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A B S T R A C T

Precise measurement of mechanical and electrical properties of single cells can yield useful information on the
physiological and pathological state of cells. In this work, we develop a differential multiconstriction micro-
fluidic device with self-aligned 3D electrodes to simultaneously characterize the deformability, electrical im-
pedance and relaxation index of single cells at a high throughput manner (> 430 cell/min). Cells are pressure-
driven to flow through a series of sequential microfluidic constrictions, during which deformability, electrical
impedance and relaxation index of single cells are extracted simultaneously from impedance spectroscopy
measurements. Mechanical and electrical phenotyping of untreated, Cytochalasin B treated and N-
Ethylmaleimide treated MCF-7 breast cancer cells demonstrate the ability of our system to distinguish different
cell populations purely based on these biophysical properties. In addition, we quantify the classification of
different cell types using a back propagation neural network. The trained neural network yields the classification
accuracy of 87.8% (electrical impedance), 70.1% (deformability), 42.7% (relaxation index) and 93.3% (com-
bination of electrical impedance, deformability and relaxation index) with high sensitivity (93.3%) and speci-
ficity (93.3%) for the test group. Furthermore, we have demonstrated the cell classification of a cell mixture
using the presented biophysical phenotyping technique with the trained neural network, which is in quantitative
agreement with the flow cytometric analysis using fluorescent labels. The developed concurrent electrical and
mechanical phenotyping provide great potential for high-throughput and label-free single cell analysis.

1. Introduction

Cellular biophysical properties (e.g., mechanical and electrical
properties) are promising label-free biomarkers for classifying different
cell types and studying their developmental stages (Chen et al., 2011;
Kim et al., 2018; Teng et al., 2018; Zhou et al., 2018). It has been
proved that changes in cell deformability are related to several diseases
such as cancer (Byun et al., 2013; Teng et al., 2017), sepsis (Donadello
et al., 2015), and diabetes (Agrawal et al., 2016). For example, red
blood cells infected with malaria parasites are much stiffer than normal
red blood cells (Guo et al., 2012; Yang et al., 2017). Standard tools for
studying the mechanical properties of single cells include atomic force
microscopy (Haase and Pelling, 2015), micropipette (Hochmuth, 2000),
and optical stretching (Ekpenyong et al., 2017). However, the
throughput of these techniques is usually very low (< 1 cell/min), in
addition the operation is labor-intensive and time-consuming.

Recently, microfluidics-based technologies, for example hydro-
dynamic stretching-based techniques (Gossett et al., 2012) and con-
striction-based methods (Apichitsopa et al., 2018; Dylan Tsai et al.,
2014), have been developed to characterize cell deformability at single
cell level. High-speed camera setups are usually employed to visually
capture the motion and shape change of single cells, and then the cell
deformability is quantified by evaluating the elongation and compres-
sion of a single cell compared with its original circularity (hydro-
dynamic stretching), or the transit time of a cell passing through a
constriction channel (constriction-based techniques). However, the
high-speed camera setup is expensive, and also generates a huge
amount of useless images without cell events that require an intricate
image-processing algorithm to extract useful information. On the other
hand, the integration of electrical impedance measurement with con-
striction-based technique, eliminating the use of high-speed cameras,
serves as a promising alternative approach for accurately measuring the
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transit time of a single cell passing through a microfluidic constriction
(Adamo et al., 2012). A common configuration of such devices is that
two electrodes are placed on either side of a single constriction (Adamo
et al., 2012; Yang et al., 2017). An AC voltage is applied to one elec-
trode and the electrical current is measured from the other electrode.
When a single cell flows through the constriction, it temporally blocks
the electrical fields inside the constriction, giving rise to an increase in
electrical impedance across the two electrodes. The transit time of a
single cell through the constriction is calculated by extracting the time
duration between the impedance changes at the entrance and exit, and
it can be used as an indicator of cell deformability. This technique
provides advantages such as high throughput and simple data proces-
sing for rapid, real-time analysis of single cells. Furthermore, this
technique not only enables the assessment of cellular mechanical
properties but also provides information on cellular electrical proper-
ties (Chen et al., 2011; Zheng et al., 2012; Zhou et al., 2018). The
electrical impedance of single cells, which are mainly determined by
the electrical properties of cell membrane and cytoplasm, can also be
used as label-free biomarkers for single cell analysis, such as stem cell
differentiation (Zhou et al., 2016a), cell phenotype (Huang et al., 2018;
Zhao et al., 2013), and leukocyte activation (Petchakup et al., 2018).

