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ABSTRACT: Extracellular vesicles (EVs) are nanoscale lipid
bilayer vesicles released by almost all cell types and can be
found in biological fluids, such as blood and urine. EVs play an
important role in various physiological and pathological processes
via cell−cell communication, highlighting their potential applica-
tions as diagnostic markers for diseases and therapeutic drug
delivery carriers. Although various methods have been developed
for the isolation of EVs from biological fluids, most of them exhibit
major limitations, including low purity, long processing times, and
high cost. In this study, we developed a size-exclusion
chromatography (SEC) column device using hydrophilic porous
silica gel (PSG). Owing to the resistance to pressure of the device,
a rapid system for EV isolation was developed by connecting it to a
flash liquid chromatography system furnished with a UV detector and a fraction collector. This system can be used for the real-time
monitoring of eluted EVs by UV absorption without further analysis and separation of high-purity EVs from urine samples with high
durability, reusability, and reproducibility. In addition, there were no significant differences between the PSG column- and
conventional SEC column-isolated EVs in the proteome profiles and cellular uptake activities, suggesting the good quality of the EVs
isolated by the PSG column. These findings suggest that the PSG column device offers an effective and rapid method for the
isolation of intact EVs from biological fluids.

Extracellular vesicles (EVs) are nanoscale lipid bilayer-
enclosed structures released by almost all types of cells

and tissues; they can be found in various biological fluids, such
as blood, urine, milk, cerebrospinal fluid, and saliva, under both
physiological and pathological conditions.1,2 EVs carry various
biological molecules, such as proteins, mRNA, miRNA, and
lipids, which reflect the conditions of the host cells and
participate in a variety of biological processes through cell−cell
communication.2−5 Recently, EVs in body fluids have emerged
as promising sources of biomarkers for specific diseases and
treatment outcomes.1,2,6,7 In addition, EVs can be potentially
used as specific and stable drug delivery systems.7−10

As the clinical exploitation of EVs has increased, various
strategies have been established to isolate EVs from biological
fluids.2,11,12 Currently, the gold standard for the isolation of
EVs is ultracentrifugation (UC),13 which is carried out in
multiple steps at different centrifugation speeds.14,15 However,
the UC-based isolation method is time-consuming, labor-
intensive, and requires expensive equipment. In addition, UC
occasionally produces EVs in lower yield and purity owing to
contamination with co-precipitated protein aggregates.16

In addition to UC, several other methods, such as isolation
through membrane affinity spin columns and precipitation
using polymeric compounds, have been developed. Although

these isolation methods are easy to use, processing multiple
samples using these methods is expensive and results in low
purity.12 Recently, using size-exclusion chromatography (SEC)
for the isolation of EVs has attracted increasing interest.12,17,18

SEC has been used to separate EVs from various biological
fluids, such as urine, plasma, seminal plasma, saliva, and
milk.19−23 Several studies have demonstrated that SEC-based
purification methods have more advantages than conventional
methods such as UC and precipitation with chemicals. SEC
exhibits a lower risk of EV aggregation and the formation of
protein complexes than UC and precipitation methods.12

Because of this and the fact that phosphate-buffered saline
(PBS) is commonly used as a mobile phase, SEC can yield EVs
with better functionality and integrity.24,25 However, after
fractionation by SEC, western blot analysis or enzyme-linked
immunosorbent assay (ELISA) with antibodies against EV
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markers is needed to confirm the EV elution position, thereby
consuming more processing time. Moreover, almost all
commercially available SEC devices for EV isolation are
fabricated using acrylamide or agarose gels, which are
unsuitable for fast flow rate and repeated usage because of
their low pressure-resistance and low rigidity. Therefore, it is
difficult to adopt the conventional SEC devices to a liquid
chromatography system for repeated continuous isolation.

In this study, we prepared hydrophilic porous silica gel
(PSG) and developed a PSG-based SEC column device for EV
purification. Because PSG can withstand high pressures and
flow rates, the PSG column can be connected to a flash liquid
chromatography (FLC) system with a UV detector and a
fraction collector for rapid purification of EVs from biological
fluids. The yields and purities of the EVs isolated by the PSG
column were compared with those of EVs purified using other
methods. Moreover, the effectiveness of the PSG column was
evaluated using proteomic and cellular uptake analyses.

