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ARTICLE INFO ABSTRACT

Keywords: Extracellular vesicles (EVs) are phospholipid bilayer enclosed vesicles which play an important role in inter-
Extracellular vesicles cellular communication. To date, many studies have focused on therapeutic application of EVs. However, to
Recovery

progress EV applications faster towards the clinic, more information about the physical stability and scalable
production of EVs is needed. The goal of this study was to evaluate EV recovery and function after varying
several conditions in the isolation process or during storage.

Physical stability and recovery rates of EVs were evaluated by measuring EV size, particle and protein yields
using nanoparticle tracking analysis, microBCA protein quantification assay and transmission electron micro-
scopy. Western blot analyses of specific EV markers were performed to determine EV yields and purity. EV
functionality was tested in an endothelial cell wound healing assay.

Higher EV recovery rates were found when using HEPES buffered saline (HBS) as buffer compared to phos-
phate buffered saline (PBS) during EV isolation. When concentrating EVs, 15 ml spinfilters with a 10 kDa
membrane cutoff gave the highest EV recovery. Next, EV storage in polypropylene tubes was shown to be su-
perior compared to glass tubes. The use of protective excipients during EV storage, i.e. bovine serum albumin
(BSA) and Tween 20, improved EV preservation without influencing their functionality. Finally, it was shown
that both 4 °C and —80 °C are suitable for short term storage of EVs. Together, our results indicate that opti-
mizing buffer compositions, concentrating steps, protective excipients and storage properties may collectively
increase EV recovery rates significantly while preserving their functional properties, which accelerates trans-
lation of EV-based therapeutics towards clinical application.

Regenerative medicine
Isolation process
Function

1. Introduction

Extracellular vesicles (EVs) are nano-sized endogenous vesicles that
are secreted by all cells. They play an important role in intercellular
communication through transfer of their biological cargo, including
proteins, lipids, RNA, and metabolites [1]. EVs are a heterogeneous
group of vesicles that are roughly between 30 and 1000 nm in size and
are often categorized in three populations based on their size and mode
of secretion. These populations include apoptotic bodies, ectosomes (or
microvesicles) and exosomes [1-3].

Being part of the intercellular communication machinery, EVs can
influence the cellular microenvironment and mediate both physiological

and pathological processes. These combined properties make EVs an
interesting source for a wide variability of clinical applications [4]. As a
result, research into EV applications has grown exponentially. Carrying
specific cargo derived from their parental cells, and being readily
accessible in many body fluids, EVs and their associated cargo are
considered promising candidate biomarkers [5]. In addition, EVs may be
applied as drug delivery vehicles [6]. As natural transporters of proteins
and different species of RNA, EVs have attractive characteristics that
may be employed for efficient drug transport [7]. In fact, safe usage of
EVs has been shown in early clinical trials [8,9]. Furthermore, EVs
derived from stem cells are being studied for their regenerative capac-
ities and have shown to promote tissue repair and regeneration in
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various animal models [10-12], including cardiac repair and rejuve-
nation [3,13]. Among other EV types, the use of cardiac progenitor cell
(CPC)-derived EVs has shown potential to induce cardiac regeneration
through stimulation of angiogenesis and cell proliferation [14,15].

In order to successfully use EVs as a therapeutic, a scalable source of
well-characterized EVs is required. However, obtaining high EV yields
using current isolation techniques remains challenging. Upscaling EV
production is the most obvious solution to increase EV yields, but
optimization of the subsequent isolation procedure while ensuring
physical stability of EVs could significantly contribute to recover higher
EV yields. Therefore, increased knowledge on the physical stability as
well as on factors influencing EV recovery is warranted.

During the isolation procedure, EVs can aggregate or stick to mem-
branes, column resin or other surface areas by adhesion, resulting in EV
loss [16,17]. However, surprisingly little is known about how these
physical stability properties of EVs influence their recovery during the
isolation process and storage. Moreover, there is no consensus on which
materials or which temperatures are optimal for EV storage. The goal of
the current study was to evaluate EV recovery and functionality in a
systematic manner after varying different steps and conditions in the
isolation and storage process, including choice of buffers, concentration
methods, storage tubes, protective excipients, and storage temperatures.

2. Materials and methods
2.1. Cell culture

Cardiac progenitor cells (CPCs)were obtained as previously
described [18]. CPCs were cultivated in MEM 199 + Earle’s Salts and L-
glutamine (Life Technologies) which was supplemented with 22% EGM-
2 medium (Lonza), 1% penicillin/streptomycin (Gibco), 10% fetal
bovine serum (FBS) and 1% MEM NEAA Nucleic acids (Gibco). Human
Microvascular Endothelial Cells-1 (HMEC-1) were cultured in MCDB-
131 medium (Life Technologies) supplemented with 10% FBS, 1%
GlutaMAX (Gibco), 1% penicillin/streptomycin, 10 ng/ml rhEGF
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(Peprotech) and 50 nM Hydrocortisone (Sigma). All cells were cultured
at 37 °C and 5% COxz in flasks or plates coated with 0.1% gelatin (Sigma).

