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ABSTRACT: The mechanical properties of a cell, which include parameters such as elasticity, inner
pressure, and tensile strength, are extremely important because changes in these properties are
indicative of diseases ranging from diabetes to malignant transformation. Considering the
heterogeneity within a population of cancer cells, a robust measurement system at the single cell
level is required for research and in clinical purposes. In this study, a potential microfluidic device for
high-throughput and practical mechanotyping were developed to investigate the deformability and
sizes of cells through a single run. This mechanotyping device consisted of two different sizes of
consecutive constrictions in a microchannel and measured the size of cells and related deformability
during transit. Cell deformability was evaluated based on the transit and on the effects of cytoskeleton-
affecting drugs, which were detected within 50 ms. The mechanotyping device was able to also
measure a cell cycle without the use of fluorescent or protein tags.

Micropalpation on a chip

he mechanical properties of cell mechanotypes are a

potential and emerging biomarker for the noninvasive
diagnosis of cells that reflects their intrinsic biochemical and
biophysical properties. Cell mechanotyping has shown great
potential in the early diagnosis and prognosis of cancer
metastasis and may also have potential applications in
regenerative medicine and cell transplantation. This is because
it is noninvasive and offers an alternative label-free technique
for selecting and collecting induced pluripotent stem cells
(iPS) or adult human mesenchymal stem cells, which are
currently needed. Various types of single cell mechanotyping
techniques have been developed and include micropipette
aspiration,1 filtration,” optical tweezers,”" atomic force
microscopy (AFM),” microplate manipulation,”” and magnetic
tweezers.” Although these techniques focus on the use of
precise and accurate forces to characterize cell mechanical
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properties, many of these methods are labor-intensive and have
a low throughput. Therefore, the further development of
robust cellular mechanotyping assay techniques is needed.
Recent developments in microfluidic devices have increased
the throughput of mechanotyping measurements. Di Carlo et
al. demonstrated the use of an automated microfluidic device
to evaluate deformation of inertially focused cells in high-speed
pinch flows and enabling a high throughput of 65000 cells/s.”
They used their device to classify various cell types and to
continuously enrich cells based on their size and deform-
ability.'~"> A rheology study on red blood cells was
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Figure 1. Overview of the experimental setup of the mechanotyping device based on an electrical detection system. (a) An image of the
experimental setup consisting of the mechanotyping device, electrodes, and a tube for withdrawing solution. (b) An image of the mechanotyping
device comprising PDMS microfluidic channels and a glass slide coverslip. (c) A magnified image of the mechanotyping device. The numbers in
green show the reservoirs, and reservoir 2 was connected to a syringe pump. (d) An image of the consecutive constriction channel taken using a
microscope. The dimensions of the channel and the positions of the reservoirs’ are shown in the image. (e) A constant electric field (depicted in
red) was applied across the detection area to maintain an electrical steady state for current measurement and to drive samples into the detection
area. The fluctuation in current caused by the sample moving across the detection area was measured using the external electrical circuit (depicted
in black). The syringe pump was connected to a reservoir through a silicone tube (depicted in green) and was operated in withdrawal mode to
hydrodynamically drive cells into the detection area because the driving force by electrophoresis was insufficient to draw cells in the system. R, is a
resistive element (~1 kQ), and R, is a variable resistor. (f) General electrical circuit diagram of the current measurement system in the
mechanotyping devices. R;, R,, and R; are the resistances of the microfluidic channels with different widths and lengths. R.;, R, and R; are the

resistances of the front constriction channel, rear constriction channel, and spacing region, respectively.

performed using laser-induced cavitation bubbles."> The
aforementioned techniques based on high-speed imaging
provided high-throughput mechanotyping measurements,
however, expensive high-speed cameras and high-end work-
stations are essential components. Passing cells through a
narrow microchannel with a width or a height smaller than the
cell dimension is an alternative and a simple approach to
investigating cellular mechanical properties using a microfluidic
chip. For instance, combining a 6 ym wide, 200 ym long, and
9.6 um high microchannel with a dual photodiode detection
system enabled the transit time required for a cell to pass
through the constriction area to be measured. Differences in
the transit times of HL60 cells, cytochalasin D-treated HL60
cells, and red blood cells were demonstrated semiquantitatively
in a previous study.'* A more detailed analysis of the transit
time was achieved by investigating the elongation, speed, and
entry phases of cells transiting through a narrow microchannel
to probe the mechanical properties of brain cancer cells using a
CCD camera'® and a suspended microchannel resonator
(SMR).' Jensen et al. incorporated two electrodes adjacent to
a narrow microchannel (5 yum wide) and measured the
resistance between these electrodes as a cell moved through
the narrow microchannel.

