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Abstract
Although the role of extracellular vesicles in inter-cell communication is acknowledged,
their analytics is yet problematic. Poor understanding of effects of sample processing
may be one of the cornerstones of this issue. We investigated the effects of centrifuga-
tion during the vesicle isolation on the number, size, content and shape of particles in
the isolates. Particles in the range of about 100e500 nm as observed by the scanning
electron microscope exhibited characteristic shapes of vesicles without internal struc-
ture. Enhanced centrifugal pull resulted in increased amount of certain types of proteins
in the isolates. Majority of present proteins were highly abundant human plasma pro-
teins, including albumins and immunoglobulins. Results are in favor of the hypothesis
that the isolated particles reflect the substance from which they originate (cells and the
surrounding solution) and the performed processing; and therefore, vesicles in isolates
should be viewed upon as a dynamic material with transient identity.
1. Introduction

Nano-to micro-sized membrane enclosed particles (vesicles) can be
found in biological fluids and cell-culture media. Initially, they were called
“cell dust” [1] as they were presumed to be packages of cell waste and/or a
side product of cell degradation. It was later observed that they intervene in
various biological processes and play important roles in development and
functioning of an organism [2]. Different mechanisms of their formation
were proposed, and a term extracellular vesicles (EV) was introduced to
comprise the heterogeneous cluster of vesicles that can be found in biolog-
ical samples.

EVs have cell-originated membrane and contain important biological
molecules (proteins, lipids, nucleic acids and metabolites). Therefore, EVs
are carriers of valuable information about the cells they come from, reflect-
ing their state and condition. The foreseen potential of EVs to be used as a
convenient diagnostic and potentially therapeutic tool opened an era of
extensive research. However, up to day, EV analytics has not reached the
level of reliability required for clinical applications. Thus, EV exploitation
remains limited [3e8].

One of the bottlenecks of the progress appears to be EV harvesting, their
isolation and purification [9e13]. Despite strong initiatives for
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standardization of these procedures [14e16], the studies of EVs remain
largely incoherent. The reproducibility of the isolation experiments and
also the reliability of the following characterization and functional data is
deficient. The need of improvement of the existing protocols pushes the re-
searchers into further and further changes of parameters and development of
completely new approaches. Due to the high variety of methodologies, the
outcomes of different studies are often hard to compare. But since the reli-
able and reproducible method for EV isolation is still lacking, and we do not
have enough knowledge of how individual parameters influence the isola-
tion, the standardization of protocols seems to be yet premature.

Events taking place during harvesting are still poorly understood, and
processing of samples before and during the isolation procedure can cause
significant changes of the EVs in the isolates [17]. Genuineness of EVs after
isolation and purification procedures may be questionable and represent a
big problem in the EV field. Have we crossed from disregard of the “cell
dust” to some level of over-/miss-price of the microparticles’ significance
in the severely processed samples? We think, that in order to improve
EVs’ applicability, their stability must be more closely considered, primarily
regarding rigidity/fluidity of the membranes and their remodeling.

The self-assembly of a biological membrane is based on the equilibrium
of its components, which is on one hand directed by the cell itself (through
production and regulation of membrane components) and on the other,
influenced by the external factors such as chemicals, temperature, and pres-
sure. When the constraints shaping the membrane assembly are changed, its
components face a possibility (/necessity) to rearrange according to new
conditions of the system. By the physical laws, the new arrangement repre-
sents the most easily accessible free energy minimum.

The membrane architecture varies from cell to cell in regard to its func-
tionality and physiological state. The flexibility of a membrane-perimem-
brane construct conditions its sensitivity and response to perturbations.
Disruptions may be followed by membrane spontaneous reformulation
(resealing, vesicle formation) or degradation (collapse or dissociation of
components).

The most common method for EV isolation from liquid samples is dif-
ferential centrifugation (DC) [10,18]. Centrifuge tubes containing samples
are placed in a centrifuge, where spinning creates a centrifugal field in the
system that pulls the freely floating particles in the samples away from the
centrifuge rotor axis. Separation is based on distinctive sedimentation coef-
ficients (S) of the sample components. Sedimentation coefficients depend on
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particles’mass (m), radius (r) and on viscosity of the medium (h), according to
relation S ¼ m/6prh. Differential centrifugation (DC) is therefore a centri-
fugation method in which different species are selectively spun down from a
mixture by a series of increasing centrifugal forces. General pitfalls of DC
include variability in sedimentation efficiencies [19,20], accompanied with
co-sedimentation of undesired material (proteins and lipoproteins [21e
23], RNA aggregates [24], viral particles) with similar S value; and EV ag-
gregation and/or disruption [12,25,26]. However, in spite of vast use of ul-
tracentrifugation-based processes, the knowledge on the effect of high
centrifugal force and the concentrating of EVs throughout the sample pro-
cessing is yet rudimentary.

Due to their small size, a prolonged action (hours) of a strong force (high
speed centrifugation, ultracentrifugation, UC) is required to sediment EVs.
The time consumption of the procedure paralyzes the high-strength studies
with large number of samples, and makes EV centrifugation inconvenient
for routine use in clinical practice. Alternative isolation techniques were
recently proposed to overcome these issues. Ultrafiltration, flow field-
flow fractionation, dialysis, size exclusion chromatography, microchip-based
techniques and precipitation-based methods are being developed, and used
alone or in combination with ultracentrifugation-based methods. Immu-
noaffinity-based isolation can also be applied to harvest EVs with particular
surface protein composition [27e29]. Recently, commercial kits were
launched, e.g. ExoQuick (System Biosciences) and Total Exosome Isolation
kits (TEI, Invitrogen) based on polymer precipitation, qEV (Izon) based on
size exclusion chromatography, (UF, Millipore) based on ultrafiltration, and
exoEasy (Qiagen) based on membrane-based affinity binding [30]. Howev-
er, different isolation methods were found to lead to different EV popula-
tions and different level of purity of the EV isolates [31]. Furthermore,
damage or alteration to the EV structure may occur during the harvesting
and assessment procedures, due to mechanical/thermal stress and chemical
reactions. Although the suggested methods are faster and easier to apply
than DC, a recent thorough comparison between isolates that were obtained
by various methods showed that among the tested, ultracentrifugation-based
methods are still preferential as regards the isolate purity [30]. Also, with
available centrifuge and high throughput of samples, this technique may
prove cost-effective and environment-liable.

To improve the repeatability and accuracy of the isolation procedure we
examined the effects of centrifugation on biological material. In order to
reveal what happens with the plasma components that are not successfully



Fig. 1 Schematic representation of centrifugation approaches. Differential centrifuga-
tion is a common method for separation of particles with different sedimentation co-
efficients. Larger and denser particles have higher sedimentation rate, and therefore
concentrate in the pellet faster than smaller and thinner ones. Low speed centrifuga-
tion is therefore used to remove cells and larger particles, while supernatant is sub-
jected to higher speed centrifugation to sediment smaller particles. The parallel
centrifugation was performed in this study to test the hypothesis of sample transforma-
tion during harvesting, and investigate possibilities of tearing of particles and reorga-
nization of the present components upon centrifugation processing.
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removed in the appropriate steps of DC, blood plasma was subjected to par-
allel centrifugation (schematic comparison of centrifugation-based ap-
proaches is represented in Fig. 1). Different centrifugation accelerations
were tested, starting from lower (i.e. 10 000 g), and ending with
100 000 g, which is commonly used to harvest small EVs (exosomes) [10].
A protocol that is frequently used for clinical studies [17,32e46] was also
inspected. We closely followed the transformation of the material from
mild to the keenest conditions. Flow cytometry (FCM) and dynamic light
scattering (DLS) were employed for particle quantification and size charac-
terization. Attention was payed to the effects of freezing/thawing of the
starting sample, and UC-processing temperature on the resulting isolates.
Gel-based proteomics was performed on a set of isolates to reveal their pro-
tein content and composition. Morphology of isolates was examined by
scanning electron microscopy (SEM).

2. Experimental

2.1 Sample collection

2.1.1 Blood collection and plasma preparation
Blood was donated by an author of this article, a 28 years old male with no
record of disease. After a 12 h overnight fast, venous blood was collected at
ambient temperature (24 �C) by a 21-gauge needle (length 70 mm, inner
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radius 0.4 mm, Microlance, Becton Dickinson, New Jersey). It was drawn
into two 4.5 mL evacuated tubes (BD Vacutainers, Becton Dickinson,
CA) with trisodium citrate (109 mM). The tubes were gently turned around
three times and then centrifuged for 30 min, 2000 g (centrifuge Centric
400/R, Tehtnica, �Zelezniki, Slovenia) at 22 �C in order to separate plasma
from cells. The plasma supernatant was collected (down to 4e5 mm level
above the cell pellet) and pooled in a 15 mL falcon tube prefilled with
5 mL of citrate-PBS buffer (154 mM NaCl, 1.4 mM phosphate, 10.9 mM
trisodium citrate; pH 7.4) at ambient temperature. Isolation of EVs from
this sample was performed straight after.

