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Abstract: Correlated cell migration in fibrous extracellular
matrix (ECM) is important in many biological processes.
During migration, cells can remodel the ECM, leading to the
formation of mesoscale structures such as fiber bundles.
However, how such mesoscale structures regulate correlated
single-cells migration remains to be elucidated. Here, using
a quasi-3D in vitro model, we investigate how collagen fiber
bundles are dynamically re-organized and guide cell migra-
tion. By combining laser ablation technique with 3D tracking
and active-particle simulations, we definitively show that only
the re-organized fiber bundles that carry significant tensile
forces can guide strongly correlated cell migration, providing
for the first time a direct experimental evidence supporting that
matrix-transmitted long-range forces can regulate cell migra-
tion and self-organization. This force regulation mechanism
can provide new insights for studies on cellular dynamics,
fabrication or selection of biomedical materials in tissue
repairing, and many other biomedical applications.

Introduction

Correlated cell migration is crucial to many important
physiological and pathological processes such as morpho-
genesis, wound healing, cancer progression and immune
response.[1] The extracellular matrix (ECM) in vivo provides
a scaffold for cell migration as well as medium for the
propagation of crucial biochemical cues and mechanical
signals, as established in recent decades.[2] The microstructure
and mechanical properties of the ECM materials can
significantly influence cell migration,[3] stem cell differentia-
tion,[1b, 4] cancer metastasis,[5] and cardiac cell beating.[1c,6]

How ECM guides cell migration has been extensively
studied with various materials and modified micro-structur-
es.[3b,7] During migration, individual cells can generate active
pulling forces via actin filament contraction.[8] The forces are
applied to ECM via focal adhesion complexes[9] and can
deform the ECM.[2d, 3b,8, 10] It has been reported that cells may
migrate along aligned micro-structures of ECM,[3b] a mecha-
nism which is later referred to as contact guidance. Cells can

also sense and respond to the local stiffness of their micro-
environment via a mechanism called durotaxis,[9] viz., cells
usually move towards higher stiffness, although there are
some exceptional behaviors depending on cell types. Recent-
ly, directed cell migration in response to artificially applied
pulling forces on PA-gel has also been observed.[11] However,
most of these studies on contact guidance and durotaxis are
conducted with artificial materials, such as PA-gel, rather than
collagen, which is the most abundant ECM component in vivo
and shows specific non-linear viscoelasticity properties and
fibrous micro-structures.[1b,12] In addition, numerous simula-
tions have been performed to investigate how the re-
organized fiber bundles regulate long-distance cell-cell me-
chanical communication and collective cell behaviors.[13]

However, to the best of our knowledge, direct exper-
imental evidences are still lacking to verify whether the re-
organized collagen fiber bundles between cells indeed carry
forces and how they guide cell migration and induce long-
range correlation. This is mainly because in the preponder-
ance of the previous experimental studies, either artificial
elastic hydrogels were used or cells were entirely embedded
within natural hydrogels, hindering cell migration and re-
organization of collagen fibers by cells.

Aiming to solve these problems, we constructed a quasi-
3D system by utilizing natural fibrous hydrogel collagen with
tunable stiffness., with epithelial cells seeded on the interface
between the collagen hydrogel and medium, in order to
mimick the in vivo microenvironment of epithelial cells. By
integrating laser ablation with 3D real-time tracking tech-
niques, we definitively demonstrated that the fiber bundles
connecting actively migrating cells are dynamically re-organ-
ized by cell contraction, and indeed carry significant tensile
forces. The forces transmitted via the fiber bundles lead to
strongly correlated cell migration, even at individual-cell
level. Once the fiber bundles were cut off by laser, or the cell
contraction force was reduced by inhibiting myosin, the
strong correlations between migrating cells disappeared.
These studies provide direct experimental evidences support-
ing that re-organized fiber bundles in collagen is critical for
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facilitating long-range mechanical communication between
migrating cells. Moreover, we investigate how this ECM-
mediated force may induce aggregation/organization of cells.
We also devised a minimal active-particle model incorporat-
ing the mechanism of dynamic-collagen-fibers-mediated
mechanical communications, which was able to accurately
reproduce the observed collective aggregation behavior. By
studying the relationship between the dynamic re-organiza-
tion of collagen fibers and the correlated behaviors of cells,
we obtained results which could lead to a better under-
standing of important biological processes such as wound
healing, cancer metastasis, and embryonic development, and
could also assist the design of biomedical materials in these
applications.