Existing microfluidic devices for electrical impedance measurement
usually consist of a PDMS layer containing microfluidic channels and an
electrode substrate (Zhou et al., 2016a). The fabrication of the electrode
substrate involves multiple steps, including photolithography, metal
deposition and lift-off. These electrode fabrication steps often require
complex and sophisticated equipment (e.g., e-beam evaporator or
sputtering machine for metal deposition), which is generally expensive,
relatively slow and not readily accessible. In addition, the bonding of
electrode patterns and PDMS channels also requires precise alignment,
making this process challenging and time-consuming (Ma et al., 2016).
Compared with conventional microfabricated coplanar electrodes, the
use of low melting point alloys provides a much simpler approach to
fabricate self-aligned 3D electrodes and also generate uniform 3D
electric fields (Herling et al., 2013; Puttaswamy et al., 2015; So and

Dickey, 2011). The low melting point alloy (e.g., In/Bi and/Sn alloy)
has a melting point of a certain temperature (e.g., 60 °C), meaning that
it is essentially a ‘liquid electrode’ above that temperature, but a solid
electrode at room temperature. In other words, the low melting point
alloy can flow into the electrode channel as a liquid at a certain tem-
perature during fabrication to form 3D electrodes. At room tempera-
ture, the 3D electrodes solidify and can be used as solid impedance
sensing electrodes, which are not susceptible to surrounding environ-
ments such as pressure.

Current impedance-based deformability characterization devices
usually employ the single-constriction channel to let single cells pass
through and then characterize their deformability and electrical im-
pedance (Adamo et al., 2012; Chen et al., 2011). For example, in our
previous work (Zhou et al., 2018), a single-constriction microfluidic
device was developed to simultaneously measure the mechanical and
electrical properties of single cells. Most recently, multiconstriction
microfluidic devices have been demonstrated to study the cell de-
formation and relaxation behaviour (Gabriele et al., 2009; Mak and
Erickson, 2013) and improve the efficacy in distinguishing cancer cell
from normal cells compared with the single-constriction channel device
(Ren et al., 2018). Cell relaxation after deformation plays an important
role in the cellular migration such as microcirculation of red blood cells
in the capillaries of blood vessels (Braunmüller et al., 2012) and cancer
metastasis (Wirtz et al., 2011), as well as acting as a protective me-
chanism against mechanical damage (Bonakdar et al., 2016). However,
existing multiconstriction microfluidic device capable of evaluating the
cellular relaxation properties (e.g., relaxation time (Braunmüller et al.,
2012)) heavily relies on the high-speed imaging capability.

In this work, we have developed a differential multiconstriction
microfluidic device with self-aligned 3D electrodes using low melt point
alloy to simultaneously measure the deformability, electrical im-
pedance and relaxation index of MCF-7 breast cancer cells, i.e., bio-
physical phenotyping at single cell level. The total transit time and
average electrical impedance of single cells passing through the mul-
ticonstriction channels were studied and used as the indicators for cell

Fig. 1. Overview, structure and working principle of our microfluidic biophysical phenotyping device. (a) An image of the fabricated device filled with red dye. (b)
An enlarged 3D schematic of the constriction area (transparent color) with self-aligned electrodes (golden color) and flowing cells. (c) A microscopic image of the
constriction area, with notations illustrating the setup of electrical measurement. (d) Schematic diagram showing the working principle and resulting signal profile.
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deformability and electrical properties, respectively. A differential
multiconstriction channel was designed to investigate the cell de-
formation and relaxation process based on the electrical impedance
measurement instead of using image analysis, which cannot be
achieved by the conventional impedance-based deformability flow cy-
tometry with single-constriction channels. Relaxation index of single
cells was investigated by comparing the transit time information of cells
through successive constrictions. Furthermore, a back propagation
neural network was developed and applied to quantify the cell type
classification based on the three measured biophysical properties.
Results demonstrated that biophysical phenotyping with the three
properties together can significantly improve the classification accuracy
with high sensitivity and specificity, providing great potential for single
cell detection and classification.