2.2. Isolation of CPC-derived EVs

When a confluency of 80-90% was reached, CPCs were washed with
PBS and medium was replaced for plain (FBS-free) MEM199 medium.
Conditioned medium was removed after 24 h and spun down for 15 min
at 2000 x g. Supernatant was filtered through a 0.45 pm aPES bottle top
filter (Nalgene). Filtrate was concentrated to a volume of approx. 3 ml
by Tangential Flow Filtration (TFF) using a Minimate TFF capsule with a
membrane cutoff of 100 kDa. During TFF, a buffer exchange was per-
formed to the appropriate buffer (i.e. PBS, unless indicated otherwise).
The residue was loaded on a HiScreen Capto Core 700 column (GE
Healthcare) connected to an AKTA start system (GE Healthcare). An
absorbance chromatogram was recorded at 280 nm. EV-containing
fractions were pooled and concentrated using 100 kDa Amicon Ultra-
15 spinfilters (Merck) and stored in PBS unless indicated otherwise. A
schematic overview of the isolation protocol is shown in Fig. 1A.

HBS buffer contained 25 mM HEPES (441476L, VWR Chemicals) and
0.9% Sodium Chloride (31434, Sigma-Aldrich). For storage experi-
ments, EVs were stored at 4 °C or —80 °C in regular polypropylene tubes
(VWR, 525-1164), DNA LoBind tubes (Eppendorf, 022431021), low
protein binding tubes (Thermo scientific, 90410), 8 ml glass tubes
(Qiagen) and 8 ml glass tubes coated with Sigmacote® (Sigma, SL2-
100ML) according to the manufacturer‘s protocol. Additionally, EVs
were stored in PBS containing 0.005% Tween 20 (Fisher Bioreagents,
9005-64-5), or containing 0.1% or 0.2% bovine serum albumin (BSA)
(Roche, 10735086001). To compare yields, we calculated recoveries
defined as the number of particles/amount of protein in the output
material divided by the number of particles/amount of protein in the
stock *100%.
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Fig. 1. Characterization of EVs. A: Schematic overview of the EV isolation procedure. B: Western blot analysis of CPC-derived EVs and their host cell lysate. Equal
protein amounts (5 pg) were loaded. C: TEM pictures of purified EVs (size bars: 500 and 200 nm).
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2.3. PEG precipitation

Purified EVs were equally split in two fractions. One fraction was
concentrated using a 15 ml 10 kDa spinfilter while the other fraction was
concentrated using PEG precipitation [17]. Briefly, a purified EV sample
was mixed 1:1 (v/v) with a PEG solution containing 20% PEG 6000, 200
mM NaCl, 10 mM EDTA, 200 mM Tris-HCl, pH 7.0. The mixture was
incubated overnight on a roller bench at 4 °C and the next day centri-
fuged for 15 min at 4000 x g.

2.4. Western blot analysis

For SDS PAGE (sodium dodecyl sulphate polyacrylamide gel elec-
trophoresis), samples were diluted with LDS sample buffer (Life Tech-
nologies) containing sample reducing agent (Life Technology).
Subsequently, samples were heated for 10 min at 95 °C and were
separated on a 4-12 Bis-Tris polyacrylamide gel (Thermo Scientific)
next to a PageRuler Plus Prestained Protein Ladder (ThermoFisher Sci-
entific). During blotting, samples were transferred from the gel to a
nitrocellulose iBlot membrane (iBlot 2 NC mini Stacks, Invitrogen) with
the iBlot 2 apparatus (Life Technologies). Membranes was blocked for 1
h in 50% v/v Intercept Blocking Buffer (LI-COR Biosciences) in Tris
buffered saline (TBS). All immune-labeling was performed with 50% v/v
Intercept Blocking Buffer and TBS containing 0.1% Tween 20 (TBS-T)
for 2 h at room temperature or overnight at 4 °C. Primary antibodies
included mouse anti-Alix (Thermo Scientific, MA1-83977, 1:1000 dilu-
tion), mouse anti-syntenin (Origene, TA504796, 1:1000 dilution),
mouse anti-CD81 (Santa Cruz, SC-166029; 1:1000), rabbit anti-Annexin
A1l (Abcam, ab214486, 1:1000 dilution), rabbit anti-calnexin (GeneTex,
GTX 101676, 1:1000 dilution), mouse anti-p-actin (Cell Signaling
Technology, clone 8H10D10, 1:1000 dilution). Secondary antibodies
included Alexa Fluor 680-conjugated anti-mouse antibody (LI-COR
Biosciences, A-21057; 1:10,000 dilution) and IRDye 800CW anti-rabbit
antibody (LI-COR Biosciences, 926-32211, 1:7500 dilution). Imaging
was performed on an Odyssey Infrared Imager (LI-COR Biosciences) at
700 nm and 800 nm.

