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Microfluidic Device for High-Throughput Affinity-based Isolation 
of Extracellular Vesicles 
Ting-Wen Lo a, Ziwen Zhu b, Emma Purcella, Daniel Watzaa, Joyful Wangc, Yoon-Tae Kanga, Shruti 
Jollyd, Deepak Nagrathb and Sunitha Nagrath a

Immunoaffinity based EV isolation technologies use antibodies targeting surface markers on EVs to provide higher 
isolation specificity and purity compared to existing approaches. One standing challenge for researchers is how to release 
captured EVs from the substrate to increase downstream and biological studies. The strong binding between the antibody 
and antigen or the antibody and substrate is commonly unbreakable without operating at conditions outside of the critical 
physiological range, making the release of EVs problematic. Additionally, immuno-affinity approaches are usually low-
throughput due to their low flow velocity to ensure adequate time for antibody-antigen binding.   To overcome these 
limitations, we modified the OncoBean chip, a previously reported circulating tumor cell isolation microfluidic device. The 
OncoBean chip is a radial flow microfluidic device with bean-shape microposts functionalized with biotin-conjugated 
EPCAM antibody through biotin-avidin link chemistry. It was demonstrated that the high surface area and varying shear 
rate provided by the bean-shaped posts and the radial flow design in the chip, enabled efficient capture of CTCs at high 
flow rate.  We replace the anti-EPCAM with antibodies that recognize common EV surface markers to achieve high-
throughput EV isolation. Moreover, by incorporating desthiobiotin-conjugated antibodies, EVs can be released from the 
device after capture, which offers a significant improvement over the existing isolation. The released EVs were found to be 
functional by confirming their uptake by cells using flow cytometry and fluorescent microscopy.  We believe the proposed 
technology can facilitate the both the study of EVs as cell-to-cell communicators and the further identification of EV 
markers.

Introduction 
Extracellular vesicles (EVs) are a group of heterogeneous 
membrane-bound vesicles that include exosomes, microvesicles 
and apoptotic bodies, which are actively secreted by almost all cell 
types into extracellular spaces.1,2 These vesicles have been widely 
investigated and are considered to be powerful mediators of cell-
to-cell communications.  They can travel across great distances 
within the human body through the circulation and release their 
cargos upon internalization by  recipient cells.2  Emerging evidence 
has shown that genetic information carried by these nanovesicles 
supports various biological functions including activating anti-
apoptosis, enhancing blood vessel formation, and regulating 
immune response.2-5 Moreover, they have been shown to carry and 
transfer proteins and nucleic acids that are reflective of their 
originated cells. 

The role of EVs and their cargo in promoting pathological processes 
in various disease, such as cancer and neurodegenerative diseases 
is becoming clearer, with many studies linking specific EV cargo to 
disease progression and outlook.6-11 As such, proteomic and 
genomic analysis of EVs can potentially provide a valuable 
biomarker for the detection, characterization, and monitoring of 
disease progression. For instance, miRNA dysregulation in EVs have 
been detected in various types of cancer, such as brain and lung 
cancer.12-14 The miRNAs carried by EVs released from the tumor or 
the tumor microenvironment have been shown to deeply influence 
tumorigenesis and therapeutic response.12,15 For example, miRNAs 
found in EVs secreted by lung cancer cells were shown to be 
promote tumor growth and metastasis through alteration of the 
immune response.16 Furthermore, dysregulated miRNAs in EVs have 
also been considered as a diagnostic tool for many cancer types.17,18 
In addition to cancers, recent studies have shown that the cargos 
shuttled by EVs can be biomarkers for neurodegenerative disease, 
such as Alzheimer’s and Parkinson's disease.19,20 Thus, isolating and 
analyzing the contents of EVs can provide researchers and clinicians 
valuable information about a patient’s diseases status, potentially 
even informing future diagnostic or prognostic tests. 

