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Exosomes /microvesicles are known to shuttle biological signals between cells, possibly by transferring

biological signal components such as encapsulated RNAs and proteins, plasma membrane proteins, or

both. Therefore exosomes are being considered for use as RNA and protein delivery vehicles for various

10 therapeutic applications. However, living cells in nature secrete only a small number of exosomes, and

procedures to collect them are complex; these complications impede their use in mass delivery of

components to targeted cells. We propose a novel and efficient method that forces cells through

hydrophilic microchannels to generate artificial nanovesicles. These mimetic nanovesicles contain

mRNAs, intracellular proteins and plasma membrane proteins, and are shaped like cell-secreted

o

exosomes. When recipient cells are exposed to nanovesicles from embryonic stem cells, mRNAs of Oct

3/4 and Nanog are transferred from embryonic stem cells to the target cells. This result suggests that

mimetic nanovesicles can be used as vehicles to deliver RNA. This nanovesicle formation method is

expected to be used in exosome research and to have applications in drug and RNA-delivery systems.

Introduction

20 Exosomes /microvesicles secreted from cells have been subjects
of intensive research recently. These cell-secreted exosomes are
nano-scale compartments with an enclosed lipid bilayer
membrane that can deliver biological components between cells'
5. Due both to surface membrane proteins on the lipid bilayer

»s membrane and the exosomes’ nano-scale diameter, the trans-
membrane delivery abilities of cell-secreted exosomes allow for
casy endocytosis®'’. Since they are found to be involved in
intercellular communications as natural RNA-delivery vehicles,
intensive efforts have been made to exploit these abilities for
targeted RNA-delivery'".

Although RNA-delivery systems show promise for therapeutic
applications in several diseases (e.g. genetic disorders, diabetes,
cancer), several hurdles must be overcome before one can be used
for therapeutic purposes'*'®. One major hurdle is to deliver RNA
ss across the plasma membrane with high efficiency and low

toxicity. Conventional RNA-delivery techniques include
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electroporation and viral vector injection, but they have
drawbacks in efficiency and safety due to their immunogenicity
and cellular toxicity” '"°. Recent efforts to improve the delivery
40 systems include use of polymers, microfluidics, lipoproteins and
lipid-like particles (lipidoids); these approaches have been
reported to have better efficiency and safer characteristics than
the conventional ones®***. For similar purposes, efforts have been
made to develop drug and RNA delivery systems that use small
liposomes, which have a lipid bilayer membrane®***. Recently,
immiscible flow microfluidic channels using a micronozzle or
flow focusing techniques in microchannels have been tried
without the lyophilization process*®*". Nevertheless, these
liposomes described above lack membrane proteins which have
so important functions during endocytosis, and may require several
processes to tether specific molecules on the membranes®'. In
contrast to these methods, when origin cells which secrete
exosomes are either transfected with a short-hairpin-RNA coding
vector, or loaded with small interfering RNA through an
ss electroporated plasma membrane, the exosomes from origin cells
have membrane proteins, and can be used as delivery vehicles for
RNA interference (RNAi)** %,
In this study, we demonstrate endogenous RNA-delivery using
exosomes-mimetic nanovesicles. The nanovesicles are fabricated
60 using living cells and microchannels to fabricate nano-scale
vesicles. The lipid membrane in the fabricated nanovesicles is
derived from living embryonic stem cell (ES cell) membranes,
and contains intact membrane proteins. We discovered that the
fabricated nanovesicles contained the same RNAs as the
os cytoplasm and also proved that these nanovesicles can deliver
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Figure 1. (a) Cell suspension was pressurized through parallel
microchannels through which cells flow. (b) SEM images of the 37
microchannels in paraellel (c) Schematic process of nanovesicle
generation. As cells flow through slits in microchannels, cells are
stretched. At the outlet of the microchannels, nanovesicles are generated
possibly due to abrupt pressure change and elongated shape caused by
shear stress.

intracellular RNAs into the cytoplasm of targeted cells. These
results suggest that the fabricated nanovesicles are similar to
exosomes, and are effective for delivery of loaded contents, e.g.
RNAs.

