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Epithelial cells migrate autonomously by aligning and inducing a collective motion. Controlling the
collective motion of epithelial cells in geometrically confined environments is important for
understanding physiological processes such as wound healing and self-organized morphogenesis.
However, collective migration under a three-dimensional (3D) curved surface resembling living epithelial
tissue has not yet been explored. In this study, we investigated the collective motion of a 3D-buckled
polyacrylamide (PAAmM) gel that mimics the shape of folds and wrinkles of epithelial tissue to understand
the geometric effects of collective motion. We found that the velocity correlation in the space near the
hydrogel boundary showed a periodic change that correlated with the wrinkled folding of the hydrogel

. 4 18th March 2022 pattern. Furthermore, the characteristic length of the velocity correlation increased proportionally with
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Accepted 4th July 2022 the wavelength of wrinkled folding. These observations indicated that the hydrogel pattern could steer
the collective motion of epithelial cells over long distances. Our study also suggests that the wrinkled

DOI: 10.1039/d2ra01768g design of the hydrogel is a versatile platform for studying the geometric effect of a curved surface on
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Introduction

Active matter showing autonomous motion while consuming
energy has attracted considerable attention for understanding
out-of-equilibrium dynamics,"* which are common to a wide
variety of materials, including swimming bacteria,>* cytoskele-
tons driven by motor proteins,>® epithelial cells,”® active
colloidal particles,” and swimming droplets.'® One of the most
important properties inherent in the active matter is that
collective motions appear with an ordered velocity correlation
in space and time as the density increases.'™ With polar
interactions, in which the direction of motion is aligned parallel
among self-propelling particles, active turbulence,”® vortex
pairing,** vortex lattices,’ and the jammed phase'® appear in
their collective motion. The emergence of these out-of-
equilibrium structures, induced by the autonomous motion
and orientation interaction of dense active matter, is a unique
characteristic distinct from that of conventional passive
materials.

A fascinating property of a group of active matter is the
geometry-induced self-organization in collective motion; in the
collective motions of epithelial cells, emergent vortices have
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a characteristic size."”* The control of collective motion under
such designed boundaries has also enabled the discovery of
geometrical rules governing ordered structures. For instance,
a single active vortex of microswimmers can be extracted when
boundary conditions comparable to this size are imposed on
swimmer suspensions,* and the control of the active vortex
lattice has been studied using microdevices in a two-
dimensional plane.**' The geometry of collective dynamics
can provide essential insights into how cells and micro-
swimmers spontaneously form ordered structures. The
geometrical rule that controls the formation of vortex pairs with
the same and opposite rotation directions was also clarified. A
detailed understanding of active matter has been obtained by
revealing how these active vortexes interact with theoretical
models.*** However, most previous experiments were conduct-
ed in ideal artificial environments, such as two-dimensional flat
surfaces with rigid substrates. In the case of collective motion
exhibited by epithelial cells, more complex geometries, not just
in the two-dimensional plane, would also propagate their bio-
logical self-organization in living tissues.

On a three-dimensionally deformed substrate, cells can be
mechanically stimulated according to the curvature of the
substrate, leading to cell orientation and differentiation. Since
the surface geometry of multicellular morphogenesis is a three-
dimensional (3D) constraint with viscoelastic properties,
exploring the self-organized collective motion of epithelial cells
under a curved elastic substrate*** is needed to further under-
stand the physical basis of tissue mechanics. In particular,
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structures such as wrinkles and folds are often formed upon
tissue swelling and local proliferation. The geometric depen-
dence of their collective dynamics under complex curved
confinement can be analyzed by determining how cells exhibit
collective dynamics in motion and morphology while under the
wrinkled structures of epithelial tissues.

