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Abstract
Pluripotent stem cells (PSCs) such as embryonic stem cells and induced PSCs
can differentiate into all somatic cell types such as cardiomyocytes, nerve cells,
and chondrocytes. However, PSCs can easily lose their pluripotency if the cul-
ture process is disturbed. Therefore, cell sorting methods for purifying PSCs
with pluripotency are important for the establishment and expansion of PSCs.
In this study, we focused on dielectrophoresis (DEP) to separate cells without
fluorescent dyes or magnetic antibodies. The goal of this study was to estab-
lish a cell sorting method for the purification of PSCs based on their pluripo-
tency using DEP and a flow control system. The dielectrophoretic properties
of mouse embryonic stem cells (mESCs) with and without pluripotency were
evaluated in detail, and mESCs exhibited varying frequency dependencies in the
DEP response. Based on the variance in DEP properties, mixed cell suspensions
of mESCs can be separated according to their pluripotency with an efficacy of
approximately 90%.
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1 INTRODUCTION

Pluripotent stem cells (PSCs) such as embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs) can
self-renew and are pluripotent. In recent years, studies on
regenerative medicine using ESCs and iPSCs have been
actively conducted [1, 2]. For PSC culture, it is important
to maintain the pluripotency of PSCs. Moreover, for
therapeutic applications, numerous PSCs (∼109 cells per
patient) are required in a clinical setting [3]. Therefore,
the expanding culture of PSC without loss of pluripo-

Abbreviations: DEP, dielectrophoresis; ESC, embryonic stem cell;
PSC, pluripotent stem cell
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tency is important. However, PSCs are easily affected by
disturbances in the culture process and often lose their
pluripotency during expansion. When expanding or main-
taining the culture of PSC, the exclusion of cells lacking
pluripotency from the PSC population is important for
PSC-based research and therapies. Cell sorting technolo-
gies are required for PSC culture to resolve this problem.
Conventionally, fluorescence-activated cell sorting (FACS)
is employed in cell separation. FACS distinguishes cells
based on the fluorescence of labeled cells to enable accu-
rate cell sorting. However, this requires bulky and expen-
sive instruments and fluorescent dyes for the target cells
[4, 5]. Another conventional technology is magnetic-
activated cell sorting (MACS), which distinguishes cells
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based on magnetic labeling [6]. MACS enables high-
throughput cell sorting and does not require expensive
instruments. However, this technique requires a magnetic
antibody or particle to label the target cells [6–8]. Fluo-
rescent staining or magnetic antibodies can damage the
cells and living bodies. Therefore, label-free cell sorting
technology is required for PSC culture to enable the use
PSCs at clinical stages.
Dielectrophoresis (DEP) is one of the most promising

approaches for manipulating and separating cells. DEP
is a phenomenon caused by a non-uniform electric field
that induces dipoles within a cell suspended in a buffer.
This phenomenon generates a nonzero Coulomb net force
on the cell. This dielectrophoretic force can move cells
toward high- or low-electric-field regions depending on
their relative electric properties [9]. The difference in elec-
trophoretic properties (that is, amplitude and direction
of dielectric force) enables cell distinguishment and sep-
aration without a fluorescent dye or magnetic antibody.
Recently, numerous studies have reported the use of DEP
devices to separate and manipulate cells. Cell manipu-
lation can be performed through DEP [10–12]. There-
fore, living cells and other particles or live and dead cells
can be separated through DEP [13–16]. Sorting of living
cells according to cell properties (function, type, and size)
through DEP has been studied in the past [17–21]. In our
previous study, a novel simplified cell manipulating and
sorting device using DEP and fluid-induced shear force
was developed [22]. We also reported on continuous cell-
sorting methods using DEP and fluid-induced shear forces
to separate mouse embryonic stem cells (mESCs) from
feeder cells [23]. However, these studies only highlighted
the evaluation and separation of cells from varying origins
or cells expressing distinctly different natures such as via-
bility and cell types. Moreover, DEP cell sorting to analyze
the pluripotency of PSCs and separate them according to
pluripotency has not yet been developed.
The goal of this study was to develop a novel cell-sorting

system to separate PSCs according to their pluripotency
using DEP and a fluid flow control system. For the fun-
damental study, the dielectrophoretic properties of self-
renewing and differentiated mESCs were characterized.
Based on the measured DEP properties of mESCs, we
established a DEP cell-sorting system to separate mESCs
according to their pluripotencywithout employing fluores-
cent dyes or magnetic antibodies.

