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Abstract Extracellular vesicles (EV), typified by exosomes or microvesicles, are
expected to be effective diagnostic markers for cancers. The sizes of the vesicles
range from 20 to 1000 nm, but the size-dependent variations of the contents of EVs
are still poorly understood. We succeeded in the size-selective harvesting of the
vesicles by utilizing the molecular weight-dependent characteristics of a variety of
polyethylene glycols (PEG) as precipitating reagents and analyzed the antigens
displayed on the surfaces of the vesicles and the miRNAs included in the vesicles
from each size group. As a result, the relatively larger (<100 nm) particles precipi-
tated by PEGSk clearly exhibited the greatest amount of epithelial cell adhesion
molecule (EpCAM), from both breast cancer (MCF-7) and colon cancer (HCT116)
cells, and a larger quantity of microRNA (miRNA) specific to breast cancer cells
(miRNA155 for MCF-7) seemed to be contained in the PEG-precipitated particles.
The results demonstrated that the quantities of both the tumor-specific miRNA and
protein were similarly distributed among the several classes of the size-sorted EVs
and that the size-selective harvesting of EVs may be informative for strategic analyses
towards the diagnoses of cancers.
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Introduction

Living cells release different types of membrane vesicles from endosomal and plasma mem-
brane origins, called exosomes and microvesicles, respectively, into a variety of body fluids,
such as plasma, lymph, ascites, amniotic fluid, saliva, etc. (reviewed in [1, 2]). These
extracellular vesicles (EVs) represent an important mode of intercellular communication, by
serving as vehicles for transferring membrane and cytosolic proteins, lipids, and RNA between
cells.

The term exosome was initially the nomenclature for vesicles ranging from 40 to 1000 nm
that are released from various cultured cells [3]. Subsequently, the exosome was defined as the
40-140 nm vesicles released as a result of multivesicular endosome (MVE) fusion with the
plasma membrane. Specifically, microvesicles are directly released to the extracellular space
by the outward budding of the plasma membrane, whereas exosomes are formed through the
invagination of the plasma membrane into endosomes, followed by inward vesiculation, and
then, the vesicle is subsequently released into the extracellular space [2, 4, 5].

MicroRNAs (miRNAs) are reportedly present in exosome preparations [6], suggesting that
these vesicles may function as a vehicle for intercellular miRNA transfer and as a mode of
intercellular communication [7, 8]. The miRNAs are short noncoding RNA molecules with an
average length of 22 nucleotides [9]. They are transcribed as RNA hairpins and processed into
mature miRNAs that bind to complementary messenger RNAs, to alter gene expression [10].
Studies on the delivery of purified exosomes to recipient cells have reported the transfer of
miRNAs in experimental frameworks [11, 12], and the utilization of exosomes as compact
RNA delivery vehicles is now being studied as a potent therapeutic method [13, 14].

Methods for the isolation of EVs are still being developed. At present, EVs are precipitated
from the supernatants of cultured cells grown in EV-depleted fetal calf serum by ultracentri-
fugation. EVs are effectively isolated from nonmembranous particles, such as protein aggre-
gates, by their low buoyant density [15, 16]. The separation of different size classes of EVs can
be roughly achieved by the differences in the sedimentation coefficients of each class of EVs.
However, accurate size separation is difficult to reproduce, since the differences in the
sedimentation coefficients of EVs are not necessarily sufficient for separation by centrifuga-
tion. Another method for the efficient isolation of EVs involves immunoadsorption, by
targeting a protein of interest [17].

Since exosomes and microvesicles have recently attracted keen attention as biomarkers for
diseases, kits that facilitate their isolation are now commercially available.

Polyethylene glycols (PEGs) have been utilized as precipitating reagents for several
biological macromolecules, such as proteins and DNA, and even for the isolation of viral
and EV particles from cultivation medium [18-20]. The molecular weight-dependent charac-
teristics of PEGs as precipitants in protein crystallization are important in structural biology
[21]. Generally, the high-molecular-weight PEGs more potently precipitate the macromole-
cules dissolved in solution, as compared to the same weight/volume concentration of the low-
molecular-weight PEGs [22].

