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Exosomes are nano-scale membrane-encapsulated vesicles produced by the majority of cells and have

emerged as a rich source of biomarkers for a wide variety of diseases. Although many approaches have

been developed for exosome isolation from biofluids, most of them have substantial shortcomings

including long processing time, inefficiency, high cost, lack of specificity and/or surface marker-

dependency. To address these issues, here we report a novel insulator-based dielectrophoretic (iDEP)

device predicated on an array of borosilicate micropipettes to rapidly isolate exosomes from conditioned

cell culture media and biofluids, such as plasma, serum, and saliva. The device is capable of exosome

isolation from small sample volumes of 200 μL within 20 minutes under a relatively low (10 V cm−1) direct

current (DC). This device is easy to fabricate thus, no cleanroom facility and expensive equipment are

needed. Therefore, the iDEP device offers a rapid and cost-effective strategy for exosome isolation from

biofluids in timely manner while maintaining the yield and purity.

Introduction

Exosomes are nanoscale membrane-encapsulated vesicles
(30–150 nm) secreted by most cells, and can be found in
essentially all biofluids, including blood,1,2 saliva,3 urine,4

breast milk,5 human semen,6 and cerebrospinal fluids.7 They
carry a wide variety of functional biomolecules, such as
protein and nucleic acids (particularly mRNA and miRNA)
that can reflect the status of their originating cells.8–12 It has
been demonstrated that exosomes act as vehicles for
molecular cargos in cell–cell communication13–17 and thus
have been considered as circulating biomarkers for early
diagnosis in liquid biopsy.11,18,19 Beyond biomarker
applications, exosomes can be used as drug-delivery vehicles

with minimal immune response for targeted therapy in
personalized medicine.20,21 Despite these remarkable
attributes, exosome isolation has been a challenging task due
to the complex nature, heterogeneity, and physicochemical
properties of exosomes.22

Differential ultracentrifugation (DU), which relies on
multiple centrifugation steps at varying speeds, is considered
the gold standard for exosome isolation.18,23 However, this
technique is highly time-consuming (>6 h) and requires
significant capital investment and large sample volumes.23,24

Also, it can cause damage, fusion, and aggregation to the
vesicles.25–27 DU often results in low, inefficient exosome
yield and purity, which contains co-precipitated protein
aggregates.28 Density-gradient separation offers an
improvement in purity and recovery rate over DU.24 However,
it fails to separate exosomes from viruses or large
microvesicles due to their similar buoyant density.24,29

Recently, there has been an increased enthusiasm for the use
of size exclusion chromatography (SEC) for purification of
exosomes.30 Utilizing this technique, exosomes can be
separated from proteins and some lipoproteins. However, the
samples usually become considerably diluted for certain
downstream analyses.31 Thus, a common issue for the
existing isolation technique is the difficulty in extraction of
highly purified exosomes with high yield in a short
time.18,31–33 The improvement has been achieved by
combining density gradient or SEC with DU,34,35 but these
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techniques are costly, requires highly trained technicians,
and more separation steps, which could potentially result in
greater error rates and lower recovery.18

Other techniques such as polymeric precipitation kits and
membrane affinity spin columns represent easy-to-use
alternatives.36–38 However, these kits are expensive for large-
scale usage and co-isolate high levels of contaminants (e.g.
proteins, lipoproteins, polymeric materials).31,39–41

