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Abstract: Immunostaining has been widely used in cancer prognosis for the quantitative detection
of cancer cells present in the bloodstream. However, conventional detection methods based on
the target membrane protein expression exhibit the risk of missing cancer cells owing to variable
protein expressions. In this study, the resistive pulse method (RPM) was employed to discriminate
between cultured cancer cells (NCI-H1650) and T lymphoblastoid leukemia cells (CCRF-CEM) by
measuring the ionic current response of cells flowing through a micro-space. The height and shape
of a pulse signal were used for the simultaneous measurement of size, deformability, and surface
charge of individual cells. An accurate discrimination of cancer cells could not be obtained using
1.0 × phosphate-buffered saline (PBS) as an electrolyte solution to compare the size measurements by
a microscopic observation. However, an accurate discrimination of cancer cells with a discrimination
error rate of 4.5 ± 0.5% was achieved using 0.5 × PBS containing 2.77% glucose as the electrolyte
solution. The potential application of RPM for the accurate discrimination of cancer cells from
leukocytes was demonstrated through the measurement of the individual cell size, deformability,
and surface charge in a solution with a low electrolyte concentration.

Keywords: resistive pulse method; cell discrimination; cancer cell; leukocyte; micropore

1. Introduction

The resistive pulse method (RPM), which is used to evaluate the transient ionic current
blockade associated with the translocation of an individual nano- to micro-sized particle
passing through a pore, can probe small objects as pulse-like electrical signals. These objects
can be discriminated at a single-particle resolution because the measured ionic current
blockade signals possess information regarding the physical properties of these particles,
such as size [1], shape [2–4], surface charge [1,5], and deformability [6,7]. This technology
is utilized for the discrimination of single-bioparticles of various sizes, ranging from
blood cells to polynucleotides, without implementing immunostaining [2,8–10]. Micropore
devices with micro-sized pores are mainly used for counting the number of cells and
measuring their size [11]. They are used in hematological diagnosis to measure the number
of blood cells, which is indicated by a Coulter counter.

The detection of rare cells in blood such as circulating tumor cells (CTCs), as well as
counting the number of cells, is useful for clinical diagnosis [12]. CTCs are recovered from
blood by centrifugation into leukocyte fraction, which can predict metastasis and determine
drug efficacy. Although the identification of cancer cells from leukocytes at the single-
cell level for the quantitative detection of CTCs focusing on biological properties with
immunostaining has been put into practical use as a CellSearch system, cancer cells may be
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overlooked when the antigen expression is low [13,14]. Meanwhile, several methods for
distinguishing leukocytes from cancer cells focusing on physical characteristics such as cell
size, which does not depend on immunostaining, have been reported; however, an accurate
discrimination is difficult [15]. Therefore, by changing the measurement conditions (such as
the electrolyte concentration) when taking measurements using the micropore device, the
accuracy of cell discrimination was improved owing to the difference in cell deformability
and surface charge in addition to the difference in size. In this study, we demonstrate the
accuracy of the RPM in distinguishing cancer cells from leukocytes.

2. Materials and Methods
2.1. Cell Cultures and Sample Preparation for Measuring Ionic Current

Human bronchioalveolar carcinoma cells (NCI-H1650) were cultured in Rosewell
Park Memorial Institute media 1640 (Nacalai Tesque, Kyoto, Japan) containing 10% fetal
bovine serum (FBS), 100 U/mL penicillin–streptomycin (GIBCO, Thermo Fisher Scientific
Inc., Waltham, MA, USA), and 250 ng/mL Fungizone (GIBCO), and were subsequently
harvested by centrifugation in trypsin. Human T lymphoblastoid leukemia cells (CCRF-
CEM) were also cultured in a similar medium and harvested by centrifugation. Human
gastric signet ring cell adenoma cancer cells (KATO-III) as other cancer cells were cul-
tured in Iscove’s modified Dulbeco’s medium with L-glutamine and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Nacalai Tesque) containing 20% FBS, 100 U/mL penicillin–
streptomycin, and 250 ng/mL Fungizone, and were subsequently harvested by centrifuga-
tion in trypsin. To prepare the cell samples for ionic current measurements, we prepared cell
suspensions of 1 × 107 cells/mL in 1.0 × phosphate-buffered saline (PBS) and 0.5 × PBS
containing 2.77% (w/v) glucose (Nacalai Tesque) (0.5× PBS). Glucose was used to maintain
the isotonic condition.

