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The specific membrane capacitance (SMC) is an electrical parameter that correlates
with both the electrical activity and morphology of the plasma membrane, which are
physiological markers for cellular phenotype and health. We have developed a
microfluidic device that enables impedance spectroscopy measurements of the SMC
of single biological cells. Impedance spectra induced by single cells aspirated into
the device are captured over a moderate frequency range (5 kHz–1 MHz). Maximum
impedance sensitivity is achieved using a tapered microfluidic channel, which
effectively routes electric fields across the cell membranes. The SMC is extracted by
curve-fitting impedance spectra to an equivalent circuit model. From our
measurement, acute myeloid leukemia (AML) cells are found to exhibit larger SMC
values in hypertonic solutions as compared with those in isotonic solutions. In
addition, AML cell phenotypes (AML2 and NB4) exhibiting varying metastatic
potential yield distinct SMC values (AML2: 16.9 6 1.9 mF/m2 (n ¼ 23); NB4:
22.5 6 4.7 mF/m2 (n ¼ 23)). Three-dimensional finite element simulations of the
C 2012 American
microfluidic device confirm the feasibility of this approach. V
Institute of Physics. [http://dx.doi.org/10.1063/1.4746249]

I. INTRODUCTION

The surface morphology and electrical activity of the plasma membrane are physiological
characteristics for cellular phenotype and health. For instance, this was demonstrated by Iyer
et al. who used atomic force microscopy to show that healthy and cancerous epithelial cells
have distinct membrane morphologies.1 Healthy cells revealed a single surface brush layer,
while cancer cells revealed two brush lengths of significantly different densities. Wang et al.
earlier showed through electro-rotation experiments that an abundance of brush layers, which
consist mainly of microvilli, microridges, and cilia, correlate to a larger specific membrane capacitance (SMC) through an increased surface area as evidenced by scanning electron microscopy and later by fractal analysis.2,3
The SMC, which is membrane capacitance divided by surface area, represents the ability of
an insulating membrane to store charge in the presence of an applied electric field. It is calculated
through the standard parallel-plate capacitance formula, Cm ¼ e0 er =d, where e0 is vacuum
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permittivity, er is relative membrane permittivity, and d is the membrane thickness.4,5 For smooth
lipid bilayer membranes, the SMC is approximately 4–6 mF/m2.6 For real cells containing brush
layers and surface proteins, the SMC increases to 10–40 mF/m2.
SMC variations may also represent evidence of physiological variations in biological cells.
For example, Bao et al. demonstrated that the SMC ramps significantly when the environment
temperature exceeds the physiological temperature (37  C).7 In addition, Long and Xing have
monitored the time-dependence of apoptosis (programmed cell death) in Jurkat cells using electro-rotation.8 Their results showed that the SMC decreased significantly with time over a 48 h
timeframe after cells were treated with cytosine arabinoside.
Many techniques have been developed to measure the electrical activity of the cell membrane. AC electrokinetics (dielectrophoresis (DEP) (Refs. 9–13) and electro-rotation4,14,15) and
patch-clamping16 are widely used tools for monitoring cell membrane permittivity and conductivity. Patch clamping16 and electro-rotation4,14,15 are well known methods for measuring the
SMC of single cells. In patch-clamping, a single electrode conducts the electrical currents flowing through ion channel molecules embedded in the plasma membrane.17,18 The electrode is
placed in a micropipette wherein a cell membrane region surrounding one or more ion channels
is aspirated. The suction pressure provides a gigaohm (GX) seal resistance, which allows currents to be recorded with low electrical noise and good mechanical stability. Through careful
calibration and compensation, this technique has been used to measure SMC. In this rather
invasive approach, a patch of cell membrane is commonly removed from the cell surface. Consequently, successful implementation requires laborious and skillful manipulation of the electrode and micropipette. Furthermore, the relatively large parasitic capacitance of the glass pipette limits measurements to low frequencies (<1 kHz), while on-chip patch-clamping
successfully reduces parasitic capacitance but often suffers from reduced seal resistance.17,19–23
Electro-rotation is a non-invasive approach in which a cell is electrically rotated while
suspended in a low-conductivity medium. The entire cell is rotated by electric fields generated by applying four sine waves in phase quadrature to an electrode array surrounding the
cell.2,3,24–26 The magnitude and direction of the electrical torque depend on the difference in
