by acceleration in the centrifuge and since the acceleration
depends on the position in the tube, shear forces also take place, especially
close to the wall of the epruvette (38) which may cause deformation and
rupture of cells and cell fragments. If cells are elongated, thin tubular parts
are formed which aﬀects lateral distribution of membrane constituents and
enables molecules and clusters from the outer solution to intercalate into the
membrane. Vesicles or membrane regions of particular curvature selectively
upload inclusions from the extracellular solution. Redistribution of membrane constituents eventually stabilizes membrane of particular shape. If the
preferred curvature is large, the vesicles with small diameters may be formed.
In amphiphile-induced budding and vesiculation of erythrocyte membrane
(41; 42; 43) the carbohydrate tail of the amphipile molecule intercalates in
the membrane and causes changes in local and global membrane curvature
(15). Eventually, thin necks that connect buds to the mother membrane
are torn and EVs become free to move in the extracellular solution (15). If
the included molecule attains a cone-like region in the membrane, or preferentially intercalates into one of the two membrane layers, the local and
global membrane curvature increases (or decreases). The process continues
until the shape of extreme (maximal or minimal) average mean curvature is
reached (8). Theoretical calculations showed that the shapes corresponding
to the extreme average mean curvature are spheres, cylinders and tori (15).
The experiments with amphiphilic molecules conﬁrm these notions: the exovesicles isolated from the treated samples are either spherical or tubular,
depending on the type of intercalated molecules (44; 8). It is likely that
the amphiphilic molecules continue to intercalate into the membrane also
after the vesicles are pinched oﬀ from the mother membrane. The intercalated molecules strongly determine the shape and composition of the vesicles,
which explains the homogeneous distribution of the vesicles with respect to
size and shape.
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Erythrocytes have proven useful for such studies since they do not have
internal cytoskeleton while the spectrin network underlays membrane and
can be viewed as another membrane layer. The erythrocyte is therefore a
membrane-enclosed liquid which attains its shape according to the minimum
of the membrane free energy (60). The eﬀects of the membrane composition and changes in the inner and outer solutions are reﬂected in changes of
the erythrocyte shape. When erythrocytes attain echinocyte shape the membrane buds appear at the tips of echinocyte spicules (38). Before pinching oﬀ
of the EV, the membrane skeleton detaches from the phospholipid bilayer,
as EVs are devoid of spectrin (41). Addition of amphiphile molecules can
likewise induce budding and vesiculation in platelets, but it was shown that
the integrity of the cytoskeleton or its remnants importantly inﬂuences the
shape change (42).
Unlike the mainly spherical and tubular shapes of EVs created by treating
erythrocytes with amphiphiles, the EVs obtained in our study were heterogeneous in shape and size. Moreover, the observed shapes of particles found in
the sediments of shaken cells and in the isolates were consistent with shapes
of membrane-enclosed particles without internal structure energy (61). It is
therefore indicated that the cells were mechanically ruptured due to shaking
with beads (Figs 4 and 5), however, the membrane parts re-assembled into
vesicles without internal structure (Fig.6). The shape of the particles in the
isolates was similar in samples with washed erythrocytes and in samples with
platelet rich plasma. This indicates that the underlying mechanisms and processes are non-speciﬁc as regards the type of the cell, but they may strongly
depend on the technology of harvesting. In other words, to yield small EVs,
the setting of the centrifuge or changing the composition of the extracellular
liquid is expected to make a diﬀerence. In our experiments, the homogenizer
developed accelerations up to 180 g while the centrifuge developed accelerations up to 17,570 g. The isolated NVs were heterogeneous in size, but most
of them were larger than 100 nm (Figs.4 A,C and D). The protocols for isolation of exosomes include centrifugation at even higher accelerations (e.g.
100,000 g or more) which indicates that the shear forces near the interface
with epruvette walls are expected to be proportionally larger and that the
fragmentation would be continued to yield even smaller EVs in isolates.
Assuming that the particles have spherical shape and that during centrifugation, the equilibrium of forces (systemic centrifugal force, buoyancy
and resistance described by the Stokes law) is reached, the velocity of the
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particle vparticle is

