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Introduction

High-speed liquid switching and on-chip force
sensing reveal the transient mechanical response
of MscL in Synechocystis sp. PCC 6803

Xu Du, ©2° Masaru Tsujii, Nobuyuki Uozumi® and Fumihito Arai**®

How cells mechanically respond to rapid stimulation in the extracellular microenvironment is a key
question for understanding the physiological functions of mechanosensitive (MS) channels. In this study,
we investigated the single Synechocystis sp. PCC 6803 cell transient mechanical response under osmotic
downshock using a microfluidic system that assembles a robot-integrated microfluidic chip with a
synchronized injection-aspiration liquid switching module. Through theoretical analysis and system
optimization, we achieved high-speed, localized liquid switching on the millisecond scale while
simultaneously measuring cell deformation and reactive force. Using this system, we compared the
Young's modulus of wild-type (WT) and MS channel-deficient mutant (Amscl) cells in hypoosmotic and
hyperosmotic conditions, and quantified their transient mechanical responses under millisecond-scale
liquid switching times. In particular, we compared the response time and key deformation parameters
(expansion and shrinkage rates) of the two strains when the cells were compressed under osmotic
downshock. Multi-parameter analysis suggests that the differences between WT and AmscL cells are
consistent with a transient contribution of MscL during osmotic downshock, which may mitigate
membrane tension buildup and delay the mechanical response under compression. These findings advance
the understanding of cellular adaptation under rapid environmental transitions and
demonstrate the broad applicability of this integrated microfluidic system for high-speed liquid switching

mechanical

and synchronous force sensing in single-cell mechanobiological studies.

and can be easily cultivated in the laboratory. It is widely used
as a model organism in studies of photosynthesis, nitrogen

Mechanosensitive (MS) channels are membrane proteins that
enable cells to sense and respond to mechanical stimulation
from the external environment." These channels are involved
in physiological processes such as touch sensation, hearing,
cancer cell migration, and osmotic regulation.>™ Synechocystis
sp. PCC 6803 is a unicellular cyanobacterium with an
approximately spherical geometry and a typical diameter of
about 1.5-3 um (average ~2 um).° As a Gram-negative
bacterium, its cell envelope consists of an inner cytoplasmic
membrane, a thin peptidoglycan layer, and an outer
membrane. Synechocystis has a simple cellular organization
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fixation, and MS channel-mediated osmotic regulation.””
When Synechocystis cells experience a rapid decrease in
extracellular osmolarity (osmotic downshock), water influx
causes the cells to swell. To prevent membrane rupture, MS
channels open within the sub-second timescale in response
to membrane tension, releasing intracellular solutes and
allowing the cell volume to adjust rapidly to the new osmotic
condition (Fig. 1)."

Given the critical role of MS channels, developing effective

methods to detect cellular responses to extracellular
stimulation is essential for wuncovering their gating
mechanisms. At present, patch-clamp electrophysiology

remains the most widely used approach for studying ion
channels, including MS channels. In conventional protocols,
negative pressure is applied to membrane patches to induce
localized membrane tension, thereby triggering channel
opening."'? The resulting transmembrane ionic currents are
recorded to characterize gating behavior, conductance states,
and activation kinetics. In addition, small-molecule
compounds such as IRS-16 can directly activate MS channels,
and their opening can be detected through patch-clamp
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Fig. 1 Schematic illustration of the osmotic downshock process. When extracellular osmolarity suddenly decreases, water influx induces rapid cell
swelling, and MS channels such as MscL open to release intracellular solutes, reducing membrane tension and preventing rupture.

recordings.”® MS channels have also been reconstituted into
droplet interface bilayers (DIBs), where periodic compression
of the droplets generates membrane tension to induce
gating."* Furthermore, voltage-induced activation has been
reported in supported lipid bilayers."®

While these methods have provided important insights
into the biophysical properties of MS channels, they largely
rely on excised membrane patches or artificial bilayer
systems, and most operate under quasi-static or low-speed
stimulation conditions. As a result, these approaches have
limited ability to capture the dynamic, whole-cell mechanical
responses that occur during rapid osmotic stimulation in
native environments.

In contrast, osmotic stimulation methods can rapidly
change extracellular osmolarity, inducing whole-cell
deformation and avoiding non-physiological shear stress
associated with local stretching. Among them, stopped-flow
methods have been widely used at the cell population level to
investigate osmotic shocks.'®'” However, they lack precise
detection capability for mechanical responses at the single-
cell level, and the rapid mixing of solutions in these systems
often causes flow disturbances that impede integration with
force sensors.