For preparation of CPC cell lysates, cells were collected in trypsin and
centrifuged at 400 x g for 10 min. Cells were washed with PBS and
collected in 1 ml complete lysis-M Reagent (Roche) supplemented with
protease inhibitor and phosphatase inhibitors. After incubation on ice
for 30 min the solution was centrifuged for 10 min at 12,000 x gat 4 °C.
Supernatant was stored at —20 °C.

2.5. Silverstain analysis

SDS PAGE was performed as described under Western blot analysis.
A Silverstain assay was performed according to manufacturer ’s in-
structions for protein detection (Thermo Scientific™ Pierce™ Silver
Stain Kit, ThermoFisher Scientific, 10096113). Imaging was performed
on a ChemiDoc MP Universal Hood III imaging system (Bio-Rad).

2.6. Endothelial cell wound healing assay

HMEC-1 were seeded in a 48-well plate at a density of 90,000 cells/
well 48 h prior to the assay. A scratch wound was made using a pipet tip
and detached cells were washed away with basal MCDB-131 medium.
Subsequently, cells were incubated in basal MCDB-131 medium plus
indicated treatments in triplicate for 6 h. For the EV samples, 3 ug per
well was added. PBS was used as a negative control and MCDB-131
containing 20% FBS as a positive control. At t = 0 h and t = 6 h, two
pictures per well were taken using an EVOS microscope (Life Technol-
ogies). Closing of the scratch was measured by image analysis using
Image J software. The mean width of each scratch at t = 0 h was sub-
tracted by the mean width at t = 6 h to determine the migrated distance.
Relative wound closure was calculated relative to the negative control.
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2.7. Micro bicinchoninic acid assay (BCA) analysis

A BCA assay was performed according to manufacturer ’s in-
structions to measure total protein concentrations (MicroBCA™ Protein
Kit , Life Technologies, 23235). Absorbance was determined using
a Multiskan™ FC Microplate Photometer (ThermoFisher Scientific).

2.8. Nanoparticle tracking analysis

Particle size and concentration was determined with a Nanosight
NS500 nanoparticle analyzer using NanoSight NTA 3.3 software. Three
videos of 30 s were recorded for each sample with a delay of 5 s between
each video. For all the recordings, the camera level was set at 16 with a
well-adjusted camera focus. Detection threshold was set at 5, screen gain
at 1.0 while other functions were set to automatic. Samples were diluted
in PBS.

2.9. Imaging flow cytometry

EVs were studied on a single EV level by high resolution IFCM
(Amnis Cellstream, Luminex; equipped with 405, 488, 561 and 642 nm
lasers) based on previously optimized settings and protocols with an
Amnis ImagestreamX MKII instrument [19]. Briefly, fluorescence-
conjugated antibodies were used to stain for EV surface markers. Anti-
bodies were added to EV-containing samples diluted to a concentration
of 1 x 10'° particles/mL at a final concentration of 8 nM, and samples
were incubated over-night at room temperature. All antibodies were
centrifuged for 10 min at 17,000 x g before they were applied to EV
samples. The following antibodies were used: CD9-APC (Miltenyi
Biotech, clone SN4), CD63-APC (Miltenyi Biotec, clone H5C6), and
CD81-APC (Beckman Coulter, clone JS64). Post staining, samples were
diluted 2000 fold in PBS before acquisition by using the plate reader of
the Cellstream instrument with FSC turned off, SSC laser set to 40%, and
all other lasers set to 100% of the maximum power. EVs were defined as
SSC (low) by using neonGFP-tagged EVs as biological reference material
and regions to quantify APC + positive events were set according to
unstained samples and unstained neonGFP-tagged reference control EVs
as described before [19]. Samples were acquired for 5 min at a flow rate
of 3.66 ul/min (setting: slow) with CellStream software version 1.2.3
and analyzed with FlowJo Software version 10.5.0 (FlowJo, LLC). Dul-
becco’s PBS pH 7.4 (Gibco) was used as sheath fluid.

2.10. Transmission electron microscopy (TEM)

Isolated EVs were pelleted using ultracentrifugation at 100,000 x g
for 60 min at 4 °C using a type 50.2 Ti fixed-angle rotor and resuspended
in PBS. Subsequently, EVs were adsorbed to carbon-coated formvar grids
for 15 min at room temperature. After a PBS wash, the grids were fixed
in a 2% paraformaldehyde, 0.2% glutaraldehyde in PBS fixing buffer for
30 min at room temperature, followed by counterstaining with uranyl-
oxalate. Grids were embedded in a mixture of 1.8% methyl cellulose and
0.4% uranyl acetate at 4 °C and imaged on a Jeol JEM-1011 TEM mi-
croscope (Jeol).

