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ABSTRACT 

 

Extracellular vesicles (EVs) are membrane vesicles released by cells. They carry active 

biomolecules including DNA, RNA (mRNA, miRNA and other non-coding (nc) RNA), 

protein and lipids which can be transferred to recipient cells and cause downstream 

effects. Isolation and purification of EVs from in vitro conditioned culture media and in 

vivo biofluids is still a major challenge. The most widely used isolation method still 

remains ultracentrifugation (UC) which requires expensive equipment and only partially 

purifies EVs due to co-pelleting of proteins and lipids. Affinity purification of 

biomolecules is an efficient way to achieve high purity without requiring expensive 

equipment.  Previously, we have shown that heparin blocks EV uptake in mammalian 

cells in culture due to direct EV/heparin interactions.  Here we show that we can purify 

EVs from conditioned media using heparin-coated agarose beads. We directly compared 

heparin-purified EVs to UC-prepared and kit-isolated EVs for the following 

characteristics: (1) purity by silver-staining of SDS PAGE gels, (2) morphology by 

transmission electron microscopy (TEM), (3) EV markers by immunoblotting, (4) RNA 

analysis, and (5) uptake of labeled EV into mammalian cells. Heparin-purified EVs had 

reduced protein contaminants than proteins from UC- and kit-isolated EVs,or even 

sucrose gradient-purified EVs. The major protein contaminant in all cases appeared to be 

bovine serum albumin. Furthermore, heparin-purified EVs retained the RNA content, 

morphology, and uptake dynamics of UC-isolated. In conclusion, we have discovered a 

simple and effective way to isolate a highly pure population of EVs based on  their 

affinity for heparin.  

Extracellular vesicles (EVs) have been increasingly recognized as carriers of important 

messages in cell-cell communication and biomarkers for different diseases, as well as for 

gene and drug delivery1. These vesicles can be formed internally by invagination of the 

plasma membrane into endosomes, then in-budding of vesicles into endosomal-derived 

multivesicular bodies (MVBs) and later fusion of MVBs with the plasma membrane to 

release vesicles into the intercellular surrounding2-4. EVs are also formed and released 

directly from the plasma membrane during cytoskeletal rearrangement associated with 

budding, blebbing and apoptosis3. Cancer cells may also release a subpopulation of 
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retroviral-like particles which are likely generated upon increased transcription of 

endogenous retroviral sequences5;6. Isolation and purification of EVs remain a challenge. 

Methods currently used include differential and high-speed centrifugation, separation on 

density gradients7;8, proprietary commercial kits, immune-affinity purification9;10 and 

microfluidic capture11. Ultracentrifugation allows sedimentation of different types of 

EVs, including large oncosomes12 and apoptotic bodies3;13 along with co-sedimentation 

of protein aggregates, such as BSA14. Furthermore, EVs tend to cluster together to form 

large aggregates in the pellet which are difficult to separate and may alter uptake of EVs 

by recipient cells15. Density gradients are lengthy and laborious with low yields, and 

density may not be the best criteria to separate EVs, as it may vary significantly between 

samples, especially in the case of cancer where the production and size of EVs increases6 

with differing contents of EVs as compared to those released from normal cells16. 

Furthermore, some cancer types have been shown to release large vesicles (oncosomes) 

that can reach up to 5 !m in diameter12 and may behave very differently as compared to 

smaller EVs. Other methods do not allow large scale EV isolation and/or require 

cocktails of cell-specific antibodies as well as lengthy optimizations.  

 

Heparin is a highly-sulfated glycosaminoglycan with the highest negative charge density 

of any known biological molecule17;18 and is primarily produced by mast cells19.  In the 

clinic, heparin is widely used as an anti-coagulant20 due to its ability to bind and activate 

antithrombin III in the circulation. We previously showed that addition of heparin to 

labeled EVs derived from 293T cells almost entirely inhibited uptake by unlabeled 

recipient 293T cells21, leading to our hypothesis that heparin can directly bind to the 

surface of EVs which was shown in our subsequent study22.  

 

Here we show that heparin-coated agarose beads can be used to purify EVs from two 

human cell lines and one primary human cell type in culture. We characterized the 

content of heparin-purified EVs and compared it to that of EVs obtained either with the 

standard method of purification (UC) or a commercially-available EV isolation kit.  
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EXPERIMENTAL PROCEDURES 

 

Cell lines. The human glioblastoma cell line U87 and the human embryonic kidney cell 

line HEK293T were obtained from American Type Culture Collection (Manassas, VA) 

and cultured in high glucose Dulbecco’s modified essential medium (DMEM; Life 

Technologies, Grand Island, NY) containing 10% fetal bovine serum (FBS; Sigma, St. 

