www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Geometrical constraint change
determines organized collective
migration of follower cells

Mitsuru Sentoku?, Masaharu Endo?, Miki Takei', Wataru Hanamoto? & Kenji Yasuda'2**
Spatial confinement plays a critical role in shaping collective cell migration, particularly in regulating
interactions between leader and follower cells and among follower cells themselves. However, how
changes in confinement geometry influence migration dynamics and cell-to-cell interactions remains
poorly understood. This study leverages a novel microchannel design to systematically dissect the
interplay between spatial confinement and collective cell behavior in endothelial-like cells (MILE SVEN
1). In a single-cell-wide T-shaped branching structure, rear cells selected alternate pathways, avoiding
direct alignment with preceding cells. This highlights how spatial geometry mediates follower-follower
interactions by encouraging dynamic rearrangements within the cell train. Ladder-like branching
structures with consistent total pathway widths showed that dividing and reassembling cell trains had
minimal impact on migration velocity, provided no compression or expansion occurred. Wide-narrow-
wide patterns demonstrated distinct effects: stepwise transitions accelerated cells in narrow sections,
increasing directional alignment driven by spatial restriction, followed by decreased alignment in wider
regions. Gradual transitions maintained stable alignment and minimized disruptions, emphasizing the
importance of smooth geometrical transitions in preserving robust collective behavior. These findings
reveal how spatial confinement integrates follower-follower interactions and dynamic realignment.

By linking geometric transitions to collective cell dynamics, our study advances the understanding of
physical guidance mechanisms and offers a platform for investigating spatial influences on migrating
cellular systems.

Collective cell migration underpins many biological processes, from maintaining tissue integrity to responding
to physiological demands!~3. This migration is driven by collective polarization, where cells align their directional
signals to achieve cohesive movement. Mechanochemical coupling and dynamic cytoskeletal rearrangements
facilitate this alignment, enabling motility and inducing shape changes*%. In vascular development, endothelial
cells migrate collectively to form blood vessels, enabling tissue growth and repair during processes like
angiogenesis and wound healing®~'2. However, this migration also contributes to pathological events, such as
tumor angiogenesis and the formation of leaky vessels in inflammatory diseases, underscoring its dual roles
in health and disease!>!*. While coordination between the front and rear of cell monolayers is vital for these
events'>!%, the mechanisms regulating collective migration, particularly in response to spatial and geometric
constraints, remain poorly understood. Addressing these gaps is crucial for deciphering how endothelial cells
adapt their collective behavior across physiological and pathological contexts.

Front cells at the leading edge of the monolayer, exhibiting dominant lamellipodial protrusions driven by
the interplay between Rac and RhoA GTPases'’~2., are recognized as leader cells. These cells play a pivotal
role in collective migration by sensing and responding to external cues, such as during sprouting angiogenesis,
where tip cells guide stalk cells along vascular networks®>. When a cell group migrates through a complex
microenvironment, the change of the position of front cells and rear cells can exchange the role of leader cells
and followers during migration in vitro as well as in vivo®?*24. For example, tip cells in the tracheal branches of D.
melanogasterremain stable during the entire morphogenesis process®®, while the leaders of border cells frequently
change?®?. Studies have shown that local mechanical forces play a crucial role in the emergence of leader cells,
acting to inhibit neighboring cells from adopting a leader-like fate even before leader cells fully differentiate?.
Additionally, recent work utilizing optogenetics to induce leader-like phenotypes has estimated that leader
cells influence only their immediate neighbors, with an effective range limited to a single follower cell. This
finding underscores the importance of localized mechanical and signaling interactions in coordinating collective
migration®. Rear cells play a complementary follower role by maintaining group cohesion and transmitting
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mechanical forces across the migrating population through their interactions with both leader cells and adjacent
followers®. However, how these mechanisms integrate under spatial constraints to drive coordinated migration
remains poorly understood.

The collective behavior of migrating cells is influenced not only by biochemical signals, such as VEGE during
angiogenesis but also by the spatial geometry of their microenvironment. Previous studies have shown that
confinement and geometrical characteristics can significantly affect migration behavior by adjusting the cell-
cell interaction®*3!. For instance, in microfluidic devices, narrow channels have been shown to promote faster
migration speeds and increased alignment, while wider spaces often result in less cohesive movement due to
greater degrees of freedom®>3. These in vitro studies covering the relation between confinement width and
cellular dynamics have been corroborated in vivozebrafish and Xenopus embryos for neural crest cells, where
the migration efficiency of specific cell cluster sizes are enhanced by optimal confinement widths**. Similarly,
patterned substrates induce morphological changes in cells, which entail cytoskeletal reorganization that
regulates the protrusive ability of the cells*®. However, while these studies provide a foundation for understanding
collective migration in controlled environments, they often focus on leader cells or overall population behaviors
without dissecting how spatial geometry modulates cell-to-cell interactions, particularly among follower cells. A
recent study employed micropatterned substrate to examine these interactions at a single-cell level, emphasizing
the contact inhibition of locomotion (CIL) and contact following locomotion (CFL) behavior of epithelial
cells, suggesting that the intercellular behavior was different based on the location of the contact site*. The
interplay between physical confinement and mechanisms such as CIL and CFL requires further investigation to
understand how these individual mechanical interactions contribute to the emergent properties of coordinated
dynamics in cell collectives.

While prior research has provided valuable insights into the collective migration of cells, several limitations
remain. Many studies have predominantly focused on leader cells, emphasizing their roles in sensing external
cues and initiating directional migration, often underestimating the contributions of follower cells that possess
leadership potential'>?*. Additionally, while biochemical signaling pathways, such as those driven by VEGE
have been extensively studied, the physical and mechanical interactions between cells under varying spatial
constraints are less understood. Previous investigations into geometrical confinement have largely concentrated
on static behaviors, such as migration speeds and alignment in fixed-width channels, without considering how
dynamic spatial transitions, such as compression and expansion, influence collective behaviors**»¥. Furthermore,
the majority of studies addressing CIL and CFL mechanisms have done so in the context of uniform, unconfined
environments, leaving the interplay of these processes under spatially varying constraints largely unexplored.
These limitations underscore the need for a more comprehensive approach that integrates spatial geometry,
physical interactions, and CIL/CFL dynamics, particularly in the context of follower cells, to understand the
adaptive mechanisms underlying collective migration fully.