2. Material and methods

2.1. Working principle and device design

An overview of the fabricated microfluidic device filled with a red
dye for better visualization is illustrated in Fig. 1a. Fig. 1b shows the 3D
schematic of the constriction area as well as the electrode (golden
color). There are two identical flow pathways for individual cells to
flow through, and both pathways consist of four successive constric-
tions (50 µm in length, 10 µm in width and 20 µm in height) and three
relaxation regions (50 µm in length, 25 µm in width and 20 µm in
height). These channel dimensions were designed to fit the size of MCF-
7 breast cancer cells used in the experiments.

In this microfluidic biophysical phenotyping device, 3D electrodes
are self-aligned and in direct contact with the fluidic channels for
electrical impedance measurement. A differential electrical impedance
measurement can be utilized in the experiments because of the differ-
ential channel design. As shown in Fig. 1c, where a microscopic image
of the constriction area is presented, an input voltage Vac (50 kHz; 2 V)
is applied to the two left electrodes, and currents are measured from the
upper right (I1) and lower right (I2) electrodes to calculate the differ-
ential impedance (Δ|Z|). As shown in Fig. 1d, when a cell passes
through the upper pathway, the impedance of the single cell is mea-
sured by the upper two electrodes; while the lower two electrodes
measure the electrical impedance of the medium. The lower two elec-
trodes in return work as the sensing electrodes to measure the cell
impedance when a cell passes through the lower pathway. When a
single cell squeezes into the constriction, the less conductive cell blocks
the electrical field lines in the constriction, thereby leading to an in-
crease in the electrical impedance. Due to the employment of differ-
ential impedance measurement scheme, there will be four sequential
impedance peaks above the signal baseline (i.e., positive peaks) as a cell
passes through the four constrictions in the upper pathway, and there
will be four sequential impedance peaks below the signal baseline (i.e.,
negative peaks) when a cell passes through the lower pathway. The
differential impedance measurement can cancel out any common mode
drifts caused by the electrode properties or surrounding environment
changes such as the temperature and conductivity (Gawad et al., 2001;
Zhou et al., 2016b). The transit time of a cell squeezing through each
constriction can be determined, based on the width of each impedance
peak at the 1/4 peak height. T1, T2, T3 and T4 represent, respectively,
the transit time of the cell passing through the first, second, third and
fourth constrictions, and corresponding differential impedance magni-
tudes are notated as Δ|Z1|, Δ|Z2|, Δ|Z3| and Δ|Z4|, respectively. For a
given cell size, its transit time mainly reflects the cell deformability and
the magnitude of each impedance peak is dependent on the electrical
properties of cells.

The deformed cell will relax back to its initial shape after released
from the constriction. In order to evaluate the cell deformation and
relaxation process through the successive constrictions, the transit time
of the cell through the last constriction (T4) and the first constriction

(T1) are compared. The ratio of T4 to T1 is calculated and defined as
relaxation index (i.e., relaxation index = T4/T1), serving as an in-
dicator of the cell relaxation capacity. Consider two extreme cases: the
case where a cell relaxes very fast and the case where the cell relaxes
very slowly. If a cell relaxes very fast (i.e., shorter than the time re-
quired to pass through the relaxation region), the cell would recover to
nearly a spherical shape before entering the next constriction.
Therefore, the cell enters each constriction with a nearly consistent
shape and mechanical property. As a result, the time required for the
cell to transit through the last constriction should be comparable with
the time for the cell transiting through the first constriction. In this case,
the relaxation index will be close to unity. On the contrary, if a cell
relaxes very slowly, it would retain a deformed shape before entering
the last constriction, and thus requires less time to transit through that
constriction, compared with the time required to transit through the
first constriction. In this case, the relaxation index would be remarkably
smaller than unity.

