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Abstract

Extracellular vesicles (EVs) represent promising circulating biomarkers for cancers, but their high-

throughput analyses in clinical settings prove challenging due to lack of simple, fast, and robust 

EV assays. Here, we describe a bead-based EV assay detected by flow cytometry, which integrates 

EV capture using microbeads with EV protein analyses by flow cytometry. The assay is fast (< 4 

hrs for 48 samples), robust and compatible with conventional flow cytometry instruments for high-

throughput EV analysis. With the method, we successfully analyzed a panel of pancreatic cancer 

biomarkers in EVs from plasma samples of pancreatic cancer patients. The assay is readily 

translatable to other biomarkers or cancer types and can be run with standard materials on 

conventional flow cytometers, making it highly flexible and adaptable to diverse research and 

clinical needs.

Graphical Abstract

A bead-based EV assay detected by flow cytometry enables fast, robust, compatible with 
conventional flow cytometry instruments for high-throughput EV analysis. The method 

combines EV capture using polystyrene (PS) beads with EV protein analyses by flow cytometry. 

The assay can be run with standard materials on conventional flow cytometers, making it highly 

flexible and adaptable to diverse research and clinical needs.
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Given the advanced and incurable disease often found with pancreatic ductal 

adenocarcinoma (PDAC) at initial presentation, timely and sensitive diagnostic methods are 

needed[1]. Current diagnostic methods are typically invasive and expensive[2], relying 

heavily on the use of imaging modalities such as CT, MRI, and PET, which often miss early 

disease even in high risk patients. Serum CA19-9 levels are clinically used as diagnostic and 

predictive biomarkers of PDAC[3], although their poor sensitivity and specificity (< 80%) 

often lead to false negative or positive results[4]. Research methods for noninvasive and early 

PDAC diagnoses have focused on circulating tumor DNA and cells or pancreatic fluid to 

identify rare epigenetic changes[5]. Recent work has examined extracellular vesicles (EVs) 

as potentially invaluable biomarker sources within bodily fluids[5–7].

EVs reflect a heterogeneous population of particles, such as exosomes or microvesicles, 

continuously shed into circulation by all cell types whether benign or malignant[8]. EVs 

contain proteins and RNA cargo highly reflective of their cell of origin, making them 

invaluable sources of potential biomarkers for liquid biopsy diagnostics[9–11]. Despite the 

ready accessibility of EVs within bodily fluids, currently no standard EV protein analysis 

methods exist that are fast and sensitive yet straightforward enough to implement across 

diverse laboratory settings. Conventional methods such as ELISA and Western blot have 

poor sensitivity for EV analysis due to their large sample amount requirements for 

measurement[10]. Extremely sensitive and novel methodologies are under 

development[7,10–13], but they often require specialized setups that are not yet 

commercialized for widespread use.

Flow cytometry is an alternative powerful tool widely used across laboratories and clinics 

for cellular analyses. Yet, EVs’ sub-micron sizes, polydispersity, limited surface areas, and 

low scattering intensities obviate use of conventional flow cytometry for reliable EV 

analyses[14,15]. Recently, several groups have reported single EV flow cytometry using 

custom built/dedicated flow cytometers [16–22]. Commercial systems capable of reliable 

single EV flow cytometry are also beginning to emerge[23–26]. While providing invaluable 

information about single EV heterogeneity, both custom built and commercial nanoscale 

flow cytometers are not yet readily available to clinical research settings. Additionally, direct 

labeling of EVs with antibodies involves extensive and time-consuming staining and 

washing processes, which could result in additional sample loss. Such challenges run 

counter to clinical workflow and biospecimen repository needs, respectively.

In response, we sought to develop an accessible and standardized method to rapidly analyze 

EV proteins from human samples in high-throughput. Notably, we developed a bead-based 

EV assay detected by flow cytometry that combined EV capture using polystyrene (PS) 

beads with EV protein analyses by flow cytometry. The bead-based flow assay offers several 

advantages over existing methods: i) improved EV capture efficiency using a high affinity 

biotin-streptavidin interaction; ii) an inexpensive, simplified assay easy to implement in 

laboratories equipped with standard flow cytometers; and iii) relatively quick turnaround 
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time (~4 hours for 48 samples). Using the bead-based flow cytometry, we demonstrated 

sensitive detection of tumor-derived EVs directly from plasma samples of PDAC patients.

