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Spatiotemporal single-cell tracking analysis in 3D
tissues to reveal heterogeneous cellular response to

mechanical stimuli
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Mechanical stimuli have been recognized as important for tissue maturation, homeostasis and constructing en-
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gineered three-dimensional (3D) tissues. However, we know little about the cellular mechanical response in
tissues that could be considerably heterogeneous and spatiotemporally dynamic due to the complex structure
of tissues. Here, we report a spatiotemporal single-cell tracking analysis of in vitro 3D tissues under mechanical
stretch, to reveal the heterogeneous cellular behavior by using a developed stretch and optical live imaging
system. The system could affect the cellular orientation and directly measure the distance of cells in in vitro
3D myoblast tissues (3DMTs) at the single-cell level. Moreover, we observed the spatiotemporal heterogeneous
cellular locomotion and shape changes under mechanical stretch in 3DMTs. This single-cell tracking analysis can
become a principal method to investigate the heterogeneous cellular response in tissues and provide insights

that conventional analyses have not yet offered.

INTRODUCTION

Muscles and bones composing our body are constantly exposed to
mechanical stimuli such as gravity, physical activity, and exercise,
which are indispensable for maintaining enough body strength (I,
2). Likewise, most cells and tissues building our body are subjected
to mechanical stimuli, for example, stretching and shear stress (3, 4).
These mechanical stimuli are sensed by receptors on the cellular
membrane and converted into biochemical signals, altering
various cellular behaviors including proliferation, differentiation,
and apoptosis (5-7). This mechanical response of cells and tissues
has recently been applied to constructing engineered three-dimen-
sional (3D) tissues that are promising to mimic the function and
structure of in vivo tissues (8, 9). Tissue-scale responses to mechan-
ical stimuli, notably alignment, differentiation, and maturation,
have already been reproduced with in vitro 3D tissue models
(10-13).

Mechanical response of in vitro 3D tissues is often evaluated by
observation of tissue structure, e.g., immunostaining, or by quanti-
tative analysis, e.g., Western blot (14-16). Most of these methods
focus on the mechanical response at the tissue scale; in other
words, they evaluate the mechanical response by averaging the be-
havior of each cell that composes a tissue. In reality, however, the
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behavior of cells in a 3D tissue could be considerably heterogeneous
and spatiotemporally dynamic because each cell is assumed to
adhere to the surrounding extracellular matrix (ECM) and other
cells differently at different time points. The actual mechanical
stimuli applied to each cell could be in various directions with dif-
ferent intensities as a result of heterogeneous cellular adhesion and
tissue formation. Recently, the heterogeneous cellular behavior of
single cells in a complex multicellular system has been reported to
influence collective cell behavior at the multicellular level. For in-
stance, it was reported that heterogeneity of local elasticity, cell
density, and cell-cell interactions affects the mechanical stress
field distribution, collective cell migration, traction stresses, prolif-
eration, and apoptosis (17-19). The importance of heterogeneous
cellular activity has also been recognized in various cancer and
tumor research using single-cell analysis in microenvironments
(20, 21). Focusing on the heterogeneous cellular behavior allows
us to investigate how each unique cell responds to mechanical
stimuli that are applied to a tissue, leading to a comprehensive un-
derstanding of the cell-tissue concerted multiscale response. To in-
vestigate cellular response in an in vitro 3D tissue to mechanical
stimuli with a focus on cellular behavioral heterogeneity, an exper-
imental system is required such that it enables us to track specific
single cells in an in vitro 3D tissue at a single-cell scale while cultur-
ing the 3D tissue under mechanical stimuli simultaneously.

Here, we conduct a spatiotemporal single-cell tracking analysis
of in vitro 3D tissues subjected to mechanical stretch to reveal the
heterogeneous cellular behavior by using a developed optical live
imaging and stretch system. In the process of tissue-level mechan-
ical response such as cellular alignment, we hypothesize that there
are several steps connecting multiscale reactions beginning from
cells and propagating to tissues (Fig. 1). First, (i) mechanical
stimuli are applied on each cell as different inputs due to the hetero-
geneous structure of 3D tissue, and, then, (ii) cells react to mechan-
ical stimuli heterogeneously depending on each mechanical input
[for example, cells staying in the same shape, rotating cells, and
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Fig. 1. Conceptual illustration of single-cell live analysis of spatiotemporal mechanical response. During the mechanical stimuli, each cell composing a 3D tissue is
assumed to experience various inputs of stimuli due to the heterogeneous tissue structure, leading to heterogeneous cellular behavior before the mechanical response is

visible at the tissue level.

elongating cells (Fig. 1)], which lastly lead to (iii) cell-tissue concert-
ed response. Through the single-cell tracking analysis, we demon-
strate that cellular heterogeneity exists in mechanically stimulated
3D tissues and nonstimulated 3D tissues. A certain number of fluo-
rescently labeled cells in a 3D tissue were observed with confocal
microscopy while being subjected to mechanical stretch, enabling
single-cell-level tracking analysis of cellular behavior. Briefly, the
developed system is composed of a 3D tissue that is constructed
inside a polydimethylsiloxane (PDMS) stretch chamber and two
linear motorized stages to apply uniaxial stretch on the 3D tissue
from both sides. The system can be mounted on confocal micros-
copy so that the target cells in the 3D tissue can be continuously
observed at high resolution during culture with mechanical
stretch. We used the mouse C2C12 myoblast cells to validate the
performance of the presented device. First, we examined cellular
orientation in the 3D myoblast tissues (3DMTs) to prove that
whole-tissue behavior could be influenced by the stretch with the
linear motorized stages. Then, the stretch and live imaging system
was verified by measuring the actual stretching ratio of the 3DMTs
at a single-cell scale. After the verification of the system, specific
cells in 3DMTSs were continuously tracked at single-cell resolution
while culturing the tissue under stretch simultaneously to reveal
heterogeneous cellular response to mechanical stretch.