Ultrafiltration has also been utilized for exosome purification
by removal of larger vesicles, but it often requires shear
stress, which may result in deformation and denaturation of
the vesicles.18 Immunoaffinity has been shown as an effective
isolation method for specific exosome populations, but this
method is highly dependent on the antibody selectivity,
specificity, and the affinity binding constant which may
results in exclusion of potentially important exosome
populations.22,42 Recently, advances in micro/nanofabrication
technologies have provided the opportunity to effectively
isolate exosomes from small volumes of biofluids.43,44 For
instance, a herringbone-grooved microfluidic device
functionalized with specific antibodies was utilized to isolate
exosomes from small volumes of high-grade ovarian cancer
serum.45 In another study, an array of nano-pillars have been
precisely fabricated in multidimensional hierarchical
structures to trap nanovesicles down to 20 nm in diameter,
using deterministic lateral displacement (DLD).46 Moreover,
active sorting Lab-on-Chip devices based on applied
acoustic,47,48 dielectrophoretic,22 and electrophoretic49 forces
on biofluids has been implemented for exosome purification.
Although these technologies have shown promising
attributes, there are some inherent challenges associated
with them including high cost of the fabrication and the
susceptibility of micro/nano-scale channels to clogging.50,51

We have recently developed a new class of label-free micro-
electrokinetic-based device that is comprised of a glass
micropipette capable of rapid and selective entrapment of
nanoparticles via their unique dielectric properties from small
sample volumes by applying a significantly low electric field
(∼10 V cm−1).43 The small conical geometry of the pore induces
a strong non-uniform electric field (E-field) that creates a
dielectrophoretic (DEP) force near the pipette's tip region
which is balanced by two other electrokinetic forces including
electroosmosis (EOF) and electrophoresis (EP); and thus,
creates a trapping zone (Fig. 1a). Here, we demonstrate the
capability of our iDEP device to isolate small extracellular
vesicles (exosomes) from undiluted plasma and serum of
healthy human donors. Besides utilizing blood for exosome
extraction, we have investigated the exosome purification from
saliva, which is a crucial biofluid for diagnosis of diseases,
particularly those arising in the upper part of the body,
including head and neck, lung and breast cancers.52–54

Moreover, we have tested the device with conditioned cell
culture media and compared the exosome yield with a
commercially available kit. In this device, the micropipettes are
connected in parallel on a single chip and the device is able to
extract exosomes from sample volumes of 200 μL within 20

minutes with two orders of magnitude higher yield compared
to DU. Compared with existing miniaturized techniques, the
micropipette device omits the need for specialized equipment,
extra reagents for fabrication and the isolation procedure while
maintaining the high yield and purity.

Materials and methods
Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise noted. Silicone elastomer base
and curing agent were purchased from Dow Corning
(Elizabethtown, KY, USA). ExoTEST™ ready to use kit for
enzyme-linked immunosorbent assay (ELISA) exosome
quantification was obtained from HansaBioMed Life Sciences
Ltd. (Tallinn, EST). The borosilicate capillary (with an outer
diameter of 1 mm and an inner diameter of 0.76 mm) was
purchased from Sutter instrument (Novato, CA, USA).
Phosphate-buffered saline (PBS) was purchased from Roche
Diagnostics (Indianapolis, IN, USA). The Saliva Exosome
Collection and Preservation Kit was obtained from Norgen
Biotek Corp. (Thorold, ON, CAN). The Pierce Protein
Concentrator with a 100 K MWCO, NuPAGE 4–12% Bis-Tris
Gels, Pierce Power Station, Dulbecco's minimal essential
medium (DMEM), and antibiotic-antimycotic were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Fetal
bovine serum (FBS) was obtained from HyClone Laboratories
Inc. (Logan, UT, USA). CD81 antibody (catalog: ab79559, 1 :
1000), TSG101 (catalog: ab30871, 1 : 1000), secondary
antibody Goat anti-Mouse IgG H&L (catalog: ab205719, 1 :
3000), secondary antibody Goat anti-Rabbit IgG H&L (catalog:
ab205718, 1 : 2000), and Lamp1 antibody (catalog: ab24170,
1 : 1000) were purchased from Abcam (Cambridge, GBR). Alix
antibody (CST: #2171, 1 : 1000) and Flotillin-2 antibody (CST:
#3436, 1 : 1000) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-Mouse IgG secondary

