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ABSTRACT: This paper presents a microfluidic device for
electrical discrimination of circulating tumor cells (CTCs)
using graphene nanoplates (GNPs) as a highly conductive
material bound to the cell surface. For two-step cascade
discrimination, the microfluidic device is composed of a CTC-
enrichment device and an impedance cytometry. Using lateral
magnetophoresis, the CTC-enrichment device enriches rare
CTCs from millions of background blood cells. Then, the
impedance cytometry electrically identifies CTCs from the
enriched sample, containing CTCs and persistent residual
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blood cells, based on the electrical impedance of CTCs modified by the GNPs. GNPs were used as a highly conductive material
for modifying surface conductivity of CTCs, thereby improving the accuracy of electrical discrimination. The experimental results
showed that a colorectal cancer cell line (DLD-1) spiked into peripheral blood was enriched by nearly 500-fold by the CTC-
enrichment device. The phase of the electrical signal measured from DLD-1 cells covered by GNPs shifted by about 100° in
comparison with that from normal blood cells, which allows the impedance cytometry to identify CTCs at a rate of 94% from the

enriched samples.

P rimary tumors release cancer cells into the bloodstream,
resulting in the occurrence of so-called circulating tumor
cells (CTCs). Many recent studies have shown that the number
of CTCs in peripheral blood can be useful for early diagnosis of
cancer, predicting disease progression and suggesting ther-
apeutic interventions.'~* However, it is very difficult to find
CTCs in blood because their population is extremely small,
ranging from 1 to 200 cells per milliliter of blood.>*

Several methods for isolation of CTCs from peripheral blood
have been reported previously, including filtration based on size
and deformability,’ "> density gradient,'”"> immunomagnetic
beads,'*™*® microposts,"”™*' microfluidic mixing structures,”
laminar vortices,” spiral microchannels,®* and dielectric
properties.”””® The most common method for isolating
CTCs is magnetic-activated cell sorting (MACS) based on
immunomagnetic beads because this has the advantage of high
accuracy and can be carried out using a simple system.
CellSearch (Janssen Diagnostics, LLC) is a commercial product
for enrichment and discrimination of CTCs based on the
MACS method. However, due to its limited performance for
low-purity enriched samples containing CTCs and residual
blood cells, the discrimination process using fluorescence
images requires a prolonged time and also has a high risk of
error.

Flow cytometry can obtain information for cell identification
in real-time when passing through the detection spot, thereby
rapidly and accurately detecting target cells from heterogeneous
cell mixtures. Flow cytometry can be classified into two systems
depending on the detection mechanism using light or electrical
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signals. Fluorescence-activated cell sorting (FACS), which is a
type of flow cytometry using light signals, can enumerate and
quantify CTCs from peripheral blood by immunofluorescence
staining.w’28 However, as FACS requires a number of target
cells in the starting sample, it is not appropriate for directly
detecting CTCs from whole blood due to their rarity.

The Coulter counter is a representative flow cytometer using
electrical signals. As the amplitude of the electrical signal is
proportional to the volume of cell, the amplitude can be used as
a criterion for discrimination of CTCs because they are
commonly larger than normal blood cells. As the criterion is
based only on cell size, it can be limited for application to
detect CTCs, which have various sizes.””™>' Therefore,
electrical cytometry in a microfluidic device format™ was
developed for discriminating CTCs using multiple criteria, such
as the magnitude, shape, and transit time of the electrical signal.
However, it was not appropriate for detecting rare cells from a
heterogeneous cell mixture as a starting sample. To improve the
performance, electrical and fluorescence detection methods
were combined, thereby leading to more informative
systems.”” > Even though the fluorescence detection method
is the most common and precise approach to detect cells, the
system is still bulky and complicated with light sources and
other optical components.
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In this paper, we introduce a microfluidic device (the CTC-
eChip) for discriminating CTCs based on two electrical
parameters, i.e., amplitude and phase difference of the sensing
signal. As a tandem platform, the CTC-eChip is composed of a
CTC-enrichment device and an impedance cytometry. To
improve the isolation accuracy, the CTC-enrichment device is
first used for enrichment of CTCs from blood, based on
immunomagnetic nanobeads (MNBs) and the lateral magneto-
phoresis method. Then, the enriched CTCs are sequentially
identified by impedance cytometry, based on the signal
amplitude determined by cell size and the phase difference
changed by the electrical properties of CTCs modified by
graphene nanoplates (GNPs) as a highly conductive material
bound to the cell surface. An amplitude modulation sensing
method was developed to reduce electrical noise, thereby
obtaining a sensitive output signal with a high signal-to-noise
ratio. To verify the feasibility of the proposed electrical
detection method for CTCs, the colorectal cancer cell line
DLD-1 was spiked into peripheral blood, enriched by the CTC-
enrichment device, and identified by impedance cytometry. The
numbers of enriched and identified DLD-1 cells were compared
by regression analysis.

