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This paper presents a microfluidic electrical impedance flow cytometer (FC) for identifying the

differentiation state of single stem cells. This device is comprised of a novel dual micropore design,

which not only enhances the processing throughput, but also allows the associated electrodes to be used

as a reference for one another. A signal processing algorithm, based on the support vector machine (SVM)

theory, and a data classification method were developed to automate the identification of sample types

and cell differentiation state based on measured impedance values. The device itself was fabricated using

a combination of standard and soft lithography techniques to generate a PDMS-gold electrode construct.

Experimental testing with non-biological particles and mouse embryonic carcinoma cells (P19,

undifferentiated and differentiated) was carried out using a range of excitation frequencies. The effects

of the frequency and the interrogation parameters on sample identification performance were

investigated. It was found that the real and imaginary part of the detected impedance signal were

adequate for distinguishing the undifferentiated P19 cells from non-biological polystyrene beads at all

tested frequencies. A higher frequency and an opacity index were required to resolve the undifferentiated

and differentiated P19 cells by capturing capacitive changes in electrophysiological properties arising from

differentiation. The experimental results demonstrated salient accuracy of the device and algorithm, and

established its feasibility for non-invasive, label-free identification of the differentiation state of the stem

cells.

1 Introduction

Stem cell research is one of the most promising medical
treatment strategies to be discovered and utilized in modern
medicine. Stem cell therapy has wide ranging applications
from treating diseases, such as cancer and diabetes, to cell
repair therapies for wound healing following trauma.1 Recent
breakthroughs in stem cell technology have established adult
pluripotent stem cells as a promising alternative to embryonic
stem cells, thereby side-stepping the ethical issues associated
with using human embryonic stem cells.2 The primary step in
using stem cells is to direct the differentiation of the cells to
the desired progeny. For example, stem cells can be
differentiated under controlled conditions to produce cells of
any of the three germ layers – ectoderm, mesoderm or
endoderm. At regular time points during the differentiation

process, the cell population is monitored for presence of the
respective germ layer cells.

Biochemical assays, including reverse transcription-poly-
merase chain reaction (RT-PCR), quantitative PCR (qPCR) and
microarrays, have been developed for monitoring the differ-
entiation state of stem cells.3 However, most of these assays
use dedicated, bulky instruments, and are time-consuming,
labor-intensive, and consumable-demanding. In addition,
these methods are invasive, i.e., they alter, damage or destroy
the cell sample. To mitigate such side effects, non-invasive
methods are highly desired for monitoring the stem cell
differentiation process. Although microscopic observation is
commonly used to non-invasively monitor phenotypic changes
typical of differentiated stem cells, this method is time and
skilled labor intensive, and lacks the power of quantitative
analysis. Fluorescence activated cell sorting (FACS), using
fluorescent antibodies at a single cell level, has also been used
to characterize stem cell differentiation.4 However, FACS
requires cell surface modification by fluorescent biomarkers
or antibodies, which may alter cellular properties. In addition,
the instrumentation burden for optical detection is rather
expensive and complex.

In contrast, electrical impedance-based cellular analysis is a
label-free, non-invasive technology, and has been widely used
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to analyze and identify cell characteristics in various applica-
tions, such as tissue culture,5–7 cell viability,8,9 cell growth,10

cytotoxicity11 and, more recently, for neural differentiation.12

The advent of microfluidic (also termed ‘‘lab-on-a-chip’’)
technologies enables an elegant way of integrating the
analytical processes involved in sample preparation, manip-
ulation, and impedance-based detection onto monolithic
chips. Microfluidic technology not only renders the system
highly compact, but also minimizes size, weight, and power
(SWaP) requirements as well as user intervention, making it a
highly autonomous system. Microfluidic impedance detection
exploits microfabricated electrodes in microchannels/micro-
chambers to sense minute variations in impedance caused by
morphological and electrophysiological changes within the
cells. It should be noted that the dielectric properties such as
the membrane capacitance and cytoplasmic conductivity are
governed by the morphological and electrophysiological
changes that accompany cell differentiation. Hence, impe-
dance-based analysis is well-suited for monitoring and
characterizing differentiation states of cells.