RESULTS

3D tissue culture in PDMS stretch chamber

To construct stretchable 3DMTs, we used a PDMS stretch chamber
fabricated by PDMS molding and two-layer bonding (Fig. 2A and
fig. S1). The chamber is composed of two layers: a top layer serving
as a medium reservoir and a bottom membrane layer for 3D tissue
construction (Fig. 2A and fig. S1). The bottom layer has a 200-um-
deep square hollow for 3D tissue structuring and 600-pm-height
pillars to hold a 3D tissue and avoid tissue shrinkage during cell
culture and stretch. For 3D tissue construction, ECMs serving as
a scaffold for cellular growth are inevitable (22, 23). The mixture
of collagen and Matrigel was used in a ratio of 9:1 as an ECM
because the mixed ECM of collagen and Matrigel promoted the
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growth and differentiation of C2C12 (24). Cell suspension with
ECM was filled in the hollow on the bottom layer and then incubat-
ed with the medium in the medium reservoir. The C2C12 cells
(Fig. 2B) were cultured in ECM (day 0), and 3D tissue was struc-
tured after culturing for 2 days (day 2). It is implied that cells
adhered to surrounding cells and ECM during cell culture,
forming a square-shaped 3D tissue around the pillars. The
zoomed image (Fig. 2C) also shows that cells elongated in various
directions to form 3DMTs. For optical live imaging experiments, we
introduced plasmid DNA into C2C12 cells by transfection, labeling
cell membrane with enhanced green fluorescent protein (EGFP)
and nuclei with mCherry. As the efficiency of transfection was
around 10 to 15% (fig. S2), it is possible to prepare a mixture of
cells with labeled cells and nonlabeled cells. By using this cell
mixture for 3D tissue construction, labeled cells in the 3D tissue
can be exclusively observed with fluorescence microscopy while
being surrounded by nonlabeled cells. We used this feature as a
tool to label a certain amount of cells and to enable single-cell
imaging for 3D tissues. Therefore, the zoomed image of 3D tissue
(Fig. 2C) can be observed fluorescently (Fig. 2D), where only a
certain amount of cells composing the 3D tissue was exclusively ob-
served with fluorescence microscopy. The confocal fluorescence
image validated the fluorescence localization on the membrane
(fig. S2C).

Design of optical live imaging system with stretch

To conduct stretch culture with the fabricated PDMS stretch
chamber and 3DMTs, we used a stretch machine composed of
two linear motorized stages for a uniaxial stretch that has been de-
veloped in previous research (25). The stretch machine can be used
for stretch culture in an incubator or can be installed into the optical
live imaging system with confocal microscopy (Fig. 3, A and B).
Cyclic stretch can be applied from both sides of the 3D tissue, en-
abling the observation of the targeted cell for live tracking analysis
in the 3D tissue during the stretch. To estimate the stress distribu-
tion in 3DMTs, the mechanical stress induced by 10% stretch was
numerically calculated using the experimentally derived Young's
modulus of ECM (E = 729 Pa; fig. S3, A to E, and Supplementary
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Fig. 2. PDMS stretch chamber fabrication and cell culture. (A) Image of the fab-
ricated PDMS stretch chamber (scale bar, 70 mm). (B) Cell culture in the PDMS
stretch chamber on days 0 and 2. The dashed lines indicate the boundaries of
four images manually assembled to obtain the large images (scale bars, 1 mm).
(C) Cultured cells in the 3D tissue observed by phase contrast microscopy (scale
bar, 100 um). (D) Fluorescence microscopic image of cells. Cell membrane and
nuclei were labeled with enhanced green fluorescent protein (EGFP) and
mCherry, respectively (scale bar, 100 pm).

Materials and Methods). The calculation result showed that homo-
geneous mechanical stress could be applied at the central area (2
mm by 2 mm) of 3DMTSs (average stress of 131 + 7 Pa, maximum
stress of 157 Pa, and minimum stress of 115 Pa; fig. S3F). Together
with confocal microscopy and exclusively labeled C2C12 cells, the
system allows us to track the spatiotemporal mechanical response of
targeted cells in 3DMTs.