■ EXPERIMENTAL SECTION
Synthesis of the Hydrophilic PSG Particles. Industrially

produced porous silica particles were used as inorganic porous
particles. The porous silica particles had an average particle
diameter of 35.5 μm, average pore diameter of 72.7 nm, pore
volume of 1.73 mL/g, and specific surface area of 94 m2/g. The
average particle diameter of the particles was measured by laser
light scattering using an LA-950 V2 instrument (HORIBA,
Ltd., Kyoto, Japan). The average pore diameter, pore volume,
and specific surface area were measured using the mercury
intrusion technique with an Autopore IV9510 (Shimadzu
Corporation, Kyoto, Japan). To 50 g of the porous silica
particles, 400 mL of toluene, 35.2 mL of diisopropylethyl-
amine, and 45.7 mL of coupling agent γ-glycidoxypropyl-
trimethoxysilane were added, and the mixture was refluxed at
100 °C for 4.5 h. After cooling, the mixture was filtered,
washed with 1000 mL of toluene, 500 mL of tetrahydrofuran
(THF), and 660 mL of methanol and dried at 70 °C overnight
to obtain porous silica particles with an epoxy group-
containing adhesive layer. Twenty-one grams of the coupling
agent-treated porous silica particles were immersed in 84 mL
of a hydrochloric acid solution for 1 day at room temperature.
The particles were then filtered, washed with 630 mL of
distilled water and 630 mL of methanol, and dried at 70 °C for
1 day to obtain porous silica particles with a diolated adhesive
layer. To increase hydrophilicity, 10 g of the obtained diolated
porous silica particles was mixed with 0.86 g of Denacol EX-
521 (polyglycerol polyglycidyl ether; Nagase ChemteX
Corporation, Osaka, Japan) in 17.4 mL of methanol for 30
min at room temperature; then, the mixture was dried at 70 °C
for 1 day. This mixture was mixed with 40 mL of decane and
28.3 mg of tris(pentafluorophenyl) borane and stirred at 100
°C for 4 h. After cooling, the mixture was filtered, washed with
200 mL of toluene, 200 mL of methanol, 200 mL of the
aqueous hydrochloric acid solution, and 200 mL of methanol,
and dried at 70 °C for 1 day to obtain porous silica particles
with a hydrophilic organic layer and an adherent layer on the
surface. The obtained PSG was dry-packed into a column
(inner diameter: 16 mm, length: 60 mm).
Scanning Electron Microscopy. PSG particles were

immobilized on the sample holder by a carbon double-sided
tape and coated with platinum using plasma chemical vapor
deposition to prevent charging effects during imaging.
Scanning electron microscopy (SEM) images of PSG were

obtained using an S-4800 apparatus (Hitachi High-Tech Co.,
Ltd., Tokyo, Japan) operating at 2 kV.
Preparation of Rat Urine for EV Isolation. All urine

samples were directly collected into 50 mL tubes over 24 h
from Wistar rats and pooled after the addition of a protease
inhibitor mixture (Nacalai Tesque, Kyoto, Japan). The pooled
urine was centrifuged at 200 × g for 20 min at room
temperature to remove debris and then stored at −80 °C. After
thawing, pooled urine was centrifuged at 3000 × g for 20 min
at 4 °C. The supernatant was further centrifuged at 17,000 × g
for 20 min at 4 °C. The supernatant was saved, and the pellets
were resuspended in PBS supplemented with 200 mg/mL
dithiothreitol, followed by incubation at 37 °C for 10 min.
During incubation, samples were mixed every 2 min and then
centrifuged at 17,000 × g for 20 min at 4 °C. The two resulting
supernatants were combined and concentrated by ultra-
filtration (Amicon Ultra-15 filter, 100 kDa MWCO, Merck
Millipore). The concentrated pooled urine sample was filtered
through a 0.22 μm syringe filter (Merck Millipore) to remove
debris before the isolation of EVs. All animal protocols were
approved by the Animal Experiment Committee of the
Graduate School of Bioagricultural Sciences, Nagoya Uni-
versity.
Isolation of Urinary EVs Using the PSG Column. To