Impedance-based cellular analysis can be classified into
two categories: (1) electrical impedance spectroscopy (EIS) and
(2) microfluidic flow cytometry (FC). In an EIS microchip,
impedance measurements are acquired at a wide range of
frequencies within a static environment (no flow). Single cells
or cell aggregates are either trapped in a fixed position or
adhered onto the surface of the microchip. Bieberich and
Guiseppi-Elie13 used EIS to non-invasively monitor differentia-
tion of PC12 and embryonic stem cells into neurons by
interfacing the cells with an interdigitated microelectrode
array. Cho et al. developed a chip-based EIS system to detect
the effects of herpes simplex viruses on Vero cells,14 and to
monitor toxic effects of pesticides on stem cell differentia-
tion.15 Hildebrandt et al.14 utilized EIS for non-invasive and
time-continuous monitoring of the osteogenic differentiation
of human mesenchymal stem cells. Dalmay et al.15 developed
an ultra-sensitive biosensor based on EIS at microwave
frequency range for biological cell discrimination. The sensor
design takes advantage of microwave filter architecture to
enhance sensitivity. Bagnaninchi et al.16 presented real time
label-free monitoring of adipose-derived stem cells differentia-
tion using an EIS chip with microelectrode array. The results
demonstrated that the osteoblast and adipocyte lineages have
distinct dielectric properties which can be used to discern
stem cell differentiation status. The aforementioned studies
using microelectrode array-based EIS are limited to measuring
population-based cell impedance, rather than identifying the
differentiation state of single cells. Recent studies have
attempted to modify EIS for single cell analysis by combining
the electrode array with microfluidic cell docking/trapping of
single cells. Cho et al.17 were able to successfully distinguish
the metastatic status of single head and neck cancer cells by
trapping individual cells in a docking structure before
measuring the impedance.

In the microfluidic flow cytometry (FC) domain, single cells
continuously flow between electrode pairs energized with AC

excitation signals at one or multiple frequencies. Since the
area enclosed by the electrode pair approaches the diameter of
the cells, minute electrophysiological variations at the single
cell level can be detected and correlated to the impedance
measurements.18 Gawad et al.19 developed a spectral impe-
dance FC micro-analyzer for individual cell sizing and
analysis, with a screening rate over 100 cells s21. A dielectric
model of this system was also developed using 3D finite
element method in order to determine the influence of
different cell properties, such as size, membrane capacitance
and cytoplasm conductivity, on the impedance spectrum.20

Cheung et al. presented a microfluidic impedance-based FC
system for rapid dielectric characterization of different cells
and particles including polystyrene beads, red blood cells
(RBCs), ghosts, and RBCs fixed in glutaraldehyde within a
simple microfluidic channel.21 The impedance was measured
for single cells at two simultaneously applied frequencies, and
the amplitude, phase, and opacity index were used to
distinguish cells. The results show that RBCs and ghosts
could be differentiated based on phase, whereas the opacity
was a more appropriate parameter for distinguishing RBCs
from RBCs fixed in glutaraldehyde. Küttel et al.22 successfully
detected Babesia bovis infected red blood cells using a
microfabricated impedance-based FC system by identifying
alterations in impedance attributed to cell death and changes
in membrane potential or intracellular free Ca2+. Holmes
et al.23 demonstrated a microfluidic impedance-based FC for
blood cell differential count. The results show accurate
impedance identification of T-lymphocytes, monocytes and
neutrophils using dual frequencies, which is confirmed by
simultaneous fluorescence measurements. Subsequently,
Holmes and Morgan24 distinguished and quantified a CD4
T-lymphocyte sub-population within human whole blood
using a similar approach. Pierzchalski et al.25 used micro-
fluidic impedance FC to characterize eukaryotic cell viability
and physiology. Gou et al.26 designed and fabricated a
T-shaped microchannel with a pair of gold electrodes located
horizontally on each side of the microchannel to successfully
identify HL-60 and SMMC-7721 cells, as well as discriminate
between normal, apoptotic and necrotic SMMC-7721 cells in
flow.

