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Selective concentration of human cancer
cells using contactless dielectrophoresis

This work is the first to demonstrate the ability of contactless dielectrophoresis (cDEP) to
isolate target cell species from a heterogeneous sample of live cells. Since all cell types
have a unique molecular composition, it is expected that their dielectrophoretic (DEP)
properties are also unique. cDEP is a technique developed to improve upon traditional
and insulator-based DEP devices by replacing embedded metal electrodes with fluid
electrode channels positioned alongside desired trapping locations. Through the place-
ment of the fluid electrode channels and the removal of contact between the electrodes
and the sample fluid, cDEP mitigates issues associated with sample/electrode contact.
MCF10A, MCF7, and MDA-MB-231 human breast cells were used to represent early,
intermediate, and late-staged breast cancer, respectively. Trapping frequency responses
of each cell type were distinct, with the largest difference between the cells found at 20
and 30 V. MDA-MB-231 cells were successfully isolated from a population containing
MCF10A and MCF?7 cells at 30 V and 164 kHz. The ability to selectively concentrate cells
is the key to development of biological applications using DEP. The isolation of these
cells could provide a workbench for clinicians to detect transformed cells at their earliest
stage, screen drug therapies prior to patient treatment, increasing the probability of
success, and eliminate unsuccessful treatment options.
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1 Introduction

Dielectrophoresis (DEP) has been increasingly investigated
as a method for particle separation and isolation. The
potential of DEP as a biological tool for sample isolation and
enrichment for drug screening, disease detection and
treatment, as well as on-chip applications lies in its inherent
advantages over current concentration and detection tech-
niques. These techniques typically maintain an inverse
relationship between specificity and sensitivity forcing the
compromise of high-throughput and highly specific isola-
tion. Concentration methods such as density gradient-based
centrifugation or filtration [1], fluorescent and magnetic-
activated cell sorting (FACS/MACS) [2, 3] and laser tweezers
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[4], as well as detection techniques such as PCR and
immunochemistry are all examples that demonstrate this
basic problem encountered by the current detection
techniques. Commonly, the more sensitive techniques
may require prior knowledge of cell-specific markers and
antibodies to prepare target cells for analysis. Additionally,
the complex sample handling required by these techniques
may compromise gene expression, contaminate samples,
reduce cell populations, as well as add to experimental time
and cost [5].

Since DEP response, the resultant motion of a particle
due to its polarization in a non-uniform electric field [6, 7], is
dependent upon physical and electrical properties of a
particle, it presents an advantage over the current techni-
ques in the ability to be highly specific with minimal sample
preparation. Several applications to isolate target cells based
on their biophysical properties have been successfully
demonstrated through the separation of leukemia, breast
cancer, and other targeted cells from blood [8-10],
cancer cells from CD34" hematopoietic stem cells [11],
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neuroblastoma cells from HTB glioma cells [10], as well as
cervical carcinoma cells [8], K562 human CML cells [12], and
mammalian cells based on their cell-cycle phase [13, 14].
The selectivity of DEP has been further demonstrated
through the distinction of cells of the same type based on
their activation state [15, 16].

Insulator-based DEP (iDEP) was investigated as a
means to simplify the fabrication process of more traditional
DEP methods relying on patterned electrodes within the
sample channel, making DEP more appealing for mass
production. iDEP relies on a direct current (DC) voltage, or
low-frequency alternating current (AC) voltage, applied
across the sample channel, where insulating structures
within the microfluidic channel create the electric field non-
uniformities necessary for DEP, as opposed to the electrode
geometry required in traditional DEP [17-19]. Since these
insulating structures typically traverse the entire depth of
the channel, a greater area of the sample channel is affected
by the gradient of the inner product of the electric field,
greatly improving the device throughput. In addition, the
DC field creates electrokinetic flow across the length of the
sample channel, alleviating the need for a pump in pres-
sure-driven flow [18, 20-28].