Materials and Methods
Microchannel fabrication

The microchannel was patterned using soft lithography in SU-
8 2025 with a thickness of 10 um (Figure la, b). Channels were
fabricated (a) with a constant length of 200 um and a width of 3,
5, or 7 um or (b) with a constant width of 5 pm and a length of
100, 200, or 400 um. For each case, the number of microchannels
was 37 in parallel. These SU-8 patterns were used as the masters
for microchannels made of nine parts polydimethylsiloxane
(PDMS) silicon elastomer base and one part curing agent. PDMS
microchannels treated with oxygen plasma were then bonded to
glass and baked for 2 h at 150 °C to create a tight bond. The
microchannels on the bonded devices were treated with the
plasma, then the devices then stored for 24 h in phosphate buffer
saline (PBS) to preserve their hydrophilic property. To test the
effect of surface hypdrophobicity during nanovesicle generation,
a hydrophobic micro-channel was made separately using 2%
PTFE (Dupont Teflon® AF: Amorphous Fluoropolymer solution)
in a solvent (ACROS FC-75).

Cell culture

The murine embryonic stem (ES) cell line-D3 (ATCC, CRL-
1934) was used as a source of nanovesicles. The cells were
cultured in knockout DMEM (Gibco), supplemented with 15 %
replacement fetal bovine serum (Gibco), 4 mM L-glutamine
(Sigma), 100 g/mL penicillin-streptomycin (Gibco), 1000 U/mL
leukemia inhibitory factor (Chemicon, Temecula, CA), and 0.1

40 mM 2-Mercaptoethanol (Sigma) on a 150-mm culture dish coated
with 0.1 % gelatin solution. The culture medium was replaced
every day and cells were passaged with 1:10 dilution ratio at least
once a week. Cells from passage numbers 4-18 were used for the
experiments. The cells were cultured at 37 °C in a 95 % air / 5 %

45 CO2 atmosphere.

NIH-3T3 fibroblasts (ATCC, CRL-1658) were cultured in
DMEM (Gibco), and supplemented with 10 % fetal bovine serum
(Gibco) on a 150-mm culture dish. The culture medium was
replaced every two days and cells were passaged at 1:10 dilution

so ratio when the dishes containing cells were 90 % full. The cells
were cultured at 37 °C in a 90 % air / 10 % CO2 atmosphere.

Nanovesicle generation and separation

An acrylic vise was fabricated and assembled with the
microchannels to prevent leakage of samples during extrusion.
ss During extrusion, the syringe pump was placed on a shaker to
prevent cells from settling in the syringe. When ES cells had
almost filled the culture dish, but had not formed an embryonic
body, they were detached with 2 mM EDTA (Gibco) and
suspended (1.5%x10° cellsymL) in PBS and 0.5 mM
ethylenediaminetetraacetate and then loaded in a 1 mL disposable
syringe. They were then extruded through the fabricated
microchannels using a syringe pump (11 plus dual syringe,
Harvard Apparatus, USA). As a pre-cleaning process, extruded
samples were collected and centrifuged at 1x10* g for 20 min to
eliminate unbroken cells. Next, following the similar separation
procedures for exosome®, the supernatants were put into
cushions consisting of 10% or 50% Optiprep solutions, which
were then centrifuged at 1x10° g for 2 h. The centrifuged sample
had several layers; the nanovesicles were in the second layer from
the bottom, which was collected. All nanovesicle generation
processes except the cell preparation were conducted at 4 °C to
maintain the materials below the phase transition temperature of
the lipid membrane to prevent cell aggregation and retain the
solid-like state of plasma membranes during the processes.
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Exosome preparation

When culture dishes containing ES cells were 80~90 % full,
the culture medium was changed to a serum-free-medium
containing DMEM (Gibco) supplemented with 4 mM L-
glutamine (Sigma), 100 U/mL penicillin-streptomycin (Gibco),
1000 U/mL leukemia inhibitory factor (Chemicon, Temecula,
CA), and 0.1 mM 2-mercaptoethanol (Sigma). After 24 h, the
culture media was collected and centrifuged at 800 g for 5 min,
then at 3000 g for 20 min to remove the remaining cells.
Microparticles were also removed using a high speed centrifuge
at 10,000 g for 30 min. Next, the supernatant was concentrated on
a 50-kDa cutoff-membrane in a centrifuge tube (Amicon, Witten,
Germant) at 1300 g to a volume of 10 mL. The concentrated
sample was collected and centrifuged at 1x10° g for 2 h. Vesicles
secreted from cells accumulated on the bottom of the tube after
centrifuging.
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Quantification of nanovesicles and exosomes

The collected nanovesicles were quantified using Bradford
protein assay. In this quantification, the surface proteins are for
quantifying indirectly the amount of surface proteins tethered on

o5 the surface of nanovesicles and exosomes*®*
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Dynamic light scattering

The size and zeta potentials of the nanovesicles were measured
using a dynamic laser scattering (DLS) instrument (Zetasizer
3000HSA, Malvern Instrument). 1 mL of nanovesicles was
quantified with Bradford protein assay as described above, and
prepared with a concentration of 5 pg/mL for measurement.

