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Abstract: The integration of liquid exchange and microfluidic chips plays a critical role in the
biomedical and biophysical fields as it enables the control of the extracellular environment and
allows for the simultaneous stimulation and detection of single cells. In this study, we present a
novel approach for measuring the transient response of single cells using a system integrated with
a microfluidic chip and a probe with a dual pump. The system was composed of a probe with a
dual pump system, a microfluidic chip, optical tweezers, an external manipulator, an external piezo
actuator, etc. Particularly, we incorporated the probe with the dual pump to allow for high-speed
liquid change, and the localized flow control enabled a low disturbance contact force detection of
single cells on the chip. Using this system, we measured the transient response of the cell swelling
against the osmotic shock with a very fine time resolution. To demonstrate the concept, we first
designed the double-barreled pipette, which was assembled with two piezo pumps to achieve a probe
with the dual pump system, allowing for simultaneous liquid injection and suction. The microfluidic
chip with on-chip probes was fabricated, and the integrated force sensor was calibrated. Second, we
characterized the performance of the probe with the dual pump system, and the effect of the analysis
position and area of the liquid exchange time was investigated. In addition, we optimized the applied
injection voltage to achieve a complete concentration change, and the average liquid exchange time
was achieved at approximately 3.33 ms. Finally, we demonstrated that the force sensor was only
subjected to minor disturbances during the liquid exchange. This system was utilized to measure
the deformation and the reactive force of Synechocystis sp. strain PCC 6803 in osmotic shock, with
an average response time of approximately 16.33 ms. This system reveals the transient response of
compressed single cells under millisecond osmotic shock which has the potential to characterize the
accurate physiological function of ion channels.

Keywords: microfluidic chip; liquid exchange; single cell; transient response; 3D-printed probe

1. Introduction

Robot-integrated microfluidic chips have immense potential for exploring the
biophysical properties of cells. These chips integrate a series of functional components that
allow for cell separation, capture, detection, and several other tasks for single cells [1–13].
For instance, an optical tweezers system was used to trap or stretch a single cell [2,6,8].
Additionally, on-chip functional probes were fabricated with the chips to puncture or
deform the cell, providing insight into the mechanical properties of the cell [3,4,6,7].

The integration of liquid exchange is critical in biomedical and biophysical fields
since it enables the switching of the extracellular environment, thereby exposing cells to
stimulation and detection simultaneously [7,14–25]. This allows for the direct observation
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of detailed and dynamic cell responses. To achieve precise measurements of transient cell
responses, it is necessary to have high-speed liquid exchange and accurate measurement.

To achieve liquid exchange in the microfluidic device, several approaches were exam-
ined in previous studies. Multiple laminar flows were commonly used in a closed chip
to switch the solutions [7,14,15]. For instance, in our previous research, we investigated
the response of mechanosensitive (MS) channels in Synechocystis sp. strain PCC6803 to
osmolarity change [6,7]. MS channels are a type of ion channel that sense membrane tension
force and release cytoplasm into the extracellular environment to prevent cell bursting
in extracellular osmolarity change [26–28]. We designed a closed microfluidic chip that
integrated liquid exchange and force measurement to investigate the dynamic response
of Synechocystis under osmolarity change [7]. The liquid exchange time in our previous
experiment was approximately 0.5 s, which was relatively slow compared to the reported
response time of Synechocystis to osmolarity changes (approximately 20 ms) [27]. Therefore,
the accurate response process of the cells was not fully captured in our previous work. A
higher injection pressure was necessary to achieve much high-speed liquid exchange in
the laminar flow method. Conversely, increased injection pressure caused much bigger
disturbances to the force sensor of the microfluidic chip. There are a few other drawbacks
that remain, and most closed microfluidic chips, sample processing, and analysis occurred
within closed microchannels, which imposed restrictions on the use of external tools and
sample preparation. In addition, it is also a challenge to control the position and pressure
of liquid exchange within a closed microchannel.

Another approach is a probe with a pumps system. A probe with a pumps system has
shown great promise in controlling fluid flow with a high response speed and high accuracy
volume adjustment [16–21,29,30]. Recent research has demonstrated that this system was
utilized to inject and withdraw solutions in an open space by simultaneously applying
positive and negative pressure at adjacent barrels of a probe to form a hydrodynamically
confined flow volume at the probe tip [16,18–25]. The advantage of this method is that
the exchange solutions are achieved in a localized open space without disturbing the
surrounding liquid [21]. Polydimethylsiloxane (PDMS) material-based probes were a
common choice since they allow for the relatively easy fabrication of multi-barrel probes,
and external pumps were used to control the flow volume [16,17,19]. A higher liquid
exchange time was demonstrated, which was approximately 200 ms [17]. Another study
achieved a millisecond response time using a probe with a single pump system (with no
liquid exchange function) [30]. Hence, the liquid exchange time of 200 ms has not reached
the full potential of this method. The problems might be attributed to the sophisticated
built-in method, which elongated the distance between the outlet and pressure source,
increasing the pressure drop in tubes. Furthermore, the soft material-based probe and tubes
also extend the response time [30].

