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Abstract	

Extracellular vesicles (EVs) reflect the cell of origin in terms of nucleic acids and protein 

content. They are found in biofluids and represent an ideal liquid biopsy biomarker 

source for many diseases. Unfortunately, clinical implementation is limited by available 

technologies for EV analysis. We have developed a simple, robust and sensitive 

microscopy-based high-throughput assay (EVQuant) to overcome these limitations and 

allow widespread use in the EV community. The EVQuant assay can detect individual 

immobilized EVs as small as 35 nm and determine their concentration in biofluids without 

extensive EV isolation or purification procedures. It can also identify specific EV 

subpopulations based on combinations of biomarkers and is used here to identify 

prostate-derived urinary EVs as CD9-/CD63+. Moreover, characterization of individual 

EVs allows analysis of their size distribution. The ability to identify, quantify and 

characterize EV (sub-)populations in high-throughput substantially extents the 

applicability of the EVQuant assay over most current EV quantification assays.  

 

Keywords: Extracellular vesicles; exosomes; prostate cancer; urinary EVs; 
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Introduction	

Extracellular vesicles (EVs) are a large family of bilipid membrane vesicles that are 

secreted by most if not all cells and can be found in many biological fluids1, 2. Due to their 

biogenesis, EVs not only contain membrane bound proteins but also a fraction of the 

cytoplasm that represents the (malignant) cells from which they originate. Disease-

related RNAs and proteins present in secreted EVs’ lumen or on their surface can serve as 

powerful indicators in body fluids for disease elsewhere. As these ‘liquid biopsies’ are 

easily obtained without the need for invasive biopsies or surgery, EVs represent an ideal 

source for diagnostic, prognostic and monitoring biomarkers in a whole range of diseases 

including cancer3-7. However, detection and quantification of EVs in biofluids is 

challenging because of their size and heterogeneity, but also because lipoproteins and 

protein complexes have the same size range and have an overlap in composition and 

morphology8-15. Most of current approaches for EV quantification are laborious 

measurements and require expensive, highly specific, sometimes custom-made 

equipment. Moreover, EV quantification by most techniques are biased towards certain 

size or concentration ranges and/or requires EV isolation or purification leading to EV 

loss and underestimation of EV concentration. As a result, many of the current approaches 

are less suitable to quantify and characterize the full spectrum of EVs, reflected by the 

large variations found in literature 16, 17. More importantly, most technologies are not able 

to detect and quantify specific EV subpopulations based on biomarkers present on 

individual vesicles. Clearly, there is still a need for improved methods to efficiently 

quantify and characterize EVs, especially for moving toward a clinical setting.  

Our aim was to develop a rapid, easy to use, widely accessible, and cost-effective 

EV quantification and characterization approach. We describe a novel microscopy-based 

assay, which allows multicolor fluorescence-based detection of individual EVs to quantify 
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total (EVs/ml) and biomarker-specific EV populations present in several biological fluids, 

without the need for extensive EV isolation and purification procedures. This assay opens 

up a range of possibilities for EV biomarker analysis in both research and clinical settings. 

	

Materials and Methods 

Cell	culture	and	media	collection	

All cell lines used in this study were cultured using standard culture conditions 

(Supplemental Table S5). For direct EV quantification in conditioned media or EV isolates, 

cells were cultured in a T175 (175 cm2) culture flasks (Greiner Bio-One, Frickenhause, 

Germany) in complete media. When cells reached 80% confluency, cells were washed 

with PBS (Lonza, Verviers, Belgium) and grown in corresponding FCS-free medium for 48 

hours to avoid FCS-derived EV contamination in the analysis. Cell-conditioned media was 

collected, centrifuged at 3,000xg for 20 minutes at 4°C and either used directly for EV 

quantification and/or EV isolation or stored at -80°C for long term storage.  

 

Urine	collection	and	storage	

Whole urine from men with or without prostate cancer was collected at the out patients 

clinic from the Erasmus Medical Center Rotterdam (Medical Ethics Approval number 

2005-077 and 2010-176). Urines from men were collected after digital rectal examination 

(DRE) or without DRE. Furthermore, whole urines were also collected from men after 

radical prostatectomy and female volunteers. All urines were temporarily stored at 4°C 

after collection and processed within 1 day. Urine was centrifuged at 3,000xg for 20 

minutes at 4°C to remove dead cells and cellular debris and stored at -80°C for long term 

storage.  
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Extracellular	vesicle	isolation	

EVs were isolated using ultra-centrifugation according to the previously described 

protocol by Duijvesz et al.39. Cell conditioned media was subjected to consecutive 

centrifugation steps. First, cells and cell debris were removed by centrifugation for 20 min 

at 3,000xg at 4°C. Next, larger vesicles were depleted by centrifugation for 30 minutes at 

10,000xg at 4°C (SW28 rotor, Beckman Coulter). In the final step, EVs were pelleted by 

ultracentrifugation at 100,000xg for 120 minutes at 4°C (SW28 rotor, Beckman Coulter). 

Additionally, the EV pellets were resuspended in 3 ml 0.32 M sucrose (diluted in PBS) 

solution and centrifuged again at 100,000xg for 60 minutes at 4°C (SW60 rotor, Beckman 

Coulter). Sucrose supernatant was removed and pellet was resuspended in 500 µl 

phosphate-buffered saline containing 0.01% bovine serum albumin (0.2 μm filtered) and 

stored at -80°C.  