Given that MS channels such as the mechanosensitive
channel of large conductance (MscL) respond to osmotic
downshock within tens of milliseconds, changing the
extracellular environment on the millisecond scale would
make it possible to reveal how these channels respond
during the early stage of activation."” Currently, the transient
mechanical response of single cells to millisecond-scale
extracellular stimulation remains unclear, and experimental
studies are limited.

Microfluidic chip technology, which utilizes micro-scale
channels and fluid control, has been widely applied in
biomedical and chemical analysis owing to its advantages of
high throughput, small sample volume, ease of observation,
and integration of functional components.'® ! By integrating
driving, sensing, cell manipulation, and liquid switching
functions into  microfluidic  chips (robot-integrated
microfluidic chip), cells can be simultaneously stimulated
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and detected within a precisely controlled
microenvironment.>*> This enables real-time, non-destructive
measurement of single-cell mechanical responses under
dynamic extracellular stimulation.>® Traditional microfluidic
chips integrated with force sensors primarily achieve liquid
switching by directly injecting new solutions around the
cell.”*?** However, precise control of fluid injection and flow
velocity remains challenging. This often leads to long
switching times and undesired disturbances to force-sensing
structures, limiting the ability to continuously measure the
dynamic response of a single cell. Our group previously
developed a closed robot-integrated microfluidic chip that
used laminar flow to measure the mechanical response of
single cells under osmotic downshock.*® Nevertheless, the
liquid switching time of approximately 0.5 s was much longer
than the characteristic mechanical response time of
Synechocystis cells under osmotic downshock.'” Therefore,
the system was unable to observe the response process of
cells, and the difficulty in balancing pressure within the
sensing region of the closed chip caused significant
interference to the integrated force sensor. To achieve high-
speed liquid switching, we subsequently designed an external
dual-pump system. However, the actual liquid switching time
fluctuated between the millisecond and second range, which
made it impossible to perform a reliable statistical analysis
of the transient mechanical responses of cells.>”

In this study, we investigate the single Synechocystis cell
transient response under osmotic downshock using the
microfluidic system that assembles a liquid switching
function with on-chip force and displacement sensing.
Through theoretical analysis and optimization of the liquid
switching module, we achieved high-speed, localized liquid
switching within the millisecond scale. This advancement
enabled the first quantitative investigation of single-cell
transient mechanical responses under different liquid
switching times. We investigated the mechanical behavior of
Synechocystis cells under osmotic downshock, focusing on the
influence of liquid switching time on single-cell mechanical
response. Multi-parameter analysis of Young's modulus,
response time, expansion rate, and shrinkage rate revealed

This journal is © The Royal Society of Chemistry 2026
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the mechanical regulation mediated by the MscL. This work
provides new insight into the role of MS channels in
maintaining mechanical stability under rapid osmotic
stimulation and demonstrates the capability of this system
for single-cell mechanobiological analysis.

Methods

Experimental setup

The experimental setup is shown in Fig. 2. The microfluidic
chip was fixed onto the microscope stage using a jig, and the
original solution was added to its surface using a pipette.
Target single cells were manipulated into position between
the sensing and pushing probes (on-chip probes) of the
microfluidic chip using optical tweezers and subsequently
compressed by an external piezo-actuator. For the liquid
switching module, the syringe pump was used to preload
switched solutions into the channels of the liquid switching
module. A 3D manipulator was employed to adjust the
relative position between the 3D-printed probe and the chip
surface. A signal generator with a trigger function was used
to apply synchronized injection and aspiration signals to the
two piezo-stacks, enabling dynamic liquid switching around
the target cell. The liquid switching process and on-chip
probes were recorded using a high-speed camera.

Microfluidic chip and mechanical property measurement
method

Characterizing the mechanical properties of cells remains
difficult because of their micrometer-scale dimensions,

E) @0/

Optical tweezers \

system
gCamera

Fig. 2 Experimental setup of the integrated platform for millisecond
liquid switching and synchronous on-chip force sensing. Top:
Photograph of the assembled system. Bottom: Schematic of the
integrated system showing the microfluidic system, actuation, fluid
delivery, manipulation, and imaging modules.
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inherent heterogeneity, and the necessity to maintain
physiological activity. Atomic force microscopy (AFM) offers
piconewton-scale force resolution. However, it requires
immobilizing cells on rigid substrates, which can disturb
their native microenvironment and alter their mechanical
behavior. In addition, assembling the functional components
of AFM systems is technically demanding.”® In comparison,
robot-integrated microfluidic chip systems enable precise
mechanical measurements of suspended cells and facilitate
the integration of complementary functions such as optical
tweezers and force measurement.