The transit time differences of untreated and treated (with
latrunculin) HeLa cells as they moved through the narrow
microchannel provided semiquantitative results on cell
deformability at a single cell level.'” The effects of nuclear
morphology of neutrophils on the mechanical properties of
cells were investigated by measuring the total transit time of
the cells through consecutive narrow spaces on a microfluidic

chip. Using the cell deformability measurements, the
expression level of lamin A was determined to have a
significant effect on the mechanical properties of the cells.'®
Most of the aforementioned assay techniques rely on optical
detection systems, such as high-speed CCD imaging, hence,
their spatial resolution is limited to a few ym in the xy plane.
Resistive-pulse sensing (RPS) is a potential alternative
method, which is based on the detection of the ionic current
blocking created when a particle transits a micropore or
microchannel. RPS was developed in the 1950s and is known
as the Coulter counter.'” RPS is an extremely versatile
technique which offers both higher spatial resolution (a few
tens of nanometers in all directions) and higher time resolution
(~MHz). However, a major drawback of the method is its
narrow dynamic range which necessitates the adjustment of the
pore or microchannel size to commensurate the size of the
objectives. To address this issue, Sohn et al. attempted to
develop node-pore sensing, through the addition of several
nodes along the microchannel. This allowed for them to
overcame the problems associated with the low signal-to-noise
ratios of nanometer-sized objects coexisting with micrometer-
sized objects and to isolate the distinct electronic signatures
derived from large microscale cells and small nanoscale
viruses.”” This method was also applied in the profiling of
surface-markers of single cells through the immobilization of
antibodies on the microchannel surface. It demonstrated that
RPS could be used to obtain a “fingerprint” of biochemical
information for a single cell surface.”"”> We attained high
signal-to-noise ratios using a single channel size by isolating the
detection circuit from the electrophoretic circuit,”>°
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shown in Figure 1. Under the balanced potential state in the
circuit in Figure 1, the background ionic currents in the
detection circuit can be minimized. Transient currents are
generated when a cell enters the constrictions channel, and the
balanced potential is transiently collapsed (See Figure 1f). The
potential difference between the ends of the resistive element
(~1 kQ), R, is set equal to that of the consecutive constriction
channel by the variable resistance (R,) before sample
introduction. When the cell enters the consecutive constriction
channel, the resistance value of the constrictions channel (R
+ R, + R,,) increases, and the ionic current flow through the
Amp meter increases. In our previous studies, in which we
measured submicron sized particles, the voltage of the battery
in the electrophoretic circuit, V, was enough to drive the
sample.23_26 However, for this cell measurement, the driving
force by electrophoresis was insufficient to draw the cells into
the constriction channel; therefore, a syringe pump was
connected to a reservoir through a silicone tube, as shown in
Figure la and le. The syringe pump operated in withdrawal
mode, which allowed it to hydrodynamically drive the cells.

In this study, two different widths of constrictions were
placed in a single detection microchannel to simultaneously
enable cell sizing and deformability measurements using RPS
as shown in Figure 1. The liner elasticity of cells within a small
strain regime was determined through AFM indentation
experiments, and the elastic modulus ranged between 0.1
and 100 kPa.”’"* In large deformation, such as with our cell
deformability measurements, Ding et al. reported that the
surface tension had a remarkable effect on the indentation
response beyond the elastic modulus.”® The classification of
cells as pure elastic bodies or as surface tension-dominant
bodies does not dismiss, the potential effect that the sizes of
the cells have on stress—strain relationship during the
elongation process of the cells in the rear constriction. In
our system, elongation elastic modulus in the rear constriction,
E, was expressed as

E=—
£

In the above equation, ¢ is stress (pressure by the
hydrodynamic flow), and ¢ is elongation strain given by

e= (L - Ly)/L,

In the above equation, L, and L are the initial diameter and the
elongated major-axis diameter in the rear constriction,
respectively. Large cells deform and elongate much larger
than small cells in the same cross-section area at the
constriction. As a result, the residence time of larger cells at
the rear constriction is expected to be longer than that of
smaller cells. Considering the above factor, the cell size is an
important factor in determining the residence time at the rear
constriction. Therefore, the design of the consecutive
constriction channel for sizing and deformability measure-
ments of a single cell were adapted.