Loius, MO) and penicillin/streptomycin (10 IU and 10 µg per ml, respectively; Cellgro, 

Manassas, VA). Human ubilical vein endothelial cells (HUVECs) were provided by Drs. 

Francis W. Luscinskas and Kay Case, Cell Core Facility, Brigham and Women’s 

Hospital supported by NIH P01 Hl36028. HUVECs were cultured in gelatin-coated flasks 

in endothelial basal medium (Lonza, Allendale, NJ) supplemented with human epidermal 

growth factor (hEGF), hydrocortisone and GA-1000 (Singlequots from Lonza). 

 

EV isolation. HEK293T cells were grown for 24 h in 15-cm culture plates (~20 million 

cells/plate) in 20 ml DMEM prepared with 5% EV-depleted FBS25. For each experiment, 

60 ml of conditioned media (from 3 plates) was used to isolate EVs. The media were first 

centrifuged at 300 xg for 10 min to remove any cells. The supernatant was then 

transferred to a clean tube and centrifuged again at 2,000 xg for 15 min to remove other 

debris. The supernatant was again transferred to a clean tube and filtered through a 0.8 

!m filter (Millipore, Cork, IRL). At this point, 60 ml filtered medium was concentrated 

down to 3 ml by centrifugation at 1000 xg for 10 min using a 100 kDa molecular weight 

cut off (MWCO) UC device (Amicon® Ultra, Millipore, Billerica, MA). One ml 

concentrated conditioned medium each was used as input for all 3 isolation methods: 

heparin binding, ultracentrifugation, and ExoQuick-TC™ (referred to in the text as 

"commercial kit").  

 

For heparin purification, one ml Affi-Gel® Heparin Gel beads (Bio-Rad, Hercules, CA) 

was washed twice with phosphate buffered saline (PBS), pH 7.2. On day one, 1 ml 

concentrated conditioned medium was added to the beads, mixed and incubated overnight 

in a tube on a tube rotator at +4°C to allow binding of EVs to the heparin-coated beads. 

On day two, heparin beads were spun at 500 xg for 5 min and the supernatant (unbound 
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fraction) was collected. Heparin-coated beads were washed three times with PBS and the 

supernatant after each wash was saved. Then, to elute EVs, one ml 2 M NaCl in PBS 

(final salt concentration 2.15 M) was added to the beads and incubated overnight at +4°C 

on a tube rotator. On day three, heparin-coated beads were centrifuged at 500 xg for 5 

min. The supernatant, corresponding to the eluate, was collected and stored separately 

with the other supernatants at -80°C for downstream analysis. For UC purification, a 

second ml concentrated conditioned medium was ultracentrifuged at 100,000 xg for 90 

min and the pellet resuspended in PBS and used in parallel with heparin-purified EVs. 

For the commercial kit method, the third ml concentrated conditioned medium was 

processed according to manufacturer's instructions using ExoQuick-TC™ (System 

Biosciences, Mountain View, CA). All three preparations were treated with DNAse I 

prior to nucleic acid extraction. In some experiments, sucrose gradient purification of 

EVs was performed on one ml concentrated medium. The sucrose density gradient-

purified EVs were obtained by overlaying an 8%/ 30%/ 45%/ 60% sucrose step gradient 

with concentrated conditioned medium from 293T cells. The gradient was 

ultracentrifuged in a MLS-50 swinging bucket rotor for 38 min at 100,000 xg with brake 

setting at 8 (almost coasting). Fractions 3-7 were collected and diluted with PBS to a total 

volume of 2.3 ml and placed in ultraclear tubes for a MLA-55 rotor.  The EVs were 

pelleted at 100,000 xg for 1 h and the pellet resuspened in PBS and stored at -80°C. 

 

EV nucleic acid extraction. EVs in 1 ml concentrated conditioned medium purified 

using heparin beads were eluted in 1 ml 2 M NaCl in PBS, diluted to 2.3 ml with PBS 1x 

and then ultracentrifuged at 100,000 xg for 90 min and the EV pellet was lysed in 700 !l 

of Qiazol (Qiagen, Valencia, CA). RNA was extracted using the miRNeasy kit (Qiagen, 

Valencia, CA) according to the manufacturers’ recommendations. Quantity and size 

range of the nucleic acid were evaluated with the 2100 Bioanalyzer (Agilent, Santa Clara, 

CA) using the RNA 6000 pico chip which measures RNA species from 25 nucleotides to 

6000 nucleotides. RNA was extracted from ExoQuick TC™ kit-precipitated EVs, UC-

prepared EVs, and sucrose gradient-purified EVs and analyzed by the same analysis as 

for heparin-purified EVs. 
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SDS-PAGE gels, silver staining, immunoblot for Alix. EVs in 1 ml concentrated 

medium were either UC-purified,  purified with the commercial kit,  purified with 

heparin-coated beads, or by sucrose gradient. UC samples were resuspended in 100 !l 