Contactless dielectrophoresis (cDEP) is a promising new
DEP technique [29] that exploits the intrinsic advantages of
DEP, while also mitigating the challenges associated with
sample/electrode contact in the traditional DEP and iDEP.
Rather than metal electrodes, cDEP utilizes fluid electrodes to
develop electric field non-uniformities within a separate
sample channel. The fluid electrode channels, containing a
high-conductive solution, are isolated from the sample
channel by thin insulating membranes [29, 30]. The geometry
of the fluid electrode channels as well as the sample channel,
which incorporates insulating barriers, creates the electric
field non-uniformities necessary for DEP. This technique
eliminates cell-electrode contact, minimizing contamination
of the biological sample, joule heating, bubble formation, as
well as electrochemical effects [29, 30]. As with iDEP, cDEP
lends itself to mass fabrication techniques such as hot
embossing and injection molding. ¢cDEP has successfully
been proven able to trap particles and selectively isolate viable
leukemia cells from non-viable cells [29, 30].

This study is the first to assess the ability of
cDEP to distinguish viable cell types. Specifically, trapping
frequencies of human breast cancer cells representing
early, intermediate, and advanced stages of the disease
were determined for a range of voltages. The DEP responses
of MCF10A, MCF7, and MDA-MB-231 cells were investi-
gated using a cDEP device previously shown to isolate viable
from non-viable human leukemia cells [30]. This study,
through theoretical modeling, numerical simulations, and
experimental results, demonstrates the ability of this parti-
cular cDEP device to distinguish dielectric properties of
breast cancer at various stages. Additionally, this study can
be used as a platform to further cDEP development towards
applications such as isolation of cells from the same lineage,
detection techniques, and individualized medicine.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Electrophoresis 2011, 32, 2523-2529
2 Theory

DEP is the motion of a particle due to its polarization within
a non-uniform electric field and is dependent on a particle’s
physical and electrical properties. By exploiting these
differences in various cell types, DEP can be used as a
method for separation. Different cells will have varying DEP
responses to the same gradient of the inner product of the
electric field determined by Pohl [6, 7]

Fpgp = 2nepr’Re{K(0)}V(E - E) (1)
where gy is the permittivity of the suspending medium, r is
the radius of the particle, and E is the root mean-square

electric field. Re{K(w)} is the real part of the Clau-
sius—Mossotti factor given by

£ — g

K@) = 75+ (2)
€+ 28y

where ¢} and &;are the complex permittivities of the particle

and the medium, respectively. Complex permittivity is
defined as
c
* 4+ =
g =¢ o (3)
where ¢ and o are the real permittivity and conductivity of
the subject, j = v/ —1 and o is the radial frequency. From the
single shell dielectric model [31] the effective permittivity
and conductivity of the particle (g, and o, respectively) can
be expressed as

v+ ()

8 = fm (4)
V= (zf+2:,;)
3+2(M)
Y . +20,
GP = Om 7} B (cyc—o-m) (5)
i . +20,

where the subscripts m and ¢ denote membrane and cyto-
plasm respectively and y = (r/r—d) where r is the particle
radius and d is the membrane thickness. By substituting
Egs. (4) and (5) into Eq. (3), the real part of Clau-
sius—Mossotti factor in Eq. (2) is given by

(op — om)
(1+ 0ty ) (op+20M)
Ty (Ep — &m)
(1+ oty ) (gp+2em)

Re[K (g, ey, 0)] =

(6)

gp+2em
cpt20Mm

where tyw =
time.

It is important to note that Re{K(w)} can take both
positive and negative values based on the sign of Eq. (6).
When the particle is more polarizable than the medium, the
particle will move toward regions containing the highest
gradient of the inner product of the electric field (positive
DEP). If the medium is more polarizable than the particle,
the electric field will be distorted around the particle indu-
cing the dipole in the opposite direction pushing the particle
away from regions containing the highest gradient of the

is the Maxwell-Wagner relaxation
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inner product of the electric field (negative DEP). The
frequency at which the force changes direction is known as a
crossover frequency. At this frequency, the medium and
particle have the same complex permittivity and thus there
is no net force on the particle. By using the relation
Re{K(®)}, unknown dielectric properties can be determined
from particles’ DEP responses [32-34]. Conversely, if
dielectric properties of a particle are known, the crossover
frequency can be calculated and exploited for separation of
one particle type from a heterogeneous sample [8, 9, 11, 13,
14, 16, 35.

