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Introduction

Cell rotations are important cell-manipulation methods for
determining cell morphology accurately and for performing
cell surgery precisely, including selective extraction of targeted
organelles and injection of foreign genes into the nucleus.?
Various unique methods for cell rotation have been proposed.
Optical tweezers have been widely used in cell surgery to
position cells precisely for the insertion of glass capillaries.2™
Magnetic fields have also been used to rotate cells modified
with magnetic particles.>”7 Rotational motion of cells is
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Development of a Simultaneous Electrorotation Device with
Microwells for Monitoring the Rotation Rates of Multiple Single
Cells upon Chemical Stimulation

Masato Suzuki,®" Shikiho Kawai,® Chean Fei Shee,© Ryoga Yamada?, Seiichi Uchida¢ and Tomoyuki
Yasukawa?b”*

Here, we described a unique simultaneous electrorotation (ROT) device for monitoring the rotation rate of Jurkat cells via
chemical stimulation without fluorescent labeling and an algorithm for estimating cell rotation rates. The device comprised
two pairs of interdigitated array electrodes that were stacked orthogonally through a 20-um-thick insulating layer with
rectangular microwells. Four microelectrodes (two were patterned on the bottom of the microwells and the other two on
the insulating layer) were arranged on each side of the rectangular microwells. The cells, which were trapped in the
microwells, underwent ROT when AC voltages were applied to the four microelectrodes to generate a rotating electric
field. These microwells maintained the cells even in fluid flows. Thereafter, the ROT rates of the trapped cells were
estimated and monitored during the stimulation. We demonstrated the feasibility of estimating the chemical efficiency of
cells by monitoring the ROT rates of the cells. After introducing a Jurkat cell suspension into the device, the cells were
subjected to ROT by applying an AC signal. Further, the rotating cells were chemically stimulated by adding an ionomycin
(a calcium ionophore)-containing aliquot. The ROT rate of the ionomycin-stimulated cells decreased gradually to 90% of
the initial rate after 30 s. The ROT rate was reduced by an increase in membrane capacitance. Thus, our device enabled the
simultaneous chemical stimulation-induced monitoring of the alterations in the membrane capacitances of many cells
without fluorescent labeling.

induced by convective hydrodynamic forces generated by
acoustic waves in microfluidic channels.®® This method has
been applied to obtain accurate morphology not only of
cells, 10712 but also of the entire zebrafish body.?® It is also
possible to analyze the cell type and state in a label-free
manner by measuring the rotation rate of the cell. This single-
cell analysis method based on the rotation of individual cells
was achieved by an electro-rotation (ROT) induced by a
rotational electric field.14

ROT is a phenomenon in which cells rotate continuously in
a rotational electric field owing to torques that are induced by
the electrostatic interactions between the field and
polarization charges in the cells.’> Since ROT rates mainly
depend on the membrane capacitance and cytoplasm
conductivity of single cells, they have been employed for the
noninvasive and accurate characterization of the electrical
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properties of such cells. For example, monocytes and T cells
have been distinguished via the measurements of their ROT
rates based on the differences in their membrane
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capacitances;'® membrane capacitances reflect the roughness
of cell membrane surfaces. Via scanning electron microscopy,
several microvilli (length = 50-200 nm) were observed on the
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surface of T cells with high membrane capacitances, while
none was observed on the surface of monocytes with low
membrane capacitances. In this way, the measurement of ROT
can distinguish the ultrastructure of the surface of the cell
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membrane via the differences in the rotation rate. Further,
ROT has been employed to identify the cell cycle,’” detect the
activation of osmotic-sensitive channels,'®'® detect human
neutrophil activation by the chemotactic factor,?? distinguish
the differentiation state for erythroleukemia cells,?122
distinguish cancer cells exhibiting drug resistivity via the
overexpression of glycoproteins,?® obtain the precise 3D cell
image,?#2°> and determine three biophysical parameters (shear
modulus, steady-state viscosity, and relaxation time from the
stretching deformation) by combination with the optical
stretching method.2®

ROT has been traditionally performed with four planer
square electrodes that were arranged symmetrically around a
point. The cells, which were collected at the center of the four
electrodes, were rotated continuously via the application of
sine waves (with m/2 differences in each phase) in the
frequency range of the negative dielectrophoresis (n-DEP). The
ROT-inducing electrodes were produced via a traditional
photolithographic microfabrication method. However, only a
few cells that were trapped at the center of the electrodes,
were targeted for ROT measurement. Unfortunately, the ROT
behavior was disturbed by a fluidic flow through which other
cells arrived at the target cells that were trapped at the center.
Furthermore, the friction and adhesion between the rotating
cells and electrode substrate interfered with the rotation of
the cells. Therefore, the levitation of cells by the laser
tweezers,®27 and the negative dielectrophoresis?® during ROT
as well as the layout of the octupole electrode comprising
upper and lower substrates with four microelectrodes,?°30
respectively, were proposed to prevent the cells from
contacting the substrates. The utilization of cell-levitation
techniques facilitated the measurement of the ROT rates
within a wide frequency range (from a few kHz to dozens of
MHz); however, the number of adaptable cells to ROT
measurement via a single operation was limited to a single or
few cells. In addition, the optimal placement of electrode was
recently calculated by simulations to induce stable ROT over a
wide frequency range.3!