In this study, we fabricated a 3D-buckled hydrogel film with
a wrinkled surface deformation similar to that of biological
tissues. A thin film of polyacrylamide (PAAm) gel, whose
swelling and mechanical properties can be controlled, was used
as a substrate model for cell culture. By partially bonding the
PAAm gel film to a glass substrate and subsequently swelling it,
a 3D-folded structure based on buckling instability can be easily
and reproducibly obtained.*® The 3D-buckled hydrogel was then
used to analyze the collective motion of Madin-Darby canine
kidney (MDCK) epithelial cells under 3D spatial confinement.
We found that the velocity of collective motion was affected by
the periodic pattern of the wrinkled structure near the wrinkled
patterns. Furthermore, the wrinkled pattern of the hydrogel
extended the velocity correlation of the collective movement
and enabled the formation of emergent patterns aligned over
a longer distance. Such a spatial correlation in collective motion
may be relevant for guiding a group of epithelial cells and their
complex morphogenesis during development.

Materials and methods
Chemical reagents

3-(Trimethoxysilyl)propyl methacrylate (TMSPMA), as a covalent
anchor between the PAAm gel and the glass substrate, was
purchased from Sigma-Aldrich. Acrylamide (AAm), as a mono-
mer for PAAm gel, N,N-methylenebis[acrylamide] (MBAA), as
a cross-linker for PAAm gels, and lithium phenyl (2,4,6-trime-
thylbenzoyl)phosphinate (LAP), as a UV initiator for the poly-
merization, were purchased from Tokyo Kasei Co., Ltd.
Fluorescein o-acrylate (FL), as a fluorescent monomer for visu-
alizing hydrogel 3D morphology, was purchased from Sigma-
Aldrich. Sulfosuccinimidyl 6-(4’-azido-2'-nitrophenylamino)
hexanoate (sulfo-SANPAH), as a heterobifunctional cross-linker
for the surface modification of the hydrogels to attach cells, and
type I collagen, as an extracellular matrix (ECM), were
purchased from Sigma-Aldrich. The chemicals used in this
study were used as received without further purification.

3D Buckled hydrogel fabrication

3D-Buckled hydrogels were fabricated as described previ-
ously.>**” Briefly, cleaned coverslips (18 x 18 mm) were chem-
ically modified with TMSPMA to covalently bind the coverslips
to hydrogels. Striped silanized coverslips (400-1400 pm-wide
line pattern) were obtained using conventional photolithog-
raphy and oxygen plasma etching. The reaction cell was
assembled by attaching a 60 um-thick Scotch tape (4 mm-wide,
3 M) as a spacer between the cleaned coverslip and the silanized
coverslip. Next, 18 pL of the pre-gel solution containing 4 M
AAm, 0.04 M MBAA, 0.004 M LAP, and 0.05 wt% FL in pure water
was injected into the reaction cell. After UV light irradiation (5.4
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mW cm ™ ?) at 365 nm for 3 min (HLDL-150UV365, CCS Inc.), the
PAAm gel/coverslip layer composite with interfacial adhesion
defined by the TMSPMA pattern was prepared. Finally, the
composites were immersed in a large amount of pure water to
form wavy folds with buckling instabilities (Fig. 1(a)).

The elastic modulus of the PAAm gel used in this study was
evaluated using uniaxial tensile tests. Uniaxial tensile tests were
performed on a water-swollen PAAm gel using a tensile-
compressive tester (STB-1225S, A&D Co. Ltd.). All the samples
were cut into specific dimensions of 12 x 2 x 0.75 mm; the
gauge length was 12 mm. All the samples were stretched along
their lengths at an extension rate of 100 mm min~*. The tensile
strain ¢ is defined as (I — [,)/ly, where [, and [ are the lengths of
the gel before and during elongation, respectively. The resulting
elastic modulus is 218 kPa (Fig. 1(b)).

Cell culture

Prior to the spreading and growth of cell culture, type-I collagen
was immobilized on the surface of the 3D-buckled hydrogels
using sulfo-SANPAH. The gel surface was covered with 200 uL of
2 mM sulfo-SANPAH solution. The solution was then irradiated
with UV light at 365 nm for 10 min to allow it to react chemically
with the gel surface. Subsequently, 200 pL of type-I collagen
solution (0.3 wt%) was added to the gel surfaces, which were
incubated at room temperature for 1 h. Finally, the gel surface
was washed three times with pure water and incubated in the
culture medium at 37 °C for 1 h.