Transmission electron microscopy

The morphologies of exosomes and nanovesicles were
observed by transmission electron microscopy (TEM, Joel 10011,
Japan). The sample was prepared with a concentration of 50
pg/mL, which was quantified based on the surface proteins on
nanvovesicles with Bradford protein assay as described above.
Samples (5 pL) were loaded on the grid and incubated for 3 min
at room temperature. The sample on the edge of the grid was
removed using filter paper and 5 pL uranyl acetate was loaded on
the grid surface. The remaining uranyl acetate was removed using
filter paper and the sample was dried. Then, the sample was
observed using TEM.

RNA isolation

RNA preparation was conducted using Qiazol (Qiagen)
according to the manufacturer's instructions. The RNA
concentration of nanovesicles was measured using Nano-drop
(Nano-Drop Technologies, Wilmington, DE, USA). The quality
and size of RNA were examined on an Agilent RNA 6000 Nano
Chip with a 2100 Bioanalyzer™ (Agilent Technologies, Santa
Clara, CA).

Reverse transcription-polymerase chain reaction

To confirm the existence of RNA in nanovesicles and to
compare it with origin cells, the reverse transcription-polymerase
chain reaction (PCR) was conducted. These reactions were
initiated using 100 ng RNA and 0.02 uM oligo dT to attach dT to
the end of the RNA at 70 °C for 5 min, and the sample was stored
at 4 °C for 5 min. The reverse transcription reaction was carried
out at 42 °C for 70 min and 70 °C for 15 min. The actin, Oct 3/4
and Nanog sequences were amplified by PCR with the following
primers to yield 200 bp, 100 bp and 400 bp product, respectively.
PCR was performed in tubes containing 2 pL of the extracted
c¢DNA and 23 pL of a master mixture. The PCR conditions
consisted of denaturation at 94°C for 2 min, followed by 32
cycles of amplification at 94°C for 30 s, 56°C for 30 s, 72°C for 1
min and extension at 70°C for 5 min. PCR products were
analysed by running samples on a 1% agarose gel for 30 min at
100 mV. The gel was stained with ethidium bromide for 10 min
and was photographed with the BioDoc-It imaging system (UVP,
Cambridge, UK).

The mouse Actin, Oct3/4 and Nanog primers used for PCR:

Actin  Forward ACGTTGACATCCGTAAAGAC
Reverse GCAGTAATCTCCTTCTGCAT

Oct 3/4 Forward AGACCATGTTTCTGAAGTGC
Reverse GAACCATACTCGAACCACAT

Nanog Forward AGGGTCTGCTACTGAGATGCTCTG

Reverse CAACCACTGGTTTTTCTGCCACCG

55

%
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Western blotting

Protein preparation was conducted using RIPA buffer (Bio-
Rad) according to the manufacturer’s instructions. Equal amounts
(10 g) of samples were separated by electrophoresis on a 8%
SDS-PAGE gel and proteins were then transferred onto PVDF
membranes. The membranes were blocked with 3% non-fat milk
in phosphate buffered saline (PBS) for 1 h at room temperature
and incubated with primary antibodies in 3% non-fat milk at 4°C
overnight. After they were washed using 0.05% Tween-20 in
PBS, they were incubated with secondary antibodies in 3% non-
fat milk at room temperature for 1 h. The membranes were
washed again and immunoreactive bands were visualized with a
chemi-luminescent substrate. The following primary and
secondary antibodies were used: Anti-actin (Santa cruz, sc-
81178), Anti-ICAM-1 (Santa cruz, sc-1506), Anti-Nanog
(Millipore, AB9220), Anti-mouse HRP (Santa cruz, sc-2096),
Anti-goat HRP (Santa cruz, sc-2020) and Anti-rabbit HRP (Santa
cruz, sc-2004). Primary antibodies were diluted 1:2000 and
secondary antibodies were diluted 1:4000.

