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Essentials

Abstract

Background: Centrifugation is commonly used as a first step to enrich biomark-
ers from blood. Biomarkers are separated on the basis of density and/or diameter.
However, the centrifugation protocol affects the yield and purity of biomarkers, for
example, isolation of platelets results in co-isolation with extracellular vesicles (EVs).
Objective: To assess the ability of rate zonal centrifugation (RZC) to separate plate-
lets from co-isolated EVs.

Methods: Using a linear Optiprep gradient, RZC was able to separate a mixture of
beads with different diameters but similar density. Next, RZC was applied to samples
containing both platelets and platelet-derived EVs (n = 3). After RZC, all fractions
were collected and stained with anti-CD61-Alexa 488 to measure the concentrations
of platelets and platelet-derived EVs by flow cytometry.

Results: We confirm that RZC separates polystyrene beads with diameters of 140 nm,
380 nm and 1,000 nm. Next, we show that the majority of platelets occur in fractions
8-19, whereas the majority of platelet-derived EVs are detectable in fractions 1-7.
Furthermore, each fraction contains a different diameter range of platelets, which
suggests that separation is indeed diameter based.

Conclusion: RZC can partially separate platelets from EVs.
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Centrifugation of whole blood results in co-isolation of platelets and extracellular vesicles (EVs).

e Rate zonal centrifugation (RZC) is tested to separate platelets from EVs.

e Fractions collected after RZC are compared for concentrations of platelets and EVs.

RZC can partially separate platelets from EVs.
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1 | INTRODUCTION

The isolation of a biomarker from a body fluid is essential to evaluate
the importance of the biomarker. Centrifugation is frequently ap-
plied to isolate biomarkers from whole blood on the basis of differ-
ences in density and/or diameter."”® The distance a particle travels
through a solution during centrifugation can be approximated using
the Stokes equation:

d?(pp— pp)gt
Ax= # 1)
and depends on the diameter (d) and volumetric mass density
(pp) of the particle relative to the volumetric mass density (p,,) and
viscosity () of the gradient. The g refers to the gravitational ac-
celeration and the t to the time. Using this equation, we demon-
strated that centrifugation protocols used to isolate biomarkers
from blood from cancer patients result in impure biomarkers, due
to the co-isolation and thus contamination with other biomarkers;
for example, the isolation of tumor-educated platelets results in
co-isolation with tumor-derived extracellular vesicles (EVs) and
vice versa.®’”

A commonly applied centrifugation method is density gradient
centrifugation, where a sample is loaded on top of a density gra-
dient. During density gradient centrifugation, particles move down
the gradient until the difference between particle density and me-
dium density is zero. Therefore, the separation principle is based on
the density of a particle. In contrast, with rate zonal centrifugation
(RZC), the gradient has a lower density throughout the entire gradi-
ent compared to density gradient centrifugation to ensure that the
distance a particle travels through the gradient is solely depends on
the particle diameter (Equation 1). RZC has previously been applied
to isolate viruses, DNA, lysosomes, and other nanoparticles.g'10

At present, there is great interest to enhance the purity of bio-
markers to improve the interpretation of data. In this study, we ap-
plied an earlier described protocol to isolate a cancer biomarker from
human blood, that is, “tumor-educated platelets,” and demonstrate
that this protocol produces a mixture of 2 biomarkers, platelets and
EVs, which we partially separate by RZC.

2 | MATERIALS AND METHODS

RZC requires loading of a sample on top of a gradient. If a single-
step gradient is used, the transition between sample and gradient
can cause particles in the sample to form clusters at the top of the
gradient. These clusters are bigger in diameter and have a higher
sedimentation speed compared to single particles (Equation 1).
These clusters end up in the pellet or mix with the surrounding
media and spread throughout the tube. This process is called droplet
sedimentation.’! Based on preliminary results, we know that using
a linear gradient in which the density increases toward the bottom

of the tube prevents droplet sedimentation. Furthermore, the linear

gradient has a slightly higher viscosity than the sample to facilitate
sample loading without mixing with the gradient.