In this study, we aim to address these limitations by systematically investigating the interplay between
spatial geometry, cell-to-cell interactions, and migration mechanisms in two-dimensional (2D) confined
environments, with additional insights gained from a three-dimensional (3D) experiment to bridge the findings
to physiological contexts. Using a series of microfabricated patterns, we explore how geometrical confinement
and dynamic spatial transitions influence collective behaviors, focusing on the less-studied roles of follower cells
and the balance between CIL and CFL. By examining T-shaped branching, stepwise and gradual wide-narrow-
wide patterns, and inverted bicone microtunnels, we seek to uncover the dominant factors regulating collective
migration under varying spatial constraints. These findings aim to advance our understanding of how physical
environments regulate collective behaviors, providing a foundation for exploring their relevance in complex
biological systems.

Results

Stepwise agarose microstructure formation for collective cell migration measurement

In this experiment, we used agarose microfabrication technology to examine the role of confinement structures
in collective migration behaviors. The advantages of agarose microstructures over conventional microstructures
like SU-8 and microprinting patterns are the freedom of pathway height with no rid and adhesion factors and
flexible change of pathway patterns even during cultivation. In this technology, when the shapes of cell reservoirs
and micropathways are fabricated in the thin agarose layer covered on the bottom surface of the culture dish,
cells attach and migrate in the fabricated agarose-free region only because they cannot attach and climb up to
the agarose layer region. Exploiting these advantages of agarose microstructures, we have observed collective cell
migration behavior in the agarose-based micropatterns.

The schematic of the collective cell migration measurement assay set in the 1064/1480-nm laser photo-thermal
microfabrication system is described in Fig. 1 A. Cell reservoir chamber and micropathways were stepwisely
fabricated in a thin agarose layer coated on the culture dish, exploiting the microfabrication process illustrated
schematically in Fig. 1 B. The shutter controller regulates the emission of the focused 1480-nm wavelength
infrared (IR) laser, which is irradiated via the objective lens (x20 obj. PLAN Apo, Olympus, Tokyo, Japan). When
the laser is irradiated onto the agarose-coated culture dish containing water (or DMEM medium), the water
absorbs the focused laser and emits heat. Consequently, a portion of the agarose layer at the focused laser spot
area melts, enabling pm resolution microfabrication of agarose-free patterns of interest. Finally, the vascular
endothelial cells attach only to the exposed agarose-free region of the tissue culture dish for proliferation.

Figures 1 B and C represent the schematic illustrations and micrograph images of the stepwise reservoir and
microchannel formation for collective cell migration observation. First, we fabricated the 0.5 X 2 mm reservoir
chamber on the agarose layer of the dish (Figs. 1B (a) and C (a)). Then, 3 x 10* MS-1 cells were seeded on the
cultivation dish, and only the cells in the reservoir chamber adhered (Figs. 1B (b) and C (b)). After the MS-1
cells proliferated and became confluent, microchannels were added to the reservoir chamber (Figs. 1B (c) and
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Fig. 1. Microfabricated agarose structures to confine and regulate the spatio-temporal migration of endothelial
cell line, MILE SVEN 1 (MS-1). (A) Illustration of the layers inside the culture dish and the employment of
laser irradiation for microfabrication. Briefly, a thin agarose layer is coated on the adhesion bottom surface

of the cultivation dish. Agarose microstructures were formed by the spot heating of a focused infrared (IR)
laser from the 1064/1480-nm laser photo-thermal microfabrication system. (B) Schematic illustration of the
stepwise agarose micropattern formation process and culturing endothelial cells: Upper, overhead views;
lower, side cross-sectional views). (a) The confinement cultivation chamber is first produced using the heat
from focused infrared laser absorption. (b) The cells were seeded and cultivated until ample cells covered the
chamber area. (c) Additional microfabrication was conducted to create the desired micropattern to induce
cell migration. (d) Observation of the cells migrating inside the fabricated channel. (C) Phase contrast images
of MS-1 cells in agarose microstructures respective to the illustration of the pattern formation procedures in
(B). (D) Micrograph image of cells starting their progression into all microchannels after connecting to the
reservoir simultaneously. Bars 100pm.

C (c)). Finally, the cell migration from the cell reservoir into the channels was culturing dish was observed with
timelapse capturing in collective cell migration measurement assay (Figs. 1B (d) and C (d)).

As demonstrated in Fig. 1 C, MS-1 cells were successfully captured and cultivated in the agarose-free region
within the walls of agarose-etched patterns of the reservoir and microchannels, and no cells climbed over these
walls. With this two-step microfabrication, we also observed the smooth migration of MS-1 cells from the
confluent cell reservoir to a newly added microchannel (Fig. 1 C(d)). Moreover, no signs of cell apoptosis were
observed during the microfabrication process, provided that the laser did not directly irradiate the cells and the
power was controlled. Furthermore, a similar microfabrication method was employed in our previous studies,
where no apparent damage to this cell type was reported. Thus, we concluded that this photo-thermal etching
technique is harmless to cells, allowing additional etching even after cells are seeded.

Figure 1 D shows the micrograph image of cell movements from the reservoir to six microchannels after
opening those microchannels simultaneously connected to the reservoir (15 hours). As shown in this picture,
the cells began to advance into the microchannels similarly at this early stage. This ability to align the start time
of cell migration into multiple microchannels was used in our experiments to compare differences in collective
cell migration rates between them.

T-shape division experiment of single-cell train for cell-to-cell interaction measurement

For follower cells in collective migration, two primary types of cell-to-cell interactions are considered: front-to-
rear and neighboring rear-to-rear interactions. To explore these dynamics, we first evaluated the interactions
between neighboring rear cells and the influence of front cells on rear cells within a single-cell train. Specifically,
we analyzed the pathway selection of individual cells in a single-cell-wide T-shaped micropattern, determining
whether cells followed the same branch as the preceding cell or selected the alternative branch. In the absence of
interactions between cells, the distribution of rear cells across the two branches should follow a Bernoulli trial
model, where an equal probability exists for selecting either branch (see Fig. S1). Deviations from this expected
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distribution would indicate the presence of attractive or repulsive forces, either mechanical or biochemical,
between the cells.