Flow cytometry

ES cells were dyed using CellTrace™ CFSE proliferation kit
(Molecular Probes, C34554) then extruded to generate dyed
nanovesicles. They were treated to NIH-3T3 fibroblasts with a
concentration of 10 pg/mL. The treatment times for the
nanovesicles were 0, 1 h, and 12 h. Treated NIH-3T3 fibroblasts
were cultured at 37 °C in a 90 % air / 10 % CO, atmosphere.
After 12 h, the cells in each well were detached using 250 pL
Tryp-LE (Gibco). The detached cells were collected in a FACS
tube with 1 mL DMEM + 10 % fetal bovine serum medium. The
uptake rate of nanovesicles by NIH-3T3 fibroblasts was measured
by FACS (Gallios, Beckman Coulter) using fluorescent intensity.

Confocal microscopy

ES cells were dyed using CellTracker™ Orange CMTMR
(Molecular Probes, C2927) were extruded to generate dyed
nanovesicles. 4x10* NIH-3T3 fibroblast-GFP (Cell Biolabs,
AKR-214) were placed on a confocal dish (SPL, 10035) with
0.2% gelatin (Sigma, G6144). The treatment times for the
nanovesicles were 1h, and 12 h. They were washed in PBS and
fixed using 4% paraformaldehyde. Nuclei were dyed using
Hoechst (Sigma, B2883). Samples were treated with mounting
solution (Invitrogen, 008010) to prevent dehydration. The
samples were observed using confocal microscopy (Carl Zeiss,
LSM 510 Meta).

Result and Discussion
Nanovesicle formation

Amphiphiles in aqueous solution self-assemble to reduce their
thermodynamic energy by forming certain structures:
topologically, micelles or bilayers; and geometrically, spheres,
cylinders or planes. Many studies have investigated the factors
that affect self-assembled structures, including temperature,
properties of acyl chains, and head groups of the lipid molecule®.
Assuming that aggregated amphiphiles all have the same
chemical potential, the equation describing thermodynamic
equilibrium on self-assembly is

This journal is © The Royal Society of Chemistry [year]
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X, = NX]exp[Nfi] — u; )/(kT)] M
where N is the number of amphiphiles incorporated in the
aggregated form, Xy is mole fraction of aggregated amphiphiles
with aggregation number N, ) is the molecules’ self- free energy
(J) with aggregation number N, k is Boltzmann’s constant (J/K)
and T is temperature (K)*. Superscript 0 of uy denotes that this
free energy is the standard molecular interaction energy without
entropy term. uy depends on interfacial attraction, hydrophobic
attraction and ionic head group repulsion. If this factor can be
determined, average N of the solution can be calculated. As
differentiating eq. (1) with N, we can check that if 9 is constant
on N, smaller aggregation numbers are preferred over larger
ones®’.

To find the geometry of the assembled amphiphilies, many
geometric factors must be employed. Assembled geometries are
constrained by the amphiphile’s molecular structure and
dimensions, and this constrain called ‘packing constraint’. On the
outer layer of lipid membrane, packing constraint equation for
sphere is*

Yo 1(1 L, l—j
a R 3K
where v () is the volume of the hydrocarbon chain, a (m°) is the
effective surface area of each ionic head, R (m) is the sphere’s
radius and / (m) is the amphiphilic molecule’ length. The
parameters, v and a are assumed to be constant as material
properties; and / is variable, but has critical extension limit /.. Eq.
(2) can be derived easily calculating volume and outer area of
lipid shell having thickness of / and outer radius of R. When R =/,
the spherical micelle case, eq. (2) is reduced to / = 3v/a. Because
1. > I, spherical micelles must satisfy the condition /. > 3v/a. This
means that lipids having / < 3v/a cannot form spherical micelles.
By similar derivation shown above, the cylinder micelle’s
constraints is /. = 2v/a. Especially in biological components,
phospholipids have two or more hydrocarbon chains. With given
v, double-chained lipids have shorter [, than single-chained lipids,
approximately half. Because of this insufficient stretch of the
carbon chain, these phospholipids cannot form fully-filled
micelles with given v and «a, and instead form a bilayer. Due to
reason, a bilayer formation is preferred over micelle formation for
the case of cells and exosomes dispersed in aqueous solution.
Therefore, from eq. (1) and (2), phospholipids separated from
cells tend to spontaneously form spherical vesicles to reduce
thermodynamical energy and to satisfy geometrical constriction.

