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1. Introduction

Determination of membrane capacitance and
cytoplasm conductivity by simultaneous
electrorotationt

Shikino Kawai,?° Masato Suzuki, & *@ Satoshi Arimoto,® Tsuguhiro Korenaga® and
Tomoyuki Yasukawa (2 *2

Membrane capacitances and cytoplasm conductivities of hematopoietic cells were investigated by simul-
taneous electrorotation (ROT) systems of multiple cells. Simultaneous ROT was achieved by the rotation
of electric fields in grid arrays formed with three-dimensional interdigitated array (3D-1DA) electrodes that
can be easily fabricated using two substrates with IDA electrodes. When AC signals were applied to four
microband electrodes with a 90° phase difference to each electrode, cells dispersed randomly in the
3D-IDA device started to rotate and moved to the center of each grid. Multiple cells were simultaneously
rotated at the center of grids without friction from contact with other cells and substrates. The averages
and variance of ROT rates of cells at each frequency can be measured during a single operation of the
device within 5 min, resulting in the acquisition of ROT spectra. Membrane capacitances and cytoplasm
conductivities of hematopoietic cells (K562 cells, Jurkat cells, and THP-1 cells) were determined by fitting
ROT spectra obtained experimentally to the curves calculated theoretically. The values determined by
using the simultaneous ROT systems well coincided with the values reported previously. The membrane
capacitances and cytoplasm conductivities of WEHI-231 cells were firstly determined to be 8.89 +
0.25 mF m™2 and 0.28 + 0.03 S m™, respectively. Furthermore, the difference of the ROT rates based on
the difference of the electric properties of cells was applied to discriminate the types of cells. The acqui-
sition of rotation rates of multiple cells within a single operation makes the statistical analysis extremely
profitable for determining the electrical properties of cells.

trodes arranged in parallel in a microfluidic channel, when
cells passed over electrodes.'”'* However, a single cell must be

The electrical properties of cells (i.e. membrane capacitance
and cytoplasm conductivity) have been studied to understand
the complex physiological states of cells' and used as
markers for determining types of leukemia,” differentiated
cells’” and cells infected by bacteria.® The patch-clamp
method has traditionally been applied to determine these
properties,”'® however it is invasive, laborious and time-con-
suming owing to the insertion of a sharpened glass capillary
into a single cell. Impedance measurements have been devel-
oped to determine the electrical properties as a non-invasive
technique. In microfluidic impedance cytometry, the impe-
dance was measured by applying an AC voltage to microelec-
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positioned between microelectrodes to obtain the impedance
spectra of single cells by applying different frequencies and
the dynamic changes of electric properties for single cells.
Recently, nanofluidic techniques have been applied to analyze
single-cells without laborious and time-consuming pro-
cedures.”® Particularly, the extended nano-channel was
expected to monitor the viability of single-cells by measuring
the electrical resistance."""”

Electrorotation (ROT) has also been utilized to characterize
the electrical properties of single cells."®'” A torque is induced
to cells by the electrostatic interaction between the constant
rotating electric field generated by the configuration of multi-
electrodes and the dipole moment formed by the difference in
electrical polarizabilities of cells and media in the electric
field. In the ROT techniques, quadrupole electrodes with the
gaps patterned in a crisscross on the substrate were conven-
tionally used to induce a rotating electric field at the center of
the quadrupole electrodes by applying sine waves with a 90°
phase difference to each other. The electrical properties of
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cells were identified by fitting the ROT spectra that are rotation
rates obtained as a function of applied frequencies to the
theoretically calculated spectra. So far, the ROT techniques
have been applied to study eukaryotic parasite transmission
stages.'® However, a relatively long experimental period was
required because several single cells must be repeatedly
arranged at a center of quadrupole electrodes.