2 MATERIALS ANDMETHODS

2.1 mESC culture

The mESCs derived from the 129/Ola strain (EB3 cell line,
Riken Bioresource Center, Japan) were used to evaluate

PRACTICAL APPLCATION

Previous research on dielectrophoretic (DEP) cell
sorting could separate cells of varying origins or
cells expressing distinctly different natures such as
viability and cell types. In this study, we performed
a detailed characterization of the DEP properties
of pluripotent and nonpluripotent mouse embry-
onic stem cells (mESCs) that were denatured from
similar mESCs. We also propose a cell sorting
method using the DEP force and flow-control sys-
tem to enable purification of mESCs according
to their pluripotency with an efficacy of approxi-
mately 90%. Our DEP-cell sorting method is appli-
cable to research and clinical applications requir-
ing non-cell-labeled purification of pluripotent
stem cells such as regenerative medicine.

the dielectrophoretic properties of self-renewing and dif-
ferentiated mESCs. EB3 cells usually require gelatin coat-
ing on cell culture dishes instead of feeder cell layers to
maintain their pluripotency and carry the blasticidin S-
resistance gene activated by the Oct3/4 promoter. Blas-
ticidin S-resistance gene expression enables the elimina-
tion of differentiated cells by culturing in blasticidin S-
containing medium.
For the DEP experiments, the EB3 cells were thawed

from cryovials and expanded for 3 days on gelatin-
coated flasks in Glasgow Modified Essential Medium
(GMEM) supplemented with 10% FBS, 1% antibiotic-
antimycotic, 0.1 mM nonessential amino acid, 0.1 mM
2-mercaptoethanol, 0.1 mM sodium pyruvate, 10 µg/ml
blasticidin S, and 1000 U/ml leukemia inhibitory factor
(LIF). The cell cultures were maintained in a humidified
tissue culture incubator at 37◦C and 5% CO2. After 3 days
of culture, the cells were dissociated enzymatically with
0.25% trypsin and seeded in two 75 cm2 flasks.
Typically, LIF is used to maintain cell pluripotency in

mESC cultures. In this study, one of the flasks was cultured
in a medium similar to the one described above to pre-
pare cells with pluripotency [LIF(+) group]. In the LIF(+)
groups, the EB3 cells lacking pluripotencywere eliminated
in blasticidin S-containing medium. The other flask was
cultured for 3 days in the medium without LIF and blas-
ticidin S to prepare the cells lacking pluripotency (LIF(–)
group). To evaluate the pluripotency of cells from LIF(+)
and LIF(–) groups, an alkaline phosphatase evaluation
assay (AP assay) was performed using the Leukocyte Alka-
line 187 Phosphatase Kit (#86R, Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. Prior to the DEP
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F IGURE 1 Schematic of dielectrophoretic chamber for characterization of cells. (A) Parallel line electrode array. (B) Flow channel made
by PDMS gasket sandwiched with ITO-membrane coated and ITO-electrode array fabricated slide glasses

experiments, the cells of both experimental groups were
suspended in a low-conductivity, osmotically balanced
buffer (LC buffer: 10 mM HEPES, 0.1 mM CaCl2, and
59 mM D-glucose in a sucrose solution [22–25]) at 1.0 ×
106 cells/ml. In our previous studies, we confirmed that the
immersion of mESCs in LC buffer during the experimen-
tal time (approximately 30 min) did not affect cell viability
[24].