PBS. Heparin-purified and sucrose gradient-purified EVs were collected at 100,000 xg 

for 90 min in a MLA-55 fixed angle rotor and then the EV pellet was resuspended in 100 

!l PBS and used for downstream analysis. Samples were loaded with equal amounts total 

nucleic acid content as determined by the bioanalyzer and loaded on two separate SDS-

PAGE gels. One gel was used for silver staining of total protein and the second gel was 

used to detect the exosomal marker Alix24 by immunoblotting. Silver staining was 

performed using PlusOne™ Silver Staining kit (GE Healthcare, Waukesha, WI) 

according to the manufacture’s recommendations.  

 

The immunoblot was performed using an Alix primary antibody (1:100; Santa Cruz, 

Santa Cruz, CA) with overnight incubation at +4°C and a horseradish peroxidase-

conjugated secondary antibody (1:5,000; GE Healthcare, Piscataway, NJ). The membrane 

was washed 3 times with PBS-Tween and visualized using chemiluminescence detection 

of peroxidase activity with a Pierce Supersignal Western Pico Chemiluminescent 

Substrate kit (Pierce, Rockford, IL) followed by exposure of the membrane to 

autoradiography film (Denville Scientific, Metuchen, NJ). 

 

qRT-PCR. Total RNA was eluted in 30 !l RNAse-free water and 14 !l was used as 

input for the cDNA reaction using the SuperScript® VILO™ (Invitrogen, Carlsbad, CA) 

in 20 !l. One !l of the cDNA was used for each qRT-PCR reaction. TaqMan primers and 

probes from Applied Biosystems were used to detect human GAPDH, EGFR, and cMyc 

RNA. All qRT-PCR reactions were performed in 25 !l reaction volume using the fast 

TaqMan MasterMix (Applied Biosystems, Foster City, CA). Amplification conditions 

consisted of  50° C, 2 min; 95°C, 10 min; 40 cycles of 95°C, 15 s; 60°C, 1 min on 

standard mode and were performed using ABI PRISM 7500 (Applied Biosystems). 

Primer sequences from Applied Biosystems were as follows: EGFR - Hs01076078_m1; 

GAPDH - Hs03929097_g1; cMyc forward CAACCCTTGCCGCATCCAC; 
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cMycreverseAGTCGCGTCCTTGCTCGG;Fam-labeledprobe: 

AGCAGCGGGCGGGCACTTTGCACT. 

 

Nanoparticle tracking analysis (NTA). EVs were purified by heparin-coated beads, 

UC, or ExoQuick and quantified using the Nanosight LM10 (Amesbury, UK). Samples 

were diluted in PBS 1x from 1 ml eluate, 100 !l sedimented vesicles or 100 !l ExoQuick 

precipitated material, respectively. Analysis was performed on Auto Mode using 2.2 

NTA software (Nanosight).  

 

Heparinase treatment of beads. One ml of concentrated conditioned media was 

incubated with 1 ml heparin-coated beads and incubated overnight at +4°C. The day 

after, beads were pelleted at 500 xg for 5 min and the supernatant was removed. Beads 

were then washed 3 times with PBS 1x and either treated with Bacteroides heparinase I 

(60 U/ml heparin beads) according to the manufacturer’s recommendations or mock 

treated for 1 h at 30°C.  Beads were pelleted and the supernatant was used to count the 

number of eluted EVs using NTA. 

 

Control bead-binding assay.  The Affi-Gel® Heparin Gel is based on a crosslinked 

agarose gel support.  To control for non-specific binding of EVs to this support, we used 

Affi-Gel 10 (Bio-Rad).  This crosslinked agarose gel contains a spacer with an activated 

N-hydroxy-succinimide (NHS) ester to covalently link ligands to the gel via an amide 

bond.  We first inactivated the NHS ester by incubating beads in 100 mM Tris buffer pH 

7.4 for 1 h to prevent coupling of EV transmembrane proteins to the bead surface. Next, 

incubations of 293T-derived EVs with these control beads as well as the Affi-Gel® 

Heparin Gel beads (also incubated in Tris buffer as above) were performed and all 

fractions and elutions were collected and analyzed by NTA.   

 

Quantification of EVs with high and low affinity to heparin. 293T-derived EVs were 

incubated with Affi-Gel® Heparin Gel beads as described above in Extracellular vesicle 

isolation.  Both unbound fraction and the fraction eluted with 2M NaCl in PBS were 

collected. Salt was removed from the eluted sample and exchanged with PBS using a 100 

165



kDa MWCO UC device (Millipore).  Next, separate aliquots of fresh Affi-Gel® Heparin 

Gel beads were mixed with the eluted fractions and unbound fractions from round 1. A 

second round of incubation, washes and elution was performed and particle counts were 

performed by NTA.   

