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Figure 1 Single cell analysis method focusing on the mechanical properties of cells. There is a trade-off between

accuracy and throughput.

Figure 2 As dedifferentiation into iPS cells progresses, cells become larger and harder, and as differentiation into nerve
cells progresses, cells become smaller and softer. Cited from Reference 5.

Integration of microfluidic device with a concur-
rent electrical and optical measurement system

In this study, we developed a method to examine cells one
by one by “palpating” them using microfluidic devices.

Since cells have a diameter of about 10-20 um, we designed

Figure 3 In previous stem cell transplants, after extracting stem cells,
only a portion of the cultured cells were analyzed, and the
remaining cells were transplanted, which did not eliminate the
risk of cancerization. Using the method developed in this
study, it is possible to inspect all cells, enabling the provision
of safer and more reliable cell therapy.

a device by sequentially arranging a first-stage microchan-
nel slightly larger than the cell size (about 20-25 um) and a
second-stage microchannel slightly smaller than the cell
size (about 5-10 um). This design allows us to measure cell
size and then determine cell deformability by analyzing the
rate at which cells pass through the constriction. This design
allows for a measurement system that can compensate for
variations in cell size, ensuring that such variations do not
affect measurements of cell deformability, thereby enabling
the construction of a device that can “palpate” individual
cells while they are alive.

First, the microfluidic channel geometry of the current
and optical simultaneous measurement section was modi-
fied from a simple straight type to one with a narrow-con-
stricted channel whose width is such that cells must
deform to pass through. We constructed a measurement
system that evaluates cell deformability based on changes
in current values (reduction in current values caused by
the interruption of ion currents) and their duration as cells
pass through the narrowed flow channels. We comprehen-
sively optimized the shape and size of the flow channels,
the current measurement system, and the optical observa-
tion system, and established the basic performance of the

microdevice for cell sensing (Figure 4). We then used
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model cells (HeLa cells) treated with drugs that affect the non-invasively and non-destructively within tens of milli-
formation of the cytoskeleton, which plays a crucial role seconds (Figure 5)°.

in cellular mechanical properties (e.g., Latrunculin A and

Paclitaxel), to verify how the detected current values and Cell deformability measurements of cancer
their duration change in response to cellular deformabil- stem cells

ity. The results showed that Latrunculin A, which inhibits

actin polymerization, shortened the time it took for cells To further validate the performance of this device, we
to pass through the narrow flow channel, whereas Paclitaxel, focused on stem cells used in cell therapy. In cell therapy,
which inhibits microtubule depolymerization, prolonged it is essential to use “quality assured” cells that have been
the passage time. This result suggests that the mechanism tested prior to transplantation to ensure that the somatic
underlying the observed changes is that inhibition of actin stem cells to be transplanted are undifferentiated and
polymerization leads to a weakened cytoskeleton, whereas non-cancerous. However, to study the differentiation state
inhibition of microtubule depolymerization leads to micro- of stem cells, external gene introduction such as fluores-
tubule elongation, which strengthens the cytoskeleton and cent staining or gene expression systems is essential,
causes cells to become “stiffer”. We have successfully making it impossible to transplant the tested cells as they
detected such changes in cellular mechanical strength are. If there is a correlation between the differentiation
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Figure 4 Initial study of the current and optical simultaneous measurement section and examples of
measurement results for various samples. The electrical circuit was optimized for measuring
cell deformation by introducing a bypass circuit to reduce current noise and improve the
signal-to-noise ratio.
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Figure 5 Differences in cell deformation ability based on the different mechanisms of action of
Latrunculin A (Left) and Paclitaxel (Right) were detected using this device.
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state of cells and their mechanical properties, this device
could be used to inspect cells, collect them again, and
apply them to cell therapy, making it very useful.
Therefore, we focused on HT29 cells, which are intestinal
epithelial cells with high pluripotency that can differenti-
ate into various cell types, and investigated how their
mechanical properties change depending on their differ-
entiation state. Intestinal cells differentiate and mature by
proliferating in the crypt region and migrating to the
apical region of the microvillus. During this differentia-
tion process, mechanical properties change and if these
changes can be detected with this device, a non-labeled,
non-destructive analysis can be achieved. HT29 cells are
derived from colon adenocarcinoma and therefore contain
a heterogeneous population of cells, including many cells
with high pluripotency, characteristic of intestinal epithe-
lial cells, as well as cells without such characteristics.
Previous biochemical studies have shown that the highly
pluripotent cell population exhibits high aldehyde dehy-
drogenase (ALDH) activity and increased cell surface
expression of the cell membrane protein CD44vO.
Therefore, we first used a cell sorter (FACS) to separate
high activity/high expression cells from low activity/low
expression cells based on these biomarkers, and then inves-
tigated the mechanical properties of each cell population.
The results showed that cell populations with high ALDH
activity and high CD44v9 expression had a broader distri-
bution of cell deformability and contained a higher propor-
tion of “stiff” cells compared to those with low activity/low
expression”. These results are consistent with similar
experiments using iPS cells for dedifferentiation and differ-
entiation experiments® (i.e., cells with higher pluripotency