Results and Discussion

Migration of Epithelial Cells on Thick Collagen Gel Shows Strong
Correlation

We carry out cell migration experiments in systems with
human mammary gland epithelial cells (MCF-10A-GFP)
sparsely distributed on top of 3D extracellular matrix (ECM)
based on collagen I hydrogel (i.e., a 800-mm thick layer of
collagen gel, see Figure 1 a), as well as on top of a 2D solid
substrate of Petri dish as control experiments. The advantage
of this model system lies in that the fibrous microstructure of
collagen gels and their nonlinear mechanical properties are
able to support long-range force propagation, as predicted in
various numerical studies,[7a,13b, 14] and that the strongly motile
MCF-10A cells generate significant contractile forces during
migration, thus inducing strong cell-ECM mechanical cou-
pling.[8, 15] The counterparts of this quasi-3D system also
abound in in vivo systems, for example, cells moving on the
interface of tissues.

Time-lapse microscopy was applied to record cell migra-
tion at 2-min time interval for 8 hours. Figure 1b shows
representative trajectories of cells migrating on top of 3D
collagen gels and those on solid Petri dish as well. It can be
clearly seen that the migration of MCF-10A cells on 3D ECM
is manifested to be strongly persistent and even ballistic-like
(Supplementary Video 1), which is in contrast to the clear
diffusive and random dynamics of MCF-10A cells on 2D solid
substrate.

We quantify the single-cell migration dynamics by com-
puting the average migration speed, the mean squared
displacement (MSD) r2ðtÞ6 5

, and consider its scaling with
time t for the two systems (see Figure 1c), i.e.,

r2ðtÞ6 5 / ta, ð1Þ

where the exponent a, which can be obtained from the slope
of the log-log plot of Equation (1), characterizes the dynamics
of the system. For a = 1, the dynamic is purely diffusive; and
for a = 2, the dynamics is purely ballistic. For 1<a< 2, the
dynamics is super-diffusive, typically representing a mixing of
ballistic and diffusive motion (such as persistent random
walk).[16] We find that a = 1.93: 0.06 for the cell pairs on 3D

collagen gel and that a = 1.28: 0.02 for the cell pairs on solid
Petri dish (Figure 1 c). These results clearly indicate the
strongly persistent and almost ballistic nature of cell migra-
tion on collagen gels within interaction distance, and are
consistent with other statistics of the migration dynamics,
including directionality and direction autocorrelation, even in
large number of cells (Figure S1,S2). The average cell
migration speed is also enhanced when cells are approaching
each other on collagen (see Figure 1d and Figure S2).

Importantly, we observe strongly correlated migration
dynamics for cells on 3D collagens. The typical approaching
process is illustrated in Figure 1 e by using a representative
pair of cells. Specifically, the two separate cells gradually
extend the protrusions and rapidly move toward one another,
as they sense each other and the distance between the two
cells is in an effective “influence range”. These strongly
correlated pair-migrations are quantified via the normalized
cell-pair separation distance as a function of time (Figure 1 f),
which shows that the distance between a pair of dynamically
correlated cells on thick collagen gel rapidly decreases, while
the distance between the cells on solid Petri dish substrate
randomly fluctuates. This is consistent with the analysis of the
correlation between the relative cell velocity vr and the cell-
center displacement vector dr, as quantified by the inner
product of the normalized vectors (see Figure 1 g), i.e.,

cos q ¼ vr ? dr

vrj j drj j ð2Þ

It can be seen that the relative cell velocity and cell-center
displacement are strongly aligned in the case of correlated
migration of cells on 3D ECM, while these are randomly
aligned for cells on the Petri dish.

