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Extracellular vesicles (EVs) from cancer cells promote abnormal
growth in normal cells, potentially leading to cancer proliferation.
We developed a nanowire-based EV-elimination device that efficiently
eliminated EVs without toxicity. This method restored normal growth
in mammary gland cells cultured with breast adenocarcinoma-derived
EVs containing medium treated with the device.

Extracellular vesicles (EVs) are phospholipid bilayer-enclosed struc-
tures ranging in size from 40-1000 nm that have been identified in
various biofluids, such as serum, urine, saliva, and tears, where
they may indicate the presence, development, and therapeutic
response of various diseases.' Recently, EVs have been recognized
as some of the most promising liquid biopsy biomarkers that are
involved in numerous in vivo phenomena, including intercellular
communication and disease progression. The EVs play an essen-
tial role in the proliferation and metastasis of cancers via miRNAs
and proteins contained in EVs. Previous studies have reported that
EVs are involved in the propagation and spread of disease-
associated regulators to distant cells through the blood vessels
and lymph, leading to metastasis and causing death.”

EVs secreted from cancer cells are involved in tumor initia-
tion, progression, metastasis, and chemotherapy resistance by
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their ability to carry oncogenesis RNAs and proteins.® Metastasis
in vitro is characterized by the presence of abnormal and patho-
genic EVs that can induce abnormal cell growth of specific normal
cells and lead to cancer development. The EV formation is largely
regulated by the endosomal sorting complex required for transport
(ESCRT) pathway and is controlled by the sphingomyelinase
family." Inhibition of EV secretion by knockdown of many key
proteins, such as the ESCRT machinery and Rab proteins, is an
alternative therapy method; however, this method tends to cause
embryonic lethality in mammals.* Because EVs play an important
role in the pathogenesis of diseases, EV elimination is required.

A device designed to eliminate EVs is a potential candidate for
purifying biofluids to suppress cancer metastasis and prolifera-
tion, particularly when EVs are recognized as pathogens under
cancerous physiological and pathological conditions.> A well-
known example of biofluid purification is blood purification
devices, which are used to remove pathogens from patients’
blood, including those causing sepsis.” Based on this concept,
we came up with the idea of removing EVs from patients’ blood.
To capture EVs from biological samples such as blood, serum,
and urine, we demonstrated the potential of nanowire-based
technology as a promising tool.® ** Our present study was inspired
by the combination of nanowire-based technology and blood
purification devices to remove EVs in patients, similar to the role
of these devices in eliminating sepsis-causing pathogens. As the
first step toward the long-term goal of developing a nanowire-
based purification device, we fabricated an EV-elimination device
to eliminate EVs from the cancer cell culture media.

As EVs derived from cancer cells are involved in metastasis
through their circulation via blood vessels and they regulate
abnormal cell growth in normal cells, we used a cell proliferation
assay to evaluate our EV-elimination device (Fig. 1). First, we
collected media containing EVs derived from the MDA-MB-231
cell line, which is a breast cancer cell line. Then, we observed cell
proliferation by culturing MCF10A cells, which are a human
mammary epithelial cell line, in media not containing EVs
(called the no EV media), in media containing EVs, and in
recovered media obtained by using the EV-elimination device.
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Fig. 1 Schematic illustration of a model cancer metastasis by EVs and
elimination of EVs by using our EV-elimination device. The cancer cells secret
EVs that circulate via blood vessels to promote metastasis. We confirmed that
when culturing normal cells with the EVs derived from the cancer cells,
abnormal cell growth would occur. This in turn suggested that the EVs could
induce abnormal cell growth in normal cells. We developed the EV-
elimination device to eliminate the cancer-derived EVs from the media and
used the recovered media to culture normal cells. The proliferation degree of
normal cells cultured with the recovered media indicated normal cell growth,
and it implied that successful EV elimination was achieved.

Finally, we compared the proliferation of normal cells by cultur-
ing them with media containing cancer cell-derived EVs and
with recovered media from the EV-elimination device.