Fig. 1 a) Electric field gradient distribution at the tip region under DC
bias and the direction of the electrokinetic forces. b) SEM images of a
2 μm borosilicate pipette. i) Side view of the pipette with a 45° angle,
ii) the top view of the pipette's tip. c) Illustration of the electrokinetic
micropipette device comprises of 4 parallel micropipettes.
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antibody (Amersham: #NA931-1 mL, 1 : 5000) and Amersham
ECL Select Western Blotting Detection Reagent kit
(Amersham: #RPN2235) were purchased from GE Life
Sciences (Marlborough, MA, USA). Western Bright ECL
detection kit (catalog: K-12045) was obtained from Advansta
(Menlo Park, CA, USA). MagCapture Exosome Isolation Kit PS
was purchased from FUJIFILM Wako Pure Chemical Corp.
(Richmond, VA, USA).

Lyophilized human plasma was obtained from Sigma-
Aldrich (St. Louis, MO, USA). As indicated by the
manufacturer, the plasma was prepared from whole blood
containing 3.8% trisodium citrate as an anticoagulant. Cells
and cellular debris were removed by centrifugation at 1500×g
for 15 minutes, and the resulting plasma was filtered with
0.45 μm filter, followed by a lyophilization process by the
manufacturer. The purchased lyophilized human plasma was
stored at 4 °C and reconstructed in DI water before exosome
extraction.

Serum and saliva samples were provided by a healthy 41
year-old Caucasian male subject, who provided written
informed consent in accordance with the Declaration of
Helsinki. The protocol was approved by the University of
Cincinnati Institutional Review Board. Serum was collected
as previously described.55 Briefly, blood was collected in 8
mL Vacutainer™ SST™ Serum Separation Tubes using a
butterfly needle, and allowed to clot at room temperature for
30 minutes, followed by centrifugation at 1500×g for 15
minutes to separate the serum. Unstimulated whole saliva
was collected using a Saliva Exosome Collection and
Preservation Kit. Saliva samples were centrifuged at 300×g for
10 minutes, 2000×g for 10 minutes, and 10 000×g for 30
minutes to remove cell debris.56 10× concentrated saliva was
obtained by concentrating the pretreated saliva sample 10-
fold using Pierce Protein Concentrator with a 100 K MWCO
(centrifuged at 4000×g for 10 minutes). Primary hepatocytes
were isolated from livers of 13–14 weeks old C57BL/6J mice
by perfusion method.57 10 million hepatocytes were cultured
in 150 mm culture dishes in DMEM containing FBS and 1%
antibiotic/antimycotic. Once the hepatocytes adhered to the
plate, they were cultured in DMEM containing 10% exosome-
free FBS (prepared via 16 hour-ultracentrifugation at
110 000×g) and 1% antibiotic/antimycotic. After 24 hours,
conditioned culture media was collected. Similar to saliva,
10× cell culture media was obtained by concentrating the
sample 10-fold using Pierce Protein Concentrator with a 100
K MWCO. All samples were aliquoted and stored at −80 °C.
The conductivity of the prepared samples was measured
using a conductivity meter (Oakton Cond 6+).

Device fabrication and setup

Micropipettes with 1 μm and 2 μm pore diameters were
fabricated using the laser-assisted puller, Sutter-2000, as
previous described,43,58 and were characterized via scanning
electron microscopy (SEM). Fig. 1b shows the SEM images of
the side view and the tip of a micropipette. Four pair of