ROT of multiple cells in a single operation (simultaneous
ROT) was recently reported.3?3> We also developed a novel
simultaneous ROT device in which two substrates with
interdigitated array (IDA) electrodes were orthogonally
superimposed via space for introducing cells.3%37 Although the
device facilitated the measurement of the ROT rates of >500
cells via a single operation, the addition of a solution to
chemically stimulate the cells disturbed the position of cells
during the ROT measurement owing to the levitation of the
cells between the two substrates bearing the IDA electrodes.
Therefore, we earnestly desired to monitor the ROT rates of
many cells without inducing any disturbance during the
chemical stimulation.

In this study, we developed a novel microwell array device
comprising four microelectrodes to simultaneously investigate
the ROT behaviors of multiple cells, following the addition of a
chemical stimulant. Two of the electrodes were arranged at
the bottom of the microwells on either side, while the other
two were placed on either side of the top surface of the
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microwells. The rotating electric fields were generated by
applying AC signals to the four electrodes with ©/2 phase
differences, thereby inducing the simultaneous rotations of
the cells that were trapped in each microwell. The time-course
of the ROT rate was analyzed by adapting a homemade
software, which was based on image recognition analysis, to a
series of the images of the rotating cells. Although the ROT
rate was almost constant when the solution was added to the
device, it varied by a few percent. Conversely, the addition of
ionomycin as the chemical stimulant gradually reduced the
ROT rate probably because of the effect of ionomycin, which
increased cytosolic Ca?*, causing the swelling and increase of
the plasma membrane and its membrane capacitance,
respectively. Our microelectrode device represents a
successful platform for detecting cell response to chemical
stimulation via ROT instead of fluorescent labeling or the
attachment of microelectrodes to the cells.

Materials and Methods
Electrode layout of the ROT device

The layout of the microwell array device is shown in Fig. 1. The
device consisted of 225 rectangular microwells (length, 26 um;
width, 20 um; and height, 20 um), which equipped two indium
tin oxide (ITO) microelectrodes (light gray) at the bottom
substrate and two Au microelectrodes (black) at the top plane
of the microwells (Fig. 1A). The microwells was designed as a
rectangular shape to arrange the four electrodes at
approximately the same distance from the center of the
microwell. Au layers were employed as the upper electrode to
avoid a destruction of the resin layer with microwells with a
high-temperature process required to form ITO layer. Fig. S1
shows the schematic of the fabrication process of electrode
devices. Further, 16 ITO microband electrodes were patterned
on a glass substrate (width, 40 um; gap, 20 um; and length, 1
mm) (Fig. S1A). The microwells, which were fabricated by a
polyimide-based resin, were patterned with pieces of the ITO
microband electrodes at both short sides of the rectangular
microwells (Fig. S1B). The height of the microwells was defined
by the thickness of the resin. Furthermore, 16 Au microband
electrodes (width, 20 um; gaps, 40 um; length, 1 mm; and
thickness, 100 nm) with rectangular features were patterned

(A) (B)

W l 3um 3 um
Au/Cr 100 nm
2 20 ym
resin 20 im
glass
. .
(i) (ii)
26 ym
z 3pm
resin [ 20 pm
O | 100 nm
glass
3 .
(iii) (iv)

200 pm
on the polyimide resin orthogonally to the ITO microband
electrodes (Fig. S1C). The rectangular features (6 um x 20 pum)
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were placed near the long sides of the microwells with the
rectangular shape. The Au microband electrodes were covered
with the polyimide-based resin (thickness, 2 um) except for the
rectangular features (3 um x 20 um, Fig. S1D). Thus, the
microwells were surrounded by four microelectrodes with
spatial orthogonal placement; two ITO microelectrodes (3 um
x 20 um) were patterned on the bottom glass substrate, and
two gold microelectrodes (3 um x 20 um) were patterned on
top of the resin layer beside the long sides of the microwells
(Fig. 1A inset and Fig. 1B). The microwell array devices were
fabricated by NTT Advanced Technology Corporation
(Kawasaki, Japan). A cylindrical poly(dimethylsiloxane) (PDMS)
chamber (outer diameter, 15 mm; inner diameter, 10 mm;
height, 6 mm; and volume, 470 ulL) was placed on the
electrode device for pouring the cell suspension for ROT
measurement.

