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Abstract

Short term storage of extracellular vesicle (EV) solutions at +4˚C is a common practice, but

the stability of EVs during this procedure has not been fully understood yet. Using nanoparti-

cle tracking analysis, we have shown that EVs isolated from the conditioned medium of HT-

29 cells exhibit a pronounced concentration decrease when stored in PBS in ordinary poly-

propylene tubes within the range of (0.5–2.1) × 1010 particles/ml. EV losses reach 51±3%

for 0.5 ml of EVs in Eppendorf 2 ml tube at 48 hours of storage at +4˚C. Around 2/3 of the

observed losses have been attributed to the adsorption of vesicles onto tube walls. This

result shows that the lower part (up to at least 2 × 1010 particles/ml) of the practically relevant

concentration range for purified EVs is prone to adsorption losses at +4˚C. Total particle

losses could be reduced to 18–21% at 48 hours by using either Eppendorf Protein LoBind

tubes or ordinary tubes with the surface blocked with bovine serum albumin or EVs. Reduc-

tion of losses to 15% has been shown for isolated EVs dissolved in the supernatant after

100 000 g centrifugation as a model of conditioned medium. Also, a previously unknown fea-

ture of diffusion-controlled adsorption was revealed for EVs. In addition to the decrease in

particle count, this process causes the predominant losses of smaller particles.

Introduction

It has been well established that mammalian cells release various types of lipid bilayer sur-

rounded particles generally named extracellular vesicles (EVs) [1,2]. Being involved in a wide

range of physiological and pathological processes, EVs were extensively studied over the past

few decades [3–5]. Since the beginning of the rapid expansion of EVs related research in the

late 1990s and early 2000s, many efforts were devoted to the development of proper and stan-

dardised protocols for EVs isolation, characterisation, handling, etc. [6–9]. Despite the signifi-

cant progress in this field, some important aspects of EVs behaviour are still not well

understood. One such case is the storage or handling of EVs solutions at temperatures above

0˚C, i.e., without freezing.
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The consensus about the proper conditions for long term storage of EVs from days to

months is freezing at -80˚C or below [6,8]. Short term storage from few hours to few days is

often performed at +4˚C, and some papers report doing so [10–12]. These storage conditions

are common in laboratory practice, most likely, due to a general viewpoint of extreme stability

of EVs as well as reports of EV degradation during repeated freeze/thaw cycles (see review [13]

for detailed discussion). Besides storage, many experimental procedures require incubations of

EV containing solutions at +4˚C for several hours, for instance, specific binding of EVs to

beads, uptake of EVs by cells, etc.

Several studies were dedicated specifically to EVs stability at +4˚C or room temperature or

contain large sections devoted to this topic [14–28]. Additional pieces of information could be

found in research papers, where the EVs stability has been checked [29–37] in line with the

general topic. All these data were summarised in S1 and S2 Tables. This dataset is highly het-

erogeneous as it contains both quantitative and semi-quantitative results, as well as qualitative

observations with different parameters of EVs tested as a measure of stability. Also, these data

might be biased because the results obtained with unstable EVs are less likely to be published.

Nevertheless, the following pattern might be proposed based on these data. (1) EVs tend to be

stable (10 out of 13 studies) being stored in complex media (blood plasma or serum, urine,

saliva, EVs isolated with ExoQuick™ or similar kits and containing large amounts of polymer

and some entrapped protein) at +4˚C and in some cases even at +25˚C. (2) Purified EVs iso-

lated by ultracentrifugation, or gradient centrifugation, or chromatography and resuspended

in phosphate-buffered saline (PBS) are likely to be unstable when stored at +4˚C (7 out of 8

studies), exhibiting either particle concentration decrease, or lowering of specific marker lev-

els, or shift in particle size distribution (PSD).

Practical recommendations from protocols also vary. Precleared ovarian follicular fluids

might be kept at +4˚C for up to a week prior to EVs isolation [38]. The storage at +4˚C of puri-

fied EVs for up to 48 hours is allowed by protocol [39] (isolation by size-exclusion chromatog-

raphy) and for 72 hours by protocol [40] (isolation by ultracentrifugation), while [41]

recommend keeping isolated EVs on ice and process them as soon as possible. This ambiguity

indicates the necessity of careful examination of the EVs instability phenomenon at +4˚C.

Several distinct processes hypothetically might be responsible for the degradation of puri-

fied EVs with time at +4˚C (Fig 1):

(a) Degradation of EV’s proteins [16,17] or other marker molecules occurred without changes

in vesicles’ integrity or count. This hypothesis contradicts reports claimed particle concen-

tration decrease [18,25] and changes in PSD [14,34]. On the other hand, this process may

accompany other degradation routes [25].