Re-Organized Fiber Bundles Induce Correlated Cell Migration

To further explore the origin of the observed correlated
ballistic-like migration dynamics of MCF-10A cells on quasi-
3D collagen gels, we imaged the collagen fibers surrounding
randomly selected pairs of cells as they are approaching each
other, and analyzed the dynamic re-organization of the
collagen fibers via time-lapse laser-scanning confocal micros-
copy with reflection mode (SP8, Leica). As shown in Figure 2,
the collagen fibers in the vicinity of the pulling ends of the
migrating cells are re-oriented so that they are locally
perpendicular to the pulling edge of the cell. This is mainly
due to the contraction of the acto-myosin network of the cell
and the resulting active tensile (pulling) forces, which are
applied to the ECM network via cell focal adhesion complex-
es.[14a] Interestingly, for a pair of migrating cells approaching
each other, the collagen fibers in the region between the two
cells are significantly re-organized (i.e., remodeled) to form
thick and long fiber bundles that are parallel to the line
connecting the cell centers (see Figure 2a and Supplementary
Video 2). The “bridged” cells continue to migrate towards
one another along the “bridge” of fiber bundles connecting
them.
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In addition, the time-lapse analysis indicates that the re-
organization of the collagen fibers is not permanent (Fig-
ure 2a, orange arrow indicated position). For example, once
the direction of cell motion changes, the re-organized fiber
bundles originally near its pulling edge also disappear. This
suggests that the re-organization is mainly mechanical in
nature, due to the elastic deformation and re-orientation of

the collagen fibers caused by the active pulling of migrating
cells (Figure S6).

This mechanism is supported by our simulations (see
Figure 2c and d), in which cells are modeled as contractile
spheres whose surfaces are attached to fibers of discrete
bond-node model of ECM network with non-linear mechan-
ical properties (see Ref. [14a] and Methods in Supporting

Figure 1. MCF-10A cells migrating on thick (3D) collagen gel exhibit anisotropic persistent random walk behaviors with strong correlation.
a) Schematic illustration of the experimental system. b) Representative cell trajectories show the persistent migration (on thick collagen gel) and
random migration (on Petri dish). Scale bar is 300 mm. c) Mean square displacement (MSD) analysis for the persistent migration on 3D collagen
gel and random migration on Petri dish (PD) for cell-pairs within correlated distance. Data are presented as mean : s.e.m, n = 107 for collagen
group and n =105 for PD group. The inset shows the linear fitting of the log-log plot of MSD v.s. time, with the value a (the slope in the log-log
plot) quantifying the modes of migration dynamics. d) Average cell migration speeds for the persistent migration on collagen gel and random
migration on Petri dish for cell-pairs within correlated distance. e) Images of a typical pair of MCF-10A cells migrating on collagen gel. Scale bar
is 30 mm. f) Statistics of normalized relative distance between cell pairs on collagen gel and solid Petri dish. g) Statistics of the correlation of
relative cell velocity and cell-center displacement vector.
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Information for details). In particular, as the cell contracts
isotopically, the fibers attached to the cell surface are pulled
towards the cell center. The pulling forces result in re-
orientation and alignment of successive fiber segments to
form linear chain-like structures (see Figure 2e), whose
extent (& 20 to 40 mm) is much larger than the average
length of the fiber segment (& 2 to 5 mm),[14a,b, 17] representing
the experimentally observed fiber bundles. It is found that
such chain-like structures (i.e., fiber bundles) carry the
majority of the tensile forces generated by the cell, and the
force on the fiber bundles decays much slower, with a scaling
& 1/rb (with b& 0.68), than that in a continuous elastic
medium (with & 1/r) (see Figure 2 f).[14a]

In a multi-cell system, similar correlations between the re-
organized fiber-bundle network and collective migration
dynamics are observed. In particular, the migrating cells re-
organize the surrounding collagen fibers, forming multiple
“bridges” connecting their neighbors, as shown in Figure 2b

(Supplementary video 3). The cell pairs with smaller separa-
tion distances usually exhibit stronger correlated dynamics,
and move more rapidly toward each other. Other cells in
relatively large distances to the “attracting” cell pairs can also
migrate toward them following the fiber-bundle “bridges”.
Cells that are not active, i.e., non-contracting, cannot re-
organize the local ECM to form fiber bundles, and thus, are
not able to form bridges with other cells nor migrate
(Figure 2b, white arrow). For example, cells undergoing
mitosis usually assume a round shape and do not generate
strong contraction nor communicate with other near-by
cells.