Cell preparation for ROT measurement

Human acute lymphocytic leukemia cell lines (Jurkat E6.1)
were obtained from the European Collection of Authenticated
Cell Cultures. Chronic myelogenous leukemia (K562) was
provided by the RIKEN BRC. These cells were cultured in an
RPMI 1640 medium (Sigma-Aldrich; St Louis, MO) that was
supplemented with 10% fetal bovine serum (Life Technologies;
Carlsbad, CA) and 1% penicillin—streptomycin (Wako Pure
Chemical Industries; Osaka, Japan) in 5% CO, at 37°C. Next, the
cultured cells were collected via centrifugation for 5 min at
1000 rpm and resuspended in the ROT solution, which was
prepared by mixing an aqueous solution of 300 mM mannitol
with the RPMI 1640 medium in a volume ratio of 95:5 and a
conductivity of 74 mS m™1. The cell suspension (300 plL) was
poured into the PDMS chamber that had been pretreated with
the 30 mg mL™! bovine serum albumin-containing ROT solution
for 60 min to block the nonspecific adsorption of cells into the
device. Afterward, to generate rotating electric fields in all the
microwells, an AC voltage with /2 phase differences was
applied to the four electrodes via a function generator (Active
Technologies; Ferrara, Italy). An inverted microscope (Nikon
Corporation; Tokyo, Japan), which was equipped with a
complementary metal-oxide semiconductor camera (The
Imaging Source Asia Co., Ltd.; Xizhi District, Taiwan), was
employed to observe the rotating cells through a 20x objective
lens.

To chemically stimulate the Jurkat cells with ionomycin, a
mixture (1 plL) of 90% (v/v) ROT solution and 10% (v/v)
dimethyl sulfoxide (DMSOQO) containing ionomycin with a final
concentration of 300 uM was gently added to the top of the
cell suspension (300 puL) filled in PDMS chamber after 10 s of
inducing ROT. The patterns of cells are different in each
experiment. Thus, the cells rotated at the center of the
microwells before and after the chemical stimulation were
involved to analyze the ROT rates.

Calcium imaging

the the intracellular calcium

concentration during ionomycin stimulation, the Jurkat cells

To monitor increase in
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were transfected with CMV-G-GECO1.2 by the Nucleofector™
2b, following the supplementary manual. CMV-G-GECO1.2 was
gifted by Robert Campbell (Addgene plasmid #32446,
http://n2t.net/addgene:32446)38. Thereafter, the transfected
Jurkat cells were cultured for 48 h on cover glasses (diameter,
5 mm) that were pretreated with a 0.01% poly-L-lysin solution
(Sigma-Aldrich; St Louis, MO) for 30 min. The glass substrate
containing the cells was transferred into the PDMS chamber
that had been filled with the Ca?* (2.1 uM)-containing ROT
solution. The fluorescence that was generated from the GECO
protein was monitored by fluorescence microscopy.

Image recognition analysis for evaluating ROT rates

We obtained sequential grayscale images of the rotating cells
with 1920 x 1200 pixels at 30 frames per second (fps) over 60 s
to evaluate the rotating rate. The rotation rate was
determined by a custom-made software that was based on an
image recognition method to describe the following process
(the software is available on the GitHub website:
https://github.com/jeffshee/cell-rotation/releases/tag/v2.5).
First, we manually defined a region of interest (ROIl) containing
a cell without the microwell and microelectrode edges (Figs.
S2A and S2B1). Otsu's thresholding was applied to the cell
images in the ROI to distinguish the cell regions from the
background.3® The contour of the cell was extracted employing
the OpenCV function findContours to define an inner region of
the contour as the cell area (Fig. S2B2); next, the region,
except the cell area, was filled with black color. The images
with an extracted cell produced movies (see supporting Movie
S1). The rotation rates were determined by the consecutive
images, as follows: the similarities of the images of the N + Af
frames to an image of the N frame were expressed by a value
of -1 to +1 as the normalized cross-correlation (NCC), which
was calculated by the normalized correlation function
matching method employing the OpenCV function
TM_CCOEFF_NORMED. The similarity between the images of
frames N and N + Af was high in proportion to the increase in
the NCC value. Thus, Afy,highest; Which is the number of frames
from frame N to the frame with the first maximum NCC value
represented the rotation rate. The rotation rate, Q, of the
cells at frame N was calculated by the following equation in
radian per second.

1

Qy =21 X radians ™", (Eq. 1)

AfN, highest

Each rotation rate was expressed as a moving average over 30
frames. The rotation rates were also obtained manually from
the trajectories of the characteristic points on the surfaces of
the rotating cells, as extracted from the movies.

Statistical Analysis

Microsoft Excel software was used for the statistical analysis. Two
groups were compared using the Student’s t-test if the variances of
the two groups were similar by the F-test, otherwise, the Welch’s t-
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test was used. A significant difference between the two groups was
evaluated using a threshold of less than 0.05 for the calculated
statistical (p-value and F-value). The date is meansx S.E. (standard
error).