 

Preparation	of	liposomes 

Liposomes were prepared using rapid-mixing methods as described before by Kulkarni	

et	 al.40. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids), 

cholesterol (Sigma) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (PEG-DSPE, Avanti Polar Lipids) were dissolved in 

ethanol in a molar ratio of 53:42:5 to a final concentration of 10 mM total lipid (Batch 1; 

Supplemental Table S2). The lipids in ethanol solution and 25 mM acetate buffer pH 4.0 

were mixed using microfluidic mixers (Precision Nanosystems) at flow rate ratios of 1:1 

and 1:3 respectively with a combined final flow rate of 12 mL/min. For the second batch 

(Batch 2; Supplemental Table S4), organic and aqueous solutions were mixed using a T-

junction mixer at flow ratios of 1:1, 1:2 and 1:3 were used. Formulations were dialyzed 
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against PBS pH 7.4 overnight. LNPs were passed through 0.2 µm filters, concentrated by 

12-14 kDa cutoff Vivaspin centrifugal concentrators and stored at 4°C. Size distribution 

was determined by dynamic light scattering and zèta potential by electrophoretic light 

scattering using a Zetasizer Nano ZS (Malvern). Lipid concentration was determined by 

Cholesterol E assay (Wako).  

 

EVQuant	assay	

Nanoparticles are provided and/or diluted in a standard end volume (40 µl) and if 

applicable fluorescently labeled. EVs are either non-specifically labeled using the 

fluorescent membrane dye Octadecyl Rhodamine B Chloride R18 (Life Technologies, 

catalog# O246, final staining concentration of 0.33 ng/ul) or PKH26/67 dye (Sigma-

aldrich, catalog# MINI26-1KT/MINI67-1KT, final staining concentration of 5 µM) and/or 

specifically labeled using the immunofluorescent antibodies Mouse CD9 Monoclonal 

(MEM-61)–Alexa Fluor® 647 antibody (Thermo Fisher, Catalog# MA5-18154, 1:25 

dilution, 50 µl staining volume) and/or Mouse CD63 (MX-49.129.5)-Alexa Fluor®488 

antibody (Santa Cruz, catalog# sc-5275 AF488, antibody concentration 2.5 µg/ml, 50 µl 

staining volume). Subsequently, without any isolation or purification procedures, 

nanoparticles are immobilized in a non-denaturing polyacrylamide gel (final ratio of 16% 

(w/w) acrylamide/bis-acrylamide) to allow detection of low intensity signals. Images are 

acquired by confocal microscopy to minimize auto-fluorescence of unlabeled 

dye/antibody, using a conventional laser scanning confocal microscope (CLSM510Meta, 

Zeiss) or a high-content screening system (Opera Phenix, Perkin Elmer). Instrument 

specifications are found in Supplemental Information. Phosphate buffered saline (PBS) or 

serum free culture medium, supplemented with the same concentration of fluorescent 

dye/antibody are used as negative controls. Cell-conditioned medium from DU145 
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prostate cancer cells from which aliquots are stored at -80°C and 100 nm liposomes or 

100 nm fluorescent tetraspeck beads (Thermo Fischer, catalog# T7279) are used as 

internal standards for quality control. Multiple images are acquired for each sample and 

fluorescent signals are quantified using the in house developed EVQuant Plugin (latest 

version will be available at the open source repository  

https://github.com/MEvanRoyen/EVQuant) for the open source software Fiji or the 

Opera Phenix analysis software (Harmony 5.4, Perkin Elmer)41. To quantify the number 

of particles in the images, particles are selected and counted based on the non-specific 

membrane labeling. Particles are counted using the “Find Maxima” (Fiji) or “Find Spots” 

(Harmony Software) function which determines local maxima in an image using a 

threshold. Absolute quantification of the particles requires a one-time calibration of the 

detection volume used for quantification on each specific confocal microscope which is 

explained below. When detection volume is known, absolute particle concentration is 

calculated by the formula presented below. A detailed protocol for EVQuant analysis is 

found in Supplemental Information. 

 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ൌ 𝑁 ∗
௏బ

௏೜
∗

௏೟೚೟

௏ೞ
∗ 𝐷 

𝑁  = Particles counted by Fiji 
𝑉଴ = Volume of 1ml in µm3 

𝑉௤ = Total volume used for quantification (in µm3) 

𝑉௧௢௧ = Total volume used for sample preparation (in µl) 
𝑉௦ = Sample volume (in µl) 
𝐷 = Sample dilution 
 

Calibration	of	detection	volume	used	by	EVQuant	

Because of its three-dimensional context, absolute quantification by the EVQuant assay 

requires a one-time calibration of the detection volume in which spots are detected for 

each microscope, as it depends on the unique optical specifications and settings of the 
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(confocal) microscope that is used. Due to the scattering of light, resulting in the typical 

point spread function (PSF), EVs will be detected in multiple planes (Supplemental Figure 

S1A). To analyze the effect of the PSF on the effective optical slice thickness (EOST) in 

single plane measurements, multiple Z-stacks need to be acquired to quantify both 

detected particles per plane and particle centers per plane. Samples of interest (e.g. Beads, 

EVs) are prepared using the standard EVQuant protocol and multiple 10-20 µm z-stacks 

(interval of 0.5 µm) are acquired and analyzed using the EOST calibration option in the 

EVQuant plugin. First, particles in each plane are selected and quantified based on the 

non-specific membrane labeling. Next, analysis of individual particles in the stack of 

images is used to quantify the number of particles in 3D. Using the 3D defined particles, 

we can determine the actual number of detected particles and assign a center for each 

particle to the corresponding plane of the z-stack. Finally, the effective optical slice 

thickness (EOST) is calculated by dividing the average number of detected particles (2D) 

in each plane by the average detected particle centers (3D) in each plane and multiplying 

it by the slice interval which was used in the z-stack (0.5 µm). The known EOST (and thus 

the detection volume) of the microscope system used, now allows absolute particle 

quantification. A detailed protocol for the calibration of the detection volume is found in 

Supplemental Information. 

