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This paper presents a microfluidic system for cell type classification using mechanical and electrical
measurements on single cells. Cells are aspirated continuously through a constriction channel with cell
elongations and impedance profiles measured simultaneously. The cell transit time through the
constriction channel and the impedance amplitude ratio are quantified as cell’s mechanical and
electrical property indicators. The microfluidic device and measurement system were used to
characterize osteoblasts (# = 206) and osteocytes (n = 217), revealing that osteoblasts, compared with
osteocytes, have a larger cell elongation length (64.51 + 14.98 um vs. 39.78 4+ 7.16 um), a longer transit
time (1.84 + 1.48 s vs. 0.94 + 1.07 s), and a higher impedance amplitude ratio (1.198 + 0.071 vs. 1.099 +
0.038). Pattern recognition using the neural network was applied to cell type classification, resulting in
classification success rates of 69.8% (transit time alone), 85.3% (impedance amplitude ratio alone), and
93.7% (both transit time and impedance amplitude ratio as input to neural network) for osteoblasts and
osteocytes. The system was also applied to test EMT6 (n = 747) and EMT6/AR1.0 cells (n = 770,
EMT6 treated by doxorubicin) that have a comparable size distribution (cell elongation length: 51.47 +
11.33 um vs. 50.09 £ 9.70 um). The effects of cell size on transit time and impedance amplitude ratio
were investigated. Cell classification success rates were 51.3% (cell elongation alone), 57.5% (transit
time alone), 59.6% (impedance amplitude ratio alone), and 70.2% (both transit time and impedance
amplitude ratio). These preliminary results suggest that biomechanical and bioelectrical parameters,
when used in combination, could provide a higher cell classification success rate than using electrical or

mechanical parameter alone.

1 Introduction

The electrical properties of the cell membrane and cytoplasm'™>
and the mechanical properties of the cytoskeleton*® determine
the overall biophysical properties of a cell. The electrical and/or
mechanical characterization of single cells is fundamental for
understanding cell properties and has also been correlated with
pathophysiological states in diseases, such as malaria®*'' and

cancer.'z17
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Advances in microfluidic technologies have led to the devel-
opment of microdevices for single-cell electrical property char-
acterization. The three types of microdevices for electrical
characterization are based on patch clamp,®?! electro-rota-
tion,?** and micro-electrical impedance spectroscopy (u-EIS).*-
Patch-clamp microdevices characterize cellular ion channel
activities by sucking a cell membrane patch into a micropipette to
form a high electrical resistance seal. The technique is capable of
measuring specific membrane capacitance. However, micro-
devices performing patch clamping generally have difficulties in
the formation of effective seals around the cell membrane (i.e.,
giga-ohm resistance).

In electro-rotation, a rotating electric field is exerted on a sus-
pended cell causing the cell to rotate as a result of Maxwell-
Wanger polarization. Electro-rotation is a useful technique for
measuring cell membrane permittivity and cytoplasm conduc-
tivity. However, cell manipulation and positioning in the rotating
electric field is time consuming and labor intensive.

By comparison, the p-EIS technique offers a feasible way for
examining the dielectric properties of single cells by applying
a frequency-dependent excitation signal across the cell. Several
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microfluidic devices with hydrodynamic trapping methods have
been employed in conjunction with p-EIS for measuring cellular
impedance properties.** Furthermore, two mechanisms
utilizing vacuum aspiration’®!” and electrode surface modifica-
tion? were proposed to form tight cell adhesion on measurement
electrodes. In addition, micro-hole based devices modified from
patch-clamp devices were proposed to address the current
leakage issue by forming proper sealing between the aspirated
cell and aspiration channel.?”-*®

Flow cytometry based microfluidic devices have recently been
reported for single-cell impedance measurement®**=* to
measure a single cell passing through two electrodes. The flow
cytometry-based p-EIS technique suffers from the critical
problem of current leakage, since there is no contact between
the electrodes and the passing cell, which makes measurement
differences taken with and without a cell’s presence small and
sometimes unobservable. Although the concept of insulation
flow was proposed to deal with this problem, this technique is
incapable of distinguishing two cell types with comparable size
distributions.?