 

PKH67 labeling of EVs. Heparin bead-purified EVs from HEK-293T cells were pelleted 

by UC at 100,000 xg for 90 min and resuspended in 100 !l PBS.  For comparison, UC-

prepared EVs from 293T cells were also resuspended in 100 !l PBS. Fourty microliters 

of either sample was mixed with 2 ml of Buffer C (Sigma-Aldrich, St Louis, MO) and 20 

!l PKH67 green fluorescent labeling dye (Sigma-Aldrich) and then added to the EV 

mixture and incubated at room temp for 3 min, according to the manufacturer’s 

recommendations. The membrane labeling reaction was stopped by adding 4 ml of EV-

depleted fetal bovine serum. The samples were then diluted in a total volume of 12 ml 

with PBS 1x and UC at 100,000 xg for 90 min to sediment EVs, and remove any 

unbound dye. The pellet was resuspended in 100 !l PBS 1x and centrifuged again at low 

speed (1000 xg for 5 min) to pellet any aggregates. EVs (approx. 90 !l supernatant) were 

then added to U87 cells in glass chamber slides (30,000/well) and incubated at 37°C for 

30 min. Unbound EVs were washed away once with PBS. Cells were fixed in freshly-

prepared 3% para-formaldehyde in PBS for 5 min at room temperature. Fixed cells were 

washed again. Images were taken using a fluorescence microscope (FITC filter set) at 

20x magnification.  

 

Electron microscopy. Five !l of each EV sample were adsorbed for 1 min to a carbon-

coated grid that had been made hydrophilic by a 30 sec exposure to a glow discharge.  

Excess liquid was removed with filterpaper (Whatman, Maidstone, UK) and the samples 

were stained with 0.75% uranyl formate for 30 sec. After removing the excess uranyl 

formate with filter paper the grids were examined in a JEOL 1200EX TEM (Tokyo, 

Japan) or a TecnaiG" Spirit BioTWIN TEM (FEI, Eindhoven, The Netherlands) and 

images were recorded with an AMT 2k CCD camera. 
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Image analysis and statistical analysis.  Densitometric analysis of bands from gel 

images was performed using ImageJ software (NIH). Statistical analyses were performed 

using Students t-test in Graph Pad Prism software. 

 

RESULTS 

 

EVs bind to heparin-coated agarose beads  

 

Twenty ml of conditioned media from 293T cells was processed and concentrated down 

to 1 ml using low speed centrifugation and a 100 kDa MWCO device. The sample was 

mixed with 1 ml heparin-coated agarose beads and incubated at 4°C overnight. Beads 

were washed 3 times with PBS and eluted with 2 M NaCl in PBS overnight at +4°C (Fig. 

1A). We used  NTA to evaluate particle numbers in our samples14. We found that 

overnight elution of EVs recovered 60% of the input EVs. To determine whether the 

binding of EVs to the beads was heparin-specific, we mixed EVs with heparin beads 

overnight at 4°C and then performed 3 washes with PBS as shown in Fig. 1B.  Before 

elution, samples were either treated with control buffer or treated with heparinase to 

digest heparin thereby releasing EVs from the heparin-agarose beads (Fig. 1B). The 

samples digested/eluted with heparinase had a significantly higher yield of EVs 

(p#0.00001) as compared to mock-treated EV/heparin beads. The slight increase in the 

elution of mock-treated sample may be due to the incubation step at 30°C, required for 

heparinase to be active. Further evidence for a direct EV/heparin interaction was obtained 

by either mock-treating EVs or blocking EV binding to heparin beads using 0.1 mg/ml 

soluble heparin (Suppl. Fig. 1A). We found that binding of EVs to heparin beads in the 

presence of excess soluble heparin was significantly less efficient when compared to 

mock-treated EVs (no soluble heparin) as there were significantly more unbound EVs in 

the sample pre-incubated with heparin than the mock treated sample (p#0.04).  This 

block in binding resulted in 1.8-fold less EVs in the elution step as expected (p#0.01). As 

a final control for nonspecific binding of EVs to the agarose bead support matrix, we 

incubated an equal volume of concentrated 293T cell conditioned media with either the 

heparin agarose beads or agarose beads without conjugated heparin.  Next, we performed 
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the purification steps for both samples and analyzed all fractions by NTA. We found a 

1.8-fold higher amount of particles in the unbound fraction of control beads alone, 

compared to heparin beads (p<0.04; Suppl. Fig. 1B). In contrast, a 3.6-fold lower 

number of particles were present in the elution fraction of EVs incubated with the control 

beads alone, compared with heparin beads (p<0.02). This result provides further evidence 

for a specific heparin/EV binding.  