The proof of concept and validation of our system were
conducted by taking simultaneous measurements on cells that
had been treated with compounds, such as latrunculin A and
paclitaxel to perturb their cytoskeletons. The detection system
for determining cell size and deformability of cells was easy to
operate; it provided precise information on cell deformability,
including cell elasticity (as calibrated by the cell size), and
allowed for moderate throughput (10—100 cells/s). The

method also demonstrated cell cycle discrimination without
any fluorescence labeling.

B MATERIALS AND METHODS

Cell Culture. HeLa cells (a cervical carcinoma cell line) and
Jurkat cells (a human T-cell lymphoma cell line) were cultured
at 37 °C in 5% CO, in the Minimum Essential Medium Eagle
(MEM, M4655, Sigma-Aldrich Co. LLC., Tokyo, Japan) and
the Roswell Park Memorial Institute 1640 Medium
(RPMI1640, 11875093, Thermo Fisher Scientific Inc.,
Tokyo, Japan), respectively, supplemented with a 1%
penicillin/streptomycin antibiotic mixture, 1% nonessential
amino acids, and 10% fetal bovine serum (FBS) (which had
been heat inactivated at 56 °C for 30 min before use).

Drug Treatments for Cells. The HeLa cells were treated
with latrunculin A (Lat A; Wako Pure Chemical Industries,
Ltd.) and paclitaxel (Pax; Wako Pure Chemical Industries,
Ltd.) to induce changes in cell deformability. Lat A and Pax
were added to a suspension of the HeLa cells with a density of
5 X 10° cells/mL to generate concentrations of 0.5 yuM and S0
nM, respectively. The resultant solutions were incubated for 2
h at 37 °C in 5% CO,.

Cell Cycle-Dependent Collection by a Fluorescence-
Activated Cell Sorter (FACS). The HeLa cells were collected
and resuspended in Dulbecco’s Eagle Medium (DMEM)
without phenol red (DMEM, High Glucose, HEPES, no
Phenol Red, 21063-029, Thermo Fisher Scientific Inc., Tokyo,
Japan) at a concentration of 2 X 10° cells/mL. To stain the
nucleus, Hoechst33342 (Thermo Fisher Scientific Inc., Tokyo,
Japan) was added to the cell suspension at a final
concentration of 10 pg/mL. The suspension was incubated
for 1 h at 37 °C in 5% CO,. The cells were sorted by FACS
and collected based on the intensity of their fluorescence based
on the Hoechst 33342 using a cell sorter (Cell sorter SH800,
Sony Corporation, Tokyo, Japan). The cells were also used for
the deformability measurements.

