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Comparative analysis of discrete exosome fractions
obtained by differential centrifugation
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Background: Cells release a mixture of extracellular vesicles, amongst these exosomes, that differ in size,
density and composition. The standard isolation method for exosomes is centrifugation of fluid samples,
typically at 100,000 x g or above. Knowledge of the effect of discrete ultracentrifugation speeds on the
purification from different cell types, however, is limited.

Methods: We examined the effect of applying differential centrifugation g-forces ranging from 33,000 x g to
200,000 x g on exosome yield and purity, using 2 unrelated human cell lines, embryonic kidney HEK293 cells
and bladder carcinoma FL3 cells. The fractions were evaluated by nanoparticle tracking analysis (NTA), total
protein quantification and immunoblotting for CD81, TSG101, syntenin, VDACI and calreticulin.

Results: NTA revealed the lowest background particle count in Dulbecco’s Modified Eagle’s Medium media
devoid of phenol red and cleared by 200,000 x g overnight centrifugation. The centrifugation tube fill level
impacted the sedimentation efficacy. Comparative analysis by NTA, protein quantification, and detection of
exosomal and contamination markers identified differences in vesicle size, concentration and composition of
the obtained fractions. In addition, HEK293 and FL3 vesicles displayed marked differences in sedimenta-
tion characteristics. Exosomes were pelleted already at 33,000 x g, a g-force which also removed most
contaminating microsomes. Optimal vesicle-to-protein yield was obtained at 67,000 x g for HEK293 cells but
100,000 x g for FL3 cells. Relative expression of exosomal markers (TSG101, CD81, syntenin) suggested
presence of exosome subpopulations with variable sedimentation characteristics.

Conclusion: Specific g-force/k factor usage during differential centrifugation greatly influences the purity and
yield of exosomes. The vesicle sedimentation profile differed between the 2 cell lines.
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COACTION

embrane vesicles of heterogeneous size and
Mcomposition are released from most, if not all,

types of cells studied so far (1,2) and are found
in the extracellular space and human biofluids (3,4). The
vesicles are known to be important agents of intracellular
communication, and as we recently demonstrated for
FL3 exosomes may also function as route of cellular dis-
posal (5,6). The extracellular space will contain a mixture
of vesicles that display specific markers that can uniquely
identify their subcellular origin (7). The macromolecule

content of the vesicles can be transferred to a recipient
cell by uptake, with functional consequences (8). The
nomenclature for vesicle research is still being developed
(9). In this report, we will use the term “extracellular
vesicle” (EV) to encompass all membrane vesicles
released from cells while the terms “exosomes,” “micro-
vesicles,” “apoptotic bodies” and “microsomes’ are used
for specific populations of EVs. Exosomes, one of the
most studied of the EVs, are small membrane vesicles
(40-100 nm) of endocytic origin that are released by
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fusion of intracellular multivesicular bodies with the cell
membrane. Using centrifugation, exosomes are typically
isolated by sedimentation at 100,000-200,000 x g (2,10).
Another commonly described type of EV is microvesicles,
which have been proposed to have a typical diameter of
100-1,000 nm and released by budding of the cell plasma
membrane (2,11). Microvesicles are typically reported to
be isolated by centrifugation at 10,000-20,000 x g (9).
Cells undergoing apoptosis show irregular buds of the
plasma membrane known as blebs, and the cell will
eventually break apart forming membrane vesicles
called apoptotic bodies or blebs. Apoptotic bodies are
50-5,000 nm in size and have typically been isolated at a
g-force of ~2,000 x g. Microsomes are small 80—120 nm
vesicles formed from fragments of endoplasmic reticulum
(ER) membrane (12,13).

The nano-scale size of exosomes presents a challenge,
not only for size determination but also for accurate
quantification. Recently, nanoparticle tracking analysis
(NTA), a technique for sizing and counting vesicles and
particles in solution, based on Brownian motion, has
gained widespread application in the study of EVs (14,15).
This NTA method has been widely utilized for determina-
tion of both the size as well as the concentration of EVs
(14,16), and we used this technique in this work to analyse
the EVs present in supernatants and resuspensions of
sedimented vesicles after ultracentrifugation.

The most widely applied, and basic, method for
separating exosomes from cells, apoptotic bodies, and
microvesicles is differential centrifugation (10,17). The
sedimentation of vesicles depends on their size, density,
and shape as well as the viscosity of the sample solution.
The differential centrifugation scheme utilizes these sedi-
mentation characteristics to first remove cells and non-
exosomal EVs before the presumed exosomes are pelleted
by a single high g-force step. But this centrifugation
approach to exosome isolation will co-purify other non-
EV components present in culture media or biological
fluid. Therefore, the crude exosome preparation generated
by centrifugation is commonly used as the input for more
sophisticated centrifugation procedures such as sucrose
cushions (18), or gradients of sucrose (19,20) or iodixanol
(21,22) that attempts to further separate vesicles and
particles based on floatation densities. However, the use
of cushions and gradients, adds to the time required for
purification and results in loss of sample material. It is
also presently unclear if the biological and functional
characteristics of exosomes are altered by floatation in
gradients. In addition, care must be taken as high-density
lipoproteins may be co-purified with EVs in density
gradients (23).

As the differential centrifugation method is the first-
line technique for routine preparations of exosomes,
we examined the effect of using different centrifugal
g-forces on vesicle size and concentration, protein yield,

and exosomal markers. For this, we employed 2 different,
but complementary, schemes of centrifugation. First, a
parallel approach where the input material was subjected
to a single 33,000 x g (33k) to 200,000 x g (200k) ultra-
centrifugation step. Next, a serial depletion approach
where the input material was repeatedly depleted by a
series of increasing centrifugal force steps from 33k to
200k. This allowed us to, first, determine the most
efficient sedimentation speed in terms of the highest ratio
of vesicles to pelleted protein and content of exosomal
markers and, second, to evaluate if the material being
deposited at lower speeds differed from the material
pelleted at higher speeds. Furthermore, 2 cell types,
embryonic kidney HEK?293 cells and bladder carcino-
ma FL3 cells, were used to study possible differences
attributed to cell type origin.