2.2. Fabrication of Microfluidic Cell Sensing Chips

The molds of the microchannels (17 µm in height) with constrictions (17 µm in width
and 12 µm in length at the narrowest region) were formed with SU-8 photoresist (KAYAKU
Advanced Materials, Inc. Tokyo, Japan) on a SiO2/Si wafer (Electronics and Materi-
als Co. Ltd., Hyogo, Japan) using a conventional photolithography method [16]. The
constriction sizes were chosen to have the smallest value that prevents the cells from
getting stuck in the constriction (data not shown). The base and curing agents were mixed
at a ratio of 10:1, and then polydimethyl siloxane (PDMS; SILPOT 184, Dow Corning
Toray Co., Ltd., Tokyo, Japan) was poured on top of the mold, which was surrounded by
17 mm × 17 mm frames, and was cured at 100 ◦C for 35 min to fabricate a PDMS replica
block. A block of PDMS replica was peeled from the mold, and 2 through-holes connecting
the microchannel were punched out as the inlet and outlet for the samples. Each hole
had a stainless-steel reservoir (Wurth Elektronik, Waldenburg, Germany) with an inner
diameter of 3.0 mm. The fabricated block was bonded on a slide glass plate by activating
both sides of the adhering surface through oxygen plasma exposure for 15 s under a 4 Pa
pressure at 100 W (SC-708, Sanyu Electron Co., Ltd., Tokyo, Japan). The hydrophilizing
agent poly(2-methacryloyloxylethyl phosphorylcholine (MPC)-co-2-ethylhexyl methacry-
late (EHMA)-co-2-(N,N-dimethylamino)ethyl methacrylate (DAEMA)-co-poly(ethylene gly-
col) methacrylate (PEGMA) [17,18], named poly-(MPC-co-EHMA-co-DAEMA-co-PEGMA),
was first injected through the inlet and then washed using water. Schematic illustrations of
the microfluidic cell sensing chip are shown in Figure 1.



Biosensors 2021, 11, 78 3 of 11Biosensors 2021, 11, 78 3 of 11 
 

 

 
Figure 1. Microfluidic cell sensing chip. (a) Picture of microfluidic cell sensing chip made of poly-
dimethyl siloxane (PDMS) fabricated on a slide glass. (b) Design of the mold used for the SU-8 
microchannel. One constriction operating as a narrow flow path was formed. The microchannel 
was formed at the bottom of a replicated PDMS and sealed using a slide glass. The cell samples in 
1.0 × phosphate-buffered saline (PBS) or 0.5 × PBS were injected from the inlet through a hole con-
necting the microchannel until it was full. For each analysis, 7 μL of electrolyte solution was added 
to the inlet reservoir to apply a pressure of 10 Pa. (c) Schematic illustration of ionic current block-
ade by resistive pulse method (RPM). Each constriction was 17 μm in width, 12 μm in length, and 
17 μm in height. The translocation of cells through a constriction generated a pulse-like ionic cur-
rent blockade, and electrical signals were then measured as a source measurement unit (SMU). 
The translocation of cells can be simultaneously observed using inverse optical microscopy. 

The microchannel in the fabricated chip possessed one constriction that was 17 μm 
in width, 12 μm in length, and 17 μm in height at the narrowest region for measuring the 
transient ionic current blockade by RPM (Figure 1b,c). An inverse optical microscope was 
installed at the constriction to observe the translocation of cells through the channel. 

2.3. Cell Size Measurement by Using Optical Microscope 
To determine the size of cancer cells and leukocytes, we examined 100 cells in each 

cell suspension, namely, 1.0 × PBS and 0.5 × PBS containing 2.77% glucose, using an optical 
microscope (DIML II, Leica Camera AG, Wetzlar, Germany) with a 20 × objective lens. 
Approximately 20 μL of each cell sample was seeded into a 96-well plate (Nunc MicroWell 
96-Well Microplates, Thermo Fisher Scientific Inc.) to settle at the bottom of the surface. 
The diameter of each cell was then measured immediately (Figure 2a–d); a histogram with 
a width of 0.5 μm was generated to evaluate the cell size distribution of each cell (Figure 
2e,f). 

