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Abstract

BACKGROUND—Tumor specific genetic material can be detected in extracellular vesicles 

(EVs) isolated from blood, cerebrospinal fluid (CSF), and other biofluids of glioblastoma patients. 

As such, EVs have emerged as a promising platform for biomarker discovery. However, the 

optimal procedure to transport clinical EV samples remains poorly characterized.

METHODS—We examined the stability of EVs isolated from CSF of glioblastoma patients that 

were stored under different conditions. EV recovery was determined by Nanoparticle tracking 

analysis, and qRT-PCR was performed to determine the levels of miRNAs.

RESULTS—CSF EVs that were lyophilized and stored at room temperature (RT) for seven days 

exhibited a 37–43% reduction in EV number. This reduction was further associated with decreased 

abundance of representative miRNAs. In contrast, the EV number and morphology remained 

largely unchanged if CSF were stored at RT. Total RNA and representative miRNA levels were 

well-preserved under this condition for up to seven days. A single cycle of freezing and thawing 

did not significantly alter EV number, morphology, RNA content, or miRNA levels. However, 

incremental decreases in these parameters were observed after two cycles of freezing and thawing.

CONCLUSIONS—These results suggest that EVs in CSF are stable at RT for at least seven days. 

Repeated cycles of freezing/thawing should be avoided to minimize experimental artifacts.

INTRODUCTION

Development of “liquid biopsy” platforms for monitoring response to cancer therapeutics 

has the potential to fundamentally reshape the treatment paradigm for oncologic care [1,2]. 

The discovery that neoplastic cells secrete Extracellular Vesicles (EVs) that contain cancer 
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specific or enriched genetic material has led to mounting interest in EVs as a platform for 

liquid biopsy [2,3,4]. Fueling this interest are studies documenting that cancer specific EVs 

can be detected in the bio-fluid of cancer patients [5,6,7].

We previously demonstrated that the biologic and clinical behavior of glioblastomas [8,9], 

the most aggressive form of brain cancer is regulated by key microRNAs (miRNAs) 

[10,11,12,13]. Moreover, we showed that profiles of cerebrospinal fluid (CSF) derived from 

glioblastoma patients can serve as a biomarker for tumor burden and, by extension, 

therapeutic response [6,14]. Clinical translation of this and other observations will 

undoubtedly require trials that necessitate transport of bio-specimens to centralized sites for 

molecular characterization. However, the optimal procedure to transport clinical EV samples 

remains poorly characterized. Here we explored the effect of lyophilization and freeze 

thawing on the stability of EVs and their associated miRNAs, with the goal of developing 

the optimal condition for transport.

METHODS

Clinical Specimen Collection

All research performed were approved by IRB boards at University of California, San Diego 

Human Research Protections Program under IRB 120345X and were in accordance with the 

principles expressed at the declaration at Helsinki. Each patient was consented by a 

dedicated clinical research specialist prior to collection. Written consent was obtained for 

each patient. The consent process was approved by the ethics committee, and all records 

were documented in our electronic record system. The written consent from patients was 

also scanned into our electronic filing system. CSF was collected by ventricular/lumbar 

drain placement or cisternal aspiration at the time of craniotomy. Collected CSF specimens 

were 0.8µm filtered, snapped frozen and stored at −80°C.

EV Isolation

The EV fraction was isolated by differential centrifugation as previously described [6,15]. 

CSFs were diluted 1:1 with 1× PBS (Mediatech) prior to centrifugation. Samples were 

centrifuged at 2,000×g for 20 min to remove cellular debris. The supernatant was further 

centrifuged at 120,000×g for 2 h in a Type 70 Ti rotor (Beckman) to pellet the EVs. All 

centrifugation steps were performed at 4°C. EV pellets were resuspended in PBS and stored 

at −80°C.

EV Lyophilization

Equal volume of EVs was aliquoted into 1.5ml tubes and frozen at −80°C. Frozen EVs were 

than lyophilized using a FreeZone Benchtop Freeze Dry system for 24 hours (Labconco). 

Lyophilized samples were stored at room temperature for seven days. To rehydrate, the 

lyophilized EVs were resuspended with distilled water to the same volume as the pre-

lyophilized samples and incubated on ice for 15 min prior to any further analyses.
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EV Quantification and Assessment

The number of vesicles recovered was determined by Nanoparticle Tracking Analysis (NTA) 

on a Nanosight LM-10HS equipped with a 405nm laser (Malvern) that was calibrated with 

polystyrene latex microbeads at 100 nm and 200 nm prior to analysis. Resuspended vesicles 

were diluted with PBS to achieve between 20–100 objects per frame. EVs were manually 

injected into the sample chamber at ambient temperature. Each sample was measured in 

triplicate at camera setting 13 with acquisition time of 30 s and detection threshold setting of 

7. At least 200 completed tracks were analyzed per video. The NTA analytical software 

version 2.3 was used for capturing and analyzing the data.