dielectric properties between an electrically heterogeneous cell and its surrounding medium.
With recorded cell rotation rate and direction versus frequency, the SMC is extracted by
curve-fitting the dielectric spectrum with a shell model. The low ionic strength of the medium
used in electro-rotation may compromise the integrity of the plasma membrane after an
extended period of time (e.g., longer than 10 min).27 This is a concern because automated
electro-rotation systems require approximately 10 min for testing one cell.28 Multi-cell electro-rotation systems have the additional challenges of precise cell positioning and spacing as
the electrical interaction between neighbouring cells self-induce dipole moments, and noncentralized cells can experience lateral dielectrophoretic forces due to field non-uniformities
near the electrodes.29–33
In comparison to patch-clamping and electrorotation, impedance spectroscopy is a more
convenient approach for cellular electrical measurements and the detection of cell physiological states. Sun et al. designed a high-throughput single cell impedance sensing chip which
can record the dynamic passing of single cell through the channel in a relatively short time
(1 ms for one measurement).34 However, due to electrode-polarization and large shunt current,
the recorded impedance spectrum is mostly sensitive to cell size. Thus, the technique is not
suitable for cell SMC measurement (SMC is a size-invariant parameter). Malleo et al. demonstrated the dynamic change of HeLa cells’ electrical impedances when the cells were subject
to chemical intervention.35 The existence of electrical-double layer and the poor contact
between the electrode and the trapped cell made the technique infeasible for cell SMC quantification. Han et al. presented an SMC quantification technique which utilized impedance sensing and hydrodynamic trapping of single cells.36 The good seal between the cell and the
cavity perimeter decreased the shunt current therefore, increased the measurement sensitivity
of the device. However, suffering from electrode polarization, the device was not able to perform measurements below 10 kHz. This limitation sacrifices the accuracy of cell SMC
quantification.
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Bao et al. developed an approach to measuring the average SMC of a cell population using
electrical impedance spectroscopy.7,37 Briefly, AC signals (1 Hz–1 MHz) are applied to measure
the impedance response of cells immobilized into numerous pores etched along a polycarbonate
filter. The impedance response of the cell batch is recorded and curve-fitted to an equivalent circuit model to determine the capacitance of the cell membrane. Finally, with a geometric model,
they calculate the exposed surface area and subsequently the average SMC. This technique is advantageous because cells can be measured noninvasively in physiological buffers of high ionic
strength. In addition, a sufficiently large seal resistance created by the cell-to-pore interaction
ensures that electric fields pass through the cell membranes. However, because cells line up in a
parallel configuration along the filter, high impedance sensitivity is achieved only when cells fill
the pore array completely, which is difficult to achieve in experiments. Otherwise, current flows
through the empty pores rather than the cell membranes. In addition, it is difficult to ensure that
cells form a monolayer along the filter. In general, cell size heterogeneity and the formation of
multiple cell layers would break down the geometric model for calculating cell surface area. Furthermore, this approach reflects only the cell population’s collective SMC characteristics. Hence,
it is insensitive to SMC variations across the cell population.
There is an increasing drive toward developing microfluidic devices for detecting and characterizing single cells. Rather than classify cells based on a bulk property, which represents an
averaged value over a cell population that disregards the presence of rare cells and physiological variations, cell populations are better classified by analyzing individual cells.38–43
In this paper, we present a microfluidic technique wherein the SMC values of single cells
are measured using impedance spectroscopy. A schematic of the microfluidic device is shown
in Fig. 1. Compared with previous techniques described above, our device is easier to use and
is capable of measuring the full impedance spectrum on a cell within a minute (vs. 10 min/cell
as in electro-rotation). An equivalent circuit model is used to fit the impedance spectrum
induced by a trapped cell in order to extract its SMC value. Finite element simulations provide
theoretical guidance for data interpretation. Impedance and phase data from trapped acute myeloid leukemia (AML2) cells in various osmotic environments are recorded and analyzed. In
addition, two types of leukemia cell lines (AML2 and NB4) are shown to be distinguishable
based on their SMC differences.