The open microfluidic chip was fabricated using MEMS
processes, as shown in Fig. 3A and S$1.*” Suspended sensing
and pushing probes were designed on the chip, with the
sensing probe connected to a folded-beam structure (sensing
beam) that served as the force detection function (Fig. 3B).
The spring constant of the sensing beam was calibrated, as
shown in Fig. S2.

One single-cell measurement procedure was illustrated in
Fig. 3C and Video S1. The target cell was manipulated to the
space between the on-chip probes using optical tweezers. The
pushing probe was then driven by an external piezoelectric
actuator to compress the single cell, while the sensing probe
was displaced by the reactive force from the cell. The optical
tweezers were kept on during positioning and compression.
After mechanical contact was established, the cell motion
was governed by mechanical confinement between the
pushing and sensing probes. The displacement of on-chip
probes was detected using the moiré fringe method, and the
corresponding reactive force was calculated from the
calibrated spring constant of the sensing beam.*

This integrated force sensor provides an accessible
displacement range of 0-60 um and a corresponding force
range of approximately 0-4.56 pN under linear operation.
The force resolution is 3.10 nN, determined from the 3¢
displacement noise.”” More detailed descriptions of chip
fabrication, calibration, and characterization are provided
in the SL

Composition and working principle of the liquid switching
module

The liquid switching module consists of two piezo-stacks,
glass capillaries, deformation segments (silicone tubes), and
a 3D-printed probe. The basic working principle is illustrated
in Fig. 3D. The 3D-printed probe is positioned above the
microfluidic chip or substrate surface, forming a parallel gap.
The glass capillaries are filled with solutions. When the
piezo-stack compresses the silicone tube, the switched
solution is pushed through the tube and ejected from the
outlet hole at the tip of the 3D-printed probe into the parallel
gap. Conversely, when the piezo-stack stretches the silicone
tube, a negative pressure is generated at the probe tip,
drawing the original solution from the chip surface back into
the channel of the 3D-printed probe. By synchronizing the
injection and aspiration of solutions and leveraging the
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Fig. 3 Structure and working process of the chip and liquid switching module. (A) Schematic diagrams showing the three-layer microfluidic chip. (B)
Schematic diagrams of the on-chip probes and sensing beam. (C) The compression process of a single cell. (D) Working principle of the liquid switching
module. (E) Photograph of a liquid switching module. (F) Photograph of the 3D-printed probe. (G) Trajectory of polystyrene beads showing the flow
direction during injection and aspiration. (H) Observation of the liquid switching range under synchronized injection-aspiration. (I) Schematic showing
the relative position of the 3D-printed probe and the microfluidic chip. (J) Schematic diagrams of the liquid switching process.

principles of hydrodynamically confined flow, a localized flow
field can be formed at the parallel gap, enabling high-speed
liquid switching on the chip surface.**** Compared with
direct injection or laminar flow-based exchanging methods,
this approach creates a pressure-balanced localized flow,
which reduces mechanical disturbance to the force sensors.
The fabricated liquid switching module is shown in Fig. 3E,
and the 3D-printed probe tip is shown in Fig. 3F.

Liquid switching time

Achieving millisecond-scale liquid switching is required
because MS channels respond within tens of milliseconds
during osmotic downshock. The liquid switching time
depends on both the response time of the system and the
degree of diffusion resulting from contact between the
switching and original solutions. Although the piezo stack
itself can respond on a microsecond scale, the response time
of the system is limited by fluid inertia, elastic deformation
of the deformation segment, and hydraulic resistance in the
microchannel.

Lab Chip

To reveal the governing factors, the dynamic behavior
of the liquid switching module was modeled as a second-
order mass-spring-damper system, in which the effective
fluid mass m, viscous damping ¢, and elastic stiffness k
represent the inertial, resistive, and compliant behaviors
of the liquid column, respectively. This model enables
evaluation of how structural and material parameters
determine the system response.

For a second-order hydraulic-mechanical system, the
transient response can be characterized by two dominant
timescales corresponding to inertia-dominated and viscous-
dominated regimes.

The acceleration-dominated behavior can be characterized
by the inertial time constant z4:

m
-y

where p is the fluid density, L and r are the length and radius
of the main flow path, respectively, and k,, represents the
volumetric stiffness of the deformation segment.

apL
nr? kvol

(1)
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The viscous-dominated time 17, constant can be
approximated as:
Riip H s Len(ri®=15°)
y=-R—=—— Lyl  +——7—"— 2
Y k kvol nkvol itz 37‘137‘23("1_7‘2) ( )

where y is the dynamic viscosity of the solution, Ley and Leon
denote the lengths of the cylindrical and conical segments of
the probe tip, respectively. r; and r, represent the maximum
and minimum radii of the conical outlet, and Ry, is the
hydraulic resistance dominated by the probe outlet geometry.
The detailed derivation is provided in the SI.