polydimethysiloxane (PDMS) chambers were fabricated and
bonded with a glass slide via Oxygen Plasma Cleaner (March
CS-17). A 1 mm opening was created in each pair of
chambers, and a micropipette was inserted. Residual
openings were sealed with vacuum grease to enable the
pipette as the sole electrical connection between the two
chambers. The pipette was backfilled with PBS buffer via a 33
gauge Hamilton syringe needle. The chamber containing the
backside of the pipette was filled with 50 μL PBS and the
chamber containing the tip side was filled with 50 μL
biofluid. Four pipettes were connected in parallel with
platinum electrodes and 10 V cm−1 DC was applied across
the micropipettes using a Keithley 2220G-30-1 voltage
generator (Fig. 1c). The trapping events were illustrated by
recording the ionic conductance across the pipettes. The
output current was amplified with a homemade circuit board
including a trans-impedance amplifier (OPA111). The signal
was digitized by the data acquisition hardware USB-6361
(National Instruments, Austin, TX, USA) at 1 kHz sampling
rate, and recorded with LabVIEW software (National
Instruments, Austin, TX, USA). The baseline current across
the pore was stabilized and measured for approximately one
minute prior to addition of the biofluids to the chamber. The
microscopic images were simultaneously recorded using an
inverted microscope, Olympus IX71, equipped with a high-
resolution camera, Andor NeoZyla 5.5.

Exosome isolation utilizing the electrokinetic device

Exosomes were simultaneously extracted from biofluids using
the parallel pipettes. Prior to extraction, baseline current was
stabilized for approximately one minute. Afterwards, PBS buffer
was aspirated from the tip side chamber and was replaced by
50 μL biofluid. 10 V cm−1 bias was applied at the tip side for 10
minutes to trap exosomes (Fig. 1c). After entrapment, the
biofluid was aspirated and exchanged with 30 μL fresh PBS
buffer; the voltage polarity was reversed for 10 minutes to
release the isolated exosomes into the fresh PBS. The collected
exosomes were stored at −80 °C for further analysis.

Enzyme-linked immunosorbent assay

Exosomes were verified and quantified by the exosome-
specific marker, CD9, through enzyme-linked
immunosorbent assay (ELISA). The content of CD9 was
evaluated using the ExoTEST™ Ready to Use Kit as per
manufacturer's protocol (HansaBioMed Life Sciences Ltd.).
Optical densities were measured on a BioTek Synergy H1
Hybrid Multi-Mode Reader (BioTek Instrument, VT) at 450
nm. 0.78 μg exosome standards and PBS buffer were utilized
as the positive and negative control respectively.

Nanoparticle tracking analysis (NanoSight™)

Nanoparticle tracking analysis (NTA) was performed to
characterize the particles' concentration and size distribution
using the NanoSight NS300 instrument (NanoSight
Technology, Malvern, GBR) and the NTA 3.1 software.
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Camera level was set at 14, and the detection threshold was
set as 5 for all the recordings. Camera focus was adjusted to
make the particles appear as sharp individual dots. Five video
recordings with 60 seconds duration were carried out for
each sample. All post-acquisition functions were set at
automatic.

Western blots

The presence of exosomes in the serum was confirmed by
Western blot analysis against exosome-specific protein
markers TSG101 (cytosolic) and CD81 (membrane). Western
blots were run using NuPAGE 4-12% Bis-Tris gels in a mini
gel tank with MOPS SDS running buffer with added NuPAGE
Antioxidant. 30 μL of extracted samples were mixed with 4×
Laemmli SDS sample buffer (non-reducing) and NuPAGE
reducing agent (10×) and heated to 95 °C for 7 minutes. Gels
were run for 50 minutes at 200 V constant. Proteins were
subsequently transferred onto PVDF-membrane with 1-step
transfer buffer on a Pierce Power Station for 10 minutes at
1.3 Amp constant. For CD81 detection, the membranes were
blocked with tris-buffered saline and Tween 20 solution
(TBST) containing 5% milk. For TSG101 detection, the
membranes were blocked with TBST containing 5% bovine
serum albumin (BSA). Afterwards, the membranes were
incubated with primary antibodies at 4 °C overnight,
followed by secondary antibody treatment at room
temperature. Specifically, for CD81 detection, the secondary
antibody goat anti-mouse IgG H&L was incubated for 3 hours.
For TSG101 detection, the secondary antibody goat anti-
rabbit IgG H&L was incubated for 2 hours. Finally, the
proteins were visualized using a WesternBright ECL detection
kit on a C-DiGit Blot Scanner (LI-COR Biotechnology, Lincoln,
NE). Exosomes from Detroit 562 cell culture media were
obtained by DU method following the reported protocol54