The epithelial cells used in this study were MDCK cells (NBL-
2, JCRB9029), grown at 37 °C in a CO, incubator with 5% CO,
and 90% humidity. The growth medium used was Dulbecco’s
modified Eagle’s medium (11965092, Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (173012, NICHIREI
Biosciences). The cell density was determined using a cell
counter (TC20, Bio-Rad). For inverted microscopic observations,
we used a glass-bottom dish (¢35 mm, IWAKI) for the chamber.

Microscopy

Time-lapse recordings of the collective motion of the MDCK cell
monolayer were obtained at intervals of 5 min for 72 h. An
inverted fluorescent microscope (IX73, Olympus) equipped with
a CMOS camera (Zyla, Andor Technology) was used with
a phase-contrast imaging setup. The temperature of the
microscopic stage was maintained at 37 °C, and the concen-
tration of CO, gas was maintained at 5% using a stage-top
cultivation chamber (STXG-IX3WX, TOKAI-Hit). The geometric
pattern of the hydrogel was determined by visualizing the green
fluorescent dye inside it. The microscopic stage was motorized
with a BIOS-Light driver (Sigma Koki), and the multipoint
acquisition was performed using the Metamorph software. All
microscopic images were analyzed, and image processing and
calculation of the autocorrelation function were performed
using MATLAB software. In particular, we carried out particle
image velocimetry (PIV) analysis using Image] software with
iterative PIV-plugin to obtain the velocity field of collective
motion of MDCK cells. The size of the captured images used in
PIV was 4160 um on the vertical axis and 3510 um on the
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Fig.1 Epithelial cell monolayer on 3D-buckled hydrogel. (a) Schematic of a 3D-buckled hydrogel. (b) Mechanical properties of PAAmM gel. (b, left)
Schematic of tensile testing and tensile stress—strain curves of PAAm gel. (b, right) Young's modulus was calculated from the initial slope of the
plot for each sample. (c—e) Fluorescent microscopic images of the 3D-buckled hydrogel. Representative folded pattern with a peeling width of
600 pm and crosslinking density of 1 mol%. The wavelength 1 is defined as the peak-to-peak distance. (f) The mean curvature of the concave
(blue) and convex (red) sides of the wrinkled patterns with various wavelengths . (g) Microscopic image of MDCK epithelial cell monolayer far
from the wrinkled patterns (white line) and near the wrinkled patterns (green line). Scale bars: 200 um. (h) Velocity field of collective motion of
MDCK cells near the wrinkled patterns. Green arrows indicate the velocity field v(x,t). (i) Power spectrum density (PSD) of the velocity field of
MDCK cells, analyzed using the velocity field at a point far from the wrinkled pattern of the hydrogel. The data from three independent

experiments are shown as different colored curves.

horizontal axis, the interrogation window size was 20.5 um and
the search window size was 61.5 pm. The correlation threshold
of iterative PIV was set at 0.60.

Statistical analysis

Statistical analysis was performed using MATLAB software. The
p-values were determined using Student’s t-test. The p-value
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threshold for statistical significance is 0.05. We also performed
the Jarque-Bera test to confirm that the data set used for
Student’s ¢-test can be assumed as a normal distribution.

Results

When the PAAm hydrogel film swelled in the adhesion-free
area, it detached and formed wavy folds with buckling