The aforementioned devices all employ electrode pairs in a
uniform microchannel with a cross-sectional size comparable
to the size of the cells. Typically, a microfluidic (hydrodynamic
or electrokinetic) focuser is needed to focus the cells in a
single file to reduce data scattering and enhance sensitivity of
single cell impedance measurements, especially for small size
particles and bacteria. Bernabini et al.27 presented a micro-
fluidic impedance FC, which focuses the sample stream in the
middle of the channel using an insulating sheath flow, and
detects and differentiates 2 mm beads and E. coli. The focused
sample stream significantly reduces the sensing area, thereby
increasing the sensitivity. Alternatively, a micropore feature
with a pore size comparable to the diameter of the cells can be
built within a large microchannel to improve the detection
sensitivity and reliability (in a spirit similar to a Coulter
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counter). The physical insulating structure around a micro-
pore plays an equivalent role as the insulating sheath flow in
the hydrodynamic focusing design to reduce the sensing area,
and hence, minimizes data scattering. Saleh et al.28 developed
a micropore-based high sensitivity counter to detect nanoscale
colloids by measuring the resistance change near the micro-
pore. The device was able to detect colloids as small as 87 nm,
and distinguish colloids whose diameters differ by less than
10%. Satake et al.29 developed a micropore-based sensor to
count blood cells and successfully distinguish between RBCs
and white blood cells (WBCs). Zheng et al.30 reported a
microfluidic impedance FC using a constriction channel that
is marginally smaller than the diameter of the cells to
characterize RBCs. The system demonstrated a higher
throughput and signal to noise (S/N) ratio than the previous
devices for single RBC biophysical measurements. Zheng
et al.31 also used a similar device to determine the specific
membrane capacitance and cytoplasm conductivity of single
cells. Differences in membrane capacitance and cytoplasm
conductivity between AML-2 cells and HL-60 cells were clearly
observed, enabling additional information for enhanced cell
discrimination.

For accurate data analysis and cell discrimination/classifi-
cation, van Berkel et al.32 introduced a 2D Gaussian distribu-
tion function to automated fitting of the impedance data for
different cells. This approach provided classification bound-
aries, which mark the positions of equal probability deviation
to obtain an accurate count of different cells (e.g., lympho-
cytes, granulocytes and monocytes in their study). Recently
machine learning methods have also been used to enhance
data analysis in biological and chemical applications, includ-
ing several efforts in microfluidic impedance measurements. A
two-layer back propagation artificial neural network (ANN) has
been reported to quantitatively distinguish between the EMT6
and the EMT6/AR1.0 cells,33 as well as between fetal/neonatal
and adult RBCs.30

In this paper, we present a novel methodology that
combines a micropore design and electrical impedance based
flow cytometer for identifying and characterizing the differ-
entiation state of stem cells. Our microfluidic device utilizes
an innovative, dual micropore configuration that not only
enhances the processing throughput, but also allows each
individual pore and corresponding electrode pair to be used as
the reference for the other. Additionally, the design mitigates
the reliance on an additional focusing step to minimize data
scattering. A signal processing algorithm based on support
vector machine (SVM) classification was developed to enable
the identification of cell types and differentiation state based
on their measured impedance values. The performance of the
microfluidic impedance FC device and associated signal
processing algorithm was demonstrated by characterizing
the differentiation state of a mouse embryonic carcinoma cell
line, P19. The cells are derived from an embryonic tetra-
carcinoma in mice and readily differentiate into neuronal
cells34 in the presence of retinoic acid (RA). As part of the
study, the effect of the excitation signal frequency and the

interrogation parameters for different testing scenarios were
also investigated. Our findings clearly establish the feasibility
of the microfluidic impedance FC for non-invasive, label-free
characterization of the differentiation state of the stem cells.

This paper is organized as follows: the principle and design
of the microfluidic impedance FC device are first described in
Section 2; materials and methods, such as sample preparation,
device fabrication, measurement protocol, and experimental
setup are elucidated in Section 3; results and discussion of the
experimental testing and device and algorithm performance
are presented in Section 4; and the paper is concluded with a
summary of our technical findings and conclusions in Section
5.