B MATERIALS AND METHODS

Detailed fabrication process, experimental setup, and sample
preparation are explained in Supporting Information S1.

Design and Working Principle. To achieve the two-step
cascade discrimination of the CTC-eChip, CTCs spiked into
whole blood were first labeled with MNBs and GNPs using an
antiepithelial cell adhesion molecule (EpCAM), a common
surface marker of epithelial-derived carcinoma cells, as shown in
Figure S1. The CTC-enrichment device can then enrich CTCs
labeled by MNBs based on lateral magnetophoresis, and
impedance cytometry can electrically identify CTCs covered by
GNPs.

The CTC-enrichment device consists of two inlets, two
outlets, and a ferromagnetic permalloy wire array inlaid in the
bottom substrate, as shown in Figure 1A. A blood sample and
0.1% BSA in PBS are injected at the same flow rate through the
sample and buffer inlets, respectively. For the flow rate of the
impedance cytometry, channel widths of outlets no. 1 and no. 2
were 100 and 900 pm, respectively. To allow for a stronger
magnetic force (F,,) than the hydrodynamic drag force (F, sin
0) in the lateral direction,'®*® the ferromagnetic wire array was
placed at an angle of 6 (=5.7°) to the direction of flow. Due to
the SU-8 lithography process, the thickness of the ferromag-
netic wires was limited to 40 pm. To prevent saturation of the
magnetic force,®” the width of the wires was designed to be 50
um with an interval of 300 ym. To reduce aggregation and
stacking of CTCs at corners comprised of the ferromagnetic
wires and the sidewall of the microchannel, one end of the
ferromagnetic wires was bent at almost a right angle S0 pm
before reaching the sidewall, thereby placing the bent parts of
the wires parallel with the direction of the external magnetic
field, as shown in Figure 1A.

When a uniform external magnetic field is applied to the
ferromagnetic wire, a high-gradient magnetic field is generated
at the edge of the inlaid ferromagnetic wire (Figure 1B).**
CTCs labeled with MNBs experience magnetic force and
hydrodynamic drag force at the same time as passing over the
wire. Therefore, the lateral magnetic force (R)*’ acting on
CTCs is generated as the vector sum of the magnetic force and
the drag force. Then, CTCs move laterally along the edge of
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Figure 1. (A) Perspective view of the CTC-eChip composed of the
CTC-enrichment device and impedance cytometry. On the basis of
lateral magnetophoresis, CTCs are first enriched from blood by the
CTC-enrichment device and subsequently identified by impedance
cytometry. (B) Cross-sectional view of the inlaid ferromagnetic wire
array with the gradient magnetic field in the microchannel. CTCs
bound to MNBs are laterally separated along with the edge of the
ferromagnetic wires by the magnetic force (F,) and the drag force
(Fy). (C) Schematic view of the electric field distribution between the
excitation and sensing electrode pairs with a CTC covered with GNPs
(left) and without (right). Electrical fields tend to flow through GNPs,
because their conductivity is higher than the medium value.

the wire and flow into outlet no. 1, which is connected to the
inlet of the impedance cytometry. Meanwhile, normal blood
cells and debris are discarded via outlet no. 2.