A finite element simulation using COMSOL in Fig. S1 shows the
electrical field strength distribution inside the constriction channels in
the presence and absence of a single cell. Video S1 demonstrates the
electrode fabrication process and Fig. S2 shows a finalized device. De-
tails of the electrical field simulation and device fabrication are pre-
sented in Supplementary Information.

Supplementary material related to this article can be found online at
doi:10.1016/j.bios.2019.03.002.

2.2. Cell preparation

To ensure consistency, MCF-7 breast cancer cells from the same lot
were cultured in standard conditions using the medium from the same
lot. Cytochalasin B-treated MCF-7 (i.e., CB-MCF-7) and N-
Ethylmaleimide-treated MCF-7 (i.e., NEM-MCF-7) were prepared by
incubating MCF-7 in 150 µM CB (Cytochalasin B) and 1 mM NEM (N-
Ethylmaleimide) at 37 °C for one hour, respectively. After the treat-
ments, cells were spun down and resuspended in PBS for measurements.
The three cell populations used in this work were found to be in a si-
milar size range (13–22 µm) (Fig. S3) and separately measured by our
device. In order to further test the performance of our microfluidic
system, MCF-7 and NEM-MCF-7 cells were mixed together and then
divided into two sample groups. Since NEM-MCF-7 cells were dead after
the treatment of 1 mM NEM, propidium iodide (PI) solution (1.0 mg/ml
in water) was used to stain the first sample to distinguish the MCF-7 and
NEM-MCF-7 cells using flow cytometry (MACSQuant Analyzer). The
nuclei staining dye PI cannot pass through a live cell membrane and
therefore only NEM-MCF-7 cells were stained. The second sample was
measured in our microfluidic device without staining for the compar-
ison with flow cytometry.

2.3. Experimental setup and data analysis

The fluidic flow in the microfluidic device was controlled by a
pressure control system (Fluigent MFCS-EZ). A positive pressure was
applied at the fluidic inlet of the device to drive the flow. Generally, a
high fluid driving pressure results in a high throughput, at a price of
sacrificing the time resolution during the transit time measurement.
Here, we select 500 mbar as the fluid driving pressure to balance the
throughput and sensitivity. Before the cells were injected into the mi-
crochannel, microfluidic channels were filled with 1% BSA (in PBS) for
20 min to prevent any non-specific adsorption of cells to the channel
walls (Hou et al., 2009). Cells were then continuously introduced into
the device at the desired pressure. Electrical impedance data were re-
corded by an impedance spectroscope (HF2IS, Zurich Instruments) and
analysed using a custom-written Matlab program (MATLAB, Math-
works, USA).

In order to evaluate the efficiency of the classification of different
cell types based on the concurrent mechanical and electrical
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phenotyping, a back propagation neural network (Pedregosa et al.,
2011; Rashid, 2016) (Python 3.5) consisting of three layers was used for
pattern recognition. The whole dataset is divided into three parts, in-
cluding training data (70%), validation data (15%) and test data (15%),
to quantify the cell classification accuracy (true classification/total
population). The principle of used back propagation neural network is
illustrated in Fig. S4 and presented in Supplementary Information.

3. Results and discussion

The functionality of the fabricated microfluidic device was validated
by characterizing the three biophysical properties of chemically treated
MCF-7 cells and normal MCF-7 cells, which are commonly used in the
cell deformability study (Wu et al., 2018). Fig. 2a exemplifies the im-
pedance signal of MCF-7 cells passing through the constriction regions,
measured from one single experiment. As shown in Fig. 2b, where an
enlarged view of the impedance signal is presented, as a single cell
transits through the upper pathway, four successive impedance peaks
are observed, respectively corresponding to the moments when the cell
passes through the four constrictions in the upper pathway. Similarly,
four impedance peaks are generated when a single cell transits through
the lower pathway. It can be observed that the peak width and mag-
nitude decrease as cells pass through successive constrictions and un-
dergo repeated deformation. Video S2 shows the similar cases where a
cell passes through the lower pathway followed by a cell passing
through the upper pathways. The throughput is more than 430 cells/
min in this experiment, which can be further improved by using higher
driving pressure to increase the flow rate, or by optimizing cell con-
centrations.