lonic Current Detection System. In our previous studies,
we developed a system for the simultaneous detection of an
ionic current and optical signal.”*~*° The device consists of
two power supplies for electrophoresis and ionic current
detection, that is, an ammeter and a 1-kQ resistive element,
respectively (e-Globaledge Corporation, Tokyo, Japan), and a
variable-resistance element (Multi-Turn Precision Potentiom-
eters, BI Technologies Japan Ltd., Tokyo, Japan). These
components were connected to a lead and the electrical circuit
is given in Figure Ic and 1d. According to the applied voltage
for electrophoresis, the variable-resistance element in the
detection circuit was adjusted to 0 A depending on the applied
voltage for electrophoresis which results in no current flow into
the detection circuit, before measurements. The resistance of
the detection cell increases as the cell passes through the
detection channel, and thus, the current bypasses the detection
channel through the detection circuit. The current and the
duration were proportional to the volume of cell and transit
time in the detection channel, respectively, and were verified in
the experiments. The driving force for the cell measurement by
electrophoresis was insufficient to draw cells into the
constriction channel; therefore, a syringe pump (KDS200,
KD Scientific, Massachusetts, USA) was connected to a
reservoir through a silicone tube, as shown in Figure 1a and 1b.
It operated in withdrawal mode to hydrodynamically drive the
cells. Prior to the measurements, the buffer conductivity was
measured using a portable resistivity meter (LAQUA DS-70,
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Figure 2. (a) Signal intensity histogram of polystyrene microparticles of 6, 10, and 15 ym in diameter were measured in a straight channel with a
width of 20 ym and length of 20 ym (N = 101, 101, and 99 for the 6, 10, and 1S ym microparticles, respectively). The inserted histogram is
magnified in the region of low signal intensity. The measurement conditions were as follows: MEM medium with an electric conductivity of 1.414
S/m at 25 °C, 3 V for electrophoresis, and S pL/min for hydrodynamic flow. (b) Ensemble averaged signal intensities of the polystyrene
microparticles (red dots). Errors bars indicate standard deviation. An equation for theoretical curve to estimate the sizes of the microparticles (blue
dotted line) was, Ai = (2.69797'9)R® + (1.41317°)R? + 0.0072463R — 0.016252, where Ai is the detected current signal in nA and R is the diameter
of the target in pm.
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Figure 3. Relationship between the geometry of the microfluidic channels (a, d, and g) and the corresponding current signals derived from ion
current blockades (b, e, and h) and their magnified signals (¢, f, and i). The sample locations were observed by fluorescence microscopy, and each
current signal was attributed to cell passage through the detection area as shown in Figure S1. (a—c) A straight channel with no constriction. Both
the channel width and height are 20 ym and the length of the detection area is 20 ym. (d—f) A channel with a single constriction with a width of 10
pum and length of 40 ym. (g—i) A channel with one constriction with a width of 20 #m and length of 30 #m and a rear constriction with a width of
10 ym and length of 30 ym. The channel between the constrictions is S0 ym wide and 60 ym long. The microfluidic channels have the same height
of 20 pm. (a, d, g) The numbers in green show the microchannel for electrical detection connected to the reservoirs depicted in Figure Ic.

Horiba, Ltd., Kyoto, Japan). A microchip was connected to the on liquid drop model for a cell with given surface tension. The
electrical circuit and was placed on an inverted microscope
(Eclipse Ti, Nikon, Tokyo, Japan). The detection channel was
observed during detection of the ionic current.

CFD Simulation and Analysis. A commercially available the secondary (cell) phases. The E-E method for multiphase
CFD package, and ANSYS Fluent (ANSYS, Inc,, PA) were flows can support the liquid drop model and precisely predict
used for transient modeling of cells passing through the
microchannel. The double-precision option was chosen to o o o ]
obtain enough accuracy because the dimensions were small, Patching is used to define the initial position of the cell in the

and the flow was multiphase. Numerical simulation was based simulation domain.

Euler—Euler (E-E) method was employed for transient
tracking of the interface between the primary (medium) and

the pressure drop due to surface tension by Laplace law.
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B RESULTS AND DISCUSSION

Measurements of the Size of the Microparticles.
Precision and accuracy were validated by measuring poly-
styrene microparticles with 6, 10, and 15 pm diameters in a
straight channel with a width of 20 ym, height of 20 ym, and
length of 20 ym using the ionic current detection system. The
results of the measurements are given in Figure 2a and 2b,
which show the histograms and plots of the measurement
results, respectively. Precision is relatively low for large
microparticles because of the large CV (coefficient of
variation) of the microparticle diameters used, that is, 15%,
15%, and 20% of microparticles with diameters of 6, 10, and 15
um, respectively. However, considering propagation of
uncertainty, the CVs with respect to the volumes of the
particles were 26.0%, 26.0%, and 34.6% for the microparticles
with diameters of 6, 10, and 15 ym microparticles, respectively.
These CVs were comparable to the experimental values
determined through the ionic current detection system, that is,
23.9%, 24.4%, and 35.6% for the microparticles with diameters
of 6, 10, and 15 pm, respectively. The result confirmed a high
precision of the measurements in the system. The experimental
averages of the volumes of the microparticles were comparable
to the theoretical prediction based on the signal intensities as
shown in Figure 2b (see the Supporting Information). The
comparison ensured the accuracy of the ionic current detection
system as well as the precision.