Despite the valuable information housed in EVs, the lack of efficient 
isolation methods is still a major limitation for the study of EVs. The 
extremely small and heterogeneous size of EVs within a sample, 30-
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2000 nm, makes isolation challenging. The current standard 
isolation method is differential ultracentrifugation (UC), which is 
used to isolate EVs from various sample types including cell culture 
supernatant, blood, urine, and cerebral fluid.21-23   Using UC, 
samples are processed through serial centrifugation steps with 
increasing speeds to remove cells and cellular debris before 
pelleting the target population of vesicles. Critical drawbacks such 
as lengthy processing time and inefficient yields make it challenging 
for EV studies where the sample volume is low or the target EVs are 
low in number.24,25 Furthermore, several studies have shown that 
the high centrifugation force damages the membrane integrity of 
EVs and promotes EV rupture and coagulation, hindering potential 
downstream analysis. A recent push to move away from 
ultracentrifugation, reduce EV loss, increase purity, and preserve 
sample integrity has led the development of new isolation 
technologies to replace ultracentrifugation.26-28

Besides ultracentrifugation, techniques such as ultrafiltration and 
precipitation have been developed for EV isolation. These methods 
often exploit the different physical properties among EVs, including 
size, density, and solubility, to isolate EVs from various sample 
types. These techniques are often limited by contamination with 
non-vesicular proteins or off-target extracellular vesicles, as 
summarized in Table S1. One of the most promising alternative EV 
isolation techniques, immunoaffinity-based capture, use antibodies 
to target surface markers on EVs. Common targets of 
immunoaffinity based capture are tetraspanins, specifically CD9, 
CD63, and CD81. These are a group of proteins that are broadly 
accepted EV markers.26,29 For example, Koliha et al have 
demonstrated EV capture using magnetic beads coated with 
antibodies against CD9, CD63, and CD81.30 Boriachek et al. 
functionalized gold-loaded ferric oxide nanocubes with CD9 and 
CD63 antibodies to isolate EVs from culture media.31  Since the 
molecular composition of EVs is also dependent on their parent 
cells, novel markers such as epithelial cellular adhesion molecule 
(EPCAM) and epidermal growth factor receptor (EGFR) have also 
been used for capturing specific EV populations. For instance, 
magnetic beads coated with chondroitin sulphate peptidoglycan 4 
antibody has been reported to isolate EVs from plasma to study 
melanoma cancer.32 Zhou et al. designed a microfabricated chip 
with multiplexed gold sensors that capture EVs with EPCAM 
antibody.33

Among the types of immunoaffinity isolation technologies, 
microfluidic platforms with antibody-coated surfaces have become 
a promising alternative EV isolation strategy. These devices have 
small dimensions which facilitate minimized reagent volumes, 
isolation times, and procedural costs while enhancing the product 
purity and sensitivity.24,34,35 For instance, Kanwar et al. developed a 
microfluidic platform, Exochip, that isolates EVs from plasma from 
pancreatic cancer patient using anti-CD63.36 The device enables 
rapid EV quantification and facilitates EV protein and miRNA 
characterizations.  Zhang et al. designed a device with graphene 
oxide nanoposts coated with CD81 antibody to detect and isolate 
EVs at low detection limit.37 Vaidyanathan et al. fabricated a 
microfluidic device with functionalized gold electrodes coated with 
CD9, human epidermal growth factor receptor 2 (HER2) and 

prostate specific antigen (PSA) antibodies.38 The capture of EVs is 
enhanced by nanoshearing between the electrodes induced by an 
alternating electric current. Zhang et al. devised a 3D-
nanopatterned microfluidic chip with a porous herringbone mixer 
fabricated by assembled silica colloids to capture EVs from serum 
samples in ovarian cancer.39  They have shown that their device is 
compatible with downstream analysis including ELISA, western 
blotting and digital PCR. 

Although current immunoaffinity isolation technologies provide 
more specific EV enrichment and isolation, these technologies 
suffer from limitations of low throughput as high flow rates would 
hinder the antigen-antibody interaction. Additionally, surface-
antibody-EV binding is tight, making it challenging to release and 
retrieve viable EVs post isolation. Being unable to recover intact EVs 
is a critical drawback for studying the interaction between cells and 
EVs, hindering both in-vitro and in-vivo studies. Despite advances in 
the field, a need exists to further improve microfluidics platforms to 
isolate and harvest EVs.