Due to the large required sample volume for parallel centrifugation ex-
periments, additional blood plasma was purchased from the Blood Transfu-
sion Center of Slovenia. The blood sample was collected according to
general standards and procedures for transfusion purposes. A complete
dose of blood was collected from a healthy volunteer without complications.
COMPOFLOW� 4F T&B 63 mL CPD/100 SAGMeRCCePDS-V col-
lecting bag (Fresenius Kabi AG, Czech Republic) was used together with
scale and mixer device Hemoflow 06393. The blood was centrifuged after
3 h 20 min of incubation at room temperature, centrifugation for 14 min at
22 �C at 3540 rpm (Cryofuge 6000i, rotor 6606, Thermo Scientific, ZDA)
was performed (hard spin) to separate whole blood into three components:
hematocrit, plasma and the buffy coat layer. The cell fractions and blood
plasma were collected by CompoMat G5 and CompoMaster Net G5 Sys-
tem (program of separation: TB Buffy Coat). The plasma (260 mL) was
not suitable for further medical utilization due to the imperfect cell elimina-
tion. The plasma was kept at room temperature (22 �C) for 20 h before
dispensed into the 15 mL aliquots, frozen and stored at �80 �C.

2.1.2 EV isolation from fresh plasma
1 mL aliquots of diluted plasma were centrifuged at 17 570 g for 20 min at
22 �C (centrifuge Centric 200/R, Domel, �Zelezniki, Slovenia, swinging
rotor). 950 mL of the supernatant was saved for later analysis; pellet was
washed by adding 450 mL of fresh citrate-PBS buffer and centrifuged again
using the same conditions. Two EV isolate samples were fixed in situ (adding
50 mL of modified Karnowski’s fixative to a 50 mL of sample in the tube);
while the rest were resuspended in the remaining 50 mL of supernatant,
and gathered (to yield app. 400 mL). Fresh buffer was added to this isolate
to a total volume of 1 mL, rigorously mixed and centrifuged again using
the same conditions. 700 mL of supernatant was discarded, while the pellet
was suspended in the remaining liquid.
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2.1.3 EV isolation from thawed plasma
To ensure the same starting plasma sample for evaluating effects of enhanced
centrifugation through the experiments of parallel centrifugation (Fig. 1,
Table 1: protocols #1a-b, #2-#10), plasma sample was purchased from
Blood Transfusion Center of Slovenia and kept frozen at -80 �C until
used. The frozen plasma was rapidly thawed at 37 �C and centrifuged at 1
000 g, 30 min, 22 �C, (centrifuge Centric 400/R, Domel, �Zelezniki,
Slovenia), to remove the remaining cells. Supernatant was transferred into
another centrifuge tube and centrifuged again at 1 000 g, 15 min, 22 �C.
The supernatant after second step of cell removal was then dispensed into
1 mL aliquots for isolation according to different protocols.
Table 1 List of EV isolation protocols and analyses performed on respective isolates.
Starting
blood
plasma
sample RCFc Duration T Rotor type Protocol Analysis

Fresha 17 500 g 20 min 22 �C Swinging
bucket

#1 FCM, SEM

Thawedb 17 500 g 5 min 22 �C Swinging
bucket

#1a DLS, FCM,
MS

Thawedb 17 500 g 30 min 22 �C Swinging
bucket

#1b FCM, DLS

Thawedb 10 000 g 60 min 22 �C Fixed angle #2 FCM, MS,
SEM

Thawedb 20 000 g 60 min 22 �C Fixed angle #3 FCM, MS,
SEM

Thawedb 100 000 g 60 min 22 �C Fixed angle #4 FCM, MS,
SEM

Thawedb 100 000 g 8 h 22 �C Fixed angle #5 FCM, MS,
SEM

Thawedb 10 000 g 60 min 8 �C Fixed angle #6 DLS, FCM
Thawedb 20 000 g 60 min 8 �C Fixed angle #7 DLS, FCM
Thawedb 50 000 g 60 min 8 �C Fixed angle #8 DLS, FCM
Thawedb 100 000 g 60 min 8 �C Fixed angle #9 DLS, FCM
Thawedb 100 000 g 120 min 8 �C Fixed angle #10 DLS, FCM

DLS, dynamic light scattering; FCM, flow cytometry;MS, mass spectrometry. SEM, scanning electron
microscopy.
aThe blood plasma was prepared from fresh blood sample. Note that the donor and the plasma
preparation procedure were different for this protocol than for all the rest.
bIn order to assure the same starting sample for all tested protocols, blood plasma was purchased from
Blood Transfusion Center of Slovenia. Due to the limitations of throughput of the method, the ex-
periments were not performed on the same day. The plasma was therefore frozen and stored at -80 �C
until used.
cRelative centrifugal forces (RCF) of the isolation and purification step of the protocol.
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Isolation was performed in centrifuge Centric 200/R (Domel, �Zelezniki,
Slovenia, with swinging rotor); at 17 570 g for 5 min (protocol #1a) or
30 min (protocol #1b) at 22 �C; or in the Beckman L8-70 M ultracentri-
fuge (Beckman coulter, USA, with fixed angle rotor type Ti50.2) at
10 000 g (protocol #2) or 20 000 g (protocol #3) or 100 000 g (protocol
#4) at 22 �C for 1 h or at 100 000 g and 22 �C for 8 h (protocol #5).
950 mL of supernatant was discarded; the pellet was resuspended in 1 mL
of citrate-PBS buffer and centrifuged again. In the sample obtained by
high velocity centrifugation (8 h, 100 000 g pellet), the whitish fraction
just above the gelatinous pellet was resuspended in 1 mL of buffer and
centrifuged again at 100 000 g for 4 h. The supernatant was discarded and
the fraction above the gelatinous part (cca 50 mL) was resuspended in
450 mL of fresh buffer. The experiment was repeated at 8 �C, applying
10 000 g (protocol #6), 20 000 g (protocol #7), 50 000 g (protocol #8)
and 100 000 g (protocol #9) for 1 h, and 100 000 g for 2 h (protocol #10).

2.2 Scanning electron microscopy
The samples were fixed in a modified Karnovsky’s fixative (2.5% glutaralde-
hyde, 0.4% formaldehyde in phosphate buffer saline (PBS; 137 mM NaCl,
2.68 mM KCl, 10.14 mM Na2HPO4, and 1.84 mM KH2PO4, pH 7.4) and
post-fixed with OsO4, following the protocol adopted from Le�ser et al. [47].
In brief, the supernatant after the centrifugation at 17 570 g was applied to a
0.05-mm filter (Polycarbonate (PCTE) membrane filters, ref:
PCT00513100, Sterlitech, USA), lightly washed with PBS and fixed in
the primary fixative for 1 h at 22 �C. The pellets were fixed in the tubes
directly, or transferred to a clean cover glass and incubated for 2 h at
room temperature to allow adhesion. Primary fixative (buffered glutaralde-
hyde and paraformaldehyde) was then added to all the samples in the ratio 1:
1, and the samples were incubated overnight at 4 �C. The fixatives were
then removed by three-step washing (incubation time 10 min in each
step) with phosphate buffer. Then, samples were incubated in 2% OsO4

for 1 h, washed 3-times with distilled water (incubation time 10 min in
each step), treated with saturated water solution of thiocarbohydrazide
(15 min), washed with distilled water (incubation time 10 min in each
step), incubated 1 h in 2% OsO4, again; washed three-times with distilled
water (incubated for10 min in each step) and dehydrated in graded series
of ethanol (30%e100%, 10 min each; absolute ethanol was replaced 3 times)
and hexamethyldisilazane (mixed with absolute ethanol; 30%, 50% and
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100%, 10 min each), and finally air dried. The samples were Au/Pd coated
(PECS Gatan 682), and examined using a JSM-6500F Field Emission Scan-
ning Electron Microscope (JEOL Ltd., Tokyo, Japan).
2.3 Flow cytometry
FCMmeasurements were performed withMACSQUANT flow cytometer
(Miltenyi, Bergisch-Gladbach, Germany), with the lasers set to 394 V (FSC),
454 V (SSC), and the trigger set to SSC: 1.8). Blood and platelet poor plasma
were analyzed within 2 h from blood collection. The particles in fresh iso-
lates were analyzed by flow cytometry immediately after isolation, and later,
on thawed samples after up to a week of storage at 4 �C. The gates were set
in a preliminary study of several blood samples; identity of cells in the pre-
sented regions was confirmed by fluorescently labeled antibodies (CD41 was
used to label platelets and CD45 to label leukocytes) and by SEM analysis.
2.4 Dynamic light scattering
The dynamic light scattering experiments were performed with the 3D-
DLS-SLS cross-correlation spectrometer from LS Instruments GmbH (Fri-
bourg, Switzerland) with a 20 mV HeeNe laser (Uniphase JDL 1145P,
l0 ¼ 632.8 nm). The samples were equilibrated in the decalin bath at
25 �C for 15 min prior the measurement. The measurements were per-
formed at 90� angle. All details regarding the instrumentation and data treat-
ment are described in detail in Refs. [48e50]. The samples were diluted
with the citrate-PBS in the ratio 1:10 or 1:20 to attain optimal scattering in-
tensity and eliminate impacts of high concentration on particle diffusion.
CONTIN analysis [51] was employed for transformation of correlation
functions into the distribution of diffusion coefficient (D) values of species
in solution. The final result of the analysis is the size distribution of particles
in solution. The size parameter obtained is the hydrodynamic radius (Rh),
which is calculated from the measured D by taking into account the
Stokes-Einstein relation (D ¼ kBT=6phRh; here, kB is the Boltzmann con-
stant, T is the temperature and h is the viscosity of the medium). As samples
were very diliute, water viscosity was considered appropriate for calculation
of Rh from the measured diffusion coefficient. The Rh calculated in this way
corresponds to the radius of a hypothetical hard sphere that has the sameD as
the particles in the sample. A representative distribution as obtained by the
DLS analysis is presented in Fig. 2 for an isolate and its corresponding plasma
supernatant after the first step of isolation.