 

We investigated whether there were distinct populations of EVs that bind heparin better 

than others. To test this hypothesis we incubated 293T-derived EVs with heparin beads 

and retained all fractions (unbound, washes, elutions).  Salt was removed from the eluted 

fraction by diafiltration. Next, we incubated the unbound fraction (i.e. the fraction of EVs 

that did not bind to  heparin beads in round 1) and the eluted fraction with a new batch of 

heparin beads. For each sample, we performed washes and elutions, and particles were 

counted by NTA. The unbound fraction from purification round 1 resulted in 35% of 

unbound particles in round 2 as compared to only 12% of the round 1-eluted samples in 

the unbound fraction in round 2 (p<0.003; Fig. 1C).  On the other hand, there was a 2.5-

fold higher particle count in the round 2 elution from the round 1 eluted sample as 

compared to round 2 elution with the round 1 unbound sample (p<0.004; Fig. 1C). This 

result suggests that the 293T EVs are comprised of a mixed pool of EVs that bound  with 

varying affinity to heparin. We also show that EVs from U87 cells (Suppl. Fig. 2A) as 

well as HUVEC cells (Suppl. Fig. 2B) can be purified using heparin beads, as 

determined by NTA counts with 30% and 28% recovery, respectively, following 

overnight high salt elution at 4°C. Finally, we compared the EV yields using NTA for 

commercially-available EV-purification kit.    Strangely, the yield by NTA count of kit-

purified EVs was 26-fold higher than the total input (counted before purification), 

suggesting NTA is detecting many non-EV particles after purification of EVs with the 

commerial  kit (Suppl. Fig. 3A). We then performed NTA measurements with the kit 

reagent alone (no EVs) mixed with 5% EV-free FBS containing DMEM and found that 

the amount of particles was  7.7-fold higher than in 5% EV-free FBS containing DMEM 

alone (Suppl. Fig. 3B).  Therefore, NTA counts of EVs obtained with the commercially-

available kit were considered not to be reliable for EV quantitation.  
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Heparin-purified EVs are relatively low in co-precipitated proteins, yet retain EV-

associated biomarkers  

EVs in 1 ml concentrated conditioned medium were purified by heparin-coated beads, 

UC, sucrose gradient, or the commercial kit. Each sample was divided into 3 equal 

fractions. One fraction was subjected to nucleic acid extraction and bioanalyzer analysis 

to determine the nucleic acid profile and concentration for each sample (Table 1). 

Another fraction was used for SDS-PAGE gel electrophoresis and silver staining to 

visualize total protein associated with each purification method (Fig. 2A). A third 

fraction was used for western blot analysis of the EV-associated protein, Alix.  Loading 

of lanes was normalized to the amount of nucleic acids per sample to compare relative 

protein contents in the samples. All samples were DNAse treated prior to nucleic acid 

extraction. We found that heparin-purified samples contained much less protein as 

compared to UC-purified, commercial kit-purified and sucrose gradient-purified EVs 

(Fig. 2A). Similar results were obtained by loading samples that showed equal 

nanoparticle counts by NTA (Suppl. Fig. 4A). We compared the profile of proteins in the 

two highly-purified samples obtained using the sucrose gradient and the heparin beads by 

performing a long exposure during silver staining reaction (Suppl. Fig. 4B). We found 

several bands which migrated with the same speed for both samples indicating that the 

samples shared similar proteins. Some lower molecular-weight bands in the sucrose 

gradient-purified EVs were not detected in the heparin-purified EVs which may be 

because samples were normalized to nucleic acid content with less total protein loaded 

for the heparin-purified sample. The strongly-stained bands in Fig. 2A of UC-purified 

and kit-purified EVs were between 50 and 75 kDa, with weaker bands in this size range 

for heparin-purified and sucrose gradient-purified EVs. Because BSA (molecular weight, 

60 kDa) has been reported to co-purify with EVs14, we also performed an anti-BSA 

immunoblot and found a broad, intense band around 60 kDa, detected in UC-purified 

EVs, while this band was less intense in the heparin bead-purified EVs (Suppl Fig 5A, 

B). These BSA bands are likely the intense bands observed after silver staining in Fig. 

2A. We next quantified the relative amounts of protein on the silver stained gels in 

different sample lanes using image processing. We determined that UC, kit, and sucrose 
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gradient-purified EVs contained 4.24-fold, 11-fold, and 2.75-fold more total protein per 

lane, respectively, as compared to heparin-isolated EVs, (Fig. 2B). 

 

The same samples used for silver staining were loaded on another gel to detect the EV-

associated protein, Alix (Fig. 2C). Highest levels of Alix were found in UC-purified EVs 

as compared to kit-purified or heparin-purified EVs, but quantification of Alix band 

density relative to total protein showed similar ratios for UC-purified and heparin-

purified EVs, 0.133 and 0.089, respectively (Fig. 2D). The Alix to total protein ratio for 

kit-purified EVs was much lower at 0.015.  

