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Abstract

Advancements in extracellular vesicle (EV) studies necessitate the development of optimized 

storage conditions to ensure preservation of physical and biochemical characteristics. In this 

study, the most common buffer for EV storage (phosphate-buffered saline/PBS) was compared 

to a cryoprotective 5% sucrose solution. The size distribution and concentration of EVs from 

two different sources changed to a greater extent after −80 °C storage in PBS compared to the 
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sucrose solution. Additionally, molecular surface protrusions and transmembrane proteins were 

more prevalent in EVs stored in the sucrose solution compared to those stored in PBS. This study 

demonstrates, for the first time, that distinct ring-like molecular complexes and cristae-like folded 

membranous structures are visible upon EV degradation. Taken together, the size, concentration, 

molecular surface extensions, and transmembrane proteins of EVs varied substantially based on 

the buffer used for −80 °C storage, suggesting that biocompatible cryoprotectants, such as sucrose, 

should be considered for EV studies.
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1. Introduction

Extracellular vesicles (EVs) are cell-released, lipid bilayer nanoparticles with protein,1 

nucleic acid,2 lipid,3 and carbohydrate cargo.4 The use of EVs in mechanistic,5 

diagnostic,6,7 and therapeutic8–12 preclinical and clinical studies is rapidly growing, making 

storage an important consideration. Current convention for EV storage is freezing in 

phosphate-buffered saline (PBS) at −80 °C or −70 °C.13,14 Storage at these conditions 

may be insufficient to prevent fusion, damage, and fragmentation of EVs, which could 

alter functional properties.13 Lyophilization, which uses vacuum sublimation and desorption 

to remove water molecules from a sample, has also been explored as an alternative to 

storage at −80 °C.15 In nano-drug carriers, such as liposomes, this can improve long-term 

stability, and circumvent expensive storage solutions.16 However, bilayers may be destroyed 

in the freeze-drying process, vesicle fusion may occur during rehydration, and there is 

usually an overall reduction in particle numbers.13 Temperature-dependent changes to 

physical parameters in EV samples call for the use of cryoprotectants. The two main 

categories of cryoprotectants are permeable (for example, glycerol, dimethylsulfoxide 

(DMSO), propanediol, and methanol) and non-permeable (for example, polyethylene glycol 

(PEG), polyvinyl alcohol, raffinose, trehalose, mannitol, glucose, and sucrose).13,14 Some 

cryopreservation reagents, such as DMSO, could have cytotoxic effects if they remain in 

EV samples after storage.13 Non-permeating cryoprotective agents, such as sucrose, that 

replace surrounding hydration spheres through hydrogen bonding interactions, represent a 

biocompatible alternative.

Sucrose has been used previously in therapeutic formulations for intravenous delivery up to 

a concentration of 19.5% (weight/volume), as approved by the United States Food and Drug 

Administration (FDA).17,18 Notably, clinical-grade measles virus preparations, which have 

applications in vaccination and in oncolytic viral therapies, have remained stable for more 

than six years in 5% sucrose.19,20 Measles viruses are of similar size and density as EVs, 

making sucrose a promising cryoprotective agent for EV storage.

In this study, the effects of a sucrose-based cryoprotectant were compared to those of PBS 

for EV storage at −80 °C. Specifically, a clinical-grade 5% sucrose buffer containing 50 

mM tris(hydroxymethyl) aminomethane (Tris) and 2 mM MgCl2 was assessed. In addition 
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to cryoprotection, the components of the buffer contribute to isotonicity and physiological 

pH. Size distribution profiles and concentrations of freshly collected and stored EVs 

were determined by nanoparticle tracking analysis. EV morphology and molecular surface 

extensions were visualized by cryogenic-transmission electron microscopy, while membrane 

protein levels were assessed by Western blotting.

2. Materials and Methods

2.1. Materials

Materials were acquired from the following sources: mouse secondary antibody 

(Cat. No. 31450), high performance liquid chromatography (HPLC)-grade water, 

SuperSignal West-Femto maximum sensitivity substrate (enhanced chemiluminescence, 

ECL), Pierce bicinchoninic acid assay (BCA) Protein Assay Kit, Tween 20, 3-N-

morpholinopropanesulfonic acid (MOPS) buffer, and NuPAGE 12% Bis-Tris protein gels 

from Thermo Fisher Scientific (Waltham, MA, USA); fetal bovine serum (FBS), DMSO, 

and sodium hydroxide beads (20–40 mesh, Cat. No. 367176) from Sigma-Aldrich (St. Louis, 

MO, USA); clinical-grade sucrose buffer (5% sucrose, 50 mM Tris, and 2 mM MgCl2, 

08–735B) from Sartorius/Lonza (Bend, OR, USA); ultrapure sterile water from Rocky 

Mountain Biologicals (Missoula, MT, USA); nitrocellulose transfer membrane from Abcam 

(Cambridge, MA, USA); high glucose Dulbecco’s modified Eagle’s medium (DMEM) from 

Life Technologies, HyClone PBS from GE Healthcare (Chicago, IL, USA).