The impedance cytometry consists of two inlets, one outlet,
and an electrical sensing region. Sample and buffer inlets are
used to inject cells enriched by the CTC-enrichment device and
buffer solution consisting of PBS with 0.1% BSA, respectively.
To avoid sedimentation of CTCs, the buffer solution is used to
push the cells. Two excitation electrodes and two sensing
electrodes, patterned on the top and bottom of the micro-
channel, are aligned in parallel to optimize the detection
sensitivity, as shown in Figure 1A. In addition, to increase CTC
detection accuracy, both the amplitude and phase of the sensing
signal, produced by their size and electrical properties, are used
as discrimination criteria. To reduce ensemble noise, an
excitation voltage with superposition of two sinusoidal signals
of 500 kHz and 10 MHz is applied to the two excitation
electrodes out of phase with one another. When a CTC passes
through one of the excitation and sensing electrode pairs, the
imbalance between the two electrode pairs induces an
amplitude-modulated signal on the sensing electrode. Then,
the amplitude at 500 kHz and the phase at 10 MHz can be
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obtained by demodulation of the sensing signal. As CTCs are
generally larger than normal blood cells, the amplitude is one
criterion for identifying these abnormal cells.”” When a CTC
covered by GNPs passes through one of the electrode pairs, the
resistance of the electrode pair will be lower than that of the
other electrode filled with medium because electrical current
flows mainly through GNPs, which have higher conductivity
than medium (Figure 1C). In contrast, when a normal cell
passes through the electrodes, the resistance increases because
conductivity of cytoplasm is normally lower than that of the
medium. Consequently, GNPs on the surface of CTCs
generate a phase difference comparison in normal cells, which
can be used a discrimination criterion along with the amplitude.
Finally, to verify the possibility of downstream analysis, the RT-
PCR process using discriminated DLD-1 cells was performed
and the process was described in more detail in Supporting
Information S2.

Theory. When a CTC covered by GNPs is placed between
the excitation and sensing electrodes, the electrodes pair can be
modeled by an equivalent circuit, as shown in Figure S6. As the
geometrical factors of the detection system, such as size of
electrodes and the sensing dimensions, are decided by the
design and fabrication process, the parameters R, R;, C,, C,,
and C,,,, of the equivalent circuit can be calculated by the
conductivities and permittivities of the cell and the suspending
medium®® obtained using Maxwell’s mixture theory.*'~

In the case of bare CTCs, the equivalent circuit parameters of
CTCs are composed of the membrane capacitance C,,,,, the
resistance of the cytoplasm R, and the resistance of the
suspending medium R;,. The cell resistance is divided into R,
and R}, depending on the different conductivities, which can be
expressed as follows:

g (1
9Dla\ o, (1)
Ro 4L
9Pla \ 20, (2)
with
1
O = —ar’—
T (3)

4)

aw
p= tanh(E) )

where o, and o, are the conductivities of the cytoplasm and
suspending medium, respectively. @ is the volume fraction of a
cell to the detection volume. & (=25 ym) and w (=20 pm) are
the height and width of the microchannel, respectively, and !
(=30 pm) is the electrode length. a is the geometrical cell
constant for the impedance-sensing region, solved using the
Schwarz—Christoffel mapping method that takes into account
the nonuniform electric field."*

The equivalent circuit model of CTC covered by GNPs
includes the resistance and capacitance of GNP, R; and Cg,
respectively, expressed as follows:

R _(1) 4 (L
¢ \d)odla oG (6)

C, = 90rCq 4 "

4 7)
where o is the conductivity of GNP. The resistance of GNP
R contains a factor of the membrane layer, which is the ratio of
the thickness (d = 50 nm) of GNP and the radius (r) of CTC.
Cgq is a double layer capacitance between GNP and medium
and can be considered a specific membrane capacitance

connected to C,,,, in parallel.”>~*

B RESULTS AND DISCUSSION

GNP Coverage Rate. The number of GNPs added per cell
in the sample should be optimized to reduce the formation of
free GNPs and increase the coverage rate of GNPs on the cells.
For example, the optimal number of microbeads (radius: 0.5—5
um) per cell is typically 100—10000."® As the number of
nucleated cells in 100 L of blood is approximately S X 10°, we
used 10° GNPs for preparation of the blood samples. The
coverage rate of GNPs is also proportional to the expression
level of the targeted membrane antibody of DLD-1 cells.”” As
EpCAM is highly expressed on DLD-1 cells,” binding of GNPs
targeting EpCAM can increase the coverage rate of GNPs,
thereby increasing the phase shift of DLD-1 cells covered by
GNPs. Figure 2A,B shows white light illumination and
fluorescence images of a DLD-1 cell covered by GNPs.

I

Figure 2. (A) White light illumination image and (B) fluorescence
image of a DLD-1 cell covered by GNPs. White scale bar is 10 ym.