 

EM analysis of isolated EVs  

To directly examine the morphology of heparin-purified EVs in comparison to EVs 

purified with the other methods, we performed TEM. Resuspended pellets from UC-

purified EVs showed the expected round vesicles with a size range of approximately 30-

200 nm and some clusters of vesicles (Fig. 3A). The TEM profile of vesicles purified 

using the commercial kit was very uniform, with small and round particles (~30-50 nm in 

size), which appeared to be connected to each other in a network (Fig. 3B). EV-like 

structures were difficult to identify in this sample. EVs purified using heparin beads had a 

size distribution similar to that of the UC-purified samples (Fig. 3C). Importantly, the 

heparin-purified EVs were evenly dispersed across the grid which contrasted with the 

UC-purified EVs where more clumping was observed (Fig. 3C and Suppl. Fig. 6A-C). 

 

Detection of mRNA in heparin-purified EVs  

Heparin-purified EVs from 1 ml concentrated conditioned medium were eluted overnight 

using 1 ml 2 M NaCl at 4°C, ultracentrifuged at 100,000 xg for 90 min and lysed in 700 

!l Qiazol lysis buffer. We evaluated the RNA yields and profiles of the RNA content of 

the EVs in heparin-purified samples and compared it to UC-, sucrose gradient- and kit-

purified samples (Fig. 4A). We found that although the RNA yield varied among EVs 

purified with the different methods, the profiles were comparable. All methods displayed 

a peak in the small RNA region suggesting the presence of small RNA/miRNA species, 

with some larger RNA species in the size range of ribosomal RNAs. Samples obtained 

170



with the four isolation methods were frozen at -80°C and stored at +4°C in the same 

fashion to account for RNA stability under different storage conditions. Next, we 

performed qRT-PCR on (DNAse-treated) RNAs isolated from these EV samples and 

showed that  mRNAs of a variety of genes (GAPDH, EGFR and cMyc) tended to be 

more abundant (lower Ct) in heparin-purified EVs when compared to EVs purified with 

the other techniques (Fig. 4B).  No signal was detected when a reverse-transcriptase step 

was not included, excluding the possibility of DNA contamination contributing to the Ct 

values detected. 

 

We next attempted to detect cell type-specific nucleic acids in heparin-purified EVs.  The 

293T cells were transformed with SV40 large T antigen and we designed primers specific 

for an amplicon within SV40 large T antigen cDNA. EVs were purified using heparin 

beads from conditioned media obtained from 293T cells or from HUVECs do not have 

SV40 large T antigen and qRT-PCR on the RNA/cDNA samples was performed with 

SV40-specific primers.  As expected, the SV40 large T antigen sequence was readily 

detected in EVs from 293T cells whereas it was not detected  in HUVEC cell-derived 

EVs and the template control which did not  contain this sequence (Suppl. Fig. 7).  

 

Heparin-purified EVs are internalized by U87 cells  

The 293T cell-derived EVs from 1 ml concentrated conditioned medium were either 

heparin-purified or UC-purified and labeled with PKH67 green-fluorescent lipid dye to 

visualize uptake by U87 cells. We show that after 30 min incubation with U87 cells, EVs 

obtained with both isolation methods  enter U87 cells (Fig. 5 A, B) suggesting that the 

heparin purification method does not alter EV integrity. We did not test the kit purified 

EVs in the uptake assay due to the large network of unknown composition observed by 

TEM.   

 

DISCUSSION 

 

Purification and classification of EVs still remains a challenge and here, for the first time, 

we show that heparin-coated beads can be used to purify EVs released from normal as 
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well as cancer cells. We purified EVs from two human cancer cell lines (HEK293T and 

U87) as well as from normal HUVECs and show that EVs bind to heparin agarose beads 

and can be eluted with 2 M NaCl. We characterized the content of the heparin-purified 

EVs and compared that with the contents of EVs prepared by a standard UC purification 

method or using a commercially-available kit. We found that heparin-purified samples 

contain the lowest amount of total associated proteins per nucleic acid content as 

compared to EVs obtained with the three other methods of purification (Fig. 2A, B). It is 

likely that the large amount of protein associated with the UC samples and the kit-

purified samples is non-EV, contaminating protein based on several  of evidence. First, 

the two methods which are expected to provide higher degrees of purification (i.e. 

heparin-based affinity and sucrose density gradient) had the lowest amount of total 

protein as assessed by silver-staining (Fig. 2A, B).  Second, when we stained membranes 

with an anti-BSA antibody, intense signal was observed in the UC samples at the same 

molecular weight as the major band seen with silver staining (Suppl. Fig. 5A), and, third, 

BSA contamination in EV UC preparations has been previously reported14. We also 

showed that all three methods yield EVs containing the EV marker, Alix (Fig. 2C). We 

used TEM to further evaluate the purity and morphology of the samples, showing 

heparin-purified EVs resembled those in the UC samples, but with less clustering (Fig. 

