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Abstract 27 

Evidence continues to increase of the clinical utility extracellular vesicles (EVs) can provide as translational biomarkers. 28 

While a wide variety of EV isolation and purification methods have been implemented, few techniques are high-throughput 29 

and scalable for removing excess fluorescent reagents (e.g. dyes, antibodies). EVs are too small to be recovered from 30 

routine cell-processing procedures, such as filtration or centrifugation. The lack of suitable methods for removing unbound 31 

labels, especially in optical assays, is a major roadblock to accurate EV phenotyping and utilization of EV assays in a 32 

translational or clinical setting. Therefore, we developed a method for using a multi-modal resin, referred to as EV-Clean, 33 

to remove unbound labels from EV samples, and we demonstrate improvement in flow cytometric EV analysis with the 34 

use of this EV-Clean method. 35 

  36 

Introduction 37 

Exosomes and ectosomes are small lipid packages released from cells, here referred to under the umbrella term of 38 

extracellular vesicles (EVs)1, 2. The majority of EVs have been demonstrated to be �100 nm in diameter, with a Power-law 39 

distribution ranging from ~25->1000 nm3-5. EVs hold prospect as clinical biomarkers due to their surface and luminal 40 

cargo, hypothesized to offer a retrospective snapshot of their parent cell upon their release. Due to their small surface 41 

area, the majority of EVs typically express a very low number of copies of any one protein. Current estimates using high-42 

sensitivity, calibrated measurements suggest the majority of EVs express �10 protein copies of a protein5, 6. This small 43 

size and limit cargo makes isolation, purification, and detection of EVs challenging. 44 

 45 

In the most recently reported ISEV survey, which included 196 participants from 30 countries, the most reported EV 46 

isolation methods included: ultracentrifugation, density gradient, filtration, size-exclusion chromatography, precipitation, 47 

and magnetic bead capture7, 8. Despite, a wide variety of techniques being utilized to date for EV isolation, a gold-48 

standard, or general consensus, is yet to emerge9. One of the main drawbacks of the current methodologies is their lack 49 

of high-throughput compatibility, with many techniques being labor intensive and time consuming4, 10-12. Isolation 50 

procedures implemented are also dependent on factors such as, the type of medium e.g. plasma, cell culture, the volume 51 

of medium e.g. µL to L, the downstream analysis technique e.g. single-particle methods or bulk methods, and the scale of 52 

isolation e.g. a couple of samples to hundreds of samples.  53 

 54 

A wide variety of detection methods have been utilized for characterizing single EVs5, 6, 13-18. A common analysis 55 

technique of interest for translation studies is EV flow cytometry (EV-FC)6, 19. EV-FC has been utilized in a number of 56 

forms with some commercially available flow cytometers capable of detecting single-fluorescent molecules20. This kind of 57 
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sensitivity is required to detect limited surface epitope expression due to surface area on the smallest EVs21. With 58 

instrumentation capable of detecting single-fluorescent molecule, it has become critical that residual or unbound 59 

fluorophore is removed from samples prior to analysis. The removal of residual or unbound fluorophore is also a highly 60 

recommended step for conventional EV-FC with lower sensitivity instrumentation as a means to increase the signal to 61 

noise ratio, and remove artefactual populations22-24. For this reason, the MIFlowCyt-EV reporting framework; published as 62 

a position paper to help standardize reporting of single EV flow cytometry experiments, has specific fields to demonstrate 63 

labels are not contributing or being included in EV analysis25. Other techniques relying on fluorescence reagents, 64 

particularly for membrane labeling, such as microscopy also require wash steps5, 26. 65 

 66 

Currently, there is a gap in EV isolation and purification methods for removal of residual or unbound fluorescent labels that 67 

can be applied in a high-throughput format to small volumes, which would retain EV yield without drastically reducing 68 

sample concentration. While it is possible to titrate antibodies and fluorescent dyes to EVs for high-throughput clinical 69 

sample analysis, where samples may be in limited supply, it is neither fast, practical, or cost-effective. Here, we 70 

demonstrate EV-Clean as a simple, high-throughput method of EV purification from residual proteins and unbound 71 

fluorescent-antibodies, which can be used with µL volumes, with a limited reduction in concentration and does not 72 

fractionate EVs into several samples, that is associated with widely used size exclusion methods.  73 