2 Principle and design

In this section, we present the principle and design of our
microfluidic impedance FC based on the dual micropore
configurations. The device consists of a main horizontal
channel and two arm channels, which, respectively, lead to a
sample inlet and two arm outlets (see Fig. 1). The main
horizontal channel and the arm channels are connected by two
micropores. Two micro-electrodes are located within the arm
channels and a third micro-electrode is located downstream of
the main channel; these three electrodes together are utilized
for impedance measurements as described below.

During experimental testing, both electrodes located within
the arm channels are excited with the same AC signal (both
amplitude and phase). The current I, originating from the
electrode in the main channel, is split into two parts I1 and I2,
which correspond to the current passing through micropore 1

Fig. 1 Schematic of principle and microfluidic impedance FC design. The device
consists of a main channel connected with two arm channels through
micropores. AC signal is applied between the electrode in the main channel and
the two side electrodes (located within the arm channels). A current amplifier is
used to convert the current signal into the voltage signal. The acquired data is
sent to a computer for the post process.
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and micropore 2, respectively. The difference between these
two currents (I2 2 I1) is amplified and converted into a voltage
signal G(I2 2 I1) using a current amplifier with a gain factor G.
The converted signal is then sent to the computer for
recording and analysis. If there is no cell passing through
the micropores, the differential current (I2 2 I1) remains
constant. Such a dual micropore design not only doubles the
throughput but also allows each individual pore to be used as
the reference for the other pore. Note that each micropore
makes the major contribution to the overall impedance of the
corresponding arm channel due to its distinctly small size.
Meanwhile, the cell carries markedly different impedance
from the medium solution in the channel due to its
electrophysiological behavior. Both these factors combine to
give rise to a significant variation in the impedance and the
associated current as a cell traverses the micropore, which
consequently generates a positive or a negative spike in the
measured differential voltage G(I2 2 I1). The sign of the spike
depends on the configurations of the electrode connection. It
should be pointed out that the probability for two cells to pass
through both micropores simultaneously is low in practice
(about 0.01% in our measurement) and can be neglected by
using sufficiently dilute cell concentrations. The measured
voltage signal indicative of the impedance variations contains
rich information of the biophysical properties of the particles,
including size, double layer capacitance, membrane capaci-
tance, cytoplasm resistance etc. Therefore, it can be used to
interrogate the unique features of the cells (e.g., differentiation
state) that normally produce significant changes in morphol-
ogy and membrane structure of the cells.

3 Materials and methods

3.1 Sample preparation

Mouse embryonic carcinoma cell lines P19 (ATCC# CRL-1825)
were cultured in gelatin-coated flasks in alpha-Minimum
Essential Media (aMEM, Mediatech, Inc.) supplemented with
2.5% fetal bovine serum, 7.5% bovine calf serum, 500 U mL21

of penicillin–streptomycin and maintained at 5% CO2 and 37
uC. Confluent cells were trypsinized and sub-cultured in well
plates for immunohistochemical staining and monitoring. The
cells were treated with a differentiation induction media
aMEM supplemented with 1 mM retinoic acid (RA), 2.5% FBS,
and 500 U mL21 of penicillin–streptomycin to induce
differentiation towards a neuronal lineage. Cells were main-
tained at 5% CO2 and 37 uC, and the differentiation state was
optically monitored daily using both phase contrast and
fluorescence microscopy.

Immunohistochemical staining for microtubule-associated
protein 2 (MAP2), expressed in differentiated cells and
octamer-binding transcription factor 4 (OCT-4), expressed in
undifferentiated cells was performed using previously pub-
lished methods.35 Briefly, P19 cells were fixed in 4%
formaldehyde on ice, permeabilized in 0.1% Triton X-100,
quenched with 2% BSA in PBS, and then incubated overnight
with MAP2 (1 : 500 dilution, Sigma Aldrich) and OCT-4
(1 : 200 dilution, Santa Cruz Biotechnology, Inc) at 4 uC. The
cells were subsequently washed with PBS followed by incuba-
tion with a secondary antibody (FITC conjugated anti-mouse
IgG, 1 : 150 dilution, or TRITC conjugated IgG, 1 : 100
dilution, Sigma Aldrich) for 2 h at room temperature. Fig. 2
shows the phase contrast, MAP2 stained, OCT-4 stained
images of both undifferentiated and differentiated P19
tetracarcinoma cells after 11 days culture. On day 11, P19
cells were trypsinized and resuspended in aMEM media. In
addition to P19 tetracarcinoma cells, a non-biological poly-