3). Heparin-purified EVs contained RNA (Fig. 4A) and were efficiently taken up by 

other cells (Fig. 5).  This is the first report showing that EVs can be efficiently purified 

using heparin-coated agarose beads.  

 

The use of a pure population of EVs is very important for certain applications.  First, 

normalization to total protein amount for vesicle numbers can be problematic when the 

majority of protein is not EV-specific (Fig. 2A and Suppl. Fig. 4, 5). Recently, a protocol 

became available to measure particle counts using a Nanosight in combination with 

protein amounts in EV samples. It was found that sucrose-cushion purified samples had 

relatively high particle to protein ratios, whereas UC samples had much lower particle to 

protein ratios14. These results are important because they suggest that normalization to 

protein amounts may not be optimal to reflect true EV numbers, as protein levels 

associated with EVs vary for different sample types (e.g. plasma vs. CSF and methods of 
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isolation (present study).  Our data support this assumption, as when we normalized 

loading of heparin-purified EVs and UC-purified EVs to Nanosight counts, there was 

much higher protein content in the UC-purified samples (Suppl Fig 4).  It is also 

important to use highly-purified EVs in basic research when attempting to attribute 

biological effects to EVs (and not contaminating proteins in the preparation).   

 

We have previously shown that adding heparin to EVs blocks their uptake by recipient 

cells17;18. Here we demonstrated that EVs specifically bind to heparin beads and that this 

binding is partially inhibited when the EVs are preincubated with free heparin (Suppl Fig 

1A).  We also showed specificity to heparin by first allowing EVs to bind to the beads 

and then using heparinase to digest the heparin and release EVs from the beads. The 

recovery of EVs was highly significant as compared to mock-treated samples (Fig. 1B).  

Finally, we incubated EVs with the agarose support matrix without conjugated heparin as 

a control for nonspecific binding.  We found a much lower recovery of EVs after 

incubation with the control matrix, further implicating specific heparin-mediated EV 

purification (Suppl. Fig. 1B).   

 

We showed by qRT-PCR that the levels of transcripts, such as those of EGFR, GADPH 

and cMyc as detected as mRNAs in EVs purified with heparin beads are higher as 

compared to EVs purified with the other methods. The morphology of the EVs isolated 

with each method was examined by TEM. While UC-purified and heparin-purified 

samples displayed cup-shaped EVs characteristic of fixed EV samples prepared for EM, 

the kit-purified samples contained a massive number of highly uniform small particles 

and we are not sure to what extent these particles are EVs or components derived from 

the matrix used to isolate them.   

 

In conclusion,  we showed that heparin-coated agarose beads can be used to efficiently 

purify a population of EVs. Taken together this data provides a novel interaction between 

EVs and heparin as well as a purification protocol for EV isolation.  
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Figure 1. Extracellular vesicles are efficiently isolated and purified using heparin-

coated agarose beads.  

(A) Nanoparticle tracking analysis (NTA) counts of heparin-purified EVs eluted with 2 M NaCl 

overnight at 4°C. The eluate was diluted 1:50 in PBS 1x and counted in “Auto Mode” using the 

NTA.   

(B) Specific heparin affinity is shown after incubation of heparin beads overnight with EVs and 

subsequent rinsing of the beads 3 times with PBS and then mock treated or treated with 

Bacteroides heparinase I. Fractions were analyzed by NTA.   

(C)  EVs were mixed with heparin beads and round 1 of purification was performed. The 

unbound and eluted fractions from round 1 were separately incubated with a fresh batch of 

heparin beads and round 2 purification was performed using these samples. NTA was performed 

on each fraction of round 2 purification.  
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Figure 2. Characterization of proteins from heparin-purified, ultracentrifuged, 

sucrose gradient, and commercial kit-isolated EVs.  
In two separate preparations from 293T cells, recovered EVs purified with each of these methods 

had nucleic acid extracted and quantitated using the Agilent Bioanalyzer. The nucleic acid 

quantitation was used as loading normalization for (A) and (C) in which 2 ng nucleic acid was 

loaded per lane.  

(A) Silver staining for total protein in each sample preparation.  

(B) Densitometric quantitation of total protein in lanes from  

(A) relative to protein levels in heparin-isolated EVs.   

(C) Immunoblot for Alix using EVs isolated in three ways.  