2.2 DEP characterization of
undifferentiated and differentiated mESCs

The DEP chamber for dielectrophoretic evaluation was
constructed by sandwiching a silicon rubber gasket with
a transparent parallel-line electrode array-fabricated glass
and an ITO-coated glass (Geomatec, Kanagawa, Japan).
The thickness of the ITO layer was 1500 Å, and the resis-
tance was 5 Ω/sq The pattern of parallel-line electrodes
was made using laser-etching techniques. Each electrode
line had a width of 20 µm, and the lines were 80 µm apart.
The parallel-line microelectrodes were designed to gener-
ate a highly nonequal electric field (Figure 1A) [22, 23]. The
silicon rubber gasket determines the chamber height. The
resulting geometry of the experimental volume of the DEP
chamber was 15 mm in length, 5 mm in width, and 0.5 mm
in height (Figure 1B).
The experimental setup used to evaluate the DEP prop-

erties of the cells is shown in Figure 2. A 1-ml dispos-
able syringe containing the cell-suspended LC buffer was
connected to the inlet of the microchannel. The cell-
suspended buffer was injected using a syringe pump (Har-
vard 33 Twin Syringe Pump,HarvardApparatus, Holliston,
MA, USA). After the injection of the sample solution, DEP
was performed to evaluate the DEP properties of mESCs

F IGURE 2 Experimental setup to evaluate dielectrophoretic
properties of cells and cell sorting using DEP cell sorting

in the LIF(+) and LIF(–) groups. During DEP, the cells
were moved toward the electrodes by positive DEP and
between the electrodes by negative DEP in the DEP cham-
ber (Figure 3A).
To evaluate the frequency dependency of the DEP

properties, an AC electric field was applied between the
parallel-line electrode array and bare ITO-coated glass
using a function generator (WF1944B, NF Corp., Yoko-
hama, Japan) and an amplifier (BA4850, NF Corp., Yoko-
hama, Japan). The applied voltage wasmonitored using an
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F IGURE 3 Schematic of positive and negative dielectrophoresis of living cells. (A) Cell movement during dielectrophoresis. (B)
Evaluation of dielectrophoretic properties

oscilloscope (TDS1001B, Tektronix, Beaverton, OR, USA)
connected in parallel to the amplifier. The movement of
cells within the DEP chamber was observed using a phase-
contrast microscope (Nikon Eclipse TE300, Nikon, Tokyo,
Japan) with a digital video camera. Photomicrographs
were captured at 0 and 180 s after the AC voltage was
applied to evaluate the DEP properties.
The number of cells on the electrodes (positiveDEP) and

between the electrodes (negative DEP) were counted, as
shown in Figure 3B. The frequency dependency of theDEP
property was evaluated by the positive-DEP ratio Rp and
negative-DEP ratio Rn, calculated as follows:

𝑅p = 𝑁P∕ (𝑁P + 𝑁n) (1)

𝑅n = 𝑁n∕ (𝑁P + 𝑁n) (2)

where Np and Nn denote the numbers of cells under posi-
tive and negative DEP, respectively.

2.3 Mouse ESC purification using DEP
and fluid-induced shear forces

A DEP chamber with a fluid-flow control system was
developed to sortmixedmESCs expressing pluripotent and
non-pluripotent phenotypes. As mentioned above, ITO-
coated glass (Geomatec, Kanagawa, Japan) was used as the
conductive substrate to fabricate a transparent parallel-line
microelectrode array on a glass slide. The pattern of the
electrodes was also made using laser-etching techniques.
The geometry of the parallel-linemicroelectrodes was sim-
ilar for the DEP chamber to evaluate the DEP properties of
the stem cells (Figure 4A).

The flow channel was made from a polydimethylsilox-
ane (PDMS) polymer to establish a rectangular volume.
The DEP chamber was formed by contacting the PDMS
flow channel on the electrode-fabricated glass (Figure 4B).
The resulting geometry of the DEP chamber was 5.5 mm
long from the inlet to the electrodes, 5 mm wide, and
100 µmhigh. The reservoir for the LC buffer was fabricated
in a DEP chamber to sort the cells continuously.
The experimental setup for DEP cell sorting using a