The analysis shows that the inertial time constant 74 is
influenced by both the effective fluid mass in the main flow
channel and the stiffness of the deformation segment.
Specifically, zq increases with the channel length and fluid
density but decreases with the channel radius and the
effective stiffness of the deformation segment. In addition,
the viscous time constant 7, is mainly influenced by the
hydraulic resistance of the channels in the probe tip, which
consists of a conical segment and a short cylindrical
segment. The viscous time constant 7, increases with the
lengths of the conical and cylindrical segments and decreases
sharply with the outlet radius at the probe tip. This strong
dependence arises from the fourth-power relationship
between the hydraulic resistance and the outlet radius.

In our previous micropipette studies, the models used to
analyze the factors influencing the response time of the
system were based on impedance formulations and neglected
the inertia term.** In this work, the model incorporates fluid
inertia, hydraulic resistance, and elastic deformation, thereby
providing deeper guidance for structural optimization. To
identify the dominant time constant, we substituted the
structural and material parameters into the damping ratio
expression. The calculated damping ratio ( = 0.3-0.4)
indicates that the system operates in a slightly underdamped
regime, where inertial and viscous contributions are of the
same order. The liquid switching time is defined as the
duration for the concentration to reach 63.2% of its total
change, which mainly reflects the initial stage of the
concentration increase. Although the present system exhibits
second-order dynamics, we adopt this 63.2% criterion as an
operational time constant to enable direct comparison with
prior studies that report response times using the same
definition."” In this initial period, the displacement of the
switched solution (injected solution) is largely influenced by
inertial effects. As a result, the inertial time constant 74
contributes most to the response time of the system.

Based on the above analysis, several structural
adjustments were made. To reduce the response time of the
system and thereby shorten the liquid switching time, the
main channel was reduced in length, and stiffer glass
capillaries were used for solution delivery. A thicker and
stiffer silicone tube was also selected for the deformation
segment to increase its effective stiffness. To further reduce
the effective deformation length of the deformation segment,
axial preload was applied to the glass capillaries before

This journal is © The Royal Society of Chemistry 2026

View Article Online
Paper

Silicone tube

I
Pndi s $
A t

L T=9ms | fmm O P4

3D-printed probe
==l

54— e——

=TT =
170 190 210 230 250 270 [- Fixed
v

Time (ms)
120 Effective deformation length L,

"""""" | Narrow/gay 3

Gray scale level
©
3 8 88

3
3

1 } e

i - Jimm

L N = = - Preloading
110 Y — o7 i force

Fixed

Gray scale level
&
[
£ N
8
@

3

]
°
»
S
»
b

5 10 15
Time (ms)

Fig. 4 Representative example showing that preloading shortens the
effective deformation length of the silicone tube (deformation
segment), as indicated by the inset images above the liquid-switching
module schematics, thereby reducing the liquid switching time from 9
ms to 2 ms.

fixation, which shortened the distance between the two glass
capillaries’ end faces inside the silicone tube (Fig. 4). During
tube connection, a minimal amount of adhesive was used to
prevent it from entering the main channel and narrowing the
flow path. These modifications improved the liquid switching
time to the millisecond scale.

Liquid switching range

Theoretically, continuous and low-speed injection-aspiration
through the liquid switching module can generate a confined
flow field on the chip surface. This confinement arises from
the hydrodynamic balance between the injection and
aspiration streams in the parallel gap between the probe and
the chip surface, as reported previously.>® However, it has not
been experimentally verified whether the synchronized
injection-aspiration used in this study can also achieve
localized liquid switching. To examine this, a droplet
containing polystyrene (PS) microspheres (~5 upum in
diameter) was placed on the chip surface. When
synchronized opposite-phase voltages were applied to the two
piezo-stacks, solution was injected through one channel and
aspirated through the other at the 3D-printed probe tip,
generating a local flow field above the chip surface.
Microspheres suspended in this region were displaced by the
resulting hydrodynamic forces, and their motion indicated
the local flow direction. The trajectories of the particles were
visualized by superimposing sequential image frames, as
shown in Fig. 3G, where the flow path from the inlet of the
3D-printed probe to the outlet is clearly observed.