Multicell-scale cellular response to stretch

In 3D tissues under mechanical stretch, cells have been known to
align in the direction of stretch (26-28). To check whether our
stretch machine could influence cellular behaviors in 3D tissues,
3DMTs were cultured under cyclic stretch (10% of the stretch
chamber, 1 Hz) for 12 hours in an incubator, and cellular orienta-
tion to the stretch direction was evaluated. The z-stack images were
acquired with confocal microscopy right before (t = 0 hours) and
after (¢ = 12 hours) the stretch culture with confocal microscopy.
The acquired z-stack was projected into one image, and, then, the
direction of the nuclei was evaluated by image analysis. We also cul-
tured 3DMTs without stretch for comparison. The representative
images of 3DMTs cultured under 12 hours of stretch and without
stretch were shown, respectively (Fig. 4, A and B). From these
images, the angle of nuclei from the stretch direction (angle of 0°)
was measured and summarized into histograms (Fig. 4, C and D).
The histograms indicate that the evenly distributed angle at t = 0
hours shifted toward the stretch direction after the 12-hours
stretch culture (Fig. 4C). In cultures without stretch, on the other
hand, no shift was observed in the nuclei angle (Fig. 4D). Moreover,
the Kolmogorov-Smirnov (K-S) test showed the significant differ-
ence (P < 0.01) on the histograms in Fig. 4C (with stretch) at t =0
hours and ¢ = 12 hours, whereas the K-S test showed no significance
on the histograms in Fig. 4D (without stretch) at t = 0 hours and ¢ =
12 hours. These results validate that the stretch machine could in-
fluence cellular behaviors in 3DMTs by altering the angle of nuclei
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Fig. 3. Optical live imaging system with mechanical stretch. (A) The conceptual
illustration of the system. (B) Image of the constructed system on confocal micros-
copy (scale bar, 10 mm).

Confocal microscopy

parallel to the stretch direction at a multicell scale. It was also ana-
lyzed whether cellular behavior differed depending on the z position
of the 3DMTs, showing similar tendencies in any z positions
(fig. S4).

Single-cell-scale analysis: Cell displacement and
elongation in 3DMTs under static stretch
Next, the stretch machine was integrated into the optical live
imaging system with confocal microscopy to conduct single-cell ob-
servation of cellular mechanical response. The representative con-
focal images of cells in 3DMTs under different applied strains
(Smachine = 0, 5, and 10%) are shown (Fig. 5A). Here, collagen in
the ECM was stained with blue fluorescence to examine whether
the ECM structure surrounding cells were heterogeneously struc-
tured. The angle of collagen fibers to the direction of stretch (0°)
was visualized (Fig. 5B), and the distribution was summarized
(Fig. 5C). The result shows that more collagen fibers oriented
toward the direction of stretch when subjected to higher S.,.chine-
Next, intensity profiles were measured from three different posi-
tions (positions 1, 2, and 3) in the image of the collagen fiber sub-
jected to Spachine = 10% (Fig. 5D). The result showed that the
intensity profile differed depending on the positions, implying the
heterogeneous distribution of collagen fibers in 3D tissues. There-
fore, we assume that cells attach to the heterogeneously structured
ECM, leading to heterogeneous attachment and mechanical input.
To evaluate the relationship between the applied stretch ratio
(Smachine) @and the measured stretch ratio on 3D tissue (Sissue)> We
measured the distance of two cells observed through live imaging
under static stretch. Static stretch means that the 3D tissue was
stretched once (5 or 10%) and maintained the elongated state.
The initial distance in stretch direction, d,, and the distances
under stretch (5 and 10%), d, were measured from acquired
images to calculate Sygue = (d — dy)/dy. Note that only cell pairs
with dy > 50 um were selected and analyzed to avoid direct cellular
interaction between cell pairs (Fig. 5E). The calculated Sss,e Was
plotted over Syachine as a boxplot (Fig. 5F). The dashed line shows
that the ratio is equal to the applied stretch (Sissue = Smachine)- From
the boxplot, it was shown that Sy increased as Syachine increased.
The mean values were Sijggue = 2.4% When S,.chine = 5% and Sgeue =
6.9% when S,,achine = 10%. This result implies that 3DMT's were
stretched in the ratio below the applied stretch as a general trend.
Contrary to the general trend, there were also some cell pairs reveal-
ing outstanding Sssue> SUch as Sygeue larger than S achine (Stissue = 7-2
and 7.4% when S .chine = 5%, and Sigeue = 14.5 and 14.7% when
Smachine = 10%). Even a negative ratio occurred in some cases
(Stissue = —4.0 and —3.4% when S, achine = 5%). These unexpected
results could be caused by the heterogeneous structure in 3D
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Fig. 4. Multicell-scale analysis: The effect of mechanical stretch on cellular alignment in 3DMTs. (A) The fluorescence image of cells in 3DMTs before stretch (t = 0
hours) and after stretch for 12 hours (t = 12 hours). Transfected cells exhibit mCherry on the nuclei (red) and EGFP on the membrane (green). The z-stack of images was
projected to acquire a single image. The arrow indicates the stretch direction (scale bars, 100 um). (B) The fluorescence image of cells in 3DMTs before (t = 0 hours) and
after 12 hours of culture (t = 12 hours) without stretch (scale bars, 100 um). (C) The distribution of the angle from the stretch direction before (t = 0 hours) and after the
stretch (t = 12 hours). Data are expressed as means + SD (t = 0 hours, n = 153 cells; t = 12 hours, n = 358 cells). The Kolmogorov-Smirnov (K-S) test revealed a significant
difference in distributions before and after the stretch (P < 0.01). (D) The distribution of the angle from the stretch direction before (t = 0 hours) and after 12 hours of
culture (t = 12 hours) without stretch. Data are expressed as means + SD (t = 0 hours, n = 164 cells; t = 12 hours, n = 159 cells).

tissues where cells were assumed to attach to surrounding ECMs
and cells irregularly, leading to heterogeneous propagation of the
applied stretch over the tissue.