Materials and methods

Cell lines and culture conditions

Human urinary bladder transitional cell carcinoma FL3
cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM), with or without phenol red, 10% fetal
bovine serum and 100 pg/ml penicillin—streptomycin as
well as in advanced DMEM (Gibco Invitrogen, Carlsbad,
CA, USA). Cell-line authentication was performed using
short tandem repeat (STR) profiling (Cell ID System,
Promega, Madison, WI, USA). Human embryonic kidney
293 cells (HEK293) were cultured in a similar manner.
Both cell lines were regularly tested negative for myco-
plasma by nested polymerase chain reaction (PCR)
analysis. Cells were seeded at 25 x 10° cells in a 15 ml
volume into the lower cell chamber of CELLine Adhere
1000 bioreactors (INTEGRA Biosciences AG, Zizers,
Switzerland) and maintained at high culture density
at 37°C in a 5% CO, humidified incubator, essentially
as previously described (24). The chamber occupied by
the cells contained medium with serum depleted for
contaminating EVs by overnight ultracentrifugation at
200,000 x g. Cell-conditioned media (CCM) was har-
vested from the bioreactor every 96 hours, and the viability
of cell growing in the bioreactors periodically assessed.

Centrifugation and ultracentrifugation

Cell culture medium (DMEM) was added 20% FCS,
centrifuged at 100,000 x g or 200,000 x g for 16 hours
after which it was sterile-filtered and diluted to a final
concentration of 10% FCS. The different media types
were added to cells to examine possible negative impact
on cell viability using MTT assays.

For NTA and protein analysis, CCM was immediately
(after harvest from cultured cells) subjected to a series of
centrifugation steps in a 5804 R centrifuge at 4°C using a
F34-6-38 fixed angle rotor (Eppendorf), first at 400 x g for
10 min then at 2,000 x g for 20 min and finally at 15,000 x g
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for 30 min. At each step, the supernatant was transferred to
new tubes and the pellets immediately resuspended in
either PBS or rinsed with PBS and then resuspended in
lysis buffer (20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1
mM Na2EDTA, | mM EGTA, 1% Triton X, 2.5 mM
sodium pyrophosphate, 1 mM beta-glycerophosphate, 1
mM Na3VO4, 1 pg/ml leupeptin), and the supernatants
and resuspended pellet material immediately taken for
NTA measurements. These pre-cleared supernatants were
stored at —80°C until further use (for parallel and serial
ultracentrifugation followed by NTA and protein analy-
sis). All ultracentrifugation steps were performed in an
Optima XPNB80 ultracentrifuge using a Type 70 Ti fixed
angle rotor (Beckman Coulter, FL, USA) at 4°C for 90
min. Centrifugation of material from FL3 and HEK293
cells was performed simultaneously. After ultracentrifuga-
tion, sample pellets were immediately resuspended in
either PBS or lysis buffer, and the supernatants and
resuspended pellet material immediately taken for NTA
measurements. An overview of the centrifugation steps, in-
cluding relative centrifugal force (RCF), revolutions per
minute (RPM) and the adjusted k factors (k,q;), is pre-
sented in Table 1. RPM was calculated from RCF
according to Equation 1 while adjusted k factors were cal-
culated according to Equation 3 (Supplementary File 1).

MTT viability assay

FL3 and HEK?293 cells were seeded at 20,000 and 33,000
cells/em? into 96-well plates in DMEM with 10%
FBS and 100 pg/ml penicillin—streptomycin. The follow-
ing day, media was removed from the 20-30% confluent
cells, the cells washed with PBS and new media of vari-
ous compositions was added. After 48 hours, cell density
was assessed by the 3-(4,5-dimethylthiazole-2-y)-2,5-
diphenyltetrasodiumbromide (MTT, Sigma-Aldrich, St
Louis, MO, USA) reduction assay, essentially as de-
scribed previously (25).

Comparative analysis of discrete exosome fractions

Nanoparticle tracking analysis

Particles present in samples were analysed by nanoparticle
tracking, using the NanoSight LM10 system (NanoSight
Ltd, Amesbury, UK), configured with a 405 nm laser
and a high-sensitivity sCMOS camera (OrcaFlash2.8,
Hamamatsu C11440, NanoSight Ltd). Videos were col-
lected and analysed using the NTA software (version 2.3,
build 0025), with the minimal expected particle size,
minimum track length and blur setting, all set to auto-
matic. Ambient temperature was recorded manually and
did not exceed 25°C. Each sample was diluted in particle-
free PBS and had a final volume of 0.4 ml. Samples
were analysed within 15 min of the initial dilution with a
delay of 10 seconds between sample introduction and
the start of the measurement (16). Approximately 2040
particles were in the field of view and the typical con-
centration was approximately 2 x 108-10 x 10® particles/ml
for each measurement to keep within the linear range (14).
For each sample, multiple videos of 60 seconds duration
were recorded generating replicate histograms that were
averaged. The typical number of completed and tracked
events per measurements typically exceeded 2000, and
5 measurements taken per sample.

Cellular and vesicle protein extraction and protein
quantification

To extract cellular proteins, FL3 and HEK?293, cells
were harvested, washed twice with ice-cold PBS, and
solubilized in lysis buffer (20 mM Tris-HCI (pH 7.5),
150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1%
Triton X, 2.5 mM sodium pyrophosphate, | mM beta-
glycerophosphate, | mM Na3VO4, 1 pg/ml leupeptin) to
which complete Mini protease inhibitor cocktail, Phos-
STOP phosphatase inhibitor cocktail (both from Roche)
and 2.0 mM Pefabloc (Sigma-Aldrich, St Louis, MO,
USA) were added immediately before use, on ice for
30 min. Cell lysates were centrifuged at 11,000 x g at 4°C
to remove cellular debris. The pellets obtained after

Tuble 1. Relative centrifugal forces, speed, adjusted clearing factor and run times

Abbreviation Average RCF Speed (RPM) Rotor type Adjusted k factor (kaq;) Run time (min)
0.4k 400 xg 1,764 F34-6-38 fixed angle 80853.2% 10
2k 2,000 xg 3,944 F34-6-38 fixed angle 16174.12 20
15k 15,000 x g 10,801 F34-6-38 fixed angle 2156.6% 30
33k 33,000 xg 21,196 Type 70 Ti fixed angle 479.9° 90
67k 67,000 x g 30,202 Type 70 Ti fixed angle 236.4° 90
100k 100,000 x g 36,897 Type 70 Ti fixed angle 158.4° 90
133k 133,000 xg 42,552 Type 70 Ti fixed angle 119.1° 90
167k 167,000 x g 47,682 Type 70 Ti fixed angle 94.8° 90
200k 200,000 xg 52,181 Type 70 Ti fixed angle 79.2° 90

8Calculated for the F34-6-38 fixed angle rotor (Eppendorf, k factor of 2,079 at 11,000 RPM using 50 ml tube inserts) with tubes filled to

nominal capacity.