Figure 1A shows a schematic workflow of the bead-based flow cytometry assay for EV 

protein analysis. Isolated EVs were first biotinylated using NHS-PEG4-Biotin (30 min), 

followed by capture on 5 μm streptavidin-coated polystyrene (PS) beads in another 30 min 

reaction. Bead-bound EVs (shown in Figure S1 by scanning electron microscopy) were then 

stained with primary antibodies (60 min) followed by Alexa Fluor 488 secondary antibodies 

(30 min) for flow cytometry measurements. Analysis was done using a portable benchtop 

flow cytometer (CytoFLEX, Beckman Coulter Inc.) equipped with automatic handling of 

samples in a 96-well plate. We found that increasing the EV binding or primary antibody 

incubation time up to 24 hrs does not significantly improve the detection signal (Figure S2). 

For EV isolation, we used size-exclusion chromatography for human plasma samples and 

ultracentrifugation for cell-culture supernatants to process large volumes (see Experimental 

Section for details). Once EVs were isolated, the process from EV preparation to analyses 

took about 4 hrs for up to 48 samples.

While new nanoscale flow cytometers have become available for single EV analysis[25,26], 

direct labeling and measurement of individual EVs in conventional flow cytometers is not 

trivial. We used the CytoFLEX violet side scatter for small particle detection and found only 

~10% of measured EVs from a patient-derived xenograft cell line (1617 PDAC), exhibiting 

high EGFR expression[7], were positive for EGFR by flow cytometry (Figure S3). Moreover, 

single EV flow cytometry cab be difficult to interpret, making it cumbersome to incorporate 

into a clinical workflow. In contrast, attaching EVs to large PS beads with biotin-

streptavidin, results in a signal over background readout that is simple to interpret. For 

example, 1617 EVs captured on 5 μm PS beads and stained with EGFR antibodies, resulted 

in a 7-fold increase in median fluorescence intensity (MFI) of EV-bead conjugates over 

isotype control (Figure 1B).

This highlights how the difficulty of direct EV analyses using conventional flow cytometry 

can be circumvented with the standardized and robust readouts of our bead-based flow 

cytometry assay.

Previous studies demonstrated bead-based EV capture using either affinity ligands (e.g. 

antibodies) for marker-specific EV capture or passive adsorption of EVs on aldehyde/sulfate 

latex beads with a hydrophobic surface[15,27]. The immunobead capture method requires 

identification of a set of antibodies for efficient capture. The passive EV adsorption on latex 

beads often requires a minimum 2.5 hr incubation. We reasoned that capturing biotinylated 

EVs could obviate the need to identify a set of capture antibodies and improve capture 

efficiency compared to the passive adsorption method. To test the capture efficiencies, we 

incubated EVs from the 1617 PDAC cell line with latex or streptavidin-coated PS beads for 

30 min and labeled them with EGFR antibodies. EVs captured on latex beads by passive 

adsorption showed only ~2-fold increase in the MFI for EGFR whereas streptavidin-coated 

PS beads showed ~7-fold increase for EGFR (Figure 1C). The nonspecific binding of 

unlabeled EVs to streptavidin-PS beads or of biotinylated EVs to unmodified PS beads is 

negligible (Figure S4). The bead-based flow cytometry assay also showed good 
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reproducibility with a variation of 6% in independently repeated experiments (Figures 1D 

and S5).

We expanded the comparison tests for other PDAC markers (e.g. EpCAM, MUC1, WNT2) 

and a PDACEV signature, comprising a cocktail of antibodies (EpCAM, EGFR, MUC1, 

WNT-2, GPC1, Figure 2A), that previously showed high PDAC detection accuracy[7]. In 

comparison with 3.9 and 5 μm aldehyde/sulfate latex beads, the 5 μm streptavidin-coated PS 

beads showed better signal for the EV markers tested, likely due to better EV capture on 

beads through the high affinity biotin-streptavidin interaction. Using 5 μm streptavidin-

coated PS beads, we have performed titration experiments with increasing amounts of 1617 

EVs and examined the flow cytometry signals in terms of MFI fold change over isotype 

control background (Figure 2B). With 500 ng of biotinylated 1617 EVs (~1.5 × 108 

particles) incubated with 10 μl streptavidin-PS beads (1.8 × 106 beads), MFI fold change is 

saturated. For lower concentrations, the MFI fold change increases linearly. We tested limit 

of detection (LOD) values in the bead-based flow cytometry assay for individual EV 

markers and PDACEV signature (i.e. marker combination); the LODs for EV protein and 

particle counts were estimated to 41.3 ng and 1.3 × 107 particles, respectively (Figures 2C 

and S6).