Here, we report the size-selective separation of EV particles, without the separation of the
EVs into exosome and microvesicle fractions, by using different molecular weight polyethyl-
ene glycols as precipitants. We performed the size-dependent characterization of EVs by
enzyme-linked immunosorbent assay (ELISA), targeting the exosome-specific markers
(CD9, CD63) and the epithelial cell adhesion molecule (EpCAM) of EVs in culture media
from breast cancer (MCF-7) and colon cancer (HCT116) cells. We also performed quantitative
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real-time reverse transcription-PCR, focused on the breast cancer-originated miRNAs for
MCEF-7. The search for the cancer-originated marker of MCF-7 is still in progress [23].

Our one-step precipitation method utilizing different molecular weight PEGs is useful for
the size selection of EVs, which may facilitate strategic analyses towards the diagnoses of
cancers.

Materials and Methods
Cell Culture

The breast cancer cell line (MCF-7) and the colon cancer cell line (HCT116) were purchased
from American Type Culture Collection (Manassas, VA, USA) and DS Pharma Biomedical
(Osaka, Japan), respectively. Cells were cultured according to the supplier’s instructions, with
slight modifications. Both cell lines were subcultured every 7 days.

Size-Selective Isolation of Particles from the Culture Medium

We prepared the precipitating reagents for the size-selective isolation of particles using
different molecular weight polyethylene glycols: PEG5k, PEG8k, PEG10k, and PEG20k,
purchased from Sigma-Aldrich (St. Louis, MO, USA). The PEGs were dissolved (50% w/v)
in PBS with 0.5 M NaCl (PBS-HS) and then utilized as the precipitating reagents.

EVs were isolated from the culture supernatants of the HCT116 and MCF-7 cell lines. A
50 mL portion of the supernatant was collected and centrifuged at 3000xg for 15 min at 4 °C,
in order to remove debris. The supernatant was divided equally (10 mL each) into five tubes,
and each was mixed with 2 mL of the precipitating reagents or the commercially available
ExoQuick TC solution, from System Biosciences (Mountain View, CA, USA). The tubes were
centrifuged at 10,000xg for 15 min at 4 °C, and the precipitates thus obtained were used in the
subsequent analyses.

Scanning Electron Microscopic Analyses of EVs

For scanning electron microscopy (SU8020, Hitachi High-Technologies, Japan), the PBS-
suspended exosomes were fixed on the (3-aminopropyl)triethoxysilane (Sigma-Aldrich
GmbH)-treated Si substrate for 24 h. After washing with PBS for 5 min, the electrostatically
immobilized exosomes were soaked in 1% OsO4 in PBS and were dehydrated with an
ascending sequence of ethanol percentages (40, 60, 80, 96-98%). After the ethanol was
evaporated, the samples were left to dry at room temperature for 24 h on the Si substrate
and then analyzed by SEM after gold—palladium sputtering.

Measurement of Particle Size Distributions by the Dynamic Light Scattering
Method

The obtained precipitates were suspended in 200 pL of PBS-HS, and the particle size
distributions of the suspensions were measured by dynamic light scattering, using an LB-
550 Dynamic Light Scattering Nano-Particle Size Analyzer (HORIBA; Kyoto, Japan). We
employed the refraction index of the particle as 1.600 for a typical organic sample and that of
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the disperse media as 1.333 for water. The scattering data were measured 50 times and then
averaged.

We analyzed the scanning data, determined the average and standard deviation values of
each precipitation sample, and calculated the p values between all combinations of the
precipitated samples. The one-tailed ¢ test for quantitative variables was performed using
Statplus (AnalystSoft, Walnut, CA). The presented p values were determined by the two-
tailed test.

ELISA Analyses of Size-Selectively Isolated EVs

To standardize the quantities of the exosomes included in the precipitates, we performed an
ELISA to detect CD63 and CD9, which are abundantly produced in exosomes. To evaluate the
tumor cell-specific exosomes, we also performed an ELISA targeting the tumor cell marker
EpCAM. The precipitates obtained with the PEG solutions or ExoQuick TC were dissolved in
400 puL of exosome binding buffer from the ExoELISA kit (System Biosciences) and
incubated at 37 °C for 20 min. Aliquots (50 uL each) of the solution were placed into the
wells of a 96-well ExoELISA plate and incubated overnight at 37 °C. Subsequent ELISA
reactions were performed according to the manufacturer’s instructions, and the absorbance
data were measured using a TECAN Infinite F500 microplate reader (Méadnnedorf,
Switzerland).