2.11. Statistics

Statistical analyses were performed using Prism 5.0 (GraphPad
Software Inc.). Differences between two groups were tested with a
paired or unpaired T-test. An one sample t-test was performed to
determine significance between relative comparisons. Comparisons of
more than two groups were tested with one-way ANOVA followed by
Tukey’s HSD multiple comparison test as post-test. Comparisons of more
than two groups affected by two factors were tested with two-way
ANOVA followed by Bonferroni as post-test. Differences with p-values
< 0.05 were considered statistically significant. All results are expressed
as mean =+ standard deviation.
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3. Results

In this study, EV recovery and functionality were evaluated after
varying different steps and conditions in the isolation and storage pro-
cess. In Fig. 1A, an overview of our initial isolation procedure is shown.
Briefly, EVs were isolated from conditioned medium of CPCs. After
centrifugation and filtering steps, conditioned medium was concen-
trated with TFF before injecting the residue into a HiScreen 700 Capto
Core column to purify EVs. After elution, EVs were concentrated using
spinfilters of 15 ml with a membrane cutoff of 100 kDa. PBS was used as
mobile phase for chromatography and as a storage buffer. All EVs were
stored at 4 °C in regular polypropylene tubes.

According to international EV research guidelines, MISEV2018 [20],
protein characterization was done for CPC-derived EVs compared to
their host cells. Enrichment of EV protein marker expression compared
to their host cells was shown for alix, syntenin and CD81, while the
endoplasmic reticulum marker calnexin was, as expected, only detected
in cell lysate (Fig. 1B). Annexin Al was similarly expressed in EVs and
their host cells. EV morphology was assessed with TEM, showing
bilayer-enclosed vesicles in a size range of 30-200 nm (Fig. 1C).
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3.1. EVisolation using HBS as mobile phase and storage buffer increases
EV recovery compared to PBS

PBS is the most widely used buffer for EV storage and as a mobile
phase during chromatography for EV purification. Buffers containing
phosphate, however, are known to show pH shifts with concentration
changes or upon freezing, which may lead to aggregation and/or loss of
enzymatic activity [21-23]. Furthermore, phosphate precipitates in
presence of high concentrations of metal ions, such as calcium, which
impacts the buffering capacity [24]. For this reason, we explored if HBS,
which does not show this behavior, would be an appropriate alternative
buffer for EV isolation. To determine influence on EV recovery, HBS or
PBS were used for buffer exchange during TFF, as a mobile phase during
the column purification step, and for prewashing of the spinfilters before
EV concentrating (Fig. 2A).

Interestingly, when HBS was used instead of PBS at different stages
during isolation, a significantly higher particle recovery was found (14%
+ 6) (Fig. 2B). Conversely, a slight but not-significant lower protein
recovery was observed (Fig. 2C). This resulted in a higher particle/
protein ratio for EVs isolated in HBS, which is suggestive of increased
purity (Fig. 2D) [25]. The results of the higher particle recovery for HBS
samples were confirmed by western blot analysis, revealing higher
expression levels of EV marker proteins alix and annexin Al, and to a
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Fig. 2. Characterization of EVs isolated using PBS or HBS buffer. A: Schematic overview of the experimental setup. B: Relative particle recovery as determined
by NTA (absolute recoveries were for PBS: 4.2E'" + 2.4E!'particles, for HBS: 4.8E'! + 2.7E!! particles). C: Relative protein recovery as determined by microBCA
protein determination (absolute recoveries were for PBS: 49.9 + 21.8 pg, for HBS: 44.9 + 22.1 nug). D: Particle/protein ratios of EVs. E: Western blot analysis of EV
markers CD81, syntenin, alix and Annexin Al. Equal percentages of the total volume of EV isolates were loaded. F: Particle quantification of EVs positive for CD9,
CD63 or CD81 (labeled with APC-conjugated antibodies) as determined by imaging flow cytometry. G: Particle size ranges determined with NTA. Results in B, C and
D represent biological replicates (n = 4), results in E and F represent technical replicates (n = 3). Significance levels are indicated with asterisks (* p < 0.05).
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lesser extent syntenin and CD81 (Fig. 2E). Imaging flow cytometry was
used for quantification of tetraspanin positive EVs, after CD9, CD63 and
CD81 were labeled with APC-conjugated antibodies. Imaging flow
cytometry analysis confirmed our previous results, indicating a non-
significant trend towards higher tetraspanin-positive EV count for EVs
isolated with HBS (Fig. 2F). Choice of buffer did not impact the size of
the isolated EVs (Fig. 2G, S1A and S1B). Thus, using HBS instead of PBS
during the isolation procedure resulted in improved EV recovery.