flow control system is shown in Figure 2. The flow rates
of the cell-suspended solution and bulk LC buffer were
controlled using a twin-syringe pump (Harvard 33 Twin
Syringe Pump, Harvard Apparatus, Holliston, MA). The
process of DEP cell sorting is illustrated in Figure 5. In
the first step, 30 µl of the mixed cell solution was injected
into the DEP chamber with LC buffer filled in the reservoir
(Figure 5A). Subsequently, the mixed cell suspension was
introduced into the chamber at 5 µl/min to trap the cells in
the LIF(+) group only on the electrodes using the positive-
DEP force, while cells in the LIF(–) group passed through
the chamber to outlet B (Figure 5B). The whole process of
DEP cell sorting takes for approximately three minutes.
Thereafter, theAC electric fieldwas turned off to remove

the trapped cells from the electrodes at a flow rate of
50 µl/min to collect them into outlet A (Figure 5C).
This experiment was repeated 10 times to evaluate the
efficacy of DEP cell sorting. An AC electric voltage (7
Vp-p, 130 kHz) was applied between the adjacent parallel-
line electrodes using a function generator (WF1944B,
NF, Kanagawa, Japan) and an amplifier (BA4850, NF,
Kanagawa, Japan), and the voltage was monitored using
an oscilloscope (TDS1001B, Tektronix, Beaverton, OR)
connected in parallel. The movement of cells within the
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F IGURE 4 Schematic of dielectrophoretic chamber for dielectrophoretic cell sorting. (A) Opposing comb-shape electrode array. (B)
Flow channel made by PDMS

F IGURE 5 Sorting procedure of mESC suspension using positive dielectrophoresis and fluid-flow control. (A) A Mixed population of
cells with and without pluripotency was injected into the DEP sorting chamber. (B) Cells belonging to the LIF (+) group are trapped on the
electrode array by the p-DEP force, whereas cells belonging to the LIF(–) group pass through the electrode array and are collected at outlet B.
(C) The p-DEP force is removed, and the cells of LIF(+) are collected at outlet A

DEP chamber was observed using a phase-contrast and
fluorescence microscope (BX51, Olympus, Tokyo, Japan)
equipped with a CCD camera.
Before the cell sorting experiment, the cells from LIF(+)

and LIF(–) groups were collected from cell culture dishes
and only the cells of the LIF(+) group were fluorescently
stained with calcein AM to distinguish the cells of the
LIF(+) group from those of the LIF(–) group. Fluorescence
staining was performed as follows: Cells were suspended
in LC buffer containing 20-µg/ml calcein AM and incu-
bated for 30 min at 37◦C, 5% CO2, and 95% humidity. After
fluorescent-staining of cells from the LIF(+) group, the
cells of both groups were suspended in fresh LC buffer at
1.0 × 106 cells/ml and mixed for the DEP sorting experi-

ment. The mixed ratio of cells from the LIF(+) and LIF(–)
groups was set at 5:5. The DEP chamber was thereafter
degassed and sterilized. The flow channel was filled with
70% ethanol for 5 min to sterilize the chamber and washed
twice with LC buffer. For the cell sorting experiment, the
cell suspension mixed with cells from LIF(+) and LIF(–)
groups was injected via the inlet of the DEP chamber, and
the flow rate was controlled by the twin-syringe pump
according to the DEP cell sorting process as described
above. Three individual experiments were performed in
the cell sorting experiments.
The efficacy of cell sorting was evaluated by counting

the cell numbers from the LIF(+) and LIF(–) groups in
the sorted cell suspension at outlets A and B. The cell
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F IGURE 6 Mouse embryonic stem cells cultured (A) with LIF
and (B) without LIF. The alkaline phosphatase activity was
confirmed in the cells culture with LIF whereas that was not
confirmed the cells cultured without LIF

counting procedure is shown in Figure S1. The fluorescent
and phase-contrast images of cell suspensions collected
at outlets A and B were obtained (Figure S1A). The
number of cells in the phase-contrast image was counted
to evaluate the total number of cells in both the LIF(+)
and LIF(–) groups. The number of fluorescent cells from
the LIF(+) group was also counted from the fluorescent
images (Figure S1B). The purification ratio of cells from
the LIF(–) group was determined using the total number
of cells and the number of cells from the LIF(+) and
LIF(–) groups (Figure S1C). To evaluate the pluripotency
of the separated cells, cells collected from both outlets
A and B were cultured for 48 h with culture medium
containing LIF and blasticidin S. AP assay was performed
as described in Section 2.1.