(b) Decomposition of vesicles into smaller fragments [34] accompanied by leakage of their

content into the surrounding solution. This route is supported by a decrease in mean parti-

cle size during long term storage of EVs at +4˚C [14].

(c) Aggregation [12,13] or fusion [17,25] of vesicles. It is hard to distinguish between these two

processes, but both of them reduce the particle count and increase the mean size.

(d) Adsorption of vesicles onto vessel walls. No direct experimental evidence for this route was

reported for EVs in peer-reviewed papers, but multiple researchers warned that this process

might occur during storage [6,20,33,42]. Some studies and protocols reported the usage of

low protein binding tubes for EVs storage or handling [32,41,43–45] with no experimental

basis for this choice. Recently a patent for hydrophilic polymeric coating/additive to pre-

vent EV adsorption was published [46] together with commercial EV-Save™ blocking

reagent (058–09261, FUJIFILM Wako Pure Chemical Corporation). Both the patent and
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the reagent technical information report substantial losses of EV during isolation and han-

dling due to adsorption. At the same time, this reagent has not been used in any published

papers so far.

Proposed mechanisms should exhibit different behaviours if initial EVs concentration is

varied. A process of marker molecule degradation without changes in particle count is inde-

pendent of particle concentration. Three remaining mechanisms cause a decrease in concen-

tration with time. Relative losses of vesicles in a case of their decomposition into smaller

fragments should be independent of initial concentration as every vesicle decomposes on

its own. The early stage of aggregation/fusion, on the other hand, is a process between two

particles, so the relative losses for any given time should rise with the increase in initial concen-

tration. Adsorption of EVs onto the surface of the tube behaves differently. If the concentra-

tion is high and the total amount of substance is much larger than surface binding capacity,

almost no relative losses occur. If the concentration is low enough, so the total amount of sub-

stance is low compared to surface binding capacity, everything will eventually be lost from the

solution.

Thus, the present study aims to investigate processes occurring during EV solutions short

term storage at +4˚C to provide further insight into underlying mechanisms of the EV losses.

Fig 1. Hypothetical routes of EVs losses/degradation during storage at +4˚C proposed in the literature.

https://doi.org/10.1371/journal.pone.0243738.g001
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Materials and methods

Cells

The HT-29 human colorectal adenocarcinoma cell line (ATCC HTB-38) was grown in culture

flasks to 80–90% confluence in Dulbecco0s Modified Eagle0s Medium (DMEM, Sigma, USA)

supplemented with 10% fetal bovine serum (FBS, Gibco, USA), 2 mM glutamine, 5 μg/ml gen-

tamicin at 37˚C and 5% CO2. Cells were washed three times with phosphate-buffered saline

(PBS, Gibco, USA) and conditioned in serum-free DMEM for 24 hours.

Isolation of EVs from the conditioned medium by differential centrifugation

Isolation of EVs was performed according to the previously described procedure [47]. Briefly,

the cell culture medium was successively centrifuged at +4˚C for 10 min at 300 g, 10 min at 2

000 g (A-4-44 swing-bucket rotor, Eppendorf AG, Germany) and 30 min at 10 000 g (Type 60

Ti fixed angle rotor, Beckman Coulter, USA) to pellet cells, debris, and large vesicles corre-

spondingly. The supernatant was centrifuged for 70 min at 100 000 g at +4˚C in Type 60 Ti

rotor. The pellet was resuspended in PBS. The supernatant (further referred as ‘supernatant

after 100 000 g’) was collected for storage experiments.

Particle size distribution and concentration measurements

Particle size distributions and particle concentrations were measured with Nanoparticle

Tracking Analysis (NTA) using Nanosight LM10 HSBF instrument (Nanosight Ltd, UK). The

configuration contained 405 nm, 65 mW laser unit with passive temperature readout and high

sensitivity camera Andor Luca of EMCCD type. NTA 2.3 build 33 software (Nanosight, UK)

was used. All measurements were performed according to ASTM E2834 - 12(2018) recom-

mendations [48]. Samples were diluted 30–3000 times by particle-free PBS to reach the con-

centration (0.8–1.3)×108 particles/ml. Eighteen (in rare cases, 12 or 15) videos, 60 s each, were

recorded using following camera settings in advanced mode: Shutter = 850, Gain = 450, Lower

threshold = 910, Higher threshold = 11180. Processing was performed in basic mode using the

following setups: Detection threshold = 9 Multi, Min expected size = 30 nm. These settings

were previously optimised for EVs measurements using the particular instrument configura-

tion [47,49]. Particles from all recorded videos were collected in a single table (3700–8100 total

tracks) followed by calculation of joined PSD histogram, mean size, and total particle concen-

tration, corrected for dilution factor.