isolate EVs using the PSG column, a flash liquid chromatog-
raphy (FLC) system (SYS16078; TOKYO RIKAKIKAI CO.,
LTD, Tokyo, Japan) was used. The concentrated pooled urine
was separated into 40 fractions using FLC on the PSG column.
The separation was performed in the isocratic mode with PBS
as the mobile phase at a flow rate of 2 mL/min, with UV
monitoring at 280 nm using the attached UV detector.
Tunable Resistive Pulse Sensing Analysis. The size and

concentration of particles were measured using a qNano
(IZON Science Ltd.) with nanopore NP150 (70−420 nm
range). The stretch applied to the nanopores was 47 mm. The
concentration of particles was standardized with 230 nm
carboxylated polystyrene beads at a concentration of 9.2 × 1011

particles/mL.
Immunoblot Analysis. The EV fractions (30 μL) or

proteins (1 μg) were subjected to reducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (11%
gel). Immunoblot analysis of EVs was performed as previously
reported.26 Rabbit anti-CD9 monoclonal antibody (ab92726)
and rabbit anti-Flotillin 1 polyclonal antibody (F1180) were
purchased from Abcam (Cambridge, MA, USA) and Sigma (St
Louis, MO, USA), respectively. Mouse anti-Alix (1A12)
monoclonal antibody (sc-53540) and mouse anti-THP (B-2)
monoclonal antibody (sc-271022) were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).
Statistical Analysis. All quantification experiments were

repeated for at least three different preparations in one
experiment. All data are expressed as mean ± S.D. Statistical
significance was evaluated using unpaired Student’s t-test or,
when appropriate, Tukey’s test.

■ RESULTS AND DISCUSSION
Fabrication and Characterization of the PSG Device.

To establish a rapid and automated strategy for EV isolation,
we prepared a silica gel-based SEC resin. We first obtained
industrially produced porous silica gels (PSG) with different
particle diameters and pore sizes. Because EVs were not eluted
from the silica gel column (Figure S1A), these PSG were
coated with hydrophilic layers to reduce nonspecific binding to
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their surfaces and packed into columns. We evaluated the
isolation performance of these columns. Among the gels we
tested, the hydrophilic PSG with a particle size of ∼36 μm and
pore size of ∼73 nm exhibited the best separation performance
(Figure S1B, C) and was used for further study. The
morphology of the prepared hydrophilic PSG was studied
using SEM. Figure 1A, B shows the SEM images of PSG and its

high-magnification micrograph, respectively. The images
clearly indicate that the particles exhibit very high sphericity
and porous surfaces, retaining the morphological features of
the industrially produced porous silica particles (average
sphere diameter: 35.5 ± 13.3 μm (CV = 0.38); average pore
entrance diameter: 72.7 ± 46.2 nm (CV = 0.64); intruded
volume: 1.73 ± 0.02 mL/g (CV = 0.01); specific surface area:
94 ± 3.5 m2/g (CV = 0.04)). Elemental analysis showed that
the carbon content of the particle surface was 8.77 ± 0.32%
(CV = 0.04). The column used in this study consisted of a
hydrophilic PSG resin bed of approximately 10 mL volume
within a plastic column with a diameter of 16 mm and a height
of 60 mm. The column coupled with FLC with a UV detector
and a fraction collector is shown in Figure 1C.
Fractionation of Urine Using the PSG-Based Column.

Pooled rat urine samples were used to investigate the
separation efficacy of the PSG column. The urine sample
was precleared by centrifugation and concentrated by ultra-
filtration with a 100 kDa molecular weight cutoff. After the
column was prewashed with methanol and equilibrated with
PBS, the concentrated urine sample (0.5 mL) was eluted using
the PSG column. The eluate was collected into tubes in 40
fractions (0.5 mL and 15 s each); the collection took 10 min to
complete. The concentration of proteins and the number of
EVs in each fraction were analyzed. Although almost all
proteins were eluted in fractions 16−40, a major peak in the
particle number was detected in fractions 11−12 (Figure 2A,
upper panel). In addition, the EV marker CD9 was detected in
fractions 11−12 by immunoblot analysis (Figure 2B).
However, the Tamm-Horsfall protein (THP), which is the
most abundant non-EV protein in urine, was detected in
fractions 15−21 (Figure 2B). These findings suggest that the
PSG column can efficiently separate EVs from urine samples.
Notably, we demonstrated that the EV-containing fractions