To generate small vesicles from cells by exploiting self-
assembly, some forces should be induced on bigger forms of
vesicles, cells (here, we use murine ES cells as the larger ones) to
cut the bilayer membrane. To impose shear stress on cells, we
forced them through microchannels that were fabricated using
conventional soft-lithography (Figure 1a). The material of the
microchannels was polydimethylsiloxane (PDMS) with contact
angle (CA) ~27° after oxygen plasma treatment. The PDMS was
bonded on a pyrex glass substrate. Due to the amphiphilic
property of lipid molecules which directly contact the fabricated
microchannel wall, the wall of the microchannel induces a shear
force on the plasma membrane that can determine the behavior
during vesicle shedding, depending on the surface property of the
microchannel.

To observe whether cells subjected to shear can shed vesicles,

@

high speed CCD images (15000 frames per second) were taken as
cells flowed through a microchannel (width 3 um, height 5 um)
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Figure 2. For imaging, a PDMS single microchannel (Width 3 pm, height
5 um) was fabricated on a glass substrate. Images were obtained by a high
speed CCD camera (15000 frames per second) when cells were extruded
through a single hydrophilic microchannel. Cells were deformed through

65 the microchannel. Expanding at the outlet of a microchannel, cells began
shedding vesicles.

a 45
® 40 B Hydrophobic microchannel Hydrophilic microchannel
35
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(b) Natural ES cell exosome

Hydrophobic micro channel Hydrophilic micro channel

300 nm

Figure 3. ES cells were extruded through microchannels with
70 hydrophobic or hydrophilic surface. (a) DLS data of the samples after
separation using an ultracentrifuge: in the samples from the hydrophilic
microchannel, nano-size particles of diameter 60~120 nm were found, but
in the samples from the hydrophobic channel, nano-size vesicles were not
detected beyond the background signal of the buffer solution( less than 10
7s nm). (b) TEM image of cell-secreted exosomes and the samples. White
arrows: exosomes and nanovesicles. Black or gray lines: membrane
structures. Many nanovesicles in the sample from the hydrophilic
microchannel having a membrane structure were observed, but no
nanoparticles were observed in the sample from the hydrophobic
80 microchannel. The morphologies of nanovesicles in the sample from the
hydrophilic microchannel were similar those of to cell-secreted exosomes.

at 6.5 pL/min, which was equivalent to 43.3 m/s. An ES cell was
squeezed passing through the microchannel, and shed
nanoparticles at its outlet (Figure 2). Although, due to the
ss resolution limit of optical microscopy, smaller vesicles than those
shown in Figure 2 could not be observed well. These
observations showed that when a cell was constricted through the
microchannel the plasma membrane elongated due to resistant
shear force on the surface of the microchannel. The elongated
o0 lipid bilayer was not stable thermodynamically, and eventually
formed small nanoparticles.
To assess the effects of surface properties on nanoparticle
formation, different device with 37 microchannels in parallel

4 | Journal Name, [year], [vol], 00—00
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(width 5 pm, height 10 pm, length 200 pm) were prepared with
hydrophilic (CA= 27°) or PTFE-coated hydrophobic surface (CA
115°), as described in the experimental section. The flow
velocity both in the hydrophilic and hydrophobic microchannels
was set as 6.5 pL/min, equivalent to 0.058 m/s. The resultant
transit time for which the fluid is in the microchannels was 3.45
ms. The extruded samples were collected. The samples from the
hydrophilic microchannels contained fewer ES cells and more
debris torn off from ES cells, whereas the samples from the
hydrophobic microchannels contained more ES cells and less
debris. In both hydrophilic and hydrophobic microchannels, it
was hard to recognize the existing ES cells due to severe
morphological damage. The ES cells in the samples were
identified with trypan blue staining, and most of them were
damaged in their plasma membrane by showing positive trypan
blue staining. If there nanoparticles in the form of vesicles are
generated, the debris are supposed to contain the nanoparticles.
For analysis of the debris, the collected samples were pre-cleaned
to eliminate the ES cells in the samples. Then, by using the
method similar as the exosome-separation described in materials
and methods, expected nanoparticles in the form of vesicles with
lipid bilayer membranes were separated from the debris®. The
sizes of separated nanoparticles were determined by dynamic
laser scattering (DLS) and transmission electron microscopy
(TEM). Although the sample from the hydrophobic
microchannels showed a peak around several nm which accounts
for background noise from ions in buffer solution, there was no
peak corresponding the nanoparticles of ~100 nm in diameter
(Figure 3a), and the TEM image also revealed no nanoparticles of
~100 nm in diameter (Figure 3b). In contrast, many nanoparticles
of ~100 nm in diameter were observed as products of the
hydrophilic microchannel (Figure 3a), and TEM images showed
nanoparticles that had a membrane structure (Figure 3b); DLS
determined that they were 60~120 nm in diameter, similar to the
diameter of exosomes, and had zeta potential of -14.54+1.31 mV,
comparable to that of exosomes. Based on TEM images and zeta
potential data, particles in the extruded sample were expected to
have a lipid bilayer structure. As physical characteristics of these
nanoparticles, such as morphology size and surface, were
comparable to those of cell-secreted exosomes. We call these
particles ‘nanovesicles’.