PCalculated for the Type 70 Ti fixed angle rotor (Beckman Coulter, k factor of 44 at 70,000 RPM) with tubes filled to nominal capacity.
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400 x g, 2,000 xg and 15,000 x g centrifugation were
likewise, after washing and repelleting, solubilized in
lysis buffer. Protein content of the cell and vesicle lysates
were quantified by Bradford microassays (Bio-Rad,
Hercules, CA, USA) with comparison against a BSA
standard curve. Values were extrapolated from this fitted
curve, with r2 >0.99 for all included measurements.

One-dimensional electrophoresis and
immunoblotting

Samples were suspended in sample buffer (2% SDS,
10% glycerol, 50 mM Tris-HCl pH 6.8, bromophenol
blue) and subjected to denaturing electrophoresis using
precast Novex 4-12% or 12% Bis—Tris NuPAGE gels
(Invitrogen, Carlsbad, CA, USA) in MOPS running
buffer at constant 150 V for 75 min. Proteins were
electrotransferred onto Immobilon PVDF membranes
(Millipore, MA, USA), and the membranes blocked with
5% (wlv) skimmed milk powder in PBS with 0.1% (v/v)
Tween-20 (PBST) for 1 hour at RT. Membranes were
probed with the following primary antibodies: CD81
(Santa Cruz), syntenin (Abcam), calreticulin (BioVision,
Mountain View, CA, USA), VDACI (Abcam) and
TSG101 (Santa Cruz) followed by incubation with
appropriate  HRP-conjugated secondary antibodies
(DAKO A/S, Glostrup, Denmark) in blocking buffer.
The immunoblots were visualized using ECL Prime
agents (Amersham Biosciences, Buckinghamshire, UK)
and imaged on the ChemiDoc (Bio-Rad, Hercules, CA,
USA). Membranes were exposed for short durations to
prevent saturation of blots allowing the relative protein
expression levels to be determined by densitometry using
ImageJ 1.46r software (National Institutes of Health,
Bethesda, Maryland, USA) following the protocol out-
lined in the ImageJ instruction manual. Longer exposures
of the membranes were also performed for enhanced
detection of low expression levels.

Statistics

Statistical analyses were performed using the SPSS
Statistical Analysis System (version 21.0; SPSS Inc.,
Chicago, IL). Normal distribution of data sets was
assessed by Shapiro—Wilks tests and visual inspection of
Q-Q plots. Equality of variance was tested by Levene’s
test where appropriate. Sphericity was tested by Mauchly’s
test where appropriate. All data are presented as mean-
+s.e.m., unless otherwise stated. To assess differences
between 2 groups, Student’s t-test (paired or unpaired,
2-tailed) or the Wilcoxon signed rank test was used, as
applicable. When 3 or more groups were compared, either
1-way repeated measures ANOVA or the Friedman test
was used. Pairwise comparisons of groups were corrected
for multiple comparisons by the Holm—Bonferroni proce-
dure. Differences were considered to be significant for
values of p <0.05.

Results

To investigate the influence of exact differential centri-
fugation g-force on the yield and purity of exosomes,
we analysed 2 unrelated human cell lines, FL3, a urinary
bladder transitional cell carcinoma cell line (26), and
HEK?293. As mycoplasma bacteria are ~100—125 nm in
size and a common obstacle in cell cultivation, myco-
plasma infections present a potential problem for accu-
rate exosome measurements (27,28). The cells used in the
study were, therefore, importantly tested and found to
be negative for mycoplasma. All ultracentrifugation steps
were performed for 90 min as examination suggested
no increase in pelleted material from 90 to 120 min
(Supplementary Fig. 1).

Measurements of vesicle size by NTA are commonly
performed on PBS-resuspended particle pellets (14,16).
We performed an initial NTA analysis on FL3 CCM first
pre-cleared by 400 to 15,000 x g (0.4—15k) centrifugation
steps and then subjected to a single ultracentrifugation
step at 100,000 x g (100k). The size of particles increased
when comparing the measurement in pre-cleared CMM
versus the pellet obtained by 100k (mode size: 82 nm —
106 nm, mean size: 120.6 nm — 144.4 nm) (Fig. 1a).
This size difference was also observed when comparing
the input (15k) supernatant with the sum of output (100k
pellet and supernatant) (Fig. 1b). The size discrepancy
may indicate that vesicle aggregation occurs during pel-
leting. Subsequent vesicle quantifications by NTA were,
therefore, primarily performed on supernatants.

Cell medium used for exosome isolation is commonly
depleted for bovine exosomes by overnight ultracentrifu-
gation. We next examined various media types to identify
the medium generating the least amount of background
particles amounts as measured by NTA. There was a
significant difference (p <0.00001) between the quantities
of particles present in the different media types and a
substantial number of particles even in serum-free
Advanced DMEM medium (Fig. 2a). When comparing
DMEM medium with serum, the lowest number of
particles was found in phenol red-free medium depleted
for bovine exosomes by 16 hours overnight ultracentri-
fugation at 200,000 x g (200k). The mode and mean
size of the particles present in the different types of media
ranged from 68-89 to 95-110 nm, respectively, thus
placing them in the size range of exosomes (Fig. 2b).

To assess whether sedimentation of serum components
reduced the viability of FL3 and HEK293 cells, MTT
viability assays were performed using the different media
types. The viability did not differ appreciably between
the different types of DMEM with the exception of
Advanced DMEM with phenol red which markedly
lowered the viability for FL3 cells (Fig. 2¢).