As the GNP coverage rate, x, on DLD-1 cells increases,
current flowing through GNPs on DLD-1 cells will also
increase. Then, the effective resistance, Ry of DLD-1 cells
covered by GNPs becomes the parallel resistance of R; and R/
«x and the effective capacitance, C, is the parallel capacitance of

Cpuem and xCg, as shown in Figure S7. These can be expressed
as follows:
R.R;
Reﬁ — G™Ni
R; + xR, (8)
C = %Cs + Coem )

where Ry and C, values for varying x from 0 to 1 are
calculated in Table 1. When DLD-1 cells are not covered by
GNPs, x = 0, Ry is the same as the resistance of the DLD-1
cytoplasm R;, and Cyyis C,,,,. However, when the DLD-1 cell is
completely covered by GNPs, x = 1, the conductivity of GNP
o and the double layer capacitance between GNP and the
surrounding medium Cg 4 are used to calculate the equivalent
circuit parameters, R; and Cg The effective resistance is
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Table 1. Equivalent Circuit Parameters of DLD-1 Cells
Covered by GNPs According to the Coverage Rate, x, of
GNPs

x GNP coverage rate of DLD-1 Rys (kQ) Coy (pF)
0 71.39 1.02
0.02 63.11 1.17
0.04 56.56 1.32
0.08 46.83 1.61
0.2 30.89 249
1 9.45 8.38

steadily decreased and the effective capacitance is increased
with the GNP coverage rate.

The amplitude and phase spectra of DLD-1 cells covered by
GNPs could be theoretically simulated using R,y and C,y for
varying coverage rate, x, of GNPs, as shown in Figure S8A,B.
Peaks of amplitude are mostly placed around 500 kHz. As Cs
increases with the coverage rate of GNPs, in the case of x = 1,
the frequency of the plateau is shifted toward the high
frequency side. Meanwhile, the amplitude and phase difference
at high frequency consistently increase with the coverage rate of
GNPs, because the impedance, 1/(272fC,y), of the effective
capacitance in Figure S7 is inversely proportional to the
frequency, f.

Impedance Spectra of Bare DLD-1 and DLD-1
Covered by GNPs, WBC, and GNP Clot. The simulated
and measured amplitude and phase spectra of bare DLD-1 cells,
DLD-1 cells covered by GNPs, WBCs, and GNP clot are
shown in Figure 3A,B. The equivalent circuit parameters,
summarized in Table S1, were calculated using the dielectric
properties’*> of bare DLD-1 cells, DLD-1 cells covered by
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Figure 3. Comparison of the simulated and measured results of the
(A) amplitude and (B) phase spectra of bare DLD-1 cells, DLD-1 cells
covered by GNPs, WBCs, and GNP clot. The points are mean values
of 1000 measured data sets, and the error bars represent the first
standard deviation. The solid lines are the PSPICE simulation results
using the equivalent circuit model in Figure S6.

GNPs, WBCs, and GNP clot. The radii of DLD-1 cells and
WBCs were measured as 7.19 and 4.14 ym, respectively, using a
Coulter counter (Z2, Beckman Coulter). The GNP clot radius
was estimated as about 2.5 ym from the amplitude spectrum.
For fitting the simulation results to the measured data, both the
cytoplasm conductivities, 6, of DLD-1 cells and WBCs were
calculated as 1.3 S m™’, which was consistent with previously
reported values.”> >° The area-specific membrane capacitance
of GNP, C¢ 4, of 100 mF m, was calculated from the equation
of double layer capacitance** and was about 7-fold higher than
the area-specific membrane capacitance of normal cells, C,,,,0,
of 13.9 mF m™?, under the assumption that the cell membrane
thickness is S nm. The measured data of DLD-1 cells covered
by GNPs in Figure 3A,B could be compared with the
simulation results of DLD-1, 8% covered by GNPs in Figure
S8AB. The double layer capacitance C; measured by an
impedance analyzer (HP4194A, Agilent) and analyzed using
the constant phase element (CPE) and RC model was S0 pF,
presented in Supporting Information S3. While the parasitic
capacitance C, was obtained as 0.2 pF from the fitted data in
Figure S12, the parasitic capacitance from the fitted data in
Figure 3A,B was 2 pF, due to the other parasitic capacitance of
the signal processing circuitry. Due to the electrical properties
between the excitation and sensing electrodes, the electrical
impedance was measured in a limited frequency range from 100
kHz to 10 MHz.