Fig. 2 A representative size distribution as obtained by the DLS analysis of an isolate
and the corresponding plasma supernatant after first step of isolation. Intensity of scat-
tering (I) given in arbitrary units (a.u.) represents the fraction of intensities IRh/Itot.
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2.5 Proteomic analysis
The protein contents of different isolates (obtained by centrifugation at
22 �C; assigned as isolate 1e5) were determined by Bicinchoninic acid
(BCA) protein assay kit (Pierce, Thermo Scientific, USA). Volumes con-
taining 20 mg of protein were loaded and electrophoretically separated under
reducing conditions on a precast Novex Bolt 4%e12% Bis-Tris Plus gel us-
ing Bolt (3-(N-morpholino)propanesulfonic acid) MOPS SDS running
buffer (Life Technologies, Carlsbad, CA, USA) according to the manufac-
turer’s instructions, and stained with colloidal Coomassie blue. Seven bands
were selected for LC-MS/MS based shotgun proteomics analysis. Details
regarding MS and bioinformatics are described in Refs. [52e54].

3. Results

3.1 Low speed isolation protocol analysis

An isolate was prepared from fresh plasma sample according to the

protocol #1 (Table 1) that was found to be frequently employed in clinical
studies. As this protocol applies relatively low centrifugation forces
(17 570 g), larger particles were expected to be present in the isolate, while
the smaller ones shall be removed in the washing step.

Fig. 3 shows SEM images of the surface of the centrifuge tube in which
the last step of the isolation of EVs from the fresh blood sample by the pro-
tocol #1 had been performed. Activated platelets accumulated in the bot-
tom of the centrifuge tube (Fig. 3A), while many damaged ones were
found in the region of transition from the bottom to the wall (Fig. 3B).
There were many submicron particles of various shapes attached to the



Fig. 3 Scanning electron microscopy images of isolates from human blood plasma ob-
tained by protocol #1 (17 570 g, 22 �C, 20 min, Table 1) and imaged directly in the
microcentrifuge tube in which the last step of the isolation took place. (A) The platelets
that were not successfully removed in the first step of isolation gather in the pellet after
centrifugation at 17 570 g. The activated platelets exhibit tubular protrusions (an
example exposed by the white arrow). (B) Damaged platelets surrounded by vesicles;
the white arrow points to a corpus of a platelet with stumps that probably remained
after projections were teared away during processing, (C) diversely shaped structures
were found adhered to the centrifuge-tube wall. (D) High magnification micrograph
of those structures. Arrows point to some characteristic shapes corresponding to the
theoretical free-energy minimum conformations of membrane bilayer [17,55]: bicon-
cave discoid (full line arrow), globular units joined by neck-straits (dotted arrow), tubes
(short-dashed arrow), torus (long-dashed arrow). Scale bars in (AeC): 1 mm; and 500 nm
in (D), respectively.
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surface higher up in the centrifuge-tube (Fig. 3CeD). The smooth spherical
endings of the observed tubular structures (Fig. 3D, short dashed arrow) sug-
gest that these particles have membranous foundation. The pattern of their
orientation ordering (see Fig. 3C) is probably caused by the flow of the sam-
ple established upon centrifugation.

Fig. 4 shows SEM images of the same EV isolate as presented in Fig. 3,
but in this case, the same isolate was transferred and fixed for SEM imaging



Fig. 4 Scanning electron microscopy images of isolates from human blood plasma ob-
tained by protocol #1 (17 570 g, 22 �C, 20 min, Table 1) imaged after transferring the
isolate to a cover glass. (A) residual platelets adhered to the glass surface, (B) and (C)
close-ups of selected regions; (D) a coverglass (with no biological material) treated
by the same fixation protocol as samples of isolates. The full-line arrows point to thick-
ened endings of tubular protrusions. The dotted arrow shows a group of small (nano-
sized) particles. Arrowheads point to artifacts of fixation (a close up on (C) that were also
found in blank samples (D). Scale bars: 10 mm in (A), and 1 mm in (BeD).
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on a cover-glass. The activated platelets from the isolate adhered to the
cover-glass (Fig. 4A). Some small structures (10e50 nm) of very regular
round shape (arrowheads on the close-ups in Fig. 4B and C) were noted
in the isolates. Similar structures were observed also in samples where no
biological material was present (Fig. 4D), and were therefore considered ar-
tifacts of sample preparation. Only few particles with characteristic shapes of
vesicles (such as the ones in Fig. 3BeD), were observed in this sample.

Fig. 5 shows the supernatant of the plasma after the first centrifugation
(the part of the sample which was discarded in the process of isolation).
The supernatant was transferred to the filter paper for imaging. Neither
intact nor activated platelets were observed in the supernatant. Fragments
of membranes (arrowheads) and some globular particles (full-line arrows)



Fig. 5 Scanning electron microscopy images of the supernatant of plasma centrifuged
by protocol #1 (17 570 g, 22 �C, 20 min, Table 1) e (A) and a close up of it e (B) Frag-
ments of membranes (thick arrowheads), loose globular particles splotched on the sur-
face of the filter (full-line arrows), meshwork precipitates (dotted arrows) and probable
artifacts of fixation (small arrows). Scale bars: 1 mm.
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were noted, many of which were splotched on the surface of the filter. Some
meshwork precipitates were also observed in this sample (dotted arrows).
They could have been formed during fixation by aggregation of organic
components. Such structures were often observed in insufficiently washed
or degraded samples (e.g. Fig. 7C and D showing the thawed sample).

Fig. 6 presents scatterplots of blood, blood plasma and isolate prepared
from fresh blood sample following the protocol #1 (Table 1). Regions
were determined based on preliminary tests with washed erythrocytes and
samples labeled with cell-specific markers. After removal of cells (by centri-
fugation of blood at 2 000 g and 22 �C for 30 min), the blood plasma was
rich with particles in the size range of platelets and smaller (concentration
of all detected particles in cell-depleted plasma was 49 200/mL with 45%
of those pertaining to the platelet region - central square gate in Fig. 6B).
The scatterplot (Fig. 6C) corresponds to the isolate (concentration of
detected particles was 19 620/mL with 95% pertaining to the platelet re-
gion). According to the FCM and SEM analysis, in protocol #1 (Table
1), the majority of the platelets that remained in the supernatant after centri-
fugation of blood at 2 000 g, were sedimented after the first centrifugation at
17 570 g, 20 min, 22 �C. It can be noted (see the scatterplots in Fig. 6) that
the source blood plasma contained higher amount of particles smaller than
500 nm (the size was estimated by FCM analysis of standard polystyrene
beads) than the isolate, meaning that those particles (found in supernatant
Fig. 5) were largely removed in the washing steps of isolation.



Fig. 6 Flow cytometer scatter plots of: (A) blood; (B) supernatant after centrifugation of
blood at 2 000 g, 22 �C for 30 min e blood plasma; (C) isolate obtained by protocol #1
(17 570 g, at 22 �C for 20 min, Table 1); (D) thawed plasma sample, used in protocols
#1a,b-#10, Table 1. Gates were set based on preliminary study (not shown). Well defined
populations of erythrocytes (Erc) and platelets (Plt) can be seen (marked as Erc and Plt
in Panels AeC, respectively. Leukocytes appear in the Erc gate, but in case of whole
blood, their contribution to the count in this gate is negligible. Comparison of Panels
B and D indicates that populations in thawed plasma sample are different from popu-
lations in fresh plasma. Populations in 4 quadrants in Panel D were defined for the con-
venience of the analysis: large and strongly scattering particles (UR1), large and weakly
scattering particles (LR1), small and strongly scattering particles (UL1); small and weakly
scattering particles (LL1). For comparison, those gates are also represented on the sam-
ple of blood (Panel A). Population detected in the plasma (B) was open-spread to small
and weakly scattering events (left and below from the platelet gate, respectively).
Isolate (C) appeared as a closed population with majority of particles being larger
than the lower detection limit of the flow cytometer (about 400 nm).