2.1 | Linear density gradient

A gradient mixer (supplier unknown) was applied to generate a lin-
ear density gradient of 4% at the top to 8% Optiprep at the bottom
(60% [w/v] solution of iodixanol in water; Sigma-Aldrich, St Louis,
MO, USA), see Figure 1. Bagamery et al'?'® describe that sample
manipulation-related platelet activation can be minimized by using
Optiprep. Optiprep was diluted in 0.22-um filtered (Merck Millipore,
Burlington, MA, USA) phosphate-buffered saline (PBS; 154 mM NacCl,
1.24 mM Na,HPO,.2H,0, 0.2 mM NaH,PO,.2H,0, pH 7.4). The
gradient mixer chambers were filled with 4% Optiprep (p = 1.027 g/
mL) and 8% Optiprep (p = 1.048 g/mL), respectively. Depletion of
medium from the high-density chamber causes medium from the
low-density chamber to flow into the high-density chamber, where
a magnetic stirrer mixes the media. A peristaltic pump (Minipuls 3;
Gilson, Lewis Center, OH, USA) pumped medium into a stainless
steel syringe needle (alloy 316, 18 gauge, 6 inch pipetting blunt 90°
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FIGURE 1 Gradientsetup. A, A 4% Optiprep solution is loaded
into the left compartment of the gradient mixer. The 8% Optiprep
solution is loaded into the right compartment of the gradient mixer
together with a magnetic stirring bar. The 4% Optiprep is pumped
into the gradient mixer using a roller pump, mixed with the 8%
Optiprep by stirring, and layered into a centrifuge tube using a
needle mounted to an injection pump. The Optiprep concentration
gradually decreases to form a linear gradient. B, After sample
loading and centrifugation the gradient is placed back into the
setup. A needle is mounted to an injection pump. The needle is
lowered while extracting the fractions into Eppendorf tubes using
a roller pump
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tip; Sigma-Aldrich). The needle tip was held at the meniscus by an in-
jection pump (Perfusor secura FT; B. Braun Medical, Bethlehem, PA,
USA\). In this fashion, a continuous linear Optiprep gradient was gen-
erated in the gradient tube (10 mL; Sarstedt, Newton, NC, USA). The
optical density of successive fractions collected from 3 gradients
was measured using a microplate reader (340 nm line, Spectramax
i3; Molecular Devices, San Jose, CA, USA) to demonstrate the linear-
ity of the gradient (Figure S1A). Gradients were stored at 4°C and

used within 2 days after equilibration to room temperature.

2.2 | Bead mixture

One hundred forty- and 380-nm green fluorescent polystyrene
beads and 1,000-nm nonfluorescent beads (Thermo Fisher Scientific,
Waltham, MA, USA) were used to validate the RZC setup. Each bead
concentration was 0.03% w/v in 0.22-um filtered PBS supplemented
with 0.1% sodium dodecyl sulfate in distilled water (20% SDS stock;
Bio-Rad Laboratories Inc, Hercules, CA, USA).

2.3 | Platelets and platelet-derivedEVs

Blood was obtained from 3 healthy donors with informed consent in
accordance with the Helsinki Declaration and approved by the med-
ical-ethical assessment committee of the Academic Medical Center,
University of Amsterdam. Blood collection and handling were ac-
cording to the earlier described protocol of Best et al’ to reproduce
the isolation of “tumor-educated platelets.” For each donor, whole
blood was drawn using a 21G needle, and the first vacutainer was
discarded. Next, two 4.0 mL ethylenediaminetetraacetic acid (EDTA)
vacutainers (BD Biosciences, Franklin Lakes, NJ, USA) were col-
lected, mixed by gentle inversion and processed within 15 minutes.
To obtain “tumor-educated platelets,” vacutainers were centrifuged
at 120 g for 20 minutes at 20°C and without brake in a Rotina 380R
centrifuge (Hettich, Tuttlingen, Germany) to prepare platelet-rich
plasma. The platelet-rich plasma was transferred to a 10-mL coni-
cal base tube (Sarstedt), and centrifuged at 360 g for 20 minutes at
20°C and without brake to concentrate the platelets. The platelets
were washed twice with 1 mL of 0.05-um filtered (Nuclepore; GE
Healthcare, Chicago, IL, USA) 0.8% EDTA buffer (Titriplex Il in PBS;
Merck Millipore, Billerica, MA, USA). Finally, 500 uL of 0.8% EDTA
buffer was added to the pellet, and the pellets were pooled. After
each centrifugation step, supernatant above the pellet was removed,
leaving some supernatant so the pellet was not disturbed. Therefore,
plasma was still present when the washed pellets were pooled.