In our group, a device consisting of two interdigitated
microband array (IDA) electrodes with a three-dimensional
(3D) arrangement was previously developed to be applied for
the simultaneous ROT of silica microrods.'® When sine waves
with a 90° phase difference were applied to four microband
electrodes on upper and lower substrates, microrods moved to
the grids surrounded by four microbands to form the array
and started to rotate simultaneously. Most recently, the simul-
taneous rotation of multiple single cells was reported to
characterize the electrical properties of cells.*>*! The quadru-
pole array of vertical electrodes arranged symmetrically was
used to rotate single cells in parallel at the center of the cages
surrounded by four electrodes. However, the fabrication pro-
cesses of vertical electrodes is substantially complex compared
to those of planar electrodes by conventional lithography.
Furthermore, the individual connection of each electrode pre-
vents the increase of the number of cages for simultaneous
ROT of cells. The rotation of cells in the center of the rotating
electric field is extremely important to obtain accurate ROT
spectra. Thus, the assistance by laser tweezers,*” the combi-
nation of negative dielectrophoresis (n-DEP) and ROT,**** and
the use of octopoles which consist of two quadrupole electro-
des placed on the upper and lower substrates have been
studied to arrange the cells at the centers.”® However, these
methods have been limited to single cell rotation.

In this study, we applied a 3D-IDA device to rotate single
cells simultaneously at the center of grids formed by four
microband electrodes. The thousand cells dispersed ran-
domly moved to the center of grids and rotated at each posi-
tion due to the 3D symmetric arrangement of the quadrupole
array. The device has the added advantages of simplicity and
ease of use. The device can be fabricated by the opposed
arrangement of two IDA electrodes which were prepared by
conventional lithography. The connection of only four elec-
trodes is required. The acquisition of rotation rates of mul-
tiple cells with a single operation of the device makes the stat-
istical analysis extremely profitable for determining the elec-
trical properties of cells.

2. Materials and methods
2.1 Theory of electrorotation and data analysis

ROT is a phenomenon associated with the rotation of dielec-
tric particles under a uniform rotation of an electric field. The
rotational torque is generated by the interaction of a rotating
electric field with a dipole moment induced on particles. The
rotating electric field is generally formed by applying four sinu-
soidal signals with phase quadrature to quadruple electrodes.
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Under a uniform rotating electric field of strength E, a rotation
rate 2 of a cell is given by:*’

€1 2
Q =——Im|CM|E 1
L tmicm M

In eqn (1), &; and 5 are the absolute permittivity and the
dynamic viscosity of the suspension medium, respectively, the
operator Im [...] is the imaginary part of the complex para-
meter inside brackets and CM is the Clausius-Mossotti factor.
The CM factor is given by

CM = {ﬂ} (2)
&, +2¢;

where, ¢, and ¢, represent the complex permittivities of a cell
and a medium, respectively and are given by:

.
€ =e-j— (3)
where, j = v/—1, £ and ¢ are the permittivity and conductivity,
respectively, and w is the angular frequency (w = 2xnf, f is the
frequency) of the applied electric signal. A single-shell model
has been extensively applied to estimate the dielectric pro-
perties of cells with complex elements such as conductivities
and permittivities of the membrane and cytoplasm of cells
(Fig. S17). In this model, a cell with a single layer was replaced
by an equivalent homogeneous particle. The CM factor of a
cell with a radius R is expressed below by adapting a single-
shell model (see Appendix A in the ESI).

B @* (117 — 7i7T'm) Hjo(t'm — 71 — ) — 1
@ (17’ m + 2717 ) — jo(t'm + 271 + ™) — 2

CM(w) = (4)

Here, 7, = CnyR/oyy 7; = &/o1, and 7'y, = CR/o4,
where C,, is the membrane capacitance. The membrane
capacitance is defined as €,,/, where, ¢, and é are the permit-
tivity of the medium and the membrane thickness.