Transmission Electron Microscopy (TEM)

The carbon-coated TEM grids (Ted Pella, USA) were treated using a glow discharge device

Emitech K100X (Quorum Technologies, UK) to hydrophilise the carbon surface and increase

the adsorption. The exosomes were deposited onto the grids for 3 min, contrasted with 1%

uranyl acetate, and dried. Imaging was carried out using a JEM-1011 (Jeol, Japan) transmission

electron microscope at 80 kV.

EVs storage protocol

Freshly isolated EVs from a single batch were measured by NTA, aliquoted, frozen at -80˚C

and stored no longer than 8 weeks. Several aliquots were thawed, mixed together, diluted to

desired initial concentration by the storage medium (PBS, or serum-free, particle-free DMEM,

or supernatant after 100 000 g centrifugation), divided into 5 portions 0.5 ml each, and placed

into 5 identical tubes. Following types of tubes were used: ordinary Eppendorf Safe-Lock 2 ml

(0030 120.094, Eppendorf AG, Germany), or Eppendorf Safe-Lock 2 ml treated with bovine
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serum albumin (BSA) or EVs, or Eppendorf Safe-Lock Protein LoBind 2 ml (0030 108.132), or

Axygen 2 ml tubes (MCT-200-C, Corning, USA), or Axygen Maxymum Recovery (MCT-

200-L-C) 2 ml tubes. All five portions of EVs in identical tubes were immediately placed to

+4˚C and stored for 0.5, 6, 12, 24, and 48 hours correspondingly. In order to avoid the influ-

ence of mixing during aliquots withdrawal for NTA measurements, any single portion was

used for one particular time (e.g., tube #1 –for 0.5 h measurements) and then discarded. As

long as full NTA measurement takes around 1 h, reported mean size and total concentration

are the average values between -0.5 h and +0.5 h relative to indicated storage duration (e.g.

‘concentration at 0.5 h’ means the average concentration between 0 and 1 hour of storage;

‘mean size at 12 h’ means the average mean size between 11.5 and 12.5 h of storage). Exact ini-

tial concentrations for ‘×1’ samples was measured for freshly thawed sample at zero storage

time in ordinary Eppendorf tubes as (1.03±0.07)×1010 (N = 36), (1.02±0.09)×1010 (N = 18),

and (1.09±0.08)×1010 (N = 24) particles/ml for EV batches 1, 2, and 3 correspondingly. Initial

concentrations for ‘×0.5’, ‘×0.75’, and ‘×2’ samples were calculated using dilution factor ratios.

Normalised values and corresponding losses were calculated as a ratio between measured con-

centrations and the initial ones.

BSA-blocked Eppendorf Safe-Lock 2 ml tubes were prepared by incubation of 10 mg/ml of

bovine serum albumin (Sigma, min 98%) in PBS for 1 h at room temperature, followed by 5×
wash by particle-free PBS. EV-blocked Eppendorf Safe-Lock 2 ml tubes were prepared by incu-

bation of 2×1010 particles/ml of EVs in PBS for 72 hours at +4˚C followed by 5× wash by parti-

cle-free PBS. Both BSA- and EV-blocked tubes were checked by NTA for the presence of

adventitious nanoparticles (protein aggregates of EVs desorbed from the surface) and used

immediately after the preparation.

Numerical simulation of the diffusion-adsorption process

The diffusion-adsorption problem for experimental geometry (0.5 ml of solution in 2 ml Eppen-

dorf tube with an inner diameter of 0.88 cm) was numerically simulated using the Fick’s second

law of diffusion by finite elements method in Mathematica 10.2 package (Wolfram Research,

USA). The case of unlimited and instantaneous adsorption was used with Cwall = 0 at any time. In

order to evaluate the applicability of the model to adsorption with monolayer saturation, the total

flux over the solution-wall boundary was calculated at 48 h and checked to be below the maxi-

mum capacity of the tube wall. Further details of the simulation are described in the S1 Appendix.

Statistical analysis

All calculations of statistical parameters were performed using the built-in functions of Mathe-

matica 10.2 package. Confidence intervals (CI) for mean values in replicate NTA measure-

ments were estimated using Student t-distribution with a 95% confidence level (MeanCI

function). A two-sample t-test was used for sample comparison. Usage of paired (PairedTTest

function) or unpaired (TTest function) test is explicitly indicated for each case. One-way

ANOVA was used to compare more than two groups (ANOVA function). Differences were

considered significant at p� 0.05.