Therefore, we propose a liquid exchange system that is easily integrated with an open
chip to enable high-speed, low-turbulence liquid exchange. The system consists of two
piezo pumps and a 3D-printed probe compactly assembled to reduce the response time.
Two barrels in the 3D-printed probe injected and sucked liquid, preventing diffusion before
the 3D-printed probe connected to the original liquid. A 3D manipulator was utilized to
position the probe tip near the upper surface of the open chip. Pushing and sensor probes
were integrated into the open chip to measure cell deformation and reactive force. The
liquid exchange time was evaluated using the time constant of grayscale level change
which was approximately 3.33 ms. We measured the transient response of Synechocystis sp.
strain PCC 6803, with an average response time of approximately 16.33 ms. Compared to
previous methods, this system achieves millisecond liquid exchange with lower turbulence
and represents a promising tool for investigating the properties of cells.
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2. Materials and Methods
2.1. Overview of the On-Chip Cellular Measurement System

As shown in Figure 1a, the open chip was fixed on the microscope by a jig, and
the cells were added to the surface of the chip using a pipette. The target cell on the
surface of the open chip was trapped at the focal point of the laser (Yb fiber laser, IPG
Photonics, wavelength: 1064 nm) and transported by controlling the position of the focal
point with Galvano mirrors (GVS102, Thorlabs Japan Inc., Tokyo, Japan). The external
piezo actuator was used to drive the pushing probe to compress the trapped single cell.
To achieve the liquid exchange, we assembled a probe with a dual pump system, and
a 3D manipulator (SMX, Sensapex, Oulu, Finland) moved the probe tip to a designated
position close to the chip surface. A signal generator connected to an amplifier was
used to excite and synchronize the two pumps. The displacement of on-chip probes and
grayscale level changes were observed and recorded using a high-speed camera (VW-9000,
KEYENCE CORPORATION, Osaka, Japan) with 1000 frames per second.
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Figure 1. (a) Experimental setup and the image of the probe with the dual pump system and probe
tip; (b) schematic of the proposed probe with the dual pump system.

2.2. Probe with the Dual Pump System

The probe with the dual pump system consists of two piezo stacks, silicon tubes,
glass tubes, and a 3D-printed probe with two adjacent barrels (Figure 1b). To achieve a
high-speed response and liquid exchange, the length of the barrels and tubes should be
minimized, while the stiffness of the tubes and probe should be as rigid as possible [20]. We
utilized 3D printing technology to fabricate the probe with two adjacent barrels as it enables
the creation of complex structures with multiple barrels. Additionally, the 3D-printed probe
was compactly assembled with shorter silicon tubes and glass tubes to reduce the response
time. Moreover, the resin material used in 3D printing was stiffer than PDMS. Owing to
the size limitation of the high-precision 3D printer (BMF 130, BMF Precision Tech Inc.,
Shenzhen, China), the 3D-printed probe was divided into two parts for printing. The
probe tip was fabricated by the high-precision 3D printer, and it could be inserted into
the connector made by the other 3D printer (Foto 6.0, Zhejiang Flashforge 3D Technology
Co., Ltd., Jinhua, China) and bonded with adhesive. Two piezo stacks were assembled
with silicon and glass tubes to form pumps that provided each barrel of the 3D-printed
probe with individual and picoliter-level volume control [21]. The driving signal of the
two piezo pumps was synchronized using the signal generator. The displacement of piezo
stacks deformed the silicon tubes, thus changing the volume of the solution in the silicon
tubes. Hence, solutions were injected and sucked from the two holes in the probe tip
synchronously, and the original solution between the holes of the probe tip was replaced
with the injected solution.
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2.3. Robot-Integrated Microfluidic Chip

The fabricated microfluidic chip is shown in Figure 2a. Two on-chip probes were
designed to capture and deform single cells (Figure 2b). To prevent leakage when adding the
solution to the measurement area, the pushing probe was designed inside the chip without
connecting to the external environment. Thus, the chip surface retained enough solution to
decrease the concentration change caused by evaporation. The pushing probe was driven
by an external piezo-actuator, and the reactive force of a single cell was simultaneously
measured using a sensor probe composed of a hollow folded beam. Small holes were
patterned on the on-chip probes which were used to generate moiré fringes that contributed
to amplifying the measured displacement [4,6].
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Figure 2. The image and fabrication process of the robot-integrated microfluidic chip. (a) The image
of the fabricated open chip; (b) the microscope image of the measurement area; (c) the fabrication
process of the open chip.

The fabrication process of the open chip was based on MEMS technology (Figure 2c).
The open chip consisted of a cover glass and a silicon-on-insulator (SOI) wafer. An SOI
wafer with a device layer of approximately 10 µm was selected to enable the measurement
of Synechocystis cells (which have a diameter of approximately 2 µm). The handle layer of
the SOI wafer had a thickness of approximately 400 µm, and the glass layer had a thickness
of approximately 100 µm.