In the meanwhile, several microfluidic devices have been
developed to measure the mechanical properties of single cells
based on various mechanisms including micropipette aspira-
tion,3*35  electrodeformation,®-*” optical stretching,'® fluid
stress***° and constriction channel.**** In micropipette aspira-
tion, a cell is deformed by negative pressure applied through an
aspiration channel. Cell elongation is interpreted into Young’s
modulus. In electrodeformation, electric fields cause cell polar-
ization due to the surface charge build-up and therefore, deform
the cell electrically to characterize mechanical parameters. In an
optical stretcher, a two-beam laser trap is formed to serially
deform single suspended cells by optically induced surface
forces to measure mechanical properties of cells. In the case of
using fluid stress for measuring mechanical properties, the cell
under measurement is exposed to various fluid stresses, and the
corresponding deformations are collected as stiffness indicators.

In devices with constriction channels, cells are squeezed through
a channel with a small cross-sectional area by hydraulic pressure
differences. Cell transit time is recorded as a mechanical property
indicator. Although this technique has been used to evaluate
mechanical properties of blood cells**** and breast cancer cells,*!
the effect of cell size on transit time has not been studied. This
technique has only been used to distinguish cell types with
significantly different size distributions (e.g., MCF-7 and
MCEF-10A).

Discussions above reveal that a number of microfluidic devices
have been reported for cell biophysical characterization.
However, the majority of these devices are only capable of
characterizing either mechanical properties (i.e., Young’s
modulus) or electrical properties (i.e., ion channel activities,
membrane capacitance and cytoplasm resistance) of a cell, but
not both. For a more complete understanding of a cell’s physical
properties, it is desirable to perform both mechanical and elec-
trical measurements on the same cell. The only two microfluidic
devices,'"* reported to perform both mechanical and impedance
characterization of single cells, have limited throughput and are
incapable of collecting statistically significant data.

This paper presents a microfluidic system for single-cell
mechanical and electrical characterization using constriction
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Fig. 1 (A) Schematic of the microfluidic system for electrical and
mechanical characterization of single cells using impedance spectroscopy
and constriction channel. Cells are aspirated continuously through the
small constriction channel with impedance data, cell transit time, and cell
elongation length measured simultaneously. The loading channel is
30 pm in height and 50 um in width. The constriction channel is 200 pm in
length with a cross sectional area of 6 pm x 6 pm and 8 um x 8 um for
the characterization of bone cells (osteoblast vs. osteocyte) and EMT6
cells, respectively. “—P” represents the negative pressure used to suck
a cell through the constriction channel. (B) Impedance measurement of
single cells (amplitude vs. time). Transit time indicates cellular mechanical
properties and impedance amplitude ratio indicates cellular electrical
properties. (C) A cell aspirated in the constriction channel. As an indi-
cator of the cell size, the elongation length was measured from image
processing approaches.

channel and impedance spectroscopy (see Fig. 1(a)). Cells are
aspirated continuously through a constriction channel while cell
elongations and impedance profiles are measured simultaneously
using microscopy imaging and an impedance analyzer. The
transit time and the impedance amplitude ratio are quantified as
cell’s mechanical and electrical property indicators while cell
elongation length inside the channel is used as a measure of
cell size.
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2 Materials and methods
2.1 Materials

Unless otherwise indicated, all chemicals were obtained from
Sigma-Aldrich (Oakville, ON, Canada) and cell-culture reagents
were from American Type Culture Collection (ATCC, Mana-
ssas, VA, USA). Materials required for device fabrication
included SU-8 photoresist (MicroChem Corp., Newton, MA,
USA) and 184 silicone elastomer (Ellsworth Adhesives Canada,
Burlington, ON, Canada).