The morphology of the EV isolated were assessed using transmission electron microscopy 

(TEM) as previously described [15].

Quantitative Reverse Transcriptase-Polymerase Chain Reaction (qRT-PCR)

RNA from the EV fraction was extracted using the Qiagen miRNeasy Mini Kit. RNA 

concentration and quality were determined using the NanoDrop ND-1000 

Spectrophotometer (Thermo Scientific) or Ribogreen™ assay. 20 ng of RNA was used for 

cDNA synthesized using the miRCURY LNA™ Universal RT microRNA PCR system 

(Exiqon). The resultant cDNA were diluted 20× and four microliter was used for qRT-PCR 

in triplicate wells as previously described [6].

Determination of miRNA Copy Number

To determine copy number of miRNA (miR-21, miR-103, miR-24, miR-125), standard 

curves were generated by serial dilution of known quantities of miRNA mimic (Qiagen), 

followed by cDNA synthesis using the miRCURY LNA™ Universal RT microRNA PCR 

system [16]. The cDNAs were then used for the generation of standard curve.

RESULTS

Clinical CSF EVs stored under Room Temperature (RT) and −80°C

We wished to determine the general stability of EVs in clinical cerebrospinal fluids derived 

from glioblastoma patients when stored at room temperature. To this end, CSF samples that 

were stored at room temperature for 1 and 7 days after collection from patient and before 

EV extraction. The EV yield was compared to reference samples that were immediately 

stored at −80°C after collection. When analyzed by Nanoparticle Tracking Analysis (NTA) 

[17], the total number of EVs recovered (Figure 1A) or the size profile of EVs (Figure 1C) 

did not significantly differ. Transmission Electron Micrograph (TEM) revealed no detectable 

change in morphology of EVs isolated from CSF stored in RT for 1 day, RT for 7 days or 

−80°C for 7 days (Figure 1B). We further extracted total RNA from EVs isolated after CSF 

was stored in various conditions. We previously demonstrated the abundance of miR-21, 

miR-24, miR-103, and miR-125 in clinical CSF EV [14]. Here we use changes in the 

abundance of these representative miRNAs as a gauge of the effects of storage condition on 

EV miRNA stability. We observed no significant difference in total RNA extracted (Figure 

1D) as determined by UV absorbance reading. Since material other than RNA can also 

contribute to the absorbance readings, we also quantified the RNA recovered using a 
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fluorescent nucleic acid stain, Ribogreen. While total RNA yield as determined by 

RiboGreen assay was lower than NanoDrop, the relative abundance of RNA between 

samples was largely unaffected (Supp Table 1). Similarly, the levels of the various 

representative miRNA transcripts were found to be stable between CSF stored at −80°C or 

CSF stored at room temperature (Figure 1E). We thus conclude that EV miRNAs appeared 

to be stable in CSF at room temperature for up to 7 days.

Effects of lyophilization on clinical CSF EV stability and EV associated miRNAs

Lyophilization is a commonly used method for long-term preservation of DNA and RNA. 

We wish to test the effect of lyophilization on EV stability and the stability of EV associated 

miRNAs. EVs were isolated from CSFs, resuspended in PBS, aliquoted, and lyophilized 

using a commercial benchtop freeze-dryer. Lyophilized samples were stored at room 

temperature for 7 days prior to rehydration with distilled water and then subjected to further 

analysis. Compared to non-lyophilized EVs stored at −80°C, we observed a significant 

reduction (37 to 43%) of EV numbers in two out of three CSF specimens processed in this 

manner (Figure 2A). However, this reduction in EV number was not associated with 

significantly changes in EV sizes (Figure 2C) or in EV morphology on TEM (Figure 2B). 

These results suggest that lyophilization induced EV disintegration. Although we did not 

noticed a significant difference in total RNA yield when compared to non-lyophilized 

controls (Figure 2D and Supp Table 2). When representative miRNAs (miR-21, miR-24, 

miR-103, and miR-125) were quantitated by qRT-PCR, we observed a significant reduction 

(up to 80%) in miRNA levels in the lyophilized samples (Figure 2E). These results suggest 

that lyophilization of EVs isolated from clinical CSF should be avoided if miRNAs is the 

analytic platform of choice.

Effects of multiple freeze-thaw cycles on clinical CSF EV

Clinical bio-fluid such as CSF is often stored at −80°C after collection. We wished to 

determine the effect of freeze-thaw cycles [18] on the stability of EVs and their miRNA 

cargo. EVs were isolated by differential centrifugation after the clinical CSFs were subjected 

to 1, 2 or 3 freeze thaw cycles. A single cycle of freezing and thawing did not significant 

alter EV number (Figure 3A), EV size (Figure 3B), or EV morphology (Figure 3C). 