© 2022 The Author(s). Published by the Royal Society of Chemistry
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instability (Fig. 1(a)). We used this 3D-buckled hydrogel with
periodically deformed wrinkles to investigate the effect of
curved boundaries on the collective motion of epithelial cells.
To determine the outline of the hydrogel folds by projecting
them onto a two-dimensional plane, we added a green fluores-
cent monomer to the PAAm hydrogel (Fig. 1(c)) and extracted
the boundary shape of the wrinkled patterns using a fluores-
cence microscope (Fig. 1(d) and (e)). We binarized the image of
the hydrogel wrinkling pattern to determine the boundaries
where the deformation started. The wavelengths of these
wrinkled folds were evaluated using the peak-to-peak distance A
(Fig. 1(e)). The hydrogels used in this study had periodic wrinkle
designs from A = 405.4 um (peeling width 400 pm) to 1303.5 pm
(peeling width 1400 um). In addition, the height of the area
under the swelling also varied from 189.5 pm (in peeling width
400 pm) to 423.2 um (in peeling width 1400 um), providing the
boundary condition for the wrinkled folding. The curvature of
the gel boundary due to buckling tended to be large for
hydrogels with small periodic lengths, whereas the curvature
became smaller as the periodic length increased (Fig. 1(f)).
MDCK cells were seeded at a density of 2.0 x 10° cells per
mL, and time-lapse observation at 10 min intervals was started
after establishing sufficient adhesion to the substrate. PIV
analysis was performed on the captured images to calculate the
velocity field v(x,t) of MDCK cells. The velocity fields were then
analyzed at two positions: the first was v(x,t), near the boundary
along the outline of the hydrogel folds, and the second was
v(x,t), along the same outline shape 1 mm away from the
wrinkled pattern (Fig. 1(g)). Fig. 1(h) shows a vector represen-
tation of the obtained velocity field. By analyzing the power
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spectrum of the velocity field, we can see that a peak appeared at
k™' ~600 um, which is the typical correlation length of ¥(x,t) in
the MDCK cell monolayer (Fig. 1(i)). This length scale also
suggests that a distance of 1 mm is suitable for testing cases
without velocity correlation.

The focus of this study was to reveal how the wrinkled
hydrogel fold guides the collective motion of MDCK cells.
Hence, we decomposed the velocity of the collective movement
in the tangential direction vr(x,t) and the normal direction
vn(%,t), along the wrinkled patterns, and analyzed their spatio-
temporal evolution (Fig. 2(a) and (b)). The velocity in the
tangential direction vy indicates the collective motion along
parallel to the wrinkled pattern, whereas the normal velocity vy
represents the component of the motion of the cell vertical
upwards along the wrinkled pattern. To calculate vy, we defined
unit vector ¢(x) in one direction along the tangential direction of
the boundary. This unit vector ¢(x) allowed us to obtain the
tangential velocity, vy = v-t (Fig. 2(a)). In addition, we defined
the normal unit vector n(x) that points outward from the wrin-
kled folding and makes an angle of 90° with vector ¢(x)
(Fig. 2(b)). The velocity vy in the normal direction was defined
as vy = v-n. As shown in Fig. 2(c), close to the wrinkled folds of
a hydrogel pattern with a wavelength of A = 1008.4 pm, the
position showing the greater speed of vt tended to be localized
on the concave side (Fig. 2(c), white arrowhead), where the
curvature was larger along the boundary. Furthermore, vt near
the wrinkle pattern does not vary significantly with respect to
time, and its spatial patterns were preserved. In contrast, the
tangential velocity vy at a distance far from the wrinkled
patterns showed substantial changes with space and time, and
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Fig.2 Velocity field of epithelial cell monolayer along the tangential direction and the normal direction of 3D-buckled hydrogel. (a) Schematic of
tangential direction along the wrinkle pattern. The wave-like deformation of the folded hydrogel has a wavelength (A) of 1008.4 um. (b)
Schematic of normal direction along the hydrogel pattern. (c and d) Tangential velocity v(x,t) near the wrinkle pattern (c) and far from the wrinkle
pattern (d). The white arrowhead in (c) indicates the position showing the greater speed of vy locally on the concave side. (e and f) Normal velocity

vn(x,t) near the wrinkle pattern (e) and far from the wrinkle pattern (f).
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Fig. 3 The autocorrelation function of velocity in the tangential direction and normal direction along the 3D-buckled hydrogel. (a—d) The ACF of
tangential velocity vr(x.t) near the wrinkled pattern (a and b) and far from the wrinkle pattern (c and d). (a and c) The ACF of v(x.t) and (b and d) the
plot of the ACF extracted at At = 0. (e—h) The ACF of normal velocity vy(x,t) near the wrinkle pattern, near the wrinkled pattern (e and f), and far
from the wrinkle pattern (g and h). (e and g) The ACF of vy(x.t) and (f and h) the plot of the ACF extracted at At = 0.
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reversal of the tangential velocity was occasionally observed
(Fig. 2(d)). These results suggest that a spatial correlation in
tangential velocity could exist under the wrinkled hydrogel
pattern. Next, we analyzed the normal velocity vy(x,t) along the
wrinkled hydrogel. Near the boundary of the wrinkled hydrogel,
the normal velocity vy exhibited temporal and spatial varia-
tions, and the locations with large velocities tended to fluctuate
over time (Fig. 2(e)). In the region far from the gel, vy also
showed temporal variation and spatial irregularity (Fig. 2(f)), as
in the case of the tangential velocity (Fig. 2(f)).