and used as the positive control.
The presence of exosomes in the cell culture media was

confirmed by Western blot analysis for the exosome-specific
cytosolic protein marker, Alix, and membrane proteins,
flotilin-2 and lamp1. Extracted samples were mixed with
NuPAGE LDS Sample Buffer (4×) and β-mercaptoethanol and
boiled at 95 °C for 5 minutes. SDS-PAGE was conducted with
these samples for the Western blots. The transferred PVDF
membranes were blocked with 3% BSA for 30 minutes,
incubated with the primary antibodies overnight at 4 °C,
followed by secondary antibody treatment at room
temperature for 30 minutes. Finally, the proteins were
visualized using ECL SELECT kit. Exosome sample extracted
by the MagCapture Exosome Isolation Kit from the same cell
culture media as per manufacturer's protocol was used as the
positive control.

Electron microscopy

Exosomes were visualized using a JEOL JEM-1230
transmission electron microscope (TEM). To prepare the
sample, a drop of 0.1% bovine serum albumin (BSA) was

added on a formvar carbon-coated grid for 1 minute and
wiped away with a piece of filter paper. 10 μL of the isolated
sample was added on the grid for 5 minutes and wiped away
followed by adding 10 drops of 2% aqueous uranyl acetate
(UA) to the grid. The UA was wiped away and the grid allowed
to dry prior to imaging. Exosomes absorbed onto the grid
were visualized using TEM at 80 kV. Images were acquired
with an AMT Advantage Plus 2K × 2K digital camera. The
morphology of isolated exosomes on the pipette was
characterized with a FEI XL-30 scanning electron microscope
(SEM). Exosomes were extracted utilizing 2 μm micropipettes
from serum and released into PBS by reversing the voltage
polarity. Then, the exosomes were incubated overnight inside
of the chamber to dry on the micropipettes and thus, left
residual nanovesicles on the outer surface of the pipettes.
The pipette was coated with gold for 10 second prior to
imaging at ×20 000 magnification operating at 5 kV.

Exosome isolation by differential ultracentrifugation

Serum (1 mL) was diluted with equal volume of PBS and
centrifuged at 2000×g at 4 °C for 30 minutes, and 12 000×g at
4 °C for 45 minutes to remove the contaminating debris. The
supernatant was diluted with PBS to bring the total volume
to 20 mL. The diluted sample was gently pipetted on top of 4
mL Tris/sucrose/D2O solution (30% sucrose cushion) and
centrifuged at 100 000×g at 4 °C for 75 minutes. 3.5 mL of the
sucrose cushion was collected from the side of the
ultracentrifuge tube. The aspirate was diluted to 60 mL with

Fig. 2 Characterization of exosomes extracted from plasma utilizing 4
parallel pipettes with diameters of 2 μm. a) The microscopic images of
exosomes extraction as 10 V cm−1 bias was applied at the tip i) at t = 0
and ii) at t = 10 minutes; release of the isolated exosomes into the
fresh PBS solution by the voltage polarity reversal iii) at t = 0 and iv) at
t = 10 minutes. b) ELISA quantification results of 100 μL collected
sample, 0.78 μg exosome standards, and the blank PBS (*p < 0.001). c)
NTA of particles in the original plasma sample. d) NTA of particles in
the extracted sample.
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PBS, and centrifuged at 100 000×g at 4 °C for 70 minutes. The
exosome pellet was resuspended in 100 μL PBS and stored at
−80 °C for analysis.55