To evaluate the liquid switching region, the solution on
the chip surface was colorless and transparent, and
Rhodamine B was added to the switched solution. The spatial
boundary of the liquid switching was determined by
comparing the grayscale level distribution in images acquired
before and after liquid switching, as shown in Fig. 3H.
Although repeated experiments led to adhesion of
microspheres and Rhodamine staining on the probe surface,
which reduced image clarity, the approximate extent of the
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liquid switching region could still be identified. The results
confirm that the synchronized injection-aspiration generates
a flow field whose boundary remains far from the sensing
beam. As a result, the influence of liquid switching on force
measurement is effectively reduced, the residual disturbance
was estimated to be on the order of 107> pm, remaining
within the baseline noise level of the sensor.>*?”

Liquid switching and measurement steps

The liquid switching and cell measurement process consists of
the following steps (Video S2): first, the microfluidic chip is
fixed onto the microscope stage. The original solution
(hyperosmotic solution containing cells) is then dropped onto
the open chip, and optical tweezers are used to position a
single cell between the on-chip probes. A preloading force is
applied to the cell by actuating the external piezo-actuator.
Subsequently, the original solution and the switching solution
(the hypoosmotic solution containing Rhodamine B) are
injected into two separate channels of the liquid switching
module, and the tip of the 3D-printed probe is positioned
above the on-chip probes using a 3D manipulator (Fig. 3I). As
introduced above, the liquid switching time is determined by
the response time of the system and the diffusion of the
solutions. To reduce the delay caused by diffusion, we use a
pre-positioning and one-click return operation so that the
probe tip can quickly reach the target position, thereby
shortening the contact time between the two solutions. Even
after reducing the contact time, diffusion still broadens the
contact interface and increases the volume required for the
complete solution change. Therefore, the switched solution
volume was set to be much larger than this characteristic
volume to ensure complete replacement of the original solution
around target cells. A rising trapezoidal waveform (0-30 V) was
applied to the piezo-stack at the injection side while a
synchronized falling trapezoidal waveform (10-0 V) was applied
to the aspiration side, both with a rise time of 1 ms. This
achieves a rapid change in the microenvironment surrounding
the cell on the chip, transitioning from the original solution to
the switching solution (Fig. 3]). During this process, the cell's
volume and Young's modulus dynamically change. By
monitoring the displacement of on-chip probes, the dynamic
changes in cell size and reactive force can be obtained.
Additionally, the timing of the liquid switching is determined
by analyzing the grayscale level changes. Finally, the piezo-
actuators are driven to release the cell.*®

Results and discussion
Young's modulus of WT and AmscL Synechocystis cells

In this study, we wused the model cyanobacterium
Synechocystis sp. PCC 6803, including the wild-type strain and
the MscL-deficient mutant (AmscL) provided by Tohoku
University. The procedures for cell preparation are shown in
Fig. S3. As introduced above, the reactive force on the single
cell was obtained from the displacement of the sensing probe
measured using the moiré fringe method, and the cell
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deformation was determined from the relative displacement
between the on-chip probes. The Hertz model provides the
force-indentation relation for elastic contact between the
probe and the cell.*”*® Because the Hertz model applies only
to small elastic deformations, we used the initial 10% of the
deformation data to calculate the Young's modulus. The
detailed force measurement & calibration method and cell
culture & preparation process are provided in the SI.

It should be emphasized that the present loading
configuration differs fundamentally from sharp-tip AFM
indentation commonly modelled as a pressurized elastic
shell.’* In our system, single cells are compressed
symmetrically between two flat on-chip probes, resulting in
global deformation of the entire cell rather than localized
membrane bending. As demonstrated in our previous work,
flat compression under small deformation (<10%) provides a
measurement of whole-cell stiffness under defined boundary
conditions.> In contrast, sharp-tip indentation primarily
probes local surface stiffness and can yield substantially
different Young's modulus values depending on the model.*’
Therefore, the Young's modulus reported here should be
understood within the context of flat whole-cell compression
and interpreted when comparing WT and AmscL cells under
identical loading conditions.