Size Measurements of the Cells. The sizes of two
different types of cells, that is, the HeLa and Jurkat cells, were
measured and estimated using the microfluidic channel as
shown in Figures 3a and Sla. The results of the detected
signals are presented in Figure S2a and S2b, which show a
histogram of the detected signal intensity and the estimated
cell size based on the theoretical curve, respectively. The mean
converted volumes of the HeLa and Jurkat cells were 1590 +
419 (mean =+ standard deviation) (n = 50) and 808 + 480 ym®
(n = 53), respectively, and the diameters were 14.3 + 1.5 and
11.2 + 2.0 pm, respectively. The Wilcoxon—Mann—Whitney
test was conducted to determine statistical differences between
the different groups of cells. These values are also in agreement
with the results obtained by Deman et al. and Cartagena-Rivera
et al,>"** of 14.5 + 1.6 and 11.5 + 1.5 um, respectively.

In our jonic current detection system, the obtained signal
intensity was linearly proportional to the electrophoretic
voltage over a wide range; therefore, a larger electrophoretic
voltage resulted in a more intense signal and higher sensitivity.
To optimize the electrophoretic voltage for the cell size
measurements, the signal intensities were detected over a wide
range of electrophoretic voltage (i.e, 3—53 V).There was a
linear incremental relationship between the signal intensities
and the electrophoretic voltage up to 40 V as shown in Figure
S3. However, at 53 V, the cells ruptured in the detection
channel possibly due to the strong electric field around the
detection region (~170 V/cm), which is comparable to the
electric field used in electroporation experiments. To minimize
cell damage, the lowest electrophoretic voltage (3 V) was used
in the following experiments.

Residence Duration of the Cells in the Constrictions.
Selection of the constriction size is essential for cell
deformability measurements. The mean diameter of the
HeLa cells was determined to be 14.3 + 1.5 um; hence, a
constriction channel with a width of 10 ym, a height of 20 ym,
and a length of 30 ym was used as shown in Figures 3d and

S1b. This allowed for the measurement of cell deformability.
Untreated HeLa cells and Lat A-treated HeLa cells were
analyzed using the ionic current detection system under the
same conditions. In the cell size measurements, the signal
intensities and the duration of residence in the constriction
channel were measured. The results of the signal intensities
obtained through the constriction channel were a magnitudes
greater in comparison to the signal intensities in the straight
channel with a width of 20 gm. This was probably because the
temporal ion shielding which occurs when a cell is plugged into
the constriction channel, resulting in the restricted flow of ions.
In addition, the cells spent more time in the constriction than
in the straight channel because the cells underwent
deformation at the entrance and exit of the constriction, and
transportation across the constriction was slower because of
increased surface friction. The measured residence times were
22.6 + 20.0 and 8.1 + 7.7 ms for the untreated and Lat A-
treated HeLa cells, respectively, as shown in Figure S4. The
differences in the residence times are possibly due to changes
in the deformability of HeLa cells as a result of their treatment
with Lat A, which prevents actin polymerization and decreases
cytoskeleton tension.”***

Consecutive Measurements of Cell Size and Deform-
ability. A microchannel containing two consecutive con-
strictions inside the ionic current detection area was fabricated,
as shown in Figures 3g. The microchannel was designed to
measure two parameters of a single cell, that is, cell size and
deformability in a single run. The method was optimized and
validated using an integrated microchannel, which comprised
of a straight channel for cell size measurements and a
constriction for cell deformability measurements. We assessed
how the geometrical asymmetry and intermediate channel
dimensions affect ionic current detection. As shown in Figure
SS, the microchannel that the HeLa cells were introduced into
contains two constrictions with the same width that are
connected through a wide intermediate channel. Regardless of
the width of the constrictions, which was adjusted for the cell
size measurements (Figure SSc) and cell deformability
measurements (Figure S5d), the symmetrical constrictions
gave symmetrical signals and showed good correlation
coefficients between the signal intensities of the front and
rear signals (Figure S4e and S4f) of 0.94332 and 0.99031 for
the cell size (n = 44) and deformability measurements (n =
100), respectively.

Separation of the ionic current signals of the front and rear is
important for resolving the cell size and deformability
information. Four different sizes of wide intermediate channels
shown in Figure S6 were investigated in the process of
optimizing the intermediate channel dimensions. The longer
and wider intermediate channel promoted the resolution of the
peaks corresponding to cell size and deformability. However,
since a longer intermediate channel increases the probability of
the successive introduction of cells, a 50 ym wide and a 60 ym
long intermediate channel were chosen for the remainder of
the experiments.