To further analyze the geometric dependence of the collec-
tive motion along the hydrogel or normal to the hydrogel, we
calculated the autocorrelation function (ACF) in space and time.
The following equations were used to calculate the ACFs of
vr(x,t) and vn(x,t), respectively,

X+ Ax,t + At)vr(x, t)>
v'zl"(x7 l) x,t

Cr(dx, Af) = <VT(

and

Cu(dx, A1) = <VN(x+Ax,t+At)vN(x,t)>
X,

v (x, 1)

(@)

Near wrinkle pattern

Intermediate region
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where (-),, represents the ensemble average over space and
time.?® The ACF revealed the temporal and spatial similarities of
the velocity deviation from the mean value ((v1)x, = 0 and (Vx),
=0).

To determine the correlation in the velocity of collective
motion, we examined Cr(Ax,At) at two positions, as noted
earlier: one at a point 1 mm away from the hydrogel pattern and
the other near the wrinkled patterns. Interestingly, Cr(Ax,Af)
near the wrinkled patterns showed periodic changes in the
correlation pattern over long Ax and At (Fig. 3(a) and (b)). This
ACF pattern indicates that the direction of each velocity
component can be switched to the opposite direction over time.
Furthermore, by examining how Cr(Ax,At) changed spatially at
the same time (A¢ = 0), we found that the periodic change was
more significant in the ACF near the wrinkled patterns (Fig. 3(c)
and (d)). As for the normal velocity component, the Cx(Ax,At)
tended to show unclear periodic changes both near the wrin-
kled patterns (Fig. 3(e)) and far from the wrinkled patterns
(Fig. 3(f)). The peak of Cn(Ax,0) was only weakly correlated with
periodic changes, which was different from the spatial period-
icity in the tangential direction (Fig. 3(h)). The characteristic
length in the correlation of the tangential velocity (k1 ') was 624
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Fig. 4 The linear dependence of velocity correlation length on the wavelength of folded hydrogel pattern. (a) The characteristic length of the
tangential velocity (k71) and (b) the characteristic length of the normal velocity (knY) at various wrinkled patterns. In each figure, from left to right,
k7t and kit in the vicinity of the pattern (near the wrinkle pattern, left), 500 um farther away (intermediate region, middle) and 1 mm farther away
(far from the wrinkle pattern, right) are shown. The statistical analysis was carried out using A = 500-550 um as the standard, and significant
differences were found when A = 1100-1150 um was reached. The p-value was determined by Student's t-test (*p < 0.05, n.s. represents no
significant difference). The black line is drawn by the least-square fitting.
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pm (from Cr(Ax,0), Fig. 3(d)), and the length scale in the
correlation of the normal velocity (ky') was 332 pum (from
Cn(Ax,0), Fig. 3(h)). These were shorter than the wavelength of
the wrinkled hydrogel folds (A = 1008 pm), but the character-
istic length in the tangential direction k" was comparable to
the characteristic length in the velocity correlation without the
hydrogel pattern (k' ~600 pm, Fig. 1(g)).

Moreover, to determine whether this model correctly
captures the periodic changes in the collective motion, we
conducted experiments using hydrogels whose folds varied in
periodicity from A = 405.4 pm to 1303.5 um and analyzed
collective motion on wrinkled hydrogels having various wave-
length patterns. By analyzing the ACF of the velocity and
extracting the spatial periodicity in the tangential direction
kr', we found that the collective motion near the wrinkled
pattern exhibited a linear dependence between the periodicity
of kr' and the wrinkle wavelength A (Fig. 4(a)). As the wave-
length of the wrinkled folds increased, the correlation length of
the ACF patterns increased linearly. This enlarged correlation
length along the boundary implies that the emergent pattern of
collective motion is guided by wrinkling geometry in the vicinity
of hydrogel folds.