Many immunoaffinity-based technologies for EV capture rely on the 
high-affinity binding of biotin-avidin to immobilize the capture 
antibodies on the micro/nanostructured surface or beads. Owing to 
the simple procedure and stable binding, biotin-conjugated 
antibodies have been used for antibody-based capture not just for 
EVs but also for other targets including cells, lipids, and 
enzymes.40,41 However, the irreversibility of the biotin-avidin 
binding limits the use of captured EVs as the EVs would need to be 
lysed in some way for removal. Strategies to break biotin-avidin 
binding frequently operate at conditions outside of the 
physiological range, including extreme pH and high temperatures, 
which potentially reduce the integrity of the captured samples.42,43 

The use of desthiobiotin, an analogue of biotin, has been reported 
to be an effective alternative to standard biotin.42 Desthiobiotin has 
a lower binding affinity to avidin than biotin. Hence, samples 
captured using desthiobiotin-conjugated antibodies can be eluted 
or released from an avidin-coated surface using a biotin solution. 
This elution leads to the replacement of desthiobiotin with biotin, 
effectively releasing the sample from the capture surface and 
allowing for downstream applications.44 This capture-release 
method has been used for the isolation and release cells and 
proteins.45 In the present study, we incorporated this desthiobiotin 
release method to achieve the release of intact EVs using a high 
throughput immunoaffinity based microfluidic device.

We have previously developed the OncoBean chip, a radial flow 
microfluidic device with bean-shape microposts functionalized with 
biotin-conjugated anti-epithelial cell adhesion molecule (EpCAM) 
antibody through biotin-avidin link chemistry.46 It was 
demonstrated that the high surface area and stable shear rate 
provided by the bean-shaped posts, as well as the radial flow design 
in the chip, enabled efficient capture of circulating tumor cells 
(CTCs) at high flow rates.46,47 Here, we apply this chip with 
antibodies against common EV surface markers, CD9, CD63, and 
CD81, to achieve high throughput EV isolation. Our results showed 
that the device is well suited to process large volumes of samples, 
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which is ideal for obtaining high concentrations of EVs for 
downstream analysis. Furthermore, by using desthiobiotin-
conjugated antibodies instead of biotinylated ones, EVs can be 
released and harvested from the device after capture. The released 
EVs were shown to be functional by demonstrating their 
internalization by cells based on flow cytometry. One exciting 
application of releasing exosomes is to investigate the uptake of 
exosomes into distant cells.  We performed initial experiments to 
first test the integrity of the EVs following release.  To do so we 
performed immunofluorescent labelling of EVs for common EV 
proteins (CD81 and CD63) before demonstrating a successful 
staining using flow cytometry.  We then used fluorescently dyed 
EVs to perform an initial uptake experiment and demonstrated the 
uptake of released EVs by cells. We believe that this novel strategy 
can be used for a high throughput EV enrichment which will enable 
both systematic analysis of EV cargo and investigations into their 
interactions with recipient cells.  

Experimental
OncoBean fabrication and functionalization 
The OncoBean Chip, a previously reported microfluidic device for 
isolating circulating tumor cells, was utilized for EV capture in the 
present study.40 The device is made of a polydimethylsiloxane 
(PDMS) top bonded to a glass slide. The mold for the 
polydimethylsiloxane (PDMS) device is fabricated using a negative 
photoresist, SU-8 100, patterned silicon wafer using standard soft 
lithography techniques. Briefly, negative photoresist SU-8 100 
(MicroChem Corp) was spin coated onto a silicon wafer at 2350 
rpm before performing UV exposure, post exposure baking, 
developing, and feature measuring.  Well-mixed PDMS and curing 
agent were poured onto a SU-8 mold at a ratio of 10:1 and 
degassed in a desiccator for 30 minutes to remove all bubbles. The 
polymer was cured at 65 °C overnight in the oven. After baking, 
the polymer was peeled off from the mold and cut for surface 
functionalization. The PDMS chamber was bonded to a standard 
sized glass slide via plasma surface activation of oxygen. 
The completed device was processed with 3-
mercaptopropyltrimethoxysilane (Gelest) in ethanol by syringe 
injection and incubated for an hour. This device was then washed 
with ethanol and treated with N-gamma-Maleimidobutyryloxy-
Succinimide (GMBS) (ThermoScientific) for 30 min.  This was 
followed by rinsing with ethanol and adding NeutrAvidin before 
incubating. The device was then stored at 4 °C for future use. 