In the mechanotyping device we developed, each cell
experienced both hydrodynamic and electrophoretic forces
during transit through the microchannel. At the entrance of the
rear constriction, the hydrodynamic pressure was theoretically
calculated as 160 Pa (1.6 X 10—9 N/um?), which translates to
a force of 3.2 X 10—8 N for a cell at the entrance of a 10 X 20
um? constriction channel area (for more details, see
Supporting Information). The determined hydrodynamic
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Figure 4. Evaluation of the size and deformability of HeLa cells treated with latrunculin A using a microchannel with two consecutive constrictions.
The two constrictions had widths of 20 and 10 um and were connected by a microchannel that was S0 #m wide and 60 ym long in the detection
area. (a) Differential interference contrast (DIC) and fluorescence and merged images without latrunculin A (upper) and after treatment with
Latrunculin A (lower). (b, ¢) The residence times of the HeLa cells without latrunculin A (N = 317, blue dots) (b) and after treatment with
latrunculin A (N = 149, red dots) (c) at the rear constriction (10 #m wide) as a function of the current signal intensity, which corresponds to the
cell size, detected at the front constriction (20 ym wide). The horizontal boxplots appeared in the top margins and the vertical boxplots appeared in
the right margins represent the signal intensities and the residence time, respectively.

pressure was comparable to the reported values required to
deform various kinds of cells, for example, 1.2—1.7 X 10—9 N/
um? in traction and 3—4 X 10—10 N/um? in compression for
fibroblasts 6, 1.5—-3.0 X 10—10 N/um? for fibroblast
protrusions,” and 0.1—1 X 10—9 N/um? for neurites.”® The
fluid velocity in the channel between the constrictions with no
contact with the walls was determined as 40 um/s, and the
Stokes force acting on a 14 pm diameter spherical cell was 4.7
X 10—12 N. The abrupt increase of force by three to 4 orders
of magnitude is possibly an important factor for the
deformation of cells to enable their successful entry into the
rear constriction without clogging. Concurrently, the electro-
phoretic force acting on a 14 ym diameter spherical cell was
calculated based on Coulomb’s law (F = gE), where F is the
force, g is the charge of the cell, and E is the electric field. The
cell membrane capacitance and plasma membrane potential
were assumed to be 2.0 yF/cm?’ and —50 mV,”*”*
respectively. The calculated electrophoretic force for the 14
pum diameter spherical cell was 2.4 X 10—9 N, and 1 order of
magnitude smaller than the hydrodynamic force determined at
the entrance of the rear constriction. It was also 3 orders of
magnitude greater than the force in the intermediate channel.
The results suggest that the dominant force in cell migration
are dependent on their location; and the hydrodynamic
pressure changes before and after a cell enters and plugs the
rear constriction must be fully elucidated. This is because the
volume of the fluid was only controlled through one reservoir
in the system and the other reservoir acted as a pressure relief
valve. After the cell enters the rear constriction, the deformed
cell plugs the constriction and prevents hydrodynamic flow
because of a loss of pressure balance. This leads to a pressure
loss at the rear constriction of approximately 1/1000
(assuming a cell is a nonpermeable rigid sphere). However,
in reality, a cell is flexible and can potentially deform into the
corners of the channel; therefore, it has the potential to further

prevent the flow. This may result in the electrophoretic force
superseding the hydrodynamic force in facilitating movement
of the cell within the rear constriction. The transit velocity
ranged between 1 and 30 pm/ms and was faster than the
hydrodynamic flow velocity of 0.2 pm/ms, which was
determined for inside the rear constriction channel.

If a cell migrates with constant velocity, the Coulomb force
acting on the cell balances with the Stokes viscous drag force
can be determined using gE = 67nrv, where g is the charge of
the cell, E is the electric field, # is viscosity of water, and v is
the electrophoretic migration velocity of the cell. A force (qE)
of 2.4 X 10—9 N was determined for a spherical cell with a
diameter of 14 um diameter spherical cell. The force (6anrv),
which is derived from the observed transit velocity, ranged
between approximately 0.094—4.5 X 10—9 N for a deformed
cell along constrictions of between 10 and 20 ym wide with the
velocity ranging between 1 and 30 pm/ms. The results are
within the range of the observed phenomenon from both a
electrophoretic and a hydrodynamic force perspective. The
results of the calculations suggest that a cell upon entering the
rear constriction it experiences both hydrodynamic and
electrophoretic forces resulting in deformation; however,
inside the rear constriction, the electrophoretic force is the
dominant force, which results in cell movement.