According to the results, the generation of nanovesicles highly
depends on the surface friction of microchannels. On the
hydrophilic surface, tightly constricted plasma membrane in the
microchannel temporarily undergoes friction force imposed from
the surface in the microchannels, and stretches in the flow
direction. If the strain of the stretched membrane reaches a limit,
the plasma membrane is torn into fragments (Figure 2). However,
the hydrophobic wall coated with PTFE causes less friction to the
cells due to low adhesiveness to biological materials.
Additionally, high hydrophobicity of PTFE possibly provides
non-zero surface flow velocity from slip flow condition. As a
result of the combined effects, the cell slips with less friction on
the surface in the microchannels, and less debris and fewer
fragments of plasma membrane were generated in the
hydrophobic microchannels. Even with the fewer fragments,
strong hydrophobic interaction between the surface and
hydrophobic carbon chains in phospholipids may disturb the

60

65

70

75

80

85

90

orientation of the phospholipids, not to assemble properly.
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Figure 4. (a) TEM image of nanovesicles from microchannels having
different length and width. Morphologies of the nanovesicle from
different dimensions showed similar with closed lipid bilayers. (b)
Nanovesicle sizes extruded from microchannels of three lengths (100, 200,
and 400 pm) with a fixed width of 5 um; flow rate: 6.5 uL/min. (c) Sizes
of nanovesicles extruded from microchannels with a fixed length of 200
um, but widths of 3, 5 and 7 um; flow rate: 6.5 pL/min.

Size dependency on microchannel geomerty

The size of nanovesicles can be varied by the degree of net
force unbalancing, which can in turn be controlled by changing
the microchannel’s geometry, cross section area and length. As
the microchannel geometry is altered, the shear force generated
on cells during extrusion changes and causes nanovesicles to
have different characteristics. For this experiment, the channel
height was set as 10 um. Different widths of microchannels were
tested. For the microchannels with lpm in width, the
microchannels were clogged by cells and were not able to provide
meaningful data. In contrast, for the microchannels with 10 pm
width, no nanovesicles were generated at all. Therefore, the range
of the width of microchannels was selected from 3 pm to 7 um.

As for volume flow rate, with volume flow rates higher than
10 pL/min, the PDMS microchannels were able to sustain the
pressure built in the microchannel. In contrast to high volume
flow rates, low volume flow rates required long period for
extrusion a given number of the cells, which caused cell
aggregation in the syringe. After trials, a flow rate of 6.5 pL/min
was chosen and the cells were extruded at the flow rate. The
morphologies of nanovesicles for every case were also identified
by TEM (Figure 4a); all had a closed shape after the separation
process described above. The sizes of nanovesicles were
quantitatively determined using DLS: the largest was generated at

This journal is © The Royal Society of Chemistry [year]
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the shortest microchannel length of 100 um (transit time = 1.72
ms) but had a large variation; the mean diameter decreased
abruptly at microchannel length of 200 pum (transit time = 3.45
ms), and finally converged ~80 nm at microchannel length of 400
pum (transit time = 6.82 ms) (Figure 4b). However, when channel
width was adjusted with a fixed channel length of 200 um, the
change in mean diameters was not significant (Figure 4c). As the
channel length increased, only the mean diameter of nanovesicles
and their variation in size decreased. Although the main
geometrical parameter to control the size of nanovesicles is the
channel length; the transit time for which the friction is induced,
the size of the nanoveiscles with a stable structure depends on the
shape of amphiphilies that comprise the nanovesicles, as
described in eq. (2)

(a) Channel width= 5 pm (b) Channel length = 200 pm
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Figure 5. Protein and RNA amount after extrusion through
microchannels. (a), (c) Protein and RNA amount extruded from
microchannels of three lengths (100, 200, and 400 pm) with a fixed width
of 5 pm; flow rate 6.5 pL/min. (b), (d) Protein and RNA amount extruded
from microchannels with a fixed length of 200 um, but widths of 3, 5 and
7 pm; flow rate: 6.5 pL/min.