FIG. 1. Schematic of the experimental apparatus. Silver/silver chloride electrodes are inserted into inlet and outlet ports for
impedance measurements. In parallel with the electrodes are fluid-filled tubes that route cells into the inlet port, through the
loading channel, and finally into the tapered channel. Screen captures of an AML2 cell illustrate its shape changes at two
different positions (P1 and P2). Cells are pressurized using a custom pumping system.44
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II. MATERIALS AND METHODS
A. Materials

All chemicals used in experiments were obtained from Sigma-Aldrich (Oakville, ON, Canada). Cell-culture reagents were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Materials used for device fabrication include SU-8 photoresist (MicroChem Corp., Newton, MA, USA) and 184 silicone elastomer (Ellsworth Adhesives Canada,
Burlington, ON, Canada).
Acute myeloid leukemia cell lines (AML2 (Refs. 45 and 46) and NB4 (Ref. 47)) are cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum and 1% penicillin (medium conductivity ¼ 1.5 S/m). Before harvest, cells are incubated
at 37  C in a humidified 5% CO2 atmosphere for 2 days in a 25 ml culture flask. At harvest, we
gently tap the culture flasks to suspend the cells.
B. Experimental procedures

To investigate osmotic effects, AML2 cells are suspended in isotonic (269 mOsm/kg),
marginally-hypertonic (344 mOsm/kg), and very-hypertonic (489 mOsm/kg) solutions.48 The
corresponding solution conductivities, as measured using a digital conductivity meter
(Eutech Instruments), are 1.24, 1.30, and 1.30 S/m, respectively. Hypertonic solutions are
made by mixing cell suspensions with a sucrose/dextrose solution in a 1:4 ratio, and isotonic
solutions are made by mixing cell suspensions with distilled water in a 1:3 ratio. Before
each measurement, cells are incubated in the sucrose/dextrose solution for 15 min. This
allows the cell adequate time to equilibrate with the new osmotic condition. To compare the
SMC values of AML2 and NB4 cells, both cell lines are suspended in DMEM during
experiments.
Microfluidic devices are fabricated according to standard soft lithography procedures as
outlined in an earlier work.49 After preloading the microfluidic channel with an appropriate
extracellular medium, a droplet of dilute cell suspension is delivered into the microfluidic device. Before a cell is aspirated into the tapered channel, a reference impedance spectrum is collected using Ag/AgCl electrodes located at the inlet and outlet ports. The Ag/AgCl electrodes
are specifically chosen to reduce the secondary impedance contributions from the electrical double layer bridging the electrode and electrolyte.50 The impedance spectrum is recorded using an
impedance analyzer (Agilent 4292A). Cells are then guided into the loading channel using negative pressure (100 Pa), and a single cell is drawn inside the tapered channel. Maintaining a
small negative pressure (50 Pa) afterward establishes a good seal between the trapped cell and
the channel walls. While recording the impedance spectrum of the cell, microscope imaging
(Nikon eclipse Te2000-S) is used for observing and recording videos of the cell shape inside
the tapered channel.
To test the device repeatability, we record the impedance spectra induced by a cell parked
at two different positions in the tapered channel. After recording the cell impedance spectrum
at the first position, we apply a larger negative pressure (70 Pa) to aspirate the cell into a
more constrictive region of the tapered channel. After recording the second cell impedance
spectrum, we apply a 100 Pa pressure to aspirate the cell fully through the tapered channel.
This procedure is repeated sequentially for all cells.
C. Equivalent circuit models and curve fitting