2
2∆ρrcell
a
,
(33)
9η
where ∆ρ is diﬀerence between the density of the medium in the particle and
the density of plasma, rcell is radius of the cell, a is acceleration of systemic
force and η is viscosity of plasma. To estimate the velocity v, we take that
the density of plasma at 37 o C is 1020 kg/m3 and the density of blood at
that temperature is 1050 kg/m3 at hematocrit about 0.4 (62) which yields
for ∆ρ = 75 kg/m3 , and viscosity of plasma η = 0.0012 kg/sm (63). At rcell
= 1 micrometer and acceleration a = 20,000 g we get the velocity v = 2.8
mm/s. To estimate shear stress we take Eq. (1) and approximation
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where vparticle is the velocity of the particle and d is of the order of a micrometer. Considering Eqs. (33) - (34) we obtain
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Furthermore, the shear force F = σA is proportional to the aﬀected surface
A (which we can estimate by 2πr2 ),
F =

2
a
4π∆ρrcell
.
9d

(36)

The shear force strongly depends on the size of the particle rcell . With the
above data, the estimated shear force in the centrifuge at accelerations a &
20, 000 g is of the order of 10 pN or larger, which is in the range to cause
deformation of soft cells such as erythrocytes (64). It follows from Eq. (36)
that larger particles are exposed to stronger forces and are therefore more
prone to undergo fragmentation. This process continues until the fragments
are so small that the force is too weak to cause their rupture. It can be
seen from Eq. (36) that the force is also proportional to the acceleration of
the systemic force in the centrifuge a, meaning that the size threshold for
fragmentation will at higher centrifuge speed be shifted to smaller particles.
Although the models presented in this work are subject to many simpliﬁcations (neglection of interparticle forces, trajectories of movement, uneven acceleration in the centrifuge due to diﬀerent distances from the rotor
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axis, actual shape of particles, etc.), it reveals some main qualitative features (a possibility of the mechanism of creation of a large pool of micro and
nanovesicles due to mechanical forces) that should be taken into account in
interpretation of the contents of the isolates.
6. Conclusions
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In assessment of extracellular vesicles isolated from blood it is necessary that in addition of the acknowledged three mechanisms of creation of
extracellular vesicles (exovesiculation of the plasma membrane, release of
endosomal cargo and apoptotic decay), another basic mechanism is taken
into account, namely, the production of nanovesicles in shear stress during
the isolation processes. Inspection of SEM images of isolates from shaken
samples showed that the membrane fragments re-sealed to form nano-sized
membrane-enclosed vesicles without internal structure. Our results support
the hypothesis that the majority of the observed NVs harvested from blood
by centrifugation (up to 20,000 g) and washing were formed due to mechanical stress during the process of harvesting. Nevertheless, since the fragmentation depends on the properties of cells and the surrounding liquid, the
isolates are clinically relevant. The mechanisms of NV formation in vivo and
ex vivo should be further studied (theoretically, experimentally and by clinical studies), as poor knowledge of these processes presents a bottleneck to
clinical applicability of the NV-based methods. It can be boldly expected
that a practical answer how to elaborate repeatable blood sampling will be
achieved by improving in small but directed steps.
Appendix A.

The blood ﬂow through the needle with the radius r0 is described by the
law of motion proposed by Navier and Stokes. In the cylindrical coordinate
system the three component equations are
vφ2
∂vr
2 ∂vφ vr
1 ∂p η
+ (v.grad)vr −
=−
+ (∆vr − 2
− 2 ),
∂t
r
ρ ∂r ρ
r ∂φ
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1 ∂p η
vr vφ
2 ∂vr vφ
∂vφ
+ (v.grad)vφ +
=−
+ (∆vφ + 2
− 2 ),
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ρr ∂φ ρ
r ∂φ
r
∂vz
1 ∂p η
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ρ is the density of the blood, η is its viscosity and p is the pressure driving
the ﬂow. It is assumed that the ﬂow in the needle is in the z direction only,
uniform and laminar and it is taken that it is completely developed. For
simplicity, blood is described as an incompressible Newtonian liquid. These
assumptions yield a single diﬀerential equation deriving from Eq.(A.4),


1 ∂ ∂vz
∂p
=η
(r
) .
(A.7)
∂z
r ∂r ∂r

PT

It is taken that the pressure gradient along the needle is uniform,
∆p
∂p
=
,
∂z
l

(A.8)
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where ∆p is the diﬀerence accross the needle and l is the length of the needle.
The solution of diﬀerential equation (A.8) is
 2 !
r
vz = vz,0 1 −
,
(A.9)
r0
where

vz,0 = ∆pr02 /4ηl

(A.10)

is the velocity of blood in the middle of the needle. The volumetric ﬂow rate
consistent with parabolic velocity proﬁle (Eq.(A.9)) is given by the Poisseuille
- Hagen law
πr4 ∆p
dV
= 0 ,
(A.11)
dt
8ηl
where dV is the volume element of blood and dt is element of time.
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