Fig. 2 Microscope images of differentiated and undifferentiated P19 cells. (a) Phase contrast image of differentiated cells; (b) microtubule-associated protein 2
(MAP2) stained image of differentiated cells shown in ‘‘a’’; (c) phase contrast image of differentiated cells; (d) octamer-binding transcription factor 4 (OCT-4) stained
image of differentiated cells shown in ‘‘c’’; (e) phase contrast image of undifferentiated cells; (f) MAP2 stained image of undifferentiated cell shown in ‘‘e’’; (g) phase
contrast image of undifferentiated cells; (h) OCT-4 stained image of undifferentiated cells shown in ‘‘g’’. MAP2 expressed in differentiated P19 cells showed strong
intensity after 11 days culture compared to minimal intensity in undifferentiated cells, while OCT-4 expressed in undifferentiated cells showed high intensity
compared to undetectable levels in differentiated cells. Note the clearly visible dendrites in the differentiated cells (phase contrast and MAP2 stained).
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styrene beads suspension (Duke Standards* 4000 Series
Monosized Particles with diameter 20 mm, Thermo Scientific)
was used in experimental testing for characterizing the system.
The bead is similar in size to P19 cells that has an average size
of approximately 17 mm in suspension.

3.2 Device fabrication

The microfluidic device consisted of two complementary
layers: (1) a fluidic channel layer for flowing in the cell sample
and (2) a gold electrode layer on a glass substrate for
performing impedance measurements. The microfluidic
channels were fabricated in PDMS using soft lithography
techniques and the gold electrodes were fabricated using
standard lithography techniques.36 To assemble the device,
the PDMS layer was bonded onto the glass/electrode slide
using plasma bonding. Fig. 3a shows the SU8 master
consisting of a main horizontal microchannel and two vertical
arm channels, and Fig. 3b shows the assembled microfluidic
chip. The widths of the main channel and arm channels are
500 mm and 320 mm, respectively, and the channel depth is 27
mm. The geometric size of the micropore is 40 mm 6 40 mm.

3.3 Measurement protocol and experimental setup

The experimental setup is illustrated in Fig. 4. A syringe pump
(PHD 22/2000, Harvard Apparatus) was used to pump the stem
cell solution into the microfluidic device. During experiments
the reservoir located downstream of the main channel was
closed by a mechanical valve to divert the cells towards the

micropores. An HF2IS impedance spectroscope (Zurich
Instruments AG) was used to measure the impedance signal.
During the measurement, the arm outlets were open. The
injected cells passed through the micropores and the
impedance signals were then collected according to the
aforementioned protocol. A digital camera (CoolSNAP HQ2,
Photometrics) was used for cell visualization, images record-
ing, and cross-examination between the collected impedance
data and optical data. The concentration of the P19 cells and
the polystyrene beads were comparable and approximately
y105 particles per mL. The total volume of the mixed sample
was 2 mL and the impedance measurements took 5 min per
test.

3.4 Signal processing and data analysis algorithm

The recorded impedance signals were first preprocessed with
data detrending and filtration to improve signal quality. A
peak detection approach was developed to detect the spike and
calculate the spike amplitude and transit time. A signal
processing algorithm based on a machine learning method-
support vector machine (SVM) was used for categorization/
classification of the measured signals to differentiate and
identify the samples. SVM is a class of supervised machine
learning methods used for data classification and regression
problems.37 SVM is a promising alternative to ANN for
classifying impedance data from different cells and circum-
venting ANN’s drawbacks, such as local minimal convergences
and complex network configuration.