We next tested if traces of media impacted the
measurement of particle size. No significant change in
mode size of 100 nm control nano-beads was observed in
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Fig. 1. Size profile of comparison of FL3 particles in supernatants and pellet. FL3 cells were cultured in DMEM without phenol red
but with serum depleted for bovine exosomes by 200,000 x g ultracentrifugation for 16 hours. (a) FL3 cell-conditioned media (CCM)
was harvested and first pre-cleared by 400-15,000 x g centrifugation steps and then subjected to a single ultracentrifugation step at
100,000 x g. Supernatants and pellet were diluted in particle-free PBS and the particles present measured using the NanoSight NTA
system. Average plots of the overall size distribution of particles are based on 5 repeat measurements. (b) Plots of size distribution of the

input 15,000 x g supernatant and the sum of the 100,000 x g pellet and supernatant output.

PBS versus 1:10 PBS-diluted media suspensions (Supple-
mentary Fig. 2a). We examined mixed suspension of
100 and 200 nm control beads. Two clearly separate peaks
representing the 2 types of control beads was observed,
demonstrating that NTA could accurately detect and
distinguish particles of different sizes present in the same
solution (Supplementary Fig. 2b). Finally, we consis-
tently observed that inclusion of phenol red in the media
introduced haziness to the videos captured for NTA
(observations). Altogether, our data pointed towards the
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usage of 200k-depleted medium without phenol red for
optimal NTA measurements of particles and that this did
not hamper cell viability. Importantly, measurements on
CCM supernatant showed expected control particle size
and were more suitable for quantitative analysis than

pellet analysis.
We finally tested the effect of partial filling of

centrifugation tubes on the sedimentation characteristics.
Filling tubes to less than nominal capacity should
theoretically lower the effective k factor because of the
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Fig. 2. Analysis of particles present in different media types and effect on viability of cell growth. (a) Media samples of DMEM with
either 8% foetal bovine serum or 8% serum depleted for bovine exosomes (100k and 200k, serum-containing medium cleared of bovine
exosomes by 16 hours ultracentrifugation at 100,000 x g or 200,000 x g of 20% serum solutions, respectively) with and without addition
of phenol red, as well as Advanced DMEM, were analysed using NTA. All media types were centrifuged at 15,000 x g before analysis.
Measurements of particle concentration were made in triplicate for each of the samples. Data are expressed as mean +s.e.m. (n =12 per
group generated from 3 independent experiments). P-value for difference between groups was determined by the Friedman test while p-
values between pairs of groups were determined by Wilcoxon signed rank tests and corrected for multiple comparisons by the Holm—
Bonferroni procedure. N.S., not significant. (b) The mode and mean size of particle in media measured by NTA. (c) The viability of FL3
cells and HEK293 cells grown in various types of DMEM media with (/eft) or without (right) phenol red at seeding densities of 20,000
or 33,000 cells/cm?® were examined by MTT assays. Data are expressed as mean +s.e.m. (for FL3 n =3 and for HEK293 n =4 per group
generated from 3 independent experiments).
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shortened average path length a particle has to travel
for sedimentation, and therefore require shorter centri-
fugation run times (Supplementary File 1). Consistent
with this, we observed significantly more sedimentation
of material when using partially filled tubes (Supplemen-
tary Fig. 3a). This could be adjusted for when reducing
the run time appropriately according to the difference in
effective k factor (Supplementary Fig. 3b).

Parallel ultracentrifugation—comparative analysis by
NTA, protein quantification and immunoblotting

To examine the optimal centrifugal force for isolation of
exosomes, we employed a parallel ultracentrifugation
approach (Fig. 3a). Pre-cleared CCM was split into equal
volumes that were then subjected to a single ultracen-
trifugation step at a centrifugal force ranging from 33k
to 200k. The size profiles of the particles in pre-cleared
15k CCM supernatants (input) revealed that the peak
(mode) size of particles was 98 and 140 nm for FL3 and
HEK?293 CCM, respectively (Fig. 4a). The size profile of
particles remaining in the supernatant (output) after the
ultracentrifugation step (Fig. 4a, supernatant) did not
markedly differ between FL3 and HEK293 (mode
size ~ 100 nm).
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The mode size of FL3 EVs differed substantially when
measured in suspension versus measurement of resus-
pended pellets (Fig. 1). We, therefore, compared the size
profile of HEK293 EVs in pre-cleared CCM suspension,
and after resuspension of sedimented pellets. The mea-
sured mode size of particles after pelleting and resuspen-
sion was 147, 153 and 158 nm for g-forces of 33k, 67k and
100k, respectively, and thus 7-18 nm higher than the
measured 140 nm mode size of particles in pre-cleared
15k CCM (Fig. 4a). After pelleting at the higher g-forces
of 167k and 200k, 2 clearly separate peaks representing
population of particles of 68, 146 and 149 nm, respec-
tively, became noticeable.

The pattern of particles sedimented from superna-
tants with increasing g-force differed between FL3 and
HEK293 (Fig. 4b). Only a small fraction of FL3 particles
were pelleted at 33k and 67k, whereas a predominant
fraction of HEK293 particles were pelleted here. In
addition, a substantially larger fraction of FL3 particles
were resistant to sedimentation at speeds over 100k, which
was not the case for HEK293 particles. The depletion of
particles from the supernatants with increasing speed was
reflected in the increase of particles found in sedimented
pellets (Supplementary Fig. 4). The fraction of 1-100 nm