Figure 1. Microfluidic cell sensing chip. (a) Picture of microfluidic cell sensing chip made of
polydimethyl siloxane (PDMS) fabricated on a slide glass. (b) Design of the mold used for the SU-8
microchannel. One constriction operating as a narrow flow path was formed. The microchannel
was formed at the bottom of a replicated PDMS and sealed using a slide glass. The cell samples
in 1.0 × phosphate-buffered saline (PBS) or 0.5 × PBS were injected from the inlet through a hole
connecting the microchannel until it was full. For each analysis, 7 µL of electrolyte solution was
added to the inlet reservoir to apply a pressure of 10 Pa. (c) Schematic illustration of ionic current
blockade by resistive pulse method (RPM). Each constriction was 17 µm in width, 12 µm in length,
and 17 µm in height. The translocation of cells through a constriction generated a pulse-like ionic
current blockade, and electrical signals were then measured as a source measurement unit (SMU).
The translocation of cells can be simultaneously observed using inverse optical microscopy.

The microchannel in the fabricated chip possessed one constriction that was 17 µm
in width, 12 µm in length, and 17 µm in height at the narrowest region for measuring the
transient ionic current blockade by RPM (Figure 1b,c). An inverse optical microscope was
installed at the constriction to observe the translocation of cells through the channel.

2.3. Cell Size Measurement by Using Optical Microscope

To determine the size of cancer cells and leukocytes, we examined 100 cells in each cell
suspension, namely, 1.0 × PBS and 0.5 × PBS containing 2.77% glucose, using an optical
microscope (DIML II, Leica Camera AG, Wetzlar, Germany) with a 20 × objective lens.
Approximately 20 µL of each cell sample was seeded into a 96-well plate (Nunc MicroWell
96-Well Microplates, Thermo Fisher Scientific Inc.) to settle at the bottom of the surface.
The diameter of each cell was then measured immediately (Figure 2a–d); a histogram
with a width of 0.5 µm was generated to evaluate the cell size distribution of each cell
(Figure 2e,f).
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Figure 2. Cell size analysis by light microscopy. The microscope images of (a) cancer cells in 1.0 × 
PBS, (b) leukocytes in 1.0 × PBS, (c) cancer cells in 0.5 × PBS, and (d) leukocytes in 0.5 × PBS. (e) 
Histograms of the size distribution obtained for each cell evaluated using the microscopic images. 
(f) The average values and standard deviation for the cell diameters. The size of leukocytes in 0.5 × 
PBS is significantly smaller than that in 1.0 × PBS. A comparison between the two groups was per-
formed using an unpaired t-test. The statistical significance is marked with * and a, b (p < 0.01). 

2.4. Determination of Decision Boundary and Discrimination Error 
A quadratic discrimination analysis (QDA) with the nonlinear separation boundary 

(Figures 2e and 3c,f) is able to discriminate the different classes more accurately than the 
linear separation boundary [19]. QDA is a probabilistic parametric classification tech-
nique. It separates the class region by quadratic boundaries and assumes that each class 
has a multivariate normal distribution, while the dispersion is different in the classes. The 
decision boundary (DB) by QDA for cell discrimination is defined by a contour line/curve 
providing an equal probability of the Ip, td, and Ip–td distribution for cancer cells and leu-
kocytes [20,21]. The probability is expressed as follows: 𝑃(𝑦௜) = 1ඥ|2𝜋𝛴௞| exp ቆ−12 (𝑦௜ − 〈𝑦〉௞)்𝛴௞ି ଵ(𝑦௜ − 〈𝑦〉௞)ቇ (1)

where Σk and <y>k are the variance–covariance matrix and the mean value of observations 
y for parameters of the kth dimension, respectively. The discrimination error was 
calculated by cross-validation as 100 × (FN + FP)/(TP + FN + FP + TN) [22]. Here, TP, FN, 
FP, and TN are the number of signals for true positive, false negative, false positive, and 
true negative cancer cells and white blood cells, respectively. The confidence interval (CI) 
for the discrimination error rate was evaluated using the Clopper–Pearson method [23]. 