Cytokeratin 19 (CK19) is potentially useful for detecting tumors in breast cancer patients
[24]. To evaluate the expression level of the breast cancer-specific marker CK19 within the
size-separated precipitates isolated from the supernatants of the MCF-7 cell line, we performed
ELISA experiments as described above.

Quantitative Real-Time Reverse Transcription-PCR Focused on Detecting Breast
Cancer-Originated miRNAs

Total RNA was isolated from the EVs, using a Total Exosome RNA and Protein Isolation Kit
(Thermo Fisher Scientific; Waltham, MA, USA) according to the manufacturer’s instructions.
The reverse transcription reactions of the obtained RNA were performed using a TagMan
Micro RNA Reverse Transcription Kit (Thermo Fisher Scientific), with primers selected from
the TagMan Micro RNA Assays (Thermo Fisher Scientific). The polymerase chain reaction
was performed using TagMan Micro RNA Assays (Thermo Fisher Scientific) and analyzed by
a 7900HT Fast Real-Time PCR System (Thermo Fisher Scientific). All reactions were done in
triplicate. The concentrations of the miRNAs were calculated based on their C; values
normalized to those of miRNA16, which was spiked at 1 nM in each aliquot of the reaction
mixture [25, 26].

Results

Size-Selective Isolation of Particles from Culture Media

The precipitations by the different molecular weight PEGs, PEG5k, PEG8k, PEG10k, and
PEG20k revealed that the lower molecular weight PEGs precipitated smaller amounts of

particles, consistent with the ELISA experiment targeting the exosome-originating CDs
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described in the next section. The wet weights of the obtained precipitates from the fixed
solution volume (10 mL) were 4.1 + 1.4 mg (PEGS5k), 9.1 + 3.3 mg (PEG8k), 15.9 + 7.1 mg
(PEG10k), and 22.0 + 8.6 mg (PEG20k) for HCT116 and 3.7 = 1.1 mg (PEG5k), 5.1 + 2.4 mg
(PEGSK), 12.6 £ 5.5 mg (PEG10k), and 15.0 £ 6.5 mg (PEG20k) for MCF-7. The mean values
and the deviations were calculated from three independent precipitation trials. The wet weights
were the difference in the weights before and after the removal of the precipitates in 10-mL
plastic tubes.

The dynamic light scattering analysis indicated homogeneous populations with a single
mean size, except for the PEG5k precipitate. In the case of PEGSk, we separated two peaks
with 780 nm as a border and calculated the average and the standard deviation for each
peak. The size distributions of the particles were different between the precipitates
obtained with the different molecular weight PEGs (Fig. 1a—d). The PEGS5k-precipitated
HCT116 suspension showed the largest median values of 144-190 nm, whereas the
PEG20k-precipitated suspension exhibited median values of 53—62 nm. The PEG8k and
PEG10k-precipitated suspensions of HCT116 displayed medium-sized values, 87-123 nm
(PEG8k) and 68-94 nm (PEG10k). In the case of MCF-7, the PEG5k-precipitated sus-
pension showed the largest median values of 115-131 nm, whereas the PEG20k-
precipitated suspension exhibited median values of 43—49 nm. The PEG8k and
PEG10k-precipitated MCF-7 suspensions displayed medium-sized values, 80-90 nm
(PEG8k) and 54-76 nm (PEGI10k). The ExoQuick-precipitated particles exhibited the
same characteristics as the PEG20k-precipitated particles, 51-76 nm for HCT116 and 36—
61 nm for MCF-7. Using the representative distribution bar charts (from the distribution
samples in the left panel in Fig. 1a for HCT116 and the left panel in Fig. 1b for MCF-7),
we determined the p values between all combinations of precipitated samples. Judging
from the p values for HCT116, PEG20k and ExoQuick showed the same tendency,
whereas the other combinations exhibited low p values (p < 0.05), suggesting that the
different molecular weight PEGs are useful for sorting the particle sizes. In the case of
MCEF-7, the particle size distributions precipitated by PEG8k and PEG10k resembled each
other (p = 0.1731).