NTA
Protein
Immunobiot

Supernatant x 6 Pellet x 6

Protein

100,000 X g gc for 133,000 x g, 167,000 x g
+ —_—
and 200,000 x g

Pellet Supernatant

Fig 3. Differential ultracentrifugation experimental schemes. (a) Parallel differential ultracentrifugation. Harvested FL3 and HEK 293
CCM was subjected first to a series of pre-clearing centrifugation steps of increasing relative centrifugal force (RCF) (0.4—15k, Table 1)
with the resulting supernatant in each step being used as the input for next step while the pellets were subjected to lysis before protein
determination and immunoblot analysis. The pre-cleared CCM was split into aliquots of 6 equal volumes and each aliquot subjected to
ultracentrifugation at a RCF ranging from 33k to 200k (Table 1). Samples of supernatant were taken for NTA measurements while the
pellets were either resuspended in particle free-PBS or subjected to lysis before protein determination and immunoblot analysis.
(b) Serial differential ultracentrifugation. Pre-cleared CCM was subjected to a series of ultracentrifugation steps of increasing RCF
from 33k to 200k (Table 1) with the resulting supernatant in each step being used as the input for next step. Samples of supernatant were
taken for NTA measurements while the pellets were subjected to lysis before protein determination and immunoblot analysis.
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particles in pellets of HEK293 was enriched with increas-
ing speed (Fig. 4c). For both FL3 and HEK293, there was
a clear increase in sedimentation of protein with rising g-
force but with significantly more protein sedimented at a
force over 33k for FL3 (Fig. 4d, left) while for HEK 293 the
difference between 33k and higher speeds was less
pronounced (Fig. 4d, right). HEK293 cells were generally
observed to release a greater abundance of vesicles than
FL3 cells when particles in the supernatant and the protein
content of pelleted material were measured (Fig. 4b and d).
Previously, the ratio of particles-to-protein has been sug-
gested as a measure for the purity of vesicle samples
(29). We calculated the number of particles sedimented at
the different parallel ultracentrifugation speeds and
plotted the ratio of particles to protein (Fig. 4e). The
highest ratio was achieved at 67k for HEK293 and 100k
for FL3. These data indicate that the sedimentation
efficiency of particles from HEK293 and FL3 cells dif-
fered significantly.

Immunoblotting was performed on the pellets of EVs
generated by the parallel ultracentrifugation experiments
(Fig. 5). TSGI101 is a commonly accepted cytosolic
ESCRT protein marker of exosomes involved in forma-
tion of multivesicular bodies (30). For both FL3 and
HEK?293 exosomes, the highest TSG101 signal was found
in pellets after 67k. At 33k and the higher speeds of 167k
and 200k the signal was markedly lower indicating that
exosomes contributed less to the total pelleted material
at these speeds. For both cell lines TSG101 was highly
enriched in exosome samples compared to the parental
cell lines (pelleted at 0.4k), apoptotic bodies (pelleted at 2k)
and microvesicles (pelleted at 15k). Syntenin, another
exosomal marker, is a key regulator of exosome biogen-
esis (21) and we observed it to be most abundantly
present in the 100k pellet for FL3, and in the 67k pellet

Comparative analysis of discrete exosome fractions

for HEK293. To assess the presence of mitochondrial
contamination we analysed pelleted material for the
protein VDACI, a previously used contamination marker
(31,32). For both FL3 and HEK293, VDACI could be
detected in cell lysates as well as apoptotic bodies but not
in microvesicles, and not in any of the exosome fractions.
When eukaryote cells undergo apoptosis, fragments of
the ER membrane can form small 80—120 nm vesicle-like
entities termed microsomes that can be pelleted by
ultracentrifugation, commonly at speeds in the range
of 100k (12,13). The level of the ER marker protein,
calreticulin, was markedly reduced in exosome samples
compared to preparations of cells, apoptotic bodies and
microvesicles. These data suggest, based on exosomal
marker proteins, that the most optimal ultracentrifuga-
tion speed for purification is 100k for FL3 and 67k for
HEK?293.

Serial ultracentrifugation—comparative analysis by
NTA, protein quantification and immunoblotting
Next, we examined if the material being deposited at
the lower g-forces differed from the material pelleted
at higher speeds by using a serial scheme of increasing
sedimentation velocities (Fig. 3b). Pre-cleared CCM was
subjected to 6 rounds of ultracentrifugation at 33—-200k
with the supernatant generated after each round used as
the input for the next in order to follow the depletion
of particles from the sample. The mode size of particles
present in pre-cleared CCM from FL3 and HEK?293 cells
was 102 and 144 nm, respectively (Fig. 6a). The concen-
tration of particles present in CCM supernatant declined
with each serial step of ultracentrifugation, but to a greater
extent for HEK293 than FL3 (Fig. 6b). Almost 90% of
HEK?293 particles were cleared by a g-force of less than the
100k commonly used for isolation of exosomes. Regarding

Fig. 4. Parallel differential ultracentrifugation. (a) Pre-cleared FL3 and HEK293 CCM supernatants (15k), and supernatants and
pellets generated by ultracentrifugation steps (33—200k) were diluted in particle-free PBS and the particles present measured using the
NanoSight NTA system. Average plots of the overall size distribution of particles are based on 5 repeat measurements and represent the
profile of particles present in the supernatant after the indicated ultracentrifugation step (supernatant, left) or in the resulting
sedimentation pellet (Pellet, right). (b) Quantification by NTA of particles present in supernatants generated from pre-cleared CCM
harvested from FL3 (left) and HEK293 (right) cells, and subjected to parallel ultracentrifugation steps. Data are expressed as
mean+s.em. (n=35 per group), p-value for overall difference between groups was determined by repeated measures ANOVA
(Greenhouse-Geisser corrected) and p-values between pairs of groups were determined by Student’s paired t-tests with correction for
multiple comparisons by the Holm—Bonferroni procedure. *p <0.05; **p <0.0001; N.S., not significant. (c) Population of particles of
defined size ranges after depletion of HEK293 CCM by ultracentrifugation. The size of particles was measured by NTA in
sedimentation pellets after ultracentrifugation steps of relative centrifugal force (RCF) from 33k to 200k. The fraction of the total
population in the size ranges 1-100nm, 101-200 nm, 201-300 nm and 301+ nm was plotted. (d) Quantification of protein in
sedimentation pellets generated by 33k to 200k parallel ultracentrifugation steps and solubilization in equal volumes of lysis buffer.
Data are expressed as mean +s.e.m. (n =12 per group), p-value for overall difference between groups was determined by repeated
measures ANOVA (Greenhouse—Geisser corrected) and p-values between pairs of groups were determined by Student’s paired t-tests
with correction for multiple comparisons by the Holm—Bonferroni procedure. *p <0.05; N.S., not significant. (¢) The number of
pelleted particles was calculated from the input and output supernatants, and the ratio of particles per pg of protein pelleted after
parallel ultracentrifugation (33-200k) was plotted. Data are expressed as mean +s.e.m. (n =6 per group), p-value for overall difference
between groups was determined by repeated measures ANOVA (Greenhouse—Geisser corrected) and p-values between pairs of groups
were determined by Student’s paired t-tests with correction for multiple comparisons by the Holm—Bonferroni procedure. *p <0.05.
Reported statistical significance is relative to the maxima (67k for HEK293 and 100k for FL3).
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Fig. 5. Immunoblot analysis of TSG101, syntenin, calreticulin and VDACI expression in sedimentation pellets after centrifugation at
speeds from 0.4k to 200k. An equal amount of total protein (10 pg) was loaded in each well of the gel. Membranes were subjected to
long exposures (LE) and short exposures (SE), and the relative levels of expression were assessed by densitometry quantification of the
SE blots using Image J software. Because equal amounts of total protein were loaded in each lane, the intensity of the TSG101 and
syntenin signals are proportional to the enrichment of exosomal protein in the sample while the intensity of VDACI and calreticulin are
proportional to the purity of the samples in regard to mitochondrial and ER/microsome contamination, respectively. AB, apoptotic
bleb; MV, microvesicle; a.u., arbitrary units.
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the pelleted protein, the predominant fraction of HEK293
extracellular protein was sedimented at 33k rather than
from any subsequent spins. For FL3, a gradual pelleting of
extracellular protein through g-forces of 33-167k was
observed (Fig. 6¢). There was a significant linear correla-
tion between the observed depletion of particles and
protein for both FL3 (Pearson’s r =0.85, p =0.034) and
HEK?293 (Pearson’s r =0.85, p =0.030) through the serial
ultracentrifugation steps (Supplementary Fig. 5). The
highest ratio of particles-to-protein was achieved at the
67k step for HEK293 while at 100k for FL3 (Fig. 6d). In
conclusion, both particle and protein quantification
indicated significantly greater sedimentation of extra-
cellular material at lower speeds from HEK293 cells
compared to FL3 cells.