We devised equivalent circuit models to quantify the impedance behaviour of the microfluidic device when the tapered channel is unplugged, and then plugged with a single cell (Figs. 2(a)
and 2(b)). A nonlinear least-squares curve fitting algorithm is employed in a MATLAB program to
fit the measured impedance to the devised equivalent circuit models (Figs. 2(a) and 2(b)).
When the tapered channel is unplugged (Fig. 2(a)), the impedance is described by a parallel
RC circuit where Rchannel represents the channel resistance and CPDMS represents the capacitance of the channel and surroundings (polydimethylsiloxane (PDMS), air, glass).7,21,37,42,51
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FIG. 2. (a) and (b): Circuit models used for fitting the impedance and phase spectra generated by an empty channel (a), and
a single cell trapped in the channel (b). A membrane-bound cell has a cytoplasmic resistance, Rcell, and a membrane capacitance, Cm ¼ C1C2/(C1 þ C2). To account for space between the cell perimeter and the channel walls, a seal resistance, Rgap,
is introduced. Experimental amplitude (d) and phase (e) spectra of one measured cell are fitted with the circuit models in
(a) and (b).

When the tapered channel is plugged (Fig. 2(b)), it contains impedance contributions from
both the extracellular fluid and the trapped cell. The latter can be modelled as a resistive cytoplasm, Rcell, in series with a capacitive plasma membrane. The cell surface areas facing the
channel inlet and outlet are approximated as two capacitors in series, C1 and C2. Current in the
tapered channel is split between entering the plasma membrane and the shunt pathway between
the cell and channel walls. Consequently, a gap resistance, Rgap, represents the resistance of the
shunt current path.7,37,51
To reduce the parameters in our circuit model and increase the curve-fitting accuracy, the
following procedures are used. The channel resistance (Rchannel) and capacitance (CPDMS) are
determined by curve-fitting the impedance spectrum from a fluid-filled channel without a cell
present.
(a)

After a cell is aspirated in the tapered channel, its volume replaces an equal volume of
extracellular fluid. Consequently, the resistance contributed by extracellular fluid in the
channel decreases. Equation (1) is used to calculate the resistance loss due to cell trapping
(Rloss). Therefore, when a cell is trapped, the remaining channel resistance is calculated
using Rseries ¼ Rchannel  Rloss . The channel conductivity and height are rchannel and h,
respectively. The cell widths facing the channel inlet and outlet are A1 and A2 , respectively,
and a is the angle between a channel wall and the horizontal axis (Fig. 2(c))
Rloss

 
1
A1
:
¼
 ln
A2
2  h  cot a  rchannel

(1)
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Rgap is the seal resistance. It is determined using the low frequency impedance value
obtained from the trapped cell impedance spectrum to subtract the Rseries value.
Finally, the total membrane capacitance, Cm, and cytoplasm resistance, Rcell, are extracted
after curve-fitting the impedance spectrum induced by a trapped cell.

A regression coefficient q quantifies the degree to which the derived parameters fit the
measurement data. Xest (fi) values are estimated from the devised equivalent circuit model,
while Xexp (fi) are experimental data. A value of q close to 1 means a good fit between the theoretical model and the experimental data2
X
q¼

i

Xest ðfi Þ  Xexp ðfi Þ
X
Xexp ðfi Þ2

2
:

(2)

i

D. Determination of specific membrane capacitance

Once the membrane capacitance (C) is extracted, we calculate the cross-sectional membrane areas (A) to calculate the specific membrane capacitance, CS ¼ C=A. Using video microscopy, we observe that a single cell trapped in the tapered channel forms intimate contacts with
the channel walls. Therefore, the exposed membrane surface areas are approximated to be the
cross-sectional areas of the tapered channel (extracted from SEM imaging, shown in Fig. 3) at
the proximal and distal ends of the cell at its trapped position (see Fig. 2(c)).
III. SIMULATION