Figure 2. Cell size analysis by light microscopy. The microscope images of (a) cancer cells in 1.0 × PBS, (b) leukocytes in
1.0 × PBS, (c) cancer cells in 0.5 × PBS, and (d) leukocytes in 0.5 × PBS. (e) Histograms of the size distribution obtained for
each cell evaluated using the microscopic images. (f) The average values and standard deviation for the cell diameters. The
size of leukocytes in 0.5 × PBS is significantly smaller than that in 1.0 × PBS. A comparison between the two groups was
performed using an unpaired t-test. The statistical significance is marked with * and a, b (p < 0.01).

2.4. Determination of Decision Boundary and Discrimination Error

A quadratic discrimination analysis (QDA) with the nonlinear separation boundary
(Figures 2e and 3c,f) is able to discriminate the different classes more accurately than the
linear separation boundary [19]. QDA is a probabilistic parametric classification technique.
It separates the class region by quadratic boundaries and assumes that each class has
a multivariate normal distribution, while the dispersion is different in the classes. The
decision boundary (DB) by QDA for cell discrimination is defined by a contour line/curve
providing an equal probability of the Ip, td, and Ip–td distribution for cancer cells and
leukocytes [20,21]. The probability is expressed as follows:

P(yi) =
1√
|2πΣk|

exp
(
−1

2
(yi − 〈y〉k)

TΣ−1
k (yi − 〈y〉k)

)
(1)

where Σk and <y>k are the variance–covariance matrix and the mean value of observations
y for parameters of the kth dimension, respectively. The discrimination error was calculated
by cross-validation as 100 × (FN + FP)/(TP + FN + FP + TN) [22]. Here, TP, FN, FP, and
TN are the number of signals for true positive, false negative, false positive, and true
negative cancer cells and white blood cells, respectively. The confidence interval (CI) for
the discrimination error rate was evaluated using the Clopper–Pearson method [23].
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Figure 3. Electric current measurement by RPM. A typical waveform of the ionic current blockade 
by RPM was observed for (a) a cancer cell and (b) leukocytes in 1.0 × PBS. (c) The histogram of Ip 
and td, scatter plot of Ip–td, and the decision boundary for these cells. A typical waveform of the 
ionic current blockade by RPM was observed for (d) a cancer cell and (e) leukocytes in 0.5 × PBS. 
(f) The histogram of Ip and td, scatter plot of Ip–td, and the DBs for these cells. 

2.5. Ionic Current Measurements 
Before performing the measurements, the microchannels of the fabricated device 

were filled with 1.0 × PBS or 0.5 × PBS as the electrolyte solution. Then, 10 μL of cell sam-
ples corresponding to each electrolyte solution were injected through the inlet. For cell 
mixture measurement, each 5 μL of cancer cell and leukocyte samples were mixed and 
injected. For each analysis, 7 μL of the electrolyte solution was added to the inlet reservoir 
to apply a pressure of 10 Pa as a driving force for the cells to translocate into the micro-
chamber from the inlet to the outlet. A pair of platinum (φ = 0.8 mm and 99.98 % purity, 
The Nilaco Corporation, Tokyo, Japan) electrodes coated with Ag/AgCl ink (ALS Co., 
Ltd., Tokyo, Japan) was then inserted through both the holes, each corresponding to the 
inlet and outlet. A bias voltage Vb was applied to the electrode at the outlet, while the inlet 
electrode was grounded. The ionic current was measured using a source measurement 
unit (SMU, NI PXIe-4141, National Instruments, Austin, TX, USA) at a current range of 10 
μA with the LabVIEW (LabVIEW 2017, National Instruments) program. The time trace of 
the ionic current was evaluated via the constrictions and was recorded at a sampling rate 
of 50 kHz, which corresponds to a 20 μs resolution time. Typical wave forms of the ionic 
current blockade for cancer cells and leukocytes are shown in Figure 3a,b,d,e; the duration 
time of a current blockade signal was >≈10 ms and the employed sampling rate was suffi-
cient to analyze each signal of the current blockade. Typical histograms are also shown in 
Figure 3c,f. 