Results and discussion

Characterisation of isolated EVs

Analysis of PSD, mean size, and total particle concentration for 3 batches of EVs (independent

cell cultivations, cell culture medium harvesting, and EV isolation) have shown that particles

slightly varied in mean size and might differ up to 3.5 times in concentration (Fig 2A). At the
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same time, normalisation by concentration confirmed consistency in PSD between batches

(Fig 2B). As long as +4˚C stability measurements were made with EVs, previously stored at

-80˚C, changes of mean size and PSD after freeze/thaw procedure were also evaluated (S1 Fig)

and shown to be minor.

TEM images of isolated EVs indicated the typical for extracellular vesicle morphology and

size range (Fig 2C).

Purified EVs stored in PBS at +4˚C exhibit pronounced particle losses at

concentrations up to 2×1010 particles/ml

It has been proposed earlier from the literature review that the EVs instability phenomenon

was most likely to occur for purified vesicles. In order to check the stability for purified EVs

from HT-29 cells, a 48 h storage at +4˚C in PBS with measurements of both size and concen-

tration evolution was performed. Samples from the single EV batch diluted to different initial

concentrations were tested: 0.52, 0.76, 1.0, and 2.1×1010 particles/ml. A pronounced decrease

in concentration was observed for all tested samples (Fig 3A). Normalisation by initial concen-

tration showed that relative losses for any measured storage time were similar despite the

4-fold span in initial concentrations (Fig 3B and S2 Fig). Size increase has been detected for

the first 12 h; however, the samples diverged in size during further storage (Fig 3C).

Fig 2. Characterisation of isolated vesicles from HT-29 conditioned medium. (A) NTA mean sizes and concentrations for three independent EV batches. Errors

represent 95% CI of the mean (N = 12). (B) Normalised particle size distributions for three independent batches of EVs. (C) TEM of isolated vesicles.

https://doi.org/10.1371/journal.pone.0243738.g002
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A preliminary ranking of the likelihood of proposed losses mechanisms might be per-

formed based on these data. The observed particle concentration decrease contradicts marker

degradation as the standalone phenomenon, because it implies no changes in concentration;

however, it might accompany other routes. Size increase during the first 12 h of storage does

not support the hypothesis of vesicles decomposition into smaller fragments as the main route.

Independence of relative losses on initial concentration makes aggregation/fusion a less likely

cause despite the increase in size. Adsorption onto the tube walls might explain concentration

decrease, but size evolution interpretation is not straightforward based on this data.

Storage of purified EVs in Eppendorf Protein LoBind tubes reveals the

significant role of adsorption during 2 days of storage at +4˚C

In order to directly evaluate the impact of adsorption on the kinetics of concentration losses, it

was compared by NTA for two types of tubes of identical geometry: ordinary Eppendorf 2 ml

Fig 3. Evolution of particle concentration and mean size during the storage of isolated EVs in PBS (0.5 ml) at +4˚C. (A) Concentration changes for the same batch of

EVs at different initial concentrations in ordinary Eppendorf 2 ml tubes. (B) Data of panel A normalised by initial vesicle concentration. The numbers above groups

indicate ANOVA p-values for each storage time. (C) Mean size changes for the same samples. The numbers above groups indicate ANOVA p-values for each storage

time. P-values for differences with 0.5 h were calculated using a two-tailed paired t-test. (D) Evolution of normalised particle concentration for three independent EV

batches during storage in PBS (initial concentration 1×1010 particles/ml) in ordinary Eppendorf 2 ml tubes and Eppendorf Protein LoBind 2 ml tubes. Numbers below

groups indicate p-values of a two-tailed unpaired t-test between the common tube and LoBind one. Error bars for individual data points on each panel represent 95% CI

of the mean (N = 12 for points marked with an asterisk and N = 18 for the rest).

https://doi.org/10.1371/journal.pone.0243738.g003
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and Eppendorf Protein LoBind tubes 2 ml (Fig 3D and S3 Fig). Concentration drop of 51±3%

at 48 h storage time in ordinary tubes was far larger than the 19±5% losses in Protein LoBind

tubes. It indicates the massive impact of adsorption on concentration decrease for studied con-

centration range: at least 32% loses out of total 51% (approximately 2/3) should be attributed

to adsorption of vesicles onto polypropylene tube walls.

Protein LoBind tubes were designed to prevent protein adsorption, but EVs also have lipid

bilayer areas on their surface. Thus, some fraction of losses in these tubes might also be caused

by adsorption, and the 32% difference between ordinary tubes and LoBind ones should be

considered as a lower bound for adsorption losses. Hereinafter we shall refer to this difference

as ‘proved adsorption losses.’