The dielectric parameters of cells, which are membrane
capacitance and cytoplasm conductivity, were determined by
comparing ROT rates obtained experimentally at various fre-
quencies with rates calculated theoretically from eqn (1)
and (4). We adopted a least-squares fit by minimizing the
sum of the squared deviations (the residual sum) between
experimentally obtained rotation rates (Re.,) and calculated
rates (Rest),

&iloy, T1 =

Min Z [Rest(wi) - RexP(wi)]Z

where 7 stands for each experimental point.

We assumed that the relative permittivity of the cytoplasm
of different types of cells g is 100 according to previous
studies™?® because of there being no effect on the rotation rate
in the frequency range below 10 MHz.*” The relative permittiv-

. €1 . S .
ity (6—, & is the permittivity of the vacuum electric constant),
0

conductivity and viscosity of the ROT solution used in this
study were 80.0, 0.36 S m™*, and 1.00 mPa s, respectively.
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2.2. Cell preparation

Chronic myelogenous leukemia (K562), human T cell leukemia
(Jurkat) and a human cell line derived from monocytic leuke-
mia (THP-1) were obtained from the cell bank of RIKEN
BioResource Center. These cells were grown in RPMI
1640 medium (Sigma-Aldrich, St Louis, MO) supplemented
with 10% fetal bovine serum (FBS; Life Technologies,
Carlsbad, CA) and 1% penicillin-streptomycin (Wako Pure
Chemical Industries, Osaka, Japan). Mouse B cell line
(WEHI-231) obtained from The European Collection of
Authenticated Cell Culture (ECACC). WEHI-231 was grown in
DMEM medium (Sigma-Aldrich) supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin and 50 pM 2-mer-
captoethanol (Wako). These cells were cultured under standard
cell culture conditions, with 5% CO, at 37 °C.

2.3. Experiments for the electrorotation

IDA electrodes with 40 microbands of indium-tin oxide (ITO)
were purchased from ATSUGI MICRO CO., LTD (Fig. S2(A) and
(B)t). Each microband electrode was 2.2 mm in length and
20 pm in width, with 30 pm gaps between microband electro-
des. The area for ROT was defined as 2 x 2 mm?® by covering
with a transparent insulator (2 pm thickness) except for the
area for ROT. Fig. 1(A) illustrates the configuration of the
3D-IDA device. A substrate with IDA electrodes (Fig. S2(A)t)
was overlaid on another substrate with IDA (Fig. S2(B)}) by an
orthogonal arrangement via a double-sided adhesive film with
30 pm in thickness (Nitto Denko Co., Osaka, Japan) used as a
spacer, resulting in the formation of the 3D-IDA configuration

(A)

PET spacer/ / i
(30 pm in thickness) ‘ é

IDA electrodes

microband
Electrode (i)

(B)

microband
Electrode (a)

microband

microband
Electrode (ii)

Fig. 1

Electrode (b)
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with 1521 grids. Moreover, an inlet and outlet (4 x 4 x 1 mm)
were fabricated at both ends of the microfluidic channel,
respectively (Fig. S2(C)T).

The 3D-IDA device was treated with an oxygen plasma for
5 min at 100 W to enhance the hydrophilicity of the device for
injecting cell suspensions. The solution containing 30 mg
mL~" bovine serum albumin (Wako Pure Chemical Industries)
was added to the device for 2 hours at 4 °C to prevent nonspe-
cific adsorption of cells. Cells were centrifuged at room temp-
erature at 1000 rpm for 5 min and washed in a ROT solution
with the conductivity of 360 mS m™" (75% (v/v) of 300 mM
mannitol and 25% (v/v) of RPMI 1640 medium). The final con-
centration was adjusted to 5.0 x 10°-1.6 x 10° cells per mL for
ROT measurements. After washing the device with the ROT
solution, an aliquot of cell suspension was introduced to the
device. An AC voltage (5Vp, 100-1000 kHz) was then applied
with a 90° phase difference to each microband electrode by
using a function generator (Active Technologies, Ferrara, Italy)
to generate rotating electric fields in the grids. The rotation of
cells was observed using an inverted microscopy (Nikon Co.,
Tokyo, Japan) equipped with a CMOS camera (ARGO Co.,
Osaka, Japan). The rotation rates were manually calculated
from trajectories of characteristic points on surfaces of rotat-
ing cells which were extracted from movies.