Sample Preparation and EV isolation
The sample collection and experiments were approved by 
University of Michigan Institutional Review Board (IRB). Informed 
consents were obtained from all participants of this clinical study 
and the blood samples from all patients and healthy donors were 
obtained after approval of the institution review board (IRB) at the 
University of Michigan. All experimental protocols were 
performed in accordance with the approved guidelines and 
regulations by the ethics committee at the University of Michigan. 
Whole blood samples from healthy donors were drawn into EDTA 
tubes and were subsequently centrifuged at 2000 x g for 15 
minutes to collect the top layer of plasma. The isolated plasma 
samples were kept at -80°C until use. 

Cell culture
Patu8988t pancreatic cancer cell line was cultured in DMEM 
medium with 10% FBS. Cultures were incubated at 37°C in a 
humidified 5% CO2 incubator (Thermo Fisher Scientific, Waltham, 
MA). Cells were grown until they reached 70–80% confluence, at 
which time, they were subjected to experimentation.

EV Capture and release
Before experiments, the device was functionalized with the 
capture antibody by injecting biotin or desthio-biotin conjugated 
antibody in 1% bovine serum albumin (BSA) (Sigma Aldrich) in 
phosphate buffered saline (PBS) and incubating for 60 minutes.  
After antibody immobilization and washing with 1mL of PBS at a 
flowrate of 50 μl/min, 3% BSA was processed at a flow rate of 50 
μl/min for 10 min to block the excess reaction sites and prevent 
non-specific binding. Human plasma or cell culture medium were 
processed through the OncoBean Chip for EV capture, followed by 
washing with PBS at a flow rate of 50 μl/min for 20 min. The EVs 
captured by the desthiobiotin antiCD63 conjugated device were 
released from the device using a 0.5 mM biotin solution. The 
biotin solution was incubated for 1 hour in the device, followed by 
a wash with biotin solution and the collection of released EVs. The 
released EVs were either characterized by nanoparticle tracking 
analysis, NTA, using the NanoSight NS300 (Malvern Instruments, 
UK) to determine the size and concentrations, or proceeded to 
functional studies. The EVs immobilized by the device using 
biotinylated antibodies were lysed for RNA and protein extraction.

Electron Microscope (EM) analysis of captured Evs
A small portion of the PDMS top of the device after EV isolation was 
cut out using a biopsy punch.  Each punched PDMS specimen was 
fixed in 2.5% glutaraldehyde in PBS at room temperature for one 
hour and then rinsed with PBS, followed by sequential dehydration 
with ethanol at concentrations of 50%, 70%, 90%, 95%, and 100% 
for 10 min each. The specimen was then immersed for 10 min in 
solution of 1:1 ethanol: hexamethyldisilazane (HMDS) and then 
transferred to 100% HMDS, followed by overnight air drying in the 
hood.  The dehydrated specimen was then attached to carbon 
double sided tape and was mounted on a SEM stub before coating 
with conductive a layer.  The EVs were examined by FEI Nova 200 
Nanolab Dualbeam FIB scanning electron microscope under low 
beam energies (2.0-5.0 kV) at the Michigan Center for Materials 
Characterization (MC2) at University of Michigan.