Supplementary material related to this article can be found online at
doi:10.1016/j.bios.2019.03.002.

3.1. Deformability and electrical impedance study

To verify that the transit time of cells passing through a constriction
is determined by the deformability of cells, three populations of cells
(normal MCF-7, CB-treated MCF-7 and NEM-treated MCF-7) were in-
vestigated using the microfluidic device. Cytochalasin B (CB) is a mi-
crofilament-disrupting agent, which has been reported to increase cell
deformability (Adamo et al., 2012; Mazur, 1977). N-ethylmaleimide
(NEM) is a sulfhydryl-binding agent and has been found to reduce cell
deformability (Mazur, 1977). As shown in Fig. S3, the three populations
of cells tested in this work exhibit similar cell size distributions. Since
the transit time of single cells is also influenced by the cell size (Adamo
et al., 2012; Zhou et al., 2018) the same cell size distributions here
ensure that the transit time is primarily dependent on the cell de-
formability rather than the cell size. Fig. 2c illustrates the total transit
time (total transit time = T1+ T2+ T3+ T4) for cells to pass through
the four constrictions. NEM-MCF-7 cells show the longest total transit
time (7.4±1.8 ms) due to the NEM treating, while CB-MCF-7 cells
exhibit the shortest total transit time (4.5± 0.6 ms) because of the CB
treating. Based on the total transit time information, it can be inferred
that the NEM-MCF-7 cells are the least deformable one as these cells
require the longest time to pass through constriction regions. On the
contrary, CB-treated MCF-7 cells are the most deformable one. The
deformability of normal MCF-7 cells sits in between NEM-treated and
CB-treated MCF-7 cells. This result agrees with the findings in the lit-
erature that NEM makes cells less deformable and CB makes the cells

Fig. 2. Examples of the measured impedance signal, total transit time and average impedance extracted from the signal. (a) Impedance signal of MCF-7 cells
measured at 50 kHz frequency and 500 mbar flow pressure. (b) An enlarged view of the impedance signal, demonstrating the event where one cell transits through
the upper pathway followed by another cell passing through the lower pathway. (c) Total transit time and (d) average electrical impedance of cells passing through
four successive constrictions for three cell populations. Cell numbers of MCF-7, CB-MCF-7 and NEM-MCF-7 are: 336, 330 and 428. The numbers near the box charts
indicate the mean values of total transit time or electrical impedance. *** means there is a significant difference among cell populations (p< 0.001), based on the
Mann−Whitney test.
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more deformable (Adamo et al., 2012; Mazur, 1977). The total transit
time among these three cell populations shows statistical significance
(p<0.001), based on the Mann−Whitney test.

Fig. 2d presents the average impedance magnitude of the four sub-
peaks (i.e., ∆ = ∆ + ∆ + ∆ + ∆Z ( Z1 Z2 Z3 Z4)/4average ) for all the three
populations, measured at 50 kHz frequency. As an individual cell
squeezes into the constriction, the cross-section of the constriction is
mostly blocked by the deformed cell. In this case, the total electrical
current is composed of the current through the cell membrane and in-
tracellular contents, and the leakage current through the gap between
the cell surface and channel wall. For the same cell type, to some extent,
a larger cell means a smaller gap and thus larger impedance magnitude.
Since the three cell populations tested here have a similar size (Fig. S3),
the difference in their electrical impedance is mainly determined by the
difference in the electrical properties of cell membranes and in-
tracellular structures. NEM-MCF-7 cells were dead after the NEM
treatment and their membranes were no longer a barrier to electrical
current, meaning that the equivalent electrical conductance of cells
increased after they were treated with NEM. Therefore, NEM-MCF-7
cells exhibit the lowest impedance magnitude. On the other hand, CB-
MCF-7 cells present the largest impedance magnitude, which might be
caused by the change in electrical properties of the cell membrane. The
capacitance of the cell membrane seemed to have decreased after CB
treatment, which led to an increase in the impedance magnitude,
compared with the untreated MCF-7 cells. The untreated MCF-7 cells
serve as the control group and their impedance magnitude resides in
between NEM-treated and CB-treated MCF-7 cells. Since the size of
these three cell populations is in a similar range, they cannot be easily
discriminated or separated by size-based techniques such as inertial
sorting (Hou et al., 2013). However, based on the characterization of
their electrical properties, these three cell populations show a sig-
nificant difference among them (p<0.001 based on the Man-
n−Whitney test).