The fabrication process for the open chip is summarized as follows:

(1) Spin-coating of SU-8 3010 (Nihon Kayaku Co. Ltd., Gumma, Japan) photoresist onto
the glass surface, followed by patterning using a mask aligner.

(2) Deep reactive ion etching (DRIE) of the glass to prevent friction between the on-chip
probes and the glass.

(3) Sputtering of a thin layer of Cr onto the etched side of the glass to protect the movable
parts, followed by the removal of the photoresist and Cr using a piranha solution.

(4) Spin-coating of the OFPR (Tokyo Ohka Co., Ltd., Tokyo, Japan) photoresist onto the
device layer surface.

(5) DRIE etching of the device layer, followed by the removal of the photoresist using a
piranha solution.

(6) Bonding of the glass with the device layer.
(7) Spin-coating and patterning of SU-8 onto the handle layer surface.
(8) DRIE etching of the handle layer, followed by the removal of SU-8 using oxygen

plasma ashing.
(9) Removal of the silicon dioxide layer using a buffered hydrogen fluoride solution, and

cleaning of the chip with a piranha solution.
(10) Removal of the Cr layers on the glass using chrome etchant.



Micromachines 2023, 14, 1210 5 of 12

2.4. Cell Culture and Preparation

All the Synechocystis cells used in this research were provided by Tohoku University.
The cells were cultured in a BG11 medium at a temperature of 28 ◦C for 5 days under
continuous illumination using 3 5 W white-light LED sources. BG11 solution was used as a
low osmotic concentration (LOC) solution, and BG11 mixed with 0.5 mol·L−1 sorbitol was
used as a high osmotic concentration (HOC) solution. Before the experiment, the cultured
cells in BG11 were centrifuged at 620× g (where g is the gravitational acceleration) for 5 min
and then resuspended in the HOC solution. Additionally, this process had the capability of
decreasing the polysaccharide surrounding the cells, thereby reducing cell adhesion to the
on-chip probes. To distinguish between the two solutions and make it possible to observe
grayscale level changes during the liquid exchange, 10 g/L of Rhodamine B was mixed
with the LOC solution.

2.5. Compression Concept, Force Sensor Calibration, and Stability of Force Sensor

Figure 3a shows the force measurement process using the on-chip probes. The target
bead or cell was positioned between two on-chip probes by optical tweezers. The pushing
probe was driven by an external piezo actuator, while the sensor probe was connected
to a folded beam, functioning as a spring force sensor (Figure 3b,c). The start position of
deformation is defined as the point where the sensor probe has a displacement; at this
point, the distance between the on-chip probes is regarded as the original cell diameter D0.
Then, the pushing probe was gradually pushed to deform the target. The reactive force is
calculated based on the displacement of the sensor probe δs and calibrated spring constant
k of the force sensor. The deformation of the target is calculated by measuring the difference
in displacement between the two on-chip probes.
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Figure 3. (a) Concept of the force measurement process; (b) image of the pushing probe and the force
sensor; (c) the hollow folded beam structure functioning as a spring force sensor; (d) an example of
the calibration data and theoretical value of the force sensor (the blue dots show the measurement
date using the force sensor after calibration, and the orange curve represents the theoretical values);
(e) the stability of the force sensor was evaluated by measuring the 3σ of displacement data of the
sensor probe. D0: the original cell diameter; δs, δp: the displacement of the sensor and pushing probe;
L: the length of the beam structure; σ: standard deviation.

The spring constant of the force sensor beam was calibrated using PDMS beads
(Figure 3d). The specific fabrication process of the beads was previously reported in our
work [6].

The deformation and reactive force of the beads were measured using a microfluidic
chip to calibrate the spring constant of the force sensor.

The Hertzian model can be used to describe the relationship between the deformation
of a sphere and the force of non-adhesive elastic contact [31,32]. The equation can be
simplified as follows:

F =
4(D0/2)1/2

3
·

Ep

1 − v2 ·
(

δc

2

) 3
2

(1)
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where F represents the reactive force (N); k represents the spring constant of the force
sensor (N·m−1); Ep is Young’s modulus of the beads (Pa); and ν is Poisson’s ratio of the
cell. Poisson’s ratio is taken to be 0.5 by assuming that the cell is composed of incom-
pressible materials. The deformation δc and the reactive force can be calculated using
Equations (2) and (3):

F = kδs (2)

δc = δp − δs (3)

The spring constant of an end-loaded thin beam with a rectangular cross-section can
be estimated using the following equation:

k =
w3hEb

L3 (4)

where Eb is Young’s modulus of the beam (Pa) and L, w, and h represent the length, width,
and thickness of the rectangular beam, respectively (m). In this study, Equation (4) is used
to evaluate the spring constant of the beam.