Figure 2 presents the results of the number distribution of single cells, progressing in series through a
T-shaped bifurcation, either following the front cell into the same branch ("Branch I) or entering the opposite
branch ("Branch IT’). Figure 2 A shows a schematic representation, while Figure 2 B contains optical micrographs
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Fig. 2. Measurement of cell-to-cell interactions in single-cell train using a T-shaped bifurcated microchannel.
(A) and (B) Schematic diagrams and micrographs showing the selection process in which the rear cells choose
the same or opposite destination as the leading front cell at the bifurcation point of a T-shaped microchannel.
When the leading front cell enters the downward-branching channel, we call this “Branch I,” and the other
upward-branching channel “Branch II” The time when the leading front cells reach the junction (a) is set as 0
h, and the following diversion processes of follower cells represented here are for (b) 10 h and (c) 20 h after the
cells reach the junction. In Fig. (A), the front cell is represented by purple color while the remaining following
cells are represented as orange. (C) A representative table exhibiting the order in which the cells entered the
branches for MS-1 cells. Filled circles in the table indicate which branch the rear cell selected (position 2-12)
after the leading front cell (position 1) entered Branch I. From these measured cell order, the first five cells

of each replicate were used for the following analysis. (D) A graphical comparison of the number of cells

that entered each branch in series for MS-1. (a) The consecutive number distribution of cells when the front
and four rear cells moved into the T-shape branch. (b) The consecutive number distribution of cells entering
Branch I in the distribution (a). (c) The consecutive number distribution of cells entering Branch II in the
distribution (a). (d) The consecutive number distribution of cells that followed the front cell entering Branch
Lin the distribution (a). The “experiment” (filled bars) represents the obtained number distribution of the

cell streaks during the branch selection behavior of the first five cells from 16 experimental samples (N=16).
The “model” (open bars) is calculated using the Bernoulli trial for independent lined five particles neglecting
particular interactions (see Fig. S1). The error bars represent the standard deviation determined using
bootstrapping.
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of MS-1 cell migration within the T-shaped branching microchannel. Cells traveled along a single-cell-wide
pathway from the reservoir as a single-cell train, reaching the T-shaped bifurcation (a), where the rear cells made
their two-way branch selections (b). To illustrate the sequence of branch selection, Figure 2 C records the cell
position and the pathway choice for each cell. ‘Cell position’ refers to the order in which the cells follow the front
cell, with position ’1” indicating the front cell, position ’2” indicating the next cell, and so on. The filled circles
represent the selected branch for each cell. For instance, the front cell (position 1) moved into Branch I, while
the second cell (position 2) chose Branch II. The subsequent cells alternated between Branch I and Branch II,
forming a fragmented migration pattern. We repeated this experiment with 16 independent samples (N=16),
generating a similar table for each experiment.

The consecutive number distribution of cells is summarized in Figure 2 D. In these distribution graphs, we
recorded the number of consecutive cells selecting the same branch for the first five cells behind the front cell
across 16 independent samples (indicated by filled bars). We focused on the first cells in each train to minimize
the influence of downstream environmental factors.

As shown in Fig. 2 D (a), more than 76% of the cells selected different branches from their predecessors,
suggesting that interactions between front and follower cells were minimal. A theoretical Bernoulli model (open
bars in Fig. 2 D and Sup. Fig. 1), which assumes no interactions, predicted equal branch selection probabilities,
but our results showed a significantly higher occurrence of isolated single cells, implying a repulsive mechanism
at play. Notably, two-cell streaks were observed in only 24% of cases, with no streaks larger than two cells,
whereas the model predicted that 17% of cells would form streaks larger than two. The model assumed an equal
probability for single cells in Branch I and Branch II, yet our experimental results showed a significantly higher
occurrence of isolated single cells compared to the theoretical model.

To further investigate the branch selection behavior, we replotted the consecutive number distributions for
Branch I and Branch II (Figs. 2 D (b) and (c)). The distribution for single cells in Branch I was 78%, and in
Branch II, 69%, while for two-cell clusters, it was 22% and 31%, respectively. Despite the front cells moving into
Branch I, the distributions for Branch I and Branch II were similar, and the population of two-cell clusters in
Branch I was lower than expected based on front-rear cell interactions. These findings suggest that there is no
apparent attraction between neighboring cells, including front-follower cells, in single-cell trains under these
conditions. Instead, the data indicate a repulsive tendency in this T-shape branching experiment.

We then focused specifically on the interaction between the front and second cells. Reanalysis of the same
sample set (N=16) (Fig. 2 D (d) revealed that around 92% of second cells deviated from the front cell’s trajectory,
selecting the opposite branch. Only 12% of the second cells followed the front cell into the same branch, and no
additional cells joined this pair. Thus, the maximum number of connected cells in proximity to the front cell was
limited to two, much lower than the overall distribution seen in Fig. 2 D (a).

According to a probabilistic model based on the Bernoulli trial for a five-cell selection scenario, the predicted
distribution suggests that 50% of cases should involve isolated front cells, 25% should form two-cell clusters,
and the remaining 25% should involve clusters of three or more cells (Sup. Fig. 1). However, in our experimental
setup, only single- and two-cell clusters were observed, with no occurrences of clusters containing three or more
cells. Furthermore, we noted a slight increase in the proportion of single-cell cases and a reduction in two-cell
clusters compared to the overall consecutive cell number distribution of the entire process presented in Fig.2 D

(a).

Branching dependence of propagation manners in ladder-like division and reassembly
confinement structure under conservation of total widths

Following examining front-to-rear and rear-to-rear cell interactions in the T-shaped branching structures,
we extended our analysis to understand how the collective behavior of cell trains changes when divided and
reassembled using different confinement geometries. To explore this, we designed three types of branching and
reassembly patterns to study how migrating cells behave when confined to single-cell-wide or wider pathways,
both during and after division into isolated cell trains.

As shown in Fig. 3, we have prepared three types of branching and reassembly patterns: a ladder-like single-
cell-wide (25um) three-branch division pathway (A)(N=8), a single-cell-wide four-branch division pathway
(B)(N=7), and a combination of single-cell-wide and three-cell-wide (75um) two-branch division pathways
(C)(N=6). In all cases, the widths of the pathways before division and after reassembly were kept equal to the
total summed width of the divided pathways to prevent compression or expansion effects (Figs. 3 (a) and (b)).
This allowed us to isolate the effects of cell division and reassembly on collective migration without introducing
confounding effects from changes in pathway width.

In the division process for pathways in Figs.3 A and B, front cells at the leading edge of the migrating cell
sheet were separated into single cells as they entered the narrow, single-cell-wide branches. The interactions
between these front cells and their rear followers became restricted to one-dimensional interactions. We
observed the movement of these isolated single-cell trains within the narrow pathways, allowing us to evaluate
their propagation speed and interactions without the influence of neighboring cells (Figs. 3 A and B). In the
different width branching pattern (Fig. 3 C), where cells entered both single-cell-wide (left) and three-cell-wide
(right) branches, we observed more complex interactions. The simultaneous comparison between single-cell-
wide and three-cell-wide branches allowed us to evaluate the influence of neighboring cells in wider pathways.

It should be noted that both the front and rear cells were equally divided into branches without any localization
or clustering during their forming of single-cell trains. This homogeneous spreading and division of cells might
be caused by the similar repulsive/attractive interactions of cells observed in the T-shape branching in Fig. 2(b).