SEM Analyses of EVs

The electrostatic immobilization of EVs with a self-assembled monolayer of (3-
aminopropyl)triethoxysilane on the Si substrate was inefficient, and the EV particles were
very sparsely fixed on the substrate. Representative particles observed from each precipitation
experiment are shown in Fig. le. The sizes of the observed particles were consistent with the
results from the dynamic light scattering experiments described above.

ELISA Experiments Targeting the Exosome-Originating CDs

To standardize the quantities of exosomes included in the precipitations, we performed ELISA
experiments targeting CD9 and CD63 (Fig. 2a, b). The relative amounts of CDs in the
precipitates showed a similar trend between CD9 and CD63, from both HCT116 and MCF-
7. The PEGSk-precipitated and PEG8k-precipitated samples contained relatively low quanti-
ties of the proteins in the precipitates. In contrast, the PEG20k-precipitated and ExoQuick-
precipitated samples contained the largest amounts of the proteins in the precipitates, consis-
tent with their visually judged quantities.
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Fig. 1 Boxplot representations of the particle size distributions obtained using different PEGs (PEG5k, PEGS8k,
PEG10k, and PEG20k) and ExoQuick, and SEM images of the particles obtained from each precipitation
experiment. a Box plots of the precipitates obtained for HCT116 from three independent experiments. The
median value of each precipitate is highlighted by a white line. The gray boxes indicate the ranges including 50%
of the precipitated particles. The minimum, lower quartile, median, upper quartile, and maximum values are
indicated in the tables below the charts. b Box plots for MCF-7. ¢ The detailed size distributions of the
representative box plot (the left panel in a) and the average and standard deviation values for HCT116 (top).
The list of p values calculated for all combinations of PEGs (PEGSk, PEG8k, PEG10k, and PEG20k) and
ExoQuick for HCT116, in which significantly low p values (p < 0.05) are highlighted in bold (bottom). d The
detailed size distributions of the representative box plot (the leff panel in b) and the average and standard
deviation values for MCF-7 (fop). The list of p values calculated for all combinations for MCF-7, in which
significantly low p values (p < 0.05) are highlighted in bold (bottom). € SEM images of particles immobilized on
the self-assembled monolayer of (3-aminopropyl)triethoxysilane on the Si substrate, obtained using PEGSk
(upper left), PEG8k (upper right), PEG10k (bottom lefi), and ExoQuick (bottom right)

ELISA Experiments Targeting EpCAM

To examine the precipitates for the presence of EpCAM, a diagnostic marker for various
cancers, we performed ELISA experiments targeting EpCAM.

In contrast to the aforementioned experiments, the EpCAM-targeted ELISA experiment clearly
revealed that the PEGSk-precipitated largest-sized particle samples from both HCT116 and MCF-
7 included the highest amount of EpCAM, despite the smallest amounts of the precipitates and the
low levels of CD9 and CD63 (Fig. 2c). The PEG20k-precipitated and ExoQuick-precipitated
small-sized particle samples included the largest amounts of the precipitates and CDs but relatively
smaller amounts of EpCAM in the cases of both HCT116 and MCF-7.
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Fig. 1 (continued)
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Fig. 1 (continued)

Quantitative Real-Time Reverse Transcription-PCR Technique

To confirm that the tumor-specific miRNAs actually exist in the isolated particles, we
performed a quantitative real-time reverse transcription-PCR experiment focusing on
miRNA21 and miRNA155, which are specific to breast cancer exosomes [25, 26]. The
obtained C, values for the size-separated precipitation classes from MCF-7 are summarized
in bar charts (Fig. 3a—c left), flanked by a table of p values for all possible pairs of C; values
(Fig. 3a—c right). The miRNA16-normalized relative amounts of miRNA21 and miRNA155
(delta-delta Cy method) for each precipitation class are listed in Table 1.

The normalized relative amounts of miRNA including EVs ranged from 0.4 to 0.8 for
miRNA21 and from 0.9 to 1.9 for miRNA155. The amounts of miRNA155 seemed to be
differently distributed in each precipitation class. In contrast, miRNA21 was distributed more
evenly over all precipitation classes, consistent with the fact that the precipitation quantity
increased according to the molecular weight of the PEG.