The mixture of platelets and EVs (1 mL) was loaded on size ex-
clusion chromatography (SEC) columns (10-mL gEVoriginal; Izon
Science, Christchurch, New Zealand) to replace the blood plasma
with 0.05 um of filtered acid citrate dextrose buffer (5 parts PBS to
1 part acid citrate dextrose; 0.85 mol/L trisodium citrate, 0.11 mol/L
D-glucose and 0.071 mol/L citric acid, supplemented with 0.32%
trisodium citrate in PBS, pH 7.4; see Figure S2). Fractions 8 and 9

rpth 1055

esearch & practice §
in thrombosis & haemostasis

contained all particles >70 nm, both platelets and EVs. These frac-
tions were pooled for each donor as starting material for RZC.

2.4 | Centrifugation and fractionation

Five hundred microliters of starting material was loaded on the
4%-8% Optiprep gradient using a plastic Pasteur pipette (VWR,
Radnor, PA, USA), which was placed against the wall of the tube just
above the gradient. For the bead mixture, RZC was performed at
2772 g for 100 minutes at 20°C and without brake. Using Equation 1,
we predicted which combination of centrifugal force and time was
needed to make sure the platelets would end up in the last fractions
and EVs could spread out in the first fractions. RZC of the platelet-
and EV-containing samples was performed at 1000 g for 30 minutes
at 20°C and with acceleration and deceleration set to the minimum
possible value. Centrifugation was performed at 20°C, since plate-
lets are more sensitive to activation at 4°C.%*

Figure 1B shows the fractionation setup. A needle aspirating
from the top was used for fractionation.!® The tip of the needle was
held at the meniscus while extracting twenty 0.5 mL fractions into
Eppendorf tubes (Greiner Bio-One, Kremsminster, Austria) using a
peristaltic pump. Each fraction was weighed on an analytical balance
(Sartorius, Gottingen, Germany) to determine the collected volume
per fraction. Figure S1B shows that 87.7% (50/57) of the collected
fractions were within the mean collected volume +40 uL (~1 drop-
let). The volume per fraction was used to calculate the platelet and
platelet-derived EV yield, which was defined by the percentage of
platelets found in all fractions compared to the starting material. The
platelet yield ranged from 30% to 40%, whereas the platelet-derived
EV yield ranged between 66% and 146%.

2.5 | Flow cytometry

Flow cytometry measurements were performed on an A60-Micro
(Apogee, Middlesex, UK) at a flow rate of 3.0 uL/min. Samples were
measured triggered on 405-nm side scatter. The side scatter trigger
threshold corresponds to a side scattering cross section of 10 nm?
(Rosetta Calibration; Exometry, Amsterdam, The Netherlands).

Bead samples were prediluted in 0.22 um of filtered PBS if nec-
essary to event rates below 5,000/s to prevent swarm when trigger-
ing on side scatter.'® Bead samples were measured for 1 minute. Side
scatter resulted in distinct bead populations.