126 Darja Bo�zi�c et al.
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3.2 Parallel centrifugation experiment
Fig. 7 shows SEM images of isolates from thawed plasma obtained by parallel
centrifugation at different centrifugation speeds, i.e.: at 10 000 g at 8 �C
(Fig. 7A and a close up on Fig. 7B, protocol #2, Table 1), at 17 570 g
and 22 �C (Fig. 7C and A close up on 7D, protocol #1a, Table 1), and
the surface of a pellet after 8 h centrifugation at 100 000 g, 22 �C (Fig. 7E
and A close up on 7F, protocol #5, Table 1). Singular relatively intact resid-
ual erythrocytes (marked by white arrowheads) and traces of erythrocyte
ghosts (marked by gray arrowheads) can be observed in the isolates obtained
by lower centrifugation speed 10 000 g (Panel A). Isolates obtained by
higher speeds (Panels BeD) yielded sub-micron particles (marked by dashed
arrows in Panels B, C and D) and coalesced precipitates (marked by dotted
arrows in Panels C and D). However, none of these particles attained a char-
acteristic EV shape corresponding to the minimum of membrane free energy
(such as ones found in isolates from fresh plasma, Fig. 3D). We could not
distinguish particles in the material obtained by 8 h centrifugation at
100 000 g (Panels E and F).

The number of events in plasma and in isolates from plasma obtained by
protocols #6e10 (Table 1) was assessed by FCM (the results are given in
Table A1 and Fig. A3 in the Appendix). The gates for FCM analysis of
thawed-plasma derived samples were set based on preliminary study and
SEM analysis (Fig. 7). The events were divided among 4 quadrants (shown
in previous subchapter, Fig. 6D and in Appendix, Figs. A1eA2, A5); upper-
right (UR): residual erythrocytes, cell ghosts (wide arrowheads on Fig. 7),
and large aggregates; lower-right (LR): fragmented cells (full line arrows
in Fig. 7); lower-left (LL): small and weaker side-scattering particles; up-
per-left (UL): small but stronger side-scattering particles). For analysis con-
venience, events were divided between larger particles (right regions: cell
residual) and smaller particles (left regions).

Fig. 8 shows FCM records on the number of total events (A) and in of
events recorded in the gates where we expect residual cells and cell debris
(B), and smaller particles (C). Results on parallel centrifugation at increasing
centrifugation speeds are shown. The number of events in the gates where
we expect residual cells fluctuated for about 25% in source plasma (black bars
in Fig. 8B) which estimates of the FCM measurements.

The number of events was higher in isolates than in other samples. The
number of events was higher in plasma than in supernatants, but the clear-
ance of particles was not directly related to applied centrifugation speed. No



Fig. 7 Scanning electron microscopy images of isolates obtained by centrifugation at
10 000 g at 8 �C (A and a close up in B, protocol #2, Table 1), at 17 570 g and
22 �C (C and a close up in D, protocol #1a, Table 1), and the surface of a pellet after
8 h centrifugation at 100 000 g (E, and a close up in F (protocol #5, Table 1). The
wide arrowheads point to erythrocytes (white arrowheads) and erythrocyte ghosts
(emptied cell membranes, gray arrowheads). Full-line arrows indicate platelet remains
(degraded deposits of aggregated cells), dashed arrows point to sub-micron-sized par-
ticles (EVs), while dotted arrows in Panels BeD point to nets of small globular particles,
presumably precipitates of proteins. Material in pellet obtained after 8-h centrifugation
at 100 000 g was of inrecognizable structure (pannels E, F). Scale bars: 10 mm in (A), and
(E), 1 mm in (B), (C), (D) and (F).
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Fig. 8 Concentration of particles in samples from plasma, isolation supernatants and
isolates as measured by flow cytometry. We compared protocols #6e10 (Table 1) pre-
senting increasing speed of parallel centrifugation (#6: 10 000 g, 1 h, #7: 20 000 g, 1 h,
#8: 50 000 g, 1 h, #9: 100 000 g, 1 h, #10: 100 000 g, 2 h). Events detected by FCM
(A) were divided with respect to their FCS signal, which is proportional for the particle
size. Changes in larger particles’ concentrations are represented in graph B and those in
smaller particles in Panel C. Supernatants of the sample processed by protocol #6 have
not been measured due to technical problems. Black e source plasma samples; dark
gray e first supernatant; light gray e second supernatant (washing step); stripped
bars e isolate.
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trend was observed in the number of events corresponding to platelets and
larger fragments in the supernatants with increasing centrifugal pull. The
number of events corresponding to larger particles was higher than the num-
ber of events corresponding to smaller particles in all samples (see that the
scales in panels A and B differ by 2 orders of magnitude). Interestingly,
the number of larger particles was almost the same in the two supernatants
(Fig. 8B) while the number of smaller particles (EVs) was smaller in the sec-
ond supernatant (Fig. 8C). This indicates that larger fragments were pelleted
in both centrifugation steps while some smaller ones were lost in the first step
of isolation (plasma centrifugation).

The respective number of events corresponding to both, larger and
smaller particles in isolates, increased with enhanced centrifugal pull and
reached a maximum at 50 000 g (Fig. 8AeC). With continuing increase
of the pull, the number of events then decreased at 100 000 g, 1 h (protocol
#9) and further dropped at extended duration of UC at 100 000 g, 2 h (pro-
tocol #10).

In the first and second supernatant there was an interesting inversion of
the ratio between weaker and stronger side-scattering particles (Appendix,
Fig. A4). In the first supernatant there was a larger share of weaker side-scat-
tering particles, while in the second supernatant, strongly side-scattering par-
ticles represented a vast majority in all samples. It seems that some particles
are eliminated with the supernatant based on their buoyancy (density and
shape).

As by the FCM small and large particle concentration appeared propor-
tional to each other, the possible hidden differences in smaller particles were
assessed by DLS analysis.

The results of DLS analysis of the isolates and their corresponding plasma
supernatants after the first step of isolation (high speed centrifugation) are
given in Appendix (Table A2). Note, that the size parameters obtained by
DLS should not be taken as direct dimensions of the particles, rather they
must be considered with respect to particle’s scattering properties. Further-
more, the width of a peak (dispersion of particle sizes around the determined
mean size) should be taken into account as well.

The size distribution of particles in the isolates in comparison to plasma
sample and supernatants showed similar trend in all samples. In Fig. 2 (in the
Experimental section), prevalence of smaller particles (Rh < 50 nm) in
plasma supernatant over those in the isolate can be observed. This is ex-
pected, as free plasma proteins (Rh < 10 nm) are presumed to remain in
the supernatant, and the isolate is supposed to be further cleared of them
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in the washing step(s). The peaks with mean Rh 10e500 nm were in focus
in this study, as they are presumed to carry information about vesicles (peaks
with Rh 10e200 nm) and cell debris (peaks with Rh 200e400 nm, particles
assessed by FCM, Fig. 8). The intensity of scattered light was determined for
each separate peak. Intensities of the peaks with Rh � 1000 nm were
counted-up and their contribution to the total measured intensity was calcu-
lated (the results are given in Table A2). The smaller contribution of particles
with Rh > 1000 nm to the total scattered light intensity in the isolates pre-
pared with higher centrifugation speeds therefore indicates the higher pres-
ence of large aggregates (Rh < 5 mm) in them.

Fig. 9 shows the intensity of scattered light measured by DLS analysis and
concentration of particles assessed by FCM. As the trends were similar for
the peaks of smaller particles (with mean Rh (10e100) nm, and for the larger
particles with mean Rh (100e500) nm; the collective intensity of scattered
light for all the particles with Rh � 1000 nm is therefore shown in Fig. 9
(IRh�1000 ¼ RRh¼1000

Rh¼0 IðRhÞdRh, gray bars). Stronger scattering was
detected in samples with higher concentration of particles determined by
FCM (see the correspondence of DLS and FCM results presented in
Fig. 9 by gray and black bars). Because the large particles scatter light
much stronger than the small ones, and because the particles detected by
FCM are included in the populations assessed by DLS, this agreement of
Fig. 9 Comparison of dynamic light scattering (white gray and gray bars) and flow
cytometry results (black bars) for isolates obtained by protocols #6e10 (Table 1,
increasing centrifuge speeds from 10 000e100 000 g at 8 �C). The intensity of scattered
light was determined for each separate peak (IRh). Intensity of peaks with Rh � 1000 nm

was summed-up (IRh�1000 ¼ R Rh¼1000
Rh¼0 IðRhÞdRh, gray bars) and their relative contribu-

tion to the total measured intensity was calculated (fraction of intensities IRh � 1000/Itotal,
white bars). Concentration of all detected particles by FCM is demonstrated by black
bars. a.u. e arbitrary units; c e concentration; Rh e hydrodynamic radius.



132 Darja Bo�zi�c et al.
results is expected. On the other hand, this correlation indicates that more
severely processed samples did not contain larger amounts of small particles,
which are below the detection limit of FCM, but can be detected by DLS.
The decrease in the contribution to the total intensity of scattered light
attributed to the particles with Rh � 1000 nm (fraction of intensities
IRh<1000/Itotal, presented in Fig. 9 by white bars) rather suggests that
increasing forces at higher centrifugation speeds cause particle aggregation.
Larger particles scatter light much stronger than the small ones, and there-
fore, even very few aggregates (particles Rh > 5 mm) that are present in
the sample strongly lower the contribution of smaller particles
(Rh � 1000 nm) to the total intensity. In contrast, very large particles may
be excluded from FCM detection as they exceed the detection range deter-
mined by the settings, or if these particles are associates of many, they might
dissociate in the flow before the detection.