However, additional freeze-thaw cycles lead to incremental decreases in the number of EV 

recovered (Figure 3A). We observed an approximate 30% reduction in EV number after 3 

consecutive freeze-thaw cycles. Both total RNA yield and the abundance of the 

representative miRNAs (miR-21, miR-24, miR-103, and miR-125) were stable after 1 

freeze-thaw cycle (Figure 3D and 3E, Supp Table 3). However, additional freeze thaw cycles 

(>2 cycles) lead to incremental decreases in the total RNA and the abundance of the 

representative miRNAs (miR-21, miR-24, miR-103, and miR-125).

DISCUSSION

While CSF EV miRNAs have been proposed as biomarkers for brain tumors [5,6] and other 

neurodegenerative diseases [19], it remains unclear as to the optimal conditions for storage 

and transport for maximizing the preservation of these samples. Undoubtedly, validation of 

any biomarker platform and clinical translation of such platform will require the transfer of 
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bio-fluids between clinical centers. Our study demonstrates several key considerations for 

maximizing the EV associated miRNA derived from clinical CSF samples. While 

lyophilization is generally associated with increased stability of DNA and RNAs [20,21], 

our results show that this process disrupts EVs isolated from clinical CSF, which in turn 

compromises the recovery of miRNAs from these specimens. The findings may harbor 

implications in the utilization of commercially available, lyophilized EVs. In contrast, the 

CSF EVs and their associated miRNAs appear remarkably stable when stored at room 

temperature for up to 7 days of storage.

Another key consideration involve serial degradation of CSF EV and EV associated 

miRNAs upon repeat freeze thawing. While one single freeze-thaw cycle did not 

significantly affect the content of CSF EVs and EV associated miRNAs, additional freeze 

thaw cycles (>2 cycles) lead to incremental decreases in EV number, total RNA, and the 

abundance of the representative miRNAs (miR-21, miR-24, miR-103, and miR-125).

Based on our results, we propose the following considerations for the storage and processing 

of CSF EVs with intent for miRNA based analytics. First, clinical CSF should be aliquoted 

to appropriate volume required for the miRNA based analytic prior to storage at −80°C as to 

avoid unnecessary freeze thawing. Second, CSF can be safely stored and transported at room 

temperature for up to seven days. Finally, lyophilization of CSF EVs should be avoided in 

general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Clinical CSF EVs stored under Room Temperature (RT) and −80°C
EVs isolated from CSF that were stored at room temperature for 1 and 7 days were 

comparable to EVs isolated from CSF stored at −80°C. (A) Total number of EVs recovered 

as determined by Nanoparticle tracking analysis (NTA). (B) Representative TEM images of 

EVs isolated from CSF stored under different conditions. Scale bar represents 500nm in 

5000× magnification images, and 200nm in 25000× magnification images. (C) EV size 

profile as determined by NTA. (D) Comparison of total EV RNA yield extracted using 

Qiagen miRNeasy mini kit. (E) Detection of miR-21, miR-24, miR-103 and miR-125 
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transcripts in EVs by qRT-PCR. EV miRNAs appeared to be stable in CSF at room 

temperature for up to 7 days. Experiments were performed in triplicate and data are 

expressed as mean ± SEM.
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Fig. 2. Effects of lyophilization on clinical CSF EV stability and EV associated miRNAs
Lyophilized CSF EV samples were stored at room temperature for 7 days prior to 

rehydration with distilled water and then subjected to parallel analysis against non-

lyophilized EVs. (A) Total number of EVs recovered as determined by NTA. (B) 

Representative TEM images of non-lyophilized EVs and EVs that were lyophilized and 

rehydrated. Scale bar represents 500nm in 5000× magnification images, and 200nm in 

25000× magnification images. (C) EV size profile as determined by NTA. (D) Comparison 

of total EV RNA yield extracted using Qiagen miRNeasy mini kit. (E) Detection of miR-21, 
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miR-24, miR-103 and miR-125 transcripts in EVs by qRT-PCR. Significant reductions in 

miRNA levels were observed in lyophilized EVs. Lyophilization was performed in duplicate 

and data are expressed as mean ± SEM. * indicates p<0.05 as determined by Student’s t-test.
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Fig. 3. Effects of multiple freeze-thaw cycles on clinical CSF EV
CSFs were subjected to multiple rounds of freezing and thawing prior to EV isolation. 

Recovered EVs were characterized by (A–B) NTA, and (C) TEM. Scale bar represents 

500nm. Inset shows a magnified view of the EV. (D) EV RNA was then extracted and (E) 
miRNA levels were quantitated by qRT-PCR. A single cycle of freezing and thawing did not 

significantly alter EV number, morphology, RNA content, or miRNA levels. However, 

incremental decreases in these parameters were observed after two cycles of freezing and 
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thawing. Experiments were performed in triplicate and data are expressed as mean ± SEM. * 

indicates p<0.05 as determined by Student’s t-test.
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