To gain insight into the EVs that were pelleted after
serial depletions of CCM by ultracentrifugation, we
performed immunoblotting for the transmembrane tetra-
spanin CD81 (10,33), which we previously have found to
be highly enriched in exosomes compared to parental
FL3 cells (31), as well as TSG101 and syntenin (Fig. 7).
Strikingly, for both FL3 and HEK293 cells, there were
very strong CDS81, TSG101 and syntenin immunoblot
signals from pelleted material already at 33k indicating
that EVs with exosomal markers could be efficiently
isolated at significantly lower speed than the commonly
used g-force of 100k or higher. FL3 exosomes were
still pelleted at the 100k step while almost all HEK293
exosomes were sedimented already at 67k. CD81 and
syntenin signals persisted at higher speeds than the signal
from TSGI101 for both FL3 and HEK293 exosomes.
Normalization of the exosome marker signals revealed
that the ratio of signal/protein increased with higher
speeds, indicating that exosomal proteins comprised
a higher fraction of the total protein in these fractions.
The ER/microsome marker calreticulin was efficiently
sedimented at 33k and barely present after 67k for FL3,
while for HEK293 a substantial amount of calreticulin
could still be pelleted at this speed (Fig. 7). In conclu-
sion, EVs bearing exosomal marker proteins could
be pelleted to a significant degree already at 33k, a
speed which also largely removed remaining microsomal
contamination.

Discussion

Exosomes, and other EVs, are present in human biofluids
and, thus, may have potential as sources for prognostic
and diagnostic disease biomarkers. Exosome research has
mostly focused on areas such as their involvement in the
tumour microenvironment (34—36) and on their potential
as vehicles of drug delivery to therapeutic targets (37,38).
However, both the basic investigation of exosomes as well
as research into their therapeutic potential requires
efficient isolation methods. Purification by ultracentrifu-
gation is the most widely adopted of the basic isolation

Comparative analysis of discrete exosome fractions

methods due to its ease and high capacity. In this study,
we have examined the impact of ultracentrifugation
g-force on the isolation outcome in 2 different cell types.

Surprisingly, a large difference in the sedimentation
dynamics of particles and protein in the CCM harvested
from FL3 cells compared to HEK293 cells was observed.
Consistently, and both when measured as the number of
particles and the amount of protein pelleted, HEK293
displayed much more efficient sedimentation of material
at lower speeds than FL3. EVs from HEK293 cells bear-
ing the exosomal markers CD81, TSG101 and syntenin
could be pelleted already after 90 min at the relatively
low g-force of 33,000 x g, though 67,000 x g was more
efficient. Material from the CCM of FL3 cells was sig-
nificantly more resistant to sedimentation though FL3
exosomes could also be pelleted already at 33,000 x g.
The size of particles in the input supernatant from
HEK293 cells (~140 nm) was considerably larger than
for FL3 cells (~100 nm). This may have contributed
to the observed differences in sedimentation characteris-
tics (Figs. 4 and 6). Aggregates of proteins can share
sedimentation and other biophysical properties with EVs
(39). It has been hypothesized that purer EV samples
have higher ratios of particles (mainly vesicles) to proteins
(vesicle protein and contaminating soluble proteins) and,
thus, that such a ratio can be used as a measure of EV
sample purity (29). Using this measure, we found that
the highest ratio of particles to protein, and thus the purest
samples of exosomes, is found after ultracentrifugation
at 67,000 x g for HEK293 and for 100,000 x g for FL3
exosomes (Figs. 4¢ and 6d). For HEK293 exosomes the
highest signal for both exosomal markers TSG101 and
syntenin was found after 67,000 x g. For FL3 exosomes
the syntenin signal was highest at 100,000 x g and the
TSGI101 signal slightly higher at 67,000 x g (Fig. 4).
However, it is worth noticing that it is not clear to what
degree particles can be assumed to be vesicles, and not, for
example, larger protein aggregates. Especially in light of
our finding that considerable amounts of measurable
particles remain in samples after overnight ultracentrifu-
gation at 200,000 x g (Fig. 2a). With rising centrifugal
g-force, we found a continuously increasing quantity
of protein in sedimented pellets while there was a tendency
for the number of particles counted by NTA to plateau
(compare Fig. 4a and d). A possible explanation for this
observation is that relatively more protein aggregates
or complexes are pelleted at the higher g-forces but due
to their small size fall below the detection limit of the NTA
technology.