FCM displayed a trend in the change of side scattering properties of par-
ticles with increasing centrifugation pull. While there was little or no change
detected in the forward scattering signal (Fig. 10AeE, K-O), the side scat-
tering of the particles in the isolate became stronger with the increase in the
centrifugation pull (see the SSC scatterplots in Fig. 10FeJ, P-T). The single
peak with relatively low SSC gradually broadened toward right (Fig. 10FeJ)
and split at higher forces (protocol #10, centrifugation at 100 000 g, 2 h,
8 �C, Fig. 10P). This trend was further amplified when centrifugation was
performed at higher temperature. The peak with higher SSC enhanced
and prevailed in protocols #2e4 (1 h centrifugation at 22 �C at 10 000 g,
20 000 g, and 100 000 g, respectively; Fig. 10QeS), and finally disappeared
in the isolate of protocol #5 (8 h centrifugation at 100 000 g, 22 �C;
Fig. 10T). In the sample processed for 8 h, the drop in the scattering inten-
sity (shift of FSC and SSC distributions to the left, Fig. 10O and T) suggests
degradation of the sample.

3.2.1 Analysis of the changes in protein profiles
The concentrations of proteins in the isolates obtained by the protocols #1a-
5 (from the same blood plasma sample) determined by the BCA method
were 2.30 (isolate #1a), 4.01 (isolate #2), 17.22 (isolate #3), 15.55 (isolate
#4) and 101.08 mg/mL (isolate #5). The SDS-PAGE image of their protein
profiles (20 mg proteins) is shown in Fig. 11.

The overall protein profiles of the various isolates are very similar and
characterized only with slight expression differences. Some well-resolved
bands were selected for MS-based proteomic analysis as shown in Fig. 11.



Fig. 10 Forward (gray) and side scattering distributions (black) of particles in the source
plasma sample and in the isolates obtained by centrifugation at different centrifugation
speeds at 8 �C (protocols #6e10, Table 1) and at 22 �C (protocols #2e5, Table 1) as
determined by FCM. Please note, that in protocols #2 and #6; #3 and #7; and #4 and
#9, same speeds but different temperatures were applied. (A, F) a plasma sample; (B,
G) isolate of protocol #6, centrifugation at 10 000 g, 1 h, at 8 �C; (C, H) isolate of protocol
#7, centrifugation at 20 000 g, 1 h, at 8 �C; (D, I) isolate of protocol #8, centrifugation at
50 000 g, 1 h, at 8 �C; (E, J) isolate of protocol #9, centrifugation at 100 000 g, 1 h, 8 �C;
(K, P) isolate of protocol #10, centrifugation at 100 000 g, 2 h, 8 �C; (L, Q) isolate of pro-
tocol #2, centrifugation at 10.000g, 1 h, 22 �C; (M, R)isolate of protocol #3, centrifuga-
tion at 20 000 g, 1 h, 22 �C; (N, S) isolate of protocol #4, centrifugation at 100 000 g,
1 h, 22 �C; (O, T) isolate of protocol #5, centrifugation at 100 000 g, 8 h, 22 �C. The plots
are normalized to surface area ¼ 1. A vertical guideline is added to the SSC plots F-J and
P-T to highlight the trend of change in side-scattering properties of particles in the iso-
lates obtained by different protocols in the presented order. Changes in concentration
of strongly (U) and weakly (V) scattering particles throughout the processing by
different protocols are also represented (supernatants of the sample processed by pro-
tocol #6 have not been measured due to technical problems). Black bars e source
plasma samples; dark gray bars e first supernatant; light gray bars e second superna-
tant (washing step); stripped bars e isolate.
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The results of LC-MS/MS-based protein identification are shown in
Table 2. Proteins identified in the various samples are highly abundant hu-
man blood plasma proteins, as explained by Strohkamp et al. [63]. Proteins
identified in bands 1e3, for example, were found to be progressively
enriched in samples #2, #3 and #4 upon increasing centrifugal forces. By
comparing the isolates prepared with different centrifugation speeds, we
see accumulation of fibronectin (Band 2) with increasing force. Fibronectin
was largely eliminated in the isolate #5. Protein(s) in Band 5 were highly
enriched in the sample #4 (8 h centrifugation time) while Apolipopro-
tein-B-100 (Band 6) decreased with increased centrifugation speed. Other
bands did not differ substantially in the different samples.



Fig. 11 SDS-PAGE protein profiles of isolates obtained by protocols #1a-5 (different
centrifugation times and speeds, performed at 22 �C) at reducing conditions. SM e
size marker. Band selection for mass spectrometry analysis is noted by the frames.
Bands 1 and 2 were taken from the isolate #4.
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4. Discussion

4.1 Source of vesicles in the isolates

From a very basic perspective, two springs of EVs can be expected in

biological samples e i) internal e cell-directed production of vesicles
through controlled change of membrane components (including formation



Table 2 Gel-based proteomics results. Proteins identified in isolates 1a-5 using different centrifugation regimes (protocols #1a-5). UniProt
ID indicates the accession numbers from the UniProt database; Mascot ion scores indicate the scores obtained from the Mascot software.
Identification of protein in previous proteomic research of EV isolates [64].
Band UniProtID Protein name Molecular weight (kDa) Score Previously related to EVs

1 P01023 Alpha-2-macroglobulin 165 1287 [56e59]
2 P02751 Fibronectin 266 498 [56,59e61]
3 P01023 Alpha-2-macroglobulin 165 509 [56e59]

P01024 Complement C3 189 302 [56,58,59]
P02768 Serum albumin 71 80 [59]

4 P00450 Ceruloplasmin 123 121 [56,60,61]
P01859 Immunoglobulin heavy constant gamma 2 37 71 [62]

5 P01871 Immunoglobulin heavy constant mu 50 443 [56,60,61]
P01024 Complement C3 189 346 [56,58,59]
P02768 Serum albumin 71 324 [56e61]
P0C0L4 Complement C4-A 194 276 [56,59]
P04003 C4b-binding protein alpha chain 68 120 [59]

6 P04114 Apolipoprotein B-100 517 495 [56]
7 P02751 Fibronectin 266 79 [56,59e61]

P02768 Serum albumin 71 77 [56e61]
P01023 Alpha-2-macroglobulin 165 69 [56e58]
P02760 Protein AMBP 40 58 [56,59,60]
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of so-called ectosomes, exosomes and apoptotic bodies); and ii) external e
spontaneous vesiculation caused by membrane perturbations under the
change of system conditions (mechanical stress, change of chemical environ-
ment, temperature, etc). Considering the external path of EV genesis, the
amount of EVs in an isolate depends on the quantity of cells and their
fragility; while in case of internal path, the amount of EVs is expected to
reflect metabolic (including communication) activity of the cells in focus.
The ratio between vesicles of a certain cell origins is presumed to be related
to the abundance of the cell populations in the examined tissues/samples and
their vesiculation-activity.

In case of blood, blood cells are subjected to various perturbing condi-
tions from the sampling on, e.g. change in temperature, contact with exog-
enous surfaces, shear forces in the needle etc. All of those may contribute to
cell fragmentation and activation. It was previously observed that large
portion of vesicles isolated from blood is of the platelet and/or erythrocyte
origin [65e70]. Erythrocytes are by far the most aboundant cells in blood,
high prevalence of vesicles of their origin is therefore expected in case of
cell degradation. Platelets are second most aboundant cells in blood. Further,
they are prone to vesiculate, especially in the activated state [68,70,71]. If a
sample contains cells [72], vesicle count depends on sample storage. The
studies showed, that the amount of platelet-derived EVs greatly increased
when samples with platelets were exposed to lower temperatures, which
can be related to platelet activation [17,68,73].

In the isolation processing the particles move, and are exposed to shear
stress, which also provokes vesiculation [17,43]. One very important factor
in centrifuge processing is temperature. Besides possible cell activation,
lower temperature increases the viscosity of the sample e altering sedimen-
tation times of particles, increasing shear forces, and changing membrane
mechanical properties [74,75].

Some cells remain in the supernatant after the first centrifugation step,
and most of them are platelets (represented in the scatterplot in Fig. 6B,
and Figs. 3 and 4). Platelets are the smallest blood cells, and upon activation,
they get branched (see Figs. 3A or 4A), which contributes to their slower
sedimentation rate. In the following steps of isolation, the retained cells
are subjected to high-speed centrifugation (i.e. > 10 000 g). In our samples,
majority of the residual platelets sediment at 17 570 g. Interestingly, the
platelets in the pellet retained adhesive properties as they bound to glass in
the process of preparation for imaging (Figs. 3A and 4A). The morphology
of adherent platelets in the transferred samples (activated globular shapes
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with tubular protrusions; Fig. 4A) may be induced by the action of shear
forces during the processing, although similar morphology was reported
in relation to their interaction with glass surface [76] or their late apoptotic
state [77].

When cells and their fragments during centrifugation reach the tube wall
the shear forces on them greatly increase. If the cells are fragile and their
membranes are fluid enough to form vesicles after tearing, the vesicles are
formed from damaged cells. This can result in high quantity of vesicles orig-
inating from cells that were not efficiently removed in the previous steps of
isolation.

In the supernatant after centrifugation of fresh plasma at 17 570 g (pro-
tocol #1), fragments of membranes (arrowheads, Fig. 5) and some loose
globular particles (full-line arrows, Fig. 5) splotching on the surface of the
filter were noted. We speculate that they could be low density lipoproteins,
lipid droplets or possibly some low density vesicles, formed after cell destruc-
tion and membrane phase separation. Such vesicles are not expected to sedi-
ment due to possible low density content, poor on proteins. However, those
particles were not exhibiting predicted vesicle-shapes.