(D) Ratio of band intensities for total protein to Alix for each sample.  
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Figure 3. Transmission electron microscopic examination of heparin-purified EVs.  

All preparations were isolated from 1 ml of concentrated conditioned media from 293T cells.  

(A)  Ultracentrifuged EVs. (B)  Commercial kit-purified EVs. (C) Heparin-purified EVs.  Scale 

bars= 100 nm.  Arrows point to large EVs (~50-100 nm) and arrowheads point to small EVs 

(<~50 nm). Note: It is unclear if the structures observed in the commercial kit are EVs or if it is a 

component of the proprietary precipitating reagent.  
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Figure 4. Detection of RNA profiles and transcripts in heparin-based, sucrose, UC 

and kit-EV preparations.  
(A) Heparin, Sucrose, UC and kit-isolated samples were isolated as described in the methods. 

Total RNA was extracted and profiles were analyzed using the Agilent Bioanalyzer RNA 6000 

pico kit. (B) Heparin, Sucrose Ultracentrifugation, and kit-purified samples were analyzed by 

TaqMan qRT-PCR for several cDNAs. Data is presented in Ct values and normalized to the total 

RNA input.  
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Figure 5. Heparin-purified EVs are internalized into cells. Extracellular vesicles from 

(A-left panels, top and bottom) ultracentrifuged and heparin-purified (B-right panels, top and 

bottom) samples were labeled with the green fluorescent lipid dye (PKH67) and incubated with 

293T cells to visualize internalization. After 30 minutes of incubation at 37°C cells were fixed in 

formaldehyde, nuclei stained with Hoescht and imaged using a fluorescence microscope. Scale 

bar =10!m 

 

 

 

 

 

 

 

 

182



 

 

 

Supplementary Figure 1. EV binding to heparin-beads is specific.  

(A) EVs were mock treated or incubated with 0.1 mg/ml soluble heparin for 1 h at room temp and 

then incubated with heparin beads overnight at 4°C. NaCl-eluted samples were analyzed using 

NTA. (B) 293T-derived EVs were incubated with either control agarose beads alone, or heparin 

beads and then subjected to purification and NTA counts.  
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Supplementary Figure 2. Purification of EVs from other cell types using heparin 

beads.  (A) Human glioblastoma cell line U87 and (B) human umbilical vein endothelial 

cells (HUVECs)-derived EVs were incubated with heparin beads, washed, and salt 

eluted. EVs recovery was assessed as above. The data is presented as mean ± S.D. (n=3).  
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Supplementary Figure 3. Comparison of NTA counts with the commercial kit with 

medium alone. (A) 3.0x1010 EVs were isolated in parallel using the commercial kit and 

then yield counted by NTA. (B) The commercial kit purification mix  was added to EV-

free media alone  and counted on the Nanosight.  
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Supplementary Figure 4. Silver stain analysis of electrophoresed EV samples 

obtained by heparin purification or ultracentrifugation.  (A) The loading was 

normalized to equal EV counts based on nanoparticle tracking analysis. B) Overexposed silver 

stain to show low-level protein profile in heparin-purified as compared to sucrose gradient- 

purified EVs. Asterisks (*) indicate proteins in both samples migrating at similar molecular 

weights.  
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Supplementary Figure 5. Detection of BSA in EV samples. (A) UC or heparin-purified 

samples were normalized for vesicle counts by NTA and subjected to SDS-PAGE and 

immunoblotting with an anti-BSA antibody. (B) A range of amounts of BSA (1, 10, 30 

!g) were loaded for comparison to the amount contained in the EV samples.  
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Supplementary Figure 6. TEM of extracellular vesicles. Isolated using (A) 

ultracentrifugation, (B) a commercially available kit, (C) heparin coated beads. A low and high 

magnification image are shown for each sample. Scale bar = 100 nm. Arrows point to large EVs 

(~50-100 nm) and arrowheads point to small EVs (<~50 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7. qRT-PCR analysis reveals recovery of cell type specific 

EVs isolated by heparin bead purification. 293T express the SV40 large T antigen. We 

used this marker to specifically detect RNA/cDNA293T-derived EVs by qRT-PCR. HUVEC 

derived EVs were purified and subjected to the qRT-PCR as control. Data is normalized to 

GAPDH and presented as mean ± S.D. (n=8).  
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Table 1. Total RNA yields after purification using UC, sucrose gradient, heparin-

coated beads and the commercially-available kit from 25 ml EVs-containing 

conditioned media obtained from cultures of ~1.25 x 107 HEK 293T cells. 

 

  

Ultracentrifuged 

(ng) 

Sucrose 

gradient (ng) 

Heparin 

beads (ng) 

Kit  (ng) 

RNA 3.39 +/- 1.06 1.23 +/- 0.13 1.02 +/- 0.21 4.88 +/- 0.11 
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