The principle of SVM is to train a model with the given
inputs xi (e.g., the amplitude value of the voltage spike or other
impedance relevant parameters) and the given output yi (two
classes such as 1 or 21) by solving the following optimization
problem.

min
v,b,j

1

2
vT vzC

Xl

i~1

ji

subject to yi(v
T w(xi)zb)§1{ji , ji§0,i~1,:::,l,

(1)

where w(xi) maps xi into a higher dimensional space and C > 0
is the regularization parameter. Due to the possible high
dimensionality of v, we solve the following dual problem
instead of the original eqn (1):

min
a

1

2
aT Qa{ eT a

subject to yT a~0, 0ƒaiƒC, i~1,:::,l,
(2)

Fig. 3 Fabrication of the microfluidic impedance FC device: (a) SEM image of the SU8 master with micropores. PDMS microchannels are cast from the SU-8 master
using soft lithography; (b) Assembled device including PDMS channels bonded on lithographically patterned gold-on-glass electrodes and contact pads.

Fig. 4 Instrumentation of the experimental testing. The key instruments include
the current amplifier and HF2IS impedance spectroscope (Zurich Instruments
AG).
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where e = [1,…,1]T and Q is a positive semi-definite matrix, Q =
yiyjK(xi,xj) and K = w(xi)

Tw(xj) is the kernel function. Radial
basis function (RBF) is selected as the kernel function in this
study. After problem (2) is solved, the optimal v satisfies

v~
Xl

i~1

yia iw(xi) (3)

and the design function

sgn(vT w(x)zb)~sgn(
Xl

i~1

yia iK(xi,x)zb) (4)

is used to identify or classify the outputs.
Practically, the SVM-based signal processing algorithm was

implemented and used as follows: (i) we first took two
impedance measurements that, separately, used different
samples (e.g., cells vs. polystyrene beads) to generate the
training and validation data, where both inputs (the measured
signal) and outputs (that is, the category of the sample, e.g., 1
for cell and 21 for beads) were known; (ii) the training and
validation data was used to train the SVM classification engine
and examine its accuracy, respectively; and (iii) a test using the
mixed sample of both cells was performed, where only inputs
were known and outputs were unknown. We predicted the
output values using the trained SVM engine, viz., classifying
the measurements into the corresponding category. A SVM
library, LIBSVM (http://www.csie.ntu.edu.tw/ycjlin/libsvm),37

was used in the algorithm development. The algorithms for
data analysis were all implemented on Matlab1 (2011a,
MathWorks).

4 Results and discussion

4.1 Measurements of impedance signals

To demonstrate the process of measuring the impedance
signal, three experimental tests were undertaken at a
frequency of 50 kHz. The first and the second tests used the
sample solution containing only the polystyrene beads or the
undifferentiated P19 cells, respectively, and a third test
employed a mixed sample consisting of both beads and cells.

Fig. 5a illustrates the measurement results of 20 mm beads,
in which a negative and a positive spike were observed when a
bead passed through the bottom micropore and the top
micropore (see the images on the left and right side),
respectively. Similar results were observed for undifferentiated
P19 cells (Fig. 5b) with the only difference being that the spike
amplitude of the undifferentiated P19 cell was smaller. The
results of the third experiment, using a mixed sample (Fig. 5c),
clearly exhibit spikes with both the large and small ampli-
tudes, corresponding to the 20 mm beads and P19 cells,
respectively, which can be used to qualitatively distinguish
both populations. The histogram of the amplitude vs. the
number of occurrences for both particles is presented in
Fig. 5d. We can see that the amplitude for 20 mm beads is
noticeably larger than that for P19 cells, and the mean and

standard deviation for them were 1.24 ¡ 0.1 mV and 0.54 ¡

0.2 mV, respectively.

4.2 Identification of undifferentiated P19 cells and polystyrene
beads

Given the two distinct populations in Fig. 5d, the signal
processing and data analysis algorithm based on SVM was
employed to demarcate a classification boundary for resolving
them. To evaluate its performance, a microfluidic impedance
FC test was conducted with simultaneous application of four
different frequencies (50 kHz, 250 kHz, 500 kHz and 1 MHz) at
the electrodes. In order to gain more insight into the
experimental data, the detected impedance signal was split
into real and imaginary parts, which collectively manifest the
resistive and capacitive contributions of the particles to the
overall impedance signal, and can be used to interrogate the
frequency-dependent biophysical properties.