	

Quantification	of	EV	subpopulations	using	immunofluorescent	antibodies	in	cell	line	derived	

EVs	and	urine	

To quantify EV subpopulations based on combinations of specific biomarkers, samples 

including negative controls, are prepared using the standard EVQuant protocol. For each 

sample, multiple images (multichannel) are acquired and fluorescent signals are analyzed 

using the EVQuant plugin. Expression of a specific protein on the EV surface is analyzed 
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as follows. First, particles are selected based on the non-specific membrane labeling. Next, 

mean fluorescent intensity of each marker of interest in every detected spot is calculated. 

Fluorescent intensity of each marker in the area surrounding each spot is also calculated 

and subtracted from the mean intensity in the spot (relative intensity). For each 

biomarker, the values of spots that had a negative relative intensity are selected and 

combined with absolute values of the same negative relative intensities to create a 

gaussian distribution of background noise for each sample. Distribution of background 

noise for each biomarker is plotted in a histogram and fitted using a Gaussian function. 

Mean plus three times the standard deviation is used as a threshold to define EVs being 

positive for each marker of interest. The number of EVs having each specific biomarker 

combination is determined and corrected for the number of particles present in the 

Negative Control (NC) sample. Fraction of each specific subpopulation is calculated by 

dividing the number of particles positive for the marker combination to the total number 

of detected particles. A detailed protocol for EVQuant analysis using the combination of 

non-specific and immune-specific labeling is provided in Supplemental Information. 

 

Quantification	 of	 EV	 subpopulations	 in	 serum	 and	 plasma	 using	 immunofluorescent	

antibodies		

Because the non-specific membrane labeling cannot be used to select EVs due to the high 

background signals from lipoproteins present in serum and plasma, particles are selected 

based on the fluorescent signals of the biomarkers themselves. To quantify EV 

subpopulations in serum and plasma based on combinations of specific biomarkers, 

samples including negative controls, are prepared, imaged using the standard EVQuant 

protocol using antibodies and analyzed by Fiji. For each biomarker channel, particles are 

selected using the find maxima function, followed by creating a binary mask of the 
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detected particles for this channel. The presence of combinations of biomarkers is then 

determined by combining the masks of the different biomarkers and analysis of the 

overlapping signals. The number of EVs having each specific biomarker combination is 

determined and corrected for the number of particles present in the Negative Control 

(NC) sample. 

 

EV	size	characterization	

Similar to EV quantification, EV size characterization requires a one-time calibration for 

each microscope, as it depends on the unique optical specifications and settings of the 

(confocal) microscope that is used. Size analysis is calibrated using a liposome calibration 

sample with a known particle size (i.e. determined by DLS/EM). To determine the particle 

size distribution, samples including the calibration sample and negative control, are 

prepared using the standard EVQuant protocol and multiple 10-20 µm z-stacks (interval 

of 0.5 µm) per sample are acquired. First, the stacks of the calibration sample are analyzed 

using the sizing calibration option within the EVQuant plugin followed by size analysis of 

all samples (including the calibration sample). In short, the maximum intensity of every 

individual particle is determined in 3D and therefore independent of the focal plane. To 

convert fluorescent intensity to particle size, the following analysis is only performed in 

the calibration plugin but not in the sizing plugin. The maximum intensities in Z of all 

particles are plotted in a histogram and fitted using a gaussian to determine the mean 

fluorescent intensity of the calibration particles. Theoretically, fluorescent intensity of the 

particle increases quadratic with size. The size calibration factor is therefore calculated 

by dividing the mean fluorescent intensity through the squared radius of the calibration 

particles. This calibration factor is used in the sizing plugin to determine the size of every 
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detected particle in the rest of the samples. A detailed step-wise protocol for the EV size 

characterization is found in Supplemental Information. 

 

Nanoparticle	tracking	analysis	(NTA)	

EV quantification and characterization was performed by nanoparticle tracking analysis 

(NTA) using the NanoSight NS3000 system (Malvern, Sysmex) in light scatter mode using 

the 405 nm laser. Fluorescence mode could not be used on our unpurified samples due to 

background fluorescence from unbound dye. Samples were thawed, diluted in 0.2 μm 

filtered PBS to instrument specific concentrations (50-100 particles in the field of view) 

and three consecutive measurements were performed for 60 seconds at controlled 

temperature of 25°C. Previous studies in which different EV quantification techniques 

were extensively compared showed NTA yielded the highest EV concentrations but also 

showed that measured EV concentrations are highly dependent on instrument settings16. 

