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ABSTRACT: Investigation of the dielectric properties of cell membranes plays an important
role in understanding the biological activities that sustain cellular life and realize cellular
functionalities. Herein, the variable dielectric polarization characteristics of cell membranes
are reported. In controlling the dielectric polarization of a cell using dielectrophoresis force
spectroscopy, different cellular crossover frequencies were observed by modulating both the
direction and sweep rate of the frequency. The crossover frequencies were used for the
extraction of the variable capacitance, which is involved in the dielectric polarization across
the cell membranes. In addition, this variable phenomenon was investigated by examining
cells whose membranes were cholesterol-depleted with methyl-β-cyclodextrin, which verified
a strong correlation between the variable dielectric polarization characteristics and membrane
composition changes. This study presented the dielectric polarization properties in live cells’
membranes that can be modified by the regulation of external stimuli and provided a
powerful platform to explore cellular membrane dielectric polarization.

The dielectric polarization property of live cells has been
employed in many biological activities that sustain life.

For example, the cellular membrane capacitor in a neuron,
which is determined by the dielectric polarization property that
is in turn controlled by transmembrane ion flow, generates the
neuronal potential needed to transfer an electrical signal.1−3

The potential across a cellular membrane capacitor also
regulates ion channels, transports, pumps, and enzymes.4

When endocytosis or exocytosis occurs, the capacitance of the
membrane capacitor changes.5 Recent advances in bionano-
technology have enabled the measurement of electric potential
in individual cell membranes (e.g., nanopillar-shaped electrode
arrays,6,7 nanoscale field-effect transistors embedded in biop-
robes,8 microscale or nanoscale pipet patch-clam-
ping9,10).Through the combination of those potentials with a
resistance-capacitance circuit model, deep investigation of the
ion channel, transporters, and the transmission of electrical
signals at the single-cell level can be achieved.4,6,9 Therefore, to
understand the functionalities of bioelectrical membrane that is
necessary to maintain cellular life, the characterization of the
dielectric polarization properties is essential. Recently, non-
linear dielectric polarization characteristics in a live cell were
reported: the dielectrophoretic (DEP) phenomenon occurred
through an interaction between the dielectric polarization
property of a cell membrane and an external nonuniform
electrical signal.11 For instance, when electrical signals with
different frequency modulation rates were applied to a cellular
system, the cells moved with different velocities, even in the

same frequency range.12 In another example, a signal with
different frequency modulation directions also induced differ-
ent cellular velocities and crossover frequencies.13 That is,
cellular dielectric polarization is a function of the frequency
modulation rate and direction, which indicates that the
membrane capacitor of an individual live cell can possess
variable capacitance with respect to an external electrical signal.
However, no study has reported such a variable membrane
dielectric characteristic, which is distinguished from the
characteristics of static dielectric polarization already re-
ported,1−4,9 despite of its importance in understanding cellular
functionalities.
Therefore, we used microfluidic DEP force spectroscopy

(MDFS) to control the dielectric polarization of microscale
particles (and the buffer solution surrounding those particles)
during their interaction with a nonuniform electric field
induced by AC input signals.14−16 This method can also
conveniently and noninvasively manipulate many individual
live cells at the same time through DEP force, which is
modulated by varying the frequency of the AC signals.17−19

Furthermore, the frequency can be increased or decreased at
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will while maintaining homogeneous experimental conditions.
(In the present context, “N → P” and “P → N” frequency
modulations represent the application of two distinct input
signals, where N and P stand for negative DEP force and
positive DEP force, respectively.) Thus, the MDFS experi-
ments allowed us to directly observe the dynamic dielectric
polarization characteristics of live cells. In that way, we
simultaneously measured the effective crossover frequencies, at
which negative DEP force instantaneously changes into
positive DEP force or vice versa, of many MCF-7 live cells
while manipulating the DEP force by modulating its frequency,
frequency sweep rates, and direction. We found different
crossover frequencies and identical crossover frequencies in the
live cells when the frequency changed in the N → P and P →
N directions, respectively. This distinct characteristic indicates
that the cellular membrane has a variable dielectric polarization
property in its response to an external electrical signal and that
it can be varied as a function of the frequency direction and
sweep rate modulation. To investigate the characteristic more
clearly, we also examined variable dielectric polarization
properties from MCF-7 cells with depleted membrane
cholesterol and from different types of cells (HeLa and A549
cells). We found a strong correlation between the variable
dielectric polarization property and cellular membrane
composition in live cells.
First, to observe a cellular behavior under frequency