 74 

Materials & Methods 75 

Blood collection & ethics 76 

A blood samples were obtained using EDTA collection tubes. All analyses were performed in a deidentified manner, with 77 

IRB-approeved NIH intramural protocol number 02-C-0064. Plasma samples were depleted of cells and platelets by two 78 

centrifugation steps at 2500 x g at room temperature in a swing-out bucket rotor for 15 minutes with the supernatant 79 

isolated. Platelet-poor plasma samples were then stored in low-protein binding tubes (Thermo Fisher Scientific, Waltham, 80 

USA) at -80°C. Samples were thawed at 37°C for 10 minutes before being used in downstream experiments.  81 

 82 

Cell culture 83 

The immature dendritic cell line DC2.4 was kindly provided by Kenneth Rock (University of Massachusetts Medical 84 

School, Boston, MA) and cultured in phenol red-free RPMI1640 medium supplemented with 10% FBS, 1% L-85 

glutamine, 1% penicillin-streptomycin and 0.1% β-mercaptoethanol (ThermoFisher). For EV-depleted medium 86 

preparation, 20% FBS containing RPMI was ultracentrifuged for 18�hours at 100,000�g at 4�°C in a 45Ti fixed angle 87 

rotor using polycarbonate tubes (both from Beckman Coulter). After ultracentrifugation, the top 50�mL of medium 88 
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suspension were harvested, filtered with 0.2�µm PES filter bottles and stored at 4�°C. Before using for culture, RPMI 89 

and L-glutamine, Penicillin-streptomycin and ß-mercaptoethanol were added, to achieve the concentrations before 90 

mentioned above. To produce DC2.4-derived EVs, cells were cultured for 2–3 days in EV-depleted medium and 91 

supernatants harvested before confluence was reached. Supernatants were first depleted of cells, debris and 92 

apoptotic bodies by centrifuging at 2500 g for 15 minutes twice. Supernatants were added to 100 kDa Pall Jumbosep 93 

concentrators until 5 mL of the harvested supernatant remained. 250 µL of DPBS was added to 250 µL of 94 

concentrated EVs. This 500 µL mixture was then loaded onto a qEV Original column with fractions 6-12 collected 95 

separately. Each were analysed using Nanosight and run on an SDS-PAGE gel to confirm prescience of vesicles, 96 

before fractions 8 and 9 were combined for downstream experiments.  97 

 98 

BSA measurements 99 

BSA concentration were measured using a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific, USA). Prior to 100 

recording concentration using the NanoDrop, the sensor was rinsed with deionized water and dried with a cotton bud 101 

before a baseline reading was taken using DPBS. 2 µL of sample was then placed on the sensor and a concentration 102 

reading was recorded three times. Recordings were exported to .xml files. Data was plotted using Prism (v8.0.1, 103 

GraphPad Software, San Diego, USA). 104 

 105 

SDS Page 106 

A 10% Tris/Glycine/SDS Buffer solution was prepared with 100 mL buffer (Bio-Rad) in 900 mL tissue culture grade water. 107 

10 µL of Bio-Rad Precision Plus ladder were added to Bio-Rad Mini-PROTEAN TGX gels (10- or 15-well). For the neat 108 

plasma samples, 15, 10, or 5 µL of plasma was added to 8.25 µL 4x Laemmli Sample Buffer (Bio-Rad, 161-0747) and 109 

0.75 µL 55 mM 2-mercaptoethanol (Gibco, 21985). The entirety (24, 19, or 14 µL) of the sample was added to the wells of 110 

the gel. For the samples that had been previously incubated with EV-Clean, 15, 10, or 5 µL of purified sample was added 111 

to 8.25 µL 4x Laemmli Sample Buffer and 0.75 µL 55 mM 2-mercaptoethanol. The entirety (24, 19, or 14 µL) of the 112 

mixture was added to the wells of the gel. Antibody removal was tested by suspending 0.5 µg of IgG-PE-CD147 113 