2.6. Resistive Pulse Analyses and Cell Discrimination 
Resistive pulse signals that appeared on the time trace of the ionic current were 

searched by monitoring the current displacement, which was larger than the threshold by 
3 times the standard deviation (SD). To reduce the current noise in the pulse search pro-
cess, we averaged the data for 10 nearest neighboring points, as reported by Smeets et al. 
[24]. At the time point of pulse detection, the waveform of the pulses of the original 50 

Figure 3. Electric current measurement by RPM. A typical waveform of the ionic current blockade by
RPM was observed for (a) a cancer cell and (b) leukocytes in 1.0 × PBS. (c) The histogram of Ip and
td, scatter plot of Ip–td, and the decision boundary for these cells. A typical waveform of the ionic
current blockade by RPM was observed for (d) a cancer cell and (e) leukocytes in 0.5 × PBS. (f) The
histogram of Ip and td, scatter plot of Ip–td, and the DBs for these cells.

2.5. Ionic Current Measurements

Before performing the measurements, the microchannels of the fabricated device were
filled with 1.0 × PBS or 0.5 × PBS as the electrolyte solution. Then, 10 µL of cell samples
corresponding to each electrolyte solution were injected through the inlet. For cell mixture
measurement, each 5 µL of cancer cell and leukocyte samples were mixed and injected.
For each analysis, 7 µL of the electrolyte solution was added to the inlet reservoir to apply
a pressure of 10 Pa as a driving force for the cells to translocate into the microchamber
from the inlet to the outlet. A pair of platinum (ϕ = 0.8 mm and 99.98 % purity, The
Nilaco Corporation, Tokyo, Japan) electrodes coated with Ag/AgCl ink (ALS Co., Ltd.,
Tokyo, Japan) was then inserted through both the holes, each corresponding to the inlet
and outlet. A bias voltage Vb was applied to the electrode at the outlet, while the inlet
electrode was grounded. The ionic current was measured using a source measurement
unit (SMU, NI PXIe-4141, National Instruments, Austin, TX, USA) at a current range of
10 µA with the LabVIEW (LabVIEW 2017, National Instruments) program. The time trace
of the ionic current was evaluated via the constrictions and was recorded at a sampling
rate of 50 kHz, which corresponds to a 20 µs resolution time. Typical wave forms of the
ionic current blockade for cancer cells and leukocytes are shown in Figure 3a,b,d,e; the
duration time of a current blockade signal was >≈10 ms and the employed sampling rate
was sufficient to analyze each signal of the current blockade. Typical histograms are also
shown in Figure 3c,f.

2.6. Resistive Pulse Analyses and Cell Discrimination

Resistive pulse signals that appeared on the time trace of the ionic current were
searched by monitoring the current displacement, which was larger than the threshold by
3 times the standard deviation (SD). To reduce the current noise in the pulse search process,
we averaged the data for 10 nearest neighboring points, as reported by Smeets et al. [24].
At the time point of pulse detection, the waveform of the pulses of the original 50 kHz data
was extracted, and the baseline current level was offset to zero. The peak values of the
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current blockade (Ip) and the duration time of the current blockades (td) were evaluated
on the extracted waveform (Figure 3a,b). These data processes were conducted using the
LabVIEW program.

2.7. Zeta Potential Measurements

In RPM, td can be utilized to elucidate the surface charge of the sensed particles [1,5].
The surface charge of cells can be estimated by examining the zeta potential [25,26]. A zeta
potential analyzer (ELSZ-2000Z Otsuka Electronics Co., Ltd. Osaka, Japan) was used for
the measurements in this study. A glass flow cell was filled with 1.0 mL of cell sample at a
concentration of 2 × 108 cells/mL in 1.0 × PBS and 0.5 × PBS. While applying an electric
field of ≈15 V/cm on average, we evaluated the electrical mobility from the doppler shift
on the scattering light of the laser, and the zeta potential ζ was obtained by fitting the
electrophoretic velocity of the cells flowing inside the measurement glass cell on the basis
of the Smoluchowski equation [27].