To demonstrate the feasibility of this approach, a three-dimensional model of the microfluidic device is built using COMSOL MULTIPHYSICS 4.2 (Fig. 4(a)). The 3D model comprises the experimental channel dimensions. A zoomed-in portion of the tapered channel is shown for clarity
(Fig. 4(b)). The gap distance, zgap, is taken as the vertical distance between the cell perimeter
and a channel wall.
Due to Maxwell-Wagner interfacial polarization, the extent to which an electrically heterogeneous cell stores and conducts electrical charge depends on frequency. As shown in Figs.
4(c) and 4(d), the insulating membrane redirects current toward the conductive shunt pathway
at low frequencies (4 kHz) and permits current flow at higher frequencies (1 MHz).
Before aspiration, the cell is assumed to be a single-shelled sphere. Consequently, we use a
single-shell model to evaluate the effective permittivity and conductivity of the sphere. In the
3D simulation results that follow, we model the cell as a trapezoidal block (conforming to the
local channel geometry minus a gap distance) having a complex effective permittivity, eeff ,
given by

FIG. 3. SEM images of the tapered channel: (a) top-view and (b) view through the cross-section.
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FIG. 4. (a) Three-dimensional geometry of the microfluidic chip. (b) A moderately sized box surrounding the cell and channel facilitated meshing between the large PDMS domain and the much smaller channel domain. (c) and (d) For illustrative
purposes, a side view of the microfluidic channel reveals lines of current density coloured according to their strength (blue
¼ weak, red ¼ strong). Similarly, the background colour represents electric potential. In this demonstration, the membrane
thickness, d, is 100 nm and zgap ¼ 250 nm. At low frequencies (Fig. 4(c)–4 kHz), current is redirected through the shunt
pathways (zgap). At high frequencies (Fig. 4(d)–1 MHz), current is permitted through the cell.

eeff

 
9
8
e3  e2 >
>
3
>
>
a
þ
2
<
e3 þ 2e2 =

 
 ;
¼ e2
>
e  e2 >
>
>
;
: a3  3
e3 þ 2e2

(3)

where a ¼ Router =Rinner (outer radius/inner radius) and the complex permittivities of the cytoplasm and membrane are e3 and e2 , respectively. From this, the frequency-dependent permittivity and conductivity of the cell are eeff ðxÞ ¼ Reðeeff Þ and reff ðxÞ ¼ xImðeeff Þ, respectively.52
Terminal electrodes are placed at the far ends of the channel geometry. We solve the Laplace equation for the potentials (V) and electric fields (E ¼ rV) between the terminals in the
frequency domain. By assigning a fixed voltage across the terminals, COMSOL solves for the admittance, the reciprocal of which is the impedance, Z. The corresponding phase is
u ¼ tan1 ImðZÞ=ReðZÞ  180=p.

IV. RESULTS AND DISCUSSION
A. Simulation results

A single cell trapped inside the tapered channel has a specific length, position, and gap distance between its perimeter and the channel wall. To investigate the dependence of these
parameters on the determined SMC, we measure the impedance responses from a simulated
three-dimensional channel geometry using finite element analysis. Variations due to a single parameter (e.g., cell length) are effectively isolated by keeping the two remaining parameters constant. In each simulation set, we vary the relative permittivity of the membrane (10, 20, and
30) while keeping the membrane thickness constant (10 nm). In this way, we tabulate theoretical SMC values using Cm ¼ e0 er =d (Table I). For comparison, the simulated impedance and
phase spectra are recorded and curve-fitted using the procedures described in Secs. II C and II D
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TABLE I. SMC values and variations versus membrane permittivity. For three relative membrane permittivities (10, 20,
30), the theoretical (based on parallel-plate (p.p.) capacitance formula) and curve-fitted SMC values (units are mF/m2) are
evaluated as a function of cell-to-channel gap, cell length, cell position and seal resistance. The error ranges correspond to
the fitted SMC variations across the gap, length, position, and seal resistance ranges in Fig. 5.
Relative
permittivity

SMC (p.p.)