Not only cell displacement but also cell elongation could be an-
alyzed with the proposed optical live imaging system. The acquired
fluorescence images of the cell membrane (green) under S;achine =
0, 5, and 10% were binarized to be used for the analysis of cell elon-
gation (Fig. 5G). The binarized cell was then fitted to an ellipse. The
major and minor axis lengths of the fitted ellipse were measured to
evaluate cell elongation (Sce) under Syachine = 0, 5, and 10%. The
lengths of the major axis (ao, initial length without stretch; a, length
with stretch) and the minor axis (b, initial length without stretch; b,
length w/stretch) were measured to calculate Sy = (a — ao)/a, for
the major axis and Sce = (b — by) /b, for the minor axis. The eval-
uated cells could be categorized into two groups by the initial angle
of the cell (0), 0° < 6 < 45° and 45° < 8 < 90° (Fig. 5H). Blue circles
and orange triangles indicate individual data points (0° < 0 < 45°, n
=3 cells; 45° < 0 < 90°, n = 4 cells). The blue lines and orange dashed
lines indicate the average values. First, cells categorized to 0° < 0 <
45° were summarized in the top plot. These cells tended to be elon-
gated in the direction of the major axis and compressed in the di-
rection of the minor axis. Then, cells categorized to 45° < 8 < 90°
were summarized in the bottom plot. These cells tended to be elon-
gated in the direction of the minor axis and compressed in the
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direction of the major axis. The results imply that the direction of
elongation is influenced by the initial angle of the cell. Similarly to
the analysis of cell displacement, some cells exhibited extraordinary
Seen> regardless of the global tendency. One of the cells showed elon-
gation in both the major and minor axes (Scy = 1.9% in the major
axis and 5.6% in the minor axis when Sy .chine = 5%, and Scq; = 9.6%
in the major axis and 14.1% in the minor axis when S.,,chine = 10%).

These findings on cell displacement and elongation led us to the
next experiment with the developed optical live imaging and stretch
system to evaluate the cellular heterogeneity in 3D tissues under
mechanical stretch in detail.

Single-cell tracking analysis in 3D tissues under

mechanical stretch

To evaluate whether cells composing a 3D tissue reveal heteroge-
neous cellular responses to the mechanical stretch, spatiotemporal
cellular behavior was tracked at the single-cell level under mechan-
ical stretch using our optical live imaging and stretch system. The
PDMS stretch chamber with 3DMT was placed in the system and
exposed to uniaxial cyclic stretch (10%, 1 Hz) for 1 hour. After
the stretch, cells exhibiting fluorescence signals were observed
with confocal microscopy to acquire z-stack images. Then,
3DMTs were exposed to the stretch again for 1 hour, followed by
confocal observation of the same targeted cells. As we focused
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Fig. 5. Single-cell-scale analysis: Displacement and elongation of cells in 3DMTs under static stretch. (A) The representative fluorescence images of cells in 3DMTs
under different applied strains (Smachine = 0, 5, and 10%). Transfected cells exhibit mCherry on nuclei (red) and EGFP on the membrane (green). Collagen in ECM was
stained with blue fluorescence (scale bars, 20 pm). (B) The orientation analysis of collagen fibers in 3DMTs under Sy achine = 0, 5, and 10%. The angles of collagen fibers
were visualized by color (scale bars, 50 um). (C) The orientation distribution of collagen fibers under Spachine = 0, 5, and 10%. (D) The intensity profile of three different
positions on the fluorescence image of collagen under S,achine = 10%). (E) The actual stretch ratio was calculated by measuring the distance between two cells with an
initial distance larger than 50 pm, without and with stretch. (F) The measured stretch ratio (Syssue) to the applied stretch ratio (Smachine)- Boxes have the meaning of 25 and
75% quartile around the population mean value (middle line, median), error bars indicate maximum and minimum, and blue circles indicate individual data points (n = 9).
(G) The representative fluorescence images of the cell membrane (green) under S;achine = 0, 5, and 10%. These images were binarized for the analysis of cell elongation
(scale bars, 10 um). (H) The binarized cell was fitted to an ellipse. The major and minor axis lengths were used to evaluate cell elongation under Syachine = 0, 5, and 10%.
The evaluated cells were categorized into two groups by the initial angle of the cell (8). Blue circles and orange triangles indicate individual data points (0° <6 <45°,n=3
cells; 45° < © < 90° n = 4 cells). The blue lines and orange dashed lines indicate the average values.
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especially on the initial (6- to 12-hour) cellular adaptation to me-
chanical stimuli, cells were exposed to cyclic stretch for 6 to 12
hours in total. Previous research on stretch-induced cellular reori-
entation suggests that the stretch duration of 6 hours is already suf-
ficient to observe and evaluate initial cellular adaptation (29-31). To
visualize the cellular shape for each observation point, the 3D cel-
lular model was reconstructed from the acquired z-stack images.
Note that the single-cell tracking analysis here was meant to
examine whether there is heterogeneity in terms of cellular adapta-
tion to mechanical stimuli.