3.2. Concentrating using 15 ml spinfilters with a size cutoff of 10 kDa
provides the highest EV recovery

Concentrating EV samples during or after a purification step is often
essential for subsequent EV analyses or functional studies. However, it is
well recognized that during these concentration steps many EVs are lost
because of adhesion, aggregation or destruction. The most widely used

European Journal of Pharmaceutics and Biopharmaceutics 170 (2022) 59-69

method to concentrate EVs is filtration using centrifugal spinfilters.
These spinfilters are available with different membrane materials, pore
sizes, and volumes. In this study, we compared spinfilters of 4 ml and 15
ml containing regenerated cellulose membranes with pore sizes of 10 or
100 kDa (Fig. 3A). A stock solution of purified EVs was prepared and
equal volumes of 4 ml were loaded onto each spinfilter. When analyzing
yields before and after EV concentration using the different spinfilters,
we observed that overall EV particle and protein recovery efficiencies
showed similar trends. Particle recoveries varied between 25 and 70%
and protein recoveries between 20 and 50% (Fig. 3B and 3C). Spinfilters
with a membrane cutoff of 10 kDa gave significantly higher EV re-
coveries compared to 100 kDa spinfilters. Surprisingly, 15 ml spinfilters
also gave a significantly higher particle recovery compared to the 4 ml
spinfilters. Protein recovery displayed a similar trend with a higher re-
covery rate in the 15 ml spinfilters, however, this difference did not
reach significance. As expected, particle/protein ratios were higher for

A B C
* %k
100+ *kk 100+ * ¥
—_ %k —_
s 3 * Kk
~ 80 [ ] * %k k < 804 ok %k %k *kk
o o
. q 3 60 3 601 A
o o
3 : o o
j j o 40 < 404
‘ v L K] o
| T 201 o 204 ¥
iy “
kD kD kD: kD: 0 0 X
100 kDa 10kDa 100kDa 10kDa
2
15ml aml & & & & & O & &
) K 5) ) 5) K ) K
N A N N N D N
& o & »& & & & »
o N 1) ) N ™
Db E
1.5%10 10+ 15 ml 4ml
£ * % 100kDa 10kDa 100kDa 10kDa
]
- - -
o . ¢ - -- R
g 1x107% Alix (2 S0 amt— —— .
S —
o ol z 1100 kDa
=5
2 Annexin A1 | — N — }35 kDa
S 5x10°-
5 kD
& SYNLENiN | em— — e 35 kDa
0- - 25 kDa
cps1 \ s _— L S— [
F %k k G
2.54
c * %k 1004 . L
5 ns & Stock
§ 201 - S so- — 100 kDa 15 ml
=) b 1)
£ 154 1 -‘E — 10 kDa 15 ml
= g 60- — 100 kDa 4 ml
; 1.01 rg ', < 2 40 — 10 kDa 4 ml
- [
5 0.5 2
3 08 T 201
14 °
0.0 r r L Y .
N N > > T T T T T T T T L T T T
Q@% qu.) *0 ‘9 20 40 60 80 100120 140 160 180 200 220 240 260 280
O Q)
~ s\ N N Size (nm)

Fig. 3. Effect of spinfilter properties on EV recovery. A: Schematic overview of the experimental setup. B: Particle recovery rates as determined by NTA (Stock:
4.2E'° particles/ml). C: Protein recovery rates as determined by microBCA protein determination (Stock: 8.5 pg/ml). D: Particle/protein ratios of EVs. E: Western
blot analysis of EV markers CD81, syntenin, alix and Annexin Al. Equal percentages of the total volume of EV isolates were loaded. F: Results of an endothelial cell
wound healing assay. G: Particle size ranges determined with NTA. Results represent technical replicates (n = 3), and are representative for three independent
experiments. Significance levels are indicated with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.01).
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spinfilters with a 100 kDa cutoff compared with 10 kDa, since residual
proteins > 10 and < 100 kDa are expected to be removed when using
100 kDa spinfilters (Fig. 3D). However, this was not reflected in the EV
total protein profile (Figure S2A). Therefore, differences in recovery are
more likely to be attributed to general overall loss of protein. To validate
differences in recovery, western blot analysis was performed for the
abovementioned EV markers (Fig. 3E). For all proteins, a similar trend
was observed as shown for the particle and protein recovery, with the
highest EV protein expression for the 10 kDa spinfilters. To study the
effect of the different spinfilters on EV functionality, we assessed relative
HMEC-1 migration after 6 h of treatment with EVs concentrated with 10
or 100 kDa membranes in a wound healing assay (Fig. 3F). Both EVs
concentrated with 10 and 100 kDa spinfilters were able to significantly
increase endothelial cell migration, and to a similar extent. This in-
dicates that the spinfilter size cut-off does not influence the pro-
migratory properties of EVs on endothelial cells. There were no
apparent differences in EV size distribution, nor in mean or mode size
when concentrated with the different spinfilters (Fig. 3G, S2B-G). In
conclusion, for EV concentration, 15 ml spinfilters containing mem-
branes with a pore size cutoff of 10 kDa gave higher EV yields compared
to spinfilters with a larger pore size or a smaller volume.