As shown in Figure 3A, the amplitudes of bare DLD-1 cells,
DLD-1 cells covered by GNPs, and WBCs were maximum at
about 500 kHz and decreased markedly by interfacial relaxation
of the cell membrane at frequencies higher than 1 MHz. The
amplitude variation at low frequency was larger than that at
high frequency, which means that the detection sensitivity at
low frequency was higher than that at high frequency. The
amplitude of DLD-1 covered by GNPs did not significant differ
with that of bare DLD-1 in the frequency range of 0.1-10
MHz. Therefore, to minimize the effects of the double layer
and cell membrane capacitances, the amplitude measured at
500 kHz was used as a criterion for discriminating the DLD-1
cell and WBC. Figure 3B shows that the phase of DLD-1 cells
covered by GNPs and the GNP clot were certainly different
from the phase of bare DLD-1 cells and WBCs and the phase
difference increased up to about 100° as the frequency
increased. In this study, to obtain a significant phase difference,
measurements were performed at 10 MHz.

Amplitude Criterion. To determine the amplitude
criterion for discriminating DLD-1 cells and WBCs based on
their size, the volume histogram of DLD-1 cells and WBCs was
measured using a Coulter counter (Figure S9A) and compared
with the amplitude histogram measured by impedance
cytometry (Figure S9B). As the amplitude of the output signal
of impedance cytometry is linearly proportional to the volume
of the cell, the volume and amplitude histograms can be
compared with each other. The volume histogram shows that
the average volume of WBCs is 295.9 um?, the majority of
WBCs are smaller than 600 gm?, and residual RBCs and debris
are below 100 ym®. The average volume of the DLD-1 cell is
1553 um?®, which is 5.25-fold larger than that of WBCs.
Therefore, to minimize the volume overlap of DLD-1 cells and
WBCs, the volume threshold criterion was set as 600 gm> and
the proportion of DLD-1 cells below 600 ym?® was 4.47%.

Figure S9B shows that the average amplitudes of WBCs and
DLD-1 cells measured by impedance cytometry are 0.99 and
5.51 V, which indicates that the amplitude of DLD-1 cells is
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5.57-fold larger than that of WBCs. The amplitude correspond-
ing to a volume threshold criterion of 600 ym?® is 2 V. Only
0.68% of WBCs exceed the amplitude of 2 V, and the
proportion of DLD-1 cells below the amplitude criterion is 5%.
These observations agree with the results obtained from the
volume histogram based on the volume criterion of 600 ym®.
Therefore, an amplitude threshold of 2 V was set as one of the
criteria for identifying DLD-1 cells from background normal
blood cells.

Signal Processing Algorithm. An excitation signal,
superposed by two sinusoidal signals of 500 kHz and 10
MHyz, is applied to the excitation electrodes out of phase with
one another. When a cell passes through one of the excitation
and sensing electrode pairs, the imbalance between two
electrode pairs induces an amplitude-modulated signal on the
sensing electrode. To obtain the amplitude and phase for the
two frequencies of bare DLD-1 cells, WBCs, GNP clot, and
DLD-1 cells covered by GNPs, two lock-in amplifiers were used
to process the signal generated on the sensing electrode, as
shown in Figure SS. This signal processing produced four
signals as X;p (black) and Y5 (red) signals for S00 kHz and
Xyr (green) and Yy (blue) signals for 10 MHz, where the X
and Y signals are the real and imaginary components of the
output signals for each frequencies, respectively. The peak-to-
peak values of X and Y signals were measured using a DAQ
system and using the measured data, the amplitude and phase
of the output signals were calculated using the LabVIEW
software.

As shown in Figure S10, the X and Y signals of bare DLD-1
cells, WBCs, and DLD-1 cells covered by GNPs show a similar
tendency, while those of GNP clot are different. Thus, GNP
clot can be easily discriminated by the phase of the output
signals. The peak-to-peak value of the Xyp (green) signal of
bare DLD-1 cells is larger than that of the Yy (blue) signal,
while the opposite was true in the case of DLD-1 cells covered
by GNPs. Making use of this phenomenon, ie., the phase
difference of the 10 MHz output signal, the two populations
can be distinguished. In addition, the X5 (black) and Y (red)
signals of bare DLD-1 cells and DLD-1 cells covered by GNPs
are much higher than those of WBCs, thereby allowing
discrimination of DLD-1 cells and WBCs.