2.4. Immunocytochemistry

A CD7 antigen expressed on the membrane of Jurkat cells was
immunohistologically stained by anti-CD7 antibody labeled
with phycoerythrin (PE) (clone 8HS8.1, Beckman Coulter, Inc.
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(A) Schematic illustration of the 3D-IDA device. Two substrates with IDA electrodes were orthogonally superimposed. The suspension of

cells was introduced in spaces between the upper and lower substrates for the simultaneous ROT of cells. (B) Illustration of the array of grids sur-
rounded by four microband electrodes. (C) K562 cells rotating at the center of grids. (D) Ratio of the number of cells trapped in single grids.
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Brea CA). Cells (1.0 x 10°-1.0 x 10’ cells per mL) were incu-
bated in a culture medium containing 715 ng mL™" anti-CD7
antibody for 60 min in the dark at 4 °C, and then washed
twice with ROT solution by centrifugation at 1000 rpm for
5 min.

3. Results and discussion

3.1. Simultaneous electrorotation of cells by 3D-IDA devices

K562 cells were simultaneously electrorotated by 3D-IDA
devices. Fig. 1(B) illustrates the grid array of the 3D-IDA device.
We applied an AC signal to the microband electrode (a), while
AC signals with a phase delay of n/2, © and 3xn/2 were applied
to electrodes (i), (b) and (ii), respectively, to exert rotational
electric fields in each grid. When AC signals (700 kHz, 5V,,,)
were applied, K562 cells dispersed randomly in the 3D-IDA
device started to rotate and moved to the center of each grid
(Fig. 1(C) and Movie S17). Electric fields rotated to a clockwise
direction in grids which were surrounded by microband elec-
trodes (a), (i), (b) and (ii) in a counterclockwise direction. In
contrast, the rotation direction of electric fields is opposite in
the other half grids, because the direction of arranged electro-
des is opposite. Thus, the rotation direction of cells trapped in
the neighboring grids is opposite. It is noted that the rotation
direction of cells in grids was opposite compared to that of
electric fields. It may be due to the effective polarization of
water molecules with higher permittivity at the cell surface
under the present experimental conditions.

K562 cells experience negative dielectrophoresis (n-DEP) in
the electric field generated by applying AC voltages to micro-
band electrodes at the frequency of 700 kHz in the medium
with the conductivity of 360 mS m™" (Fig. S31). In n-DEP, cells
move to the relatively weak electric field region by receiving the
repulsive force from the relatively strong electric field.*®
Relatively weak regions were formed at the center of grids due
to the strong electric field generated vertically at the intersec-
tions formed by the upper and lower microband electrodes
with the shortest distance, resulting in the cells moving to the
center of grids and rotating at those positions. The formation
of the relative weak electric field regions at the center of grids
was also revealed by the simulation of the electric field
reported from our group previously.'® Moreover, cells rotating
in the grids could not contact the bottom substrates by n-DEP.
This is significantly advantageous due to the removal of the
effect of the friction between cells and bottom substrates. We
reported the formation of cell aggregates by gathering cells
with n-DEP using a similar device previously.>® Cell aggrega-
tions which were applied to an AC voltage of 20V}, for 45 min
maintained the esterase activity and grew to spheroids. In con-
trast, an AC voltage of 5V, for 5 min was only applied to cells
to obtain ROT spectra in the present study. Thus, the cells
used in the experiments would maintain viability.