were consistent with the peak detected at 280 nm by UV
absorption (Figure 2A, lower panel). This device could be used
for the real-time monitoring of eluted EVs by UV absorption
without further analysis, such as immunoblotting and ELISA,
as opposed to other SEC-based columns (Figure 2C). Thus,
the PSG device can be applied to the rapid isolation of EVs
from biological fluids. We also confirmed that the EVs isolated
by the PSG column were round or oval membranous vesicles,
using transmission electron microscopy (TEM) with negative
staining (Figure 2D).
Durability and Reusability of the PSG Column and

the Reproducibility of Fractionation. To investigate the
durability and reusability of the PSG column and the
reproducibility of EV separation, concentrated rat urine was
repeatedly (up to 30 times) eluted using the same column
coupled with the FLC system. As shown in Figure 3A, similar
UV chromatographic profiles were obtained for all EV fractions
isolated using the PSG column. In addition, immunoblot
analysis showed that CD9 was detected in the EV fraction
across all trials (Figure 3B). These results indicate that the
PSG column exhibits high durability, reusability, and
reproducibility for isolating EVs from urine samples.
Comparative Evaluation of Urine EVs Isolated Using

Different Methods. Next, we evaluated the PSG column by
comparing it with other isolation methods (Figure 4). EVs
were isolated from pooled concentrated rat urine using four
different methods, namely, ultracentrifugation (UC), poly-
ethylene glycol (PEG)-based precipitation, polyacrylamide gel

Figure 1. Fabrication of the PSG column device. (A) SEM image of
PSG. (B) SEM image at high magnification. (C) Images of the PSG
column device (left) and FLC system for EV isolation (right).

Figure 2. Characterization of the PSG-based SEC isolation of urinary
EVs. (A) SEC isolation of urinary EVs using the PSG column device.
In the upper panel, the protein concentration and particle number of
each fraction are represented by the closed circle (left axis) and yellow
bar graph (right axis), respectively. The lower panel shows the
absorption at 280 nm. (B) Immunoblot analysis of the fractions using
anti-CD9 and THP antibodies. (C) Automated isolation of EVs using
UV absorption at 280 nm. Immunoblot analysis of the isolated EV
fraction using the antibodies against CD9, Alix, Flotillin 1, and THP.
An equal volume of eluent was subjected to immunoblotting. (D)
Representative TEM image of EVs isolated by the PSG column. Scale
bar in the image represents 100 nm.
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(PAG)-based SEC column (EVSecond), and the PSG column.
The particle sizes and purities of the EVs isolated by each
method were measured using tunable resistive pulse sensing
analysis. The size distributions of all EV samples, regardless of
the isolation method, were within the expected size range of
90−150 nm without significant differences (Figure 5A, B). The
ratio of the number of particles and the protein content
(particles/μg protein) is the purity index of EVs.27 The purity
index of the EVs isolated by the PSG and PAG columns was

significantly high; however, the EVs precipitated with PEG
exhibited the lowest purity index (Figure 5C). Similar results
were also observed in the immunoblot analysis of EV markers
and THP (Figures 5D, E, and S2). These results suggest that
the PSG- and PAG-based columns can isolate high-purity EVs.
A possible reason for the low purity of the PEG method could
be the precipitation of EVs with the contamination of
aggregated proteins. However, the high purity of the SEC-
based methods could be caused by the good separation
between EVs and urinary proteins. In addition, we found that
the EV recovery rate of the PSG column was 73.5 ± 14.3%,
which was similar to that of the PAG column (77.5 ± 11.5%)
(Figure S3).
Proteomic Comparison of EVs Isolated by the SEC

Columns. To evaluate the functionality and integrity of the
PSG device-isolated urinary EVs, we characterized their
proteomic profiles using a MS-based analysis. Proteomic
analysis of each EV sample was triplicated. Combining the
triplicates, 1113 proteins and 1118 proteins were identified
from the EVs isolated by the PSG and PAG columns,
respectively (Figure 6A, Table S1). Almost all proteins (993)
were common to the EVs isolated from both the PSG and
PAG columns. In addition, we performed a gene ontology
(GO)-based enrichment analysis and found that the bulk of
the proteins identified in the samples isolated by the PSG and
PAG columns corresponded to extracellular vesicles (Figure
6B).
Functional Comparison of EVs Isolated by the SEC