As control samples, we first cultured 3DMTs in the system
without stretch and observed the behavior of targeted cells. The ob-
served cells, cells C; and C,, showed very distinctive behavior. Cell
C,, first of all, was observed with only minor changes in cellular
shape (Fig. 6A). The length of the cellular protrusion structure
changed, but the overall shape remained the same as the cellular
shape at ¢t = 0 hours. Cell C,, on the other hand, showed a
notable movement and ended with a considerably different cellular
shape after observation for more than 10 hours (Fig. 6B). To quan-
titatively analyze the distinctive behavior of cell C; and cell C,, the
angle of nuclei was measured for each cell and summarized in a
graph (Fig. 6C). The graph indicates that the two cells behaved
uniquely; cell C; showed small fluctuation in angle, whereas cell
C, presented marked change, starting from 148° and ending with
20° (Fig. 6C). The observation of cells C; and C, and five other
cells ensured that cellular behavior in an identical 3D tissue is
diverse and that the developed system enables us to analyze the het-
erogeneous cellular behavior by 3D visualization and quantitative
measurement.

Then, we observed the other three cells—cells S;, S,, and S;—
while culturing 3DMTs under cyclic stretch. First, we focused on
differentiated multinucleated cells, S; and S,, growing in the direc-
tion of the stretch (Fig. 6D). The cells S; and S, remained in the
direction of the stretch after observation for more than 12 hours,
representing the tissue-scale behavior as we observed in the multi-
cell-scale response to stretch (Fig. 4C). Contrary to the behavior of
cell S; and S,, we also observed a cell, S;, exhibiting continuously
changing protrusion structure (Fig. 6E). To analyze the different be-
havior of cells Sy, S,, and S, nuclei angle was measured for each cell
and summarized in a graph (Fig. 6F). Note that the stretch direction
is equal to angle = 0°, 180°, and 360° (Fig. 6F). The graph indicates
that cells Sy, S,, and S; exhibited a different change in nuclei angle;
cells Sy and S, remained their nuclei angle close to the stretch direc-
tion during the experiment, whereas cell S; showed a dynamic
change in nuclei angle, starting from 97° and ending with 241°
(Fig. 6F). The result obtained from cells S;, S,, and S; and six
other cells implies that cellular heterogeneity exists in 3D tissues
subjected to mechanical stretch. The cellular heterogeneity was
often neglected through standard evaluation methods such as im-
munostaining and Western blot. The presented system allows us to
investigate how each unique cell responds to mechanical stimuli that
are applied to a tissue, leading to a comprehensive understanding of
the cell-tissue concerted multiscale response that has been difficult
to analyze with previous methods.

Analysis of Golgi marker by spatiotemporal single-cell
tracking

To demonstrate our system for more in-depth biological analysis, a
spatiotemporal single-cell tracking analysis was performed with a
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Golgi marker. Golgi is known for its localization toward the direc-
tion of cellular migration (32, 33). As our research focuses on initial
cellular adaptation to mechanical stimuli, for example, migration in
3D tissues under stretch, the Golgi body marker is a suitable candi-
date for continuous observation and further in-depth biological
analysis.

We observed a cell with Golgi localizing to one side of the
nucleus (Fig. 7, A to C). We also observed a cell with Golgi splitting
around the nucleus (Fig. 7, D to F). From these two cells, heteroge-
neity in intracellular organelle localization was observed. As an
example of the analysis with the Golgi position, two cells (cells A
and B) were selected (Fig. 7G). While cell A was labeled only on
the nucleus and membrane, cell B was labeled also on the Golgi.
Using these two cells, the relative position of cell B (nucleus and
Golgi) from cell A (nucleus) was measured and summarized in a
plot (Fig. 7H). The plot clearly shows the spatiotemporal movement
of cell B relative to the position of cell A in the 3D space. Then, we
looked at the relative position movement in the xy plane (Fig. 7).
The movement of cell B in the x-axis direction seemed to be directed
to the Golgi localization direction. The adverse movement was ob-
served in the y-axis direction. The relative position movement in the
xz plane was also extracted (Fig. 7]). Here, we can see that cell B
moved upward until the next observation point (f = 3.6 hours)
and then downward in the opposite direction (t = 6.9 hours). The
directional change of cell B before and after ¢ = 3.6 hours might have
arisen from the strong localization of Golgi toward the —z direction,
as indicated by the long dashed arrow. Such real-time 3D movement
data could be used for more in-depth biological insight into spatio-
temporal organelle localization and accompanying cellular behavior
in a mechanically stimulated 3D multicellular environment. To-
gether, it was demonstrated that our system can provide real-time
information on single-cell-level organelle localization and cellular
migration in a 3D tissue under mechanical stimuli.

DISCUSSION

We successfully observed the heterogeneous cellular behavior under
mechanical stretch in in vitro 3DMTs. What has been presented
here is distinctive from others in that we aimed to focus on the spa-
tiotemporal behaviors of individual cells composing a 3D tissue
rather than evaluating the tissue after finishing the mechanical
stimuli. The actual cellular behavior in 3D tissues has often been
neglected due to the difficulty to observe and track a single target
cell in 3D tissues. The alternative evaluation methods are mostly
based on cellular fixation that hinders continuous observation
and evaluation of an identical sample (14-16). Immunostaining
and Western blotting, for instance, give us insights into the tissue
state before and after the application of the mechanical stimuli,
yet they provide little information about cellular heterogeneity.
The proposed investigation on cellular heterogeneity by spatiotem-
poral single-cell tracking analysis is, therefore, unique from other
research and gives insights toward further development in the
field of tissue engineering, as well as fundamental biology such as
developmental biology.