Results

Theoretical determination of the
measuring ROT.

required frequency for

We calculated the real and imaginary parts of the Clausius—
Mossotti factors, (Re[CM] and Im[CM]), of the Jurkat cell as a
function of the frequency to determine the applied frequency
for ROT (Fig. S3). The rotation rate and direction of ROT
depended on the value of Im[CM]. The theoretical rotation
rate, QQ, of ROT is expressed by the following:

EoEs
———Im[CM]E?,

Q= 2

(Ea. 2)

where g and g are the permittivities of the vacuum and ROT
solution, respectively; n is the viscosity of the ROT solution;
and E is the electric field.*® A positive value of Im[CM] indicates
that the overall value of QQ would be negative and that the
direction of the rotation of the cells would be opposite to that
of the rotating electric field. To calculate Re[CM] and -Im[CM]
in the Jurkat cells, a single-shell model was assumed,**4? and
the following parameters were utilized: the cell membrane
capacitance and cytoplasm conductivity were 9.82 mF m=2 and
0.25 S m, respectively, following our previous report.3’” The
measured average radius of the Jurkat cells was 6.02 um, and
the conductivity and relative permittivity of the extracellular
solution (ROT solution) were 74 mS m~ and 78, respectively.
The cytoplasm permittivity was set as 103.9 g, following a
previous report.’® The values of Re[CM] and -Im[CM] in the
frequency range of 10*-107 Hz are represented in Fig. S3. The
cells would be attracted to the edges of the microband
electrodes by positive DEP (p-DEP) in the frequency range
where Re[CM] is positive. Conversely, they would be repelled
from the highest electric field strength regions by n-DEP if
Re[CM] was negative. The microwell-trapped cells were
attracted to an electrode edge by the p-DEP force that was
generated by a slightly unbalanced electric field in the higher-
frequency region, while they were occasionally removed from
the microwells by the n-DEP force in the lower-frequency
region. Therefore, a frequency of 300 kHz, where Re[CM] is
close to zero, was employed to rotate the cells. In this
frequency, the cells were rotated at approximately maximum
owing to the maximum value of Im[CM] with the net DEP force
of zero.

Simulation of the electric field distribution in the single-
microwell

The three-dimensional distribution of the electric field
strength in the microwells was calculated by a finite element
method solver (COMSOL Multiphysics, Stockholm, Sweden).
AC voltages of sin(wt) V and sin(ot+nt) V were applied to the

two microelectrodes "a" and "c" on the top of the microwell

4| J. Name., 2012, 00, 1-3

(Fig. S4A), and sin(ot+m/2) V and sin(ot+3w/2) V, to
microelectrodes "b" and "d" on the bottom of the microwell,
respectively. The calculation results of the electric field
distributions at t=0, T/8, T/4, 3T/8, and T/2 (where T is the
period of the sine wave) were summarized in Fig. S4. The x-y
distribution and the direction (red arrows) of the electric field
at 15.7 um above the bottom surface represented the
generation of a rotating electric field in the microwell (Fig.
S4A). Cross-sectional views of the field strength along line i-ii
and line iii-iv in Fig.S4A were shown in Figs S4B and C. It is
clearly found that the strong electric field frequently appeared
immediately above the bottom surface of the microwell due to
electrodes “b” and “d” placed on the bottom surface.
Furthermore, the electric field was also formed immediately
above the upper end of the microwells between two upper
electrodes “a” and “c”, hence the formation of the lower
electric field below the upper end of the microwell.

The z-profiles of the field strengths above the center of the
microwell were plotted to investigate the position of a
relatively low field region (Fig. S5). At t=0 and T/2, the electric
field was the highest at the bottom surface and decreased
with increasing the distance from the bottom due to no
application of voltage to electrodes “a” and “c” placed on the
upper surface of microwells. In contrast, the electric field was
the lowest at the bottom and increased with increasing the
distance at t=T/4. This is due to no application of voltage to
electrodes “b” and “d”. In addition, the electric field decreased
over 24 um above the bottom surface due to the contribution
of the electric field formed by electrodes "a" and "c" to the
upper part in the PDMS chamber. The curve obtained at t=T/8
and 3T/8 plotted between curves obtained at t=0 and t=T/4. It
is noted that the relatively low strength was formed at z=15.7
um and its value was independent of the time. Therefore, cells
would levitate to rotate in the microwells in the frequency
range for n-DEP. Furthermore, the appearance of the electric
field above the upper end of the microwells prevents the
removal of cells from microwells by the repulsive force of n-
DEP.