Similar ECM remodeling and collective migration dy-
namics are also observed in epithelial cells MDCK. Although
MDCK cells migrate very slowly, the bridge-like fiber bundles
due to ECM remodeling can still be clearly observed, and
they also guide collective cell-clusters migration (see Fig-
ure S8). These results indicate that the underlying mechanism

Figure 2. Strongly correlated cell migration mediated by re-organized fiber bundles. a) A representative pair of cells (green) exhibiting strongly
correlated migrating dynamics and the remodeled collagen fiber bundles (blue). The white arrow indicates the long fiber-bundle bridge between
the cells, and the green arrow points at the short fiber bundles locally perpendicular to the pulling edge of the cell but not connecting to other
cells. The orange arrow shows the area where temporally remodeled densified collagen fiber bundles were released and short fibers were restored.
b) A representative multi-cell network showing typical multi-cell migration dynamics. The yellow marking line links two cells that are closer to
each other than the red-line marked cell. The yellow-line marked cells approached each other much faster. The white arrow marked cell kept the
round shape and didn’t re-organize the surrounding collagen, thus it didn’t communicate with other cells via fiber-mediated force transmission
nor exhibited any significant migration. c) and d) respectively shows the remodeling of collagen fibers by the active pulling forces generated by
a single isotropic contractile cell and a pair of contractile cells. The fibers carrying large forces (i.e., larger than 10% of the maximal tensile force),
which form linear chain-like structures (i.e., force chains), are highlighted in red. e) Scatter plots of the acute angle between two successive fiber
segments along the force chains before (a0) and after (af) cell contraction. The scatter distribution clearly shows that the pulling forces due to
cell contraction lead to better alignment of the fibers. f) Fiber-mediated long-range force transmission. The force on the fiber bundles decays
much slower with a scaling &1/rb (with b&0.68) than in a continuous elastic medium (with &1/r). All scale bars (in white) are 30 mm.
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associated with the regulation of collective migration dynam-
ics via re-organized fiber-bundles might be generic for
adherent cells.

Re-Organized Fiber Bundles Carry Significant Tensile Forces

An important implication of our simulations is that the re-
organized fiber bundles carry the majority of the active tensile
forces generated by cell contraction, which are transmitted
via the fiber bundles to distant cells. This suggests a novel
mechanism based on fiber-mediated long-range force trans-
mission for mechanical signaling among migrating cells, which
could lead to a rich spectrum of collective behaviors.

In order to experimentally verify this simulation predic-
tion, we employed laser ablation technique (Leica,
LMD7000) to cut off the fiber bundles between the strongly
correlated cells, and then used laser scanning confocal
microscope system for 3D imaging and tracking. We observed
that after the cut-off the incision was pulled open rapidly (in
less than a minute after the cutting), due to the pre-stored
strain energy (and thus, forces) in the re-organized fiber

bundles induced by the active cell contraction. In the
subsequent 3 to 4 min, the incision continued to open up
gradually due to the pulling force applied by the cells and
transmitted via the fiber bundles on each side of the incision
(Figure 3a; Supplementary video 4).

Assuming the system remained in the elastic regime, we
then utilized the information on the initial opening of the cut
to estimate the magnitude of the cellular pulling forces. As
shown in Figure 3c, we model the cells as a pair of spheres
with contractile boundaries embedded in the ECM (modeled
as a continuum, see Methods in Supporting Information for
details), with a thin cut in the middle region between the two
cells. The isotropic contraction of the cells pulls open the cut.
By matching the simulated width of the open cut with the
experiment data in the first minute after cutting, we are able
to inversely derive the required contraction boundary con-
ditions and the associated pulling force, as well as the stress/
strain distribution in the ECM. Using this model, the pulling
force is estimated as & 20 nN.