Observed magnitude and kinetics of vesicle losses in ordinary tubes do not

contradict theoretical considerations

Although we have experimentally shown the dominance of adsorption on tube walls over

other routes of EV losses for tested concentration range, it might be useful to verify our find-

ings. It has been done both in terms of (a) magnitude (i.e., maximum observed relative losses)

by theoretical considerations of wall binding capacity and (b) kinetics (relative losses for every

measured time) by numerical simulation of the diffusion-adsorption process.

The theoretical magnitude of adsorption-driven losses has been estimated by the calculation

of the maximum binding capacity of the ordinary tube wall being in contact with the solution.

The total geometric area of the wall-solution boundary for 2 ml Eppendorf tube and 0.5 ml of

the solution might be estimated as 2.7 cm2 using tube dimensions provided by the manufac-

turer (S1 Appendix). Using atomic force microscopy measurements (S2 Appendix), we have

shown that the difference between the real surface area and the geometric one for ordinary

Eppendorf tubes does not exceed 1.7%. The tightest way to fit a maximum number of vesicles

on a given area is a hexagonal packing arrangement, where every vesicle of diameter d occupies

the surface area of
ffiffi
3
p �

2
� d2. The largest area occupied by a single vesicle might be estimated

as π×d2 for the hypothetical process of supported lipid bilayer formation, which is well known

for liposomes [50] and also has been shown to occur for EVs on mica modified by 3-amino-

propyltriethoxysilane [51]. Using these bounds, the estimated binding capacity of the tube wall

for 0.5 ml of the solution containing 100 nm vesicles ranges from 0.9 to 3.1 × 1010 particles.

These values correspond to a maximum possible concentration decrease for 0.5 ml of solution

ranging from 1.7 to 6.2 × 1010 particles/ml. The highest observed concentration drop of

1.1 × 1010 vesicles/ml (sample ‘×2’ in Fig 3A) is lower than this estimate. Thus, the magnitude

of the observed concentration losses for ordinary tubes does not contradict the theoretical

considerations.

According to storage protocol, the samples were stored at +4˚C undisturbed, i.e., there was

no mixing starting from tube filing up to NTA measurement of the sample at desired storage

time. In these conditions, diffusion might be considered as the primary mechanism of parti-

cles’ transfer from inner parts of the solution to tube walls. This problem of diffusion-con-

trolled adsorption has been numerically solved for exact experimental storage geometry (0.5

ml of solution in 2 ml Eppendorf tube). The model of unlimited adsorption was used as we

have previously shown that maximum binding capacity has not been reached in any of our

experiments with ordinary tubes.

The diffusion equation, together with initial and boundary conditions, is linear in concen-

tration (S1 Appendix). It means that for unlimited adsorption, i.e., when the initial concentra-

tion is far below the maximum concentration drop, relative losses at any given time do not

depend on initial concentration in an agreement with kinetics, measured by NTA. Simulated
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relative losses (Fig 4A) reach 40% for a storage time of 48 h. This value exceeds the proved

adsorption losses (32%) but smaller than the total losses (51%), thus does not contradict exper-

imental data.

The diffusion-controlled adsorption also explains the effect of mean size increase. Smaller

particles with higher diffusion coefficients are transferred to the wall faster than larger ones.

Thus, the mean size of the remaining particles increases. Using the same numerical model, we

calculated the evolution of mean size during storage, assuming that the initial PSD is known

from NTA measurements (Fig 2B). The result of this simulation (Fig 4B) shows a 9.6 nm

increase in size at 48 h in good agreement with the measured size evolution.

Thus, theoretical considerations and numerical simulation confirmed that observed

changes are fully consistent with the adsorption mechanism of losses. It should also be noted

that the simulation revealed the important features of the adsorption process occurred under

diffusion control (i.e., without mixing). Adsorption-driven changes in size and concentration

are very similar to aggregation/fusion; both processes cause a decrease in particle count and

increase in size. Also as long as adsorption losses under diffusion control are size-specific and

smaller vesicles show greater losses, this process enriches the sample with larger particles rep-

resented by microvesicles fraction. This effect might potentially alter the results of any study of

vesicle cargo: miRNA, proteomic, etc.

Comparison of observed effects to published data

Direct comparison of our findings to published data is not possible since the role of adsorption

during the storage of EVs has not been studied previously. Nevertheless, we could compare

our experimental data on the size and concentration trends to published studies

[14,17,18,25,34]. It is not straightforward, because only one study [25] contains a full descrip-

tion of storage protocol (volume of solution and concentration of vesicles, test tube used for

storage, whether aliquots for each storage duration were taken from the same tube or not,

etc.), others lack some of these data. Concentration decrease during EVs storage at +4˚C has

been previously reported [25] with losses around 20% at 7 days and around 65% at 28 days.