In Figure 3d, the deformation ratio (%) in the x-axis represents the ratio of the de-
formation of the bead to its diameter. The orange curve shows the theoretical values
using Equation (1). The blue dots represent the deformation of the PDMS beads measured
using the microfluidic chip, and the corresponding reactive force was calculated using
Equation (2), and the k was adjusted to fit the theoretical curves. The calibrated spring
constant k was 0.07 N m−1, and the standard deviation (SD) was ±0.01 N m−1.

We calculated the reactive force by measuring the displacement of the sensor probe.
As such, the resolution of the force measurement was contingent upon the resolution of
the displacement measurement. To assess the accuracy of the force sensor, we recorded
the measurement noise for the displacement of the sensor probe in the experimental
environment for a duration of 0.5 s (Figure 3e). The stability of the force sensor was
evaluated using 3 times the standard deviation (σ), which was 42.45 nm, corresponding to
a force resolution of 3.10 nN.

3. Results and Discussion
3.1. Liquid Exchange Process

The liquid exchange time is dependent on the response time of the probe with the
dual pump system and the diffusion extent of the injected solution before the complete
replacement of the extracellular environment. As we discussed above, to achieve a high
response time, a probe with a dual pump system was compactly assembled, and the length
of the barrels and tubes was minimized, while the stiffness of the tubes and probe was
maximized [30]. Before starting the experiment, it is essential to pre-position the relative
position of the on-chip probes and probe tip to reduce the time needed for the probe tip
position during the experiment. This reduces the contact time between the injected solution
in the probe tip and the original solution on the surface of the open chip, thereby reducing
diffusion between the two solutions.

The pre-positioning process is described as follows. First, we used the jig to fix the chip
on the microscope. Then, we moved the microscope’s two-dimensional movement platform
until the on-chip probes (measurement areas) were within the camera’s observation field
and marked their positions. Next, we removed the chip and placed a glass plate with a
thickness similar to the chip to prevent damage to the on-chip probes. After that, a 3D
manipulator was used to control the probe tip to reach the midpoint of the marked positions
of the two on-chip probes. We recorded the current position using a 3D manipulator
(positioned in the horizontal direction). Next, we replaced the glass plate with the chip and
fixed the on-chip probes and probe tip in the horizontal direction, adjusting the distance
between the top surface of the on-chip probes and the probe tip to approximately 6 µm
(positioned in the vertical direction). Finally, we recorded the current position of the probe
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tip and then pulled the probe tip away from the surface of the chip along the vertical
direction.

After the pre-positioning process, the LOC solution was injected into the injection
barrels, and the HOC solution was injected into the suction barrels. Both solutions were
injected from the connector of the probe with the dual pump system to remove all the
bubbles in the tubes and barrels. The HOC solution with cells was added to the surface of
the open chip. As shown in Figure 4, the optical tweezers system was used to trap a single
cell and position it in the middle of the two on-chip probes. At this point, the cell was
immersed in the HOC solution. Subsequently, we excited the external piezo actuator to push
the pushing probe to compress the single cell. Once the compression of the cell commenced,
we drove the 3D manipulator to move the probe tip to the pre-positioned location. Then,
the ascending trapezoidal wave was applied to the suction pump, causing the piezoelectric
stack to extend and inject the HOC solution around the cell. This step aimed to maintain
a constant concentration of the HOC solution around the cell and keep the piezo stack in
an extended state. After approximately 1 s, we applied an ascending trapezoidal wave to
the injection pump while synchronously adjusting the applied voltage of the other pump
to zero. The LOC solution was injected from the injection barrel, and the liquid below the
probe tip was simultaneously aspirated from the other barrel. Owing to the large volume
of injected liquid compared to the volume of liquid below the probe tip, the extracellular
environment was replaced from HOC solution to LOC solution. The synchronization of the
injection and suction was verified in our previous work [33]. During the liquid exchange
process, the trapped cell swelled and the pushing probe remained stationary, allowing the
displacement of the sensor probe to be used to calculate the dynamic deformation and
reactive force of the single cell. Moreover, Rhodamine B was added to the LOC solution to
alter the brightness to detect liquid exchange using gray scale level change. After a few
seconds, the pushing probe was released by the external piezo actuator, and the probe tip
was moved away from the surface of the chip along the vertical direction.
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Figure 4. The liquid exchange process with a curve underneath showing the schematic of cell size
change corresponding to each step. (a) The optical tweezers system is used to trap a single cell and
position it in the middle of the two on-chip probes; (b) the target cell is compressed using an external
piezo actuator; (c) the probe tip is moved to the pre-positioned location using a 3D manipulator;
(d) the LOC solution is injected from the injection barrel, and the liquid below the probe tip is
simultaneously aspirated from the suction barrel, while the extracellular environment changes from
the HOC solution to the LOC solution; (e) the pushing probe is released by the external piezo actuator,
and the probe tip is moved away from the surface of the chip along the vertical direction.