Western blotting and protein quantification
To harvest the protein of the EVs captured, the device chamber 
was injected with RIPA buffer (Sigma) with 1% Halt protease 
inhibitor (Thermo) at a flowrate of 50 μl/min for 2 min, followed 
by a 10 min incubation on ice. This was followed by an injection of 
70μL per device at the same rate and the effluent was collected. 
After another 10 min incubation, the remaining effluent in the 
devices was pushed out by pumping air manually. The collected 
samples were stored at -80 °C until used. 
Total protein was measured by standard micro-BCA analysis 
according to the manufacturer’s instructions (Thermo). Lysed 
protein was mixed with 4x Laemmli buffer with 2-
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mercaptoethanol at a ratio of 4:1 and heated at 95 for 7 minutes.  
The protein samples were then loaded on a 10-lane 4-20% SDS 
gradient gel (BioRad) and run for 47 minutes at 120V in Tris-
Glycine-SDS buffer (BioRad).  The gel was then transferred to a 
methanol-activated PVFD membrane at 120V for 1hr using 
BioRad’s Minigel wet transfer system. Following transfer, the 
membrane was rinsed with DI water before drying for 1 hour.  The 
membrane was then reactivated with methanol, rinsed with DI 
water and submerged in tris-buffered saline with 1% Tween 20 
(TBST) before blocking in 5% non-fat milk in TBST for 1 hour at 
room temperature on a rocker.  Primary antibodies then 
incubated overnight in 4 on a rocker at a concentration of 1:1000 
for both CD9 (Cell Signaling) and Beta-Actin (Cell Signaling).  
Primary antibodies were rinsed 6 times, 3 quick rinses and 3x 5 
minutes on a rocker, in TBST before applying anti-rabbit HRP 
secondary at a concentration of 1:1500 (Cell Signaling) for 1.5 hrs 
on a rocker at room temperature.  Secondary antibody was rinsed 
as previously described and Thermo’s SuperSignal PICO Reagant 
was applied for 5 minutes before imaging using BioRad’s 
ChemiDoc Imager.  

RNA preparation, RT, and real-time qPCR
Total RNA from EVs was extracted using Qiazol (QIAGEN). After 
the EVs were immobilized within the device, 120μl of Qiazol was 
flowed through the device at 50 μl/min, followed by 10 min 
incubation. The device was then processed with another 150 μl at 
the same flow rate while the effluent was collected. After another 
10 min incubation, the remaining effluent in the devices was 

pushed out by pumping air manually. The collected samples were 
stored at -80 °C until used. 
SYBR Green-based real-time qPCR technique was performed for 
detection of miRNAs, as previously described.42 Total RNAs were 
purified from isolated EVs using a Single Cell RNA Extraction Kit 
(Norgen). Purified RNA amount was measured by NanoDrop Lite 
Spectrophotometer (Thermo Fisher Scientific). Reverse 
Transcription Kit (Thermo Fisher Scientific) was used to generate 
single-stranded cDNA from an equal amount of purified RNAs.

Flow Cytometry
For directly exosome surface staining, EVs were incubated with 
preconjugated FITC mouse anti-human CD63 (BioLegend) and APC 
Anti-Human CD81 (BioLegend) for 30 min at room temperature. 
After incubation, the samples were washed with PBS, 
ultracentrifuged and then resuspended in PBS buffer. Stained 
samples were analyzed using ZE5 (Bio-Rad) flow cytometer and 
FlowJo software (Treestar). 

Uptake of Evs
Following release from the capture device, EVs were labeled by 
PKH26 Red Fluorescent Cell Linker Kit (Sigma), and Exosome Spin 
Columns (MW 3000) (Thermo Fisher Scientific) were used to 
remove excess dye as previously described.14 Patu8988t cells were 
seeded into a 6 well plate and allowed to settle and adhere for 48 
hours before the dyed EVs were added for a 12 h incubation in a 
37 cell culture incubator as previously described. Flow cytometry 
was performed to measure mean fluorescence intensity (MFI) of 
cells. 