ELISA Analyses of the Breast Cancer-Specific Marker CK19

As in the ELISA experiments described above, the CK19-targeted ELISA experiment revealed
that the PEGSk-precipitated, largest-sized particle samples from the breast cancer cell line
MCEF-7 included the highest amount of CK19, among the PEG-precipitated samples, although
it had the smallest amount of the precipitate (Fig. 4). However, in contrast to the ELISA
experiment using EpCAM as an antigen (Fig. 2¢), the PEG20k and ExoQuick-precipitated
samples also contained comparable amounts of CK19. Although the actual reason for this
phenomenon is unclear, the results clearly showed that the PEGSk-precipitated, largest-sized
particle samples from the breast cancer MCF-7 cells contained abundant amounts of both
EpCAM and CK19, suggesting that the PEG5k precipitation might be efficient for the
harvesting of EVs specific to breast cancer cells.
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Fig. 2 Bar chart representations of the ELISA experiments (n = 3). The heights of the bars are the optical
densities normalized to the intensities from the ExoQuick-precipitated samples. a Precipitations from HCT116
and MCF-7, using CD9 as an antigen (top). The list of p values calculated for all combinations of PEGs (PEGS5k,
PEG8k, PEG10k, and PEG20k) and ExoQuick for CD9, in which significantly low p values (p < 0.05) are
highlighted in bold (bottom). b Results using CD63 as an antigen (fop). The list of p values for CD63, in which
significantly low p values (p < 0.05) are highlighted in bold (bottom). ¢ ELISA results using the tumor-specific
antigen EpCAM (fop). The list of p values for EpCAM (bottom)
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Fig. 2 (continued)

Consistently, the CK19-targeted ELISA experiment using the ExoQuick-precipitated sam-
ple from HCT116 (H_ExoQ) contained a much lower amount of CK19, indicating that the
experiments were properly performed.

Discussion

The size-selective precipitation of particles released into the culture medium was achieved by
the use of different molecular weight PEGs: PEG5k, PEG8k, PEG10k, and PEG20k,
suspended in high-salt-concentration (0.5 M NaCl) PBS. The resulting precipitates might
include several types of EVs, such as exosomes and microvesicles, and some protein aggre-
gates. A schematic view of the size distributions and the precipitation ranges obtained using
each precipitant, plotted against the estimated quantities of the precipitates, is provided in
Fig. 5.

First, we evaluated the quantities of exosomes included in each PEG-precipitated particle
class by an ELISA method, targeting the CD9 and CD63 proteins, which are abundantly
produced in exosomes. The results indicated that the exosome contents in the precipitates
increased in accordance with the molecular weight of PEG, consistent with the quantities of the
precipitates, which were also proportional to the molecular weight of PEG (Fig. la, b). In
contrast, the mean size of the exosomes included in the precipitates decreased in accordance
with the increase in the molecular weight of PEG (Fig. 5).

The particles containing EpCAM were most abundantly found in the PEGSk-precipitated
largest-sized particle sample, indicating that the tumor-specific EVs were most effectively
detected in the largest-sized class, in spite of the minimum quantity of the precipitate and the
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Fig. 3 Bar chart representations of the C; values of each precipitation class from MCF-7 cells (/eff) and the list of
p values calculated for all combinations of PEGs (PEGSk, PEG8k, PEG10k, and PEG20k) and ExoQuick (right),
for a miRNA16 (control), b miRNA21, and ¢ miRNA155, in which significantly low p values (p < 0.05) are
highlighted in bold

minimum expression of the exosome-specific CDs (Fig. 2¢). The reason why EpCAM was
most abundantly found in the largest-sized class might be that the large exosomes in this
precipitation class exclusively displayed EpCAM and/or that the nonexosome EVs such as
microvesicles, with small amounts of CD9 or CD63, expressed large amounts of EpCAM.
Indeed, the microvesicles bud directly from the plasma membrane and thus exactly reflect the
membrane protein contents of the tumor cells from which they originate.