Fig. 6 illustrates the training data (the left column) and the
identification results (the right column) at different frequen-
cies. The training data was generated by combining the
separate testing results of 20 mm beads (colored in blue) and
undifferentiated P19 cells (in red). It clearly shows that the real
part of the data remains almost the same in the given
frequency range because it is largely dominated by resistance
of the particles, which is frequency independent. In contrast,
the imaginary part grows dramatically (from 1025 to 1023 V) as
the frequency dependent capacitive component plays an
important role. The identification results indicate that the
SVM model works very well in terms of distinguishing
undifferentiated P19 cells and beads (98 signals in total) at
all frequencies as shown in Fig. 6. The numbers of the beads
and P19 cells identified by our SVM algorithm match very well
at all frequencies as shown in Table 1 (52–55 for beads and 43–
46 for P19 cells, comparable to the theoretical calculation
using approximate concentration and volume above), confirm-
ing salient consistency among all microfluidic impedance FC
tests and the reliability of our signal processing and data
analysis for particle detection.

4.3 Identification of undifferentiated and differentiated P19
cells

The identification of differentiated and undifferentiated P19
cells poses a significant challenge as their size and electrical
behavior in the resistance-dominant regime are comparable,
in contrast to the case above. This was confirmed by the
impedance measurement of both undifferentiated and differ-
entiated P19 cells at 50 kHz (see Fig. 7a). We can see that the
real and imaginary parts of the signal from both populations
scatter in a broad region and overlap to a great extent, which
makes the distinction difficult as confirmed in their histogram
curves of the amplitude vs. number in Fig. 7b. The value of the
imaginary part is at least 1–2 order less than that of the real
part, confirming the dominant resistive behavior in the
impedance response at this frequency range.

Since the membrane capacitance can change during cell
differentiation, a more appropriate means to identify the
differentiation state is to measure their impedance response
in the capacitance-dominant regime,19 which can be accom-
plished by using a higher frequency in the AC excitation
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signals. As the frequency increases, the frequency-dependent
capacitive behavior of the membrane structures makes a
significant contribution to the measured impedance signal.
Two separate tests, using either differentiated or undiffer-
entiated P19 cells, were performed using AC excitation with
four different frequencies (50 kHz, 250 kHz, 500 kHz and 1

MHz) applied simultaneously at the electrodes. For signal
processing, we introduced another interrogation parameter –
opacity,38 which is defined as the ratio of the measured signal
amplitude at high frequency to that at low frequency – to
normalize the raw data. A salient feature of opacity is that it is
almost independent of cell size and mitigates data scatter

Fig. 5 Experimental testing of 20 mm beads and undifferentiated P19 cells: sample containing (a) only 20 mm polystyrene beads; (b) only undifferentiated P19 cells,
and (c) mixed sample of both beads and P19 cells; (d) histogram of the spike amplitude vs. number of occurrences for the undifferentiated P19 cells and 20 mm
polystyrene beads.
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caused by the position of the cells relative to the electrodes,
and hence, it effectively represents the interior dielectric
properties of cells.

Fig. 8a–c illustrates the opacity of both differentiated and
undifferentiated P19 cells at 250 kHz, 500 kHz and 1 MHz vs.
the signal amplitude measured at low frequency (50 kHz)