Fig 1. Schematic illustration of OncoBean Chip and EV isolation. The design of the device can be seen in the previous report. In general, 
the bean posts are 50 μm in width, 118 μm along the longest axis, and 100 μm in height. The posts were placed 25-32 μm apart from 
each other. The device surface functionalized with Neutravidin can be coated with desthiobiotin-conjugated antibody that recognize 
surface markers of EVs. The EVs are captured by flowing samples through the chip. Compared to biotin, desthiobiotin has a lower binding 
affinity to avidin, thus facilitating a release mechanism for the EVs. Though the introduction of the biotin, the desthiobiotin-antibody-EV 
complex releases from the Neutravidin coated surface, allowing for EV collection.
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Results and discussion
Evaluation of EV capture with OncoBean chip  
While previous work assessed the ability of OncoBean to isolate 
circulating tumor cells from blood samples, the present study 
explored the OncoBean’s capture potential and throughput for 
isolating extracellular vesicles. Fig. 1 schematically illustrates EVs 
being captured on the OncoBean’s antibody-coated bean-shaped 
microposts. The increasing cross-sectional area in radial flow design 
provides a decreasing flow velocity from inlet to outlet, which 
allows for higher flow rate compared to linear flow devices. The 
high surface area provided by the bean-shaped microposts also 
increases the contact of EVs with capture antibodies, thus enabling 

high capture at high flow rates. 
To demonstrate the ability of the OncoBean chip to perform high-
throughput isolation of EVs, we used the two most common 
sources of EVs: plasma and cell culture media. First, we used 
biotinylated CD63 and CD9 antibodies as capture antibodies to 
optimize the flowrate and sample volume for EV isolation.   With 
the goal of minimizing the processing time, we fixed the processing 
time at 1 hour and tested the capture using varying sample volumes 
to determine the capture capacity of the device. Protein was 
extracted by flowing RIPA extraction buffer through the device post 
EV capture. We used the protein concentration measured by 
microBCA kit to quantify the EVs captured. As can be seen in Fig 2a, 
when the volume of plasma was increased to 1200 μl, the protein 
concentration reached the maximum value and further increasing 
the plasma volume did not increase the protein concentration. For 
cell culture media, the chip was capable of processing up to 10 mL 
of culture media in an hour, demonstrating high throughput EV 
isolation (Fig 2b). However, the protein concentration decreased 
greatly at flow rates higher than 10 ml/hr. This could be caused by 
the limited contact time between the EVs and antibodies. Further, 
we performed Western blot analysis on the protein extracted from 
the chip to verify the EV capture, as shown in Fig 2c. The presence 

of CD9, a specific exosome marker, was confirmed in both culture 
media and plasma samples, and β-actin was used as a loading 
control.
In addition to the protein analysis, we also evaluated our device for 
its applications in performing miRNA analysis of EVs.  A variety of 
different types of RNA molecules have been identified in EVs.   
Messenger RNAs (mRNAs), long non-coding RNAs (lncRNAs), 
ribosomal RNA (rRNA), microRNAs (miRNAs) and the fragments of 
these intact RNA molecules have all been identified.49 MiR-21, miR-
155 and miR-200 have been shown to be enriched in EVs and their 
expression levels have been correlated with poor prognosis in 
pancreatic cancer.50 To test the capabilities of our device to capture 
EVs for miRNA analysis, we performed RT-PCR to measure the level 
of miR-21, miR-155 and miR-200 in the EVs. Similar to the 
previously reported pancreatic cancer EVs, we observed enrichment 
of miR-21, miR-155 and miR-200 in the device isolated EVs (Fig 3). 
The characterization of EV protein and miRNA demonstrates the 
utility of the OncoBean Chip for downstream EV analysis after high 
throughput capture of both low and high sample volumes. 

Release and harvest EVs from the device
A critical disadvantage of using biotin-conjugated antibodies for EV 
capture is the irreversible binding between biotin and avidin, 
hindering the harvest of intact EVs from the device. To overcome 
this challenge, we used desthiobiotin-conjugated anti-CD63 instead 
of biotinylated anti-CD63 to capture EVs.  Compared to biotin-avidin 
binding, desthiobiotin-avidin binding can be reversed because of 
the lower binding affinity between desthiobiotin and avidin. 
Desthiobiotin binds with avidin with a lower affinity than biotin and  
can be released from avidin through displacement by a biotin 
molecule. When we used desthiobiotin-conjugated antibodies 
instead of biotinylated antibodies, immobilized EVs captured on the 
surface of the device were released through exchange reactions by 
the replacement, as illustrated in Fig 1. The stronger affinity 
between the biotin and Neutravidin causes the replacement of 