Optimization of the duration of cell incubation and concentration
of cells for microwells with single-cell occupation

This journal is © The Royal Society of Chemistry 20xx
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We estimated the number of Jurkat cells in individual microwells

Ratio of wells [%]
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when the cell suspension of 300 pL with the concentration 8x10*
cells mL! was added to the chamber. The microwells with single-
cell occupation increased with the increasing incubation time, while
the microwells without cells decreased (Fig. 2A). However, the
microwells with multiple occupations also increased. This is due to
the random trapping of precipitated cells to microwells with and
without cells. The ratio with the single cell occupation reached 35%
after 15 min and saturated.

Next, we investigated the occupation ratio with a single cell 15
min after the different concentrations of Jurkat cells were
introduced in the chamber (Fig. 2B). The ratio of the microwells
with single cells increased with increasing the initial concentrations
of cells (approximately 35%) at the
However, the addition of cell
suspension with higher concentration leads to the decrease of

reaching a maximum
concentration of 8x10* cells mL™.

single-cell occupation because of the increase of the microwells
with multiple cells. the in the
concentration led to the increase of the cells on the outside of the
microwells (Fig. 2C).

Furthermore, increase initial

Similar results were obtained from the same experiments using
K562 cells (Fig. S6). The ratio with single cell occupation increased
with increasing both the incubation time and the
concentration. However, the ratio reached a maximum (35%) after

initial

10 min that was short compared to that for Jurkat cells. This may be
due to the slightly large diameter of K562 cells. Thus, the results
suggest that the maximum occupation ratio with single cells was
found to be approximately 35% by the sedimentation under the
cells’ weight in this design of the microwell array. In addition, the
duration required to reach the maximum ratio depends on the type
of cells.

Evaluation of the rotation rate of the Jurkat cells and K562 cells via
image recognition analysis

The Jurkat cell suspension (300 pL), which was adjusted to a
concentration of 3.0 x 10° cells mL™%, was poured into the
PDMS chamber that was placed on the microwell grid
electrode device. After the incubation for 150 s, we gently
removed excess cells around the microwells. The cells were
captured by their weight in the microwells at the bottom of

This journal is © The Royal Society of Chemistry 20xx
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the device, and the ratio of the wells containing single cells
was ~30%. When an AC voltage (300 kHz, 2 Vpp) was applied
to the electrode (Fig. 3A(a), (b), (c), and (d)) with a ©/2 phase
difference to generate a rotational electric field in the
microwells, the cells in the microwells began to rotate in the
opposite direction to that of the generated rotating electric
field (Movie S2). The cell in the microwell (Fig. 3A(i)) rotated
clockwise along its axis at the center of the well (i) via the
counterclockwise rotation of the electric field (Fig. 3B and
Movie S1). On the other hand, the cell in the microwell (Fig.
3A(ii)) rotated counterclockwise (Fig. S7 and Movie S2). This is
because of the formation of the rotational electric field with
the opposite directions in neighboring microwells.

N+Af 85 90 a5 100 105 110
N =80 Af 5 10 15 20 25 30
RN 5 [ e [ [ ol | e [
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Fig. 3B shows the sequential images from the N =80to N =
110 frame of the cell in the microwell (i). The NCC between the
images at the N = 80 and 80 + Af frames was calculated to
obtain the number of frames that were required for the single
rotation. For this cell, the calculated rotation rate was 9.42
radian s™! because the NCC value of the N = 100 frame image
(Af = 20) was the most similar in 30 frames after the original
image of the N = 80 frame. The datasets of the NCC between
the images at frames N and N + Af (1 = Af = 70) were
obtained by varying the images of frame N from 1 to 900. The
values of NCC were visualized by a heatmap. The white region,
which corresponded to the frames with high similarity to each
original frame (Af = 0), appeared repeatedly in line patterns at
intervals of approximately 20 frames (Fig. 3C). This result
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indicates that the cell rotated continuously at a constant rate
(0.67 s per single rotation). The representative rotation rates
corresponding to each frame were calculated from each
Afy nighest that represented the frame number with the highest
NCC value in the first cycle of the line pattern. The time-course
of the rotation rate is shown in Fig. 3D. The number of
rotations was processed employing a moving average over 30

20 - O
g_.%
C% o
é}
&

16 A

12 4

[radian s1]
h:3

Rotation rate
obtained by image recognition

60
41 d@ r=10.986
n = 44 cells
0 + : 7 : v :
0 4 8 12 16 20

Rotation rate
obtained by visual analysis
[radian s1]

frames to reduce the noise due to the misinterpretation of the
cell image induced by the reflection of the edges of the
microband electrodes. The rotation rate of this cell was almost
constant and 9.42 radian s™! over the whole frame region.