Next, we examined the migration velocity of the cell trains after division and reassembly. Despite the
differences in pathway width and confinement, the average migration velocities across all channels and branching
patterns remained consistent. Whether the cells were in single-cell-wide or three-cell-wide pathways, their mean
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propagation velocity did not significantly change, as long as the total width of the micropattern was conserved
(Figs. 3 (c)). Further comparisons between each channel were accomplished using an analysis of variance
followed by a pairwise t-test, indicating that no significant differences were observed within the distributions.
On the other hand, the fluctuation observed in the collective cell dynamics indicated a significant difference
between the main channel (before separation, Widel) and the branches, as shown in Figs. 3 (d). The coeflicient
of variation (CV) was calculated as the ratio of the standard deviation to the mean, providing a normalized
measure of fluctuation in migration velocity. This increase in fluctuations occurred in both single-cell-wide
and three-cell-wide pathways. The branches demonstrated a more significant fluctuation in collective migration
velocity than the main channels (Widel). Upon reassembly in the Wide2 channel, the migration velocity
fluctuations, which had increased during the confined branching phase, were reduced, indicating a partial
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«Fig. 3. Migration profile of collective endothelial cells inside branching and reassembling patterns to assess the
influence of individual (front and neighboring) cells on the migrating cohort. (A) The collective cell migration
profile of the MS-1 cells inside 3 branching patterns (N=8). The cell invasion through the main (first)
channel into the 3 branches having a 25pum single-cell-sized width (Branchl, Branch2, Branch3), followed by
reassembly of the branches. (B) The collective cell migration profile inside the 4 branching 25pm single-cell-
sized width patterns (Branchl, Branch2, Branch3, Branch4), followed by reassembly of the branches (N=7). (C)
The collective cell migration profile inside the different width branches (single-cell-sized width (25um) and
three-cell-sized width (75um), followed by reassembly of the branches (N=6). (a) Illustrations of three patterns
(A), (B), and (C). (b) The phase contrast images of the cells confined inside a microfabricated agarose pattern.
The narrow branches are all 25um (see Fig. S2 for velocity vector tracks of those migrating cells). (c) The
migration velocity of the cell sheet inside each channel: Before division (Widel), branches (25um, Branchl,
Branch2, Branch3, and Branch4; 75um, Branch2*), after reassembly (Wide2) where the widths were based
on the number of branches to maintain the total pathway width throughout the pattern. (d) The fluctuation
given by the coefficient of variation (CV) graph demonstrates the fluctuation of the migration velocity of the
cell sheet observed inside the channels. (e) Order parameters of the cell migration velocity vectors at different
locations of the patterns. (f) The autocorrelation analysis of collective cell migration before branching (pre-
separation), during branching (Branches), and after reassembling. The error bars represent the standard error
of the mean across the ensemble of measured channels. *P < 0.05, **P < 0.01, **P < 0.001. Bar, 100pm.

recovery of collective stability. These results indicate that independent of the branching width, the splitting
process increases the fluctuations in migration velocity while the reassembling process decreases them.

To further assess the effects of division and reassembly on the organization of cell movement, we measured
the order parameter, which evaluates the alignment of cells in the direction of migration (Fig. 3 (e)). As shown
in previous reports, order parameters have been used to evaluate the directionality of migrating cells as a
useful descriptor?®*3%7. Using the same method as in previous reports, we analyzed the order parameter of the
moving velocity vector of migrating cells, SP° = (cos ), where 6 is the angle between the direction of local
cell movement velocities and that of micropathway direction. The order parameter increased slightly as the
cells migrated through the single-cell-wide pathways, suggesting that cells maintain some degree of directional
alignment even in confined spaces. However, after reassembly into the wider pathways, the order parameter
decreased, indicating that the division into single-cell-wide branches disrupted the collective alignment of the
cells. In contrast, cells that reassembled in the wider three-cell-wide pathways maintained their pre-separation
order parameter, suggesting that the presence of side-by-side interactions in wider pathways helps preserve
coordinated movement.

Finally, we analyzed the velocity autocorrelation function, which quantifies the degree to which cell
velocities at different points in time are correlated (Fig. 3 (f)). The velocity autocorrelation function
C(dt) = (U(t) - T(t + dt))/(U(t)?), where T(t) is the velocity of the cells at time £, (- - - ) denotes average over
time t. A high autocorrelation indicates that cells tend to maintain similar velocities over time, while a low
autocorrelation suggests that cell velocities fluctuate more unpredictably. In this study, velocity autocorrelation
was computed separately within each channel, ensuring that the measurement reflects local migration dynamics
rather than influences from the end boundaries of the micropattern. This method captures the persistence of
movement within confined regions, allowing us to assess how spatial confinement affects velocity coordination
among cells. The autocorrelation decreased significantly when the cells entered the single-cell-wide pathways in
all scenarios, reflecting a disruption in the coherence of their movement. In most cases, this reduction persisted
even after reassembly, indicating that the division into single-cell-trains impaired their collective coordination
(Fig.3 A(f) and B(f)). However, in the case of cells that reassemble from the single-cell train (25um) pathway and
the wider (75um) three-cell-wide pathway, the autocorrelation recovered, suggesting that wider pathways allow
for the restoration of more consistent and coordinated movement (Fig.3 C(f)).

Width dependence of propagation manners in stepwise wide-narrow-wide confinement
structures

As shown in Fig. 3, we observed that the collective migration velocity remained largely unchanged after passing
through the branching and reassembly micropatterns, as long as the total confinement width was preserved.
This indicates that the average migration velocity is maintained as long as there are no significant changes
in the confinement width that would compress or allow the cells to expand. However, given previous studies
reporting that channel width can influence migration dynamics-typically showing faster migration in narrower
channels??3338-we sought to explore how cell dynamics, particularly migration velocity and order, could be
altered by regulating local cell-cell interactions via changes in confinement width.

To achieve this, we designed a stepwise wide-narrow-wide confinement structure to test how cell-cell
interactions shift during compression and expansion. Collective cell migration was observed inside straight
channels with an initial width of 100um, followed by a narrow section with varying widths of 20pm, 30pm, and
50pm, before expanding back to the original width of 100pum sequentially (wide-narrow-wide confinement)
(Fig. 4 A and B). The narrow widths were chosen to be (a) 20pum, (b) 30pum, and (c) 50pum as previously we have
demonstrated that there’s a maximum migration velocity around 30pmand when the channel width is narrower
or wider, the overall cell dynamics decreases in the straight channels without any converging and dispersing such
as wide-narrow-wide confinements*.

Our results showed a clear pattern: migration velocity increased significantly when cells transitioned from
the wide section (Widel) into the narrow section (Narrow) and then decreased as the cells expanded back
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into the wider section (Wide2)(Fig.4 C). The largest increase in migration velocity was observed inside the
microchannel of 30um, which is consistent with a previous study indicating that a peak velocity was observed
around 30pm?*. This acceleration during narrowing suggests that the compression induced by the narrowing
space modulates cell-cell interactions, potentially optimizing the protrusion dynamics regulated by CIL.