Efficiency of generation

Similar to quantification of exosomes, these amounts of
proteins and RNAs are proportional to the quantity of generated
nanovesicles*" 2. For the microchannel width of 5 pm, larger
amount of the total proteins and RNAs in the nanovesicles were
detected at the microchannel length of 200 um (transit time=3.45
ms) than at the microchannel of 100 um (1.72 ms). However,
when the microchannel length was 400 um (transit=6.89 ms), the
amount of the total proteins and RNAs in the nanovesicles was
similar to when microchannel was 200 um (Figure 5a, c). To
investigate the effect of the channel width on the total amount of
proteins and RNAs in the nanovesicels, the microchannel length
was fixed 200 pm, and the microchannel width was changed from
3 pum to 7 um. The total amount of proteins and RNAs slightly
increased as the microchannel width increased for 3 and 5 pum.
However, for the microchannel width of 7 um which is larger
than the diameter of an ES cell, the total amount of proteins and
RNAs decreased dramatically (Figure 5b, d). From these results,
the proper stress or friction from the surface of the microchannel
is important for fabrication of the nanovesicles. Additionally,
similar as the size of nanovesicles, the main parameter to decide
the amount of generated nanovesicles is also the transit time for
which friction from the surface of the microchannel is applied.
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Among various combinations of microchannel width and
length, a combination with 200 pm length and 5 pm width was
chosen for further experiments, because this combination
provided nanovesicles with diameter ~100 nm, which is similar to
that of cell-secreted exosomes. At this condition, the amount of
nanovesicles was assessed by comparing the total amounts of
proteins and RNAs to those from the origin ES cells and
nanovesicles from an equivalent number of ES cells (Figure 6).
The measured total amount of RNAs and proteins indicates that
about one-fifth of the ES cells from which the nanovesicles
generated. This small proportion occurred partially because many
cells clogged at the entrance of the microchannels and adhered to
the inside of the microchannel.
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Figure 6. (a) Total protein amount and (b) total RNA amount for 1.5x10°
original ES cells and nanovesicles generated by 1.5x10° ES cells. Protein
was measured with Bradford essay. Proteins and RNA content of
nanovesicles were ~1/5 of the amounts contained in the original cells.

Comparison with exosomes

Qualitative comparisons among origin ES cells, exosomes and
nanovesicles from ES cells were performed. For the reason that
the nanovesicles are generated directly from cells by extrusion,
they are expected to be made up of cellular components such as
plasma membrane, membrane proteins, intracellular proteins and
RNAs. The presence of these components was confirmed by
western blot, reverse transcription-PCR and RNA size analysis
using Bioanalyzer™. Before these analyses, pre-cleaning was
conducted to remove unbroken cells from the extruded sample.
The western blot analysis used ICAM-1, Nanog and Beta-actin as
representative markers. Nanog and Beta-actin are intracellular
proteins in ES cells. All of these proteins were found in the
samples from the ES cells and nanovesicles (Figure 7a); i.e., the
nanovesicles have membrane proteins and contain intracellular
proteins of the original cells in their lipid bilayer structure. This
means that the nanovesicles are expected to contain many other
proteins and intracellular materials of the original cells, much like
cell-secreted exosomes. Additionally, ICAM-1 is a plasma
membrane protein which is also expressed in ES cells*"
suggesting that the separated nanovesicles contains intact plasma
membrane.