To evaluate the effect of the position and area of analysis region on the liquid exchange
time, we analyzed changes in the gray scale level at different locations during the liquid
exchange process, as shown in Figure 5a. To achieve the liquid exchange, the applied
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injection and suction voltages were altered from 0 to 30 v and 10 to 0 v, respectively (in
the subsequent sections, the injection voltage changes from 0 to a are abbreviated as the
injection voltage a, and likewise, the suction voltage changes from b to 0 are abbreviated as
the suction voltage b), with a rising time of 1 ms. To eliminate the influence of background
brightness on the analysis of the trend of grayscale value changes, we normalized the
grayscale value changes on the y-axis in Figure 5b. The time constant τ represents the time
for one system’s step response to reach approximately 63.2%, and it is used to characterize
the liquid exchange time or the response time of the cell [27]. The fitting curve of the gray
scale level data indicated the changes in the liquid exchange time at different positions [34].
At positions far away from the suction hole (indicated by the purple circle), the grayscale
value remained almost unchanged. The liquid exchange time became shorter as the analysis
region got closer to the injection hole. The yellow and green circles were located near the
trapped cell, and a longer liquid exchange time was observed at the green circle, and
the obstruction of fluid flow by on-chip probes is a possible reason. The liquid exchange
time was shorter than 10 ms in all the selected analysis regions which demonstrated the
achievement of millisecond liquid exchange by using this system. To ensure the reliability of
the results, we estimated the liquid exchange time at the green circle position in subsequent
experiments. Additionally, we further investigated the effect of the area of analysis region
on grayscale value changes (Figure 5c). At the green circular position, we evaluate the
grayscale value changes during the liquid exchange in concentric circular areas with
diameters of 2, 4, and 6 µm. To illustrate the influence of background brightness on the
analysis results, changes in grayscale values were not normalized in this figure. Owing
to the background brightness changes at different positions, the curve had a slight shift,
but the obtained liquid exchange times showed no obvious change. Therefore, the area
of analysis position does not significantly affect the analysis result of the liquid exchange
time.
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Figure 5. The effect of the position and area of analysis region on the evaluation of the liquid
exchange time. (a) Microscope image of the measurement area. The circles in different colors indicate
various positions for analyzing the gray scale levels, and the corresponding liquid exchange times are
described adjacent to the circles. (b) The effect of the position of the analysis region on the evaluation
of liquid exchange time. The color of the fitting curve corresponds to that of the analysis region.
(c) The analysis of grayscale value changes during the liquid exchange in concentric circular areas
(green circles) with diameters of 2, 4, and 6 µm.

Based on the above analysis, we further investigated the effects of injection voltages on
the liquid exchange degree (Figure 6a). In this experiment, the suction voltage was 10 v, and
other parameters were consistent with the experimental conditions described above. The
applied voltage and the corresponding injected liquid volume are shown in the x-axis of
Figure 6a. The injected liquid volume corresponding to the injection voltage was calculated
based on the change in the volume inside the silicon tube caused by the extension of the
piezo stack. When the injection voltage was less than 20 v, the change in the grayscale
value before and after the liquid exchange increased as the injection voltage increased. This
indicated that the injected liquid volume was not sufficient to replace the diffused solution
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inside the injection barrel and the original solution surrounding the cell. When the injection
voltage exceeded 20 v, the change in the grayscale value tended to be stable, which means
the extracellular solution was completely exchanged. The injected liquid volume required
for complete liquid exchange is dependent on the degree of diffusion which is correlated
to the duration of contact between the injected solution (LOC) and the original solution
on the surface of the chip (HOC). Therefore, the experiment should minimize contact time
between the two solutions. In this experiment, the experimental procedure was optimized,
and the contact time between the two solutions was reduced to approximately 3 s. In
addition, it is also essential for the injected liquid volume to be significantly greater than the
volume of liquid surrounding the cell. The liquid volume between the holes of the probe tip
and the chip bottom surface was approximately 100 pL which was much smaller than that
of the injected liquid volume. Given that the duration cannot be accurately controlled, we
chose a larger injection voltage of 30 v to ensure complete liquid exchange in the following
experiment.
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Figure 6. The effects of injection voltages on the liquid exchange degree and the disturbance of
liquid exchange to the displacement measurement. (a) The effects of injection voltages on the liquid
exchange degree. When the injection voltage exceeds 20 v, the change in the grayscale value tends to
be stable, which means the extracellular solution is completely exchanged; (b) the gray scale level
change and the corresponding disturbance of the sensor probe under liquid exchange.

To evaluate the disturbance of the sensor probe under liquid exchange accurately,
we replaced the cells with PDMS beads that have a similar Young’s modulus and size
as Synechocystis cells since the volume of PDMS beads is not influenced by osmolarity
change. The applied injection voltage was 30 v, and the suction voltage was 10 v in the
liquid exchange. The liquid exchange occurred from approximately 0.097 s to 0.102 s. The
disturbance of the liquid exchange was almost impossible to observe in the displacement
data of the sensor probe (Figure 6b). Compared to the disturbance of the liquid exchange
in a closed chip using the laminar flow method [7], the probe with the dual pump system
achieved localized liquid exchange, which significantly decreases the disturbance under
the liquid exchange process and increases the measurement accuracy of the force sensor.