The presented optical live imaging and stretch system enabled us
to investigate the cellular mechanical response inside in vitro 3D
tissues at a single-cell scale, offering insights into cellular heteroge-
neity in 3D tissues. Conventional single-cell analysis of cellular me-
chanical response was often conducted using two-dimensionally
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Fig. 6. Spatiotemporal single-cell tracking analysis in 3DMTs under mechanical stretch. (A) Acquired fluorescence images and reconstructed 3D models of cell C; at
four different time points. The white dashed box indicates the area where an adjacent cell was cleared. (B) Acquired fluorescence images and reconstructed 3D models of
cell C; at three different time points. The white dashed boxes indicate the area where adjacent cells were cleared. (C) Temporal change of nuclei angle of cells C; and C,
and five other observed cells plotted in the polar plot. (D) Acquired fluorescence images and reconstructed 3D models of cells S; and S at two different time points. (E)
Acquired fluorescence images and reconstructed 3D models of cell Sz at four different time points. (F) Temporal change of nuclei angle of cells S;, S,, and S; and six other

observed cells plotted in the polar plot (all scale bars, 20 pm).

cultured cells and tissues due to the simpler experimental setups
and the number of available equipment such as atomic force mi-
croscopy to measure cellular elasticity and calcium imaging to visu-
alize intracellular mechanical response (34, 35). 3D tissues, on the
other hand, are troublesome to investigate because of several chal-
lenges; first, imaging of a single cell inside 3D tissues at a high res-
olution; and, second, focusing on the same target cell during
exposure to mechanical stimuli, which was not resolved by previous
research (36, 37). Our system comprises the symmetrical stretch

Kasahara et al., Sci. Adv. 9, eadf9917 (2023) 13 October 2023

machine to keep focusing on a target cell under mechanical
stretch and confocal microscopy to focus on a cell inside 3D
tissues. The stretch machine composed of two linear motorized
stages allows the application of mechanical stimuli with different
patterns and frequencies, enabling the detailed investigation of
stretch pattern—dependent cellular behavior and mechanical re-
sponse. We also used C2C12 cells labeled with fluorescence to con-
struct 3DMTs and successfully showed that it is possible to
exclusively label a certain amount of cells in 3D tissues and
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observe target cells at the single-cell level. The type of ECM is easily
changeable to a variety of other gels, such as GelMA and fibril, en-
abling the investigation of cellular behavior in different ECMs. The
z-stack images of target cells could be acquired and used for the re-
construction of the 3D cellular model to visualize cellular shape in
3D space (Fig. 6). Hopefully, further improvements could be done
to the system; for example, the resolution of the acquired z-stack
images is dependent on the resolution of confocal microscopy in
the z direction (38), and the time required for z-stack acquisition
limits the time resolution. By using confocal microscopy with a

Kasahara et al., Sci. Adv. 9, eadf9917 (2023) 13 October 2023

higher z resolution and a high-speed camera, it is expected to
gain z-stack images with higher spatiotemporal resolution (39,
40). The proposed analytical system is also limited by its low
throughput due to our approach of fluorescently labeling a certain
amount of cells in 3D tissues. While the transfection efficiency of 10
to 15% allows us to visually isolate a single cell and observe its entire
structure without being overlapped by other surrounding cells, it
also means that a limited number of cells can be observed per ex-
periment, resulting in low throughput. However, this limitation can
be overcome by incorporating laboratory automation, which is

8 of 12

202 ‘02 Afenige- uo BI0'80Us 195 MMM//SANY WO PaPeo JUMOd



SCIENCE ADVANCES | RESEARCH ARTICLE

becoming increasingly available, into our analysis system (41, 42).
By automating the analysis and observing more cells, we believe
that the difference between without and with stretch will become
more visible even in single-cell analysis and that the distribution
will eventually converge to a histogram similar to the one obtained
from the multicell-scale analysis (Fig. 4C).

The presented analysis for the investigation of cellular heteroge-
neity in 3D tissues has further potential to understand the mecha-
nism of multiscale cellular response from a dynamic perspective.
For instance, we assumed that different inputs of mechanical
stimuli applied to each cell lead to heterogeneous cellular behavior.
By fluorescently labeling ECM and imaging ECM dynamics simul-
taneously, it might be possible to measure the deformation of ECM
and calculate the actual mechanical input applied to each cell (43).
Together with the calculated mechanical input on cells and recon-
structed 3D cellular models, the mechanical dynamics of every
single cell could also be numerically calculated with computational
simulation (44).

Moreover, our system and analysis have an immense impact on
the research in mechanotransduction. When cells are exposed to
mechanical stimuli, cells sense the stimuli via mechanoreceptors
and mechanoresponsive signaling pathways are up-regulated/
down-regulated, resulting in the activation/deactivation of certain
molecules (45, 46). The shift of molecule levels leads to changes
in cellular behavior, such as migration and morphological
changes. Spatiotemporally quantifying the level of these molecules
is, therefore, crucial in understanding further details of mechano-
transduction. For spatial quantification, spatial transcriptomics
(ST) techniques attracted attention, due to the capability to spatially
measure gene activity in a multicellular tissue sample (47). Even re-
cently, a live cell tagging method for ST was developed, allowing the
spatial gene activity mapping linked with the temporal cellular be-
havior (48). Together with our proposed analysis, it is anticipated to
fully visualize the gene activity associated with local cellular/tissue
behavior induced by mechanical stimuli. This could provide the
whole information on mechanotransduction in multicellular
systems that any other analytical methods have yet to offer.