Fig. 6 Differentiation of bead and undifferentiated P19 cell using the SVM classification engine. Real and imaginary parts of the impedance signal were used as the
interrogation parameters. Training data (left column) and identification results (right column) at (a) 50 kHz; (b) 250 kHz; (c) 500 kHz; (d) 1 MHz. The solid black curve
represents the classification boundary determined by the SVM algorithm.
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using the training data consisting of pure populations, either
differentiated (colored in blue) or undifferentiated cells (in
red). It clearly shows that the opacity was almost similar at 250
kHz for both populations. Although a slight difference in
opacity between the two populations was observed when the
frequency was doubled to 500 kHz, the overlap between them
was still noticeable. Finally, most of the differentiated and
undifferentiated P19 cells could be distinguished from one
another successfully when the frequency was increased to 1
MHz. Similar to those in typical non-invasive impedance
measurements,39,40 the voltage and current in our experiment
are, respectively, 100 mV and at the nA level. The opacity for
the differentiated cells was primarily in the range [0.2, 0.6],
while the opacity for the undifferentiated cells fell between
[0.6, 1.2], which can be used as a thresholding criterion to
classify both populations. A more accurate way to attain the
classification boundary and distinguish the differentiated and
undifferentiated P19 cells is to use the SVM-based signal
processing algorithm. As shown in Fig. 8c the differentiated
and undifferentiated cells are separated by the solid black
curve, the classification boundary determined by the SVM
algorithm, yielding an accuracy level of 87%.

Fig. 8d illustrates the testing results obtained using a mixed
sample measured at 1 MHz based on the classification
boundary in Fig. 8c. A total number of 176 impedance signals
were collected and analyzed, in which 143 symbols (n) in red
located above the boundary were counted as undifferentiated
P19 cells and the other 33 symbols in blue beneath were
differentiated cells. It should be pointed out that although all
the results of the signal processing and data classification

below are for two sample categories, the approach can be
readily extended to multiple cell types.

5 Conclusions

We have developed a non-invasive, label-free, micropore-based
microfluidic impedance FC for single cell property character-
ization, in particular, distinction between the non-biological
vs. biological cells, and identification of the differentiation
state of the stem cells. The novel dual micropore and
associated electrode design assume dual roles: scaling up
the processing throughput and providing a reference electrode
for one another. A signal processing algorithm based on the
support vector machine (SVM) theory and the data classifica-
tion method was developed to enable the identification of the
cell types and differentiation state based on the measured
impedance values. The experimental testing was carried out at
multiple excitation frequencies (50 kHz, 250 kHz, 500 kHz, and
1 MHz) to characterize the performance of the microfluidic
impedance FC device and the SVM signal processing algo-
rithm. Important technical findings include:

(1) To distinguish undifferentiated embryonic cells and
non-biological 20 mm polystyrene beads, the real and the
imaginary part of the amplitude of the voltage spike was used
as the interrogation parameter to accentuate the size effects.
Salient differences in impedance signatures of both samples
were obtained at all the testing frequencies. The SVM signal
processing algorithm was employed to derive the classification
boundary, which achieves 95% accuracy among all the tests.

(2) Resolving the undifferentiated and differentiated
embryonic cells was not feasible in low-to-medium excitation
frequency. This was mainly attributed to the comparable sizes
near the resistance-dominant regime. Therefore, high fre-
quency (1 MHz) measurements were needed to focus the
investigation on the capacitive components in the impedance
response. The opacity served as the interrogation parameter to
mitigate data scattering due to the heterogeneity of cell size in
the population. The determined classification boundary
determined by the SVM algorithm resulted in 87% accuracy.

Table 1 Summary of the total number of identified beads and undifferentiated
P19 cells

Interrogation parameters

Real part vs. imaginary part (under different frequencies)

50 kHz 250 kHz 500 kHz 1 MHz

Beads 53 53 55 55
P19 cells 45 45 43 43

Fig. 7 (a) Real vs. imaginary part of the voltage spike during particle passage through the micropore at 50 kHz; (b) histogram of the amplitude vs. number of
occurrences for the differentiated and undifferentiated P19 cells at 50 kHz.
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Our studies firmly establish the feasibility of the micro-
fluidic impedance FC for non-invasive, label-free identification
of the differentiation state of the stem cells. In addition, the
well-established technique can be readily extended to identify
small size particles and cells by scaling the pore size
appropriately, which may significantly benefit the detection
of bacteria and pathogens for medical diagnostics and
biodefense applications. Future developments will focus on
improving the identification accuracy and the processing
throughput,41 and developing the impedance activated cell
sorting functionalities.
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