2.2 Device fabrication

The channel mold masters (see ESI, Fig. S11) were fabricated
using standard soft lithography. The cell constriction channel was
formed from the first layer of SU-8 (5 um, SU-8 5) on a glass
substrate (ESI, Fig. S1(a)t). A second layer of SU-8 (25 um, SU-8
25) was then spin coated on the glass substrate covered with the
first layer of SU-8, soft-baked, and exposed to UV light with
alignment (ESI, Fig. S1(b)}), followed by post-exposure bake,
development and hardbake (ESI, Fig. S1(c)f) to form the cell
loading channel. PDMS prepolymer and curing agent were mixed,
degassed, poured on channel masters and baked in an oven (ESI,
Fig. S1(d)T). PDMS channels were then peeled from the SU-8
masters (ESI, Fig. Sl(e)t) with through holes punched and
bonded to a glass slide for cell experimental use (ESI, Fig. S1(f)7).

2.3 Cell preparation and device operation

MC-3T3 cells (osteoblast) were purchased from American Type
Culture Collection (ATCC) (Manassas, VA, USA) and cultured
with a-MEM media supplemented with 10% fetal bovine serum
and 1% penicillin and streptomycin. MLO-Y4 osteocyte-like cells
were cultured with a-MEM media supplemented with 2.5% calf
serum, 2.5% fetal bovine serum, and 1% penicillin and strepto-
mycin.** Murine breast cancer wild type EMT6 cells and drug
resistant EMT6/AR1.0 cells were originally obtained from I.
Tannok, maintained in X. Y. Wu’s laboratory and cultured with
a-MEM media supplemented with 10% fetal bovine serum and 1%
penicillin and streptomycin. The P-glycoprotein overexpressing
EMT6/AR1.0 cells were made multidrug resistant by treating
EMTG6 cells with 1 pg ml~! doxorubicin (an anticancer drug).*®

The microfluidic device was first filled with culture medium. A
droplet of cell suspension was pipetted to the entrance of the cell
loading channel. A negative pressure of 10 kPa generated from
a custom developed pump?*” aspirated cells continuously through
the constriction channel. Cell images were taken by an inverted
microscope (Olympus X801, Olympus Canada Inc., Canada).
Two Ag/AgCl non polarizable electrodes were inserted into the
inlet and outlet ports of the device.** Impedance data were
recorded by an impedance analyzer (Agilent - 4294A, Agilent
Technologies, Inc., USA).

2.4 Data analysis

Transit time and impedance amplitude ratio. When a cell is
aspirated through the constriction channel, it blocks electric
fields and leads to higher impedance amplitude values compared
to the case without the presence of a cell in the constriction

channel. The time duration for this increased impedance ampli-
tude is interpreted as transit time (i.e., the time duration taken by
a cell to squeeze through the channel), which reflects cell’s
mechanical properties (Fig. 1(b)). The ratio between the highest
impedance amplitude value captured during cell’s squeezing
through the constriction channel and the impedance amplitude
value with no cell in the constriction channel is defined as the
impedance amplitude ratio, which is used as the cell’s electrical
property indicator (Fig. 1(b)).

When a cell enters and travels through the constriction channel,
there exist an entry section and a traveling section. In the entry
section, a better seal is formed with the channel walls as a larger
portion of the cell is aspirated into the channel, resulting in
a gradual increase in impedance amplitude as a function of time
(see Cell 4). When the cell travels inside the constriction channel,
there is no further increase in sealing resistance, and a plateau in
the impedance profile was recorded. This phenomenon was clear
in larger cells, which took longer to squeeze through the
constriction channel (e.g., Cell 4 and Cell 8). For smaller cells (Cell
2) or cells with higher deformability (maybe Cell 9), the cell entry
time was much shorter and cannot be captured by the impedance
analyzer due to the circuit’s sampling rate limit.

Electrical simulation. Numerical simulation was conducted
using the finite element analysis package COMSOL 3.5 (Bur-
lington, MA, USA) to model a cell’s passing through the
constriction channel. ESI, Table S11 shows the cell dimensions
and electrical parameters used in simulation. For simplicity,
a rectangular shape was used to model the cell elongation in the
constriction channel (see ESI, Fig. S2(a)}). The total meshing
element was approximately 380 000 (ESI, Fig. S2(b)7).