modulation, we introduced MCF-7 human breast cancer
cells, whose biophysical and biochemical properties have been
previously characterized into an MDFS system consisting of an
interdigitated electrode array covered by a thin silicon dioxide
layer containing circular trap windows.20 A nonuniform electric
field was then generated by applying an AC signal, which led to
the dielectric polarization of both the individual MCF-7 cells
and the surrounding buffer (Figure 1a,b). Theoretically, those
dielectric polarizations, and hence the resulting DEP forces, are
frequency-dependent.21,22 The force vectors in the positive and

negative DEP forces acting on the cells depicted in Figure 1b
were also demonstrated using the finite-element method
(COMSOL Multiphysics, 3.5a) in Figure 1c and Figure S4.
In our experiment, the DEP force made individual cells move
toward the circular window region as the frequency increased
from 1 kHz to 41 kHz (N → P modulation), and it moved
them toward the midpoint between adjacent windows when
the frequency varied in the opposite (P → N) direction
(Figure 1d, Method). In the N → P modulation region, the
membrane polarization increased, producing cellular move-
ment toward the region of the highest electric-field gradient,
which in our device was inside the trap windows. In contrast,
when the membrane polarization decreased, the cells moved
toward the regions with the lowest electric-field gradient,
located at the midpoints between the windows (Supporting
Information S4 and S5).22 Moreover, the frequency at which a
cell’s behavior changed instantly (e.g., the frequency at the
moment that a cell, as shown in Figure 1d, moved out of the
artificial windows during N → P modulation or the fabricated
windows during P → N modulation) can be measured in a
single condition (sequentially during N → P modulation and P
→ N modulation or sequentially vice versa). This measure-
ment of a cell’s behavior indicates that negative DEP force
acting on a cell in the artificial window changes instantly into
positive DEP force (or vice versa) during the modulations we
induced. Therefore, the effective crossover frequency
( fco‑effective) was defined as the measured frequency at which
cellular behavior was instantaneously changed (Figure 1e,
Supporting Information S7). Put another way, the measured
fco‑effective approximates the crossover frequency at which DEP
force becomes zero (i.e., FDEP = 0) in our measurement system.
Next, to investigate the membrane dielectric polarization

property with respect to the frequency modulation, we
measured the fco‑effective of more than 150 cells simultaneously
during both N → P and P → N modulations in combination
with various frequency sweep rates (FSRs) under the same

Figure 1.Microfluidic DEP force spectroscopy system for the observation of cellular movement. (a), Schematic illustration of the microfluidic DEP
force spectroscopy system. (b) Optical images of the interdigitated electrode illustrating the positive and negative DEP forces that act on the cells.
Scale bar, 30 μm. (c) Numerical simulation results from the positive DEP and negative DEP regions of (b) representing the force vectors and
electric field gradient. (d) N → P and P → N frequency modulations of the AC input signal in combination with the frequency sweep rate and in
situ monitoring of the resulting cell movements. The cell was trapped and released from the trap window by the DEP force of those modulations.
Scale bar, 15 μm. (e) Variations in the grayscale level while a cell trapped in an artificial window by negative DEP force was being released during N
→ P modulation and the reverse case. The fco‑effective in the graph of the grayscale level is the frequency at which the trapped cell starts to move from
the trap position (e.g., artificial window during N → P modulation and fabricated window during P → N modulation).
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conditions, as shown in Figure 2. Time sequential images
captured at 20 frames per second depict the change in the
trapped positions of individual cells at different FSR conditions
(100, 200, 400, 800, 1600 Hz/s) as the input frequency
increases (N → P modulation) and decreases (P → N
modulation) (Figure 2a,d). To measure fco‑effective, the grayscale
levels from the time sequential images were measured for each
FSR condition. Thus, fco‑effective was determined using measure-
ment data at the time when cells trapped in the artificial
windows by negative DEP force were being released during N
→ P modulations and vice versa (Figure 2b,e). The histograms
of fco‑effective shown in Figure 2c,f reflect the grayscale level
measurement of more than 150 cells in a single experimental
condition during N → P and P → N modulation at FSRs of
100−1600 Hz/s. Interestingly, the overall distribution of