During transit through the rear constriction, the cell is in
direct contact with the right and left microchannel walls and
occasionally the top or bottom walls. A nanometer-scale gap
exists between the PDMS surface and glycosylated phospho-
lipid cell membrane surface, and it has a lubricating film
consisting of both free-flowing water molecules and hydrated
water molecules on the siloxane and polysaccharides. The
contacts across the lubricating film reflecting the physiological
status of cells yield friction and uniformly suppress the transit
velocity, however, the quantitative treatment of the friction
force is complicated. The primary focus of our work was to
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Figure S. Evaluation of the size and deformability of HeLa cells treated with paclitaxel using a microchannel with two consecutive constrictions.
The channel geometry was the same as that described in Figure 4. (a) Differential interference contrast (DIC), and fluorescence and merged
images without paclitaxel (upper) and after treatment with paclitaxel (lower). (b, c) The residence time of the HeLa cells without paclitaxel (N =
139, blue dots) (b) and after treatment with paclitaxel (N = 201, red dots) (c) in the rear constriction (10 #m wide) as a function of the current
signal intensity, which corresponds to the cell size, detected at the front constriction (20 ym wide). The horizontal boxplots appeared in the top
margin and the vertical boxplots appeared in the right margin represent the signal intensities and the residence time, respectively.
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Figure 6. Evaluation of the size and deformability of HeLa cells depending on the cell cycle. The channel geometry was the same as that described
in Figure 4. Phase contrast images of HeLa cells in G1/S (a) and S/M phase (b). (c, d) The residence time of the G1/S phase HeLa cells (N = 167,
blue dots) (c) and S/M phase HeLa cells (N = 236, red dots) (d) in the rear constriction (10 ym wide) as a function of the current signal intensity,
which corresponds to the cell size, detected at the front constriction (20 ym wide). The horizontal boxplots appeared in the top margin and the
vertical boxplots appeared in the right margin represent the signal intensities and the residence time, respectively.

develop devices that enable comprehensive elucidation of the ing device with two consecutive constrictions was demon-
mechanical properties of a cell; the calculation and strated. The size and deformability of Lat A-treated (0.5 yM
interpretation of friction is beyond the scope of this Article. for 2 h incubation) and Pax-treated (S0 nM for 2 h incubation)
Cell Deformability of Cells Treated with Cytoskele- HeLa cells were measured using the mechanotyping device
ton-Perturbing Drugs. The applicability of the mechanotyp- with two consecutive constrictions. The optical microscope did
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not reveal any changes in the morphologies of the cells after 2
h of treatment with Lat A and Pax, respectively, as shown in
Figures 4 and S. The cells were run through the
mechanotyping device, and the signal intensities of the jonic
current at the front constriction and the residence time in the
rear constriction were plotted, as shown in Figures 4b and Sb.
The results showed that the Lat A-treated HeLa cells had
shorter residence times in comparison to the control cells even
when the cells were the same size. In contrast, the Pax-treated
HeLa cells had slightly longer residence times than the control
cells.

This difference of residence times of Lat A- and Pax-treated
HeLa cells is possibly due to the different mechanisms and
activities of the drugs. Lat A sequesters G-actin and prevents F-
actin assembly; it also stoichiometrically binds monomeric
actin and can be used to block actin polymerization in cells. At
concentrations of between 1 and 10 uM, Lat A causes
depolymerization of the tumor cell cytoskeleton within a
period of 10 min.*' In contrast, Pax reversibly binds to
polymerized tubulin and stabilizes the microtubule assembly. It
results in the inability of chromosomes in achieving a
metaphase spindle configuration, and the progression of
mitosis and prolonged activation of the mitotic checkpoint
triggers apoptosis or reversion to the G-phase of the cell cycle
without cell division.”* This arrests the G2/M cell cycle, and
the ratio of large cells is increased and the size distribution
might be enlarged in paclitaxel-treated cells.”> Preventing
polymerization of actin filaments might influence the tension
of the cytoskeleton than prevent depolymerization because the
cytoskeletal framework remains after drug treatment. There-
fore, Lat A had a greater impact on the cell deformability in
comparison to Pax, and they have different polymerization and
depolymerization targets. In this experiment, the HeLa cells
were treated with 2 different drugs for 2 h, and their
“pharmacokinetics” inside each cell was not considered. Data
on how the drug treatment affects cell deformability over time,
as well as statistical data analysis,*"** is required for a more
detailed discussion on mechanotyping in the future.