We fabricated the EV-elimination device with three different
materials for the nanowires to provide different charged
surfaces.’® In addition to bare zinc oxide (ZnO) nanowires, we
fabricated ZnO nanowires with a titanium dioxide (TiO,) layer
and ZnO nanowires with a silicon dioxide (SiO,) layer obtained
by an atomic layer deposition (ALD) technique and designated as
ZnO/TiO, (core/shell) and ZnO/SiO, (core/shell) nanowires,
respectively (Fig. 2a)."> The average height of the bare ZnO,
ZnO/TiO, (core/shell), and ZnO/SiO, (core/shell) nanowires was
about 1.4 um (n = 60) (Fig. 2b). The morphology of a single
nanowire of each type was obtained using scanning transmis-
sion electron microscopy (STEM) (Fig. S1, ESIt). The average
diameters of the ZnO, ZnO/TiO, (core/shell), and ZnO/SiO, (core/
shell) nanowires were 66.34, 86.90, and 77.64 nm, respectively.
The diameter size distribution of the ZnO/TiO, (core/shell) and
ZnO/SiO, (core/shell) nanowires was shifted to larger diameters
by about 15 nm compared to the bare nanowires, which indi-
cated that the oxide layer using ALD was successfully realized
(Fig. 2c). After placing the substrate with ZnO, ZnO/TiO, (core/
shell), and ZnO/SiO, (core/shell) nanowires inside the assembled
Teflon block,® we fabricated the EV-elimination device.

The ZnO, ZnO/TiO, (core/shell), and ZnO/SiO, (core/shell)
nanowires eliminated EVs by different interactions and they
eliminated different EV sub-populations. First, we obtained
ultracentrifuged EVs from the MDA-MB-231 cells with zeta
potential and average size of —22.5 mV and 140 nm, respec-
tively (Fig. 3a and b). The ultracentrifuged EVs were dispersed
in PBS, incubation of PBS was carried out in the block, and the
metal oxide nanowires eliminated the EVs from the PBS. The
elimination efficiencies were calculated using the (Co-C,)/C,
equation where C, is the initial EV concentration and C; is the
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Fig. 2 Metal oxide nanowire fabrication and characterization. (a) ZnO
nanowires were synthesized by a hydrothermal method on a silicon
substrate having a sputtered chromium (Cr) layer, and the TiO, and SiO,
layers were deposited on ZnO nanowires by ALD. (b) FESEM images and (c)
the histograms of nanowire diameter comparing ZnO nanowires before
and after depositing TiO; or SiO, layers. Lines indicate the fitting Gaussian
distribution (n = 100 nanowires).

remaining EV concentration after incubation in the EV-elimination
device. The ZnO nanowires eliminated EVs with the highest
efficiency, followed by ZnO/TiO, (core/shell) and ZnO/SiO,
(core/shell) nanowires (Fig. 3c). Moreover, the results showed
that a longer incubation time resulted in higher elimination
efficiency, and that suggested a longer incubation time made it
possible to capture a greater number of EVs on the nanowires.
We previously found that the electrostatic interaction and
hydrogen bonding between EVs and nanowires play important
roles in the EV capture mechanism,"™'>'* and from that we
suggested different elimination efficiencies and different EV
sub-populations were eliminated due to the different zeta
potential of EV sub-populations. Because we used PBS of pH
7.2 for EV collection and incubation, the surface charge of the
ZnO nanowires was positive due to their isoelectric point of
~9.5, whereas the surface charges of the ZnO/TiO, (core/shell)
and ZnO/SiO, (core/shell) nanowires were negative due to their
isoelectric points of ~5.2 and ~3.9, respectively.'®> Because of
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Fig. 3 EV characterization and elimination efficiency of the EV-
elimination device. (a) Zeta potential of EVs. Data represent mean =+
standard deviation (n = 6). (b) Size distribution of EVs. Data represent
mean =+ standard deviation (n = 3). (c) Elimination efficiency for ZnO, ZnO/
TiO, (core/shell), and ZnO/SiO, (core/shell) nanowires. Data represent
mean =+ standard deviation (n = 3).
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the electrostatic interaction and hydrogen bonding, the
negatively charged EVs easily interacted with positively charged
surfaces, ie., the ZnO nanowires, rather than the negatively
charged surfaces, ie., ZnO/TiO, (core/shell) and ZnO/SiO,
(core/shell) nanowires, leading to different elimination efficien-
cies (Fig. 3c and Fig. S2, ESIt).®