A similar linear relationship between the two characteristic
lengths also appeared in the periodicity of the normal direction
Cn(Ax,At) only near the wrinkled pattern (Fig. 4(b)).

It is important to know whether the tendency of the corre-
lation length of the velocity correlations to extend farther away
from the wrinkled patterns is affected by collective motion
along the boundary. Therefore, we plotted kr' and ky' with
respect to A at positions farther from the boundary. The plots in
the intermediate region and far from the wrinkled patterns (500
pm and 1 mm away from the wrinkled pattern, respectively)
show that the characteristic length of the velocity correlation
was kr' = 500-600 pm, regardless of the wavelength of the
wrinkled patterns, which is close to the correlation length of
v(x,t) (~600 pm) (Fig. 4(a) and (b)). These analyses indicate that
the influence of the gel boundary did not exceed the correlation
distance. A proportional relationship was found only in collec-
tive motion near the wrinkled pattern, suggesting that MDCK
cells can collectively move along the hydrogel folds in a wrinkle-
size-dependent manner.

Discussion

We investigated the collective motion of an epithelial cell
monolayer of MDCK cells close to a 3D-buckled hydrogel
mimicking a complex tissue shape. The spatial correlation in
velocity can be found only near the wrinkled boundary of the
hydrogel, and this correlation extends proportionally to the
wavelength of the wrinkling pattern of the hydrogel. The peri-
odic changes in the velocity correlation suggest that the wrin-
kled folds in the hydrogel substrate could steer the direction of
collective motion. We assume the following mechanism to
account for this spatial correlation: the wrinkled hydrogel has
a gradient in the height direction, and there are regions where
the gradient is too steep to migrate upward (Fig. 1(c)-(e)). MDCK
cells facing the shallow gradient move up the folds, while cells
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facing the apex of the wrinkled folds move sideways to avoid
a steep gradient. Then, MDCK cells can show collective motion
consistent with the boundary shape, such that they move
according to the periodic changes in the folds.

In addition to periodic changes in the ACF reflecting the
velocity correlation in space, we also found that the velocity
correlations in the vicinity of the gel changed little over time. In
particular, the high-velocity region tended to be localized on the
concave side of the gel wrinkle, as shown in Fig. 2(c). This
further suggests that the collective motion in the vicinity of the
wrinkled pattern shows little change in the direction along the
gel. Interestingly, the characteristic lengths of the velocity
correlation, kr ' and ky', did not perfectly match the wavelength
of the wrinkled pattern A. However, the correlation lengths
Fr' and ky* were slightly shorter. This could be because the
wrinkle of the hydrogel has a height difference, and the
hydrogel becomes a vertically standing wall at long wavelengths.
When the wavelength in such vertical walls becomes longer
than the correlation length of the collective motion, the velocity
correlation is less likely to extend to the cells near the boundary
of wrinkled patterns.

Notably, past studies have suggested that the orientation of
epithelial cells changes along with the geometry of the 3D
curved surface and that a geometry-driven flow can occur.”
Since the buckled 3D gel can also provide suitable geometric
confinement in the height direction, the analysis of collective
motion on the 3D buckled gel surface remains a future chal-
lenge. In addition, unlike the PDMS elastomers used in
previous studies, hydrogels can be stretched and contracted to
provide mechanical stimulation to epithelial cell populations,
making it possible to validate mechanical response stimula-
tion.?*** Moreover, MDCK cells exhibit ordered orientation in
space, known as topological defects.**** Certain types of topo-
logical defects cause mechanical stress to accumulate because
of the large cell density. As topological defects appear even in 3D
boundary geometries, a future challenge would be to elucidate
the geometric properties of collective motion under 3D
constraints to understand the epithelial development of
multicellular organisms.
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