3.3. PEG precipitation for concentrating EVs leads to high losses

Next, we also compared spinfilter concentration to PEG precipitation
as an EV concentration method (Fig. 4A). PEG is a polymer that can
precipitate proteins and particles based on excluded volume interactions
[17]. However, we found that using PEG precipitation, both protein and
particle recovery were much lower than using spinfilters (Fig. 4B and
4C). In agreement, western blot analysis showed much higher expres-
sion levels of EV marker proteins for the spinfilter concentrated EVs
compared to the PEG precipitated EVs (Fig. 4D). Because of these large
differences, PEG precipitation of EVs was not further explored.
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3.4. Storage in polypropene tubes facilitates higher EV recovery compared
to glass tubes

Although it is well recognized that EVs may be partially lost during
storage due to nonspecific binding to tubing material, there is little
known about the influence of different materials on EV recovery. The
most widely used materials are regular hydrophobic polypropene tubes
and hydrophilic silicon dioxide glass tubes. Different types of poly-
propylene tubes are available, each differently treated to reduce adhe-
sion of proteins or nucleic acids. In addition, coatings to shield the
hydrophilic characteristics of glass are available, such as Sigmacote.
Here we studied whether tube materials and coating influenced EV re-
covery after short term storage (1 and 7 days) at 4 °C. In general, for
particle and protein recovery, similar trends were visible after 1-day
storage in the different tube types (Fig. 5A and 5B). This included
significantly lower protein recovery for hydrophilic glass tubes
compared to other tubes. After 7-days of storage, similar trends were
observed, with significantly lower protein recovery for hydrophilic glass
tubes as compared to low DNA- and low protein binding tubes (Fig. 5C
and 5D). Imaging flow cytometry of tetraspanin positive EVs showed
higher counts for all polypropylene tubes compared to hydrophilic and
hydrophobic glass tubes after 7 days of storage (Fig. 5E). In addition, EV
marker proteins showed similar expression levels between regular-, low
DNA binding-, low protein binding- and hydrophobic glass tubes after 7
days of storage, while levels were clearly decreased after storage in
hydrophilic glass tubes (Fig. 5F). As expected, no differences in size
among EVs stored in different tubes were observed (Figure S3A-G).
These results provide evidence that storage in hydrophilic glass tubes
may lead to increased EV loss as compared to the other evaluated
materials.

3.5. Both BSA and Tween 20 reduce EV loss during storage

To protect EVs stored in PBS against aggregation and adhesion, the
use of excipients Tween 20 and BSA on EV recovery was explored. Both
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Tween 20 and BSA are known to cover solid-liquid interfaces and
thereby potentially reduce EV loss because of adhesion. After 1 day of
storage, significantly higher particle recoveries were observed when EVs
were stored in the presence of 0.005% Tween or 0.2% BSA (Fig. 6A),
while Tween also led to higher protein recovery rates (Fig. 6B). Protein
recovery rates could not be determined in the presence of high con-
centrations of BSA. After 7 days of storage, similar patterns on particle
and protein recovery were observed (Fig. 6C and 6D), and also Western
blot analysis of EVs showed higher expression levels for EV marker
proteins when stored in the presence of BSA or Tween (Fig. 6E). Neither
Tween nor BSA affected EV size distributions (Figure S4A-F). Next, we
evaluated whether BSA or Tween may detrimentally affect EV func-
tionality. Previously, we have shown that CPC-derived EVs have a pro-
angiogenic effect in vitro and in vivo [26,27]. To study the effect of ex-
cipients on EVs’ functionality, we assessed relative HMEC-1 migration
after 6 h of treatment with EVs stored with and without Tween or BSA
(Fig. 6E). A significant increase in endothelial cell migration was shown
for cells treated with EVs compared to a PBS control, which was not
affected by the presence of Tween or BSA. This suggests that Tween nor
BSA influenced the pro-migratory properties of EVs on endothelial cells.
Thus, both Tween and BSA excipients were able to protect EVs from loss
during storage without impacting their function.

3.6. Storage temperature impacts EV recovery and functionality

As we move towards employment of EVs for therapeutic use,
appropriate storage conditions to maintain EV functionality have to be