3 Methods
3.1 Device fabrication

A silicon master stamp was fabricated on a <100> working-
grade silicon substrate (University Wafer, South Boston, MA,
USA). The wafer was coated with AZ 9260 photoresist (AZ
Electronic Materials, Branchburg, NJ, USA) and exposed to
UV light through a chrome-plated glass mask for 45 s with an
intensity of 12 W/m. To remove the exposed photoresist, a
potassium-based buffered developer AZ 400K (AZ Electronic
Materials) was used. The silicon master stamp was etched to
50 um using Deep Reactive Ion Etching (Alcatel Micro
Machining Systems, Annecy, France). Silicon oxide was
grown on the master stamp using thermal oxidation for 4 h at
1000°C and removed with buffered oxide etch (BOE) solvent.
This was repeated twice to adequately reduce surface
scalloping and reduce adhesion of the polymer replicas.

Replicas of the master stamp were molded using poly-
dimethylsiloxane (PDMS). Liquid-phase PDMS was made
using a 10:1 ratio of the PDMS monomers and curing agent
(Sylgrad 184, Dow Corning, USA) respectively. Once
degassed, the liquid PDMS was poured onto the silicon
wafer and cured for 45 min at 100°C. Upon cooling, the
PDMS mold was peeled from the master stamp, fluidic
connections were punched using 1.5mm hole punchers
(Harris Uni-Core, Ted Pella, Redding, CA, USA) and excess
PDMS was cut off. The PDMS mold was then bonded to
cleaned 3 x 3 cm microscope glass slides after treating with
air plasma for 2 min.

3.2 Cell preparation

For these experiments, established human cell lines that
represent the broad spectrum of breast cancer disease were
used. As a model for non-transformed cells, MCF10A (ATCC,
Manassas, VA, USA) cells were chosen. MCF10A is a
spontaneously immortalized breast epithelial cell line that
expresses breast-specific antigens and normal breast epithelial
markers, such as cytokeratin and milk fat globule antigen, but
shows only the modest gene alterations found in cultured cells.
MCF10A do not form tumors in mice, thus serve as the non-
transformed control. Intermediate stages were represented by

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the MCF7 (ATCC, Manassas, VA, USA) cells that express the
estrogen receptor. Aggressive, metastatic disease was repre-
sented by MDA-MB-231 (ATCC) human breast cancer cells.

Cells were cultured in DMEM/F12 media (Invitrogen,
Grand Island, NY, USA). For MDA-MB-231 and MCF7 cells,
the medium was supplemented with 10% fetal bovine
serum (Invitrogen, Grand Island, NY, USA) and 1% of a
penicillin/streptomycin (Invitrogen) solution. In addition,
the MCF7 medium was suppplemented with 0.5 nM estra-
diol (Sigma-Aldrich, Saint Louis, MO, USA) and 2mL of
2.5mg/mL insulin (Sigma-Aldrich). MCF10A medium
contained 5% horse serum (Invitrogen), 1% penicillin/
streptomycin solution, and 2mL of 2.5mg/mL insulin,
0.215mL of 50 pg/mL epidermal growth factor (Sigma-
Aldrich), 0.1mL of 2.5mg/mL hydrocortisone (Sigma-
Aldrich), and 100 ng/mL cholera toxin (Sigma-Aldrich). All
cells were cultured at 37°C in 5% CO, in a humidified
atmosphere.

All cells were harvested by trypsinization at 80%
confluence. Each cell type was resuspended in DEP buffer
[30], washed twice, and resuspended again in fresh DEP
buffer to achieve a solution conductivity of 100 uS/cm and a
cell concentration of 10° cells/mL. They were then pipetted
with a 300 uL pipetter to reduce cell clumping. Fifty cell
radii for each cell type were measured from a calibrated
image of the cells under a microscope slide. Initially, each
cell type was tested individually to measure their frequency
and voltage responses, then a new sample of cells for each
type were stained with either calcein AM or CellTrace"
calcein red/orange (Invitrogen, Eugene, OR, USA) and
mixed together to evaluate the extent of cDEP separation.