2.2. Cell culture

Human MDA-MB-231 breast cancer cells (HTB-26; ATCC) and human MeT-5A pleural 

mesothelial cells (CRL-9444; ATCC) were cultured and maintained in high-glucose 

Dulbecco’s modified Eagle medium (DMEM, Life Technologies) or Roswell Park Memorial 

Institute (RPMI) 1640 Medium, respectively. Both media were supplemented with 10% FBS 

(Sigma), and 1% penicillin/streptomycin (Gemini Bioproducts) at 37 °C in 5% CO2. Cells 

were used between passage numbers 5–20.

2.3. EV isolation

For EV isolation from MDA-MB-231 cells, cells were seeded in 150 mm dishes with 

DMEM, supplemented with 10% EV-depleted FBS (Exosome-depleted FBS; System 

Biosciences). The conditioned medium was collected after 48 hours, when the cells were 

90% confluent and over 95% viable (Trypan blue). The same conditioned medium was used 

to prepare EVs stored in PBS or sucrose, to eliminate effects of cell culture conditions on 

EV characteristics. Conditioned cell culture medium was centrifuged (800 × g; 30 min; 

Sorvall ST 16R centrifuge, Thermo Scientific) to discard dead cells and large cellular 

debris. EVs were isolated using a KrosFlo Research 2i Tangential Flow Filtration (TFF) 

System (Spectrum Labs), as previously described.21–25 Briefly, the supernatant of the 

conditioned cell culture medium (0.5–0.8 L) was filtered using a sterile hollow fiber 

modified polyethersulfone membrane with 0.65 μm (D02-E65U-07-S; Spectrum Labs) 

molecular weight cut-off pores and a polysulfone membrane with 500 kD (D02-S500–05-S; 

Spectrum Labs) molecular weight cut-off pores to remove any remaining cell debris and 

small biomolecules. Filters were washed with sterile PBS (pH 7.4; 3x volume of the filter) 
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prior to processing the conditioned medium. The input flow rate was 80 mL/min to keep the 

shear force below 2000/second. EVs were concentrated and diafiltrated six times in sterile 

PBS or the sterile sucrose solution (5% sucrose, 50 mM Tris, and 2 mM MgCl2). Finally, EV 

samples were concentrated to 6–9 mL by TFF and stored at −80 °C.

For EV isolation from MeT-5A cells, cells were seeded into two T-175 flasks and cultured in 

RPMI 1640 containing FBS until ~70–80% confluent. At this point, cells were washed twice 

with PBS and cultured with RPMI 1640 without FBS. After 48 hours, the cell conditioned 

medium (40 mL) was centrifuged (300 × g; 5 min; Avanti J-15R centrifuge, Backman 

Coulter, Brea, CA, USA), filtered (0.45 μm; Cat. No. 431220; Corning, New York, USA) 

and concentrated to 0.5 mL by ultrafiltration with a Amicon Ultra-15 100 kDA molecular 

weight cutoff filter (Cat. No. UFC910008; Merck, Burlington, MA, USA). EVs were then 

isolated by size-exclusion chromatography (SEC) using qEVoriginal 70 nm columns (Izon, 

Christchurch, New Zealand). The collected EV fractions (1.5 mL) were divided into two and 

were concentrated and diafiltrated in sterile PBS or sucrose solution. EV samples were used 

immediately for downstream characterization or stored at −80 °C

2.4. Nanoparticle tracking analysis

A NanoSight NS300 (Software v3.3/3.4; Malvern Panalytical, Malvern, United Kingdom) 

was used to assess EV size distribution profiles and concentration. MDA-MB-231 EV 

samples diafiltered in PBS or a sucrose solution by TFF were diluted 1:50 in PBS and five 

one-minute videos were recorded using a camera level of 11 and a detection threshold of 

three. MeT-5A EV samples obtained through SEC were diluted 1:100 in 0.1 μm PBS and 

five 30-second videos were recorded using a camera level of 13 and a detection threshold of 

five. Each replicate was measured under a continuous syringe pump flow rate of 40 μL/min. 

Only the focus was changed between samples, not the analytical software parameters.