3. Results and Discussion
3.1. Cell Size Examination by Light Microscopy

We employed cancer cells (NCI-H1650) that are relatively smaller compared to other
cancer cells and overlap with leukocytes (CCRF-CEM) [15,28,29]. To examine the size of
the cancer cells and leukocytes, we used light microscopy for the cell samples in 1.0 × PBS
or 0.5 × PBS. Light microscopic images of these cells are shown in Figure 2a–d, and the
histograms of the size distribution for these cells are shown in Figure 2e. Although the
cancer cells in 1.0 × PBS were statistically discriminated from the leukocytes owing to
their larger cell size (the average value and the SD for diameters of cancer cells were
12.5 ± 2.5 µm and those for leukocytes were 9.8 ± 1.0 µm, p < 0.01), an overlap in the cell
size was also observed in the histogram (Figure 2e,f). The decision boundary (DB) for the
cell discrimination in terms of cell size was evaluated at 11.3 µm, with a discrimination
error of 17.5 % (Figure 2e, Table 1).

This result was similar to that of CTC isolation, which relies on the cell size exclusion
loss from 20 to 50 % of CTCs [15]. The DB and the discrimination error rate in 0.5 × PBS
were 10.3 µm and 8.5%, respectively (Figure 2e, Table 1). The summarized mean value
of each cell’s diameter is shown in Figure 2f. The mechanism for the significant decrease
in the size of the leukocytes when a solution with a low electrolyte concentration is used
is unknown; despite maintaining the isotonicity condition by adding glucose, the size of
the leukocytes in 0.5 × PBS was approximately 7% smaller than that in 1.0 × PBS. When
mannitol or sorbitol was used instead of glucose in 0.5 × PBS, we observed similar cell size
decreases (data not shown); leukocyte cell size decrease was thought to be due to low salt
stress. Therefore, the improvement in accuracy for cell discrimination in the solution with a
low electrolyte concentration must have been due to the decrease in the size of leukocytes.

Table 1. Discrimination of cancer cells from leukocytes in terms of cell size using microscopic examination, and that on Ip,
td, and Ip–td acquired by RPM.

Discrimination Based on the Cell Size by a Microscopic Examination

Actual Classification

Predicted Classification

1.0 × PBS 0.5 × PBS

Cancer Cells Leukocytes ER (%) Cancer Cells Leukocytes ER (%)

Cancer cells 71
(TP)

29
(FN) 17.5

90
(TP)

10
(FN) 8.5

Leukocytes 6
(FP)

94
(TN)

7
(FP)

93
(TN)

Confidence interval
of error rate (ER) 95% CI, 12.5–23.5 95% CI, 5.0–13.3
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Table 1. Cont.

Discrimination Based on Ip, or td Acquired by RPM

Actual Classification

Predicted Classification by Ip

1.0 × PBS 0.5 × PBS

Cancer Cells Leukocytes ER (%) Cancer Cells Leukocytes ER (%)

Cancer cells
Leukocytes

163
34

87
216 24.2 237

12
13
238 5.0

Cancer cells
Leukocytes

140
23

110
227 26.6 230

7
20
243 5.4

Cancer cells
Leukocytes

122
27

128
223 31.0 238

7
12
243 3.8

Discrimination ER
(mean ± SD %, n = 3) 27.3 ± 3.5 4.7 ± 0.8 **

Actual Classification Predicted Classification by td

Cancer cells
Leukocytes

109
86

141
164 45.4 231

11
19
239 6.0

Cancer cells
Leukocytes

96
70

154
180 44.8 224

9
26
241 7.0

Cancer cells
Leukocytes

184
160

66
90 45.2 230

15
20
235 7.0

Discrimination ER 45.1 ± 0.3 6.7 ± 0.6 **

Discrimination Based on Ip–td Acquired by RPM

Actual Classification
Predicted Classification by Ip–td

1.0 × PBS 0.5 × PBS

Cancer Cells Leukocytes ER (%) Cancer Cells Leukocytes ER (%)

Cancer cells
Leukocytes

202
23

48
227 14.2 238

11
12
239 4.6

Cancer cells
Leukocytes

172
23

78
227 20.2 234

9
16
241 5.0

Cancer cells
Leukocytes

161
20

89
230 21.8 240

10
10
240 4.0

Discrimination ER 18.7 ± 4.0 4.5 ± 0.5 **

TP: true positive, FN: false negative, FP: false positive, TN: true negative. The CI for the discrimination error rate was evaluated using the
Clopper–Pearson method. Significant differences were found in the results under 1.0 × PBS and 0.5 × PBS (** p < 0.01).