Interestingly, we observed different expression patterns
for the 2 exosomal markers TSG101 and syntenin with
a marked tendency for a higher syntenin signal from the
higher g-force fractions (Fig. 5, parallel experiment) and
to persist in these higher speed fractions after depletion
(Fig. 7, serial experiment). This could indicate either that
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Fig 6. Serial differential ultracentrifugation. (a) Pre-cleared FL3 and HEK293 CCM supernatants (15k) and supernatants generated
by a series of 33-200k ultracentrifugation steps (Table 1) were diluted in particle-free PBS and the particles present measured using the
NanoSight NTA system. Data from 2 separate experiments with 5 repeat measurements each for both cell lines was used to generate
average plots of the overall size distribution of particles. (b) Quantification by NTA of particles present in supernatants generated from
CCM harvested from FL3 (left) and HEK293 (right) cells and subjected to serial centrifugation steps. Data are expressed as
mean+s.em. (n=10 per group), p-value for overall difference between groups was determined by repeated measures ANOVA
(Greenhouse—Geisser corrected) and p-values between pairs of groups were determined by Student’s paired t-tests with correction for
multiple comparisons by the Holm—Bonferroni procedure. *p <0.05; **p <0.0001; N.S., not significant. (c) Quantification of protein in
sedimentation pellets generated by serial centrifugation steps and solubilization in equal volumes of lysis buffer. Data are expressed as
mean+s.em. (n=12 per group), p-value for overall difference between groups was determined by repeated measures ANOVA
(Greenhouse—Geisser corrected) and p-values between pairs of groups were determined by Student’s paired t-tests with correction for
multiple comparisons by the Holm—Bonferroni procedure. *p <0.05; N.S., not significant. (d) The number of pelleted particles was
calculated from the input and output supernatants, and the ratio of particles per pg of protein pelleted after serial depletion of pre-
cleared FL3 and HEK293 CCM by ultracentrifugation (33-200k) was plotted. Data are expressed as mean +s.e.m. (n =6 per group),
p-value for overall difference between groups was determined by repeated measures ANOVA (Greenhouse—Geisser corrected) and
p-values between pairs of groups were determined by Student’s paired t-tests with correction for multiple comparisons by the Holm—
Bonferroni procedure. *p <0.05. Reported statistical significance is relative to the maxima (67k for HEK293 and 100k for FL3).
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Fig. 7. Immunoblot analysis of CD81, TSG101, syntenin and calreticulin expression after ultracentrifugation of serially depleted CCM.
Equal volumes of sample was loaded in each lane corresponding to equivalent fractions of the total samples. Membranes were subjected
to long exposures (LE) and short exposures (SE), and the relative levels of expression were assessed by densitometry quantification of
the SE blots using Image J software with or without normalization to the quantity of protein in each lane. The relative levels of
expression for the 33k centrifugation step were set as 100. Note that for syntenin the LE reveals the presence of the protein after the
167k and 200k steps but complete saturation of the bands for the lower speed centrifugation steps prevents accurate densitometry. a.u.,

arbitrary units.

syntenin is relatively more highly expressed on smaller
and/or less dense exosomes that sediment more efficiently
at higher g-forces, while TSG101 is more highly expressed
on larger and/or more dense exosomes, or alternatively,
that there are sub-populations of exosomes expressing
different markers but with overlapping sedimentation
profiles.

A major issue in the preparation of pure exosomal
isolates from cell culture medium is the contamination
that results from cells undergoing apoptosis. While
contamination of samples with apoptotic debris can be
minimized by using only cultures of cells with a high
(>95%) viability, a small degree of dead or dying cells
cannot be avoided entirely. Among the possible contami-
nants are mitochondria but our results indicate that
centrifugation at relatively low speed was sufficient to
ensure the removal of VDACI from CCM of both out
tested cell lines (Fig. 5), which is consistent with our
previous observations (31). Contamination from the ER
compartment, for example in the form of microsomes, is
a potential problem in exosome purification. Blotting
for the ER-resident proteins calnexin or calreticulin has
previously been used to assess ER contamination of
exosomal preparations (21,31,40). We did not observe
calreticulin in samples that had been pre-cleared up to
and including 15k centrifugation and containing a total
of 10 pg of protein (Fig. 5, samples 33-200k). We did,

however, detect calreticulin in some of our samples
pelleted at 33,000 x g (Fig. 7) when larger quantities
of samples were loaded on the gel. This indicates that
contamination from the ER compartment can persist after
pre-clearing samples at 15,000 x g, and is consistent with
the presence of calreticulin in microsomes. Based on
our results it seems that it is possible to eliminate most
of the contamination by inclusion of an additional pre-
liminary 33,000 x g step before subsequent isolation of
exosomes by higher ultracentrifugation speeds. However,
increasing the purity of samples in this manner will also
reduce the yield as we have demonstrated, based on the
protein markers CD81, TSG101 and syntenin, that exo-
somes are pelleted already at 33,000 x g. It should be noted
that it is not yet clear from the literature if these pro-
tein markers are exclusive to exosomes and not present on
other types of EVs such as microvesicles. Previous studies
have suggested presence of sub-populations of exosomes
expressing different marker proteins (30,41).