To further scrutinize the dynamic changes in migration velocity observed during the transitions between
different widths in wide-narrow-wide confinement, cell elongation direction analysis (Fig.4 D), ordering state
analysis (Fig.4 E), and cell shape analysis were conducted (Fig.4 F). The elongation direction increases in all
narrow channel widths, where 20um demonstrated the greatest change, whereas 50pum demonstrated the least
increase, which is in agreement with intuitive senses as cells will spontaneously adjust their shape and sizes
according to the limited space imposed by the walls of the narrower microchannels, especially when they are
restricted by single-cell wide (30um) or less (20pum). This elongation likely reflects the cells’ adjustment to the
limited space, where protrusions were restricted to the direction of migration, in line with CIL mechanisms.

The ordering state (Fig.4 E) increased significantly within the narrow sections, consistent with the reduced
degrees of freedom for directional movement under confinement. This ordering supports the idea that CIL and
spatial confinement work in tandem to promote aligned, collective migration. However, upon re-expansion into
the wider region, the ordering state decreased sharply, particularly in the 20um, as cells attempted to protrude
in multiple directions, losing the alignment they had in the narrow section. A similar loss of order upon re-
expansion has been reported in both experimental and theoretical studies of confined collective migration®,
which demonstrate that geometric constraints enhance alignment, whereas expansion into wider regions
disrupts it. This loss of order aligns with the idea that lateral interactions and confinement regulate the cells’
orderly behavior, which breaks down when these constraints are relaxed.
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«Fig. 4. The effects of different narrow width passage on collectively cell dynamics and ordering. (A)
Ilustrations of the microfabricated patterns on agarose coating for inducing cell invasion. The wide sections
are controlled to be 100pum, whereas the narrow channel widths are (a) 20pm, (b) 30pum, and (¢) 50pum. The
first and last wide channels are distinguished as “Widel” and “Wide2”, respectively. The narrow sections of
the pattern are identified as “Narrow (N)” throughout the graphical representations. (B) The phase contrast
images of migrating cells inside the patterns of (a) 20um, (b) 30pum, and (c¢) 50um narrow channel widths.
Top, middle, and bottom: The border of the front cells migrated into Widel, Narrow, and Wide2 sections,
respectively (see Fig. S3 for velocity vector tracks of those migrating cells). (C) The sheet expansion velocity
for the 20pm (N=5), 30um (N=7), and 50um (N=6) narrow channel patterns. (a) The migration velocity of
the cell sheet inside each section in the wide-narrow-wide patterns. Box plots of the collective cell migration
velocity inside each channel were generated to delineate the effects of the narrowing and widening visually.
(b) The velocity ratio when comparing the migration velocity at each section of the wide-narrow-wide
micropattern. Here, Widel and Wide2 are included to compare the migration velocity despite not having
a direct transition between the two sections. The former label before the arrow is the denominator, and the
latter is the numerator (for example, Widel to Wide2 means Widel is taken as the denominator and Wide2 as
the numerator when obtaining the ratio. Left, middle and right bars represent the ratio of 20um, 30um, and
50pm narrow section patterns, respectively. The red dashed line is the reference value for visualizing whether
the transition increased or decreased the migration velocity. Columns above the line indicate an increase in
migration velocity, whereas any columns below the red dashed line indicate a decrease in migration velocity.
(D) The polar histograms representing the directionality analysis of the cells inside the wide-narrow-wide
patterns with (a) 20pm, (b) 30pum, and (c) 50um width narrow sections. (E) The order parameter analysis of
the cell migration velocity vectors of the cells inside the wide-narrow-wide patterns with (a) 20pm, (b) 30pm
,and (c¢) 50um width narrow sections. (F) The cell shape ((a) Cell area, and (b) cell aspect ratio) comparisons
between cells inside the wide-narrow-wide patterns. Left, middle and right bars represent the ratio of 20um,
30um, and 50pm narrow section patterns, respectively. *P < 0.05.

Moreover, the changes in cell shape corroborate these findings. As shown in Fig.4 F(a), cell area increased
as cells exited the narrow region and entered the wider space, and their aspect ratio (Fig.4 F(b)) decreased
accordingly. In particular, cells in the 20pm channel exhibited a three-fold increase in surface area upon
expansion, further supporting the notion that cells lose directional control when they are no longer confined.
The sharp decrease in the ordering state and changes in cell shape indicate that cells attempt to expand in all
available directions once they enter the wider section, reflecting the loss of confinement-driven alignment.

Width dependence of propagation velocity in gradual wide-narrow-wide confinement
structure

To investigate whether the observed changes in collective cell ordering resulted from abrupt confinement
transitions or simply the geometric properties, we examined cell behavior in a gradually altering confinement
structure. Previous studies have explored how gradual confinement transitions influence collective migration,
showing that cells adjust their migration velocity and alignment in response to spatial constraints*. A
theoretical model has predicted that migration velocity changes under gradual confinement follow a conservation
of flux principle, similar to a Bernoulli-like effect®. While their work provided key theoretical insights into
velocity modulation under spatial constraints, our study experimentally examines migration velocity changes in
a continuous constriction-expansion geometry while also considering collective order and cellular morphology.
By analyzing how cell shape and alignment contribute to migration behavior, we aim to provide additional
context to confinement-driven migration dynamics.

Figures 5 A and B show the schematics and micrographs of the gradual wide-narrow-wide confinement.
Similar to the stepwise results, migration velocity showed a relationship with confinement width: as the channel
narrowed, migration velocity increased and decreased during expansion (Fig. 5 C)(N=5). Interestingly, unlike
in the stepwise experiment, the order parameter did not sharply drop after expansion from the narrow region.
Instead, the cells maintained their alignment, preserving the ordered state throughout the structural transitions
(Fig. 5 D). This suggests that gradual confinement changes allow cells to retain their coordination, possibly by
avoiding the abrupt disruption of cell-cell interactions seen in the stepwise experiment.

The observed behavior aligns with findings from the T-shape branching experiment, where CIL and CFL
played a critical role in guiding cell movement. In the narrow regions, where cells were compressed, CIL likely
promoted forward-directed protrusions, accelerating migration as cells maintained tight coordination. In
contrast, upon entering the wider sections, the weakening of CIL-mediated protrusions may have led to more
dispersed movement. However, in the gradual confinement experiment, the cells avoided the sharp breakdown
in order observed in the stepwise experiment, possibly because lateral interactions, regulated by CFL, were less
disrupted by the gradual transitions in confinement.