In our control experiment, in which the cut position was in
a collagen region without re-orientated fiber bundles, the
incision did not open up and remained the original shape and

Figure 3. Stressed fiber bundles direct cell migration. a) shows rapid opening of laser-cut incision. b) shows the change of cell trajectories
resulting from laser ablation: before the ablation, cells migrate toward each other (white star marking the original cell position before laser
ablation); after the fiber-bundle “bridge” was cut off by laser ablation (dash line), the cells stopped migrating along the bundle direction and
gradually change their migration directions (orange star marking the original cell position after laser ablation) by forming new fiber bundles
(white arrow) in 10–50 min, even though the previous fiber bundles still exist (yellow arrow). c) Simulation results of the cell traction force field
(normalized with respect to the maximal traction force) near the laser cut. Dashed circles mark the cells position. d) Correlation between the
relative cell migration velocity and the fiber-bundle direction between cell pair, which is defined as “Alignment”, corresponding to the cos@ in
Equation (3). Data are presented as mean : s.e.m, n =80 for “No cut” group and n= 104 for “After cut” group in three parallel samples for each
group. It can be clearly seen that the cell migration is strongly correlated with the fiber bundle direction before cutting; after the bundles were cut,
the cell migration is uncorrelated with the original bundle direction.
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size after the cutting (Figure S9a). Similar results were
obtained in the myosin inhibited cell samples and 4%
paraformaldyhide (PFA) fixed cell samples (Figure S9b,c).
These results clearly indicate that the fiber bundles, formed
due to elastic remodeling of the ECM by the contractile cells,
transmit active tensile forces as mechanical signals among
migrating cells.

Furthermore, once the fiber bundles were cut off, the cells
did not continue to migrate along the original fiber bundle
direction. Instead they changed their migration direction and
gradually induced new oriented fiber bundles (within 10–
50 min after cutting) (Figure 3b). This process is also
quantified by monitoring the correlation between the relative
cell migration velocity vr and the fiber-bundle direction
between cell pair dF (see Figure 3d), i.e.,

cos@ ¼ vr ? dF

vrj j dFj j : ð3Þ

It can be clearly seen from Figure 3d that the cell
migration is strongly correlated with the fiber bundle
direction before the cutting. After the bundles were cut, the
cell migration is largely uncorrelated with the original bundle
direction. In addition, it is commonly observed that the cells
would eventually migrate to other nearby cells via newly
emerged re-organized fiber bundles (Figure 3b), or to the tip
of the incision (newly formed stressed point) if the tip is close
to the cell (Figure S10). These results clearly indicate that
cells respond to the forces transmitted by the re-organized
fiber bundles.

In order to exclude the interference from the chemical
signals on the migration correlation, a negative control test
was conducted, in which a continuous gas flow was injected
into the medium to disturb the diffusion of chemical factors.
We found that the cells in the negative control test still exhibit
strongly correlated migration dynamics, which confirms that
fiber-mediated force transmission plays a key role in giving
rise to the observed migration dynamics (Figure S11).

We note that the aforementioned results provide the first
direct experimental evidence supporting that re-organized
fiber bundles transmit active forces and induce strongly
correlated migration of adherent cells. Furthermore, it can be
clearly seen from our laser ablation experiments that the cut
fiber bundles, although having highly aligned individual
fibers, do not carry active forces and are thus not able to
influence cell migration (Figure 3d). The mechanism report-
ed in our work is therefore distinctly different from the well-
established contact guidance mechanism.

Reducing Cell Contraction Force Decreases Mechanical
Communication Between Cells

To further explore the force transmission mechanism, we
applied myosin inhibitor, Blebbistatin, to reduce cell con-
traction force on the ECM, and examined how the re-
organization of collagen fiber bundles and the expression of
paxillin and actin (two important proteins related to cell
motility, the former of which is one component of cellQs focal

adhesion) are influenced. The results show clearly that when
the cell contraction force was reduced, there was almost no
collagen fiber bundles formed among migrating cells (Fig-
ure 4d); meanwhile, the expressions of paxillin and actin also
decreased, as semi-quantified from immunofluorescent re-
sults (Figure 4c). However, the paxillin expression of cells on
solid substrate was not affected by BlebbistatinQs inhibiting
myosin.[18] It is also worthy to notice that with the presence of
collagen the paxillin distributes more diffusely through the
whole cells, without many plaque-like focal adhesions in the
protrusion of cells like the case on solid substrate (Figure 4d),
because the complex micro-structure and mechanical signals
of the collagen substrate require dynamic and transient
response of paxillin. The actin expression shows that the cellsQ
protrusions are flat lamellipodia on solid substrate and tip-
like filopodia on collagen, because without the mechanical
signal to guide the migration the flat spreading lamellipodia
enable the cells on solid substrate to search for more area.