2.5. Zeta potential

Samples were diluted 1:50 in water and placed in folded capillary cells (Malvern, Malvern, 

United Kingdom; #DTS1070) and a Zetasizer nano series Nano-ZS by Malvern was used 

to measure the zeta potential. Material calculations are based on a refractive index (RI) of 

1.370 and absorption of 0.010. Viscosity of the dispersant is 0.8872 cP with RI: 1.330 and 

dielectric constant of 78.5. The Smoluchowski model was used with F (ka) value of 1.5. 

Each sample had an equilibration time of 30 seconds, and each capture was for 20 runs.

2.6. BCA protein assay

A bicinchoninic acid (BCA) protein assay was performed to determine the protein 

concentration of each sample according to the manufacturer’s instructions.

2.7. Western blot

All samples were normalized to protein content. Sodium dodecylsulfate (6 X) was added 

to each sample at a 1:6 ratio, and samples were boiled for five minutes at 95 °C. The 

equivalent of 10.9 μg of protein were loaded in each well of a 12% polyacrylamide gel 

in MOPS buffer, and electrophoresis was performed for 1.5–2 hours at 120 V. Transfer 

from the gel to a nitrocellulose membrane was completed at 200 mA for 1.5 hours. The 
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membrane was blocked at room temperature with 5% milk in Tris-buffered saline (TBS) 

+ 0.1% Tween (TBST) for two hours. Primary antibodies in 1% milk in TBST (1:500 

dilution) were incubated overnight at 4 °C. The following primary antibodies were used: 

anti-calnexin (#ab22595; Abcam, Waltham MA, USA), anti-CD63 (#ab134045; Abcam, 

Waltham, MA, USA), anti-annexin V (#ab14196; Abcam, Waltham, MA, USA), and anti-

CD81 (#sc-166029; Santa Cruz, Dallas, TX, USA). Secondary antibodies (anti-rabbit and 

anti-mouse, #7074S and #7076S, respectively) were both purchased from Cell Signaling 

(Danvers, MA, USA). After four five-minute washes with TBST, secondary antibody in 1% 

milk in TBST (1:3000 dilution) were incubated for two hours at room temperature, before 

four final five-minute washes with TBST and developing the membrane in an ECL solution 

for five minutes at room temperature in the dark. Images were collected using an Amersham 

600 imager (GE Healthcare, Chicago, IL, USA).

2.8. Volta phase-plate cryogenic-transmission electron microscopy (cryo-TEM)

A drop (~3 μL) of EV dispersion (1010/mL) was placed within a controlled environment 

vitrification system (CEVS) on a perforated carbon film, supported on a 200 mesh TEM 

grid, mounted on a tweezer, as previously described.26–28 The drop was turned into a thin 

liquid film (preferably less than 300 nm) by blotting away the excess solution with filter 

paper mounted on a metal strip. The grid was then quickly plunged into freezing ethane 

(−183 °C), and imaged in an FEI (now Thermo Fisher Scientific) Talos 200C high‐resolution 

TEM, at −180 °C. The Volta phase-plate was used to enhance image contrast. The images 

were acquired at an acceleration voltage of 200 kV and recorded by an FEI Falcon III 

direct-imaging camera under low electron exposure.

2.9. 300 kV cryo-TEM

Specimens of EVs from MeT-5A cells were prepared in a robotic vitrification system, Leica 

EM GP2, at controlled temperature and humidity of 22 °C and 95%, respectively. An EV 

dispersion (2 μL) was placed on a QuantifoilTM carbon film with circular holes of 3.5 μm 

diameter and an interspace of 1 μm in both dimensions, supported on a 200-mesh copper 

grid. The excess solution was automatically blotted for 2–2.5 seconds and rapidly plunged 

into liquid ethane close to its freezing point (−182.8 °C). Grids were then quickly transferred 

into liquid nitrogen for storage. Samples were imaged in a frozen hydrated state at −176°C 

using a JEOL Cryo ARM 300 (JEM-Z300FSC) TEM, equipped with a cold field emission 

gun (FEG), and an in-column Omega energy filter. Zero energy loss images were acquired 

at an acceleration voltage of 300 kV and a filter setting of 20 eV. Images were recorded 

by a Gatan K3 direct detector camera under low-dose exposure conditions using SerialEM* 

software.29

3. Results and discussion

In this study, the size, concentration, and zeta potential of cell-culture derived EVs stored 

in PBS or a 5% sucrose solution (with 50 mM Tris and 2 mM MgCl2) at −80 °C were 

compared. EVs were isolated by TFF, which provides gentle and controlled size-dependent 

separation that is scalable to large volumes and results in high batch-to-batch consistency 

and purity.21 EVs were also isolated by SEC, which similarly provides gentle and size-
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dependent separation of EVs, and is ideal for smaller volumes.4 Other common EV isolation 

methods, such as ultracentrifugation, are known to impair EV integrity,30 making them 

less ideal for assessing additional storage-induced damage. The results demonstrated that 