Microparticle formation upon shear stress was reported by many authors,
e.g. Ref. [17,43,78e80]. Similarly to the previously published data [17,43],
we found many vesicles attached to the surface of the centrifuge tube wall.
Their shapes (see Panels BeD of Fig. 3) correspond to characteristic shapes
calculated by the minimization of the membrane free energy [17,55], which
indicates that they are without internal structure and fulfill the requirements
for the definition of cellular vesicles. Tubular particles seemed to orientate
according to the flow established during centrifugation (see Fig. 3C), and
were likely formed due to shear forces. Similar platelet tethers related to
shear stress were described by Reininger et al. [79]. Round vesicles can be
formed later from such tubular remnants by “pearling” [79,81]. Indication
of such proceeding is visible in Fig. 4 (see short-dashed and dotted arrow).
As vesicle-like particles were found in high amounts only near the tube sur-
face, we hypothesize that they were formed from the platelets in the high
shear stress field near the centrifuge-tube wall. Large share of vesicles of
platelet origin in isolates can therefore be ascribed to platelets’ proneness
to form vesicles, and their lag behind in sedimentation, bound up to their
later fragmentation in the subsequent processing. We assume that the
observed structures found in the isolates by protocol #1 are representative
also for other protocols considered (if fresh blood is used as a source
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material), meaning that such particles, formed upon processing may over-
whelm the isolates, claimed to be extracellular vesicles.

The isolation protocols yield material, which upon analysis (e.g. by light
scattering and microscopic techniques) reveals presence of particles. The
samples prepared from fresh and frozen/thawed blood plasma were analyzed
in this study with the aim to better understand the origin of these particles
found in the isolates. Thorough analysis of individual steps of the isolation
protocols was performed. As EVs are too small to be observed by optical mi-
croscopy, the samples were imaged by scanning electron microscopy. Dy-
namic light scattering was employed to reveal the size distribution of
particles, and flow cytometry was used to determine concentrations of par-
ticles larger than about 400 nm. In analysis of the isolate prepared from fresh
plasma by a protocol commonly used in clinical studies [17,32e46] many
activated platelets were observed in the sample mounted on holder, while
the deposits of vesicles with characteristic shapes of minimal membrane
free energy were found attached to the walls of the centrifuge tube in which
the isolation was performed (Figs. 3 and 4). Present and previous studies
indicate that these vesicles are formed by tearing and re-sealing of the resid-
ual cells in the samples (mostly erythrocytes and platelets). The present study
provided further evidence that the isolates of a fresh plasma by the protocol
that includes centrifuge centripetal accelerations up to about 20 000 g
consist of a heterogeneous mixture of residual platelets and blood cell
fragments.

Frozen/thawed samples were treated at different centrifugation speeds,
including the one similar to the one used for the fresh sample (17 570 g/
20 000 g), but also milder and harsher ones, in order to reach the renown
conditions for gathering the exosomes at around 100 000 g. It was found
that all the isolates from frozen/thawed samples were substantially different
from the isolates from fresh samples (compare Figs. 3, 4, and 7). The hetero-
geneous population of submicron-sized particles from frozen/thawed
plasma observed in micrographs (Fig. 7) could not be recognized as a pop-
ulation of intact or even activated platelets; the shapes of observed particles
were of irregular globules. Aggregates of nanoparticles were presumed to be
protein precipitates (Fig. 7). No particles with characteristic shapes corre-
sponding to the membrane free energy minimum that would comply to
the definition of cellular membrane vesicles (membrane enclosed entities
without internal structure, such as the ones evident in Fig. 3D in fresh
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plasma) were found in the samples from thawed plasma. We suggest that the
majority of particles found in the isolates of frozen/thawed plasma are resid-
ual platelets that deformed and/or fragmented due to thermal and mechan-
ical stress imposed upon them in the process of isolation. Both techniques,
FCM and DLS detected particles in the isolates. There was an agreement
of the estimated concentration of particles trend detected by these two tech-
niques (Fig. 9) showing that the concentration of particles in the isolates var-
ied with changing the parameters of processing (the centrifuge centripetal
acceleration). These results provide further evidence in favor of the hypoth-
esis that majority of the isolated particles are fragments of residual cells in
samples. Most importantly, DLS measurements have shown differences in
size distribution and amount of particles with hydrodynamic radii smaller
than 1 mm with different centrifugation pull (Appendix Table A2) that
were not correlated to the clearance of same sized particles from the sample
supernatant. This indicates that the small particles in the range of expected
“exosomes” may be created in the process of isolation.

We failed to observe EVs in the exosome size range in the SEM images
of the thawed samples. However, we also did not succeed to observe larger
EVs when the isolate was transferred for imaging on a filter paper or on glass
(Fig. 4) and there is a possibility that smaller particles were lost during
mounting of the sample on the stands for SEM. Further improvement of
sample preparation is necessary to give a decisive answer on the question
whether the EVs with characteristic shapes of membrane-enclosed entities
smaller than 100 nm are present in the isolates from human blood plasma
with the protocols for harvesting exosomes.

These observations provide important knowledge as regards DC proto-
cols and size and shape of vesicles. Commonly, the strategy for larger vesicles
harvesting is application of lower centrifugation speed, while higher speeds
(and forces) are applied for isolation of smaller vesicles [82]. This seems
rational according to the sedimentation theory, but considering shear-
induced tearing, it is also expected that stronger forces, will cause stronger
grinding and that the size of particles (obtained from the same starting ma-
terial) will therefore depend on centrifugation speed and time. The FCM
analysis in this study shows that the material is being transformed throughout
the centrifugation processing. One can observe the change of populations
which correlate with constraining of the applied conditions (first increase
of speed and later increase in temperature). While hardly any change can
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be observed in FSC, the differences in SSC properties of the particles in the
samples are apparent. We could not attribute this distribution shift to the
additional (smaller and lighter) particles being pelleted in samples of
enhanced UC procedure. It therefore seems that it is related to the transfor-
mation of material upon processing. The stronger scattering particles
appeared to be more stable, and were even further produced along the sam-
ple storage (see Appendix; Fig. A5).
4.2 Isolation efficiency
Understanding of sedimentation is crucial for efficient isolation of vesicles by
DC. The properties of vesicles and the medium must be considered in the
protocol design. The sedimentation rate of particles depends on their den-
sity, size and shape, and the viscosity of medium they are passing. During
the centrifugation, components of the sample arrange/separate due to cen-
trifugal forces and establish a density gradient. Particles travel until the equi-
librium state is established (sedimentation limit is reached when the particles
are distributed by their density).

Although the increase of speed and time of centrifugation reinforce the
efficiency of sedimentation, long time/high speed centrifugation may cause
vesicle degradation [12,25,26]. Our experiments suggest that redistribution
of lipids and proteins may occur in prolonged UC. The particles in our sam-
ples lost their optical density after centrifugation at 100 000 g for 8 h (see
Fig. 10T). The nucleic acids and proteins may severely precipitate at such
extreme conditions and form a gelatinous precipitate.

Temperature is a very important factor in EV isolation processing. As
long as the cells are present in the sample, the change in temperature may
induce their activation. On the other hand, it also strongly affects medium
viscosity, and mechanical properties of sample components. Medium viscos-
ity is lower at higher temperature; the sedimentation is faster and its limit is
reached sooner. While lower temperatures are expected to preserve proteins
and make membranes more rigid, there are indications that loss of cell mem-
brane fluidity, makes it more susceptible to mechanical damage [83].
Furthermore, shear forces which are key in fragmentation of cells in the
centrifuge are higher at lower temperatures.

Cell fragmentation is considered as an artifact in isolation protocols. To
avoid cell fragmentation, it is recommended to remove the cells and large
particles in several low-speed steps [15]. However, when the supernatant
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is transferred, some vesicles from the sample are lost due to their adhesion to
the surfaces of the centrifuge tube and pipette tips. These losses depend on
the composition and properties of the membranes as well as on the proper-
ties of the material composing laboratory equipment. Therefore, the pro-
cedure and materials used may also modify the populations of vesicles in
the final isolate. In our study, microvesicles were found to stick quite
strongly to the polypropylene surface, and were largely missing in the trans-
ferred sample (represented on Fig. 3 of the isolate in the tube, and Fig. 4 of
the isolate fixed on cover glass).

4.3 Identity of particles in EV isolates (EVs’ genuineness)
Finding specific vesicle markers is challenging because, regardless of them
being intact or re-formed, the vesicle membrane retain the membrane asso-
ciated proteins. It is an essential task to evolve purification to ensure that free
proteins, nucleic acids etc. acquired during the processing do not shade those
which are innately integrated-in or exposed-on EVs.

From Fig. 11, it is clearly apparent that the protein profiles of all our sam-
ples were very similar to that of starting whole plasma sample. The protein
concentration of isolates was consistent with the concentration of the parti-
cles determined by FCM, while DLS has shown that small particles (with
Rh < 15 nm) were much more abundant in the supernatant fractions than
in the isolates. These observations suggest that a large portion of proteins
in these isolates is a part of supramolecular assemblies, rather than dissolved
as single particles alone.