Image processing for cell elongation measurement. In order to
measure the cell elongation length inside the constriction
channel, a background subtraction technique was developed to
process the captured images by a CMOS camera (601f; Basler;
Ahrensburg, Germany) (Fig. 1(c)). The background image was
stationary and the lighting conditions were kept unchanged
during the experiments. The procedure consists of a sequence of
image processing steps adapted to the context of cell elongation
(frame differencing, thresholding, particle removal using erosion,
and edge detection along the channel).*® For measuring the cell
transit time, impedance profiles rather than captured images
were used to interpret the transit time since compared to the
Basler camera (30 frames per second), the sampling rate of the
impedance analyzer is higher (80 points per second).

Cell classification using neural network. A two-layer back
propagation neural network was used for pattern recognition
(MATLAB 2010, MathWork, USA). The input data have three
groups of parameters measured on cells (osteocytes, osteoblasts,
EMT6 and EMT6/AR1.0), namely, transit time, impedance
amplitude ratio, and cell elongation length. The neural network
was used to classify osteoblasts from osteocytes and to classify
EMT6 from EMT6/AR1.0. Taking the classification of EMT6 (n
= 747) and EMT6/AR1.0 (n = 770) as an example, the complete
dataset was divided into training data (70%), validation data
(15%), and testing data (15%) to quantify cell classification
success rates. In order to avoid the inappropriate selection of the
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number of neurons, a loop function was used to enumerate the
neuron number from 5 to 200.

3 Results and discussion

When a cell is forced to squeeze through the constriction channel,
it blocks electric fields and leads to an increase in impedance
amplitude values. Interpreting the impedance data, one can
extract the transit time that a cell takes to squeeze through the
constriction channel. In the meanwhile, there is a tight seal
between the cell and the constriction channel walls, which can
effectively decrease leakage current. Hence, this experimental
setup provides an appropriate situation for cellular electrical
property characterization. In summary, both the mechanical
indicator (transit time) and the electrical indicator (impedance
amplitude ratio) were obtained from the interpretation of
impedance data. In this work, potential cell damage caused by
the constriction channel was not a concern for cell type classifi-
cation. However, it should be considered for other applications
where classified cells need to be cultured.

In the experiments, multi-cell passing through the constriction
channel occurred rarely. When cells travelled to the constriction
channel one by one, no multi-cell passing was observed since the
first cell aspirated into the channel blocked the constriction
channel, and the second cell following the first one was observed
to stop moving. After the first cell travelled completely through
the channel, the second cell started moving to the entrance of the
constriction channel. Since single cells in our experiments were
obtained by trypsinizing adherent cells, cell clusters occurred
rarely. The issue of channel blockage from contaminants/
microparticles was mitigated by cleaning the PDMS micro-
channels thoroughly.

Proper selection of the applied electric field’s frequency is
important. When the frequency is low (e.g., 100 Hz to 1 kHz),
electric field lines pass around the cell membranes, and impedance
data can only reflect the sealing properties between the cell and the
constriction channel. When the frequency is too high (e.g., | MHz),
the impedance of the cell membrane is too low to block electric field
lines. This easy penetration of electric field lines through the cell
membrane makes the impedance difference, with and without a cell
inside the constriction channel, small and even unnoticeable.

In this study, two frequencies (10 kHz and 100 kHz) were
tested. As the frequency was increased from 10 kHz to 100 kHz,
there was an obvious impedance amplitude ratio decrease (see
Fig. 2). Numerical simulation confirms that due to the cell
membrane, more electric field lines pass around the cell at 10 kHz
compared to 100 kHz. At 100 kHz, the cellular membrane
impedance is lower and therefore, more electric field lines pene-
trate the cell membrane (see ESI, Fig. S2(c) and (d)1). Thus, as
the frequency increases from 10 kHz to 100 kHz, cellular elec-
trical properties rather than cell-channel sealing properties are
reflected by impedance data. All following experiments used
100 kHz as the characterization frequency.