Morphological changes in the cells mirrored those seen in the stepwise wide-narrow-wide transitions. As
shown in Fig. 5 E, cell area increased as the channel expanded, accompanied by a decrease in aspect ratio (Fig.
5 F). These changes in cell shape suggest that, as in the T-shape experiment, cells adjusted their protrusions and
alignment based on the availability of space, expanding in multiple directions as confinement lessened. Despite
these morphological changes, the collective cell dynamics remained robust, with the ordering behavior largely
preserved.

We extended our investigation to three-dimensional (3D) structures to explore how these principles
might apply to more physiologically relevant environments. To study vascular endothelial cells (ECs) during
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Fig. 5. The collective dynamics and cell shape analysis results of collective cell migration inside gradually

width-changing micropattern. (A) Illustration of gradually width-changing micropattern fabricated on the
agarose coating. The shape was made symmetrical, where the widest section at each end of the micropattern
was designed to have 100pm and the narrow sections to be less than 25pum. (B) The micrographs of the
endothelial cells inside the geometrical confinement: Left, narrowing part; right, widening part. Bar, 100pum
(see Fig. S3 for velocity vector tracks of those migrating cells). (C) The migration velocity at different sections
of the micropattern (N=5). (D) The order parameter analysis of the velocity vectors at the corresponding
sections of the micropattern. (E) The column graphs represent the results of the cell area analysis at each
section of the pattern. (F) The corresponding aspect ratio analysis of the cells. *P < 0.05, **P < 0.01, ***P <

0.001.
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angiogenesis within flexible 3D confinements, we developed a novel method to fabricate capillary microtunnels
in gelatin gel*!. This method involves an on-chip photo-thermal 3D gelatin-gel microfabrication system, which
uses a focused, water-permeable 1064-nm infrared laser for spot heating on a platinum-coated microneedle tip,
combined with a motorized XY stage for precise positioning (Fig. S4 A). By adjusting the laser intensity and
position, micrometer-sized spot heating melts the surrounding gelatin gel, allowing the creation of confined
microtunnels.

Using this technology, we cultivated MS-1 cells in 3D inverted bicone microtunnels, mimicking capillary
structures. Initially, MS-1 cells proliferated on the outer surface of the gelatin block, eventually migrating into
the microtunnel to form a lumen structure (Figs. S4 B-D). As the cell sheet progressed, the inner diameter of
the microtunnel decreased, causing a transition from a luminal monolayer to a clustered structure (Figs. S4
E-F). Interestingly, as the inner diameter increased again, the cluster reverted to a luminal structure reflecting
a dynamic response to spatial constraints when the diameter reached approximately the same size as when
clustering initially occurred. This transition occurred consistently across samples (N=13), with transition
diameters ranging from 12um to 38pm (Figs. $4 G).

Discussion

The results from our experiments reveal a multi-faceted mechanistic basis for collective cell migration within
confined structures, highlighting the influence of spatial constraints on cellular interactions, movement patterns,
and structural organization. Firstly, at the leading edge, front cells in single-cell trains do not strongly attract
rear cells through contact following locomotion (CFL). Instead, rear cells migrate based on space availability—
preferentially entering vacant branches but, when both branches are occupied, moving in opposite directions,
suggesting a repulsive or space-filling behavior. Secondly, the mean migration velocity remains stable across
branching and reassembly as long as the overall confinement width is maintained. However, velocity fluctuations
increased in single-cell trains, emphasizing the role of lateral interactions in maintaining steady migration
behavior. Lastly, the order parameter, a measure of directional alignment, was maintained only when the widths
of the channels allowed for multiple lateral cell interactions, such as in wider channels (i.e. 50um narrow
channel in the wide-narrow-wide pattern) and when the transition was gradual. In narrower branches, the order
parameter decreased after exiting from narrow restricted areas, reflecting the loss of directional coordination in
the absence of lateral interactions.

The presence of CIL to a certain degree, as observed in our T-shaped branching experiment, suggests that
cell-to-cell interactions within narrow confinements discourage direct following behaviors. Here, rear cells often
diverge from the path of preceding cells, indicating that spatial constraints are instrumental in shaping directional
choices rather than purely follower-leader dynamics. This behavior is likely a response to environmental cues
rather than active signaling, as rear cells appear to prioritize unoccupied pathways over direct cell-to-cell
following. The observed fragmentation behavior caused by the repolarization from the junction point agrees
with a recent study on confined MDCK epithelial cells where CIL-like interaction is a boundary phenomenon
that controls cluster sizes and polarity by reducing them*2. In contrast, the difference in behavior observed with
NRK-52E epithelial cells may be a result of cell species, the micropattern geometry, or the presence of leader-
like phenotype edge*. Moreover, Gov’s group applied the universal coupling between cell speed and persistence
(UCSP) model*}, which describes how contact interactions influence internal polarization and collective
migration in one-dimensional single-cell-wide trains**. Their findings suggest that the balance between contact
inhibition of locomotion (CIL) and cryptic lamellipodia governs these behaviors, with larger noise disrupting
polarity and stability. If confinement at the T-junction amplifies noise in single-cell trains, it may explain the
observed experimental results.

A key finding of this study was that the migration velocity of the cell sheet remained largely unchanged, even
when cell trains were divided into narrow, single-cell-wide pathways. This robustness, maintained as long as the
total pathway width was conserved, suggests a self-regulation mechanism that preserves collective cell speed,
likely essential for endothelial cells navigating confined environments, such as blood vessels. This aligns with
previous in vivoobservations in Xenopus neural crest cells, where an optimal geometry size was identified for
a given cluster’. While average migration velocity remained stable, fluctuations in velocity increased during
division, particularly in single-cell-wide pathways, likely due to disrupted coordination from reduced lateral
interactions. Fluctuations decreased after reassembly, suggesting that lateral interactions helped restore uniform
migration for both front and rear cells. Similar confinement-induced fluctuations have been widely reported;
epithelial cells in narrow channels exhibit increased fluctuations due to constraints on intercellular coordination
and force transmission®, and geometric confinement has been shown to amplify migration variability, which
diminishes upon expansion into wider regions*. Although this study does not explicitly assess intermittent
migration, the observed fluctuation dynamics align with these prior findings, highlighting the role of spatial
constraints in regulating collective behavior.