3 RESULTS AND DISCUSSION

3.1 DEP properties of mESCs expressing
undifferentiated and differentiated
phenotypes

EB3 cells from the LIF(+) and LIF(–) groups exhib-
ited varying morphologies. The mESCs with pluripotency
[LIF(+) group] formed densely packed three-dimensional
colonies, whereas the cells lacking pluripotency [LIF(–)
group] formed a flat monolayer and were dispersed
(Figure 6). Alkaline phosphatase (AP) activity was also
maintained in the cells from the LIF(+) group, whereas it
was not observed in cells from the LIF(–) group. The cells
from the LIF(+) and LIF(–) groups also exhibited varying
DEP responses according to the imposed frequency of the
AC voltage. Figure 7 shows photomicrographs of cells in
the LIF(+) and LIF(–) groups under DEP at varying fre-

quencies. The cells in the LIF(+) group exhibited a nega-
tive DEP at 10 kHz, whereas a positive DEP was observed
at 1000 kHz.Moreover, the cells of the LIF(+) group exhib-
ited both negative and positive DEP at frequencies ranging
from 30 to 50 kHz. The cells of the LIF(–) group exhibited
a negative DEP at 10 kHz and a positive DEP at 1000 kHz.
Moreover, these cells showed both negative and positive
DEP responses at frequencies ranging from 110 to 130 kHz.
To evaluate the DEP frequency dependency of the cells,

we defined Rp–Rn as the frequency-dependent parameter.
Figure 8 shows the ratio of cells expressing positive and
negative DEP responses (Rp–Rn) in the LIF(+) and LIF(–)
groups. The cells in the LIF(+) group switched from pos-
itive to negative DEP between 30 and 50 kHz. In contrast,
the cells in the LIF(–) group switched from positive to neg-
ative DEP between 110 and 130 kHz. These results indicate
that the crossover frequencies of DEPwere different for the
LIF(+) and LIF(–) groups: the crossover frequency of cells
in the LIF (+) group was between 30 and 50 kHz, whereas
that of the LIF(–) group was between 110 and 130 kHz.
PSCs change the expression of membrane proteins and

ion channels according to their phenotype (pluripotent
or non-pluripotent). It has been reported that the DEP
response of cells depends on the cell size, capacitance
of the cell membrane, and the dielectric constant of the
cytoplasm. Since the mESCs belonging to the LIF(+) and
LIF(–) groups have a similar origin, there is almost no vari-
ance in cell size. Therefore, the difference in DEP response
between LIF(+) and LIF(–) cells was considered to be
owing to the change in capacitance of the cell membrane
caused by the denaturation of membrane proteins and ion
channels owing to LIF(–) cells losing their pluripotency.
It was suggested that the crossover frequency changes
depending on the difference in the pluripotency of mESCs.
Based on the variance in crossover frequency, it is possible
to distinguish between pluripotent and non-pluripotent
mESCs using DEP.

3.2 Dielectrophoretic cell sorting of
mESCs expressing undifferentiated and
differentiated phenotypes

In this study, we performed dielectrophoretic cell sorting
based on differences in the crossover frequencies of
mESCs with and without pluripotency. The results of
DEP characterization demonstrated that the cells in the
LIF(+) group exhibited a positive DEP response at 130
kHz, whereas those in the LIF(–) group exhibited weak
positive or negative DEP responses because the frequency
of 130 kHz was almost equal to the crossover frequency
of DEP for the cells in the LIF(–) group (Figure 8). In our
previous study, we reported the difference in the positive
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F IGURE 7 Dielectrophoresis of mESCs belonging to the LIF(+) and LIF(–) groups at frequencies of (A and B) 10; (C and D) 70; (E and
F) 130; and (G and H) 1000 kHz