The amount of apolipoprotein B-100 (APOB, band 6) was found to be
decreased in the isolates prepared with increased time of ultracentrifugation.
Accounting APOB inclusion in low density lipoproteins (chylomicrons,
VLDL and LDL), it is expected to accumulate in the top layers of the super-
natant. The efficiency of APOB removal is therefore correlated with the
establishment of the density gradient in the sample upon UC.

Alpha-2-macroglobulin (A2MG, bands 1 and 3) was found to be
enriched in pellet fraction proportionally to the keener conditions.
A2MG is known to display different SDS-PAGE bands under reduced con-
ditions; moreover, it is sensitive to freezing and can be degraded during sam-
ple processing. The increased intensity of band 1 could be due to UC related
efficiency of sedimentation which is in-turn associated with enhanced pro-
tein degradation.
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Fibronectin (FINC, band 2) was enriched in the isolates of protocols
#1a-4. Activation of hemostasis system can induce fibronectin binding to
platelets [84,85] and may therefore sediment with membrane particles.
On the other hand it is known that shear stress can induce its unfolding
and polymerization [86,87]. It is therefore probable, that in the isolate #5,
the fibronectin was a part of gelatinous pellet and largely excluded from
the isolate.

Band 5 was disproportionally augmented in the isolate of protocol #4. It
was found to contain several proteins that are associated with immune sys-
tem activation, namely labeling of damaged material for clearance. Other
bands did not differ substantially in different samples.

All the identified proteins of the isolates obtained in protocols #2e4 were
previously associated with EVs, blood derived microparticles, or cell mem-
branes (the associations denoted in Ref. [64] are summarized in Table A3).
It is generally known that various “contaminants” such as non-EV proteins
are found in EV isolates, and it was also seen that EVs isolated by UC are
associated with a substantial amounts of albumin and other plasma proteins
[56e61,88].

There are various possible causes for specific plasma proteins to be
enriched in the pellet fraction (isolate) besides being a genuine constituent
of EVs. For example, some proteins or protein aggregates can (a) sediment
due to their size, shape and density, (b) form complexes with higher sedi-
mentation rate, (c) bind to cell membranes and sediment together with
them; (d) get enclosed into the cell fragments, formed upon cell mincing
during processing. Whether the presence of those proteins in EV isolates
is a feature of impurity of the sample or innate is yet to be clarified. The letter
would mean that we may need to change our conception of “free” (soluble)
plasma proteins.

We suppose that certain protein enrichment in isolates can be a result of
up-taking surrounding components after reformation of the disrupted mem-
branes. It was previously reported that plasma microparticles are hardly
cleaned of [21] or bind [89] fibrinogen; which might be related to shear
stress- induced vesicle formation and fibrinogen adhesive conformation
change [90]. EVs are also frequently reported to expose phosphatidylserine
(PS) [15,91] and bind complement system [92], as was also found in our sam-
ples. This is intuitively contradictory for particles striving long-distance
reach, as such particles are expected to be quickly discarded by the macro-
phages [72,93]. Yet, PS is one of the generally accepted EV markers [15,91],
and little was considered about such particles being a side product of
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isolation. Arraud et al. [66] on the other hand showed that not all vesicles in
blood plasma expose PS, and suggested that vesicles exposing PS are either
formed by cell rupture or degradation, and subjected to the loss of mem-
brane asymmetry.

Our results show that vesicles formed in fresh plasma during processing
have characteristic shapes which are usually non-spherical (see Fig. 3). Also,
there seems to be a certain type of optically dense particles (strong side scat-
tering) that can be produced during centrifugation (see Fig. 10) and sample
storage (Appendix, Fig. A5), that are far more stable than others, and are
therefore expected to be found in majority of the non-fresh blood derived
EVs samples.

5. Conclusions

Better understanding of EVs’ physicochemical properties is needed to
further reveal their biology and exploitation of their potentials. In light of
the hardly awaited break-through of extracellular vesicles from “could be
used as” to “are successfully used in/as/for”, we here discoursed some fac-
tors hindering the progress in consideration of centrifuge-based isolation
protocols. It seems that reporting observations is no longer enough, and
further progress demands that we weight up what those observations
mean. The close inspection of centrifugation processing in this study implies
that starting material is easily transformed. While temperature, shear, and
pressure play important parts in processing, uniqueness of starting samples
defines the resulting isolate. This work 94 provided evidence that the ma-
jority of particles found in isolates from blood plasma are fragmented blood
cells, mostly platelets whereby fragmentation takes place due to thermal and
mechanical stress during processing. Freezing/thawing of samples made
essential changes to the isolate. Efficiency of isolation was found to reach
a plateau between centrifuge accelerations between 50 000 g and
100 000 g. Prolonged centrifugation at 100 000 g was found to cause ag-
gregation and degradation of material. Further and more detailed analysis
is in progress [94].

6. Appendix

6.1 Flow cytometry



Fig. A1 Examples of events corresponding to cells and particles in fresh blood (A) and
in the platelet-rich plasma (B) prepared from it. Events corresponding to the erythro-
cytes, leukocytes and cell debris are found in the upper-right region (UR1) of the
FSC-SSC scatterplot, while majority of platelets appear in the lower-right (LR1) region.
The left two quadrants (UL1 and LL1) represent smaller and weaker-scattering particles,
respectively.

Fig. A2 Examples of FSC-SSC scatterplots pertaining to the EV isolates from a frozen/
thawed plasma sample, centrifuged at 22 �C: (A) 10 000 g, 22 �C for 1 h (isolate #2);
(B) 20 000 g at 22 �C for 1 h (isolate #3); (C) 100 000 g at 22 �C for 1 h (isolate #4)
and (D) 100 000 g at 22 �C for 8 h (isolate #5).
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Fig. A3 Comparison of particles in different gates in isolates #6e10. UR, large and
strongly scattering particles; UR e large and weakly scattering particles; UL e small
and strongly scattering particles; LL e small and weakly scattering particles.

Fig. A4 Comparison of the ratios of strongly and weakly scattering particles in the sam-
ples obtained in the processing according to isolation protocols #6e10. Black bars e
source plasma samples; dark gray bars e first supernatant; light gray bars e second
supernatant (washing step); stripped bars e isolate.
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Fig. A5 Isolates from a frozen/thawed blood plasma measured on the day of prepara-
tion (left side panels, A,C,E,G, I) and the same samples that were frozen at -80 �C,
thawed, and then stored for a week at 4 �C (right side panels; B, D, F, H, J). A,B, isolate
#6; C, D, isolate #7; E, F, isolate #8; G, H, isolate #9; I, J, isolate #10.
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Table A1 Absolute concentration of particles isolated from frozen/thawed plasma
in the second experiment of centrifugation (at 8 �C).

Protocol RCF Duration Temperature
Total number of isolated
particles a

#6 10 000 g 60 min 8 �C 1.39Eþ05
#7 20 000 g 60 min 8 �C 2.68Eþ05
#8 50 000 g 60 min 8 �C 3.23Eþ05
#9 100 000 g 60 min 8 �C 2.21Eþ05
#10 100 000 g 120 min 8 �C 9.01Eþ04

RCF, relative centrifugal force.
aCalculated from concentration obtained by FCM and sample volumes.

Table A2 DLS results of isolates and their corresponding supernatants prepared
from frozen/thawed plasma sample; obtained by protocols #6-#10.

isolate #6
10 000g dilution: 1:20
Laser Intensity: 1.31E+01 mW
Average Intensity I: 4.08E+01 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 1.20E-05 1.20E-05 1.20E-05 1 8.33E+04 2.39E-06 0.05 1
2 5.97E-05 5.97E-05 5.97E-05 5 1.68E+04 4.80E-07 0.03 2
3 6.61E-04 8.64E-04 7.54E-04 64 1.33E+03 3.80E-08 5.93 3
4 3.29E-03 5.61E-03 4.75E-03 407 2.10E+02 6.03E-09 23.55 4
5 5.85E+00 5.85E+00 5.85E+00 >1000 1.71E-01 4.90E-12 11.27 5

sum I. partcl Rh<1000nm 29.57
estimated total I, partcl Rh<1000nm 591.30

Isolate #7
20 000g dilution: 1:20
Laser Intensity: 4.60E+00 mW
Average Intensity I: 6.85E+01 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 1.20E-05 1.20E-05 1.20E-05 1 8.33E+04 2.39E-06 0.04 0%
2 5.70E-04 7.15E-04 5.90E-04 51 1.70E+03 4.86E-08 7.42 23%
3 2.79E-03 3.50E-03 3.07E-03 264 3.25E+02 9.33E-09 24.67 77%
4 8.15E-01 8.15E-01 8.15E-01 >1000 1.23E+00 3.52E-11 36.36