3.2. Cell deformation and relaxation through successive constrictions

For the transit time through individual constrictions, as shown in
Fig. 3, it is found that the transit time for a single cell to pass through
the first constriction is generally longer than the time it needs to pass
through the second, third or fourth constriction. This is because the pre-
deformation facilitates the cell transit through the subsequent con-
strictions. Detailed discussions of the transit time and electrical im-
pedance (Fig. S5) through individual constrictions are presented in the
Supplementary Information.

As discussed in the working principle section, the ratio of T4 to T1 is
defined to evaluate the cell deformation and relaxation process (i.e.,
relaxation index = T4/T1). A value of relaxation index closer to the
unity means the cell relaxes faster, and vice versa. As shown in Fig. 4a,
a significant difference in the relaxation index has been observed
among all the three cell populations (p< 0.001). CB-MCF-7 cells have
the highest relaxation index (0.95± 0.06), meaning that these cells
relax the fastest among the three cell populations. NEM-MCF-7 cells
have the lowest value (0.84±0.11), indicating that these cells relax
the slowest. NEM-MCF-7 cells were dead after the NEM treatment and
their mechanical properties were changed as indicated by the increased
total transit time. It has been reported that incomplete cell relaxation is
due to an additive plastic deformation (Bonakdar et al., 2016). The
dead NEM-MCF-7 cells may undergo a higher proportion of plastic
deformation and thus be more difficult to relax back to its original
shape, resulting in the lowest relaxation index. The relaxation index
evaluated in this work may serve as a new promising mechanical bio-
marker for single cell level biophysical phenotyping.

The developed microfluidic device enables the simultaneous char-
acterization of the cell deformability, electrical impedance and re-
laxation index. These biophysical properties are combined together in
this work to achieve a better classification of different cell types. As

shown in Fig. 4b, three cell populations can be clearly distinguished
from each other, which cannot be accomplished just based on single-
domain parameter.

3.3. Classification of cell types based on neural network

With the three measured biophysical properties as the inputs for the
aforementioned propagation neural network, we quantitatively eval-
uate their efficiency for the cell type classification. The trained neural
network achieved the classification accuracy of 87.8% (electrical

Fig. 3. Transit time of cells passing through each of the four successive con-
strictions. The transit time is presented for all the three cell populations (MCF-
7(a), CB-MCF-7(b) and NEM-MCF-7(c)). Cell numbers of MCF-7, CB-MCF-7 and
NEM-MCF-7 are: 336, 330 and 428. The numbers near the box charts indicate
the mean values of time. ***, **, * and n.s. indicate a p-value of less than 0.001,
0.01, 0.05 and larger than 0.05 (statistically nonsignificant), respectively, based
on the Mann-Whitney test.
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impedance), 70.1% (total transit time), 42.7% (relaxation index) and
93.3% (combination of electrical impedance, total transit time and re-
laxation index) for the test group. Besides the classification accuracy of
93.3% (true classification/total population), the average sensitivity
(true positive/(true positive + false negative)) of 93.3% and specificity
(true negative/(true negative + false positive)) of 93.3% for the test
group were also achieved. Fig. 5 illustrates the confusion matrix that
contains information regarding the true and predicted classifications,
which are presented by the neural network. As shown in Fig. 5a, there
are more confusions between MCF-7 and NEM-MCF-7. For example, in
the training confusion matrix, there are 28 MCF-7 cells misclassified as
NEM-MCF-7 and 12 NEM-MCF-7 cells misclassified as MCF-7. However,
only 8 MCF-7 cells are misidentified as CB-MCF-7 and 3 CB-MCF-7 cells
are misidentified as MCF-7. This is due to the appearance of more
overlaps in the electrical impedance and mechanical properties (i.e.,
total transit time and relaxation index) between MCF-7 and NEM-MCF-
7 cells, which can be observed from Fig. 2c, Figs. 2d and 4a. Since the
number of each cell type is not equal, confusion matrix with