3.2. Measurement of Synechocystis Cells

We measured the transient response of single cells using a system integrated with
an open chip and a probe with a dual pump. The captured cells were compressed by
on-chip probes, resulting in a deformation of approximately 20–30%. The probe tip was
then positioned 6 µm above the surface of the on-chip probes. The injection voltage was
30 v while the synchronized suction voltage was 10 v to achieve the high-speed liquid
exchange. Thus, the extracellular environment of the cell was replaced from the HOC
solution to the LOC solution mixed with Rhodamine B. The high-speed camera recorded the
displacement of the on-chip probe and simultaneously recorded the changes in brightness
within the measurement area. Figure 7 shows one example of the transient response of a
single cell and the corresponding gray scale level change in the liquid exchange process.
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We ignored the displacement of the pushing probe since it was stopped when the liquid
exchange happened, and the end of the force sensor was fixed. Hence, the deformation of
the single cell was the same as the displacement of the force sensor in the liquid exchange
process. The cell size ratio in the vertical axis label of Figure 7a represents the ratio of the
cell diameter after deformation to the original diameter. The cell responded to osmolarity
change and swelled. The time constant of the response of this single cell was approximately
19 ms. Meanwhile, the liquid exchange time was evaluated using the gray scale level
change time (Figure 7b), and the time constant was approximately 4 ms. We measured
9 cells, and the average value of the transient response times of the cells was 16.33 ms,
while the standard deviation was ±4.47 ms. Additionally, the corresponding average value
of the liquid exchange times was 3.33 ms, and the standard deviation was ±1.50 ms. The
liquid exchange time is much faster than that of the response time of cells.
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Figure 7. One example of the transient deformation of a single cell and the corresponding gray scale
level change in the liquid exchange process. (a) The deformation and corresponding reactive force of
a single cell in high-speed osmolarity change. The time constant is approximately 19 ms. (b) The gray
scale level change of the location close to the trapped single cell in the liquid exchange process. The
time constant is approximately 4 ms.

The average liquid exchange time of the system is over 100 times faster than our
previous work and also faster than the response time of cells to osmolarity change [7].
Hence, we successfully exposed the process of a single compressed cell responding to
osmolarity change by using a proposed system. Furthermore, compared to the reported
response time of a large number of Synechocystis cell volume changes [27], the measured
response time in this research is reasonable, and we further achieved accurate contact
measurements of the force and deformation measurements of a compressed single cell.

4. Conclusions

In this study, we developed a system integrated with a microfluidic chip and a probe
with a dual pump to investigate the transient response of single Synechocystis cells. The
proposed system allows for a fast and localized liquid exchange on the chip surface with
minimal disturbance. The average liquid exchange time of the system is approximately
3.33 ms, which is over 100 times faster than our previous work and also faster than the
response time of cells to osmolarity change, which enables the accurate exposure of the
transient response of single cells.

Given that MS channels sense the membrane tension force, the compression or expan-
sion of cells can reveal the characterization of MS channels. In the future, we will conduct
a comparison between the response of wild-type and mutant-type (MS channel defect)
Synechocystis cells under high-speed osmolarity change to expose the physiological function
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of MS channels. Furthermore, excessive compression force may damage the cells. In future
experiments, we will estimate the impact of compression force on cells. Overall, our results
demonstrate the effectiveness of the developed system for studying single cell responses
accurately and provide insights for future research in the biophysical and biomedical fields.

Author Contributions: Conceptualization, X.D. and F.A.; data curation, X.D.; formal analysis, X.D.;
funding acquisition, F.A.; investigation, X.D. and S.K.; methodology, X.D., S.K., H.M., H.S. and F.A.;
resources, H.M., M.T., N.U. and F.A.; supervision, H.M., H.S. and F.A.; validation, X.D.; visualization,
X.D.; writing—original draft, X.D.; writing—review and editing, X.D., S.K., H.M., H.S., M.T., N.U.
and F.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Grants-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology (18H03762 and 21H04543 to F.A. and N.U.). We
thank the Chinese Scholarship Council for supporting the author X.D. in his Ph.D. study.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Y.; Fan, Z.; Qiao, L.; Liu, B. Advances in microfluidic strategies for single-cell research. Trends Anal. Chem. 2022, 157, 116822.