(BioLegend, Cat. 306212) and IgG-APC-CD147 (BioLegend, Cat. 306214) in a final volume of 50 µL adding to 100 µL of 114 

EV-Clean for 30 minutes. Post-incubation 20 µL of supernatant was added to 8.25 µL 4x Laemmli Sample Buffer (Bio-115 

Rad, 161-0747), 0.75 µL 55 mM 2-mercaptoethanol (Gibco, 21985), and 20 µL of SDS buffer. The final volume of 50 µL 116 

was added to each well of a 10 well Bio-Rad Mini-PROTEAN TGX gel. 117 

 118 
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With a Mini-PROTEAN Tetra System connected to a Bio-Rad Power Pac 1000, SDS-PAGE was run at a constant voltage 119 

of 200 V until the bands ran off the bottom of the gels. The stain-free gel was activated and imaged under the Bio-Rad 120 

ChemiDoc Touch Imaging System. Gels were analysed using Image Lab software (v6.0.1, Bio-Rad, Hercules, USA) 121 

 122 

Nanoparticle Tracking Analysis (NTA) 123 

Particle concentration and diameter distribution were characterized by NTA with a NanoSight LM10 instrument 124 

(Malvern, UK), equipped with a 405�nm LM12 module and EMCCD camera (DL-658-OEM-630, Andor). Video 125 

acquisition was performed with NTA software v3.2, using a camera level of 14. Three 30�second videos were 126 

captured per sample. Post-acquisition video analysis used the following settings: minimum track length = 5, detection 127 

threshold = 4, automatic blur size = 2-pass, maximum jump size = 12.0. Exported datasets were compiled and plotted 128 

using scripts written in MATLAB v9.3.0 (The MathWorks Inc., USA). Samples were diluted to have a concentration in the 129 

region of 1x108 to 1x109 particles mL-1. 130 

 131 

BSA removal using EV-Clean 132 

Samples containing approximately 400 µg of BSA diluted in 75 µL DPBS were aliquoted into PCR tubes containing 100 133 

µL of DPBS-washed CaptoCore -700 or –400 (GE Biosciences) Samples were incubated at 4 °C for 30 minutes before 134 

the top 75 µL of supernatant was then removed and added to another 100 µL of DPBS-washed EV-Clean, mixed, and 135 

incubated for a further 30 minutes at 4 °C. 136 

 137 

Plasma protein removal using EV-Clean 138 

15, 10, and 5 µL of platelet-poor plasma was aliquoted into PCR tubes containing 100 µL of DPBS-washed EV-Clean. 139 

Samples were incubated at 4 °C for 30 minutes before the top 15, 10, or 5 µL of supernatant was then removed and 140 

added to another 100 µL of DPBS-washed EV-Clean, mixed, and incubated for a further 30 minutes at 4 °C.  141 

 142 

EV CFSE-labeling 143 

CFSE-labelling of DC2.4 EVs was carried out as described previously27. Briefly, 15 µL of 1x109 DC2.4 EVs, pooled from 144 

qEV original columns fraction 8 and 9, were added to 15 µL of 40 µM of CFDA-SE (Thermo Fisher Scientific). This was 145 

protected from light and incubated at 37 °C for 2 hours. 70 µL of DPBS was added to the stained sample. This was 146 

repeated for each sample. Excess dye removal using size-exclusion chromatography used NAP-5 columns, loading 100 147 

µL of CFSE-stained EVs and collecting fractions 3 and 4 for purified EVs, having a final volume of 500 µL. For dye 148 

removal using EV-Clean, 100 µL of CFSE-stained EVs were added to 100 µL of DPBS-washed EV-Clean in a PCR tube, 149 
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mixed, and incubated at 4 °C for 30 minutes. The top 100 µL of supernatant was then removed and added to another 100 150 