Results and discussion
Exosome isolation from plasma

Exosome isolation from human plasma was performed
utilizing the iDEP device. Results indicate that the
nanovesicles were collected after 10 V cm−1 bias was applied
for 10 minutes (Fig. 2ai and ii). The collected vesicles were
released into the fresh PBS buffer as the voltage polarity was
reversed (Fig. 2aiii and iv). To quantify and characterize the
collected exosomes, 100 μL of the collected sample was
loaded into the ExoTEST™ exosome quantification kit. ELISA
results show that the 0.78 μg exosome standards and
extracted sample have significantly higher optical density
(OD) compare to the negative control PBS buffer (Fig. 2b).
The vesicles' size and concentration were quantified using
NTA and the results were compared to the size and
concentration of particles in the original plasma sample prior
to the extraction. The NTA results (Fig. 2c and d) show that
1.01 × 1012 particles per mL were isolated from the original
plasma sample. The particles' size distribution was changed
from 50 to 250 nm to 50 to 150 nm after isolation and thus,
the device was capable of extracting the vesicles with the size
range that falls into the exosomes' size distribution.
Compared with the reported NTA results obtained with DU
method, the exosome concentration enriched by the iDEP
was two orders of magnitudes higher.23 Although this higher
concentration could potentially be as a result of the presence
of some impurities such as lipoproteins in the collected
sample, the overall higher yield of exosomes isolated by the
device was confirmed by the ELISA quantification. If
necessary in some applications, the extracted sample can be
further purified by density gradient ultracentrifugation with
additional two hours to meet the superior exosome purity;35

in which it still be more rapid and cost-effective when
compared to the current strategies of integrated hyphenating
density gradient ultracentrifugation with DU or SEC.34,35

Exosome isolation from serum

Both human plasma and serum are derived from liquid
fraction of whole blood and commonly used in biological
and clinical studies.59 In contrast to plasma, serum is yielded
from coagulated blood and thus is absent of coagulation
factors. During clot formation, platelets can release high
concentration of extracellular vesicles (including exosomes),
which may account for over 50% of the extracellular vesicles
in serum.39,60,61 Thus, in the majority of published studies,
plasma has been used to analyze the exosomes in blood.39

However, for some research questions, the use of serum as
the biofluid source might be desirable.31,39 Thus, the same
experiments were repeated utilizing serum of a healthy donor
with micropipettes of different pore diameters. ELISA
quantification indicated that the OD signal of extracted

exosomes from serum using the 2 μm pores was significantly
lower when compared to the OD obtained with 1 μm pores
(Fig. 3a) which suggested that the smaller pore size could
potentially improve the exosome trapping efficiency. The
higher exosome yield by the smaller pore is due to the larger
non-uniform E-field induced at the tip, and consequently the
larger positive DEP force applied on the nanoparticles. To
improve the entrapment efficiency by the 2 μm pores, the
isolation procedure was repeated 3 times (3×) and the
collected samples were concentrated prior to ELISA
quantification. The results showed significantly higher OD
value. However, this value was still lower than the one-time
trapping (1×) of exosomes with 1 μm pores, validating our
observation regarding the prominent effect of smaller pore
on higher yield.

Fig. 3 Characterization of exosomes extracted from serum utilizing 4
parallel pipettes. a) ELISA quantification of exosomes extracted from
serum with different pore size and repetitions. 0.78 μg exosome
standards and blank PBS were utilized as positive and negative
controls. *p < 0.001, **p > 0.1. b) SEM image of residual nanovesicles
on the tip of a pipette after the extraction and incubation overnight. c)
Western bolt against the exosomal markers TSG101 and CD81. Lane (1)
represents the extracted sample from serum (1), lane (2) represent the
blank PBS as a negative control, and lane (3) represents positive
control using extracted exosomes from Detroit 562 cell culture media
by DU. d) TEM images of exosomes extracted using 2 μm pipettes. e)
NTA of nanoparticles extracted from serum using the 2 μm pores. f)
NTA of particles from serum using the 1 μm pores.
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Upon ELISA quantification, the OD signal of extracted
exosomes from serum was significantly lower than the OD
signal obtained from plasma sample (Fig. 2b and 3a).
Interestingly, this result was inconsistent with studies
reported by others.39,60,61 In their studies, more extracellular
vesicles were obtained from serum than plasma due to the
release of extracellular vesicles by platelets during the
clotting process of serum. Lower yield of exosomes extracted
from serum by the iDEP device could potentially be explained
by the fact that serum is more electrically conductive (6.71
mS cm−1) when compared to plasma (5.89 mS cm−1) and
thus, the induced DEP and EOF forces in serum were smaller
compare to plasma.