tend to be “stiffer”” and become “softer”” upon differentiation)

. Biochemical
assay

and represent the first study in the world to directly correlate
mechanical properties of HT29 cells with pluripotency
(Figure 6)®. Such cell analysis was achieved at the single
cell level with a throughput of tens of milliseconds per cell.
Furthermore, since these cell analyses were performed on a
microfluidic device, the integration of a downstream sorting
mechanism could lead to the development of a new unla-
beled, non-destructive single-cell analysis technique as an

alternative to traditional fluorescence-based FACS.

Circulating tumor cells (CTCs) detection in
whole blood based on cell mechanics

Based on these proof-of-concept studies, we also
attempted applied research on the detection of circulating
tumor cells (CTCs) in blood. CTCs are cancer cells that
have leaked from the primary tumor into the bloodstream
and contain information about the primary tumor.
Capturing and analyzing these cells can provide insight
into tumor metastasis, malignancy diagnosis, treatment
progression and prognosis. However, because blood cells
make up the majority of blood (approximately 5 billion
red blood cells and 5 million white blood cells per 1 mL
of whole blood) and CTCs are present in only a few to a
few dozen cells, their detection and capture is extremely
challenging. In this study, we attempted to detect CTCs
using the newly developed current-optical simultaneous
measurement system. We found that the current signal
from CTCs was more than 10 times larger than that from
blood cells as they passed through the detection region,
demonstrating that this method can be applied to quantify
CTCs in whole blood (Figure 7).
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Figure 6 Multipotent cells were classified based on their mechanical properties without

labeling or destruction.
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Figure 7 CTCs were detected from whole blood samples rapidly and specifically in milliseconds.

Conclusions

The mechanical properties of cells reflect various factors,
including the position and molecular concentration of
organelles in the cytoskeleton and cytoplasm, as well as the
state of the nucleus. Therefore, treating cells as viscoelastic
bodies and studying elastic and viscous terms alone is not
sufficient to fully describe them. Furthermore, chemical
interactions between the cell membrane surface and the
contact substrate cannot be ignored in contact-based analy-
sis methods. In this study, to minimize chemical interactions
with the microchannel constriction surface, the surface was
treated with a hydrophilic polymer or BSA (bovine serum
albumin) prior to use. However, we believe that the chemical
interactions between the cell membrane and the microfluidic
channel surface can be used to detect cell type-specific
interactions. We are currently developing a method to detect
interactions by immobilizing antibodies specific for cell
surface antigens on the microfluidic channel surface and
have successfully detected both the mechanical properties
of cells and their surface molecules simultaneously (manu-
script in preparation). In this study, which was conducted
against the background of previous research that primarily
focused on investigating the properties of cells by treating
them as viscoelastic bodies, the significant contribution lies
in establishing a method to perform analyses that were pre-
viously impossible without fluorescent labeling or cell
destruction followed by PCR amplification of genes, such as
the analysis of cell pluripotency, in an unlabeled, non-de-

structive manner at the single cell level.
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