[CrossRef]
2. Hagiwara, M.; Maruyama, H.; Akiyama, M.; Koh, I.; Arai, F. Weakening of resistance force by cell–ECM interactions regulate cell

migration directionality and pattern formation. Commun. Biol. 2021, 4, 808. [CrossRef]
3. Hagiwara, M.; Kawahara, T.; Yamanishi, Y.; Masuda, T.; Feng, L.; Arai, F. On-chip magnetically actuated robot with ultrasonic

vibration for single cell manipulations. Lab Chip 2011, 11, 2049–2054. [CrossRef]
4. Sugiura, H.; Sakuma, S.; Kaneko, M.; Arai, F. On-chip method to measure mechanical characteristics of a single cell by using

moiré fringe. Micromachines 2015, 6, 660–673. [CrossRef]
5. Ito, Y.; Nakamura, S.; Sugimoto, N.; Shigemori, T.; Kato, Y.; Ohno, M.; Eto, K. Turbulence activates platelet biogenesis to enable

clinical scale ex vivo production. Cell 2018, 174, 636–648. [CrossRef]
6. Chang, D.; Sakuma, S.; Kera, K.; Uozumi, N.; Arai, F. Measurement of the mechanical properties of single Synechocystis sp.

strain PCC6803 cells in different osmotic concentrations using a robot-integrated microfluidic chip. Lab Chip 2018, 18, 1241–1249.
[CrossRef]

7. Du, X.; Chang, D.; Kaneko, S.; Maruyama, H.; Sugiura, H.; Tsujii, M.; Arai, F. Dynamic Deformation Measurement of an Intact
Single Cell via Microfluidic Chip with Integrated Liquid Exchange. Engineering 2023, in press. [CrossRef]

8. Huang, L.; Liang, F.; Feng, Y.; Zhao, P.; Wang, W. On-chip integrated optical stretching and electrorotation enabling single-cell
biophysical analysis. Microsyst. Nanoeng. 2020, 6, 57. [CrossRef]

9. Tarhan, M.C.; Lafitte, N.; Tauran, Y.; Jalabert, L.; Kumemura, M.; Perret, G.; Collard, D. A rapid and practical technique for
real-time monitoring of biomolecular interactions using mechanical responses of macromolecules. Sci. Rep. 2016, 6, 28001.
[CrossRef]

10. Shakoor, A.; Xie, M.; Luo, T.; Hou, J.; Shen, Y.; Mills, J.K.; Sun, D. Achieving automated organelle biopsy on small single cells
using a cell surgery robotic system. IEEE. Trans. Biomed. Eng. 2018, 66, 2210–2222. [CrossRef]

11. Barazani, B.; Piercey, M.; Paulson, A.; Warnat, S.; Hubbard, T.; MacIntosh, A.J. Rehydration of active dried yeast: Impact on
strength and stiffness of yeast cells measured using microelectromechanical systems. J. Inst. Brew. 2019, 125, 53–59. [CrossRef]

12. Takayama, Y.; Perret, G.; Kumemura, M.; Ataka, M.; Meignan, S.; Karsten, S.L.; Tarhan, M.C. Developing a MEMS device with
built-in microfluidics for biophysical single cell characterization. Micromachines 2018, 9, 275. [CrossRef]

13. Yang, R.J.; Fu, L.M.; Hou, H.H. Review and perspectives on microfluidic flow cytometers. Sens. Actuators B Chem. 2018,
266, 26–45. [CrossRef]

14. Takayama, S.; Ostuni, E.; LeDuc, P.; Naruse, K.; Ingber, D.E.; Whitesides, G.M. Subcellular positioning of small molecules. Nature
2001, 411, 1016. [CrossRef]

15. Tarn, M.D.; Lopez-Martinez, M.J.; Pamme, N. On-chip processing of particles and cells via multilaminar flow streams. Anal.
Bioanal. Chem. 2014, 406, 139–161. [CrossRef]

16. Shinha, K.; Nihei, W.; Kimura, H. A Microfluidic Probe Integrated Device for Spatiotemporal 3D Chemical Stimulation in Cells.
Micromachines 2020, 11, 691. [CrossRef]

17. Ainla, A.; Jansson, E.T.; Stepanyants, N.; Orwar, O.; Jesorka, A. A microfluidic pipette for single-cell pharmacology. Anal. Chem.
2010, 82, 4529–4536. [CrossRef]

18. Kaigala, G.V.; Lovchik, R.D.; Drechsler, U.; Delamarche, E. A vertical microfluidic probe. Langmuir 2011, 27, 5686–5693. [CrossRef]
19. Ainla, A.; Jeffries, G.D.; Brune, R.; Orwar, O.; Jesorka, A. A multifunctional pipette. Lab Chip 2012, 12, 1255–1261. [CrossRef]
20. Momotenko, D.; Cortes-Salazar, F.; Lesch, A.; Wittstock, G.; Girault, H.H. Microfluidic push–pull probe for scanning electrochemi-

cal microscopy. Anal. Chem. 2011, 83, 5275–5282. [CrossRef]

https://doi.org/10.1016/j.trac.2022.116822
https://doi.org/10.1038/s42003-021-02350-4
https://doi.org/10.1039/c1lc20164f
https://doi.org/10.3390/mi6060660
https://doi.org/10.1016/j.cell.2018.06.011
https://doi.org/10.1039/C7LC01245D
https://doi.org/10.1016/j.eng.2022.08.020
https://doi.org/10.1038/s41378-020-0162-2
https://doi.org/10.1038/srep28001
https://doi.org/10.1109/TBME.2018.2885772
https://doi.org/10.1002/jib.548
https://doi.org/10.3390/mi9060275
https://doi.org/10.1016/j.snb.2018.03.091
https://doi.org/10.1038/35082637
https://doi.org/10.1007/s00216-013-7363-6
https://doi.org/10.3390/mi11070691
https://doi.org/10.1021/ac100480f
https://doi.org/10.1021/la2003639
https://doi.org/10.1039/c2lc20906c
https://doi.org/10.1021/ac2006729