We proceed to investigate how the correlation of cell
migration is influenced by the inhibition of myosin. We define
the velocity correlation function (S value) to quantify the
correlation during the process of cell-pairQs approaching each
other (Supplementary Eq. 4). Due to the strong correlation,
the S value of migrating cells (in effective range) on collagen
is much higher than that of cells on solid Petri dish substrate
(Figure 4a). However, once the cell contraction force was
reduced by inhibiting myosin with Blebbistatin, the S value of
cells on collagen decreased dramatically, to a level similar to
that of cells on Petri dish (Figure 4a), because of the loss of
mechanical signals among cells. Meanwhile, the cellQs speed
also decreased if contraction force was reduced (Figure 4 b).
These results show clearly that the mechanical signaling
induced by the cell contraction and transmitted by the fiber
bundles plays a key role in inducing the migration correlation
of cells.

Long-Range Force Transmission Induces Cellular Self-Assembly

After verifying the mechanism that remodeled fiber
bundles transmit active cellular forces which in turn regulate
cell migration, we now investigate the collective migration
dynamics emerging from this mechanism. To this end, we first
devise a computational model which generalizes the active
particle with polarized attraction (APPA) model[19] by
imposing an additional polarized effective cell-cell attractive
force fa& 1/ra, where r is the separation distance between two
cell centers and 0<a, 1 characterizes the propagation of the
active force and depends on the microstructure and mechan-
ical properties of the ECM. Importantly, fa is “turned on” only
when the polarization (i.e., migrating) direction of a pair of
cells is anti-parallel, i.e., the cells are migrating towards each
other. This corresponds to the case that two cells migrating
toward each other (with anti-parallel velocities) collectively
remodel the ECM in between to generate fiber bundles for
force transmission. The details of this model are provided in
the Methods of Supporting Information.

Using this generalized APPA model, we investigate the
collective migration behaviors of MCF-10A cells on 3D ECM
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with two distinct cell densities (defined as the number of cells
per unit area within a domain of observation): 1 = 10@4 and 5 X
10@4 mm@2, respectively. We also define a characteristic near-
neighbor distance ln = 1@1/2. At the low density (i.e., ln

& 100 mm), the cells remain separated and their migrations
are un-correlated, as can be seen, respectively from the cluster
statistics and the velocity correlation function (see Supple-
mentary Eq. 4 for definition) shown in Figure 5e and f. In
particular, we compute the normalized size of the dominant
(i.e., largest) cluster, which is defined as the number of cells in
this cluster over the total number of cells in the system. At the
high density (i.e., ln& 48 mm), the cells rapidly aggregate from
an initial uniform distribution into a dominant compact
cluster (see Figure 5e). Importantly, the velocities of the cells
are strongly correlated, as manifested by the slow linear
decrease of the velocity correlation function (see Figure 5 f).
To further understand the origin of the strong velocity
correlation, we plot the instantaneous velocity map (see
Figure 5a,b), which clearly shows that the velocities of the
cells within the dominant cluster all tend to point to the center
of the cluster. Although it is well known that activity alone
(i.e., active Brownian particles without the polarized effective

attractive interactions) can also lead to aggregation behavior
at high densities, the particles in the aggregated cluster in such
cases do not exhibit any significant velocity correlations (see
SI for details).

The model predictions are subsequently verified in our
experiments. In particular, we randomly distribute the MCF-
10A cells in a round pattern of & 1 mm-diameter on collagen-
based ECM with two distinct cell densities, corresponding to
the simulation values (i.e., & 10@4 and 5 X 10@4 mm@2). Similar
to the simulation results, rapid and strong aggregation was
observed in the high-density system while the cells in the low-
density system remain separated (see Figure 5 c). We also
computed the cluster statistics (Figure 5 e) and the velocity
correlation functions (see Figure 5 f). Consistent with the
simulation results, the cells within the cluster in the high-
density system exhibit strong dynamic correlations, as in-
dicated by the long-range linearly-decreasing velocity corre-
lation function, and strong centripetal migration dynamics, as
shown by the cell trajectories (Figure 5c,d, and Supplemen-
tary Video 5). The cells in the low-density system are largely
uncorrelated, as evidenced by the flat low-value (& 0)
velocity correlation function and the random cell trajectories.