F IGURE 8 DEP frequency dependency parameter, Rp–Rn, of cells from the (A) LIF(+); (B) LIF(–) groups

and negative DEP forces of living cells and microparticles
[22]. We also reported that the positive DEP forces were
larger than the negative DEP forces. Therefore, only the
cells in the LIF(+) group were trapped on the electrode
array by positive DEP forces, whereas those in the LIF(–)
group were flushed away by fluid flow because they were
subjected to weak positive or negative DEP forces.
The merged images of fluorescent and phase-contrast

images of cell suspensions collected at outlets A and B are
shown in Figure 9. The number of cells stained by calcein
AMwas larger in outlet port A than in outlet port B. These
results indicate that the number of cells from the LIF(+)

group was large in outlet port A because the cells from the
LIF(+) group were only stained with calcein AM. To quan-
titatively evaluate the sorting efficiency, the purity of cells
from the LIF(+) group in both outlets was calculated from
the counted cell number (Figure 10). The percentage of
cells in the LIF(+) group at outlet port Awas 87%. At outlet
port B, the percentage of cells in the LIF(+) group was less
than 13%. This result indicates that our dielectrophoretic
cell-sorting device was capable of purifying pluripotent
mESCs from a mixed population of pluripotent and non-
PSCs with a purity of approximately 87%. The pluripotency
of the separated cells was also evaluated using theAP assay
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F IGURE 9 Merged images of phase-contrast and fluorescent images. The cells stained with calcein AM indicated those from LIF(+)
group

F IGURE 10 Proportion of sorted cells of the LIF(+) and
LIF(–) groups in outlet ports A and B

(Figure 11). The cells collected from outlet port A exhibited
higher AP activity, whereas those from outlet port B exhib-
ited lower activities after 48-hour culture. The number of
cells from outlet port B was insiginificant because the cells
lacking pluripotency could not survive in themedium con-
taining blasticidin S. From these results, the pluripotent
mESCs could be collected in outlet port A and recovered
after the DEP cell sorting.
There are superior conventional cell-sorting methods,

such as FACS and MACS, for assessing the cell type or
cell function quickly and accurately. The sorting efficacy of
MACS was approximately 80%, and that of FACS was over
90%. Although these methods are effective for cell sorting,
they require labeling of cells with antibodies or fluorescent
dyes [6–8]. The DEP cell-sorting system does not require

antibodies, fluorescent dyes, or magnetic beads to reduce
cell damage and loss. Considering these advantages, our
DEP cell-sorting system achievesmESC separation accord-
ing to pluripotency with efficiently high purity without the
use of cell labeling.
Although there are cell sorting systems using DEP

[26–28], these systems can separate cells of varying origins
or cells expressing distinctly different natures such as via-
bility. In this study, we performed a detailed characteriza-
tion of the DEP properties of pluripotent and nonpluripo-
tent mESCs. Based on a detailed analysis of the differences
in the DEP properties of mESCs, our DEP cell-sorting
system combined with a fluid-flow control system [23]
could achieve separation of mESCs with similar origins,
expressing pluripotency or lacking pluripotency. To vali-
date our DEP-cell sorting for research and clinical applica-
tions requiring non-cell-labeled purification of PSCs, the
evaluation of sorting efficacy under different mixed ratios
of LIF(+) and LIF(–) cells, qRT-PCR or immunostaining
of separated cells, and a pilot study using human PSCs
would be required in future studies. From the results of this
study, our DEP-cell sorting system is applicable to research
and clinical applications requiring non-cell-labeled purifi-
cation of PSCs.

4 CONCLUDING REMARKS

In this study, the dielectrophoretic properties of mESCs
expressing pluripotent and non-pluripotent phenotypes
were characterized in detail. From the DEP characteriza-
tion, mESCs expressing the pluripotent phenotype exhib-
ited a different DEP behavior from that of cells expressing
nonpluripotent phenotypes. Based on the variance in DEP
properties and the fluid-flow control system, our DEP cell
sorting system enabled the sorting of mESCs according to
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F IGURE 11 AP activity of mESCs collected in outlet port A and port B after 48-h culture

their pluripotency. This stem cell sorting technology was
developed to separate undifferentiated and differentiated
cells using DEP force and flow-induced shear force.
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