To validate the rotation rates that were obtained via the
image
rotation rate by tracking the characteristic points on the

recognition method, we manually calculated the

surface of the same cell in Figure 3. Since the x-axis trajectory
of the characteristic point moved periodically between the
negative and positive values of the radius (Fig. S8), the rotation
rate was calculated by fitting a sine function into this
trajectory. The rotation rate obtained by the sine function
fitting for 2 s was 9.01 radian s, which almost corresponded
to that obtained via the image recognition method (9.22
radian s71, averaged for 2 s). The correlation between the
rotation rates that were obtained by both methods was
evaluated employing 44 cells that were randomly selected in
the microwell array device (Fig. 4). The linear relationship
between the rotation rates was observed with the Pearson
product—-moment correlation coefficient (r) of 0.986 in a wide
range, 4—20 radian s7!. Thus, the image recognition method
could be applied to the determination of the precise rotation
rate with the same accuracy as the manual trajectory method.
The rotation rate was also evaluated for varying AC voltage
(300 kHz). It is well known that the rotation rate depends on
the square of the strength of the electric field from eq.2. The
rotation rate increased linearly with the square of the applied
voltage in the range of 0.8 Vpp to 2.4 Vpp (Fig. S9). When an
AC voltage of less than 0.6 Vpp was applied, the cells did not
rotate and drifted in place; when a voltage of 2.4 Vpp or more
was applied, the cells rotated rapidly, making it difficult to

6 | J. Name., 2012, 00, 1-3

analyze the rotation rate based on the image recognition
method. In this study, cells were rotated at a relatively high
rate by applying 2.0 Vpp to monitor the decrease in rotation
rate associated with the shift in peak frequency caused by
chemical stimulation.

We also evaluated the ROT behavior of K562 cells with different

dielectric properties and slightly large diameters to Jurkat cells. The
rotating electric fields with 300 kHz were applied after K562 cells
were trapped in microwells (Fig. 5A). Almost K562 cells moved to
the edges of the bottom electrodes without the rotation in
microwells. However, K562 cells rotated at 11.8+0.46 radian st
(n=109 cells) by applying the frequency with 100 kHz (Fig. 5B). Real
parts and imaginary parts of CM factor for K562 cells and Jurkat
cells were calculated as a function of the frequency by using the
values of their dielectric properties and diameter reported in
previous work (Fig. 5C).3” The value of the real part for K562 cells at
300 kHz was positive, while the value at 100 kHz was negative.
Therefore, K562 cells experienced the attractive force of p-DEP at
300 kHz, resulting in the direction to the edges of electrodes. On
the other hand, at 100 kHz, K562 cells were balanced at the center
of microwells and would levitate from the bottom surface by the
repulsive forces from 4 electrodes with the strong electric field (n-
DEP), and were permitted to rotate at the center. Both parts for
Jurkat cells shifted to higher frequency regions compared to those
for K562 cells. Thus, no attractive force acted on Jurkat cells due to
the negative value of Re[CM] below 300 kHz. These calculations
significantly coincided with the experimental results for both cells
(Fig. 3A and 5B). The rotation rate of Jurkat cells at 300 kHz
(18.0£0.95 radian s (n=48 cells)) was faster than that at 100 kHz
(12.0£0.26 radian s? (n=113 cells)) (Fig. 5D) because it is in
proportional to the value of Im[CM] (Eq. 2) that is maximum at

approximately 300 kHz in the theoretical calculation (Fig. 5C). The
results for Jurkat cells also coincided to the calculated Im[CM].

(A)

(©)

Re[TH]

Real and Imaginary
part of CM factor [-]

~
=)
S
S
=)

Rotation rate [radian s1]
T
[=Ie]