Transmission electron microscopy (TEM) was used to
confirm the presence of the exosomes in the collected sample
(Fig. 3d). The TEM images showed that the majority of the
isolated particles have the size distribution and
morphological characterization of exosomes. Some particles
with smaller size distribution had been observed as well,
which potentially indicate the presence of some protein
aggregates or lipoproteins impurities. Western
immunoblotting was performed to further characterize the
exosomes (Fig. 3c). The extracted vesicles were
immunopositive for exosomes' specific protein markers:
TSG101 (mainly in cytosol) and CD81 (on membrane) (lane
1). In addition, scanning electron microscopy (SEM) was
performed to confirm the presence of exosomes dried on the
surface of the micropipette after the extraction and
incubation overnight (Fig. 3b). Furthermore, NTA showed the
lower concentration of the nanoparticles extracted from
serum (6.7 × 1011 particles per mL) using the 2 μm pores
when compared to the concentration of the particles (1.1 ×
1012 particles per mL) extracted by the 1 μm pores
(Fig. 3e and f). To compare our method with DU, exosomes
were isolated with DU from the same sample and
characterized with NTA. The results showed the particles'
concentration utilizing iDEP device was approximately two-
orders of magnitude higher than the particles' extracted by
DU (6.95 × 1010 particles per mL) similar to our previous
observation with plasma.

Exosome isolation from saliva

We have further investigated the capability of our device to
extract exosomes from saliva. ELISA quantification results
obtained with 2 μm and 1 μm pores showed no significant
differences (Fig. 4a), which suggest that the smaller pore does
not have the same effect on the entrapment yield as we observed
in the case of serum. This could potentially be justified by the
low electrical permittivity of saliva when compare to blood62 and
hence, the reduction of EOF in saliva which resulted in lower
concentration of entrapped particles. In addition, the particles
concentration in the original saliva sample was two orders of
magnitude lower than blood after NTA (data not shown).

To improve the entrapment yield, the experiments were
repeated 3 times (3×) and the results showed significantly

higher OD compare to the (1×) trapping (p < 0.001). To
minimize the repetition while maintaining the yield, we had
concentrated the sample ten times (10×) utilizing the pierce
protein concentrators63 and repeated the isolation once.
Although the OD signal has improved significantly, the
procedure required an addition of 10 minutes and a larger
original sample volumes of 2 mL. Moreover, TEM and SEM
were utilized to characterize the morphology of purified
exosomes and similar to purified vesicles from serum and
plasma, round shape vesicles were observed (data not shown).

To qualitatively illustrate the entrapment events,
conductance measurements across the pores were recorded
similar to our previous work.43 Pulses in the ionic current
were observed as the nanoparticles were entrapped at the tip
region followed by similar traces as the polarity of the voltage
was reversed and particles were released (Fig. 4b). A control
experiment with blank PBS solution showed no change in
ionic current (data not shown).