The effect from different cross-sectional areas of the
constriction channel must also be understood. When the cross-
sectional area is too small (e.g., 4 pm x 4 pm), it was noticed in
experiments that cells were elongated too much and often broken
into several sections inside the constriction channel. When the
cross-sectional area is too large (e.g., 10 pm x 10 pm), many cells
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Fig. 2 Scatter plot of impedance amplitude ratio vs. transit time (oste-
oblast) as a function of testing parameters (constriction channel cross-
sectional area: 6 pm x 6 pm and 8 pm x 8 um; impedance measurement
frequency: 10 kHz and 100 kHz; aspiration pressure: 10 kPa).

passed through the constriction channel without any resistance
and hence, there was no proper seal formed. Fig. 2 shows the
collected transit time and impedance amplitude ratio, measured
on osteoblasts, for channel cross-sectional area of 6 um x 6 um
and 8 pm x 8 pum. It can be seen that as the channel cross-
sectional area was decreased from 8 pm x 8 um to 6 pm x 6 pm,
the transit time increased correspondingly, demonstrating that
not only cell deformability but also cell size and channel cross-
sectional area have an effect on transit time.

3.1 Osteoblast vs. osteocyte

Microdevices with a constriction channel of 6 um x 6 um were
used to characterize osteoblasts (n = 206) and osteocytes (n =
217) (impedance measurement frequency: 100 kHz, aspiration
pressure: 10 kPa, see Fig. 3). Compared with osteocytes, osteo-
blasts have a larger cell elongation length (64.51 + 14.98 pm vs.
39.78 + 7.16 um), a longer transit time (1.84 + 1.48 s vs. 0.94 +
1.07 s), and a higher impedance amplitude ratio (1.198 =+
0.071 vs. 1.099 £ 0.038).

Neural network-based cell classification resulted in cell clas-
sification success rates of 69.8% (transit time), 85.3% (impedance
amplitude ratio), and 93.7% (both transit time and impedance
amplitude ratio), suggesting that biomechanical (transit time)
and bioelectrical (impedance amplitude ratio) parameters, when
used in combination, could provide a higher cell classification
success rate than using electrical or mechanical parameter alone
(see Table 1 and ESI, Fig. S37). Interestingly, using cell elonga-
tion length data only, the cell classification success rate was as
high as 90.5%. This is due to the fact that significant size
differences exist between osteoblasts and osteocytes. This size
difference may also account for their differences in transit time
and impedance amplitude ratio.

The system collected both impedance amplitude and impedance
phase data and used as input for cell classification. The success
rates were 85.3% (impedance amplitude ratio only), 72.1%
(impedance phase difference only), and 86.8% (impedance
amplitude and phase data used together). Compared to the use of
impedance amplitude ratio only, a combined use of impedance
amplitude ratio and phase did not significantly improve cell
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Fig. 3 Scatter plot of transit time vs. cell elongation (A) and impedance
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osteocyte (n = 217), impedance measurement frequency: 100 kHz, aspi-
ration pressure: 10 kPa, and constriction channel cross-sectional area: 6
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Table 1 Cell classification success rates

Impedance Transit time +

Cell Transit amplitude impedance
Cell type elongation time ratio amplitude ratio
Osteoblast vs. 90.5% 69.8%  85.3% 93.7%
osteocyte
EMT6 vs. EMT6/ 51.3% 57.5%  59.6% 70.2%
ARI1.0

classification results. Therefore, only impedance amplitude ratio
was used as the electrical parameter for neural network based cell
classification.

3.2 EMT6 vs. EMT6/ARL.0

The microdevice was also applied to test EMT6 (n = 747) and
EMT6/AR1.0 (n = 770) cells (impedance measurement
frequency: 100 kHz, aspiration pressure: 10 kPa, constriction
channel cross-section: 8 ym x 8 pm). EMT6/ARI1.0 cells are
from drug treated EMT6 cells, having almost the same size
distributions. Fig. 4(a) shows a scatter plot of transit time vs. cell
elongation length, indicating that there is a higher number of
EMT6/AR1.0 cells with transit time less than 0.1 s compared to
EMT6 cells. Fig. 4(b) reveals a linear trend between the cell
elongation length and impedance amplitude ratio with different
slopes (0.0022 pm~" vs. 0.0028 um~') and different y-axis inter-
sections (0.990 vs. 0.967) for EMT6 and EMT6/AR1.0.
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Fig. 4 Scatter plot of transit time vs. cell elongation length (A) and
impedance amplitude ratio vs. cell elongation length (B). EMT6 (n =
747), EMT6/AR1.0 (n = 770), impedance measurement frequency: 100
kHz, aspiration pressure: 10 kPa, and constriction channel cross-
sectional area: 8 um x 8 pm. Color bars represent cell density.