Fig 2. Characterization of EVs captured using OncoBean chip. a-b) 
Protein levels in EVs isolated from a) Serum and b) cell culture 
medium. c) a representative western blot analysis of the proteins 
from EVs isolated from OncoBean using anti-CD81 and anti-CD63 
and characterized for CD9 expression levels in plasma and cell 
culture medium. 
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desthiobiotin with biotin, and thus enabling the release of the EVs 
from the neutravidin-coated surface. 
Optimization studies were conducted in order to determine a 
reasonable biotin concentration that allowed for effective release 
of EVs from the device. Pre-purified EVs from heathy plasma 
(System Biosciences) were captured using desthiobiotin-conjugated 
anti-CD63 on the OncoBean chip and the released EVs were then 
quantified with NTA analysis. As shown in Fig 4a, the concentration 
of released EVs increased along with increasing concentrations of 
biotin and reached a maximum at a concentration of 0.5 mM. This 
result led us to use 0.5 mM for all further experiments to achieve 
effective release of EVs.  In addition to the biotin concentration, we 
also evaluated the influence of biotin solution incubation time. 
However, as illustrated in Fig 4b, the incubation time was not a 
significant factor for EV release. Fig. 4c and 4d shows the 
concentration of EVs collected after release from the outlet at 
different sample volumes using the 0.5mM biotin solution. These 

graphs showed that our device can harvest EVs from up to 1.2 ml of 
plasma or 10 ml of cell culture medium. The lower optimal flow rate 
for plasma was expected due to the higher viscosity. According to 
the previous report, the adhesion of antigen to antibody can be 
drop rapidly with increasing shear stress.51 Therefore, a lower flow 

rate is required to compensate the higher shear stress experienced 
by EVs in samples with higher viscosities. To the best of our 
knowledge, this is the highest throughput achieved on a 
microfluidic platform for EV isolation from culture medium reported 
to date. Furthermore, the strength of the technology was evaluated 
by testing clinical specimens from cancer patients. Plasma samples 
from stage III non-small cell lung cancer patients and healthy 
donors were processed using the OncoBean chip to harvest EVs for 
NTA measurement (Fig. S1). Patient demographics are provided in 
Table S2. We observed no significant difference in total EV 
concentration between cancer patients and healthy donors, which 
corroborates previous reports.35,52 These results demonstrated the 
potential clinical utility of the OncoBean chip for EV capture and 
analysis.
To confirm the successful release of EVs from the chip, SEM images 
were taken showing the device with and without the injection of 
biotin, or with and without EV release. The images clearly showed 
that most of the EVs captured on the chip were released after the 
biotin. (Fig 4e-f), and thus further validating our ability to capture 
and release EVs form microfluidic chip.

Characterization and cell uptake of harvested EVs
Accumulating evidence has shown that EVs can act as powerful 
mediators of cell-to-cell communication, facilitating various 
biological events. Importantly, EVs and their cargo have been 
shown to play important roles in disease progression. Therefore, 
harvesting EVs that are functional is important for in-vivo and in-
vitro studies. To demonstrate that the captured and released EVs 
are functional and preserve their surface markers, we performed 
flow cytometry analysis to examine EV surface markers and cellular 
internalization of EVs.

We used direct flow cytometry to examine two common EV surface 
markers, CD63 and CD81, on EVs isolated using the OncoBean with 
release and ultracentrifugation.  As shown in Fig 5a, the population 
of positive EVs from ultracentrifugation is found in the top right 
demonstrating the presence of both CD63 and CD81 on each EV. 
Similar to the ultracentrifuged EVs, device isolated and released EVs 
have more than 99% CD63 and CD81 positive populations (Fig 5b). 
This data not only demonstrated that these vesicles represent EVs 
but also highlighted a sensitive method for surface marker 