Additionally, in our stepwise and gradual wide-narrow-wide patterns, we observed that spatial compression
accelerates cell movement, potentially by adjusting the cell-to-cell interaction distance in a way that strengthens
protrusion mechanisms. In narrower sections, CILlikely drives cells to compress and increase forward protrusions,
thereby increaseing order and boosting migration speed. When the geometry is excessively narrow, however, the
cells become elongated and do not have the adhesive area necessary to generate lamellipodial protrusion which
causes the velocity to decrease. A previous study examined single-cell migration in a similar wide-narrow-wide
confinement pattern, focusing on nuclear deformation driven by perinuclear actin polymerization. In that study,
a significant reduction in cell velocity was observed when the narrow region was < 2um wide, regardless of its
length (5pum to 20pm), due actin-driven nuclear engagement and deformation®®. However, in our study, the
narrowest region is at least 10pum, and there is no top barrier to apply external pressure on the cells. Therefore,
nuclear deformation is unlikely to play a role under our current experimental conditions. Our observation is in
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accordance with prior studies of the single-cell interaction with the substrate geometry size**and collective cell
migration inside confinement strips®2. Conversely, as cells enter wider areas, the weakening of confinement and
available open space may reduce forward protrusion strength, allowing cells to expand and migrate in multiple
directions, leading to decreased alignment. The ordering behavior is consistent with previous observations
in both two-dimensional channels****$and three-dimensional microtubular structures**%. This behavior is
corroborated by the increase in cell surface area observed when cells re-enter the wider region. The cell aspect
ratio decrease induced by the widening of confinement space has also been previously observed®. The cells’
expansion mirrors their behavior in the T-shaped branching pattern, where protrusions extend toward available
open space, reflecting a loss of directional control once the lateral confinement weakens.

Interestingly, in the stepwise branching and wide-narrow-wide pattern, the order parameter after switching
from the narrow phase decreased more than the original wide section having the same geometrical parameter.
This indicates that the past cellular state inside confinement can influence the future behavior of the cells, which
is a consideration oftentimes neglected in simulations that attempts to observe cellular behavior inside a specific
topology. In contrast, gradual transitions preserved order within the cell cohort, even when the confinement
expanded. These findings suggest that confinement geometry influences both CIL and CFL, with the latter
helping maintain cell coordination during more gradual changes in space. While our study primarily focuses
on the collective migration dynamics of confined cell sheets, nematic order in cell shapes may also play a role
in the observed behaviors. Recent studies have highlighted the emergence of nematic ordering and its impact
on collective flows in multicellular systems, with topological defects influencing the organization and migration
patterns of cells*. Although we did not directly measure nematic order in this study, future investigations could
explore its potential contribution to cell alignment and directional persistence in confined migration.

In 3D confinement experiments (Fig. S4), the observed reversible transitions between luminal and clustered
states further underscore the mechanistic influence of confinement geometry. These transitions, governed by
the tunnel diameter, mirror the 2D behavior of cells adapting to available space by reorganizing collectively. The
reversibility suggests that structural shifts, like the shift between luminal and clustered forms, are induced by
spatial constraints rather than biochemical signals alone. This mechanistic response to environmental geometry
may be essential for processes such as tissue remodeling, where cells encounter topographical changes. This
geometry-sensitive behavior aligns with previous findings in epithelial tube structures, where the thickness of
luminal epithelial sheets has been shown to depend on tube diameter. Specifically, Wang et al. demonstrated
that in smaller tubes, epithelial cells form thicker luminal structures, with cell height reaching up to 8pum at a
diameter of 25um?’. As tube diameter increases, the luminal sheet becomes thinner due to reduced mechanical
constraints. This suggests that confinement regulates the structural adaptation of epithelial tissues, a principle
that is also evident in our 3D microtunnel experiments. Furthermore, recent studies on MDCK cell monolayers
confined within cylindrical curved surfaces have demonstrated that collective rotational migration is also
geometry-sensitive: migration velocity peaks at 100um tube diameter, while rotational migration ceases in
tubes wider than 150um*. Thus, the findings across both 2D and 3D experiments collectively illustrate how
endothelial cells adapt to confined environments, using physical constraints as a guide for collective migration.

While this study provides new insights into the impact of confinement geometry on collective cell migration,
several limitations should be acknowledged. First, our experiments were conducted within controlled two-
dimensional (2D) and three-dimensional (3D) microenvironments with well-defined confinement structures.
Although these conditions allowed us to observe behaviors driven by spatial constraints, they may not fully
replicate the complex and dynamic environments that cells experience in vivo. In-vivo biological environments
feature additional variables, such as extracellular matrix (ECM) heterogeneity, gradient-based chemotaxis,
and varying degrees of mechanical stiffness, which could influence cell behavior in ways not captured here.
Future studies could incorporate ECM components or adjustable mechanical properties within the confinement
structures to better mimic in vivo conditions and explore their effects on migration dynamics.

Additionally, while we investigated cell-to-cell interactions through confinement-induced CIL and CFL, we
did not specifically examine the underlying molecular pathways involved in these behaviors. Mechanisms such
as Racl activation and other signaling pathways have been implicated in cell migration and protrusion dynamics,
and exploring these pathways could reveal more about the regulation of migration under confined conditions.
Future research could employ fluorescent markers or live-cell imaging of key signaling molecules to directly
assess their roles in CIL, CFL, and other cell behaviors within confined environments. In our 3D experiments,
we successfully observed transitions between luminal and clustered states, but further investigation is needed to
understand the underlying physical and cellular factors driving these transitions. The exact role of confinement
geometry, cell density, and mechanical properties in promoting or inhibiting these structural changes remains
unclear. Future studies could systematically vary tunnel diameter, ECM stiffness, and cell density to isolate the
key drivers of these transitions. Additionally, by introducing chemotactic gradients within 3D tunnels, we could
explore how chemical cues interact with physical confinement to direct collective migration, which would be
especially relevant to understanding processes like angiogenesis and metastasis.

Finally, while the current study focused on endothelial cells, extending this work to other cell types, such as
epithelial or cancer cells, would allow us to evaluate whether the observed behaviors are specific to endothelial cells
or represent general principles of collective migration under confinement. Cancer cells, for instance, are known
to migrate through confined spaces during metastasis, often adapting their migration strategies in response to
physical barriers®. Investigating how different cell types respond to identical confinement conditions could
uncover cell-type-specific migration strategies, providing valuable insights for targeted therapeutic approaches.
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Methods

Cells

In this study, we utilized a mouse-derived endothelium-like cell line, MILE SVEN 1 (MS-1; CRL-2279,
ATCC, Manassas, VA, USA). The cells were maintained at 37°C in a humidified incubator with 5% COa,
using Dulbeccos Modified Eagles Medium (DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) and 100 U/mL penicillin-streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). The
subculture cycle was maintained at approximately 4-6 days. Cells used for experiments were detached from
the culture surface using Trypsin-EDTA solution (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). After
aspirating the culture medium, cells were rinsed once with phosphate-buffered saline (PBS) to remove residual
serum, followed by the addition of Trypsin-EDTA. The dish was incubated at 37°C' for 2-3 minutes until the
cells detached. The detached cells were neutralized with DMEM containing 10% FBS, collected, and centrifuged
at 200 x g for 5 minutes. The pellet was then resuspended in fresh medium for subsequent experiments.