We used Bead-based flow cytometry to test our PDACEV biomarker signature, a 

combination of EpCAM, EGFR, MUC1, GPC1, WNT-2[7], on EVs collected from various 

PDAC cell lines (Figure 3). We measured protein signal on EVs from five different cell lines 

for both individual markers and the marker combination in comparison with corresponding 

IgG controls. For example, EVs from 1617 PDAC cell line showed high expression for all 

individual markers, except GPC1 (Figures 3A). The low background signal of negative 

controls in the absence of EVs indicated low non-specific binding (Figure S7). The highest 

signal was obtained when we use the PDACEV signature, supporting that the marker 

combination improves the detection sensitivity for PDAC-derived EVs.

We next compared protein expression between EVs and their parental cells. The bead-based 

flow cytometry method was used for EV analyses. Cells were directly labeled with the same 

sets of antibodies (see Methods for details) and analyzed by the same flow cytometer as the 

bead-based flow cytometry assay. Comparing protein expression levels between EVs and 

their parental cells, we observed a moderate correlation (Spearman correlation coefficient r = 

0.74, p < 0.0001; Figure 3B) for five PDAC cell lines, including one patient-derived 

xenograft cell line (PDAC 1617). For outliers, such as EGFR on 1617 EVs, single marker 

expression levels could have fallen below our method’s limit of detection. In the case of 

GPC1, low to moderate GPC1 expression was also observed in cell lines, with little to no 

expression evident on EV surfaces. To ensure the functionality of the GPC1 antibodies, we 

tested antibodies from two different vendors with purified GPC1 protein as well as EVs 

from the Capan-2 cell line (Figure S8). While we observed high signal (> 1000 fold increase 

over isotype) with purified GPC1 protein, little or no signal (< 1 fold) was observed in EVs, 

possibly because expression was below the detection limit of this assay[28].

To validate the clinical utility, we applied the bead-based flow cytometry assay to detect and 

analyze EVs from clinical samples. In this pilot clinical test, EVs were isolated from plasma 
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in a cohort of 10 PDAC patients and 3 age-matched controls. On average, we used 0.5 mL of 

plasma samples. Due to these small volumes, we used size-exclusion columns (qEVoriginal, 

iZON Science) to isolate EVs (see methods for details). In addition to the five markers 

comprising the PDACEV signature, five additional markers for pancreatic cancer based on 

recent literature reports (CD73[29], TIMP1[30], EphA2[13], LRG1[30], and Mesothelin[31]) 

were also analyzed while consuming <1 mL plasma (Figure 4). Using bead-based flow 

cytometry, the PDACEV signature was able to differentiate PDAC patients from the control 

group, while none of the new markers outperform the PDACEV signature. To test the 

robustness of the bead-based flow cytometry assay, we compared MUC1 expression on 

aliquots of the same patient sample (P2), using two different flow cytometers for analysis. In 

this test, both measurements show comparable fold change in median fluorescence intensity 

over isotype control staining (Figure S9). The strategy of utilizing a marker combination for 

bead-based flow would allow us to analyze EVs from very small volumes of plasma (~100 

μL, isolated with small volume size exclusion columns) with high sensitivity and specificity 

for cancer versus non-cancerous states.

Discussion

EVs have emerged as potential circulating biomarkers for cancers, but high-throughput 

analysis in routine clinical settings has been challenging. Here, we describe a new EV 

protein analysis assay utilizing conventional flow cytometry. There are several challenges to 

directly apply standard operating procedures of flow cytometry used in cell analysis for EVs, 

mainly due to their small sizes. EVs range in size from 50 - 1000 nm, but the vast majority 

are smaller than 200 nm. The small sizes result in weak light scatter and fluorescence 

signals, due to limited amounts of antigen available per EVs, often below detection limits of 

conventional flow cytometers. Recent studies have suggested signal amplification 

strategies[32] and specialized nanoscale cytometers optimized for nanosized 

particles[17–24,33][25,26] to overcome the challenges. Other novel approaches that integrate 

EV isolation and detection in a single device have been suggested for direct EV analysis 

from plasma samples[34]. Although promising, these nascent approaches are not 

commercially available or widely adopted in clinical environments. To promote wider 

uptake, we implemented EV capture on microbeads. This offers an assay compatible with 

standard flow cytometers that is robust, standardized, and enables high-throughput analyses. 

Compared to immunobead-capture or adsorption methods, the bead-based flow cytometry 

assay: a) obviates the need to identify sets of capture and detection antibodies; b) performs 

well across different sample volumes, and c) completes the EV capture in under an hour.

Using BEAD flow, we analyzed EVs from 13 patient samples for a PDACEV biomarker 

signature (EGFR, EPCAM, MUC1, GPC1, and WNT2) with excellent sensitivity and 

reproducibility. We favored the multi-marker approach given tumoral heterogeneity and its 

demonstrated superior diagnostic accuracy over relying on single EV protein markers (e.g. 