Fig. 5A shows two representative fitted curves illustrating
the relationship between the relative deformation of a single
cell and the reactive force under hypoosmotic and
hyperosmotic conditions, depicted in pink and blue,
respectively. The Young's modulus of individual cells was
obtained from these fitted curves. The horizontal axis
represents the relative deformation, defined as the ratio of
single cell deformation to the initial cell diameter. This
dimensionless quantity describes the normalized extent of cell
compression during loading. We further statistically analyzed
the Young's modulus of WT and AmscL cells under
hypoosmotic and hyperosmotic conditions (Fig. 5B), with at
least 15 individual cells measured for each group. The results
showed that, for both WT and AmscL cells, the Young's
modulus was significantly higher under hypoosmotic
conditions than under hyperosmotic conditions (two-tailed
Welch's t-test: WT (hyperosmotic vs. hypoosmotic), p = 0.022;
AmscL (hyperosmotic vs. hypoosmotic), p = 0.023). Under the
same osmotic condition, AmscL cells consistently exhibited a
higher Young's modulus than WT cells. The difference between
the two strains was more pronounced under hyperosmotic
conditions (p = 0.049), indicating that MS channels are
involved in the mechanical adaptation of cells to osmotic
stress. Under hypoosmotic conditions, the difference was not
statistically significant (p = 0.496), although the mean modulus
of AmscL cells was still higher than that of WT cells. One
possible explanation is that, in the absence of MscL, the cells
already maintain a relatively high stiffness under hyperosmotic
conditions, so the additional increase in stiffness during
hypoosmotic swelling is limited and more easily masked by
cell-to-cell variability. In contrast, WT cells show a larger
change in Young's modulus between the two conditions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Young's modulus of Synechocystis cells under different osmotic conditions. (A) Representative force-deformation curves of single WT cells
fitted using the Hertzian model under hypoosmotic (pink triangles) and hyperosmotic (blue circles) conditions. (B) Statistical analysis of the Young's
modulus of WT and AmscL cells (n > 15 for each group) under the two osmotic conditions. The Young's modulus of both cell types increased
under hypoosmotic conditions, and AmscL cells exhibited higher Young's modulus values than WT cells under the same osmotic conditions.

It should be noted that the Young's modulus analyzed
here reflects the steady-state mechanical properties of cells
under hypoosmotic and hyperosmotic conditions. Under
these steady-state osmotic conditions, MscL in WT cells are
not expected to be actively gated. Therefore, the higher
Young's modulus observed for AmscL cells wunder
hyperosmotic conditions does not indicate MscL activity, but
rather reflects a baseline mechanical state associated with
deletion of MscL. Similar differences in Young's modulus
between WT and AmscL cells under hyperosmotic conditions
were also observed in our previous work.**

Transient response of a single cell during osmotic downshock

During osmotic downshock, cells undergo rapid volume
change and large deformation, under which classical
contact mechanics models are no longer strictly applicable.
Therefore, time-resolved Young's modulus is not used to
describe the transient response. Instead, the transient
mechanical behavior 1is characterized by deformation
dynamics, including response time, reactive force, and
deformation rates of cells. It should be noted that the
present measurements provide whole-cell mechanical
phenotypes and do not directly read out MscL gating events.
Therefore, the involvement of MS channels discussed below
is inferred from the differences between WT and AmscL
cells measured under identical liquid switching and
mechanical loading conditions.

As described above, the hypoosmotic solution containing
Rhodamine B was introduced into the switched solution, while
the chip surface was initially filled with the original
hyperosmotic solution. The cell was held between on-chip
probes and immersed in the hyperosmotic environment. At
time ¢, the 3D-printed probe simultaneously injected and
withdrew the solution, causing a rapid change in the
extracellular environment from the hyperosmotic to the
Rhodamine B-labeled hypoosmotic solution. The timing of the
liquid switching was determined by analyzing the grayscale
level within the detection region, while the cell's transient

This journal is © The Royal Society of Chemistry 2026

mechanical response to osmotic shock was evaluated by
measuring the relative displacement of the sensing probe.

An example is shown in Fig. 6. The upper panel shows the
temporal change in grayscale level within the detection region,
which reflects the variation in solution concentration during
liquid switching. The lower panel shows the normalized cell
size as a function of time, where “size of cell” is defined as the
ratio of the instantaneous cell width measured along the
compression direction to its initial diameter. The same trace in
the lower panel is displayed with dual y-axes. The right axis
indicates the normalized cell size, and the left axis indicates
the corresponding reactive force obtained by linear scaling.
During liquid switching, the pushing probe remains stationary.
Hence, as the cell deforms, the sensing probe is displaced, and
a corresponding reactive force is measured, leading to a linear
correspondence between the two axes.

The time constant 7 is defined as the time required for the
signal to reach approximately 63.2% of its final value, and is
used to quantitatively characterize both the liquid switching
time and the response time of cells. By comparing the two
curves, we found that the decrease in grayscale level occurred
almost simultaneously with the onset of cellular deformation
but finished much earlier. This shows that the liquid switching
time was much shorter than the cell's response time to osmotic
shock. This means that the measured mechanical response
mainly reflects the cell's intrinsic response to osmotic stress
under millisecond-scale liquid switching.