3.3 Experimental set-up

The devices were placed into a vacuum jar for at least 30 min
prior to experiments. To reduce fouling in the pillar region
of the device, the main channel was primed with a filtered
DEP solution containing 5% BSA for 1h. The channel was
then washed with DEP buffer using pressure-driven flow.
Side channels were filled with PBS and aluminium
electrodes were placed in each side channel inlet (Fig. 1).
Teflon tubing was inserted into the inlet and outlet of the
main channel. The inlet tubing was connected to a 1 mL
syringe containing the cell suspension. The syringe was
fastened to a syringe pump set to 0.02 mL/h. A calibrated,
inverted light microscope (Leica DMI 6000B, Leica Micro-
systems, Bannockburn, IL, USA) was used to monitor the
cells. Once the flow rate was maintained for 5 min, an AC
electric potential was applied to the electrodes.
Experiments to determine initial DEP response and at
least 90% trapping were conducted at 20Vi.s, 25Vims,
30Vims, 35 Vims, 40 Vims, and 50V, for each cell line. These
voltages were chosen due to the absence of an observed DEP
force on the cells below 20V,s, while above 50V, no
trapping distinction could be observed. For each experi-
ment, the frequency was adjusted by intervals of 2 kHz until
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500 pm

Figure 1. Schematic of experimental device. The side channels
are filled with high-conductive PBS.

an initial DEP response was observed. Similarly, 90% trap-
ping was measured by initial observation. After each initial
observation at 90%, + 5 kHz were also tested. Thirty second
video footage was captured for each trial and replayed in
slow motion while the amount of cells flowing in and out of
the trapping region were counted. Eight trials were
conducted at each voltage in a random order.

3.4 Numerical modeling

The real part of the Clausius—Mossotti factor, K(m), was
theoretically calculated and graphed for each cell line using
a MATLAB script (R2010a, The MathWorks, Natick, MA).
The Clausius—Mossotti factor was found for frequencies
between 100 Hz and 100 MHz using a logarithmic sampling
rate in MATLAB with the parameters in Table 1.

The gradient of the inner product of the electric field
was modeled using COMSOL Multiphysics (3.5a, COMSOL,
Burlington, MA, USA). The electrical potential, ¢, was
found using the governing equation, V- (c*V¢) =0,
where ¢* is the complex conductivity 6™ = c+joe of the
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sub-domains in the microfluidic devices. The sub-domains
were grouped into three areas: fluid electrode, sample chan-
nel, and PDMS, where the conductivities of these materials
are 1.4S/m, 1.0 x1072S/m, and 8.3 x 10™'*S/m, respec-
tively. The permittivity used for the fluid electrode and the
sample channel was 80¢g, while the permittivity of the PDMS
was 2.65¢p. The boundary conditions used were prescribed
uniform potentials at the inlets of one fluid electrode and
ground at the inlets of the other fluid electrode.

4 Results

Experimentally, the onset of cell trapping from MDA-
MB-231 cells occurred at voltages as low as 20V,,,s when a
minimum frequency of 174.67 kHz was applied. As the
applied voltage increased, the frequency necessary to induce
cell trapping decreased, reaching a minimum of 125.78 kHz
when 50V, was applied. Similarly, 90% of MDA-MB-231
cells could be trapped at 20V,,s when a minimum
frequency of 267.93 kHz was applied. This decreased to a
frequency of 176.02 kHz when 50V,,,s was applied.

At 20V, s, the onset of cell trapping did not occur for
MCEF7 cells until a 209.97 kHz signal was applied. Complete
trapping of these cells at this voltage was not seen until at
least 302.76 kHz was applied. Similar to the MDA-MB-231
cells, the frequency necessary for the onset and 90% trap-
ping thresholds could be reduced by increasing the applied
voltage. At 50V, these frequencies had dropped to a
minimum of 131.48 and 198.67 kHz respectively.