Micromachines 2023, 14, 1210 12 of 12

21. Kaigala, G.V.; Lovchik, R.D.; Delamarche, E. Microfluidics in the “open space” for performing localized chemistry on biological
interfaces. Angew. Chem. Int. Ed. Engl. 2012, 51, 11224–11240. [CrossRef]

22. Chen, P.; Li, S.; Guo, Y.; Zeng, X.; Liu, B.F. A review on microfluidics manipulation of the extracellular chemical microenvironment
and its emerging application to cell analysis. Anal. Chim. Acta 2020, 1125, 94–113. [CrossRef]

23. Taylor, D.P.; Mathur, P.; Renaud, P.; Kaigala, G.V. Microscale hydrodynamic confinements: Shaping liquids across length scales as
a toolbox in life sciences. Lab Chip 2022, 22, 1415–1437. [CrossRef]

24. Delamarche, E.; Pereiro, I.; Kashyap, A.; Kaigala, G.V. Biopatterning: The art of patterning biomolecules on surfaces. Langmuir
2021, 37, 9637–9651. [CrossRef]

25. Takahashi, K.; Kamiya, S.; Takao, H.; Shimokawa, F.; Terao, K. Stainless microfluidic probe with 2D-array microapertures. AIP
Adv. 2021, 11, 015331. [CrossRef]

26. Ajouz, B.; Berrier, C.; Garrigues, A.; Besnard, M.; Ghazi, A. Release of thioredoxin via the mechanosensitive channel MscL during
osmotic downshock of Escherichia coli cells. J. Biol. Chem. 1998, 273, 26670–26674. [CrossRef]

27. Nanatani, K.; Shijuku, T.; Akai, M.; Yukutake, Y.; Yasui, M.; Hamamoto, S.; Uozumi, N. Characterization of the role of a
mechanosensitive channel in osmotic down shock adaptation in Synechocystis sp PCC 6803. Channels 2013, 7, 238–242. [CrossRef]

28. McEvoy, E.; Han, Y.L.; Guo, M.; Shenoy, V.B. Gap junctions amplify spatial variations in cell volume in proliferating tumor
spheroids. Nat. Commun. 2020, 11, 6148. [CrossRef]

29. Veselovsky, N.S.; Engert, F.; Lux, H.D. Fast local superfusion technique. Pflügers Arch. 1996, 432, 351–354. [CrossRef]
30. Kasai, Y.; Sakuma, S.; Arai, F. Isolation of single motile cells using a high-speed picoliter pipette. Microfluid. Nanofluidics 2019,

23, 18. [CrossRef]
31. Hertz, H. On the contact of elastic solids. J. Reine Angew. Math. 1881, 92, 156–171.
32. Johnson, K.L.; Johnson, K.L. Contact Mechanics; Cambridge University Press: Cambridge, UK, 1987.
33. Du, X.; Kaneko, S.; Maruyama, H.; Sugiura, H.; Arai, F. High-Speed and Pinpoint Liquid Exchange on Microfluidic Chip using 3D

Printed Double-Barreled Microprobe with the dual pumps. In Proceeding of the 2023 IEEE 36th International Conference on
Micro Electro Mechanical Systems, Munich, Germany, 15–19 January 2023.

34. Vitali, V.; Sutka, M.; Amodeo, G.; Chara, O.; Ozu, M. The water to solute permeability ratio governs the osmotic volume dynamics
in beetroot vacuoles. Front. Plant Sci. 2016, 7, 1388. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/anie.201201798
https://doi.org/10.1016/j.aca.2020.05.065
https://doi.org/10.1039/D1LC01101D
https://doi.org/10.1021/acs.langmuir.1c00867
https://doi.org/10.1063/5.0014119
https://doi.org/10.1074/jbc.273.41.26670
https://doi.org/10.4161/chan.25350
https://doi.org/10.1038/s41467-020-19904-5
https://doi.org/10.1007/s004240050143
https://doi.org/10.1007/s10404-018-2183-9
https://doi.org/10.3389/fpls.2016.01388

	Introduction 
	Materials and Methods 
	Overview of the On-Chip Cellular Measurement System 
	Probe with the Dual Pump System 
	Robot-Integrated Microfluidic Chip 
	Cell Culture and Preparation 
	Compression Concept, Force Sensor Calibration, and Stability of Force Sensor 

	Results and Discussion 
	Liquid Exchange Process 
	Measurement of Synechocystis Cells 

	Conclusions 
	References