Therefore, we evaluated the effect of camera level and detection threshold on the 

quantification of EVs on our Nanosight NS300 (concentration update installed) by 

acquiring movies at a range of camera levels (10 to 14 at preprogrammed NTA settings) 

and processing the movies using different detections thresholds (2 to 8). Only small 

differences in EV concentrations were observed between camera level 10 to 13, even 

when different detection thresholds were used. However, differences became bigger 

when using camera level 14 (Supplemental Figure S1). When using camera level 14, 

images started to become too bright for accurate analysis. As a higher camera level would 

be most favorable for detecting small vesicles, all measurements were performed using 

camera level 13 and processed using detection threshold 3 in the NTA software.  

	

TR‐FIA	
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EV biomarker analysis using a human specific time-resolved florescent immunoassay was 

performed as previously described by Duijvesz et al.42. In short, a streptavidin-coated 96-

wells plate (KaiSA96, Kaivogen, Turku, Finland) was incubated with either human-

specific biotinylated CD9 or CD63 antibody (200 ng / 100 µl in each well) for 1 hour while 

shaking (750 rpm) at RT. The unbound antibodies were removed by washing three times 

using a washing buffer (catalog# 42-02, Kaivogen, Turku, Finland) and an automated 

plate washer (TECAN Columbus). EV containing samples were diluted in a sample buffer 

and 100 ul volume was added to each well of the 96-wells plate (samples were measured 

in triplo). Samples were incubated for 1 hour while shaking at RT which allowed the EVs 

being captured on the surface by CD9 or CD63. Unbound EVs were removed and plate was 

washed three times. For EV detection, a second antibody which was labeled with 

europium was added to the plate (25 ng Eu-labeled antibody / 100 ul in each well) and 

incubated for 1 hour at RT. Unbound antibodies were removed by washing three times. 

At last, 100 µl of enhancement solution (Perkin Elmer) was added to each well and 

incubated for 15 minutes while shaking at RT. Europium counts (time-resolved 

fluorescence) was measured using a Wallac Victor 2, 1420 mulilabel counter (Perkin 

Elmer). In this study only two combinations of capture and detection antibodies were 

used; CD9-CD9 and CD63-CD63, respectively.  

 
Cryogenic	transmission	electron	microscopy	(cryo‐TEM)	

Cryo-TEM was performed as described previously43. Briefly, 2-5 uL of concentrated LNP 

(20-25 mg/mL total lipid) was added to Lacey-formvar copper grids, and plunge-frozen 

using a FEI Mark IV Vitrobot (FEI, Hillsboro, OR). Grids were stored in liquid nitrogen until 

imaged. Grids were moved into a Gatan transfer station pre-equilibrated to at least -180°C 

prior to add grids to the cryogenic grid holder. A FEI LaB6 G2 TEM (FEI, Hillsboro, OR) 
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operating at 200 kV under low-dose conditions was used to image all samples. A bottom-

mount FEI Eagle 4K CCD camera was used to capture all images at a 47-55,000x 

magnification with a nominal under-focus of 1-2 µm to enhance contrast. Sample 

preparation and imaging was performed at the UBC Bioimaging Facility (Vancouver, BC). 

Results	

Detection	and	quantification	of	individual	membrane	vesicles	by	EVQuant	

The EVQuant assay counts individual fluorescently-labeled (Rhodamine-R18) vesicles 

immobilized in a transparent matrix by confocal microscopy without the need to remove 

free dye. The transparent matrix avoids detection of reflected excitation light, limits 

background fluorescence of dye bound to the glass surface and allows long exposure 

times for sensitive vesicle detection (Figure 1a). EVQuant enables detecting a variety of 

synthetic vesicles like liposomes and polymersomes, but also biological EVs in minimally 

processed cell conditioned medium and body fluids (i.e. after centrifugation at 3,000xg 

for 20 minutes at 4°C) (Figure 1b). As expected, the dye-only control only showed a 

limited number of false-positive spots (Figure 1c). To be able to express the EV detections 

as an absolute EV concentration, we calibrated the imaging volume in which EVs are 

detected. The microscope system specific (here Zeiss CLSM confocal microscope, details 

are described in the materials and methods section) effective optical slice thickness 

(EOST) is 1.67 µm (Supplemental Table S1). The EOST calibration is validated using a 100 

nm tetraspeck polystyrene bead sample with a known concentration provided by the 

manufacturer (Invitrogen) (Supplemental Table S1, Supplemental Figure S1a-b). 

Quantification of isolated EVs from a prostate cancer (PCa) cell line (DU145), 

showed that measured EV concentrations were linearly related to dilution suggesting the 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 21, 2020. ; https://doi.org/10.1101/2020.10.21.348375doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.21.348375
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

detection of individual EVs and showed that the lowest concentration of EVs that can be 

detected (limit of detection or LOD) is ~5E8 particles/ml (Figure 1d,e). To verify the 

detection of individual EVs, isolated EVs from cell-conditioned media were labeled by 

either red or green fluorescent membrane dyes (PKH26 or PKH67), mixed and analyzed 

by EVQuant. The detected EVs were either PKH26 or PKH67 positive with a minimal 

percentage (ca. 3%) of two-color positive detections, confirming that EVQuant is able to 

detect individual EVs (Figure 1f).  