Jurkat K562 Jurkat
100 kHz 300 kHz
Applied frequency

Rotation rate of the chemical stimulation-activated Jurkat cells

The microwell array device represents a superior platform for
estimating the ROT responses of cells, following stimulation by
chemical reagents in a real-time manner. To demonstrate the
superiority of this electrode device, we monitored the ROT of
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the Jurkat cells ionomycin (a calcium ionophore for inducing
the expansions of the plasma membrane of cells)
stimulation.*344 The ROT rates of Jurkat cells in continuous
rotation at the same position were monitored before and after
the addition of ionomycin-containing solution. Fig. 6 shows the
rotation rates, following the addition of the ionomycin (1.0
uM)-containing ROT solution. The microwell-trapped cells
began to rotate immediately when an AC voltage (300 kHz, 2.0
Vpp) was applied to the microband electrodes. The ROT
solution containing ionomycin (1 pL) was gently added to the
top of the suspension in the PDMS chamber (300 pL). When
the solution was added, the cells on the insulating layer were
resuspended by the convective flow. However, the cells
trapped in the microwells were retained to rotate
continuously. (see supporting Movies S3 and S4). The
convective flow could not reach the bottom of the microwells
because of the structure with the small opening of the
microwells. The rotation rate decreased gradually for several
seconds, following the addition of ionomycin at 10 s, reaching
a peak at 40 s before returning to the original level. The time
difference between the addition and response could be due to
the diffusion of ionomycin in the microwell. The rotational rate
was determined by the average of the normalized ROT rates of
25 cells. The normalized ROT rate was obtained by dividing the
rotational rate at each time point by the average ROT rate in
the first second. Figs. S10A and B show the images of five
rotating cells, which were randomly selected, as extracted
from Movie S3, and the typical time courses of the ROT rates
obtained from them, respectively. The five cells were rotated
continuously without any cell contamination in each microwell
when recording the rotational motion. The range of the ROT
rates of the five cells varied from 8.0 to 17.7 radian s™.
However, their rotation rates were almost constant for the
first 20 s even though the fluidic flow was caused by the
addition of the ionomycin solution at 10 s. After the addition
of the ionomycin solution (left end of Figure S10(A)), the cells
that were drifting above the upper layer of the ROT device
flowed from left to right in Fig. S10(A) (see supporting movie
S3). The ROT rate of the cell (i), arranged at the leftmost in Fig.
S10A, decreased earlier compared with those of the other four
cells. This time difference in the onset of the decrease in the
ROT rates might be due to the convectional flow of ionomycin
from left to right in the image. Conversely, the depression of
the average ROT rate of the cells that were stimulated by the
solution without ionomycin was significantly low compared
with that stimulated by the solution with ionomycin (p =
0.0009 at 40 s). Thus, the decrease in the rotation rate
accounted for the effect of the added ionomycin, which would
be detailed discussed.

We investigated the uptake of Ca?* into the cytoplasm,
following the addition of ionomycin. Figure 6B shows the
fluorescence response of a Jurkat cell that was transfected
with G-GECO, following the addition of the 1.0-uM ionomycin-
containing ROT solution. The fluorescence intensity increased
for several seconds after the addition of ionomycin and almost
reached a plateau at 50 s. The result indicates that the
concentration of Ca?* in the cytoplasm increased with the

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




lab on-a Chip

influx of extracellular Ca?* supported by the added ionomycin.
Notably, the response of the fluorescence intensity was very
similar to that of the ROT rate. Thus, the decrease in the ROT
rate might be due to the action of ionomycin on the cells.
Finally, we also evaluated the change in the cell radius from
the sequential images of the rotating cells (Fig. S11) since the
CM factor depended on the cell radius and determined the
ROT rate. Moreover, a significant influence of cell radius on
the ROT rate has been reported.?® Fig. S11 shows the time-
course of the normalized cell radius. The cell radius was
reduced by up to 2%, following the addition of the ionomycin-
containing solution. This level of decrease was almost similar
to that observed after adding solution without ionomycin;
moreover, there was no significant difference between the cell
radius with/without ionomycin at 40 s (p = 0.14 at 40 s). The
slight change in the cell radius (Fig. S11) could be due to the
misrecognition of the cell area during the extraction process of
the cell contour caused by the displacement of the cell
positions in the microwells and the shadow reflection of the
cells flowing over the upper layer of the ROT device, following
the addition of the solution. Therefore, the decrease in the
rotation rate, following the addition of ionomycin, was very
likely due to the interaction between ionomycin and the cell
membrane rather than a decrease in the cell radius.

The extent of alteration in the membrane capacitance and
conductance was evaluated from the decrease in the ROT rate
in the presence of ionomycin. Recently, the large-scale plasma
membrane expansion of Jurkat cells caused by the elevation of
intracellular Ca%* was reported by employing the patch-clamp
measurement of the membrane capacitance and
conductance.*34* This expansion approximately doubled the
cell surface area and might result from the opening of the
micro components on the plasma membrane rather than the
expansion or reduction of the cell size. We calculated the
—Im[CM] of the Jurkat cells when the AC voltage was applied at
a frequency of 300 kHz at various membrane capacitances and
conductance (Fig. S12). The value of —-Im[CM] increased with
the increasing membrane capacitance, peaking at 7.86 mF m=
in the membrane capacitance and subsequently decreasing.
Since the membrane capacitance of the Jurkat cells was
assumed to be 9.82 mF m~2 in this study, the obtained value of
-Im[CM] was -0.45, as indicated by the black circle in Fig.
S12A. The addition of ionomycin reduced the ROT rate by up
to 10% (Fig. 6A) compared with before its addition. Eq. (2)
shows that the ROT rate was proportional to -Im[CM],
indicating that -Im[CM] decreased by 10% assuming that the
other parameters expressed in Eq. (2) remained constant
during the ROT measurement. Thus, we observed that the
membrane capacitance increased to 13.7 mF m™, which
corresponded to a 40% increase (Fig. S12A). This increase in
the membrane capacitance was slightly lower than the
previously reported increase with the addition of 5 uM
ionomycin in the solution containing 2 mM Ca?*.*3 This
difference might be due to the utilization of an ROT solution
with a low Ca?* concentration (2.1 uM) as the extracellular
solution. We also evaluated the effect of the membrane
conductance on the value of -Im [CM] (see appendix and Fig

8| J. Name., 2012, 00, 1-3

S12B). It has been reported that the addition of ionomycin led
to a transient increase of membrane conductance from zero to
approximately 60 nS.43>4* The values of -Im [CM] at 300 kHz
were calculated with various membrane conductance and
found to be almost constant until 160 nS (Fig S12B). From
these calculations, we conclude that the decrease of the
rotation rate is due primarily to the increase in the membrane
capacitance.