To conclude, by expanding the scales from mechanical input at
the single-cell level to the multicell tissue level, it is anticipated to
understand the cell-tissue concerted mechanical response, leading
to a comprehensive understanding of the mechanism behind me-
chanical stimuli-induced tissue structuring. With further improve-
ments, we believe that the investigation of cellular heterogeneity will
become a principal method to break through toward the develop-
ment of tissue engineering.

MATERIALS AND METHODS

Fabrication of PDMS stretch chamber

PDMS stretch chamber was fabricated by simple PDMS molding
and bonding of two layers: a top and a bottom layer. Molds for
both layers were designed with 3D CAD software (SolidWorks, Das-
sault Systémes, Vélizy-Villacoublay, France). An acrylic mold was
prepared by machining and used for PDMS molding of the top
layer (fig. SIA). For the bottom layer, an aluminum mold with
tape spacers was prepared by machining (fig. S1D). Aluminum
was used as the material for the bottom layer instead of acrylic as
organic solvents might be used in the later procedure in PDMS
peeling, and acrylic is prone to such solvents. The PDMS
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prepolymer was prepared by mixing the PDMS base liquid and
curing agent (SYLGARD 184, Dow Corning, USA) in a ratio of
10:1 and then poured over the molds (fig. S1, B and E). To fabricate
a thin bottom layer for optical observation at high resolution, the
casted PDMS on the mold was compressed with a glass slide, result-
ing in the thickness of the bottom layer to thinner than 100 pm (fig.
S1E). After heating at 75°C for 1.5 hours, the cured top and bottom
layers were peeled off from the molds (fig. S1, C and F). The two
layers were bonded with uncured PDMS and additional heating at
75°C for 1 hour to obtain the PDMS stretch chamber (fig. S1G). The
chamber was washed with ethanol and then sterilized by autoclav-
ing at 121°C for 20 min for further cell culture.

Cell preparation
The mouse myoblast C2C12 cell line (CRL-1772, American Type
Culture Collection, Manassas, USA) was cultured in high-glucose
Dulbecco’s modified Eagle's medium (FUJIFILM WAKO Pure
Chemical Corporation, Osaka, Japan) containing 10% fetal bovine
serum (HyClone, Logan, USA) and 1% penicillin-streptomycin
(Sigma-Aldrich, St. Louis, USA) in a humidified atmosphere incu-
bator at 37°C with 5% CO,. Cells were passaged before reaching 80%
confluence to avoid cell differentiation. C2C12 cells were rinsed
with phosphate-buffer saline (FUJIFILM WAKO Pure Chemical
Corporation, Osaka, Japan) and treated with 0.25% trypsin-EDTA
(Thermo Fisher Scientific, Waltham, USA) for detachment from
dishes. The fresh medium was added, and the cell suspension was
centrifuged at 130g for 5 min to collect cells. The cells were passaged
several times before experiments to ensure stable proliferation.
For live cell imaging experiments, we introduced plasmid DNA
(Bact2-nls-mCherry-IRES-EGFP-CAAX) into C2C12 cells to label
cell membrane with EGFP [maximum excitation wavelength (Ag,) =
488 nm and maximum emission wavelength (Ag,,) = 509 nm] and
nuclei with mCherry (Ag, = 587 nm and Ag,, = 610 nm). To transfect
plasmid DNA into cells, a DNA complex was prepared by mixing 3
ul of TransIT-X2 Dynamic Delivery System reagent (MIR6003,
Mirus, Madison, USA), 1 g of the plasmid DNA, and 100 ul of
Opti-MEM I Reduced Serum Medium (Thermo Fisher Scientific,
Waltham, USA) and added to a ¢$35-mm cell culture dish filled
with 1 ml of medium. After incubation for 3 to 4 hours, the cell
medium was replaced with a fresh medium, followed by overnight
incubation. For the transfection efficiency determination, cells were
stained with 4’,6-diamidino-2-phenylindole (DAPI), and cell
numbers were counted to derive the transfection efficiency by di-
viding the number of cells with mCherry-labeled nuclei by the
number of cells with DAPI-stained nuclei. An additional plasmid
DNA (pCMV6-AC-mBFP, OriGene Technologies Inc., Rockville,
USA) labeling Golgi with BFP (Agx = 374 nm and Ag,, = 443 nm)
was used for live cell imaging with Golgi. Two DNA plasmids were
added at 0.5 pg each to a DNA complex for cotransfection.

3D tissue culture in PDMS stretch chamber

A reconstitution buffer for collagen was prepared by mixing 50 mM
sodium bicarbonate (Wako Pure Chemical Industries, Osaka,
Japan), 260 mM sodium hydroxide bicarbonate (Wako Pure Chem-
ical Industries, Osaka, Japan), and 200 mM Hepes (Dojindo, Kuma-
moto, Japan). The pre-gel collagen solution was prepared by mixing
type I collagen (5 mg/ml; IAC-50, KOKEN, Tokyo, Japan), Hanks’
balanced salt solution (Sigma-Aldrich, St. Louis, USA), and the re-
constitution buffer in a volume ratio of 8:1:1, resulting in a solution
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of 4 mg/ml. A mixture of the pre-gel collagen solution and Matrigel
(10 mg/ml; Corning, New York, USA) was prepared in a volume
ratio of 9:1 to prepare an ECM for constructing 3DMTs in the
PDMS chamber (final concentration of 4.6 mg/ml). When prepar-
ing a sample with fluorescently stained collagen fibers in the ECM,
the prepared pre-gel collagen solution was mixed with a fluorescent
dye (Alexa Fluor 350 NHS, Thermo Fisher Scientific, Waltham,
USA) in a volume ratio of 200:1 and incubated on ice for 1 hour,
before mixing with Matrigel. After centrifuging the cell suspension
and removing the medium, cells were suspended in the desired
amount of the ECM to achieve a final cell concentration of 1.0 x
107 cells/ml. The cell-ECM mixture was loaded in the PDMS
stretch chamber and allowed to polymerize for 15 min at 37°C.
After polymerization, the medium was added to the chamber.
The cells were cultured in a humidified atmosphere incubator at
37°C with 5% CO, for 1 day.