The EVQuant assay is even able to efficiently detect relatively homogeneous 

populations of 40 nm synthetic liposomes as determined by dynamic light scattering 

(DLS) and Cryo-electron microscopy (Cryo-EM) (Figure 2a-b; Supplemental Figure S2a-b, 

Supplemental Table S2). Interestingly, EVQuant analysis showed a 2.6-fold higher 

concentration of LIPO1 (80 nm) and even a 5.6-fold higher concentration of LIPO2 (40 

nm) compared to NTA (NanoSight NS300, Sysmex) (Figure 2c). With that, the EVQuant 

(but not the NTA) measurements correlate well with the higher liposome concentration 

in LIPO2 compared to LIPO1 sample, based on the higher lipid concentration together 

with the obvious smaller number of lipids in individual smaller liposomes (Supplemental 

Table S2). This observation and the significantly larger size of the LIPO2 liposomes 

determined by NTA compared to DLS and Cryo-EM, strongly suggests that NTA is less 

sensitive in detecting (smaller) EVs than DLS, Cryo-EM and also EVQuant (Supplemental 

Figure S2a).  

Together, these data demonstrate that EVQuant is able to efficiently detect 

individual EVs as small as 40 nm and accurately quantifies EVs over a large concentration 

range. Importantly, EV detection was not hampered by background fluorescence of free 

dye, making time-consuming EV isolation/purification procedures unnecessary.  
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Quantification	of	EVs	in	biological	samples.	

To avoid underestimation and/or bias, EVs in complex biological samples are preferably 

quantified without performing extensive isolation and purification procedures. Similarly 

to isolated EVs, serial dilutions of minimally processed cell-conditioned medium from 

VCaP cells showed a linear relation between measured concentrations and dilution 

(Supplemental Figure S3a). EV quantification in minimally processed cell conditioned 

media and matching EV isolates from a panel of cell lines (n=10) showed a strong 

correlation between EVQuant and NTA analyses (Supplemental Figure S3b-c). However, 

concentrations determined by EVQuant in general were on average 3.4-fold (2.1-7.3) 

higher, again indicating a higher sensitivity of EVQuant (Figure 2d-e). Importantly, only 

up to 17% of the vesicles were recovered by EV isolation using a standard 

ultracentrifugation protocol and together with a high variety in recovery rate, suggests 

that minimally processed samples are strongly preferred over EV isolates for EV 

quantification (Supplemental Figure S3d).  

To enable (semi-)high-throughput EV quantification, we also implemented 

EVQuant on a confocal microscope-based high-content screening system (Opera Phenix, 

Perkin Elmer) with a calibrated EOST of 2.17 µm (Supplemental Table S3). Measurement 

of the same samples on both microscope systems resulted in very similar EV 

concentrations, demonstrating that EVQuant can easily be implemented on a variety of 

confocal microscopy-based systems including (semi-)high-throughput systems 

(Supplemental Figure S3e).  
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Quantification	of	EV	subpopulations		

The use of EVs for biomarker analysis will rely on detecting (combinations of) 

specific proteins on the EV surface. Quantification of human CD9 and CD63 EV surface 

markers in EV isolates from 9 cell lines (mouse B16 as negative control) using the highly 

sensitive time-resolved fluorescence immunoassay (TR-FIA)12 showed high variation 

between cell lines (Figure 3a; Supplemental Figure S4a). This could be explained by 

variation in EV concentration but also by variation in the presence of biomarker 

molecules on individual EVs. Obviously, bulk analyses (like TR-FIA) do not discriminate 

between these options, however EV concentrations determined by EVQuant showed no 

strong correlation with the marker profiles, suggesting variation in biomarker presence 

among the cell lines (Figure 3b, Supplemental Figure S4a-c). To investigate this further, 

we combined the general membrane labelling with specific immune-detection of the 

tetraspanin CD9 and CD63 surface markers in a multicolor EVQuant analysis to determine 

marker positive subpopulations (Figure 3c). Total EV quantification based on the non-

specific membrane dye was not affected by additional labelling with immunofluorescent 

antibodies (Supplemental Figure S4d). Overall, a larger fraction of EVs is positive for CD9 

compared to CD63, which is in line with TR-FIA analysis (Figure 3a,d). However, no strong 

correlation was found between concentration of CD9 and CD63 sub-populations and 

corresponding europium counts by TR-FIA (Supplemental Figure S4e-f). Again, this could 

well be explained by the difference in signal detection by the two assays: more epitopes 

on the surface of an EV will increase the TR-FIA signal, but more epitopes on detected EVs 

in the EVQuant assay will not result in a higher EV count. To compare the relative number 

of epitopes between the cell-lines using EVQuant, we determined the median CD9 and 

CD63 fluorescent intensities from individual EVs (Supplemental Figure S4g). For CD9, the 

median spot intensity correlated well (R2=0.87) to the normalized europium counts 
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suggesting that there are indeed differences in numbers of epitopes on EVs between the 

cell lines (Supplemental Figure S4h). Due to very low number of CD63-positive EVs in 

some of the samples, no correlation was found for CD63 (Supplemental Figure S4i).  

Together, these data demonstrate that EVQuant could not only quantify the total 

EV number but also enables quantification and analysis of individual EVs harboring 

specific biomarker combinations on their surface.  