µL of DPBS-washed EV-Clean, mixed, and incubated for a further 30 minutes at 4 °C. Post-dye removal all samples were 151 

transferred to 1.5 mL low protein binding tubes (Thermo Fisher Scientific) with 1x109 200 nm Red FluoSpheres (Thermo 152 

Fisher Scientific) added, before being diluted to a final volume of 1 mL for analysis by nanoFACS.  153 

 154 

Flow Cytometry of EVs 155 

Flow cytometric analysis of CFSE EVs was carried out using previously published NanoFACS methodology27. Briefly, 156 

an Astrios EQ jet-in-air system (Beckman Coulter), configured with 5 lasers (355, 405, 488, 561 and 640�nm 157 

wavelength), where SSC can be detected and used as a trigger at laser wavelength with the exception of the 355 nm 158 

laser. EV analyses were carried out using a 561-SSC trigger with the 561-SSC voltage and threshold settings 159 

adjusted to allow ~10,000 events of background reference noise per second. Samples were loaded and run for 160 

5�minutes until the event rate was stable, and then recorded for 30 seconds. All samples were run at a 0.2 psi 161 

differential pressure, monitoring stability closely. Data was acquired using Summit v6 (Beckman Coulter) and 162 

analyzed with FlowJo v10.1r5 (TreeStar, USA). CFSE fluorescence data was calibrated using FITC MESF calibration 163 

beads using FCMPASS software (v.3.03)28, 29. Full calibration details can be found in the MIFlowCyt-EV report, 164 

Supplementary Information 125. Flow cytometric analysis of EV recovery was carried out using a Cytek Aurora 165 

(Cytek Biosciences), configured with 4 lasers (405, 488, 561, 640 nm) with a custom modified 405 nm detector. 166 

Diameter was calculated for EVs using FCMPASS software (v3.03)28. Light scatter parameters were calibrated into full 167 

calibration details can be found in the MIFlowCyt-EV report, Supplementary Information 225. 168 

 169 

Results 170 

Optimal incubation times for protein removal were tested with bovine serum albumin (BSA). These showed that 30 171 

minutes and 1-hour incubation had minor differences, Figure 1. After a single incubation with EV-Clean the BSA content 172 

dropped from ~400 µg to ~70 and ~60 µg, respectively, Figure 1. A 4-hour single incubation showed a decrease from 173 

~400 µg to no detectable BSA. To determine whether a second, sequential incubation could speed up this process, the 174 

use of an additional 30-minute incubation was tested after each of the first incubations. After the second incubation no 175 

detectable BSA was observed after any of the preceding incubation times. We therefore conclude that two 30-minute 176 

incubation are sufficient as an incubation period to work from.  177 

 178 

The ability of EV-Clean to remove the large amount of soluble protein from a heterogeneous solution was tested using 179 

plasma samples with the effects of purification observed by SDS-PAGE, Figure 2. 15 µL of plasma after a single 30-180 
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minute incubation with EV-Clean shows a significantly reduced signal when compared to neat plasma. This reduction in 181 

protein content shows no observable bias in protein size with all observable protein ≦300 kDa showing depletion. A 182 

second incubation again further depletes all observable protein with only faint bands visible at ~13, 50, 65, 185, 311 kDa. 183 

This was repeated for 10 µL and 5 µL of plasma. With 5 µL of plasma bands are only faint bands were only visible at ~50 184 

and 311 kDa indicating the majority of small proteins can be depleted from plasma with 100 µL of EV-Clean and two 30-185 

minute incubations. 186 

 187 

EV-Clean was next tested for its ability to remove fluorescently-conjugated IgG antibodies. R-phycoerythrin (R-PE) and 188 

allophycocyanin (APC) were chosen due to their large size, 250 and 105 kDa, respectively. Both R-PE-IgG1 and APC-189 