We found a critical condition that promoted the abnormal
proliferation degree when culturing MCF10A cells with MDA-
MB-231 cell-derived EVs by experimentally varying the condi-
tions, including the components of the cell culture media, cell
passage number, cell seeding condition, and EV concentration
(Fig. 4a and Fig. S3, ESIt). By comparing the proliferation
degree with and without the EVs, we defined abnormal cell
growth as having occurred when the p value was less than 0.01
in a statistical analysis by a two-tailed ¢test. We found that
MCF10A cells cultured in mammary epithelial cell growth basal
medium (MEBM) at passage number 5 (P5) with 5000 seeding
cells/well and 10°® to 10° EV particles per mL had the highest
proliferation degree (Fig. S3, ESIT). Although we used EVs from
only one cell line, MDA-MB-231, the number of EVs affected cell
proliferation (Fig. 4a and Fig. S4, ESIt). We also compared the
cell proliferation degree between the conditions with and with-
out EVs and found that adding 10° EV particles per mL resulted
in a significant increase in abnormal cell growth, with an
abnormal cell growth ratio of 2 (Fig. S5, ESIT). The growth ratio
of 2 indicated that the proliferation under each condition was
twice as high as that under the no-EV condition. From these
results, we decided that the critical concentration of EVs to
induce an abnormal proliferation degree was likely to be about
10° particles per mL. Although both type and number of EVs
have been assumed to cause abnormal cell growth,” our results
confirmed that the EV concentration affected the proliferation
degree, possibly leading to cancer metastasis.

In addition to proliferation degree measurements, we used
fluorescence localization of EVs from MDA-MB-231 cells cul-
tured in MCF10A cells to confirm that EVs existed inside the
MCF10A cells (Fig. 4b). The fluorescence images demonstrated
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Fig. 4 Inhibition of cancer metastasis by using the EV-elimination device.
(@) Cell proliferation of MCF10A cells cultured with and without EVs in
media. Data represent mean =+ standard deviation (n = 3) and the p values
were calculated by a two-tailed t-test (*, p < 0.01; ns, not significant). (b)
The fluorescence microscopy images show the MCF10A cells after cultur-
ing with EVs from MDA-MB-231 cells. The MCF10A cells were stained
using Hoechst 33 342 blue fluorescent dye for the nuclei and the Alexa 488
green fluorescent dye for the cytoskeletons. The EVs were stained using
PKH26 red fluorescent dye. The scale bars are 50 um. (c) The scatter plot
of miRNA expression levels of EVs from MDA-MB-231 cells for repeated
experiments (n = 2) and the identified oncogenesis miRNAs.
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that the EVs were inside the cytoplasm of the MCF10A cells that
were labeled by the PKH26 red fluorescent dye. The composi-
tions of EVs are recognized to induce and mediate the recipient
cells, including proteins, miRNAs, and DNAs; thus, numerous
research studies have presented the potential of EVs to serve as a
biomarker for homeostasis and disease diagnostics. Therefore,
we also investigated the EV miRNAs using the next-generation
sequencing technique (Fig. 4c). We filtered miRNAs according to
their expression levels and obtained 57 miRNAs using |log,(fold
change)| <5 for repeated experiments (n = 2). Then, we sorted
the miRNA expression levels from high to low and identified the
top 10 miRNA expression levels. After identifying and matching
these miRNAs with tumor-related functions (Table S1, ESIT), we
found that six miRNAs were oncogenesis miRNAs. Oncogenesis
miRNAs are involved in abnormal cell growth, leading to cancer
metastasis. Better techniques to extract the miRNAs from spe-
cific sources inside or outside EVs will make precise miRNA
recognition possible.'® However, our results confirmed that the
EVs from cancer cells could induce and mediate abnormal cell
growth in recipient cells that are normal cells.

We evaluated the ability of metal oxide nanowires to sup-
press cancer metastasis using a cell proliferation assay (Fig. 5).
We measured the proliferation degrees of MCF10A cells cul-
tured in no EV media or in the recovered media after incubat-
ing in the EV-elimination device containing ZnO nanowires
(Fig. 5a and Fig. S6, ESIT). We found that 10° EV particles per
mL in the media increased the proliferation degree of MCF10A
cells with statistical significance compared with the no EV
media, suggesting abnormal cell growth. In addition to the
increase in the proliferation degree of MCF10A cells, we also
found that the ratio of proliferation degree was higher than 2
(Fig. S7, ESIt). The ZnO nanowires eliminated the EVs from
MDA-MB-231 cells in the media, resulting in no proliferation
degree of MCF10A cells when culturing in the recovered media
after incubating 10° EV particles per mL in the EV-elimination
device containing the ZnO nanowires. However, we also
obtained no proliferation degree for the cultured MCF10A cells
in the recovered media from the no EV media incubated in the
EV-elimination device containing the ZnO nanowires (Fig. 5a