A 1064/1480-nm laser photo-thermal microfabrication system
A'1064/1480-nm laser photo-thermal microfabrication system was employed to fabricate agarose microstructures,
building on methodologies detailed in prior reports®>!. The system integrates a laser emitting module (PYL-
1-1064-M, IPG Laser GmBH, Burbach, Germany; RLM-1-1480, IPG Laser, Oxford, MA, USA) with an inverted
bright-field microscope (IX70, x20 obj. PLAN Apo, Olympus, Tokyo, Japan) for precision laser application.
Control of the 1480-nm laser beam was achieved through a shutter controller (FSH-C, SIGMA KOKI, Tokyo,
Japan), which can be operated manually or automated via a LabVIEW*-powered software interface. To facilitate
microfabrication, the agarose-coated culture dish was mounted on a motorized X-Y microscope stage (SIGMA
KOKI CO., LTD., Tokyo, Japan) governed by a feedback stage controller (FC-101B, SIGMA KOKI CO., LTD.,
Tokyo, Japan). The stage’s position could also be fine-tuned manually with a joystick controller (FJ-401B, SIGMA
KOKI, Tokyo, Japan), enabling adaptable and accurate adjustments throughout the process.

Agarose microstructure fabrication on cultivation dish

To prepare a non-adhesive agarose layer, a 35m tissue culture dish (AGC TECHNO GLASS, Shizuoka, Japan)
was coated with a 3.0 wt% agarose gel (low melting, analytical grade; Promega, Madison, WI, USA). The dish
surface was initially treated with a plasma etching device (PIB-20, Vacuum Device, Ibaraki, Japan) for 5 minutes
at a discharge current of 30mA under 13.3Pa pressure, enhancing its hydrophilicity. A thin and uniform agarose
gel layer was formed by spinning sol-state agarose droplets using a spin coater (IH-D7, MIKASA, Tokyo, Japan)
at 500 rpm for 3 seconds, followed by 3,000 rpm for 18 seconds. After coating, the dish was left to dry for
10 minutes before being refrigerated for 1 hour. Following refrigeration, distilled water was added for storage,
making the dish ready for subsequent microfabrication. During agarose microfabrication, the distilled water
or culture medium in the dish absorbs laser energy at the irradiated focal point, locally heating and dissolving
the thin agarose gel layer at the laser spot. By adjusting the intensity of the laser, the dimensions of the adhesive
regions can be precisely controlled, enabling tailored microfabrication designs.

Cell cultivation in agarose microstructures

A reservoir chamber measuring 0.5m in width and 2m in length was fabricated as an agarose-free region within
a thin agarose layer on a culture dish, utilizing a 1064/1480-nm laser photo-thermal microfabrication technique.
The dish was washed three times with DMEM medium to remove debris and filled with 2mL of fresh DMEM
to support cell cultivation. Subsequently, approximately 3 x 10* MS-1 cells were seeded onto the dish and
incubated at 37°C' in a humidified atmosphere containing 5% C'O2. After approximately one hour of incubation,
cells located within the agarose-free reservoir chamber adhered firmly to the dish surface, while those over the
agarose-coated regions remained suspended in the medium. These unattached cells were removed during a
medium exchange with fresh DMEM. The dimensions of the reservoir chamber were specifically chosen to
allow multiple microchannels to be fabricated along its edge, ensuring that cells migrating into these channels
originated from the same population. This design also provided sufficient spacing between channels to prevent
cross-channel interactions. When the cells in the reservoir chamber reached near confluency, microchannels
were created in the adjacent agarose layer using the photo-thermal microfabrication system to guide cell
migration. Once MS-1 cells began entering the microchannels, time-lapse imaging was initiated to track their
collective invasion dynamics.

Time-lapse recording and analysis of cellular dynamics

Time-lapse of every 10-min interval images of the cells inside the topographical constraints were taken by two
systems: the agarose microfabrication system equipped with a stage-top microscope incubation system (TOKAI
HIT, Shizuoka, Japan), motorized X-Y microscope stage for software controlled capturing location shifts, and
a scientific CCD camera (1501M-GE-TE, Thorlabs, USA), as well as an automated image recording system,
CytoWatcher (WSL-1800, Atto Ltd., Tokyo, Japan). The temperature during the timelapse observation was
controlled to be 37°C' and the same pH as the growth medium inside the incubator with the setting mentioned
previously. The pH was regulated by employing a gas mixer (KOFLOC KOJIMA INSTRUMENTS INC., Tokyo,
Japan) to combine air and C'O2 gas which was then filtered and emitted into the water bath of the stage-top
microscope incubation system through a tube. The cellular dynamics and morphological parameters such as
cell area and aspect ratios were analyzed using Java language-based image processing program ImageJ] (NIH,
Bethesda, MD, USA) by tracking the change in cell sheet position for velocity (using every 1-hour interval images)
and segmenting the cells for delineating morphological changes. The migration velocity of the cell sheet was
determined by manually defining its boundary and tracking the displacement of its center of mass (CoM) over
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time using ROI management in Image] (Fig. S5 A). Rather than using the entire channel as an RO], the analysis
focused on a defined region surrounding the migrating cell sheet at each time point. Velocity measurements
were taken at 1-hour intervals by calculating the CoM displacement of the defined boundary. To approximate the
displacement of the leading edge, the migration velocity V was determined as V = (ACoM /At) x 2 (see Fig.
S5 B). After calculating the migration velocity, the data was smoothed by applying a moving average, where each
velocity value was averaged with the two preceding and two succeeding time points. The velocity was calculated
from the time the cells entered the channel of interest until they reached the endpoint of the channel. Since
the migration speed varied, the number of velocity values obtained per channel differed between experiments.
To quantify the alignment of cell migration directions, the order parameter was calculated by comparing the
velocity vectors of neighboring cells relative to the overall migration direction. Cells were manually segmented
and further refined using an automated segmentation method to extract individual cell boundaries. The velocity
vector for each cell was determined from the center of mass displacement over time. These velocity vectors were
plotted using a custom Python program. The order parameter was then computed as the cosine of the angle
between each cell’s velocity vector and the mean migration direction, providing a measure of collective motion
coherence.

Statistical analysis

All statistical analyses of propagation velocities and fluctuation CV are expressed as mean * standard deviation
(S.D.) based on 1-hour interval recordings unless otherwise specified. Differences among groups for migration
velocity and fluctuation CV were analyzed using one-way analysis of variance (ANOVA), followed by pairwise
t-tests for post hoc comparisons. Welch’s t-test was used for non-parametric sample comparison. Statistical
significance was set at P<0.05 for one *, P<0.01 for two **, and P<0.001 for three ***. All statistical analyses were
carried out using Python.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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