NTA was performed on the entrapped vesicles and the
results showed that the concentration of the isolated vesicles
from 10× concentrated sample was one order of magnitude
higher than the 1× (Fig. 4c and d). Comparing the NTA
results with the reported NTA obtained by DU, we observed
that the concentration of the vesicles isolated by the iDEP
was two orders of magnitudes higher than DU method (7.99
× 108 particles per mL)64 similar to what we have observed
with plasma and serum. However, a broad size distribution
profile of vesicles extracted from saliva was obtained (201.8 ±
124.8 nm). This broad distribution was consistent with the

Fig. 4 Characterization of exosomes extracted from saliva. a) ELISA
quantification of exosomes extracted from non-concentrated saliva
and concentrated saliva with different pore size and repetitions. 0.78
μg exosome standards and blank PBS were utilized as positive and
negative controls. *p < 0.001, **p > 0.1. b) Conductance
measurements across four parallel, 2 μm pores as the nanovesicles
were trapped and released. c) NTA of particles extracted from non-
concentrated saliva (1×) by 2 μm pipettes. d) NTA of particles extracted
from concentrated saliva (10×) by 2 μm pipettes.
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reported NTA results obtained by DU64 which could be
caused by the vesicles clumping during the sample
preparation utilizing centrifugation.27,64 Another potential
explanation could be that the original saliva sample has a
broader particles size distribution (155.6 ± 98.9 nm) compare
to the original plasma or serum sample (135.8 ± 32.8 nm or
151.7 ± 40.0 nm).

Exosome isolation from cell culture media

We further extracted exosomes from cell culture media by
concentrating the sample 10 times (10×) utilizing the pierce
protein concentrators similar to the procedure that was
conducted with saliva to improve the yield. Western
immunoblotting was performed on the concentrated and
non-concentrated sample for comparison (Fig. 5a).
Immunopositive results were obtained against exosome
specific cytosolic protein Alix, and the membrane proteins,
lamp1 and flotillin-2.

NTA results show that the concentration of the isolated
vesicles from concentrated cell culture media was 1.30 × 1011

particles per mL. It is approximately 26 times higher than the
sample extracted from non-concentrated media
(Fig. 5b and c), which is consistent with the Western blot
results (Fig. 5a lane 2 and lane 3). Compared to the reported
NTA results when DU was utilized for extraction,23 the
concentration of the vesicles isolated from 10× cell culture
media utilizing the iDEP device showed two orders of
magnitudes higher than DU (1.30 × 1011 particles per mL

compared to 1.40 × 109 particles per mL), which is consistent
with our previous observations above. The particle size
distribution shows that the extracted particles are in the
exosomal size range (30 to 150 nm). However, the average
diameter of extracted vesicles was smaller than the vesicles
extracted from blood and saliva. To investigate further, NTA
was performed on the original cell culture media and the
results showed smaller average diameter of the vesicles (67.6
± 31.6 nm) when compared to the average vesicles size in
plasma (135.8 ± 32.8 nm), serum (151.7 ± 40.0 nm) and saliva
(155.6 ± 98.9 nm).

Conclusions

In this study, we have demonstrated the capability of a new
low-voltage indirect dielectrophoretic (iDEP) device for rapid
enrichment of small extracellular vesicles from plasma,
serum, saliva, and conditioned cell culture media with
minimal sample preparation and high yield. The iDEP device
is able to extract exosomes from 200 μL sample volumes
within 20 minutes with an acceptable yield. Furthermore, the
yield could significantly be improved as the initial sample
was concentrated prior to the extraction. However, an
addition of 10 minutes was added to the procedure time and
10 folds larger initial sample volumes (2 mL) was required.
The characterization and quantification of vesicles verified
that exosomes were successfully isolated from biofluids and
E-field had minimal impact on exosome morphology and
integrity. The NTA results obtained after extraction of vesicles
by iDEP showed two orders of magnitude higher
concentration of the nanovesicles when compared to the
conventional DU method. Thus, this device could be further
evolved as a simple, yet powerful tool for rapid isolation of
small extracellular vesicles from biofluids based on their size
and dielectric properties as a new liquid biopsy technique in
the clinical settings.
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