SMC vs. Gap

SMC vs. Length

SMC vs. Position

SMC vs. Seal resistance

Mean SMC

10

8.85

11.9 6 0.2

11.8 6 0.5

11.66 6 0.08

11.9 6 0.2

11.8 6 0.3

20

17.70

21.8 6 0.2

21.8 6 0.9

21.3 6 0.3

21.8 6 0.2

21.6 6 0.6

30

26.55

31.7 6 0.1

32 6 2

31.0 6 0.5

31.7 6 0.1

31.4 6 0.8

to extract the SMC values using the equivalent circuit model. All the curve-fitted results have a
q value larger than 0.99.
Nonlinear regression analyses were applied to determine the uncertainties of the leastsquares (best-fit) coefficient of the membrane capacitance. The SMC values were derived by
dividing the membrane capacitance with the corresponding cross-section area of the modeled
cell. The theoretical SMC values along with the derived SMC values vs. cell position, length,
gap distances, and seal resistance are shown in Fig. 5. The dashed lines represent the theoretical
SMC values, while the solid lines represent the SMC values derived from curve fitting. The
error bars represent the 95% confidence intervals for the SMC.53
When the relative permittivity of the cell increases (10, 20, and 30), the derived SMC correspondingly increases (11.8 6 0.3 mF/m2, 21.6 6 0.6 mF/m2, and 31.4 6 0.8 mF/m2, the error
ranges here represent the variation of the fitted SMC variation across the cell-channel gap, cell
length, cell position, and seal resistance ranges), giving a ratio close to 1:2:3. For the parametric simulation, the range of cell lengths was chosen based on the minimum and maximum cell
sizes observed from imaging in experiments (11.6 lm–13.6 lm). The range of cell positions
was chosen from a typical range of positions observed in experiments (52.6 lm–90.0 lm) relative to the tapered channel inlet. Finally, since the low-frequency impedance has a strong dependence on the gap distance, the range of gap distances (150 nm–300 nm) was chosen using
simulated impedance spectra that have comparable low-frequency values to those in experimental impedance spectra.

FIG. 5. Specific membrane capacitances versus cell-to-channel gap, cell length, cell position and seal resistance. The error
bars represent the 95% confidence intervals for the fitted SMC.
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FIG. 6. Current density versus position along the horizontal and vertical edges of the membrane.

Results shown in Fig. 5 suggest that the derived SMC values do not significantly vary with
cell length, position, or gap distance. A maximum variance of 6 2 mF/m2 occurs vs. cell length
for the e ¼ 30 case (6.25% of the mean value). In addition, since the cell volume changes as
each parameter varies, we claim that the SMC value obtained from curve-fitting is a sizeindependent parameter reflecting the electrical properties of the plasma membrane. However,
the curve-fitted SMC values are generally larger than the theoretical values. Based on the device design, we believe there are three possible reasons for these differences:
(1) The channel resistance, Rchannel, is calculated based on Ohm’s law for defining resistance, i.e.,
R ¼ qL=A, which assumes a uniform current distribution inside the channel. However, sharp
geometric transitions in the microfluidic device induce the bending of current lines, which
breaks down this assumption. In our device, such geometric variations occur at the loading-totapered channel interfaces, and at the exposed cross-sectional areas of the cell (current shunt
pathway). The current distributions at these interfaces are generally non-uniform and frequency dependent (Figs. 4(c) and 4(d)).
(2) In the simulation, we apply the single-shell sphere model to define the effective permittivity
and conductivity of the cell. Given that the sphere conforms more toward a trapezoidal shape
in the tapered channel, the directional nature of the permittivity in the non-symmetric shape
may play a role in determining the SMC. Indeed, the maximum SMC variations arise from
changes in cell length, which would cause the cell to deviate progressively more or less from
spherical symmetry. Variations in the effective permittivity due to geometric considerations
may alter the membrane permittivity and hence the specific membrane capacitance.
(3) As the frequency of the excitation signal increases, current lines begin to penetrate the cell perimeter sections that are parallel to the channel wall. Consequently, these horizontally-aligned membrane sections may also contribute to the capacitance (Figs. 4(c) and 4(d)). When this occurs, the
real surface area involved as a capacitor in the circuit is effectively larger than the assumed surface area (vertical membrane sections) used to calculate the SMC. Consequently, our underestimation of the membrane area may yield a SMC value that is larger than expected. (Fig. 6).
Due to the reasons above, the curve-fitted SMC values are larger than the SMC values calculated using the parallel-plate capacitance formula. Notwithstanding this upward shift, our simulation has revealed a clear relationship between membrane permittivity and the curve-fitted capacitance, which is not affected by variations in cell volume. Hence, the SMC values determined
from experimental data and curve-fitting reflect the cell membrane’s electrical property.
B. Experimental results