We evaluated the ratio of grids occupied by a single cell.
Fig. 1(C) shows the image of cells rotating in the grids, when
the cell suspension with the concentration of 4.0 x 10’ cells

This journal is © The Royal Society of Chemistry 2020
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per mL was injected. 45% of grids were occupied by single
cells. Grids with two or three cells and without cells were also
observed due to the stochastic movement of cells randomly
arranged before applying AC signals. Images of the rotation
cells with different initial concentrations of cell suspensions
are shown in Fig. S4.f The concentration of the cell suspen-
sion corresponding to single cell occupation in all grids was
theoretically calculated to be 1.3 x 107 cells per mL. When the
cell suspensions with a low concentration compared to that
calculated theoretically were injected, grids were occupied by
single cells, however, empty grids were prominent (Fig. S47).
Fig. 1(D) shows the ratio of the number of trapped cells in
single grids. The number of grids occupied with -cells
increased with increasing initial concentration, while the
number of grids occupied with multiple cells also increased.
When the concentrations of cell suspensions were 2.0-8.0 X
107 cells per mL, the ratio of grids with single cells was found
to be 30-45%. However, the concentrations of cells calculated
from the number of cells in images and the volume in the
device were reduced to less than 30% of the initial concen-
tration over 8.0 x 10” cells per mL. In addition, the concen-
trations calculated from images for initial concentrations of
2.0 x 107 and 4.0 x 10’ cells per mL corresponded to 50-60%.
The decrease may be due to the clogging of cells at the inlets.
These results suggested that the highest ratio of single cell
rotation in single grids is obtained at the initial concentrations
of 2.0-4.0 x 107 cells per mL, which are slightly higher than
the theoretical concentration. Thus, we could obtain the
rotation rates of 450-680 cells (40-60 cells in single images)
simultaneously.

We also investigated rotation manners of cells trapped in
the grids. The single cells trapped in the grids rotated on their
own axis at the center of grids. However, when multiple cells
were trapped in the grids, cells moved around the center of
grids, as they rotated on their own axis. Fig. 2(A) shows trajec-
tories of x and y axes (dx and dy) of a characteristic point on
the surface of a single cell trapped in a grid. The rotation rate
of a K562 cell trapped in the grid containing only that single
cell was estimated and found to be 8.03 radian per s. The
amplitude of dx and dy was independent of the period. Thus,
the result suggests that the cell rotates around the center of
the cell. Fig. 2(B) shows the distribution of rotation rates of
K562 cells. The average rotation rate of 51 cells which were
trapped in grids with a single cell per grid and rotated with the
frequency of 700 kHz was estimated to be 8.53 radian per s
with the standard deviation of 1.58 radian per s. The average
and variation of the rotation rate of single cells can be easily
determined from a single operation of this device without the
repeated arrangement of cells to the center and support by
external forces. In contrast, rates of cells trapped in a grid con-
taining multiple cells were significantly slow compared to
those of a single cell in a grid. The decrease may result from
the cell rotation around the center of grids such as revolution
and the contact of rotating cells together in the grids.
Therefore, the ROT rates of cells should be estimated by the
cells trapped in the grids occupied by single cells.

Analyst, 2020, 145, 4188-4195 | 4191
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rates of K562 cells.

3.2 Determination of dielectric properties of cells

ROT rates were plotted as a function of applied frequencies to
obtain the ROT spectra. Fig. 3(A)-(D) show the spectra for four
types of cells. AC signals with the frequencies from 100 kHz to
1 MHz were applied to the electrodes. All types of cells trapped
in the grids in a single cell manner rotated at the center of
grids, because they experienced n-DEP in this frequency
region. The rotation rate of K562 cells increased with the incre-
ment of applied frequency up to 600 kHz, and then decreased
(Fig. 3(A)). The dashed curves in Fig. 3(A)-(D) were theoreti-
cally calculated by a least-squares fit to experimental plots
with eqn (1) and (4). The spectra experimentally obtained cor-
responded well with the curves obtained theoretically. The
relationship of the determined membrane capacitance and
cytoplasm conductivity, and cell radius is represented in Fig. 3
(E) as a three-dimensional plot. The values determined from
four different cells are plotted at different positions in
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(A) Trajectories of x and y axes (dx and dy) of a characteristic point on the surface of a single cell trapped in a grid. (B) Distribution of rotation