fco‑effective for N → P modulation shifted toward a higher
frequency range as the FSR increased, whereas the distribution
did not shifted regardless of the FSR during P → N
modulation. Thus, the characteristic features of dielectric
polarization in individual live cells varied during N → P
modulation and remained constant during P → N modulation.
To confirm those findings, we statistically derived a Gaussian

distribution function from the histogram data (Figure 3a) and
derived reliable crossover frequency ( fco) values from the
average values of the functions with each standard deviation
(Figure 3b). The fco of the N → P modulation started to
increase along with the FSR, whereas the fco of the P → N
modulation remained steady at every FSR, producing
discrepancies in fco with N → P and P → N modulations.
Because fco represents the frequency at which the polarization

Figure 2. Measuring the fco‑effective for both N → P and P → N modulation at various FSRs. (a) (b) Time sequential images showing the
translational movement of the cells during N → P modulation (a) and P → N modulation (d) at 100−1600 Hz/s. Scale bar, 15 μm. (b), (e)
Variation in grayscale level while cells trapped in an artificial window by negative DEP force were being released during N→ P modulation (b) and
vice versa (e). The blue and green lines indicate the specific grayscale values in (a) and (d), respectively. (c), (f) Histograms of the fco‑effective of
MCF-7 cells as a function of the frequency during N → P (c) and P → N (f) modulation.

Figure 3. Variable dielectric polarization characteristic of MCF-7 cells at various FSRs. (a) Gaussian distribution functions of fco‑effective derived from
the measurement histogram data for N→ P and P→ N modulation, respectively. (b) Average and standard deviation of the Gaussian distributions,
fco. (c) Membrane capacitances during N → P and P → N modulation, respectively. The statistical reliability of the data in (b) and the
measurement consistency of fco with 610 cells are provided in Supporting Information S14 and S17, respectively.
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of a cellular membrane is equivalent to that of the medium
surrounding it,21 the discrepancies indicate that differences
occur in that equivalent state depending on the two distinct
frequency modulations. The polarization denotes the charge
displacement generated by residual free charges at the
dielectric boundaries (e.g., the cell membrane and surrounding
medium)23 under an alternating current. The charges that
accumulate on the inner membrane surface, which respond to
the ions from the surrounding medium that accumulate on the
outer cell surface, are reversed at each half-cycle of the AC
electric field.24 During N → P modulation, the charge
displacement inside the cellular membrane starts to increase
along with the frequency (i.e., 1 kHz → 41 kHz, as shown in
Figure 1c) until it reaches a balanced state at fco. Because the
incremental charge displacement does not occur instanta-
neously, it takes time to approach the steady-state level.21

However, the charge displacement outside the cellular
membrane starts to increase as the frequency decreases (i.e.,
41 kHz → 1 kHz) during P → N modulation, and the
displacement process is much faster than that inside the
cellular membrane.21,25,26 Therefore, when the FSR is
increased (i.e., 100 Hz/s → 1600 Hz/s) during the N → P
modulation, the times to reach the balanced state were
delayed, resulting in the increase of the fco‑effetive for the
balanced state, whereas they produced no delay as increasing
the FSR during the P → N modulation, resulting in being
stayed at the fco‑effective for the balanced state. Therefore, the
different characteristics shown in Figures 3b are identified: the
dielectric polarizations of individual live cells are a function of
the frequency modulation direction and sweep rate. Moreover,

fco can be converted into a membrane capacitance. Figures 3c
show the results of that conversion, where the absolute value of
the linear slope of the variable capacitance responding to
variable dielectric polarizations is 9.5 × 10−3 during N → P
modulation and approximately constant during P → N
modulation. For the further discussion of variation in cellular
dielectric polarizations, we focus on the variable capacitance
results during N → P modulation.
When we repeated the experiments with different cell types

(HeLa and A549), we found the same characteristics in the
variable capacitance of the cellular membrane dielectric
polarization response to an external AC electrical signal,
which suggests a universality of this effect in cell membranes
(Figures 4a). We also tested the variable capacitance of MCF-7
cell membranes that had been depleted of cholesterol using
methyl-β-cyclodextrin (MβCD) since cholesterol plays critical
roles in the maintenance of membrane permeability by
increasing membrane packing and the depletion of cholesterol
induces the variation of the membrane permeability, expecting
the change of a ion exchange activity and the gap junction as a
solute transporter. As the cholesterol was depleted (Supporting
Information S10), the membrane composition changed, as
shown in Figure 4b. Those composition changes increase the
membrane permeability and reduced the membrane surface,
allowing ions to pass easily through the membrane (Supporting
Information S12).27−29 Therefore, the value of membrane
capacitances in the same FSR ranges decreased as cholesterol
depletion increased, as shown in Figure 4c. More interestingly,
the linear slopes of the variable capacitances decreased as a
function of FSR, indicating that changes in the membrane