At all voltage levels, MCF10A required the highest
average applied frequency to induce trapping and achieve
90% or greater trapping (Fig. 2). At 20V, this corre-
sponded to minimum of 224.67 and 311.00 kHz, respec-
tively. At 50V,,s @ minimum of 130.39 kHz was needed to
induce trapping and 208.81 kHz was required to trap at least
90% of the MCF10A cells.

The largest zone in which only MDA-MB-231 cells were
influenced by DEP forces occurred at 20 and 30V,,s. In this
region, it was possible to isolate MDA-MB-231 cells from a
heterogeneous mixture of MCF7 and MCF10A cells as
shown in Fig. 2. At 20V, this region was approximately
between 180 and 210 kHz. For 30V, the bandwidth was
slightly smaller falling approximately between 155 and
175 kHz. Experimentally, voltages greater than 50V,,,s occa-
sionally induced cell lysing. Voltages about 65V, typically
caused the formation of defects within the insulating barri-
ers, which negatively altered the device performance.

Table 1. Literature values of cell dielectric properties. Cell radii and media conductivity were experimentally measured

Cell type Average radius Membrane capacitance Cytoplasm conductivity Cytoplasm permittivity Media conductivity Media permittivity
(um) (F/m?) (S/m) (F/m) (S/m) (F/m)

MCF10A 9.25 0.0194 [40] 1[41] 50gq [41] 1.00E—02 80¢gg

MCF7 9.1 0.0186 [40] 1[41] 50, [41] 1.00E—02 80¢gg

MDA-MB-231 8.93 0.0163 [40] 1 [41] 50go [41] 1.00E—02 80¢gg

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (A) The real part of the Clausius-Mossotti factor for
MCF10A, MCF7, and MDA-MB-231 cells using estimated para-
meters in Table 1. (B) Zoomed in image of the curve at
experimental frequencies.

The Clausius—Mossotti factor for MCF7, MCF104, and
MDA-MB-231 cells were distinct with each cell type having
its own unique crossover frequency between 12.5 and
15.5 kHz. For these cells, the Clausius—Mossotti factor was
within 98% of the global maxima by 200 kHz. Between 100
and 500 kHz, a unique curve of the Clausius—Mossotti factor
for each cell type can be distinguished as shown in Fig. 3A
and B.

Between the ranges of 100kHz and 1 MHz, the cells
experience the maximum DEP force necessary to be
manipulated. In our device models, a frequency of 100 kHz
was applied to demonstrate specific areas of local maxima
and local minima of the DEP force (Fig. 4A). Within the

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

50V cells occurred over different
overlapping frequency bands.

sample channel, local maxima in the gradient of the inner
product of the electric field were found to be in the regions
closest to the left and right of the insulating pillars. The
gradient of the inner product of the electric field is the
greatest near the quadrants of the four inner pillars closest
to x = 0. Local minima were found to exist at the middle of
the center-to-center spacing of the pillars from left to right
and top to bottom (Fig. 4A).

The DEP force acting on cells passing through the
center of the device was found to have the same pattern for
all of the cell types. The magnitude of the DEP force was the
greatest for MCF7 cells and the lowest for MDA-MB-231
cells with MCF10 cells between the two (Fig. 4B). To validate
the individual results of Fig. 2, experiments with a hetero-
geneous sample containing an equal number of each cell
type were conducted at 30V and at frequencies <180kHz
(frequency at which initial trapping of the MCF7 and
MCF10A cells began). It was found the target cell line,
MDA-MB-231, could be trapped with no trapping of the
other two cell lines at 164 kHz (Fig. 4C).

5 Discussion

Current cell-sorting techniques generally suffer from a lack
of sensitivity, non-specificity, and throughput. Each of these
techniques relies on prior knowledge of specific cell
properties for separation and has intrinsic advantages and
disadvantages. Typically, more sensitive techniques may
require prior knowledge of cell-specific markers and
antibodies to prepare target cells for analysis. Additionally,
the large amount of sample handling required by these
techniques greatly increases the likeliness of cell loss and
contamination, therefore increasing the error involved in
the application of these techniques [5].