sum I. partcl Rh<1000nm 32,13
estimated total I, partcl Rh<1000nm 642.57

Isolate #8
50 000g dilution: 1:20
Laser Intensity: 3.57E+00 mW
Average Intensity I: 9.23E+01 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 1.20E-05 1.20E-05 1.20E-05 1 8.33E+04 2.39E-06 0.05 0%
2 4.65E-04 6.16E-04 5.60E-04 48 1.79E+03 5.12E-08 9.23 24%
3 2.51E-03 3.33E-03 2.89E-03 249 3.46E+02 9.91E-09 29.55 76%
4 3.16E-02 3.16E-02 3.16E-02 2717 3.16E+01 9.07E-10 8.53
5 1.16E+01 1.16E+01 1.16E+01 >1000 8.62E-02 2.47E-12 44.94

sum I. partcl Rh<1000nm 38.83
estimated total I, partcl Rh<1000nm 776.64

Isolate #9
100 000g dilution: 1:10
Laser Intensity: 2.05E+00 mW
Average Intensity I: 1.64E+02 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 1.40E-05 1.40E-05 1.40E-05 1 7.14E+04 2.05E-06 0.18 0%
2 6.83E-05 6.83E-05 6.83E-05 6 1.46E+04 4.20E-07 0.25 0%
3 4.33E-04 7.35E-04 5.90E-04 51 1.70E+03 4.86E-08 17.32 23%
4 9.57E-04 3.58E-03 2.25E-03 193 4.44E+02 1.27E-08 56.92 76%
5 6.07E-03 5.82E+00 3.58E+00 >1000 2.79E-01 8.00E-12 89.29

sum I. partcl Rh<1000nm 74.67
estimated total I, partcl Rh<1000nm 746.69

(Continued)
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Table A2 DLS results of isolates and their corresponding supernatants prepared
from frozen/thawed plasma sample; obtained by protocols #6-#10.dcont'd

supernatant #9
100 000g dilution: 1:20
Laser Intensity: 1,29E+00 mW
Average Intensity I: 2,55E+02 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 1.20E-05 1.20E-05 1.20E-05 1 8.33E+04 2.39E-06 0.12 0%
2 3.70E-05 4.90E-05 4.26E-05 4 2.35E+04 6.72E-07 3.58 1%
3 8.59E-05 2.00E-04 1.38E-04 12 7.27E+03 2.08E-07 15.21 6%
4 2.65E-04 4.41E-03 1.75E-03 151 5.70E+02 1.63E-08 233.61 93%

sum I. partcl Rh<1000nm 252.51
estimated total I, partcl Rh<1000nm 5050.16

supernatant #10
100 000g dilution: 1:20
Laser Intensity: 1.33E+00 mW
Average Intensity I: 2.61E+02 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 2.31E-05 3.21E-05 2.72E-05 2 3.68E+04 1.05E-06 1.34 1%
2 6.19E-05 1.66E-04 1.01E-04 9 9.95E+03 2.85E-07 15.85 6%
3 4.44E-04 6.13E-03 1.56E-03 135 6.39E+02 1.83E-08 227.42 93%
4 1.64E-02 3.17E-02 2.27E-02 1955 4.40E+01 1.26E-09 8.53
5 8.48E-02 3.12E+01 1.96E+01 >1000 5.10E-02 1.46E-12 7.57

sum I. partcl Rh <1000nm 244.61
estimated total I. partcl Rh<1000nm 4892.29

Isolate #10
100  000g dilution: 1:10
Laser Intensity: 2.06E+00 mW
Average Intensity I: 1.83E+02 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 1.20E-05 1.44E-05 1.27E-05 1 7.90E+04 2.27E-06 0.05 0%
2 2.08E-05 2.49E-05 2.32E-05 2 4.31E+04 1.23E-06 0.25 1%
3 1.08E-04 1.55E-04 1.42E-04 12 7.05E+03 2.02E-07 5.32 15%
4 6.70E-04 9.66E-04 8.29E-04 71 1.21E+03 3.46E-08 30.81 85%
5 3.47E-03 9.34E-02 4.15E-02 >1000 2.41E+01 6.91E-10 146.19

sum I. partcl Rh<1000nm 36.42
estimated total I, partcl Rh<1000nm 364.20

supernatant #7
20 000g dilution: 1:20
Laser Intensity: 4.60E+00 mW
Average Intensity I: 6.85E+01 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 2.31E-05 3.21E-05 3.05E-05 3 3.28E+04 9.40E-07 2.19 1%
2 8.61E-05 1.66E-04 1.23E-04 11 8.10E+03 2.32E-07 16.83 7%
3 4.45E-04 3.19E-03 1.44E-03 123 6.95E+02 1.99E-08 219.74 92%
4 3.15E+01 3.15E+01 3.15E+01 >1000 3.17E-02 9.10E-13 15.61

sum I. partcl Rh<1000nm 238.76
estimated total I, partcl Rh<1000nm 4775.26

supernatant #8
50 000g dilution: 1:20
Laser Intensity: 1.32E+00 mW
Average Intensity I: 2.53E+02 kHz/mW
Peaks from t to t Mean t, s Mean Rh, nm mean G, s-1 mean D, cm2s-1 I, kHz/mW I, % partcl <1000nm

1 4.45E-05 6.47E-05 4.96E-05 4 2.02E+04 5.78E-07 7.78 3%
2 1.65E-04 3.49E-04 2.37E-04 20 4.21E+03 1.21E-07 36.67 15%
3 1.07E-03 2.27E-03 1.50E-03 129 6.65E+02 1.91E-08 198.59 83%
4 1.16E-01 1.16E-01 1.16E-01 >1000 8.62E+00 2.47E-10 10.39

sum I. partcl Rh<1000nm 243.03
estimated total I, partcl Rh<1000nm 4860.68
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Table A3 Association of Alpha-2-macroglobulin (A2M), Apolipoprotein B-100
(APOB), C4b-binding protein alpha chain (C4BPA), Ceruloplasmin (CP),
Complement C3 (C3), Complement C4-A (C4.A), Fibronectin (FN1), Immunoglobulin
heavy constant gamma 2 (IGHG2), Immunoglobulin heavy constant mu (IGHM),
Alpha-1-microglobulin/bikunin precursor (AMBP) and serum albumin (ALB) with
membranes, EVs, and microparticles.
Annotation Protein Reference

blood
microparticles

CP PMID:22516433
A2M PMID:22516433
C3 PMID:22516433
IGHG2 PMID:22516433
IGHM PMID:22516433
FN1 PMID:22516433
AMBP PMID:22516433
ALB PMID:22516433
C4BPA PMID:22516433
C4A PMID:22516433
C4B PMID:22516433

extracellular
exosomes

CP PMID:23533145. PMID:19056867
A2M PMID:23533145. PMID:20458337.

PMID:21362503
C3 PMID:23533145. PMID:21362503
IGHG2 PMID:23533145
IGHM PMID:23533145. PMID:19199708
FN1 PMID:23533145. PMID:21276792.

PMID:19056867
AMBP PMID:23533145. PMID:19056867
ALB PMID:23533145. PMID:21276792.

PMID:22516433. PMID:19056867.
PMID:20458337. PMID:21362503

APOB PMID:23533145
C4A PMID:23533145
C4B PMID:23533145

citoplasmic
membrane

CP PMID:21873635
C3 Reactome: R-HSA-977615.

R-HSA-977371.R-HSA-977371.
R-HSA-8853252.
R-HSA-8852874.
R-HSA-3266557

IGHG2 GO_REF:0000037. GO_REF:
0000039

IGHM Reactome: R-HSA-983707.
R-HSA-983703. R-HSA-983700.
R-HSA-983696. R-HSA-9606151.

(Continued)
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Table A3 Association of Alpha-2-macroglobulin (A2M), Apolipoprotein B-100
(APOB), C4b-binding protein alpha chain (C4BPA), Ceruloplasmin (CP), Complement
C3 (C3), Complement C4-A (C4.A), Fibronectin (FN1), Immunoglobulin heavy
constant gamma 2 (IGHG2), Immunoglobulin heavy constant mu (IGHM), Alpha-1-
microglobulin/bikunin precursor (AMBP) and serum albumin (ALB) with
membranes, EVs, and microparticles.dcont'd
Annotation Protein Reference

R-HSA-8858498.
R-HSA-5690740.
R-HSA-5690702.
R-HSA-5690701.
R-HSA-1112666. GO_REF:
0000037. GO_REF:0000039

AMBP PMID:12817471. PMID:21873635
C4BPA Reactome: R-HSA-981680.

R-HSA-981665. R-HSA-981658.
R-HSA-981648. R-HSA-981637.
R-HSA-977626

APOB Reactome: R-HSA-8871194.
R-HSA-8871193. R-HSA-
8869438. R-HSA-8868661.
R-HSA-8868660. R-HSA-
8868659. R-HSA-8868658.
R-HSA-8868651. R-HSA-
8868648. R-HSA-8868236.
R-HSA-8868230. R-HSA-
8868072. R-HSA-8868071.
R-HSA-8867756. R-HSA-
8867754. R-HSA-8863471.
R-HSA-174706. R-HSA-174657.
R-HSA-171141. R-HSA-171122

C4A Reactome:R-HSA-981637.
R-HSA-977615

C4B Reactome:R-HSA-981637.
R-HSA-977615

FN1 GO_REF:0000107
IGHG2 PMID:21873635
IGHM PMID:21873635

positive regulation of
apoptotic cell
clearance

C3 PMID:19302245
C4A PMID:19302245
C4B PMID:19302245
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