 

EV	quantification	in	clinical	samples	

There is a clear need in both research and clinical setting for efficient EV analysis in 

minimally processed biofluids. EV quantification in minimally processed urine showed a 

linear relation between measured concentrations and dilution (Supplemental Figure 

S5a). Analysis of 10 minimally processed urine samples showed a strong correlation 

between EVQuant and NTA, but again 1.9-fold higher EV concentrations by EVQuant 

compared to NTA (Figure 4a). As expected based on our previous work12, EVQuant 

analysis of urines collected from men after digital rectal examination (DRE) (n=10) 

showed significantly higher urinary EV concentrations compared to urines collected 

without DRE (n=10), after radical prostatectomy (n=10) and urines from women (n=10) 

(Figure 4b).  

As a proof-of-principle for EV biomarker analysis in clinical samples, we quantified 

sub-populations in urine supernatants based on CD9 and CD63 surface markers (Figure 

4c, Supplemental Figure S5b). Interestingly, the fraction of CD9-negative and CD63-

positive EVs (CD9-/CD63+) was significantly larger in healthy men, especially after 

receiving a DRE, and almost absent in women and men after radical prostatectomy, 

suggesting that most (CD9-/CD63+) EVs in urine are prostate-derived. We confirmed this 
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in prostatic fluid from prostates obtained by radical prostatectomy18, where the CD9-

/CD63+ fraction was the major fraction of the prostate-derived EVs (besides the double 

negative EVs) (Figure 4c). In contrast to most common techniques, EVQuant is also able 

to quantify EVs in minimally processed serum and plasma using immune detection of 

biomarkers present on the surface of EVs (e.g. CD9 and/or CD63) (Supplemental Figure 

S6a-b). The general EV labeling with Rhodamine, however, was not able to distinguish EVs 

from the high concentration of lipoproteins (Supplemental Figure S6a).  

We show that EVQuant is able to quantify total EVs but also specific EV 

subpopulations in clinical samples such as minimally processed urine opening up new 

possibilities in both research and clinical settings. 

 

EV	size	determination	by	EVQuant	

Fluorescent membrane labeling intensity increases quadratic with EV size and this 

relation could be applied to determine EV size. However, EV intensity a single plane is 

strongly affected by the positioning of EVs relative to the focal plane, resulting in dimmer, 

out of focus EVs which interfere with direct sizing based on fluorescence intensity in a 

single plane. This focus effect can be overcome by acquiring Z-stacks using small intervals 

and determining the maximum fluorescent intensity of the center of the point spread 

function (PSF) of each detected particle in 3D. As proof-of-concept, we analyzed 

monodispersed red fluorescent beads of different sizes (0.1, 0.2 and 0.5 µm) (Figure 5a). 

Unlike the typical EV labeling, fluorescence in beads is present in their volume, and thus 

intensity increases in diameter by the power third. The 100 nm beads’ fluorescent 

intensities were fitted using a gaussian function and mean intensity was used to calculate 

a calibration factor for converting fluorescent intensity to EV size (Figure 5b). In contrast 
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to beads, the typical EV labeling results in membrane surface fluorescence rather than 

fluorescence in the lumen making liposomes more suitable for size calibration. We 

performed size analysis on liposomes having approximate sizes of 109, 44, and 35 nm 

(LIPO3, LIPO4 and LIPO5) as determined by DLS (Supplemental Table S4). EVQuant 

analysis was able to detect all three liposome types and showed that the intensity was 

related to liposome size (Figure 5c-d). The histograms show size distributions in line with 

the liposome sizes determined by DLS (Figure 5d). Analysis of conditioned medium and 

EV isolates from the DU145 PCa cell line showed that these samples contained a large 

number of small EVs with a size around 30-40 nm but also larger EVs up to 200 nm in size 

(Figure 5e-f).  

Together, this data shows that EVQuant besides EV quantification also allows EV 

size characterization of small EVs at least down to 35 nm in size, corroborating the 

detection of the smallest liposomes in Figure 2.  

Discussion	

EVs are a promising source of biomarkers and their abundance in body fluids makes them 

ideal for minimally invasive diagnostic, prognostic and monitoring assays. This is 

emphasized by the large number of studies focusing on discovery of novel EV-related 

biomarkers for a wide range of diseases and the many initiatives to develop technologies 

and assays to quantify EVs and EV-related protein/RNA biomarkers4, 15, 19-23. However, EV 

analysis in complex biological and clinical samples has shown to be a major challenge24, 25 

and shows the need for novel assays using a simple, fast, sensitive and accurate 

technology in combination with standardized procedures for sample collection, sample 

treatment and analysis15, 26.  
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To address these challenges, we developed a straightforward and rapid EV 

quantification and characterization assay that allows multi-parameter analysis of 

individual EVs in biological fluids (EVQuant). The unique capture independent approach 

to immobilize EVs gives the EVQuant assay a major advantage, by allowing longer 

exposure times and therefore detection of low fluorescent signals. In addition, EV analysis 

is performed without extensive sample processing (isolation/purification) or EV capture 

procedures, thereby avoiding loss of EVs, underestimation of EV concentrations and 

biased analysis of EV subsets. Second, the EVQuant protocol (from sample preparation to 

EV-subtype analysis) only takes up a maximum of three hours while many other single EV 

analysis techniques report laborious protocols taking many hours27-30. Third, the 

EVQuant assay can be performed on conventional, widely available laser scanning 

confocal microscopes as well as on high-content screening systems for high-throughput 

analysis of up to 60 samples per hour. EVs are reliably detected over a broad range of 

concentrations (1E9-1E11 particles/ml) with a limit of detection of ~5E8 particles/ml, 

covering most clinical samples without the need for dilution or concentration of samples 

(Figure 1, Supplemental Figure S3a, S5a). Fourth, EVQuant showed ~2 to 4-fold higher 

particle concentration in general and even a ~5.5-fold higher concentration of small (~40 

nm) liposomes than NTA analysis, suggesting a more sensitive detection of (small) 

particles in the EVQuant assay. This improved sensitivity is explained by the 

immobilization of EVs, allowing longer exposure times and detection of low intensity 

signals. This difference mostly influences the detection of smaller vesicles, as they 

intrinsically have lower signals and move faster leading to a lower chance to meet the 

inclusion requirements for NTA analysis.  