65

established. Here, we further evaluated potential storage temperature
mediated effects on EV recovery and EV functionality. EVs were stored
in PBS and characterized after 1 and 7 days of storage at 4 °C and at
—80 °C after which EV functionality was investigated in vitro. EVs stored
at either 4 °C or —80 °C showed particle recoveries that decreased over
time (Fig. 7A). Particle recovery was slightly higher for EVs stored at
4 °C as compared to —80 °C, although this difference did not reach
statistical significance. Protein recovery did not differ between storage
temperatures (Fig. 7B). In addition, a significant decrease in protein
content was observed for both 4 °C and —80 °C stored EVs between 1
and 7 days. Particle/protein ratios of EVs stored at 4 °C were found to be
slightly higher compared to —80 °C (Fig. 7C). Western blot analysis for
EV markers after 7 days of storage showed no apparent differences in EV
marker expression (Fig. 7C). Furthermore, there were no clear differ-
ences in size between EVs stored at either temperature (Fig. 7E, S5A,
S5B, S5C, S5D). To evaluate potential effects of storage temperature on
EV functionality, relative migration of HMEC-1 cells was determined
after 6 h treatment with EVs stored at 4 °C or —80 °C for 1 or 7 days
(Fig. 7F and 7G). After 1 day of storage, EVs stored at either temperature
were able to enhance endothelial cell migration significantly compared
to a negative PBS control. Interestingly, a slightly greater effect on
migration was shown for EVs stored at 4 °C compared to EVs stored at
—80 °C. After 7 days of storage at either temperature, EVs retained the
ability to significantly induce endothelial cell migration compared to
control. However, in contrast to the migration assay results after 1 day of
storage, EVs stored at —80 °C for 7 days had a slightly stronger effect on
migration compared to 4 °C stored EVs. It is therefore tempting to
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0.01, *** p < 0.01).

conclude that for periods longer than a week, —80 °C storage may be
better suited to retain EV functionality.

4. Discussion

EVs are endogenous messengers that have been implicated to
contribute to various physiological and pathological processes. There-
fore, EVs are increasingly being studied for both therapeutic and diag-
nostic purposes. Recovery of sufficient yields of EVs remains challenging
as a result of adhesion, aggregation or destruction/decomposition [28].
For this reason, optimization of each step in the downstream isolation
process and storage conditions is pivotal. The goal of this study was to
evaluate EV recovery and function after varying various conditions in
the isolation process or during storage. In Table 1, a comparison of re-
covery rates between the conditions that yielded highest and lowest
recovery for all studied conditions is shown.

Although PBS is the most commonly used buffer for EV isolations and
storage, we observed that by using HBS instead of PBS as buffer during
isolation, a significantly higher particle recovery was found and a lower,
but not significant, protein recovery (Table 1), in turn leading to a
higher particle/protein ratio. Together with increased abundance of EV
protein markers, this suggests the preferable use of HBS over PBS to be
used during the isolation process.

In many published isolation procedures, spinfilters have been used to
concentrate EVs for functional evaluation at the known expense of EV
loss as a result of nonspecific binding to filter materials [29,30]. Spin-
filters with regenerated cellulose membranes were previously found to
be best suited for EV concentration, being least adhesive as compared to
spinfilters with membranes of hydrosart, polyethersulfone and cellulose
triacetate [30]. Therefore, we focused here on regenerative cellulose
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membrane spinfilters only. In our hands, 15 ml 10 kDa spinfilter had
highest recovery rates of 71% (£7.7) of particles and 52% (+£5.3) of
proteins, while 4 ml 100 kDa spinfilters yielded highest EV losses with a
recovery of only 26% (+4.4) of particles and 18% (+1.8) of protein
(Table 1). In general, we confirmed previous observations that 10 kDa
spinfilters gave higher recovery rates compared to 100 kDa spinfilters .
In this study, it was confirmed that EV losses were caused by adhesion of
EVs to the filter membranes, as displayed by presence of EV marker
proteins in spinfilter membrane lysates [30]. Unexpectedly, 15 ml
spinfilters appeared to provide higher recoveries compared to smaller 4
ml spinfilters, despite having larger membrane surface area.
Unfortunately, even with the most optimal 15 ml 10 kDa spinfilters,
high EV losses during concentration steps occur. Therefore, alternative
EV concentration methods are sought after. Although ultracentrifuga-
tion is a widely used alternative method for EV isolation and concen-
tration, functionality of EVs may be harmed during high-speed spins
[26]. As an alternative, Zhang et al. [17] suggested PEG precipitation as
a method to isolate or concentrate EVs with high recovery rates. In our
hands, however, PEG precipitation was ineffective for concentrating
pure EVs. In contrast to our approach, Zhang et al. performed PEG
precipitation to purify EVs from crude materials which once more sug-
gests that efficiency of EV precipitation using PEG depends on the
presence of high concentrations of protein, as described before [31].
Also nonspecific adhesion to the surface of storage containers can
influence EV yields, but no clear consensus which materials are optimal
for EV storage exist. We therefore assessed storage in different tubes
made of polypropene or hydrophilic or hydrophobic glass. Our results
indicate that storage in glass tubes gives high EV losses with lower re-
covery rates of 62% (+3.4) for particles and 68% (+4.0) for proteins
compared to storage in regular polypropylene tubes with recovery rates
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Fig. 7. Effect of different storage temperatures on EV recovery and functionality. A: Particle recovery rates as determined by NTA after 1 and 7 days (Stock:
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Table 1
Summary of increases in recovery rates for conditions evaluated in this study.