Discussion

In this study, we proposed a novel electrode device consisted
with 225 microwells having four microelectrodes around the
single microwells for simultaneously induce electrorotation to
the vast number of cells. However, the ROT rates at various
frequencies were required to accurately determine the
dielectric properties of the membrane via the ROT method.
Unfortunately, the current configuration of the ROT device
complicates the initiation of ROT in the low-frequency (<100
kHz) and high-frequency (>1 MHz) regions because of the
ejection of the cells from the microwells via n-DEP when an AC
voltage is applied in the low-frequency region, as well as the
attraction of the cells to the edge of the microelectrode via p-
DEP when the AC voltage is applied in the high-frequency
region. Although the frequency range is narrower, the
simultaneous acquisition of many ROT rates around the
crossover frequency in which the net force in DEP is zero,
would improve the accuracy of estimating the membrane
capacitance that was obtained by fitting to the theoretical ROT
rate, which was calculated from Eq. (2).

Conclusions

We developed a novel device for simultaneous real-time ROT
measurements, following stimulation with a chemical reagent
via a fluidic flow, as well as an algorithm based on image
recognition. The device, which comprised 225 microwells,
induced ROT in approximately 70 cells in a single operation.
The ROT rates of these single cells were evaluated via image
recognition. In this study, the ROT rate was employed to
monitor the expansion in the plasma membrane of Jurkat cells,
following ionomycin stimulation. The ROT rate of the Jurkat
cells was 10% lower than the initial rate (30 s) after the
addition of ionomycin. The time-course of the decrease in the
ROT rate was significantly similar to the increase in the
intracellular calcium ion concentration owing to the effect of
ionomycin. The decrease in the ROT rate reflected the increase
in the membrane capacitance owing to the increase in the
membrane area induced by the opening up of the micro
components on the plasma membrane. We believe that this
device represents a unique platform for the easy acquisition of
membrane capacitance although the accuracy of the obtained
dielectric properties can be improved.
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Figure Legends

Figure 1. (A) Micrograph and (B) cross-sectional view of the microwell array device. The
inset in (A) is a magnified view of a single microwell. The cross-sectional views are (i)—
(ii) and (iii)—(iv) of the magnified photographs

Figure 2. Ratio of the number of Jurkat cells trapped in a single microwell at various (A)
incubation times and (B) cell concentrations injected into the PDMS chamber. (C)
Microscopic images of Jurkat cells on microwells at various cell concentrations.

Figure 3. (A) Microscopic image of the rotating Jurkat cells in the microwell array
device, following the application of an AC voltage of 300 kHz frequency and 2 Vpp
voltage. Bar scale is 100 um. (B) Sequential images of a single Jurkat cell rotating in the
dashed white circle (i) in (A). Black arrow represents the characteristic point of this cell.
(C) Heatmap of the NCC values of the cell in (B) analyzed via the image recognition
method. (D) Time-course of the rotation rate of the single Jurkat cell in (B). Acquired
value means the rotation rate obtained by substituting the number of frames from
frame N to the frame with the first maximum NCC value into eq. (1). Moving average
means the rotation rate obtained by averaging 30 consecutive acquired values
(corresponding to 1s).

Figure 4. Linear correlation between the rotation rates obtained by image recognition
and visual analysis. The cells were subjected to ROT on the microwell array device by
applying AC voltage (300 kHz and 2 Vpp)

Figure 5. Microscopic images of K562 cells on the ROT device when applying AC voltage
with (A) 300 kHz and (B) 100 kHz. (C) Plots of the Re[CM] and —Im[CM] for Jurkat cell
and K562 cell at various frequencies. (D) Rotation rates for Jurkat cells and K562 cells
when applying AC voltages with 100 kHz and 300 kHz.

Figure 6. (A) Time-series of the normalized ROT rate (ratio to the ROT rate in the first
seconds). One microliter droplet of the ROT solution without (white circle) or with
(black circle) ionomycin was added at t = 10 s. (B) Time-series of the differential
fluorescent intensity of the Jurkat cells that were transfected with G-GECO1.2. One
microliter droplet of the ROT solution containing ionomycin that was added att=10s

Keywords: Electrorotation, Single-cell analysis, Membrane
capacitance, Calcium imaging, Dielectrophoresis
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