The size-time curve shows two distinct parts. Before the
peak, the response rises in a nonlinear manner and reaches
the maximum within a few milliseconds after the onset of
osmotic downshock. This nonlinear rise is expected because
the osmotic driving force changes with time: as the cell
volume increases, intracellular solutes are diluted and the
effective osmotic gradient decreases. After the peak, the
signal decreases continuously, with a fast initial decrease
followed by a slower relaxation. This behaviour is consistent
with a rapid release of membrane tension after the peak,
where MS channel opening under high tension may play a
role. The later slower relaxation may involve slower recovery
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Fig. 6 An example of transient deformation of a single Synechocystis cell during osmotic downshock. The upper panel shows the temporal
variation of grayscale level within the detection region, reflecting the concentration change during high-speed liquid switching. The lower panel
shows the normalized size of cell (the ratio of the instantaneous cell width measured along the compression direction to its initial diameter) and
reactive force versus time. The synchronous onset of the grayscale level change and cell deformation confirmed that the liquid switching time was

shorter than the cell's response time.

processes, such as osmotic re-equilibration, intracellular
solute redistribution, and mechanical relaxation under
compression. The maximum expansion before shrinkage is
defined as the expansion rate L, representing the relative
increase in cell size compared with the initial diameter. The
reductions in normalized cell size within 100 ms and 1 s after
the peak are defined as the short-term shrinkage rate Lg; and
long-term shrinkage rate Lg,, respectively (Fig. 6). Here, 100
ms and 1 s after the peak are used as fixed reference time
points to describe the early and late parts of the post-peak
decrease for comparison across cells. They are not intended
to define a uniquely determined transition time of the curve
or to represent channel gating kinetics.

Although Fig. 6 mainly presents the temporal change in cell
size, this size-time response is only physically meaningful when
the cell is mechanically constrained. For non-adherent cells,
millisecond-scale liquid switching inevitably induces transient
flow, which would displace the cell in the absence of on-chip
probes. Holding the cell between the on-chip probes can ensure
that the observed size change originates from cellular
deformation rather than flow-induced motion. Moreover, the
force sensing provides a well-defined mechanical loading
condition during transient measurements, which is necessary
for quantitative comparison of deformation dynamics.

Statistical comparison of transient responses between W1
and AmscL cells

We statistically analyzed the response times of WT and
AmscL cells under different liquid switching times, with no

Lab Chip

fewer than 20 cells measured in each group. And cells were
collected from more than ten independent liquid culture
batches (Fig. 7). Benefiting from the integrated system
capable of millisecond-scale liquid switching and
synchronized force detection, this study for the first time
statistically compared the transient mechanical response of
single WT and AmscL cells under compression. Linear fitting
of the data indicated that the response times of both strains
increased with longer liquid switching times (Fig. 7A). It
should be noted that we added the linear fit only as an
empirical guide to visualize the overall trend within the
tested switching time range; it is not intended as a
mechanistic model.

Recent molecular dynamics simulations have shown that
MscL opens faster and reaches a larger pore size when the
membrane tension is higher, as the energy barrier for gating
decreases with increasing tension.*' Therefore, rapid osmotic
transitions that produce higher transient membrane tension
are likely to facilitate quicker MscL activation, which explains
the shorter response time observed in WT cells under high-
speed liquid switching.

Under comparable switching conditions, the response
times showed substantial overlap across individual cells,
while the group mean was higher for WT than for AmscL. To
summarize the distributions, we compared the distributions
of response times using box plots (Fig. 7B). The mean liquid
switching time was 3.43 + 1.66 ms for WT cells and 3.08 +
2.27 ms for AmscL cells, showing no significant difference
between the two groups (p = 0.576), indicating that the
switching conditions were comparable for both strains. In

This journal is © The Royal Society of Chemistry 2026
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contrast, the mean response time was 13.15 + 5.12 ms for WT
cells and 9.41 + 5.48 ms for AmscL cells (p = 0.030).

The slower mechanical response observed in WT cells may
reflect the contribution of MS channels during liquid
switching under continuous compression. In our setup, each
cell was held between two on-chip probes while the external
solution was rapidly replaced to induce osmotic downshock
under a fixed mechanical constraint. The different responses
between WT and AmscL cells are consistent with a
contribution from MscL in relieving membrane tension
under high tension. In WT cells, MscL transiently opened
under the increased membrane tension, releasing
intracellular solutes and partially relieving membrane stress.
This transient tension release moderated the buildup of
membrane strain, resulting in a delayed deformation
response detected by the on-chip probes. In contrast, AmscL
cells lack this high-threshold release mechanism and mainly
rely on low-threshold channels such as MscS, which can be
activated more easily under moderate tension and
subsequently inactivate as tension relaxes. Previous studies
reported that MscS is activated at 5-7 mN m™" and exhibits
adaptive inactivation, whereas MscL activates near 10-14 mN

m™ and remains open under sustained stress."®**> These

This journal is © The Royal Society of Chemistry 2026

results suggest that MscL serves as a mechanical buffer to
regulate membrane tension and maintain mechanical
stability during rapid osmotic transitions under external
compression.