EpCAM is often utilized as an antigen for the efficient collection of cancer-derived
exosomes [27]. The size selection of EVs combined with the EpCAM-targeted collection
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Table 1 Standardized relative amounts of miRNA21 and miRNA155 from each MCF-7 precipitation class

PEGSk PEGS8k PEG10k PEG20k ExoQuick
miRNA21 0.40 £ 0.05 0.75 +0.50 0.40 +0.05 0.80 +0.10 1.0 +0.30
miRNA155 1.2+£0.30 1.3+0.25 1.9+0.30 0.90 +0.35 1.0+0.25

may be an efficient method for the diagnosis of cancer-derived EVs. Especially, the harvesting
of the large EVs, using PEGS5k as a precipitant, may be effective at least for breast cancer
diagnosis.

CK19 was most abundantly found in the PEGS5k-precipitated EVs, but comparable
amounts were also detected in the PEG20k-precipitated and ExoQuick-precipitated EVs.
The harvest using PEGSk for the breast cancer cells still seemed to be effective in this case,
but the reason for the detection of large amounts of CK19 in the PEG20k-precipitated and
ExoQuick-precipitated EVs cannot be readily explained. The expression level of CK19 in
exosomes, which mainly constitute the small-sized EV class, might be relatively low.
However, the amounts of the precipitates obtained using PEG20k or ExoQuick were about
four to five times larger than that obtained with PEGSk, which could explain the compa-
rable amount of CK19 detected in the PEG20k-precipitated and ExoQuick-precipitated
EVs. These observations suggested that the behaviors of EpCAM and CK19 are different in
small-sized EVs.

Fig. 4 Bar chart representations of 1.200 1

ELISA experiments using CK19
as an antigen (n = 3). The heights
of the bars were normalized to the
intensities of the ExoQuick-
precipitated samples from MCF-7
(Ex0Q). The value from the same
experiment, using the ExoQuick
precipitate from HCT116, is indi-
cated for reference (H ExoQ)
(top). The list of p values calculat-
ed for all combinations of PEGs
(PEG5k, PEG8k, PEG10k, and 0.200
PEG20k), ExoQuick, and

ExoQuick-precipitated HCT116 0.000 -
sample (H_Ex0Q), in which sig-

nificantly low p values (p < 0.05) Q’(;". %(‘)# (,‘\6{. (,'\'6{- “;‘90- Q;\-o
are highlighted in bold (bottom) ¥ %

1.000

0.800 1

0.600 -

0.400

Relative Intensity

p values

miR16 PEG5k PEG8k PEG10k PEG20k ExoQ H_ExoQ

PEG5k = 0.1206 0.3536 0.9679 0.1208 0.1633
PEG8k = - 0.1164 0.1913 2.13E-05 0.2422
PEG10k - - - 0.2744 0.0426 0.0646
PEG20k = - - - 0.1827 0.0415
ExoQ - - = - - 0.0518
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Fig. 5 Schematic diagram indicating the approximate size ranges (horizontal) obtained from the dynamic light
scattering analyses and the roughly estimated quantities (vertical) of the particles precipitated by each reagent
(PEG5k, PEG8k, PEG10k, PEG20k, and ExoQuick) summarized in the “Results” section. The size ranges
overlapped with each other, but the ranges for PEG20k and ExoQuick did not overlap with the range of PEG5k

PEG is one of the most useful protein precipitation agents. Relatively low molecular weight
PEGs (<MW 5000) are often utilized for the preferential hydration of proteins, in order to
stabilize protein molecules under experimental conditions [28, 29], whereas higher molecular
weight PEGs are efficient precipitating reagents for both macromolecules and lipidic vesicles,
by virtue of their excluded volume effects [22]. In this study, the effect of PEGSk at the
experimental concentration seemed to be insufficient for the precipitation of the small-sized
EV class mainly including exosomes (40—140 nm), and thus, the sizes of the resultant
precipitates predominantly ranged from 100 nm and larger. In contrast, the precipitating effect
of PEG20k appeared to be fully sufficient to isolate the small-sized EV class, resulting in the
highest amount of the small-sized EVs, as shown in the case of precipitating macromolecules
[22, 30]. As a result, the selected PEG molecular weight ranges and their concentrations used
in this study might be suitable for the size differentiation of EVs.

Conclusion

The one-step size-selective separation of EVs, including exosomes and microvesicles, utilizing
various PEGs revealed that the tumor-specific miRNA and proteins were similarly distributed
among the several size-sorted particle classes of the originating EVs. The size-dependent
analyses of EVs in body fluid may be applicable to effective screening for tumor diagnosis.
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