Moreover, EVQuant is also able to provide particle size distributions using a 3D EV 

intensity analysis. Current EV quantification and characterization approaches are often 
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limited by efficient detection of primarily larger vesicles. For example, NTA has an 

estimated limit for efficient detection of EVs of 60-70 nm31 while dedicated high-

resolution flow cytometry and imaging flow cytometry are able to efficiently detect EVs 

as small as 60-100 nm27, 28, 30, 32-35. EVQuant size analysis is based on 3D intensity analysis 

of individual particles in the z-stack. Analysis showed a clear difference between size-

distributions of liposomes of 35 nm and 109 nm in size (Figure 5D) and closely matched 

the size distributions as determined by dynamic light scattering (DLS) (Figure 5e). 

Equally important, this shows that EVQuant has an EV size detection limit of at least 35 

nm, which is much lower compared to most current EV quantification methods. This 

shows to be highly relevant, as the majority of EVs in both the conditioned medium and 

isolated EVs from DU145 prostate cancer cells are smaller than 60 nm and are therefore 

missed by the majority of EV analysis approaches31, 36. It should however be noted that 

accurate size analysis by EVQuant is depended on the quality of the calibration sample. 

The accuracy could be hampered by heterogeneity in size of calibration particles, 

emphasizing the need for monodispersed membrane particles (e.g. liposomes) for 

calibration of current and newly developed EV analysis technologies. 

 Another important advantage of EVQuant is the ability to identify EV sub-

populations by detection of multiple immunofluorescent markers on the surface of 

individual EVs. Interestingly, detection of the ‘general’ EV markers CD9 and CD63 on cell 

line-derived EVs showed that 37 to 71% were positive for CD9 and only 4 to 20% were 

CD63 positive. The differences in the presence of CD9 and CD63 are most likely related to 

relative expression of the markers in these cell lines37 or can be due to differences in the 

CD63 and CD9 antibody affinities. More importantly, this indicates that while CD9 and 

CD63 are often used as general EV markers, they are only detected on a fraction of EVs. 

EVQuant also provides the antibody signal intensity of individual EVs which can be used 
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as an indication for the relative number of epitopes on an EV and allows to study 

differences in levels of biomarkers between samples.  

Characterization of EV subpopulations in clinical urine samples identified 

prostate-derived EVs to be mainly negative for CD9 and positive for CD63 (CD9-/ CD63+). 

This prostate-derived EV marker profile was confirmed in prostatic fluid. Cell and tissue 

specific presence of these ‘general’ EV markers will have important consequences for 

(immune capture-based) assays that are dependent on these surface markers. It must be 

noted that the number of marker molecules on the surface of individual EVs required for 

EVQuant detection is currently unknown and could limit the application to detect the 

probably less abundant disease related markers. Improvements in fluorescent labeling of 

EVs like quantum dot labeling or signal amplification strategies like used in the proximity 

ligation assay (PLA)38 will increase the sensitivity of the EVQuant assay even further.  

For two other important liquid biopsy sources, serum and plasma, EVQuant is able 

to quantify EVs without any laborious EV isolation or purification procedures. As with 

many EV assays, total EV quantification based on non-specific labeling is hampered by the 

high lipoprotein levels in serum and plasma, but the antibody-based detection still allows 

quantification of EVs in serum and plasma. Future development of novel fluorescent dyes 

or the identification of a novel biomarker which is able to discriminate EVs from 

lipoproteins, might improve quantification of total EVs in complex clinical samples like 

plasma and serum.  

In summary, EVQuant is a rapid, sensitive and high throughput assay that allows 

quantification and sizing of individual EVs in several synthetic, biological and complex 

clinical samples without extensive isolation/purification procedures, limiting the loss of 

EVs and processing time. The ability to detect individual EVs down to 35 nm in size and 

the analysis of multiple biomarkers opens up many opportunities for the identification 
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and quantification of novel specific EV subpopulations previously missed by bulk 

measurements in both research and clinical samples. Newly identified disease markers 

on the EV surface can be implemented in the EVQuant assay, resulting in a versatile assay 

that is easily applicable for a range of diseases including urogenital cancers. Together, this 

demonstrates an important application for the EVQuant assay in a clinical setting, where 

it can be used to detect organ- or disease-specific EVs. 	
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Figure	Legends	

	

Figure	 1.	 Detection	 and	 quantification	 of	 individual	 membrane	 vesicles. (a) 

Workflow of EVQuant: Membrane particles, for example in EV isolates or minimally 

processed conditioned medium or urine, are fluorescently labeled by short incubation 

with a fluorescent dye and/or primary-labeled immunofluorescent antibodies (1). 