To obtain the platelet and platelet-derived EV concentration by
flow cytometry, 20 pL of each fraction was incubated with 2.5 uL
anti-CDé61-Alexa 488 (Y2/51, final concentration 0.01 mg/mL; Bio-
Rad Laboratories) aggregates in the antibody solution removed by
centrifugation at 18 890 g for 5 minutes at 20°C for 2 hours at room
temperature in the dark. The labeling was stopped by adding 200 uL
of PBS (21-031-CV; Corning, Corning, NY, USA) to the samples. The
experiment with the platelet- and EV-containing samples was per-

formed at a later date than the bead sample. In the meantime, we
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switched from custom-made PBS to commercially available PBS.
Samples were measured for 2 minutes triggered on 405-nm side
scatter. We selected 1 minute of data in which the flow rate was sta-
ble. A distinct platelet population was identified by side scatter and
Alexa 488 fluorescence, and platelet-derived EVs were identified by
a gate at the Alexa 488 fluorescence channel exceeding background
fluorescence levels in the unstained sample (sample without anti-
body), corresponding to 397 molecules of equivalent soluble fluoro-
chrome fluorescein isothiocyanate (see Figure 3).

Provided concentrations are the number of detected particles
multiplied by total sample dilution divided by flow rate and mea-
surement time. Data were analyzed using FlowJo (v10.4.2; FlowJo
LLC, Ashland, OR, USA), and statistical analysis was performed in
Prism 7.0 (GraphPad Software, La Jolla, CA, USA). We used Rosetta
Calibration v1.08 (Exometry) to calibrate side-scattered light to
units of newtons per square meter and to relate side-scattered light
to the diameter (>200 nm) of platelets and platelet-derived EVs.'
We modeled platelets as solid spheres with a refractive index (RI) of
1.40 18 using steps of 10 nm in diameter.

3 | RESULTS
3.1 | RZC of beads

We applied a mixture of beads of various diameters to validate that
RZC separates particles with the same density but a different diam-
eter. After centrifugation, distinct bands are observed in the gradi-
ent (Figure 2). The position of the 140-nm and 380-nm beads are
indicated and arrows indicate the expected positions of the 140-nm
and 380-nm beads after RZC based on Equation 1. The 2 extra bands

'o ' ...-°:'. A
.0 -.-o."...... 1
""s.--"‘....
- . ® e e .-o-.-
: it RS TP
F c
-
.
_®
+ F10
‘e
4
o v s [
.-Q--o--o--.lo.to....
. + F20
i M 20 60 80

Percentage of total

seen below the 380-nm beads are likely doublets and triplets of the
380-nm beads. The graph shows the percentage of beads from the
whole bead population measured by flow cytometry, with the peak
percentage of beads in the same fraction as the bands. The flow
cytometry data show substantial broadening of the peaks, which is
likely caused by the fraction collection method we used because the
fraction boundaries can coincide with the bead bands.

3.2 | RZC of platelets and platelet-derived
extracellular vesicles

The starting material contained both platelets and platelet-derived
EVs and was loaded on top of the gradient before centrifugation; see
Figure 3 and S3. Almost no platelets are observed in fractions 1-5,
and the majority of platelets are observed in fractions 8-19, with an
average scatter signal on the y-axis increasing when moving further
down the gradient (Figures 3 and 4A and Figure S3). Figure 4B shows
that the mean diameter of platelets increases while moving down the
gradient, confirming that each fraction contains platelets with a dif-
ferent diameter range.

The majority of platelet-derived EVs (64, 84, and 77% for donors 1,
2, and 3, respectively) is observed in fractions 1-7 (Figures 3 and 4A; a
logarithmic scale was used for the y-axis of Figure 4A as the platelet-de-
rived EV concentrations of donors 2 and 3 are low compared to donor 1).