Much slower kinetics of losses compared to our results could be explained by larger vesicle size

Fig 4. Comparison of measured adsorption kinetics and numerical simulation. (A) Evolution of simulated adsorption losses compared to full losses (PBS, ordinary

Eppendorf tube) and proved adsorption losses (PBS, the difference between ordinary Eppendorf tube and Protein LoBind one). (B) Measured size evolution for different

initial concentrations compared to simulated size changes. Error bars for individual data points represent 95% CI of the mean (N = 12 for points marked with an asterisk

and N = 18 for the rest).

https://doi.org/10.1371/journal.pone.0243738.g004
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and lower diffusion coefficient. Concentration decrease of around 20% at 2–4 days and 40%

for 15–25 days was reported [18] for vesicles with a mean diameter of 140–150 nm. However,

these data should be treated with caution because EV samples were diluted by PBS for NTA

measurements and filtered through 0.22-μm filters prior to size and concentration measure-

ments. Several studies reported that EVs bind to the membrane during filtration to some

extent [29,52,53], so filtration should be strongly avoided for highly diluted NTA samples as it

could alter both the PSD and concentration.

The size increase was reported for EVs stored for 4 days at +4˚C [17]. However, these data

could not be directly compared to our results because the stored sample was additionally sub-

jected to re-pelleting by centrifugation (100 000 g for 2 h) before size measurements. This addi-

tional re-pelleting might alter the mean particle size towards larger values for stored vesicles.

Long term storage of vesicles (up to 25 days) has been shown to result in pronounced size

decrease [14,18]. The nature of this effect could be proposed from TEM data reported in sup-

porting information of the study [34]. EV samples, stored for 4 weeks at +4˚C, contained vesic-

ular debris, which allowed attributing the observed size decrease to the decomposition of

vesicles. Thus, based on published data, the most likely cause of non-adsorptive losses in our

study is vesicle decomposition. This hypothesis provides an explanation for the observed size

divergence at longer storage times. Adsorption and decomposition influence the mean size in

opposite ways, and small random deviations in their ratio for different samples might cause

the variations in mean size.

Efficiencies of different approaches for adsorption prevention

A widely practically used strategy to prevent non-specific binding is blocking the surface with

an excess of protein or other reagent. Also, Eppendorf is not the only plasticware manufacturer

who suggests a ‘low bind’ version of test tubes. Losses at 48 h of storage at +4˚C were compared

for 6 types of surfaces (Fig 5 and S4 Fig). Ordinary Eppendorf 2 ml tubes and Eppendorf Pro-

tein LoBind tubes were used as references. Tubes with surface blocked by BSA or EVs have

shown losses of 18±7% and 21±7% correspondingly. Ordinary Axygen 2 ml tubes have shown

losses similar to ordinary Eppendorf 2 ml (57±5% vs 53±2%). Surprisingly, Axygen Maxymum

Fig 5. Comparison of total concentration losses for different types of tubes and tube treatments at 48 h of storage

at +4˚C. Error bars represent 95% CI of the mean (N = 108 for the ordinary Eppendorf tubes, N = 54 for the

Eppendorf Protein LoBind tubes, N = 18 for the rest). P-values were calculated using a two-tailed unpaired t-test.

https://doi.org/10.1371/journal.pone.0243738.g005
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Recovery 2 ml tubes showed almost no improvement (50±6% losses at 48 h) over the ordinary

Axygen tube.

These findings might be used as a guideline for reducing adsorption losses of purified EV

during storage. Substantial losses in ordinary tubes (Eppendorf or Axygen) are strongly

reduced for BSA-blocked tubes and Eppendorf Protein LoBind tubes. At the same time, not

every tube stated as ‘low binding’/‘low retention’ is capable of reducing adsorption losses, as it

has been shown for Axygen Maxymum Recovery tubes. Analogous products from other

brands should be tested prior to use. The blockage of tube walls by EVs has been shown to be

effective as well. This option could not be recommended for widespread use due to the high

consumption of EVs for blockage procedure. Nevertheless, it could be the option for proteo-

mic studies when the presence of additional proteins, e.g., BSA is undesirable, and also, some

protocols recommend ‘to avoid all kinds of low-bind plastics’ [54].