GPC1). To further validate this proof-of-concept work, larger cohorts are needed to better 

assess statistical significance.

The current study focused on a developing a novel and versatile assay for conventional flow 

cytometers to eventually position it for rigorous clinical studies. There are opportunities to 
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improve the bead-based flow cytometry technology: (i) currently limited to bulk 

measurements which cannot capture intrinsic heterogeneity of EV samples; (ii) the need for 

EV biotinylation; (iii) accurate quantification for tumor-derived EV counts and marker 

expression per EVs; (iv) modifying marker panels to further improve accuracy (e.g. KRAS 

mutants); (v) validation with larger cohorts across different institutions and varying pre-

analytical handling. With new chemistry and signal amplification strategies, further 

optimization and validation, we envision that these points could be addressed and further 

improved.

While we focused on PDAC to develop this method, it can be expanded to include additional 

biomarkers and cancer types. Combining bead-based EV analysis with minimal sample 

consumption aligns with scientific workflow needs for both clinical evaluation and research 

(e.g. biorepositories where precious samples are sought to be leveraged to their fullest 

potential).

Experimental Section

EV Biotinylation:

We isolated EVs using size-exclusion columns for human plasma samples and 

ultracentrifugation for in vitro cell culture (Please see supporting information for detailed 

EV isolation protocols). Total EV protein was measured using 5-10 μl EVs and the Qubit 

protein assay kit (ThermoFisher, Q33212). Samples were biotinylated for 30 min in PBS 

(Mediatech, 21-040-CV) with a 20-fold molar excess of EZ-Link NHS-PEG4-Biotin 

(ThermoFisher, 21330) in 100-200 μl total volume. The following equation was used to 

calculate mmol biotin per reaction: mL EV*(mg EV/mL EV)*(mmol EV/150,000mg 

EV)*(20mmol biotin/mmol EV). Excess biotin was removed using MW 3000 Exosome Spin 

Columns (ThermoFisher, 4484449). Total biotinylated EV protein was again measured with 

the Qubit protein assay.

EV Capture on Beads:

10 μl (1.8 x 106 particles) of 5.0-5.9 μm streptavidin coated polystyrene particles 

(Spherotech, SVP-50-5, 0.5% w/v, 1.8 x 108 particles/mL) were diluted in 1 mL PBS/1% 

BSA (Mediatech 21-040-CV; Fisher, BP16051-00), centrifuged at 3000 × g for 2 min and 

supernatant was removed. Beads were mixed in a total of 10 μl with 500 ng EVs and PBS. 

For more than one sample of the same EV population, EVs were captured on beads in batch 

(ex: 5 μg EVs in 100 μl PBS/beads) and later split into multiple tubes for antibody staining. 

EVs were incubated for 30 min with beads on a HulaMixer (ThermoFisher, 15920D) at 

room temperature. Excess reacted EVs were removed by centrifuging at 3000 x g for 2 min 

and washing twice with PBS/1% BSA. EV-beads were diluted in 100 μl PBS/1% BSA and 

transferred to a 96-well u-bottom plate for antibody staining.

Flow Cytometry Staining and Analysis:

EVs and cells were stained using the same antibodies and procedure. Cells were prepared for 

flow staining by fixing 500,000 cells per antibody condition in 4% formaldehyde 

(ThermoFisher, 28908) in PBS for 15 min at room temp on a nutating mixer. Cells were 
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washed in PBS/1% BSA and aliquoted to a 96-well u-bottom plate for staining. Cells or EVs 

were pelleted by centrifugation at 400 x g for 3 min (cells) or 1000 x g for 1 min (EVs on 

beads) in the 96-well plate and excess buffer was removed. Samples were resuspended in 

100 μl PBS/1% BSA or in 10 μg/ml primary antibody diluted in the same buffer/volume and 

incubated for 30 min on a plate shaker set to medium speed (see Table S1 for a complete list 

of antibodies used in this study). For the PDAC EV antibody cocktail, all antibodies were 

mixed at a final concentration of 10 μg/ml. Cells or EVs were pelleted and washed twice 

with 150 μl PBS/1% BSA. Cells or EVs were then resuspended in 100 μl of the appropriate 

AlexaFluor 488 secondary antibody diluted 1:1000 in PBS/1% BSA and incubated for 30 

min (protected from light) on a plate shaker. Samples were again pelleted, washed twice 

with 150 μl PBS/1% BSA, and resuspended in 200 μl PBS/1% BSA for flow analysis. 