Particle Protein

HBS vs PBS + 14.0% + 6.0 —11.7% + 11.6

10 kDa 15 ml vs 100 kDa 4 ml spinfilter =~ +177.3% +30.3  + 192.3% + 30.0
10 kDa 15 ml spinfilter vs PEG + 833.7% + + 1304.0% +
precipitation 134.2 261.2

Regular tube vs hydrophilic glass tube
0.005% Tween vs no excipient

0.2% BSA vs no excipient

4°Cvs —80°C

+13.6% + 15.8
+26.0% + 7.8
+23.9% + 6.5
+24.1% + 18.7

+14.7% + 8.7
+14.9% + 3.1
N.D.

—22% £ 9.2

Results represent mean percentage increase + standard deviation N.D.: not
determined.
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of 71% (+8.0) for particles and 78% (+4.9) for proteins after 7 days. Our
findings are not in line with a different report in which a 32% increased
EV recovery was found for low protein binding tubes compared to reg-
ular polypropylene tubes [28]. This apparent discrepancy could be the
result of differences in EV purity, EV concentration or EV source, and
warrant further investigation.

To protect EVs against aggregation and adhesion during storage
further, the use of BSA and Tween 20 was explored. BSA is widely used
as a stabilizing agent in different pharmaceutical applications [32], and
is used to prevent adhesion of other proteins to surfaces, as cosolvent or
as cryoprotectant [33]. Tween is a widely used non-ionic surfactant, and
is used as solubilizing agent, suspending agent or as wetting agent [33].
Tween is known to be able to cover solid-liquid interfaces and block
adhesion of biologicals to tubing, but it can also control the surface
charge of EVs which influences the colloidal stability [34]. Here, we
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observed that Tween and BSA were both able to reduce EV loss during
storage, without impairing EV function (Table 1). Similar results were
shown by Evtushenko et al. [28] who observed higher recovery rates in
storage tubes after preincubation with BSA. Additionally, BSA may also
be employed for pre-equilibration of size exclusion chromatography
columns to reduce EV losses during purification [17]. However, as a
downside, the use of BSA largely prohibits further EV quantification
methods based on total protein content.

Recent studies have suggested that storage temperature impacts EVs’
physicochemical characteristics such as size, number, and morpholog-
ical features [35-37]. However, evaluation of physical parameters of
EVs does not predict potential subsequent effects on EV function, which
is of obvious importance. Here, EVs stored at both 4 °C and —80 °C
displayed decreased particle and protein recoveries over time, with a
slightly lower particle recovery for EVs stored at —80 °C compared to
4 °C. A decrease in particle number could be the result of EV adherence
to storage tubes, or reduced EV integrity upon rupture during the freeze-
thawing process. In published literature, controversy on this topic exists.
While some studies show reduced particle numbers exclusively after 4 °C
storage [36], others show highest recovery rates at 4 °C [38] or detect no
differences between 4 °C and —80 °C storage [35]. Nevertheless, long-
term storage, i.e. up to 30 days, at —20 °C and especially —80 °C was
reported to be more suited for preservation compared to 4 °C [38,39].
When assessing storage-mediated effects on EV characteristics, we
confirmed that average EV sizes remained similar after short-term
storage at 4 °C and —80 °C, as compared to freshly isolated EVs
[35,36,40]. Conversely, Maroto et al. [37] observed a size shift towards
larger EVs, probably caused by swelling, fusion or aggregation of EVs
when stored for longer time periods. Park et al. [35], on the other hand,
showed that median EV size decreased over time when stored for longer
periods at 4 °C and —80 °C.

Our findings further showed preservation of EV function for either
tested storage temperature which is supported by previous work [35]. In
contrast, the antibacterial capacity of human neutrophilic granulocyte-
derived EVs on S. aureus was impaired 1 day after storage at 4 °C
compared to fresh EVs [36]. Our results suggest that for short-term
storage, both 4 °C and —80 °C storage provide EVs with retained in
vitro migration functionality, while for long-term storage (a week or
longer) —80 °C storage may be preferable.

One limitation of our study is that stability and EV recovery was only
evaluated up to one week. Future studies should point out whether our
findings also apply to long-term storage. Although the results in this
paper were highly reproducible, optimal EV stability and storage may be
dependent on the quality and purity of EVs and should be reevaluated
for each unique situation. In addition, EVs derived from other sources or
obtained via other isolation procedures might favor other conditions or
methods for optimized recovery.

Altogether, this study provides insights on which steps are important
to optimize to recover appropriate EV yields. Optimization of EV isola-
tion, concentration and storage protocols helps to increase EV recovery
and thereby to a lower need for EV production upscaling. Better un-
derstanding of protective excipients and buffer formulations on EV
function will help EV research to accelerates translation of EV-based
therapeutics towards clinical application.
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