Columns. Finally, we investigated whether the PSG-based
isolation method affects the biological properties of the EVs.
Because uptake by recipient cells is essential for exhibiting the
activity, we examined the cellular uptake of isolated EVs using
the rat renal tubular epithelial cell line NRK-52E, which was

Figure 3. Evaluation of the reproducibility of the PSG column during
EV isolation. (A) Chromatographic peak at 280 nm. (B) Immunoblot
analysis of each EV fraction obtained using the PSG device coupled
with FLC.

Figure 4. Schematic representation of the EV isolation methods and
characterization of the EVs isolated in this study. EVs were isolated
from concentrated pooled rat urine samples using four different
methods: ultracentrifugation (UC), precipitation with PEG, PAG-
based SEC column (EVSecond), and PSG column. EVs isolated using
each method were characterized by immunoblot analysis and tunable
resistive pulse sensing analysis. EVs isolated by PAG-based and PSG-
based SECs were characterized by proteomic analysis and cellular
uptake analysis.

Figure 5. Comparative study of the EVs isolated by ultra-
centrifugation, PEG precipitation, the PAG column, and the PSG
column. The EVs were isolated from the same volume of the
concentrated pooled rat urine sample by UC, PEG precipitation, the
PAG column, and the PSG column, and then subjected to tunable
resistive pulse sensing analysis. The particle size distribution (A),
modal size (B), and particle/protein ratio (C) of the isolated EV
samples. (D, E) Immunoblot analysis of CD9, Alix, Flotillin 1, and
THP in EVs isolated using each method. Densitometric analysis of
three independent experiments (panel D) is shown in panel E. The
data are presented as the mean ± SD; n = 3 in each group. Differences
were analyzed using Tukey’s test. Different letters on the bars indicate
significant differences (P < 0.05).
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labeled with CellTracker green CMFDA and incubated with 5
× 108 particles/mL of PKH26-labeled EVs isolated using the
PSG or PAG columns for 18 h. Confocal fluorescence
microscopy revealed comparable uptake by the cells treated
with the EV samples isolated using the PSG and the PAG
columns (Figure 7A). Similar results were observed in the
fluorescence intensity measurements (Figure 7B). These
uptake experiments and the proteomic analysis (Figure 6)
indicated that the EVs isolated using the PSG column are

similar in purity and quality to those isolated using a
commercial PAG-based SEC column. The PSG-based device
might be more useful than the PAG column because of its
shorter processing time and the possibility of automation. To
further determine the efficacy of the PSG-based system as a
tool for EV isolation, additional studies will have to be
performed to determine whether the isolated EVs can be
subjected to miRNA analysis, which is frequently performed in
EV research.

■ CONCLUSIONS
We demonstrated the ability of a novel hydrophilic PSG-based
column device for the rapid isolation of EVs. Characterization
and quantification of EVs showed that EVs were successfully
separated from urine samples with optimal yields, functionality,
and integrity. Thus, this device can be potentially used as a
powerful tool for the rapid isolation of EVs from various
biological fluids. The PSG device could be extended to other
biological fluids to facilitate future research on the discovery of
diagnostic biomarkers and to elucidate the physiological/
pathological significance of EVs.
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Figure 6. Comparative study of the proteomic profiles of the samples
isolated by the PSG and PAG columns. (A) Comparison of the
number of identified proteins in rat urinary EVs isolated by the PSG
and PAG columns. (B) Characterization of the proteome of rat
urinary EVs using LC−MS/MS. GO term enrichment analysis of EV
proteome at the cellular component level was performed using
DAVID.

Figure 7. Cellular uptake of PKH26-labeled EVs isolated by the PSG
and PAG columns. (A) Cellular uptake of EVs was visualized by
confocal microscopy. Scale bars, 20 μm. (B) Relative fluorescence
intensity. Data are presented as the mean ± SD; n = 3 in each group.
Differences were analyzed using Tukey’s test. Different letters on the
bars indicate significant differences (P < 0.05).
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