4 | DISCUSSION

The use of biomarkers is complicated by their differences in physi-
cal characteristics such as density and diameter. Moreover, during

-L-a-Meniscus
140 nm

380 nm

% doublets
triplets

FIGURE 2 Rate zonal centrifugation of
a bead mixture. A mixture of polystyrene
beads with the same density but different
diameter (140 nm, 380 nm and 1,000 nm)
is loaded on top of a 4%-8% Optiprep
gradient. After centrifugation at 2,772 g
for 100 minutes, the bead populations are
visible as distinct bands. This is confirmed
by the peaks in the flow cytometry data,
which also reveal the 1,000-nm beads,
which are not visible by eye because

they are not fluorescent. The arrows
show the expected position of each bead
population calculated based on the Stokes
equation
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FIGURE 3 Flow cytometry scatter plots of platelets and platelet-derived extracellular vesicles (EVs) in fractions of rate zonal
centrifugation (RZC) from a representative donor. The first graph shows the gates set for platelets and platelet-derived EVs for the unstained
starting material (control). The starting material, loaded on top of the gradient before centrifugation, contained both platelets and platelet-
derived EVs. The platelet population is missing in the first fractions. However, moving further down the gradient shows that the platelets are
mainly present in fractions 8-19 and the scatter signal on the y-axis shifts while moving down through the gradient. The majority of platelet-
derived EVs is present in fractions 1-7. In fractions 1 and 2, we observed 2 subpopulations of CDé1 + EVs, of which the upper population is
not observed in the other fractions. At present, we have no explanation for the presence of this subpopulation

sample preparation biomarkers are frequently co-isolated. To over-
come these limitations, we introduce RZC as a technique to separate
biomarkers. RZC is not an alternative method to isolate platelets and
EVs from blood. The goal of this article was to show as a “proof of
principle” that particles with a likely similar density can be separated
by RZC on the basis of size.

RZC has never been applied to samples containing mixtures of
platelets and EVs. We demonstrate that platelets and platelet-derived
EVs canindeed be partially separated by RZC. Furthermore, the plate-
let diameter range differs slightly in each fraction, suggesting that
RZC may be used to isolate monodisperse platelet or EV populations.
Calibration of detection instruments is currently performed using
polystyrene and silica beads. However, these beads differ in RI com-
pared to EVs.' Therefore, monodisperse biological reference material
of, for example, EVs is preferred to calibrate detection techniques be-

cause then corrections for differences in Rl are not necessary.

Lipoproteins present in the starting material can independently
migrate through the gradient, although the density for lipoproteins
is too low and the diameter is too small to travel through the gradi-
ent in the configuration as used in the present study.?’ Comigration
of lipoproteins with platelets and/or EVs is possible, and this would
affect the density and size of platelets and/or EVs and therefore
the fraction in which a platelet or an EV accumulates. Nevertheless,
these effects are mitigated by removal of the majority of lipopro-
teins by SEC prior to RZC.?*

Figure 2 shows a difference between the expected and mea-
sured results. The linear increasing density and viscosity throughout
the gradient make it difficult to predict the precise location of the
beads by using Equation 1. Therefore, we also tested in practice be-
fore adjustments were definitive. RZC relies on the assumption that
the density between particles in a solution is equal. In this study, we

assumed that the densities of platelets and EVs are equal. However,
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FIGURE 4 Platelet and platelet-derived extracellular

vesicles (EV) concentration and diameter measured in rate zonal
centrifugation fractions (RZC) for 3 donors. A, The highest
concentration of platelets (closed symbols) are present in fractions
8-17. The highest concentration of platelet-derived EVs (open
symbols) are present in fractions 1-7. B, The platelet and platelet-
derived EV diameter in RZC fractions for donors 1-3. The platelet
diameter range (>1 um) was obtained using Rosetta calibration. The
platelet diameter range shifts to the right while moving through
the gradient, which confirms that the separation of platelets from
platelet-derived EVs (200 nm to 1 um) by RZC is based on diameter

the density of platelets is reported to range between 1.061 and
1.091 g/mL?223 and the density of EVs between 1.02 and 1.19 g/
mL.24?7 Therefore, an overlap in platelet diameter range is shown in
the different fractions. Furthermore, we have to keep in mind that
activated platelets may change in shape, density, and diameter.?®

In conclusion, based on the results from the bead mixture, we
show that RZC can be used to separate particles with the same den-
sity but a different diameter. Furthermore, we applied RZC to a bi-
ological sample and show that RZC can partially separate platelets
from EVs.
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