We further investigated the effect of cell size on transit time
and impedance amplitude ratio of EMT6 and EMT6/AR1.0 cells
within the cell elongation range of 40-55 um (see Fig. 5). This
range was chosen since the majority of cells under measurement
fell into this range (see Fig. 4). As the cell elongation length
increases, there is an increase in transit time and impedance
amplitude ratio for both EMT6 and EMT6/AR1.0 cells. From
the perspective of mechanical property characterization, EMT6/
AR1.0 cells have a lower transit time, compared to EMT6 cells,
which are 0.17 4+ 0.12 s vs. 0.20 £ 0.17 s (cell elongation length:
40-45 um), 0.21 £ 0.16 s vs. 0.26 + 0.28 s (cell elongation length:
45-50 pum), and 0.33 £ 0.28 s vs. 0.35 &+ 0.27 s (cell elongation
length: 50-55 um), respectively.

Fig. S4, (ESI)T shows in further detail that EMT6/AR1.0 cells
have a lower transit time than EMT6 with comparable cell sizes.
For the cell elongation range of 40-45 um, a higher fraction of
EMT6/AR1.0 cells have transit time lower than 0.1 s (12% vs.
29%) while higher fractions of EMTG6 cells have transit time in the
range of 0.1-0.175 s (57% vs. 37%) and higher than 0.375 s (10%
vs. 8%) (see ESI, Fig. S4(a)t). For the range of 45-50 pm,
a higher fraction of EMT6/AR1.0 cells have transit time lower
than 0.1 s (8% vs. 22%) while higher fractions of EMT6 cells have
transit time in the range of 0.1-0.2 s (52% vs. 40%) and higher
than 0.4 s (15% vs. 10%) (see ESI, Fig. S4(b)1). For the range of
50-55 pum, a higher fraction of EMT6/AR1.0 cells have transit
time lower than 0.175 s (28% vs. 37%) while higher fractions of
EMT6 cells have transit time in the range of 0.175-0.275 s
(24% vs. 18%) and higher than 0.575 s (16% vs. 13%) (see ESI,
Fig. S4(c)T). In summary, EMT6/AR1.0 cells have lower transit
time compared to EMT6 cells, which may indicate a lower
stiffness resulting from the treatment of doxorubicin.

From the perspective of electrical property characterization,
for a cell elongation range of 40-45 pm, EMTG6 cells have a higher
impedance amplitude ratio compared to EMT6/AR1.0 (see
Fig. 5(b)), which are 1.085 4+ 0.023 vs. 1.084 £+ 0.026 (EMT6 vs.
EMT6/AR1.0). For the ranges of 45-50 pm and 50-55 pm,

3178 | Lab Chip, 2011, 11, 3174-3181

This journal is © The Royal Society of Chemistry 2011



0.7

0.6

0.5

0.4

Transit time (s)

0.2 =
M I

40-45 45-50 50-55

Cell elongation (um)

EMT6 B EMT6/AR1.0

[ y=0.0018x+1.0076
1.14 - A Yy =0.0023x +0.9847

1.13
1.12
11

1.1
1.09

Amplitude ratio

1.08
1.07 4
1.06

40-45 45-50 50-55

Cell elongation (um)

[ EMT6
linear fitting (EMT6)

B EMT6/AR1.0
— linear fitting (EMT6/AR1.0)

Fig.5 (A) Transit time and (B) impedance amplitude ratio as a function
of cell elongation length (EMT6 vs. EMT6/AR1.0).

EMT6/AR1.0 cells have higher impedance amplitude ratios,
which are 1.092 + 0.027 vs. 1.090 + 0.020 and 1.107 £ 0.028 vs.
1.100 + 0.024.