It is well known that the cell membrane acts as an efficient insulator in the low frequency
range (5 kHz–100 kHz). Thus, in our device, current is forced to flow around the cell. Because
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of the intimate cell/channel wall contact, the gap existing in between forms a very good seal
which lead to a relatively large resistance, thus a stable impedance plateau can be seen at the
low frequency range for the trapped cell impedance profile (Fig. 2(d)). In this case, more of the
cell/channel interaction rather than the cell property are revealed. As the frequency increases
(100 kHz–1 MHz), current flow across the cell membrane becomes more and more efficient.
Since the voltage applied is constant, the total current would increase inside the constriction
channel. In this case, both cell membrane and cytoplasm electrical property are reflected.
A large seal resistance is important for cell membrane capacitance quantification.39,51
When a cell is trapped inside the tapered channel, the continuously applied negative pressure
would drag the cell membrane close to the channel wall, creating a good seal. The low frequency impedance amplitude measured at this moment is mostly contributed by the seal resistance Rgap and the channel resistance Rseries (Fig. 2(b)). The plateau in the low frequency range
(5 kHz–10 kHz) of the amplitude spectrum reveals the sealing quality (Fig. 2(d)).
Experimentally, the smallest and the largest seal resistance values were 0.7 MX and
2.4 MX. The reason for this range of seal resistance values was due to the variation of cell
size. In general, larger cells created a better seal resistance than smaller cells. Cells were placed
at two different positions inside the tapered channel, and SMC values derived at the two different positions will be compared later in the paper.
In this section, we present results from two experiments. Through variations in the SMC,
the first experiment evaluates the response of AML2 cells to osmotic variations, and the second
experiment evaluates the differences between two leukemia cell lines having differing levels of
metastatic potential. In both experiments, we monitor the cellular integrity both by imaging and
through impedance measurement. When the cellular integrity is compromised, we observe the
ejection of cytoplasmic contents from the cell. At the same time, the low-frequency impedance
dramatically decreases and no plateau is formed. For all recorded data shown in Fig. 7, cell integrity is preserved as cells are drawn further into the tapered channel. Consequently, the membrane properties are expected to remain unchanged during cell aspiration and were confirmed
by the constant SMC determined in experiments.
1. AML2 in different osmolality solutions

AML2 cells exposed to different osmotic conditions were measured. Cells immersed in
hypertonic solutions experienced volume shrinkage compared with cells near or within the optimal isotonic range (260–320 mOsm/kg).48 The corresponding cell diameters for cells in isotonic, marginally-hypertonic, and very-hypertonic solutions are 11.1 6 0.6 lm (n ¼ 12),
10.6 6 0.8 lm (n ¼ 13), and 9.6 6 0.7 lm (n ¼ 12), respectively. Cells immersed in veryhypertonic solutions also produce significantly larger (p < 0:01) SMC values than cells in isotonic or marginally hypertonic solutions. The SMC values produced by isotonic, marginally
hypertonic, and very-hypertonic solutions are 16.6 6 1.9 mF/m2, 16.8 6 1.9 mF/m2, and
20.5 6 1.8 mF/m2, respectively (Fig. 7(d)).
In order to test the repeatability of the device and technique, impedance profiles were
recorded at two positions for each cell. Cells measured at two different positions (P1 and P2) in
the tapered channel are found to generate similar SMC values (Figs. 7(a)–7(d)). As the cell
moved from P1 to P2, it elongated and formed a more intimate seal with the channel wall.
However, as previously confirmed by simulation, the SMC value does not significantly vary
with cell length, position, or gap distance. Therefore, the SMC variations of the cell population
are likely due to heterogeneity among the cells. Occasionally, when a cell was aspirated into
position P2, it began to slip through the channel before the impedance spectrum was fully
recorded. When this happened, we only plotted data from P1.
Several previous studies independently confirmed that changes in surface morphology are
primarily responsible for SMC variations in different osmotic conditions.2,54,55 This phenomenon is evident in our measurement results for AML2 cells immersed in different osmotic solutions (Figs. 7(a)–7(d)). In human blood plasma, cells normally present a wide tolerance range
(optimally, 260–320 mOsm/kg) to osmotic pressure.48 Within the optimal tolerance range, the
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FIG. 7. (a)-(d): Specific membrane capacitance (SMC) values for cells in solutions of different osmolalities. Cells in isotonic or marginally hypertonic solutions yield essentially identical SMC values (p ¼ 0:34), while very-hypertonic solutions
induced significant increase (p < 0:01) in the SMC. (e)-(g): Specific membrane capacitance values of 23 AML2 and 23
NB4 cells in DMEM. Based on the SMC distributions across each cell population, the mean SMC values of AML2 and
NB4 cells are found to be significantly different (p < 0:01). Cells initially parked at a position, P1, are later parked at a
more constrictive position, P2.