DEP has been shown to be a promising technique to
overcome these challenges. The dielectric properties of a cell
are determined by the distribution of surface charges, cell
size, and morphology, as well as conductivity and permit-
tivity of their membranes, cell walls, and internal structure.
Cells are made of complex structures adjacent to one
another with their own unique electrical properties. For
example, the cell membrane consists of a lipid bilayer,
which is a very thin insulator that contains proteins. This
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Figure 4. (A) Non-dimensionalized computational model of the
gradient of the inner product of the electric field used to predict
trapping regions within the cDEP device where L and V
correspond to the width of the sample channel (500 um) and
the applied AC voltage (100V,,s). Regions in yellow generate the
highest DEP force and are the regions in which targeted cells are
held. (B) DEP force on MCF7, MCF10A and MDA-MB-231 cells
versus location from the center of the microfluidic channel. The
DEP force within the sample channel at 100 kHz was numerically
calculated to be the greatest for MCF7 cells. All cell types would
experience a similar pattern of DEP forces as they traverse the
device. (C) MDA-MB-231 cells (green/blue) trapping along the
circumference of the insulating posts that are outlined with
white dotted lines with no MCF7 or MCF10A (both red) trapping.
Cells are moving from right to left under pressure-driven flow at
30V and 164 kHz.

layer has a conductivity around 1077 S/m whereas the
conductivity of the inside of the cell can be as high as 1 S/m.
The Clausius—Mossotti factor is a powerful parameter that
relates cells’ effective permittivities and conductivities to
ultimately decide the magnitude and direction of DEP force.
Unfortunately, the current DEP techniques suffer from their
own disadvantages such as complex fabrication, cell
contamination, and joule heating. For biological applica-
tions, it is crucial to overcome these hurdles. cDEP has
proven to be a viable enhancement of current DEP

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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technology through investigations of particle separation [36]
as well as live/dead separation [30]. This study demonstrates
the sensitivity of this current cDEP device to detect minute
differences within the cell through their DEP responses.

Numerical modeling of MCF7, MCF10A, and MDA-
MB-231 cells showed that the cells had unique Clau-
sius—Mossotti curves. These curves were substantially
different at frequencies near the crossover frequencies of the
cells. In this region, it is likely that one cell type will
experience negative DEP forces, movement away from
regions containing a high gradient of the inner product of
the electric field, while the others experience a positive DEP
force. It should be noted however, that in this region, the
magnitude of the Clausius—Mossotti factor is small in
comparison to the global maximum and the resulting force
experienced by the cells will be significantly lower.

Thorough examination of the cells’ behavior at
frequencies between 120 and 320 kHz and voltages between
20 and 50V,,s showed that MDA-MB-231 cells can be
isolated from a heterogeneous mixture of cells. At
frequencies between 155 and 175 kHz and voltages between
20 and 30V, a portion of the MDA-MB-213 cells were
successfully trapped while MCF7 and MCF10A cells passed
by unaffected. This is the first demonstration of cDEP to
isolate a specific cell type from a heterogeneous population
of live cells.

Future work will focus on improving the sensitivity and
removal efficiency of cDEP devices. One particular extension
of this will be to investigate breast cancer cells from the
same lineage, as a more clinically relevant sample mixture.
Not only could this provide a basis for detection, but also the
ability to isolate the most aggressive cells from a hetero-
geneous sample will have a profound impact on cancer
therapies. The isolation of these cells could offer a work-
bench for clinicians to screen drug therapies prior to patient
treatment, which will increase the probability of success and
eliminate unsuccessful treatment options. This would
enable oncologists to tailor a treatment on a patient-specific
level and to ensure the most effective treatment is being
utilized [37-39].

This work has been funded in part by the Institute for
Critical and Applied Sciences (ICTAS) at Virginia Tech,
Blacksburg, VA.
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