Fig. 3(E). The result thus suggests that the four types of cells
individually possess characteristic values. The values for four
types of cells are listed in Table 1. The determined membrane
capacitances and cytoplasm conductivities for K562, Jurkat
and THP-1 cells were close to those reported previously, sum-
marized in Table S1.1 The dispersion of rotation rates of cells
arose from the variability of the electrical properties of cells,
because no significant difference was observed in the rotation
rate of silica microrods (Polysciences, Inc., Warrington, PA)
with the same length used as a standard sample. The measure-
ment error in the system was evaluated by using the rate of
microrods with the average length of 19.9 um (Fig. S6(C)T).
After microrods were introduced into the 3D-IDA device, the
AC signal (600 kHz, 10V,,,) was applied to rotate microrods by
ROT. The rotation rates of microrods trapped in grids with a
single microrod per grid were similar (15.6 + 0.23 (+S.E.)
radian per s). Thus, the measurement error in the system is
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Fig. 3 ROT spectra of (A) K562 cells, (B) Jurkat cells, (C) THP-1 cells, and (D) WEHI-231 cells. (E) A scattering plot of the dielectric parameters and

cell radius of hematopoietic cells.
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Table 1 Determined dielectric parameters of Jurkat cells, THP-1 cells,
K562 cells, and WEHI-231 cells. The values were expressed as average + S.E

Conductivity
Radius Membrane of cytoplasm
Cell types [pm] capacitance [Sm™]
Jurkat 6.02 £ 0.15 9.82 +0.08 0.25 £ 0.01
THP-1 8.22 + 0.25 11.0 £ 0.14 0.37 £ 0.02
K562 9.17 £ 0.29 9.16 £ 0.07 0.32 +0.02
WEHI-231 6.08 + 0.25 8.76 £ 0.34 0.29 £ 0.03

negligible. The present system is advantageous as repeated
operations after exchanging cells in the area for the ROT are
not needed. The time required to obtain the data for rotation
rates of 50 cells with 10 different frequencies is only 5 min.
Therefore, the simultaneous ROT of multiple single cells by
using the 3D-IDA device allows for the determination of the
electrical properties of cells simply and rapidly with a single
operation.

The WEHI-231 cell is a mouse immature B-cell widely used
as a model to study the development and the activation of
B-cells,”*”" while the dielectric properties have not been inves-
tigated. We determined, for the first time, the membrane
capacitance and the cytoplasm conductivity of WEHI-231 cells
in the present 3D-IDA system to be 8.89 + 0.25 (xstandard
error; S.E.) mF m~? and 0.28 + 0.03 (+S.E.) S m™", respectively.
Both values are smaller than those for the other three types of
cells. The spectrum for WEHI-231 cells (Fig. 3(D)) is shifted
due to the decrease of the rotation rate and increase of the fre-
quency compared to those of the other three (Fig. 3(A)-(C)).
From eqn (1) and (4), we easily found the spectrum to shift to
a higher frequency with decreasing membrane capacitance,

(A)

optical
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and to show a lower rate with decreasing cytoplasm conduc-
tivity. The standard error of the rotation rate for WEHI-231
cells was larger than those of the other three. This may be due
to the presence of two groups with the different expression pat-
terns of surface antigens in the population of WEHI-231
cells.**>* Moreover, the membrane capacitance of THP-1
(human monocytic cell line) is large compared to those of
Jurkat cells (human T cell leukemia) and WEHI-231 cells
(Mouse B cell line). The large membrane capacitance of mono-
cytes could be attributed to the large surface area of mem-
branes in the presence of a large number of well-developed
and broad-based ruffles on the membrane of monocytes.**’