To further understand how the presence or absence of
MscL affects the mechanical response of cells beyond the
response time, we analyzed the deformation behavior during
and after liquid switching, including the reactive force, the
expansion rate Le,, and the short-term shrinkage rates Lg;
and long-term shrinkage rates L, (Fig. 7C and D).

As shown in Fig. 7C, the mean reactive force was 0.27 +
0.08 puN for WT cells and 0.28 + 0.05 uN for AmscL cells,
indicating that the applied mechanical compression was
nearly identical between the two strains. Under this
condition, AmscL cells showed a larger expansion rate than
WT cells (p = 0.024), suggesting that the presence of MscL
helps limit excessive cell deformation during osmotic stress.
Although the difference in shrinkage rates was not
statistically significant (Lg;, p = 0.226; Lg,, p = 0.610), WT cells
tended to shrink more slowly than AmscL cells (Fig. 7D).

In addition, this trend is opposite to our previous results
obtained under second-scale switching in a closed chip,
where WT cells exhibited faster shrinkage after expansion.>®
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In our previous study, the slow liquid switching extended the
osmotic change period while the cells remained compressed
between the on-chip probes. Under these conditions, the
membrane tension of WT cells may have remained above the
activation threshold of MscL for a longer period, which could
keep MscL active and promote continued solute release. As a
result, WT cells showed a larger shrinkage after expansion
than AmscL cells.

In this work, the liquid switching module operated more
than 100 times faster than our previous setup. During such a
rapid downshock, the sudden rise in membrane tension could
exceed the release capacity of the remaining MS channels in
AmscL cells. In some cells, the membrane tension may have
reached the rupture limit before it could be relieved, leading to
partial rupture and cytoplasmic leakage, which resulted in
stronger shrinkage. In contrast, WT cells have the MscL, which
may facilitate tension relief under strong downshock and
thereby reduce the likelihood of rupture. This interpretation is
consistent with previous reports that osmotic downshock can
cause membrane rupture.”>*?

Nevertheless, the difference in post-peak shrinkage
between WT and AmscL was not significant. These post-peak
shrinkage values vary substantially across cells, likely due to
differences in the initial cell condition and small variations
in probe contact. With this level of variability, a small
difference between WT and AmscL can be difficult to detect.
In addition, Ls; and Ly, are taken from the latter part of the
response. During this period, the osmotic driving force
weakens and time-dependent mechanical relaxation of the
cell envelope becomes more influential; other ion-transport
pathways may also contribute on this time scale, so the
difference between WT and AmscL is less pronounced in Lg;
and L, than in Ley,. Occasional rupture in AmscL cells also
increases the scatter.'>"®

Although this focuses on MS channels in
cyanobacteria, the integrated millisecond liquid switching
and on-chip force sensing strategy is general and may be
adapted to other single-cell studies and potentially to food
and environmental applications where microfluidic platforms
and related microscale analytical approaches have been
explored for controlled handling and rapid assays.**™*’

work

Conclusions

In this study, we developed a microfluidic system that
integrates high-speed liquid switching with on-chip force
sensing to measure single-cell mechanical responses under
osmotic downshock. The system achieved localized liquid
switching on a millisecond scale. This allowed direct
detection of the transient mechanical response of single cells
under controlled extracellular conditions.

We measured the Young's modulus, response time,
expansion rate, and shrinkage rate of WT and AmscL cells.
The Young's modulus of both strains increased in
hypoosmotic conditions compared with hyperosmotic
conditions. Compared with AmscL cells, WT cells exhibited a

Lab Chip
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longer response time, a smaller expansion rate, and a slower
shrinkage rate under high-speed liquid switching. These
results suggest that MscL may contribute to limiting
excessive deformation during osmotic downshock under our
loading configuration, consistent with a tension-buffering
role inferred from the WT and AmscL cells comparison.

This work provides an experimental approach for
analyzing transient cellular mechanical responses under
rapid environmental changes. The ability to achieve
millisecond-scale liquid switching with synchronized force
measurement provides a foundation for understanding how
mechanosensitive channels regulate cellular mechanics and
maintain mechanical homeostasis. The platform can be
further applied to various cell types and microenvironmental
conditions, offering broad potential for mechanobiological
research and related applications.

In future work, we will pursue simplification and tighter
integration by leveraging 3D-printed microfluidic chips and
integrated interfaces to reduce dependence on external
subsystems.
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