Cell Cycle Measurements Using the Mechanotyping
Device. The deformability of cells during different phases of
the cell cycle was investigated. Prior to mechanotyping, the
HeLa cells were separated and collected at different stages of
the cell cycle using FACS. Cells that were in the GI to S
phases showed a narrower distribution of signal intensity and
residence time in comparison to the cells that were in the S to
M phases, as shown in Figure 6¢ and d. The results suggest
that the cells in the G1 to S phases were smaller and had
relatively uniform deformability. Some cells were in mitotic
progression, and in this phase the longest diameter was almost
double that of the cells in the GI1 to S phases as shown in
Figure 6b. At a low signal intensity, that is, approximately 20
nA, the residence time of both cell cycles were comparable;
however, above 20 nA, the residence times of the cells in the S
to M phases did not have a distinct distribution pattern. This
was possibly due to the multiplication, that is, doubling of the
quantity of genomes during the DNA replication process in the
S phase and the progression of the chromosome condensation
toward mitosis. Therefore, the cells were less deformable than
those in the G1 to S phases.

Further studies are required to elucidate whether these
signals are also reflective of the state inside a cell and whether
it includes the cell nucleus or not. The method, does not
require the labeling by fluorescence dyes or genetically coded
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proteins, and has the potential to serve as a new cell cycle
determination tool.*’

All the measurements in this Article were performed using
suspended cells even in case of the adherent cells (HeLa cells).
The treatment time and the concentration of trypsin used to
detach HeLa cells from the culture flasks potentially had an
effect on the residence time of the cells at the rear constriction
because the changes in the interaction between the cells and
the wall surfaces changed and were dependent on the degree of
degradation of adhesive proteins, such as integrin in filopodia.
The quantitative treatment of the friction force including the
aforementioned chemical interaction is complicated and
beyond the scope of this Article; it may pose a future challenge
in microfluidic mechanotyping.

Computational fluid dynamics (CFD) simulation and
analysis was conducted to validate the cell migration velocity
and the hydrodynamic pressure in the microchannel as shown
in Figure S7. The mode of the constant flow rate was also
adopted in the cell deformability measurements. Therefore, the
pressure applied to a migrating cell in the microchannel varied
over time depending on the cell location, cell size, cell
deformability, etc. Hydrodynamic pressure at the entrance of
the rear constriction was calculated as 160 Pa without cell
migration. When a cell enters the microchannel, the
calculations may become more complicated when several
parameters were considered. The CFD simulation results are
presented in Figure S7. Figure S7c and S7d showed that the
hydrodynamic pressure was at approximately 1.5 kPa when the
cell entered into the rear constriction.

A fluid velocity plot at position 4, which represents the
entrance of the rear constriction, shows the cell migration
behavior in the constriction channel and is given in Figure 7f.
The results show that the velocity dropped between 48 and 60
s to a minimum of 3 mm/s, after which it rapidly increased to a
maximum of 6 mm/s. This result suggests that the migration
behavior cells in the constriction channel is not constant.

B CONCLUSION

In conclusion, a microfluidic-based mechanotyping device was
developed to assay cell deformability. Latrunculin A and
paclitaxel were applied to HeLa cells, and the deformability
changes were observed using the device. The results were used
to predict the forces necessary to deform the cells as well as the
residence time in the rear constriction. Differences in residence
times were attributed to the different action mechanism of the
different drugs on the cells. The cell cycle was detected without
any pretreatment of the cells with fluorescence dyes or protein
tags. Therefore, the proposed system which integrates a cell-
sorting system into a mechanotyping device has significant
potential as a novel cell assay and recovery system for future
regenerative medicine and cell transplantation.
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