Stretch culture of 3D tissues and observation of cellular
orientation

To conduct a stretch culture of 3DMTs, we used a lab-developed
stretch machine composed of two linear motorized stages
(TANN40-10C, SIGMAKOKI, Tokyo, Japan) operated from a con-
troller (HSC-103, SIGMAKOKI, Tokyo, Japan) and PC (25). The
PDMS stretch chamber was fixed on the stretch machine and sub-
jected to uniaxial cyclic stretch (10%, 1 Hz) for 12 hours in a humid-
ified environment at 37°C with 5% CO,. Right before and after the
stretch, cells were imaged with confocal microscopy (FV3000,
OLYMPUS, Tokyo, Japan) and a 20x objective lens (UPLSAPO
20X, OLYMPUS, Tokyo, Japan) to acquire multicell-scale z-stack
images to evaluate cellular orientation.

Spatiotemporal live imaging of 3D tissues at a single-cell
scale under mechanical stretch

The developed optical live imaging system of single cells in the 3D
tissue under mechanical stretch was composed of confocal micros-
copy, a custom-made stage-top incubator, and two linear motorized
stages (fig. S5A). The stage-top incubator was established by inte-
grating an incubation system (INUBG2-ONICSH2, Tokai Hit, Shi-
zuoka, Japan) with a surrounding acrylic incubator and an
additional heater on top (fig. S5B). The temperatures of the
heaters were adjusted so that the temperature of the medium in
the PDMS stretch chamber reached 37°C. During the experiment,
the medium heated to 37°C was added every 2 hours to compensate
for the evaporation of the medium. Objective lenses (40x;
UPLSAPO 40X2 dry lens or UAPON 40XW340 water immersion
lens, OLYMPUS, Tokyo, Japan) were used for the observation
and acquisition of the z-stack images.

Image analysis

All the acquired confocal fluorescence images were processed and
analyzed with Fiji (49), a distribution of ImageJ (National Institutes
of Health, Maryland, USA). Z-stack images of nuclei were converted
to 8-bit grayscale and projected in a single image. The nuclei in the
projected images were binarized with thresholding, denoised with a
median filter, and fitted to ellipses. The nuclei angle was determined
by measuring the angle between the major axis of the fitted ellipse
and the stretch direction. The center coordinates of the fitted ellip-
ses were measured as the position of nuclei and used to determine
the distance between two cells. Z-stack images of the membrane
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were converted to 8-bit grayscale, projected in a single image, binar-
ized, denoised with a median filter, and fitted to an ellipse to
measure the angle between the major axis and the stretch direction,
the length of the major and minor axes. Z-stack images of Golgi
were converted to 8-bit grayscale, projected in a single image, binar-
ized, and denoised with a median filter to determine a centroid po-
sition. The z position of nuclei and Golgi were determined by
choosing an image slice with the highest intensity in a z stack.
The orientation of collagen fibers was characterized by processing
confocal images of collagen with Orientation] Image] plugins (50,
51). The images of collagen were denoised with Lpx filter 2d in
LPIXEL ImageJ plugins (LPIXEL Inc., Tokyo, Japan) before the
measurement of orientation (52). Acquired image stacks of cells
were visualized with 3D viewer plugin (53).

Reconstruction of 3D cellular models from acquired

image stacks

3D cellular models were reconstructed from acquired z-stack images
of the cellular membrane by using MATLAB (MathWorks, Massa-
chusetts, USA). As a preparation for the 3D model reconstruction,
the cells to be analyzed were cropped from z-stack images, and sur-
rounding cells were cleared. A median filter was applied to reduce
noise, and brightness and contrast were adjusted manually. In the
case of confocal images obtained with the 40x dry lens, the intensity
of all slices in the z stack was measured for each cell to choose an
image slice with the highest intensity as a middle slice (fig. S6).
Then, five slice images each above and below the middle slice
image, in total 11 slice images, were used for the image projection
in a single image and the reconstruction of a 3D cellular model (fig.
S6). In the case of the 40x water immersion lens, a total of 31 slice
images were used for the 3D model reconstruction because of a
higher z resolution. The selected slices were loaded on MATLAB
to find boundary points describing the contours of cells and
create a 3D volume using the alphaShape function. To acquire a
3D cellular model with triangular meshes, a matrix representing
the boundary of the alpha shape was acquired using the boundary-
Facets function, and an STL file was created and visualized using the
stlwrite function and Partial Differential Equation Toolbox (Math-
Works, Massachusetts, USA).

Statistical analysis
The K-S tests were used for data comparison. The calculated P value
was stated in the figure. n.s. denotes not significant.

Supplementary Materials
This PDF file includes:

Figs. S1 to S6

Supplementary Materials and Methods
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