cell morphology is not expected to vary significantly and indeed, the SMC varies insignificantly
(p ¼ 0.34) for cells in 269 and 344 mOsm/kg solutions. However, cells immersed in a solution
having an osmolality (489 mOsm/kg) that is well outside the optimal tolerance range reveal significantly higher SMC values (p < 0:01). Rich et al. note that the cell surface area generally
remains constant over a wide range of volume swelling and shrinking. Consequently, very
hypertonic solutions that cause cell volume shrinkage correspondingly initiate membrane rippling.56 Irimajiri et al. found that cell volume shrinkage in hypertonic solutions can also induce
the microvilli to increase in thickness and elongation. Essentially, cells immersed in hypertonic
extracellular media undergo severe volume shrinkage, which leads to local cell membrane folding and surface area enhancement that produces larger SMC values.54
2. AML2 vs. NB4

Acute myeloid leukemia (AML) is characterized by the rapid growth of abnormal white
blood cells, which accumulate in the bone marrow and interfere with normal blood cell production.45 Acute promyelocytic leukemia (APL) is a subtype of AML, which is characterized by a
chromosomal translocation involving the retinoic acid receptor-alpha gene on chromosome 17
(RARa).47 Since APL cells are known to have a higher metastatic potential than AML cells,
we investigated how the corresponding SMC values vary between these cell lines.57 For this
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experiment, we characterized AML2 (AML cell line) and NB4 (APL cell line) cells. Each cell
was measured at two different positions in the tapered channel.
The SMC values for AML2 and NB4 cell lines are distinguishable (p < 0:01) at 16.9 6 1.9
mF/m2 (n ¼ 23) and 22.5 6 4.7 mF/m2 (n ¼ 23), respectively. In addition, similar SMC values
are extracted from cells located at positions P1 and P2. Therefore, the membrane property for
each individual cell is considered to remain constant during each cell measurement at P1 and
P2 (Figs. 7(e)–7(g)). Osmolality measurements performed in this study show that our methodology has the potential to extract SMC and correlate it with cell surface morphology. APL cells
are known to contain more membrane proteome than AML cells, which may suggest that additional membrane proteome increases the surface complexity of NB4 cells.57 Compared to
AML2 cells, the larger SMC values and variations of NB4 cells can be due to their more complex membrane morphologies and suggest that NB4 cells could also have more heterogeneity
across their population.
V. CONCLUSIONS

This paper presented a microfluidic device that performs SMC measurements of single cells
using impedance spectroscopy. Three-dimensional impedance simulation confirms the validity of
the equivalent circuit model. Based on the impedance and phase traces from experimental and
simulated geometries, we demonstrated that AML2 and NB4 cells are distinguishable based on
their SMC values. Additionally, compared with immersion in isotonic solutions, immersion of
AML2 cells in hypertonic solutions caused volume shrinkage, leading to a relative decrease in
the mean SMC. The technique is easy to use and has a testing speed of approximately 1 min/cell.
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