IgG1 were significantly depleted when incubated with EV-Clean, Figure 3A. Along with antibodies, molecular labels are 190 

used for staining EVs. The ability of EV-Clean to remove excess CFSE from stained EV samples compared to a 191 

previously published method using size exclusion chromatography (SEC) using nanoFACS. The instrument reference 192 

noise, measured with PBS and unstained EVs, had a median brightness of 48-49 fluorescein (FITC) molecules of 193 

equivalent soluble fluorophore (MESF) units. EVs without the removal of excess CFSE label resulted in the cytometer 194 

noise being raised to a median brightness of 437 FITC MESF units, Figure 3B. By removing the excess CFSE, the noise 195 

level remained low with the SEC and EV-Clean purification methods having a median brightness of 58 and 54 FITC MESF 196 

units, respectively, Figure 3B.  197 

 198 

Finally, the affect of EV-Clean on the detectable EV concentration after removing unbound label was evaluated, Figure 4. 199 

Recovery was assessed by gating single EVs between 115 to 200 nm, Figure 4A. After one incubation of EV-Clean the 200 

detectable recovery was 75%, with a subsequent reduction after a second incubation to 51%. In summary, the use of EV-201 

Clean demonstrates a 75% EV recovery after each incubalion and >95% label removal, without dilution, for each 202 

incubation. 203 

 204 

Discussion 205 

We have demonstrated that EV-Clean is able to significantly deplete soluble proteins from heterogeneous samples such 206 

as plasma in a form-factor that is compatible with 96-well plates and robotics. This methodology requires up to just two 207 

30-minute incubations to achieve significant protein-depletion. Furthermore, we have demonstrated that the detectable EV 208 

concentration using flow cytometry is ~75% using EV-clean, making it a useful tool for EV-isolation from heterogenous 209 

samples containing many soluble proteins. Due EV-clean protein removal being a multi-mode process of interculation and 210 

affinity capture, it is possible that EV recovery is higher in samples containing more proteins than the size-exclusion 211 
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purified samples that were tested. We have also demonstrated the use of EV-Clean for EV-labelling is beneficial for high-212 

sensitivity analysis techniques, such as flow cytometry, where the removal of excess label can reduce sensitivity and 213 

several samples need to be prepared simultaneously. While this proposed method offers potential for relatively small 214 

volume, high-throughput purification applications, it may be less suitable for large volume applications such as tissue 215 

culture supernatants. 216 

 217 

Future development of EV-Clean as a reliable purification method for heterogenous samples, such as plasma, will require 218 

additions to also deplete large and abundant particles, such as lipoproteins, that could confound EV data after soluble-219 

protein removal. Consistent packing and receptacle formats are also required to ensure consistent results, as is the case 220 

for size-exclusion chromatography methods.  221 

 222 
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 370 

 371 

 372 

Figure 1. BSA removal using EV-Clean. The removal of 75 µL purified bovine serum album (BSA) using an initial 373 

incubation with 100 µL EV-Clean for either 30 minutes, 1 hour, or 4 hours followed by a 30 minute incubation with EV-374 

clean.   375 
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 376 

Figure 2. Protein removal from plasma. The ability of EV-Clean to remove protein from plasma was tested using 15 µL 377 

(red), 10 µL (blue), and 5 µL (green) of neat platelet-depleted plasma with EV-Clean for one incubation and two 378 

incubations for 30 minutes. 379 
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 380 

Figure 3. Fluorescent label removal. The ability of EV-Clean to remove fluorescent labels was tested using 1 µg of IgG 381 

antibodies conjugated to large fluorophores; phycoerythrin (PE) and allophycocyanin (APC). A comparison of EV 382 

detectability from background signal was investigated. DC2.4 EVs were detected using flow cytometry with samples 383 

stained with 20 µM of CFDA-SE with no purification (C-top right), stained and the purified used size exclusion 384 

chromatography (C-bottom left), and stained and purified using EV-Clean (C-bottom right). A buffer only control to 385 

represent the true background noise of the instrument is also shown (C-top left)386 
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 387 

Figure 4. Affect of EV-clean on EV recovery. The influence of different permutation of EV-clean on   388 

detectable EV recovery was assessed using flow cytometry (A). The percentange recovery of EVs gated 389 

from 115-200 nm using EV-Clean and incubated once or twice for 30 minutes was assessed (B).  390 
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