Purified EVs dissolved in 100 000 g supernatant are more stable than in

PBS or DMEM

In order to provide additional insight into EVs behaviour in solutions at +4˚C, we have studied

one case of a complex medium. Direct comparison of losses for raw conditioned medium and

purified vesicles in PBS is not straightforward due to the difference in initial vesicle concentra-

tions and their state. EVs in raw conditioned medium might be considered as undisturbed,

whilst vesicles purified with ultracentrifugation, then frozen, and thawed could be aggregated

and deformed to some extent. To overcome this issue, in this experiment, we used a model sys-

tem of purified vesicles dissolved in the supernatant after 100 000 g centrifugation. This

medium contains residual particles at a concentration of (0.15±0.02) × 1010 particles/ml. This

value was subtracted as blank. A concentration decrease of around 15% was observed during

the first 12 h of storage and remained constant up to 48 h (Fig 6). On the other hand, EVs dis-

solved in DMEM, the main constituent of the serum-free medium used for cell cultivation,

have shown the same kinetics as vesicles in PBS. This finding implies that the protective effect

Fig 6. Storage of isolated EVs (0.5 ml, Eppendorf 2 ml tubes, +4˚C) in the supernatant after 100 000 g

centrifugation. EVs in the supernatant as a model of a conditioned medium were compared to EVs stored in serum-

free DMEM. Ordinary Eppendorf 2 ml tubes were used. Error bars for individual data points represent 95% CI of the

mean (N = 15 for point marked with an asterisk and N = 18 for the rest). Confidence interval (95%, N = 108) for

storage in PBS was plotted for reference.

https://doi.org/10.1371/journal.pone.0243738.g006
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of supernatant is caused not by the DMEM components, but by some substances released by

cells during conditioning. We explain this behaviour by in situ blockage of tube walls by free

proteins present in conditioned medium in a manner similar to sometimes used resuspension

of pelleted vesicles or dilution of the EV’s solution in PBS with the addition of BSA [55–59] or

hydrophilic polymer [46].

Conclusion

The present work provides experimental and theoretical evidences for the importance of

adsorption prevention during +4˚C storage/handling of purified EVs in PBS at concentrations

below 2.1×1010 particles/ml. This range is typical for small and medium batches of vesicles, iso-

lated for research purposes as well as EVs purified from small clinical samples. From the prac-

tical point of view, three solutions for loss reduction were found: Eppendorf Protein LoBind

tubes and blockage of tube walls by either BSA or EVs. We also have shown that EVs might be

rather stable at +4˚C in ordinary tubes in conditioned medium, most likely due to in situ
blockage of tube walls by free proteins released by cells during conditioning. The numerical

simulation revealed two characteristic features of diffusion-controlled adsorption (if the sam-

ple is kept undisturbed): pronounced concentration decrease and size increase due to predom-

inant losses of smaller vesicles.
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39. Monguió-Tortajada M, Morón-Font M, Gámez-Valero A, Carreras-Planella L, Borràs FE, Franquesa M.

Extracellular-Vesicle Isolation from Different Biological Fluids by Size-Exclusion Chromatography. Curr

Protoc Stem Cell Biol. 2019 Jun 1; 49(1):e82. https://doi.org/10.1002/cpsc.82 PMID: 30698351

40. Greening DW, Xu R, Ji H, Tauro BJ, Simpson RJ. Protocol for Exosome Isolation and Characterization:

Evaluation of Ultracentrifugation, Density-Gradient Separation, and Immunoaffinity Capture Methods.

In: Posch A, editor. Proteomic Profiling: Methods and Protocols. New York: Humana Press, New

York, NY; 2015. p. 179–209. https://doi.org/10.1007/978-1-4939-2550-6_15 PMID: 25820723

41. Gaspar LS, Santana MM, Henriques C, Pinto MM, Ribeiro-Rodrigues TM, Girão H, et al. Simple and

Fast SEC-Based Protocol to Isolate Human Plasma-Derived Extracellular Vesicles for Transcriptional

Research. Mol Ther—Methods Clin Dev. 2020; 18:723–37. https://doi.org/10.1016/j.omtm.2020.07.012

PMID: 32913880

42. Lener T, Gimona M, Aigner L, Börger V, Buzas E, Camussi G, et al. Applying extracellular vesicles

based therapeutics in clinical trials–an ISEV position paper. J Extracell Vesicles. 2015 Jan 1; 4

(1):30087. https://doi.org/10.3402/jev.v4.30087 PMID: 26725829

43. Stranska R, Gysbrechts L, Wouters J, Vermeersch P, Bloch K, Dierickx D, et al. Comparison of mem-

brane affinity-based method with size-exclusion chromatography for isolation of exosome-like vesicles

from human plasma. J Transl Med. 2018; 16(1):1. https://doi.org/10.1186/s12967-017-1374-6 PMID:

29316942

44. Barok M, Puhka M, Vereb G, Szollosi J, Isola J, Joensuu H. Cancer-derived exosomes from HER2-pos-

itive cancer cells carry trastuzumab-emtansine into cancer cells leading to growth inhibition and cas-

pase activation. BMC Cancer. 2018; 18(1):504. https://doi.org/10.1186/s12885-018-4418-2 PMID:

29720111

45. Urabe F, Kosaka N, Sawa Y, Yamamoto Y, Ito K, Yamamoto T, et al. miR-26a regulates extracellular

vesicle secretion from prostate cancer cells via targeting SHC4, PFDN4, and CHORDC1. Sci Adv. 2020

May 1; 6(18):eaay3051. https://doi.org/10.1126/sciadv.aay3051 PMID: 32494663

46. Shiba K, Sakamoto N, Noda T, Yamada S. Method of Recovering Extracellular Vesicles and Container

for Extracellular Vesicles. United States; 20200025750, 2020. p. 12.

47. Livshits MA, Khomyakova E, Evtushenko EG, Lazarev VN, Kulemin NA, Semina SE, et al. Isolation of

exosomes by differential centrifugation: Theoretical analysis of a commonly used protocol. Sci Rep.

2015; 5(1):17319. https://doi.org/10.1038/srep17319 Correction in: Sci. Rep. 2016;6:21447. doi:

10.1038/srep21447

PLOS ONE Losses of extracellular vesicles due to adsorption

PLOS ONE | https://doi.org/10.1371/journal.pone.0243738 December 28, 2020 15 / 16

https://doi.org/10.1016/j.ygyno.2008.04.033
https://doi.org/10.1016/j.ygyno.2008.04.033
http://www.ncbi.nlm.nih.gov/pubmed/18589210
https://doi.org/10.7150/ijbs.6100
https://doi.org/10.7150/ijbs.6100
http://www.ncbi.nlm.nih.gov/pubmed/24250247
https://doi.org/10.1371/journal.pone.0136133
http://www.ncbi.nlm.nih.gov/pubmed/26317354
https://doi.org/10.1016/j.ymeth.2015.05.028
http://www.ncbi.nlm.nih.gov/pubmed/26044649
https://doi.org/10.1371/journal.pone.0145686
http://www.ncbi.nlm.nih.gov/pubmed/26690353
https://doi.org/10.1016/j.jim.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27568281
https://doi.org/10.1007/s12010-015-1893-7
https://doi.org/10.1007/s12010-015-1893-7
http://www.ncbi.nlm.nih.gov/pubmed/26490380
https://doi.org/10.1007/s12192-018-0902-5
https://doi.org/10.1007/s12192-018-0902-5
http://www.ncbi.nlm.nih.gov/pubmed/29796787
https://doi.org/10.1007/978-1-4939-7253-1%5F26
https://doi.org/10.1007/978-1-4939-7253-1%5F26
http://www.ncbi.nlm.nih.gov/pubmed/28828668
https://doi.org/10.1002/cpsc.82
http://www.ncbi.nlm.nih.gov/pubmed/30698351
https://doi.org/10.1007/978-1-4939-2550-6%5F15
http://www.ncbi.nlm.nih.gov/pubmed/25820723
https://doi.org/10.1016/j.omtm.2020.07.012
http://www.ncbi.nlm.nih.gov/pubmed/32913880
https://doi.org/10.3402/jev.v4.30087
http://www.ncbi.nlm.nih.gov/pubmed/26725829
https://doi.org/10.1186/s12967-017-1374-6
http://www.ncbi.nlm.nih.gov/pubmed/29316942
https://doi.org/10.1186/s12885-018-4418-2
http://www.ncbi.nlm.nih.gov/pubmed/29720111
https://doi.org/10.1126/sciadv.aay3051
http://www.ncbi.nlm.nih.gov/pubmed/32494663
https://doi.org/10.1038/srep17319
https://doi.org/10.1371/journal.pone.0243738


48. ASTM E2834-12(2018), Standard Guide for Measurement of Particle Size Distribution of Nanomaterials

in Suspension by Nanoparticle Tracking Analysis (NTA). 2018; ASTM International, West Consho-

hocken, PA. https://doi.org/10.1520/E2834-12R18

49. Silachev DN, Goryunov KV, Shpilyuk MA, Beznoschenko OS, Morozova NY, Kraevaya EE, et al. Effect

of MSCs and MSC-Derived Extracellular Vesicles on Human Blood Coagulation. Cells. 2019; 8(3):258.

https://doi.org/10.3390/cells8030258 PMID: 30893822
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