TFF-isolated EVs stored at −80 °C in a sucrose solution had improved stability over a 

15-week period compared to ones stored in PBS. Specifically, nanoparticle tracking analysis 

demonstrated that PBS storage resulted in more substantial changes in EV size distribution 

profiles (Figure 1a) compared to sucrose storage (Figure 1c), although both caused the peak 

population to decrease in size. For both fresh and frozen samples, the smallest detectable 

particle size was 60 nm (Figures 1a and 1c), which corresponds to the estimated lower 

limit of detection of nanoparticle tracking analysis (60–70 nm).31 Additionally, PBS storage 

resulted in a statistically significant increase in EV concentrations at all time points (Figure 

1b), while the EV concentration remained unchanged following storage in the sucrose 

solution, except for the 15-week time point when the concentration decreased (Figure 1d). 

Storage at −80 °C in PBS or the sucrose solution did not cause a statistically significant 

change in EV zeta potential (Figure 1e).

To more broadly assess the effects of sucrose-based cryoprotection, a different EV source 

(human MeT-5A pleural mesothelial cells) and isolation method (SEC) were assessed. 

Similar results were obtained as those for MDA-MB-231 EVs isolated by TFF, where 

EV characteristics changed to a greater extent after −80 °C storage in PBS compared to 

the sucrose solution (Figure 2). Specifically, the PBS group displayed a more statistically 

significant shift in EV size distribution between fresh and frozen samples compared to the 

sucrose group, and storage caused the peak population to decrease in size in both groups 

(Figure 2a and 2c). Additionally, −80 °C storage of EVs in PBS caused a statistically 

significant reduction in EV concentration (Figure 2b), while the concentration remained 

unchanged in sucrose (Figure 2d). On the contrary to the MDA-MB-231 EVs, storage 

caused a statistically significant decrease and increase in the zeta potential of EVs stored in 

PBS and sucrose, respectively (Figure 1e). It is likely that changes in the size, concentration, 

and zeta potential of stored EVs are driven by freezing and thawing-induced alterations in 

membrane structures.13 For example, a size decrease and concentration increase as seen with 

the MDA-MB-231 EV samples stored in PBS, may be indicative of EV fragmentation, while 

a size decrease and concentration decrease as seen with MeT-5A EV samples stored in PBS 

may be indicative of EV degradation (Figure 3) or fragmentation below the detectable size 

threshold.

High-contrast Volta phase-plate cryogenic TEM was used to assess the morphology and 

surface structure of TFF-isolated EVs stored in PBS or the sucrose solution at −80 °C. The 

results showed that molecular surface protrusions were more prevalent in samples stored 

in the sucrose solution than in PBS (Figure 4a and 4b). Similar membrane protrusions 

have previously been visualized on freshly prepared MDA-MB-231-derived EVs, in which 

case they were hypothesized to be glycoproteins.32 Further studies are necessary to fully 

determine the molecular nature of these protrusions, which are also likely to vary depending 

on the EV type and source. In fact, fresh MeT-5A-derived EVs lacked surface protrusions 

(Supplementary Figure 1), making it more challenging to determine potential storage-

induced damage. Cryo-TEM also revealed the presence of multilamellar EV structures 
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(Figure 4a), which can occur during the freezing process as ice crystals disrupt lipid 

membranes.33

Additionally, Western blot analysis demonstrated that the transmembrane proteins, CD63 

and CD81, which are common EV markers, were enriched in samples stored in a sucrose 

solution compared to those stored in PBS. Specifically, expression levels of CD63 and CD81 

were calculated based on relative expression to the cytosolic EV protein, annexin V, and 

normalized to the PBS samples, demonstrating a 1.7-fold increase in both transmembrane 

proteins in the sucrose samples (Figure 4c).

Previous studies have found that EV proteins shift from higher molecular weights to lower 

molecular weights upon storage in PBS at 4 °C and −80 °C, indicating that degradation 

occurs.33 It is likely that freezing and thawing in PBS also causes proteins to degrade and/or 

disassociate from the EV surface.13,33 In particular, membrane proteins have been shown to 

decrease in concentration,13 as well as undergo irreversible conformational changes34 as a 

function of the rate of cooling or rewarming, changes in osmotic pressure, and generation 

of ice crystals.13 The results from this study are in line with previous observations of EV 

storage in PBS, and indicate that a sucrose solution can be used as a better alternative to 

preserve surface molecules.