Figure 4. Protein examination of normal cells on solid substrate, normal cells on collagen, and Blebbistatin-treated cells on collagen. a) Velocity
correlation (S value), b) speed, and c) relative protein expression of cells on solid substrates, cells on collagen, and Blebbistatin-treated cells on
collagen [one-way ANOVA, * P<0.05, NS (not significant)]. d) Representative images of collagen fiber, paxillin, and actin expression of cells on
solid substrate, cells on collagen, and Blebbistatin-treated cells on collagen, where the composite column corresponds to the superposition of all
the other columns. All scale bars are 30 mm.
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In the control experiment, the MCF-10A cells were randomly
distributed on solid substrate of Petri dish with 1& 5 X
10@4 mm@2, and no significant collective dynamics is observed
(see Figure S12e).

Both our simulations and experiments clearly indicate
that the ECM-mediated mechanical coupling between mi-

grating cells breaks the symmetry of random
cellular motion and leads to cell aggregation
as well as strongly correlated centripetal
migration dynamics. The latter is not ob-
served in multi-cellular systems without
ECM-mediated mechanical coupling, and is
thus a unique consequence of this novel
mechanism.

Conclusion

Through a synergy of experimental and
computational efforts, we have elucidated the
mechanism underlying long-range mechani-
cal coupling of migrating cells. In particular,
we show by using laser ablation techniques
that the fiber bundles formed due to mechan-
ical remodeling of ECM by migrating cells
carry significant tensile forces and thus facil-
itate long-range force propagation in ECM.
Moreover, we show that these forces can
regulate cell migration dynamics and induce
strong correlation, leading to cell aggregation
and unique centripetal migration at high
cellular densities.

We emphasize that the long-range dy-
namic force reported here is the force trans-
mitted through the collagen fiber bundles in
natural ECM between individual cells, rather
than that relaying through cell-cell junctions
as reported in previous studies on cell mono-
layers. This remotely transmitted force can
induce cell-cell communication without cellsQ
contact. Although such long-range force has
recently been reported to regulate myofibro-
blast-fibroblast interaction[20] and collective
cancer cells invasion,[21] a direct verification
of the role of fiber bundles in such regulation
is still lacking. Owing to the proper choice of
quasi-3D models, which can provide natural
fibrous hydrogel as ECM for transmitting
force, on one hand, and avoid encapsulating
cells and restricting their motility, on the
other hand, we were able to quantify the
correlation of cell dynamics and the structure
change of fiber bundles, and therefore pro-
vide a direct experimental evidence on how
fiber bundles participate in such long range
regulation at single-cell level. These results
may open a new window for studies on
cellular dynamics in tissue repair and other
important biological processes.

Data Availability Statement

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the Supplementary Materials.

Figure 5. ECM-mediated long-range mechanical coupling leads to strong centripetal
migration dynamics and aggregation of MCF-10A cells. a) and b) respectively shows
snapshots of velocity distribution in simulated cell systems at two cell densities 1 =10@4

and 5 W 10@4 mm@2. The arrows (positioned at the centers of the cells which are
represented as circles) indicate the cell velocities. c) and d) respectively shows the cell
trajectories for around 6 hours in the experimental systems (MCF-10A cells on 3D
collagen gel) at two cell densities 1 =10@4 and 5 W 10@4 mm@2. The color of trajectories is
from purple to yellow, representing the time lapse. Round points represent the initial cell
positions. The centripetal migration mode at the high cell density can be clearly seen.
e) shows the evolution of the cluster statistics as a function of time for both the
simulated and experimental systems, which clearly indicates aggregation behavior at high
cellular density in both systems. f) shows the velocity correlation functions for both the
simulated and experimental systems.
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Additional data related to this paper may be requested from
the authors.
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