3.3 Discrimination of types of cells by electrorotation

The difference of the ROT rates based on the difference of the
electrical properties of cells was applied to discriminate the
types of cells. It is difficult to discriminate Jurkat cells and
THP-1 cells by an optical microscope because of the similarity
of shapes that are spherical with about 15 pm in diameter
(Fig. S51). We performed a discrimination of Jurkat cells and
THP-1 cells with simultaneous ROT by the 3D-IDA device. CD7
expressed on the membrane surface of Jurkat cells was labeled
with anti-CD7 antibody conjugated with PE to identify Jurkat
cells from the mixture. There was no cross-reaction to THP-1
cells for anti-CD 7 antibody (Fig. S5%). After the mixture of
labeled Jurkat cells and THP-1 cells was injected into the
3D-IDA device, an AC signal (600 kHz, 5V,,) was applied to
rotate cells by ROT. Fig. 4(A) shows the optical, fluorescence
and merged images of cells rotating at the center of grids. The
red fluorescence and its position allow for the discrimination
of types of cells. Jurkat cells and THP-1 cells rotating in grids

aNEEZN ;ﬁ\ﬁ\mp_l

fluorescent
~
L6
—_—
4 Labeled
5 Jurkat
3 2
g Jurkat
L o
1.6 36 56 7.6 9.6 11.6 13.6

50 pm

Fig. 4

Rotation rate [radian s'1]

(A) Optical, fluorescence and merged images of the mixture of Jurkat cells and THP-1 cells which rotated in the grids by applying AC signals

with the frequency of 600 kHz and the voltage of 5V, (B) Distribution of rotation rates of THP-1 cells and labeled and unlabeled Jurkat cells.
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containing a single cell were labeled with the alphabet “J” and
“T” in the merged image, respectively. Fig. 4(B) shows the dis-
tribution of rotation rates of Jurkat cells with and without PE-
label, and THP-1 cells. The average rotation rate of 61 Jurkat
cells and 38 THP-1 rotated with the frequency of 600 kHz was
estimated to be 6.46 + 0.16 (+S.E.) radian per s and 9.92 + 0.27
(£S.E.) radian per s, respectively. There was a statistical differ-
ence between the rotation rate of labeled Jurkat cells and
THP-1 cells (p < 0.005). The rotation rate of unlabeled Jurkat
cells was also investigated and found to be 6.45 + 0.21 (+S.E.)
radian per s (n = 19). No statistical difference between labeled
and unlabeled Jurkat cells was observed. Consequently, this
result suggests that the binding of antibody to the surface
antigen expressed on the cell membrane does not affect the
values of dielectric properties of cells. According to the results,
the discrimination of cell types in cell populations could be
possible by the simultaneous ROT of cells with a single and
simple operation process without the labelling of cells.

4. Conclusions

The simultaneous ROT of cells was done using 3D-IDA devices
to determine the membrane capacitances and cytoplasm con-
ductivities of four types of cells with a single operation of each
device. Over 1500 grids surrounded by four microband electro-
des for the ROT of cells can be easily fabricated by using two
IDA electrodes as upper and lower substrates. The rotational
electric fields can be formed by applying AC signals with a 90°
phase difference between each microband electrode, resulting
in the simultaneous rotation of 450-680 cells with a single cell
in each grid. By fitting the rotation spectra obtained experi-
mentally to the theoretical curves, we determined the mem-
brane capacitances and cytoplasm conductivities of Jurkat
cells, THP-1 cells and K562 cells which coincided with the
values reported previously. Furthermore, the membrane
capacitance and cytoplasm conductivity of WEHI-231 cells
were firstly determined by this method and found to be 8.89 +
0.25 (+S.E.) mF m~* and 0.28 = 0.03 (+S.E.) S m™ ", respectively.
The difference of the ROT rates based on the difference
between the electrical properties of cells was applied to dis-
criminate the types of cells. The acquisition of rotation rates of
multiple cells in a single operation of the device makes the
statistical analysis extremely profitable for determining the
electrical properties of cells.
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