Studies were also performed to assess EV degradation upon room temperature storage for 

four days in the sucrose solution. Cryogenic-TEM images showed, for the first time, that EV 

samples in sucrose degrade into distinct ring-like biomolecular structures (~10 nm) (Figure 

5a and 5b) and cristae-like folded membranous structures (~25 nm) (Figure 5c). Sucrose 

may be essential in the structural preservation of degradation products, and further studies 

will be necessary to characterize such products as well as degradation kinetics.

4. Conclusions

The use cryoprotective agents for EV storage is not a standard practice.13 This study 

demonstrates that several physical and biomolecular features of EVs change upon storage in 

PBS at −80 °C, which should be taken into consideration for both preclinical and clinical 

EV studies. The cryoprotective properties of a 5% sucrose solution (with 50 mM Tris, 

and 2 mM MgCl2) were assessed and compared to PBS storage. Storage at −80 °C in the 

sucrose solution outperformed PBS in terms of preserving EV size distribution profiles, 

concentration, biomolecular surface protrusions, and membrane proteins. Additional studies 

will be necessary to broadly assess the effects of this sucrose buffer in terms of other 

EV types and isolation methods. The results of this study support previously reported 

observations for the storage of measles virus, where a sucrose solution protects membrane 

structures.17–20 A 5% sucrose concentration is below the amount approved by the FDA 

in the United States for intravenous administration (19.5%).17,18 Further studies will be 

necessary to address the potential impact of sucrose on mechanistic, diagnostic, and 

therapeutic uses of EVs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Size and concentration of MDA-MB-231 cell-derived extracellular vesicles (EVs) stored 
in phosphate-buffered saline (PBS) or a 5% sucrose solution at −80 °C.
Nanoparticle tracking analysis measurements were performed on EVs in PBS (a and b) 

or sucrose solution (c and d). a,c) Size distribution of EVs as percent frequency in 1 nm 

increments. b,d) Concentration of EVs. Data represent mean + standard error of mean 

(SEM) of five technical replicates. e) Zeta potential of MDA-MB-231 cell-derived EVs. 

Data represent mean +/− standard deviation (SD) of triplicates. Statistics by Friedman’s 

test with Dunn’s multiple comparison correction (a, c) or analysis of variance (ANOVA) 

followed by Dunnett correction (b, d) or ANOVA followed by Tukey’s correction (e). *, p < 

0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant.
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Figure 2. Size, concentration and zeta potential of MeT-5A cell-derived EVs stored in PBS or a 
5% sucrose solution at −80 °C.
Nanoparticle tracking analysis measurements were performed on EVs in PBS (a and b) 

or sucrose solution (c and d). a, c) Size distribution of EVs as percent frequency in 1 

nm increments. b,d) Concentration of EVs. Data represent mean + standard error of mean 

(SEM) of five technical replicates. e) Zeta potential of EVs. Data represent mean +/− 

standard deviation (SD) of triplicates. Statistics by Wilcoxon matched-pairs signed rank 

test (a, c), t-test with Welch’s correction (b, d), or ANOVA followed by Tukey’s multiple 

comparisons test (e). *, p < 0.05; ***, p < 0.001; ****, p < 0.0001.
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Figure 3. Tandem size and concentration changes during, freezing, storage, and thawing of EVs.
Fragmentation may also lead to EVs with open membranes (not shown above).
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Figure 4. Morphology and protein markers on EVs (MDA-MB-231 cell-derived) stored in PBS or 
a 5% sucrose solution (Suc) at −80 °C.
a,b) Cryogenic transmission electron microscopy (cryo-TEM) images. Scale bars correspond 

to 100 nm. Arrowhead: lipid bilayer resolved into its two leaflets; arrow: surface 

protrusions. c) Western blot analysis of calnexin (intracellular contaminant marker), cluster 

of differentiation (CD) markers CD63 and CD81 (transmembrane EV markers), and annexin 

V (cytosolic EV marker). Hom, cell homogenate control. Levels of transmembrane proteins 

CD63 and CD81 were calculated based on relative expression to the cytosolic protein, 

annexin V, and normalized to the PBS group; quantified values are reported above the 

protein bands.
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Figure 5. Morphology of EVs (MDA-MB-231 cell-derived) stored in a 5% sucrose solution at 
room temperature for four days.
a) Cryo-TEM image demonstrative of vesicle degradation into ring-like structures. Scale bar, 

100 nm. b) Insets of (a) with arrows indicating ring-like structures. Inset widths, 50 nm. c) 

Cristae-like membranous structures. Scale bars, 25 nm (upper) and 10 nm (lower).
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