Figure 4. Variable capacitance of HeLa, A549 cells, and cholesterol-depleted MCF-7 cells. (a) Variable capacitance of HeLa cells and A549 cells
(measurement results in Supporting Information S13), scale bar 30 μm. (b) Confocal microscope images of cholesterol-depleted MCF-7 cells at
three concentrations of MβCD: 0, 2.5, and 5.0 mM. Scale bar, 10 μm (Supporting Information S11). (c) Variable capacitances at different MβCD
concentrations during N → P modulation. (d) Linear slope of the variable capacitances of different cell types and MβCD concentrations during N
→ P modulation.
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composition affect the dielectric polarization response to an
external electrical signal. The variation in the linear slopes was
also observed when testing different cell types, as shown in
Figures 3c and 4a,c. Clearer pictures of those variations are
summarized Figure 4d, which suggests that the variation in the
linear slopes correlates strongly with the cellular membrane
composition, which produces different cellular functionalities.
In conclusion, we developed a novel method for probing the

dielectric polarization characteristic in the membranes of
individual live cells by measuring the effective crossover
frequencies, fco‑effective, using MDFS. Under the method, we
simultaneously measured fco‑effective of numerous individual
MCF-7 cells under the exact same environment in both the
direction and rate of frequency modulation of an external
electrical signal. We also extracted statistically reliable average
crossover frequency, fco, using a Gaussian fit of the measured
fco‑effective of MCF-7 cells, and found that fco, live MCF-7 cells
differed with change in both the direction and rate of
frequency modulation, which indicates that the dielectric
polarization property of live MCF-7 cells was varied. This
variable dielectric polarization characteristic was also observed
in different cell types such as HeLa and A549 cells. In addition,
the variable membrane capacitance, which is involved in the
variable dielectric polarization characteristic, was induced by
the fco of such cells. More importantly, we demonstrated that
the variable capacitance across the membranes of live cells can
be adjusted by regulating the membrane composition. This is
the first reported evidence that the dielectric polarization
characteristic within the membranes of individual live cells
varies with respect to the change of the external stimulations.
The finding could be used to investigate the cellular membrane
functionalities involved in dielectric polarization properties of
live cells including regulation of ion channel, membrane
transports, pumps, and the transmembrane ion flow generated
by neuronal potential, which is correlated to the regulation of
cell membrane capacitance in FSR system,1−4,30 and those
results could be used to develop biological circuits, such as
neuronal devices, biomaterial semiconductor electronic
circuits, or mammalian memory devices.31−33

■ EXPERIMENTAL METHODS
Sample Preparation. The MCF-7 human breast-cancer cell line
(ATCC, Manassas, VA, USA) was grown in Dulbecco’s
Modified Eagle’s Medium (Lonza, Walkersville, MD, USA)
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (Gibco, Grand Island, NY, USA) and
incubated at 37 °C in a humidified atmosphere with 5% CO2.
For the experiments, MCF-7 cells were seeded into six-well
plates at 2 × 105 cells/well in buffer solution and incubated for
48 h. After that, the cells were detached by treatment with
0.25% trypsin/EDTA and washed three times with DEP buffer
solution containing 8.6% (w/w) sucrose, 0.3% (w/w) glucose,
and 1.0 mg/mL bovine serum albumin (BSA). Subsequently,
they were resuspended in 1 mL of DEP buffer at a
concentration of ∼100 cells/μL. The DEP buffer contained
BSA to block nonspecific adhesion between cells.34