Scatter Plot of Amplitude versus Phase. Figure 4 shows
a scatter plot of the amplitude at the low frequency of 500 kHz
versus the phase at the high frequency of 10 MHz of bare DLD-
1 cells (green dot), WBCs (black), and DLD-1 cells covered by
GNPs (red), and the measurements were performed separately.
The scatter plot for WBCs shows that most amplitudes were
less than 2 V and the phases were between 0° and —40°, with
an average of —21.2°. A few persistent RBCs and cell debris
also appeared at lower than —40°. In the case of bare DLD-1
cells, the amplitudes were widely distributed due to the various
size of DLD-1 cells, where the average was 5.51 V, as shown in
Figure S9B. Whereas, the phases were mostly distributed
between 0° and —40°, with an average of —21.24°. The
experimental results indicate that bare DLD-1 cells and WBCs
can be easily discriminated by the amplitude, but not by the
phase.

After labeling of DLD-1 cells with MNBs and GNPs, the
CTC-enrichment device was first used to enrich DLD-1 cells
and remove free GNPs, which may cause discrimination errors
in impedance cytometry. The scatter plot of DLD-1 cells
covered by GNPs shows that the amplitudes were mostly
between 2 and 8 V. Thus, the amplitude threshold criterion for

Phase @ 10 MHz (deg)

| WBC ]
Bare DLD-1 ]

® DLD-1 coated by GNPs
i i I I |

2 4 6 8 10 12 14 16 18 20
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Figure 4. Scatter plot of amplitude at 500 kHz versus phase at 10 MHz
of bare DLD-1 cells, WBCs, and DLD-1 cells covered by GNPs. The
cell populations were measured separately. The amplitude criterion
between DLD-1 cells and WBCs was set as 2 V. To identify DLD-1
cells covered by GNPs, the phase criterion was set between —40° and
—120°.

distinguishing DLD-1 cells covered by GNPs and WBCs can be
set as 2 V. The phase of DLD-1 cells covered by GNPs had a
wide range between —40° and —120° due to the variation of
GNP coverage rate on DLD-1 cells. The average phase of
DLD-1 cells covered by GNPs was —87.72°, which is delayed
by about 66.5° compared with the average phase of —21.24° for
bare DLD-1 cells. Therefore, the phase criterion can be set
between —40° and —120°. As shown in Figure 4, although the
phase distribution seems to show two groups on both sides of
—90°, this was caused by the voltage threshold level
programmed to filter out the electrical noise of X and Y
signals. The data below —120° are regarded as indicating
persistent residual free GNPs, which are separated by the CTC-
enrichment device due to their native magnetic properties or
nonspecific binding with MNBs. Consequently, DLD-1 cells
within the region of amplitude over 2 V and phase between
—40° and —120° were about 94% of the total measured DLD-1
cells. This result demonstrated that the amplitude and phase
criteria are acceptable for discriminating DLD-1 cells from
normal blood cells.

Discrimination of DLD-1 Cells from Blood. To verify the
feasibility of the CTC-eChip, 100—10 000 DLD-1 cells, stained
with a membrane-permeable nucleic acid fluorescent dye
(SYTO 13; Invitrogen), were spiked into 100 L of peripheral
blood. The blood samples were first treated using RBC lysis
buffer. The RBC lysate was washed and resuspended in 100 yL
of PBS. Then, anti-EpCAM antibodies, MNBs, and GNPs were
added in sequence and incubated for 20 min at 4 °C. Finally,
the samples were diluted with 100 uL of 0.1% BSA in PBS.

The average enrichment efficiency and fold enrichment of
the device were 37% and 534-fold, as shown in Table 2. The
number of DLD-1 cells separated by the CTC-enrichment
device was measured by counting fluorescently stained DLD-1
cells flowing into outlet no. 1. The low enrichment efficiency
was due to the sedimentation of DLD-1 cells covered by GNPs.
As the mass density of GNPs is about 2 g cm™, DLD-1 cells
covered by GNPs easily settle onto the floor of the sample
injection syringe. Meanwhile, the proportion of DLD-1 cells
flowing into outlet no. 1 among the total DLD-1 cells flowing
into outlets no. 1 and no. 2 was about 98.15%. The observation
indicated that the majority of DLD-1 cells injected into the
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Table 2. Experimental Results of Enrichment and Electrical
Discrimination