The reverse transcription-PCR used Oct 3/4, Nanog and Beta-
actin, typical mRNA in ES cells. All of them were also found in
the ES cells, exosomes and nanovesicles (Figure 7b); this result
means that the nanovesicles contain mRNAs in addition to
proteins. The quality of the RNA was analysed by using
BioanalyserTM; tRNA, rRNA and microRNA were found in the
ES cells, exosomes and nanovesicles, although the intensities
varied depending on the samples (Figure 7c). However, RNA
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profiles for ES cells and the nanovesicles are very similar; this
suggests that the generated nanovesicles contain similar
encapsulated contents as cells, indicating that they could be used
as RNA-deliverable carriers.
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Figure 7. (a) Western blotting ES cell protein Nanog and ICAM-1 (b)
reverse transcription- PCR for 10 original ES cells, NIH-3T3 fibroblasts,
exosomes from ES cells and nanovesicles generated by 10° ES cells (c)

10 RNA profiles from Bioanalyzer™ for ES cells, exsomes and nanovesicles
generated by 10° ES cells. Small non-coding RNA (25~30 sec), mRNA
(25~50 sec), rRNA (43 and 52 sec) were detected in all cases.

Cellular uptake and delivery

15 Some studies have assumed that the amount of vesicle uptake
is dependent on the chemical and physical properties of
vesicles™ ™. To evaluate the delivery ability of the nanovesicles,
cytosols of ES cells were stained with cell tracker as described
above. Then, nanovesicles of ~100 nm diameter were generated

20 by extruding the cytosol-stained ES cells through the
microchannels with a width of 5 pm and length of 200 pum, and
the type of lipid membrane and the concentration of membrane
proteins, such as ICAM-1 in nanovesicles were supposed the
same as those of original cells. The nanovesicels were treated to

»s NIH-3T3 fibroblasts, and the amounts of uptaken nanovesicles
from ES cells by NIH-3T3 fibroblasts were characterized using
both a confocal microscope and fluorescence-activated cell
sorting (FACS), because FACS cannot distinguish the real uptake
from the attachment of nanovesicles to the plasma membrane.

s  Confocal images were collected at various times after
treatment of 10 pg/ml nanovesicles which contained the stained
cytosol of ES cells. Nanovesicles penetrated plasma membranes

and were found inside the target fibroblasts in the confocal
images (Figure 8a). FACS was used to quantify amounts of
35 uptaken nanovesicles. More than 80 % of the nanovesicles had
passed through the plasma membrane after 12 h of treatment
(Figure 8b). This result from FACS agrees with the amount of
uptaken nanovesicles along treatment time. The uptake of the
nanovesicles is effective as exosomes.
4  The nanovesicles contained intracellular proteins and RNAs
which came from the original cells (Figure 5-7). To compare the
delivery ability of the nanovesicles and exsomes, NIH-3T3
fibroblasts were treated with the nanovesicles and exosomes
every two days. At day 5 after cell seeding, RNAs of the target
cells were isolated for reverse transcription-PCR (Figure 8c).
Exogenous genes from ES cells treated with the nanovesicles,
Oct3/4 and Nanog were detected in the isolated RNAs; this result
suggests that the generated nanovesicles are able to deliver their
contents successfully through the plasma membrane, similarly as
50 €X0somes.
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Figure 8. NIH-3T3 fibroblasts were treated with nanovesicles and
exosomes from ES cells. (a) Confocal images of nanovesicle-treated NIH-

ss 3T3 fibroblasts. Images were taken lh and 12h after treatment (red:
nanovesicles; green: cytosol). (b) Flow cytometry was used to quantify
nanovesicles uptaken by NIH-3T3 fibroblasts. Change of fluorescent
intensity of NIH-3T3 fibroblasts along treatment time. (c) NIH-3T3
fibroblasts were treated with nanovesicles and exosomes every two days.

60 After 5 days, RNA was isolated from target NIH-3T3 fibroblasts for PCR.
Exogenous Oct 3/4 and Nanog from ES cells were detected in the isolated
RNA.
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Conclusions

The nanovesicles that incorporate membrane proteins were
s generated by extrusion of cells through a microchannel. The
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shapes and contents of nanovesicles were measured and verified
to be similar to those of exosomes secreted by cells; the
nanovesicles had diameters of ~100 nm and had closed lipid
layers. The content of the nanovesicles was identified to be
intracellular proteins and RNAs. To assess the ability of these
nanovesicles to deliver RNAs, target cells were treated with the
nanovesicles from ES cells and the location of the nanovesicles
was measured by a confocal microscope along treatment time;
nanovesicles and their endogenous RNA, Oct3/4 and Nanog,
were found in the target cells. The nanovesicles generated in this
study showed shape and delivery ability very similar to those of
exosomes, and these characteristics may be useful for many
therapies and other applications.
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