No EV media

(1)
(2) 10° EVs/mL in media
a0 . bg (3) Recovered media after incubating
3 —_' (1) No EV media 3 10° EVs/mL on ZnO/TiO, nanowires
S08 (2) 10° EVs/mL 8 (4) Recovered media after incubating
3 (3) Recovered media after $ no EV media on ZnO/TiO, nanowires
gvo.e incubating 10° EVs/mL ;-;2 (5) Recovered media after incubating
° on ZnO nanowires © 10? EVs/mL on ZnO/SiO, nanowires
S04 (4) Recovered media after S (6) Recovered media after incubating
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£02 on ZnO nanowires % ns ns
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Fig. 5 Inhibition of cancer metastasis by using the EV-elimination device.

(a) Cell proliferation of MCF10A cells as a comparison between culturing
with no EV media and culturing with the recovered media after incubating
on ZnO nanowires. Data represent mean + standard deviation (n = 3) and
the p value was calculated by a two-tailed t-test (*, p < 0.01). (b) Cell
proliferation of MCF10A cells as a comparison between culturing with no EV
media and the recovered media after incubating on ZnO/TiO5 (core/shell) or
ZnO/SiO; (core/shell) nanowires. Data represent mean + standard deviation
(n = 3) and the p values were calculated by comparing with the no EV media
condition by a two-tailed t-test (*, p < 0.01; ns, not significant).
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and Fig. S7, ESIT). This result confirmed that the ZnO nano-
wires dissolved and released Zn*' ions, which affected cell
proliferation and caused cell death (Fig. S6, ESIT)."”

Then, we also measured the proliferation degree of MCF10A
cells after culturing with the media recovered from a device
containing ZnO/TiO, (core/shell) or ZnO/SiO, (core/shell) nano-
wires (Fig. 5b and Fig. S8, ESIT). As we expected, 10° EV particles
per mL in media increased the proliferation degree and its ratio
(Fig. 5b and Fig. S5, ESIT). The proliferation degrees of MCF10A
cells were similar when culturing between the no EV media and
the recovered media after incubating 10° EV particles per mL in
the EV-elimination device containing ZnO/TiO, (core/shell) or
ZnO/SiO, (core/shell) nanowires. These media also showed pro-
liferation ratios lower than 2, implying that both types of nano-
wires eliminated the EVs from the media (Fig. S9, ESIT). However,
the recovered media from the no EV media incubated in the EV-
elimination device containing ZnO/TiO, (core/shell) nanowires
lowered the proliferation degree with statistical significance,
implying low toxicity (Fig. 5b). On the other hand, the recovered
media from the no EV media incubated in the EV-elimination
device containing ZnO/SiO, (core/shell) nanowires did not affect
the proliferation degree of MCF10A cells. We judged that the EV-
elimination device employing the ZnO/SiO, (core/shell) nanowires
was the most suitable for future blood purification devices among
the three types of nanowires that we studied. These results
indicated that the recovered media from EV-elimination devices
had an EV concentration below the critical threshold that could
induce abnormal cell growth. Hence, the EV-elimination device
inhibited abnormal cell growth by eliminating cancer-derived
EVs, leading to reduction of cancer metastasis.

In this study, we fabricated ZnO, ZnO/TiO, (core/shell), and
ZnO/SiO, (core/shell) nanowires and found that ZnO/SiO, (core/
shell) nanowires showed the ability to eliminate EVs, leading to
suppressing abnormal cell growth without causing cell death.
Regarding device upscale, the device can be developed as a
nanowire-based microfluidics device that can realize continu-
ous flow of the solution; thus, the device has the potential to
increase future purification applications from microliter
amounts up to milliliter amounts. Furthermore, the nanowire
surfaces can be modified with antibodies to capture specific
EVs,'? suppressing non-specific capture of such things as blood
cells and proteins. We took the first step by preparing an
EV-elimination device for the final goal of developing a
nanowire-based purification device to administer cancer thera-
pies, inhibit metastases, and provide new therapeutic strategies.
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