Samples were measured using a Beckman Coulter CytoFlex flow cytometer (C09752, B2-

R0-V2 configuration) with 96-well plate handling using the 525/40 nm bandpass filter 

(Beckman, A01-1-0051) and the following settings: cells FSC 49V, SSC 104V, FITC 20V; 

EVs FSC 201V, SSC 90V, FITC 159V. Sample backwash and mixing were turned off and 

the threshold was set automatically on FSC. Pre-gating was done to ensure single cells or 

beads were analyzed and a total of 10,000 events were collected within the gated area. 

FlowJo (v10) was used to analyze samples by measuring the median fluorescence intensity 

for proteins of interest and corresponding isotype controls. For comparisons, fold change in 

median fluorescence intensity was calculated by dividing the signal for a protein of interest 

over the isotype control. Prism 8 was used for statistical analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bead-based EV assay detected by flow cytometry.
A. Following isolation from plasma, EVs were biotinylated and captured on 5 μm 

streptavidin-coated polystyrene (PS) beads. The captured EVs were then stained with 

primary and AlexaFluor 488 conjugated secondary antibodies. Samples were analyzed on a 

CytoFlex (Beckman Coulter) 96-well plate flow cyotmeter. The entire workflow is complete 

within 4 hrs for 48 samples. B. Dot plot of EVs from a patient-derived xenograft cell line 

(1617 PDAC) stained with a FITC-EGFR antibody. C. EVs from 1617 PDAC cells were 

adsorbed onto 3.9 μm aldehyde/sulfate latex beads (gray, 1.3 x 107 particles) or biotinylated 

and captured on 5 μm streptavidin PS beads (red, 1.8 x 106 particles). EV-bead conjugates 

were then stained using an EGFR antibody and AlexaFluor 488 secondary antibody for flow 

cytometry analysis. D. EVs from 1617 PDAC cells were isolated on different days and were 

stained with an isotype control (orange) or EGFR (blue) antibody for bead-based flow 

analysis on different days to assess assay reproducibility. All dot plots are gated on isotype 

control stained samples.
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Figure 2. Validation of the bead-based flow method.
A. 1617 PDAC EVs were adsorbed onto 3.9 μm (light gray, 1.3 x 107 particles), 5 μm (dark 

gray, 4.9 x 106 particles) aldehyde/sulfate latex beads, or biotinylated and captured on 5 μm 

streptavidin polystyrene beads (red, 1.8 x 106 particles). EV-bead conjugates were stained 

with antibodies against EpCAM, EGFR, MUC1, or a five antibody cocktail (PDACEV: 

EpCAM, EGFR, MUC1, WNT-2, GPC1). Median fluorescence intensity (MFI) from each 

antibody was compared to an identical EV-bead conjugate stained with an isotype control 

antibody and the resulting fold change in MFI is shown. B. 1617 EV dilution in the BEAD 
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flow assay. Beads were incubated with increasing ng amount of 1617 EV and then stained 

with either mouse IgG1k isotype control or EpCAM antibody. Increasing EV amount (in ng) 

was compared to MFI of isotype control antibody staining. C. The limit of detection (LOD) 

for the PDACEV antibodies as single markers and an antibody cocktail is shown in both the 

minimum number of particles and ng amount of EVs needed for bead-based flow.
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Figure 3. PDACEV biomarkers in cell line-derived EVs.
A. Biotinylated EVs were captured on 5 μm streptavidin polystyrene beads and stained with 

isotype control (orange) or primary antibodies (blue) for EpCAM, EGFR, MUC1, WNT-2, 

GPC1, and the PDACEV signature (mixture of EpCAM, EGFR, MUC1, WNT-2, GPC1), 

followed by AlexaFluor 488 secondary antibodies. Median fluorescence intensity values are 

shown in the legend. B. Cells and EVs isolated from the same cell lines were stained for 

surface biomarkers using the same antibodies as in A. Data are shown as the fold change in 

median fluorescence intensity of antibody over isotype control.
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Figure 4. Bead-based flow distinguishes PDAC from non-cancer patients.
EVs were isolated from patient plasma using qEV columns (iZON), biotinylated, and 

captured on 5 μm streptavidin polystyrene beads. Beads were stained with the indicated 

primary antibodies (top heatmap) or with a PDACEV antibody cocktail (mixture of EpCAM, 

EGFR, MUC1, WNT-2, and GPC1; bottom heatmap). The fold change in median 

fluorescence over isotype control is depicted in the heatmaps with P1-10 representing 

pancreatic cancer EVs and C1-3 representing age-matched controls.
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