3.2. Ionic Current Measurement of Cells

A biased voltage Vb = 1.0 V was applied between the inlet and outlet in 1.0 × PBS,
and the baseline at a current level of approximately 2 µA was measured. The electrical
conductivity (σ) of 1.0 × PBS was determined to be 1.41 ± 0.04 S/m. The electric field
generated by the bias voltage yields electrophoretic forces to drive the cells and translocate
them through the constrictions. As illustrated in Figure 1c, the cells were restricted by a
constriction, causing them to pass one by one through the narrow space, which yielded
a one-to-one correspondence of a pulse-like signal between the ionic current blockade
and a translocation event of a cell through the constriction. Typical waveforms of the
current blockades generated by the cancer cells and leukocytes are shown in Figure 3a,b,
respectively. The size and deformability of the sensed particles were estimated from the
peak height of the current blockade (Ip) generated by the RPM [1,6,7]. As shown in Table 2,
the mean values of Ip were significantly different (p < 0.01) for cancer cells and leukocytes
(the mean value and SDs were 58.7 ± 1.9 nA and 26.3 ± 1.6 nA, respectively).
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Table 2. Mean of Ip and td of each cell by RPM analysis.

Ip (nA) td (ms)

Cancer Cell Leukocytes Cancer Cell Leukocytes

1.0 × PBS 58.7 ± 1.9 26.3 ± 1.6** 145.2 ± 1.9 150.0 ± 1.4 *

0.5 × PBS 50.8 ± 1.6 12.0 ± 0.2** 136.4 ± 3.8 40.7 ± 1.2 **
Data are expressed as the mean ± SD for three different experiments. Significantly different from each cell
(* p < 0.05, ** p < 0.01).

Although the difference in Ip between the cancer cells and leukocytes were observed to
be larger than that indicated by the results of the cell diameter examination by microscopy,
the discrimination error rate based on the detection boundary for Ip (DBIp) was 27.3 ± 3.5%
(Figure 3c, Table 1). Improvement in the accuracy of cell discrimination by Ip could not
be observed compared to the microscopic observation. This may have been due to the
relatively large variation in the distribution of Ip (Figure 3c). In RPM, the duration time
for the current blockade (td) can be utilized to elucidate the surface charge of the sensed
particles [1,5]. The zeta potential was examined for the estimation of the surface charge
of cells. The evaluated zeta potential for cancer cells and leukocytes in 1.0 × PBS were
−10.1 ± 0.7 mV and −12.0 ± 0.6 mV (p = 0.048), respectively. As the differences in the
zeta potential for cancer cells and leukocytes were confirmed, we further added td as the
parameter for discrimination. The distribution of td is also shown in the td histogram in
Figure 3c; the mean value and standard deviation of td for the cancer cells and leukocytes
were 145.2 ± 1.9 ms and 150.0 ± 1.4 ms, respectively (Table 2). The discrimination error
rate in terms of the detection boundary for td (DBtd) was calculated to be 45.1 ± 0.3%, and
the accurate discrimination could not be estimated by td only (Table 1). The Ip–td scatter
plot was constructed using the measured waveforms for the individual cells, as shown in
Figure 3c. By performing discriminant analysis on the Ip–td plane, in which the decision
boundary was indicated by the broken line as DBIp–td, we obtained a discrimination error
rate of 18.7 ± 4.0% (Table 1). The accuracy of discrimination by Ip–td showed a significant
improvement compared to Ip and td (p < 0.01); however, no improvement was observed
compared to the microscopic examination.