The impedance amplitude increase during a cell’s passing
through the constriction channel is caused by the impedance of
cell membrane and cytoplasm. At 100 kHz, electric field lines
penetrate two portions of the cell membrane and cytoplasm that
are connected in series with the two portions of the cell
membrane (see ESI, Fig. S21). The cell membrane capacitance
Crnembrane 18 estimated as (cell membrane permittivity) X
(constriction channel cross-section area)/(cell membrane thick-
ness), which is independent of cell elongation length. In the
meanwhile, cytoplasm resistance Rgytopiasm €an be estimated as
(cell elongation length)/(constriction channel cross-section area
x cytoplasm conductivity), which is a linear function of cell
elongation length.

Fig. 5(b) shows that there is a linear trend between the
impedance amplitude ratio and cell elongation length, indicating
the effect of Rcyioplasm 0N impedance amplitude ratio. The slope
difference between EMT6 and EMT6/ARI1.0 (0.0018 vs.
0.0023 um™") suggests differences in cytoplasm conductivity.
More specifically, since the slope of EMT6/AR1.0 cells is higher
than the slope of EMT6 cells, EMT6/AR1.0 cells may have lower
cytoplasm conductivity.

Since membrane capacitance is independent of cell elongation,
the effect of membrane capacitance on impedance amplitude
ratio should be reflected from the intersection of the linear
fitting (1.0076 vs. 0.9847) for EMT6 and EMT6/AR1.0 shown in
Fig. 5(b). More specifically, since the intersection of EMT6 cells

is higher than EMT6/AR1.0, the impedance value of membrane
capacitance of EMT6 cells is higher than that of EMT6/ARI1.0,
which translates into lower membrane capacitance values for
EMTO6 cells compared to EMT6/AR1.0 cells.

In summary, experimental results on EMT6 and EMT6/AR1.0
cells with similar size distributions indicate that compared to
EMT6, EMT6/AR1.0 cells have lower stiffness, lower cytoplasm
conductivity, and higher membrane capacitance.

The success rate of classifying EMT6 vs. EMT6/AR1.0 cells
using cell elongation length alone is only 51.3% (EMT6 vs.
EMT6/AR1.0, Table 1 and ESI, Fig. S5t), due to the insignifi-
cant difference in cell size (cell elongation length: 51.47 + 11.33
pm vs. 50.09 £ 9.70 um) for EMT6 and EMT6/AR1.0 cells. Cell
classification success rates were 57.5% (transit time), 59.6%
(impedance amplitude ratio), and 70.2% (both transit time and
impedance amplitude ratio).

4 Conclusion

This paper presented a microfluidic measurement system for
mechanical and electrical characterization of single cells using
constriction channel and impedance spectroscopy. The device
was used to test osteoblasts and osteocytes, demonstrating that
osteoblasts, compared with osteocytes, have a larger cell elon-
gation length, longer transit time, and a higher impedance
amplitude ratio. The microdevice was also used to distinguish
EMT6 from EMT6/AR1.0 cells with the comparable size
distribution.

Compared to previously reported microdevices targeting
single cell electromechanical property characterization, a higher
number of cells per cell type were characterized (e.g., EMT6 (n =
747) and EMT6/AR1.0 (n = 770)). From the point of electrical
property measurement, leakage current was minimized due to the
proper sealing between the aspirated cell and the sidewalls of the
constriction channel, which enables this technique to distinguish
not only cell types with significant difference in cell size distri-
butions (osteoblasts vs. osteocytes) but also cell types with
a comparable size distribution (EMT6 and EMT6/AR1.0). From
the point of mechanical property characterization, the effect of
cell size on transit time was investigated by comparing the testing
results on cell types with comparable size distributions (EMT6
and EMT6/AR1.0).

Neural network based pattern recognition for EMT6 and
EMT6/AR1.0 produced the cell classification success rates of
51.3% (cell elongation), 57.5% (transit time), 59.6% (impedance
amplitude ratio), and 70.2% (both transit time and impedance
amplitude ratio). These preliminary cell classification results
suggest that biomechanical and bioelectrical parameters, when
used in combination, could provide a higher cell classification
success rate than using electrical or mechanical parameter alone.
The system capable of collecting both electrical and mechanical
data can also be a useful tool for fundamental cellular biophys-
ical studies.
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