impedance cytometry

CTC-enrichment device

spiked enrichment
number of  separated efficiency detected  discrimination
DLD-1 number (%) fold number efficiency (%)
1030 319 31 300 306 96
516 258 S0 560 241 94
425 187 44 560 173 93
280 115 41 690 99 86
96 20 21 560 18 90
avg. 37 534 94

microchannel of the CTC-enrichment device were separated
into outlet no. 1. Thus, it is assumed that the enrichment
efficiency can be markedly improved by use of an advanced
sample injection system, such as a pressurized fluid pump. In
addition, conductive nanoplates, with lower mass density and
higher conductivity than GNPs used here, would avoid the
sedimentation problem and increase the detection accuracy
based on the phase difference. Besides, if the nanoplate is
developed as a smart material having proper magnetic
properties as well as conductivity, the sample preparation
procedure can be simplified and performed more rapidly.
Figure SA shows a scatter plot of amplitude at 500 kHz
versus phase at 10 MHz for the case where the number of
DLD-1 cells separated by the CTC-enrichment device was 319.
The number of DLD-1 cells located within the range of the
amplitude and phase criteria was 306. Data points less than 2 V
and placed between —20° and —70° are regarded as WBCs.
Due to the nonspecific binding of GNPs on WBCs, the average
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Figure S. (A) Scatter plot of amplitude at S00 kHz versus phase at 10
MHz for the case where the number of DLD-1 cells separated by the
CTC-enrichment device is 319. (B) Regression analysis for the
detection efficiency of impedance cytometry with respect to the
number of DLD-1 cells separated by the CTC-enrichment device.

phase was measured as —48.2° which was slightly shifted
compared with the previous result of —21.2°. Figure 5B shows
the results of regression analysis of the number of DLD-1 cells
separated by the CTC-enrichment device versus the number
detected by impedance cytometry. The number of DLD-1 cells
detected was determined from the data points within the range
of the amplitude and phase criteria. The detailed experimental
results are summarized in Table 2. Consequently, the detection
rate of DLD-1 cells was about 94% of the enriched DLD-1 cells,
indicating that 94% of the enriched DLD-1 cells can be
identified by impedance cytometry based on the amplitude and
phase criteria.

Finally, to determine whether discriminated CTCs can be
applied to downstream assays at the molecular levels, keratin 19
(KRT19) as an epithelial originated tumor-specific gene was
measured by the RT-PCR method. Figure S11 shows that the
tumor-specific gene can be detected from discriminated CTCs,
thereby demonstrating that MNBs and GNPs as tagging
materials used here do not affect subsequent downstream
assays at the molecular level.

B CONCLUSIONS

This study introduced the CTC-eChip, which can electrically
distinguish CTCs from human peripheral blood based on
lateral magnetophoresis and GNPs. The CTC-eChip was
composed of a CTC-enrichment device and impedance
cytometry as a two-step platform for separation and
identification of CTCs. The enrichment process, based on
lateral magnetophoresis and MNBs, increased the electrical
discrimination accuracy of impedance cytometry by elimination
of most normal blood cells and unwanted debris, which may
create noise. Although sedimentation of DLD-1 cells covered
by GNPs was problematic due to the high mass density of
GNPs, the separation efficiency of DLD-1 cells injected into the
CTC-enrichment device was 98.15%. From the result of the
separation efliciency, we concluded that the coverage rate of
GNPs does not disrupt binding of MNBs to DLD-1 cells. As a
lot of GNPs are attached to DLD-1 cells, they might easily sink
down due to the high mass density of GNP, thereby possibly
decreasing the enrichment efficiency. GNPs as a highly
conductive material induced a phase shift, thus reducing the
impedance between the excitation and sensing electrodes. On
the basis of the electrical properties of GNPs, impedance
cytometry was used to accurately detect DLD-1 cells covered
by GNPs from blood. As the CTC-eChip was implemented
using only magnets and electrical processing circuitry without
expensive, bulky equipment, it can be easily realized in
microchip format. In addition, the discriminated CTCs can
be applied to downstream assays at the cellular and molecular
levels, because the tagging materials of MNBs and GNPs do
not affect biological assays. Furthermore, as the proposed CTC-
eChip does not require fluorescence labeling, the separated
CTCs are also suitable for precise molecular analysis, such as
next-generation sequencing.
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