In 0.5 × PBS (σ = 0.815 ± 0.005 S/m), we could apply a bias voltage Vb = 2.0 V to the
baseline at a current level of approximately 2 µA, which is comparable to 1.0 × PBS. A
typical waveform of the ionic current blockade for cancer cells and leukocytes in 0.5× PBS is
shown in Figure 3d,e; the Ip and td histograms and Ip–td scatter plots are shown in Figure 3f.
As shown in Table 2, the mean values of Ip were significantly different (p < 0.01) for cancer
cells and leukocytes (the mean value and SDs were 50.8 ± 1.6 nA and 12.0 ± 0.2 nA,
respectively). The discrimination error rate based on Ip was 4.7 ± 1.0%; thus, the accuracy
was clearly improved compared to the results obtained by the microscopic examination
in 0.5 × PBS (Table 1). The difference in the mean Ip for cancer cells and leukocytes was
apparently larger than that of the difference obtained by microscopic examination (Table 2,
Figure 2f). The decrease in current, which is denoted by Ip, provides information of not only
the particle size/volume, but also the deformability [1,6,7]. In addition to the difference
in size between the two cell types, the difference in deformation must be significantly
considered. CelSee Diagnostics uses both size exclusion and deformability to capture
CTCs. However, a huge number of leukocytes are contaminated as a background in the
captured cell population; immunocytochemistry, as well as nucleic acid fluorescence in situ
hybridization, are employed for the identification and/or characterization of CTCs [15,30].
Although CTCs cannot be captured by RPM, an accurate discrimination and detection of
cancer cells could be obtained by measuring the decrease in current, denoted by Ip. The
absolute value of the zeta potential decreases in a solution containing a large number of ions
because the surface charge is strongly screened by the electrolyte ions [27]. As expected,
the zeta potential of the cancer cells and leukocytes was enhanced to −13.5 ± 0.3 mV and
−14.6 ± 0.1 mV, respectively, compared to those in 1.0 × PBS. Thereafter, the td parameter
was examined (Figure 3f). The mean value and SD of td for the cancer cells and leukocytes
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were 136.4 ± 3.8 ms and 40.7 ± 1.2 ms, respectively (Table 2). The discrimination error
rate in terms of the detection boundary for td (DBtd) was 6.7 ± 0.6% (Figure 3f, Table 1).
The mean value and SD of td for the leukocytes were apparently lower than that in
1.0 × PBS. This may be attributed to a more accurate measurement of the surface charge
of leukocytes through an increase in the electrophoretic force in a solution with a low
electrolyte concentration. By performing discriminant analysis on the Ip–td plane, in
which the decision boundary is indicated by the broken line as DBIp–td, we obtained a
discrimination error rate of 4.5 ± 0.5% (Table 1). The accuracy of discrimination by Ip–td
indicated a significant improvement over td (McNemar test, p < 0.01). There is a tendency
to improve the accuracy; however, there is no significant difference between Ip–td and
Ip. The surface charge of the cells is considered to be less involved in cell discrimination
compared to cell size and deformability in a solution with a low electrolyte concentration.
All Ip, td, and Ip–td analyses showed a more accurate cell discrimination in 0.5 × PBS
compared to that in 1.0 × PBS, demonstrating the potential of RPM for an accurate cell
discrimination in a solution with a low electrolyte concentration.

We also examined the applicability of RPM to other cell measurements. We showed
the Ip–td scatter plot by RPM analysis in 0.5 × PBS with a mixture of cancer cells and
leukocytes in Figure S1. The results of measuring leukocytes and cancer cells separately
and the results of measuring leukocytes and cancer cells in a mixed manner showed quite
similar cell distribution results. Furthermore, we showed the Ip–td scatter plot by RPM
analysis of KATO-III and leukocytes in 0.5 × PBS (Figure S2). Similar cell distribution on
Ip–td scatter plot to that of NCI-1650 and leukocytes (Figure 3f) was observed, and accurate
discrimination by Ip–td analysis can be performed. These results show high applicability
in other cell measurements.

4. Conclusions

In this study, the size of cancer cells was shown to be significantly larger than that
of leukocytes in both the given electrolyte solutions. These results correspond well with
those reported in previous studies [31]. The advantages of size-based CTC separation
methods from blood include the fact that they are simple, fast, and inexpensive compared
to the biological enrichment methods that are based on immunoreactions, including the
CellSearch System, which is the only US Food and Drug Administration-approved CTC
diagnosis system. However, the overlap in the size of different types of cells may cause a
low accuracy. In this study, we demonstrated the potential of a microfluidic cell sensing
chip, which is based on the RPM, for an accurate discrimination of cancer cells from
leukocytes by measuring multiple parameters such as cell size, deformability, and surface
charge in a solution with a low electrolyte concentration.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-637
4/11/3/78/s1: Figure S1: Ip–td scatter plot by RPM analysis in 0.5 × PBS with a mixture of cancer
cells and leukocytes. Figure S2: RPM analysis of other cancer cells in 0.5 × PBS. (a) The microscopic
images of KATO-III.
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