Our NTA results for both the FL3 and HEK?293 cell
lines may indicate that vesicle aggregation occurs as a
result of ultracentrifugation. The mode (peak) size of the
particles measured in resuspended vesicle sedimentation
pellets was in the order of 25 nm larger than particles
measured in FL3 CCM supernatant before and after
100k ultracentrifugation (Fig. 1) whilst for HEK293,
it was 18 nm (Fig. 4a). The vesicles measured by NTA

Citation: Journal of Extracellular Vesicles 2014, 3: 25011 - http://dx.doi.org/10.3402/jev.v3.25011

(page number not for citation purpose)


http://journalofextracellularvesicles.net/index.php/jev/article/view/25011
http://dx.doi.org/10.3402/jev.v3.25011

Dennis K. Jeppesen et al.

directly in suspensions of CCM supernatants are in solu-
tion while EVs in pellets are generated by compres-
sing vesicles together on the side/bottom of centrifugation
tubes by high centrifugal forces followed by resuspen-
sion, typically in PBS (10). Several other investigations
that have employed NTA also report modal sizes of
exosomes significantly larger than the 40-100 nm size
that is generally accepted as the size for this type of EV.
Recent examples of sizes for pelleted and resuspended
exosomes from different cell lines are 127 nm (MCF7
cells), 117 nm (PC3 cells), 168 nm (MCF10A cells) (42),
and 104 nm (mesothelioma cell line) and 109 nm
(LNCAP cells) (29). Aggregation of exosomes by ultra-
centrifugation may, therefore, significantly overestimate
the size potentially resulting in unreliable sizing and
counting when the pellet of vesicles is resuspended and
measured by NTA. We here performed the resuspen-
sion of EV pellets in PBS manually by pipetting after
ultracentrifugation. More vigorous resuspension of the
pelleted exosomes could presumably increase the number
of single-exosome particles, but it is unclear how to
accomplish this whilst ensuring that exosomes are not
damaged and fragmented. It is also possible that
exosomes from different cell lines differ significantly in
size. In pre-cleared CCM from HEK?293 cells, we con-
sistently observed particles ~40 nm larger than the
particles in FL3 CCM (Figs. 4a and 6a). In 100,000 x g
pellets, the size difference between HEK293 and FL3
particles was 52 nm (Figs. 1 and 4a). The size of FL3
exosomes as measured by NTA was thus ~86—106 nm,
dependent on measurement done on supernatants or
resuspended pellets, while for HEK293 the size was
~140-158 nm. This difference could possibly reflect
the size of the producing cells as HEK293 cells are
significantly larger than FL3 cells.

The relative efficiency of a rotor in pelleting particles
is measured by its effective clearing factor (k factor)
which is dependent on the RPM with which the rotor is
spinning as well as the fill level of the centrifugation
tubes. We provide instructions for calculation of the
effective k factor for centrifugation of tubes filled to less
than nominal capacity and for equalizing runs across
different rotor types, in Supplementary File 1. Filling
tubes to less than capacity will lead to a shorter average
sedimentation path length and thus a reduction in run
time compared to tubes filled to nominal capacity
(Supplementary Fig. 3). The focus of this study was on
the influence of ultracentrifugation g-force. Therefore,
the centrifugation time was kept constant at 90 min
for all steps in the range of 33,000 x g to 200,000 x g.
Centrifugation force and time are inversely correlated
(when the force applied is large enough to overcome the
forces opposing movement of the vesicles), thus higher
g-forces should require shorter run times and vice versa.
We could not, in our limited investigation on a single cell

line (FL3 cells, Supplementary Fig. 1), detect a significant
increase of protein in pelleted material when the centri-
fugation time was increased from 90 to 120 min for the
Type 70 Ti rotor (100,000 x g, k factor of 158.4). We did,
however, see a significant difference in protein yield
between 60 and 90 min. It was recently reported that
extending the centrifugation time for the Type 70 Ti
rotor from 70 to 155 min (118,000 x g, k factor of 133.4)
yielded no significant increase in protein yield from
conditioned media from the human mast cell line
HMC-1, though an increase in RNA yield was observed
(43). Sedimentation of material is inevitably influenced
to some degree by the centrifugation time but, like we
observed for ultracentrifugation g-force, it is likely that
the influence of time will vary between cell lines.

As exosome research is a rapidly expanding field there
is interest in the development of standard ultracentrifu-
gation isolation protocols in terms of centrifugation
g-force and time (9,43). However, we report here that
the sedimentation characteristics of exosomes from
2 unrelated cell lines differed significantly. We also found
that the 2 cell lines differed in g-force that yielded the
optimal ratio of vesicles to total protein, a suggested
measure of exosome sample purity. The yield of protein,
exosomal or otherwise, obtained by using a specific
ultracentrifugation time may also be cell line dependent.
These issues highlight the potential difficulties in estab-
lishing standard protocols for isolation. While it may
be tempting to seek a standardization of protocols in
an attempt to minimize discrepancies between reported
results from different research group and laboratories,
our findings indicate that optimal protocols for exosome
purification may well differ between cell lines.

In conclusion, we have conducted a thorough inves-
tigation of the influence of ultracentrifugation g-force
on the isolation of exosomes. We found that the choice
of media impacts the level of background particles,
something that may potentially interfere with exosome
quantification. We observed marked differences in the
fractions obtained by differential centrifugation in terms
of vesicle size, protein quantity and relative presence
of exosomal markers and contamination markers. These
sedimentation profiles showed cell-line-dependent char-
acteristics. Exosomes from both HEK?293 and FL3
cells were pelleted at 33,000 x g but the optimal g-force
for sample purity was 67,000 xg for HEK293 and
100,000 x g for FL3. Contamination from mitochondria
could efficiently be eliminated by low-speed 2,000 x g
centrifugation while ER/microsome contamination could
be removed by inclusion of a 33,000 x g pre-clearing
step. The differential expression of the exosome protein
markers TSG101 and syntenin in fractions may indicate
presence of sub-populations of exosomes preferentially
pelleted at different speeds. Taken together, the choice of
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exact g-force, and thus k factor, greatly influences
exosome purity and yield, and varies across cell lines.

Current research in EVs is challenged by efficient
isolation strategies of high specificity that in the same
time are practicable. This study suggests that usage of
differential centrifugation can be employed to enrich for
specific exosome subpopulations. It also stresses that
the exact steps of differential centrifugation procedure
affects the input for subsequent density gradient centri-
fugation and therefore should be practiced with aware-
ness. Our main focus here has been the influence of
g-force but of equal importance are questions of cen-
trifugation run times. Longer centrifugation run times
could conceivably enhance sedimentation of smaller,
slower moving subpopulations of exosomes. It would
also be of interest to examine the influence of centrifu-
gation run times for obtaining optimal vesicle to total
protein ratios. For future studies using differential
centrifugation we suggest that the effective k factor is
reported (or a note is made of the level of tube filling).
Finally, we encourage careful consideration and exam-
ination of cell-line dependent sedimentation character-
istics as differences in sedimentation profiles may impact
results profoundly.
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