normalization was performed to have a more visual interpretation of
which cell population is misclassified. As shown in Fig. 5b, 88% percent
of MCF-7, 98% percent of NEM-MCF-7% and 94% percent of NEM-
MCF-7 are correctly classified for the test group. The classification ac-
curacy, average sensitivity and specificity for the training and valida-
tion group all were higher than 93%, which were listed in Tables S1 and
S2.

The mixtures of MCF-7 and NEM-MCF-7 cells were measured using
flow cytometry and our device to further verify the performance of this
biophysical phenotyping technique. As shown in Fig. 6a, using flow
cytometry method, the proportion of MCF-7 and NEM-MCF-7 cells is
23.8% and 70.7%, respectively. Fig. 6b and c show the predicted results
presenting by the trained neural network using three parameters as
inputs but illustrated as 2D and 3D scatterplot respectively. These
biophysical phenotyping results of MCF-7 cells at 22.1% and NEM-
MCF-7 cells at 77.9% are comparable to the flow cytometric analysis.
And fluorescent labeling process is not needed in the microfluidic
biophysical phenotyping technique as compared to flow cytometry.

4. Conclusions

In this work, a differential multiconstriction microfluidic device
with 3D electrodes was developed for high-throughput biophysical
phenotyping at single cell level, referring to the simultaneous char-
acterization of deformability (i.e., total transit time), electrical im-
pedance and relaxation index of single cells. Compared with previously
reported impedance-based microfluidic device for the measurement of
electrical and mechanical properties of single cells, the employment of
multiconstriction channels instead of single constriction enables the
evaluation of relaxation index of single cells and the method developed
for the creation of self-aligned 3D electrodes greatly reduces the com-
plexity of device fabrication. The differential electrical impedance
strategy was used to cancel out the environmental changes and thus
improve the signal-to-noise ratio. The electrical and mechanical phe-
notyping of normal MCF-7 and chemical-modified MCF-7 cells were
investigated in this work and showed significant differences among
them. Our developed neural network quantitatively demonstrated that
the combination of all the three biophysical properties of single cells
can significantly improve the classification accuracy (93.3%) of dif-
ferent cell populations with high sensitivity and specificity. Cell clas-
sification of a cell mixture using the trained neural network has
achieved quantitative accuracy as compared to conventional flow cy-
tometry. This impedance-based microfluidic device provides great po-
tential for high-throughput and label-free biophysical phenotyping of
single cells and thus may be used as a diagnostic tool for some diseases
associated with cell mechanical or electrical properties changes.
Furthermore, the simple processing of electrical signals enables real-
time cell detection, further facilitating downstream cell sorting and
separating processes.
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there is a significant difference among cell populations (p<0.001), based on
the Mann−Whitney test.
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Fig. 5. Confusion matrix illustrating the efficiency of cell type classification using electrical impedance, total transit time and relaxation index. (a) Confusion matrix
of the training, validation and test group without normalization. Values on the diagonal represent the number of cells correctly classified, while off-diagonal values
represent those incorrectly classified. (b) Confusion matrix of the training, validation and test group with normalization to have a more visual interpretation of which
cell population is misclassified. There are more confusions between MCF-7 and NEM-MCF-7 as they have more overlaps in the measured electrical and mechanical
properties.

Fig. 6. Cell characterization using flow cytometry and our microfluidic biophysical phenotyping device. (a) Flow cytometric scatter plot of the mixed MCF-7 and
NEM-MCF-7 cells. (b) 2D scatter plot and (c) 3D scatter plot of the mixed MCF-7 and NEM-MCF-7 cells using the trained neural network with electrical impedance,
total transit time and relaxation index as inputs.
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