Fig 4. Characterization of EVs isolated using the OncoBean chip. 
a-b) NTA analysis of harvested EV with varying a) biotin 
concentration and b) incubation time for the release of EV using 
pre-purified EVs (System Biosciences). c-d) NTA measurement of 
EVs harvested from c) plasma and d) cell culture media. e-f) 
Electron microscope images show the presence of EVs 
immobilized e) before and f) after the biotin release step (bars = 
1μm)

= 1 m).
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Fig 5. Flowcytometry analysis of a) ultracentrifuged and b) device 
isolated and released EVs. The anti-CD63 antibody conjugated with 
FITC and anti-CD81 antibody conjugated with APC were used to 
immunolabel the EVs.
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characterization of EVs using flow cytometry. Therefore, this 
approach can be used to differentiate and identify heterogenous 
populations of EVs, thus providing insights into identifying EV 
surface markers. 
The goal of recovering viable EVs from a sample is to study the 
influence of EVs on the behavior of recipient cells after 
internalization. In order to demonstrate the biological functionality 
of released EVs, we demonstrate that they can be internalized by 
cancer cells. To do this, we compared internalization between EVs 
isolated from cell culture media using both the OncoBean device 
and ultracentrifugation. To examine whether EVs are taken up by 
Patu8988t cancer cells, we pre-labelled isolated EVs with PKH green 
dye and incubated them with Patu8988t cells for 12h and analyzed 
their internalization into the cancer cells using flow cytometry. As 
indicated by the higher green peak, the ultracentrifuged sample had 
similar uptake to the device-released EVs while they both had 
markedly more uptake into cells than the no-EV negative control 

using only PKH dye. This demonstrated that EVs are indeed taken 
up by Patu8988t cancer cells.  Additionally, we found that device 
isolated EVs were similarly functional compared to the 
ultracentrifuged ones (Fig 6a and Fig 6b).  

We also studied the intracellular trafficking of internalized EVs to 
lysosomes in Patu8988t cells to further verify the EV uptake. 
Lysosomes are membrane-bound organelles found in nearly all 
animal cells. They are spherical vesicles which contain hydrolytic 
enzymes that can break down many kinds of biomolecules.53  
Lysosomes are an essential part of the vesicular compartment and 
connect the outside medium with many classes of cellular targets in 
the cytosol, nucleus, mitochondria, endoplasmic reticulum, and 
Golgi.54 EVs can reach the lysosome through endocytosis. The 
capture of EVs occurs through specific endocytic mechanisms 
according to the nature of the cargo. After uptake, EVs are routed 
to early endosomes. From the endosomes, the EVs can either be 
recycled back to the plasma membrane or sorted and targeted for 
lysosomal degradation. 
To verify the migration of EVs into lysosomes, cells were incubated 
with Lysotracker (red; to label lysosomes) and cocultured with 
PKH67-labeled (green) EVs from human plasma and analyzed by 
confocal microscopy. PKH67 detected in lysosomes demonstrated 
the colocalization of EV and lysosomes (Fig 6c), demonstrating that 
the EVs from device are biologically active.
Using flow cytometry and fluorescent microscopy, we have shown 
the feasibility of using the immunoaffinity based OncoBean device 
for EV capture and release. We were then able to show the uptake 
of isolated and enriched EVs by cells and confirmed their surface 
markers using flow cytometry. We strongly believe this technology 
will facilitate studies into the role of EVs as cell-to-cell 
communicators. 

Conclusions
In this study, we have successfully demonstrated the utility of the 
high-throughput OncoBean for EV isolation from cell culture 
supernatant and human plasma. The high surface area and radial 
flow design provided by the bean-shaped microposts facilitate 
capture of EVs not only at high flow rate, but also from larger 
volumes of media form cell culture supernatant. Furthermore, our 
results indicate that the OncoBean chip facilitates the analysis of EV 
proteins and RNAs using western blot and qPCR. Most excitingly, 
through desthiobiotin antibody capture and biotin elution, we were 
able to release functional EVs from the device for cell uptake and 
identification of surface markers, which were verified using flow 
cytometry. We believe our microfluidic device can facilitate specific 
enrichment of EVs enabling the study of EVs in cell-to-cell 
communication. 
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