Subsequently, without removal of free fluorescent dyes, the membrane particles are 

immobilized in a standard non-denaturing polyacrylamide gel inside a sample holder that 

is compatible with confocal microscopy (2). In the last step, images are acquired using 

fluorescent confocal microscopy and analyzed using the open source software Fiji and the 

EVQuant plugin for absolute particle quantification (3). (b)	Representative images of non-

specific fluorescently labeled individual synthetic and biological vesicles detected by 

EVQuant on a LSM510 laser scanning confocal microscope (Zeiss). Scale bar 5 µm. (c)	

Representative image of the dye only control (PBS). (d) Absolute EV concentrations of 

serial two-fold dilutions of isolated EVs from DU145 prostate cancer cells measured by 

EVQuant. (e)	Limit of quantification (LOD) of the EVQuant assay was calculated using 

serial two-fold dilutions of isolated EVs from DU145 prostate cancer cells. Dotted line 

represents the average number of detected particles (counts) in a series of negative 

controls. (f)	 DU145 EVs were split in two and either labeled with the fluorescent 

membrane dye PKH26 (red) or PKH67 (green). After fluorescent labeling and removal of 

free dye, EVs were pooled and measured by EVQuant (left). Venn diagram showing the 

number of detected PKH26, PKH67 or double positive EVs in the acquired images (right). 

Scale bar 10 µm. EVQuant is performed in duplicate (Mean +- SD) 

Figure	2. Quantification	of	membrane	particles	by	EVQuant	and	NTA	 (NanoSight	

NS300). (a) Representative images of lipid nanoparticles of around 80 and 40 nm in size 
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(LIPO1 and LIPO2 respectively) acquired by Cryo-TEM. Scale bar 100 nm. (b) 

Representative images of detected fluorescent lipid nanoparticles LNP1 and LNP2 

acquired by EVQuant using a laser scanning confocal microscope (LSM510, Zeiss). Scale 

bar 5 µm	(c) Comparison between quantification of LIPO1 and LIPO2 lipid nanoparticles 

by EVQuant and NTA.	(d‐e)	EV concentration in minimally processed cell conditioned 

medium and matching EV isolates of a panel of 10 cell lines from different origins was 

quantified by EVQuant and NTA. Single experiment was performed for NTA and EVQuant 

was performed in duplicate (Mean +- SD). 

	

Figure	 3. Quantification	 of	 EV	 subpopulations	 using	 immune	 specific	 detection. 

Isolated EVs from a panel of 9 cell lines (mouse B16 cell line as negative control) 

quantified by a human-specific CD9 and CD63 time-resolved immunoassay (TR-FIA) (a) 

and EVQuant (b). (c) Representative images (LSM510, Zeiss) of EVQuant analysis of 

fluorescently labeled EVs from a colon cancer cell line (COLO 205), using non-specific 

membrane labeling and specific immunofluorescent labeling of human CD9 and CD63. 

Scale bar 10 µm. Individual colour channels in the “Composite” image were slightly 

adjusted in terms of brightness/contrast to improve the visibility of the three different 

channels. (d) Venn Diagrams showing the different EV subpopulations detected in EV 

isolates from 9 different cell lines (B16 mouse cell line as negative control) using non-

specific membrane labeling and specific immunofluorescent labeling of human CD9 and 

CD63. Images were acquired using a high-content screening system (Opera Phenix, Perkin 

Elmer). TR-FIA was performed in triplicate and EVQuant was performed in duplicate 

(Mean +- SD).	
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Figure	 4.	 EV	 quantification	 in	 clinical	 urine	 samples.	 (a) EV quantification of ten 

minimally processed urine samples by EVQuant and NTA (right). Representative images 

of detected EVs in minimally processed urine determined by EVQuant (left).	 (b) EV 

concentration of a total of 40 minimally processed urines from men with and without a 

prior digital rectal examination (DRE), men that had a radical prostatectomy (Rad Prost) 

and women, quantified by EVQuant (Mean +- SEM). (c) EVQuant analysis of 40 minimally 

processed urines using a combination of non-specific membrane labeling and immune-

specific labeling with human CD9 and CD63 immunofluorescent antibodies allowing 

relative quantification of specific EV subpopulations compared to total EVs (Mean +- 

SEM). Single NTA experiment was performed and EVQuant was performed in duplicate 

(Mean +- SD). For each comparison a Mann-Whitney rank sum test was performed. P-

values: *0.05, **0.01, ***0.001, ****0.0001 

	

Figure	5.	EV	size	determination	by	EVQuant	by	acquiring	zstacks	and	performing	

3D	 particle	 analysis. (a) Representative images of detected red fluorescent beads 

(FluoSpheres™, Invitrogen) of three different sizes (100, 200, and 500 nm) acquired by 

EVQuant. Scale bar 10 µm.	 (b) Size distributions of 100, 200 and 500 nm beads 

determined by EVQuant (100 nm beads were used as calibration particles). (c) 

Representative images of detected liposomes of three different sizes (109, 44 and 35 nm 

as determined by DLS) acquired by EVQuant. Scale bar 10 µm (d) Size distributions of 

liposomes of three different sizes determined by EVQuant (35 nm liposomes were used 

as calibration particles). (e)	 Representative images of detected EVs in minimally 

processed conditioned medium and EV isolate of prostate cancer cells (DU145) 

determined by EVQuant. (f) Size distributions of EVs in minimally processed conditioned 
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medium and EV isolate of DU145 cells determined by EVQuant (35 nm liposomes were 

used as calibration particles). 
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