Experimental Procedure Using Microf luidic DEP Force Spec-
troscopy. A PDMS (polydimethylsiloxane) reservoir for storing
the experimental solution was placed on the microfluidic
device. Next, 20 μL of buffer containing suspended cells was
dropped into the reservoir, and a cover glass was placed over
the buffer to isolate the solution containing the cells. Then, an
AC signal (2 Vpeak−peak) was applied to the chrome electrodes

on the chip with frequencies ranging from 1 to 41 kHz (Figure
1d), which were suitable values for manipulating the cells with
positive and negative DEP forces while minimizing electro-
thermal effects, where the cell viability and measured data
consistency of applied AC signal describes in Supporting
Information S3 and S16. The frequency was varied sequentially
in five phases: (1) constant 1 kHz for 100 s, (2) linear increase
from 1 to 41 kHz (N→ P modulation) at a chosen sweep rate,
(3) constant 41 kHz for 100 s, (4) linear decrease from 41 to 1
kHz (P → N modulation) at the same sweep rate, and (5)
maintenance at 1 kHz for 100 s. Those five phases compose
one set of experiments, and each set was conducted using five
different FSRs for the N → P and P → N modulations to
provide different external energy rates: 100, 200, 400, 800, and
1600 Hz/s. All the variables of the applied signal were
controlled by a LabVIEW-based (National Instruments,
Austin, TX, USA) automated DEP system (Supporting
Information, S2) and were verified with an oscilloscope
(Wavesurfer 432, LeCroy, Chestnut Ridge, NY, USA). The
automated DEP system consists of a force-spectroscopy
module, an input module, and a measurement module. The
force spectroscopy module contains a fabricated microfluidic
DEP chip. The input module is an arbitrary function generator
that applied the AC voltage signal to the DEP chip electrodes
to generate DEP force. The measurement module contains an
oscilloscope to measure the amplitude and phase of the applied
voltage. Cellular displacements were recorded using an optical
microscope (PS-888, Seiwa Optical Industrial Co., Tokyo,
Japan) connected to a high-speed CCD (charge coupled
device) camera (Motion Scope M3, Integrated Design Tools,
Inc., Tallahassee, FL, USA) for image acquisition. The image
capture rate during the stationary phases (1, 3, and 5) of the
protocol was 1 frame per second. In the forward and reverse
frequency regions, the capture rates were 20 frames per second
for all the FSRs, with a minimum resolution of 80 Hz/frame.
The synchronization and resolution of each module in
quantitatively measuring the DEP-induced motion of particles
were verified in our previous work.35

Method for Converting fco to Membrane Capacitance. By
assuming that a cell membrane has very low membrane
conductivity, the membrane capacitance is given by the
following simple expression:

C
f r2mem

m

co

σ
π

=
(1)

where Cmem, σm, and fco are membrane capacitance, medium
conductivity, and crossover frequency, respectively (more
detail is provided in Supporting Information S8).18,36,37

Assigning the value of the measured medium conductivity
(60 μS/cm) and the radius of the cell lines (9.25 μm for MCF-
7, 7.48 μm for A549, 8.49 μm for HeLa, Supporting
Information S9) used in our experimental setup, we present
the values of the membrane capacitance according to the FSR
in Figures 3c.

■ ASSOCIATED CONTENT
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S1, fabrication of the microfluidic DEP chip; S2,
automated system for controlling the frequency sweep
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copy; S3, cell viability before and after DEP experiments;
S4, numerical analysis of DEP force using the finite-
element method (FEM); S5, DEP model and Clausius−
Mossotti (CM) factor of the cell; S6, programmable
methods for measuring fco‑effective; S7, measurement of
fco‑effective and the determination of fco; S8, conversion
formula for membrane capacitance from crossover
frequency; S9, measurement of cell radius; S10,
membrane cholesterol depletion; S11, confocal micros-
copy; S12, intracellular Ca2+ levels of MCF-7 treated
with MβCD; S13, measured fco‑effective for other cell types
and cholesterol-depleted MCF-7 cells; S14, statistical
reliability between data at various FSR conditions; S15,
Joule heating in microfluidic DEP force spectroscopy
system; S16, measured fco‑effective of MCF-7 cells with
different applied voltages; S17, measurement consistency
of the fco‑effective for MCF-7 cells during N → P and P →
N modulation (PDF)
Time-lapsed images of DEP-driven movement of five
MCF-7 cells, which is randomly chosen with experienc-
ing forward and reverse directions of frequency sweeps
(MP4)
Time-lapsed images of DEP-driven movement of MCF-
7, HeLa, and A549 cells with forward and reverse
directions and the sweep rate of the frequency (MP4)
Time-lapsed images of DEP-driven movement of
cholesterol-depleted MCF-7 cells with forward and
reverse directions and the sweep rate of the frequency
(MP4)
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