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ABSTRACT Cells in vivo encounter and exert forces as they interact with the extracellular matrix (ECM) and neighboring cells
during migration. These mechanical forces play crucial roles in regulating cell migratory behaviors. Although a variety of studies
have focused on describing single-cell or the collective cell migration behaviors, a fully mechanistic understanding of how the
cell-cell (intercellular) and cell-ECM (extracellular) traction forces individually and cooperatively regulate single-cell migration
and coordinate multicellular movement in a cellular monolayer is still lacking. Here, we developed an integrated experimental
and analytical system to examine both the intercellular and extracellular traction forces acting on individual cells within an endo-
thelial cell colony as well as their roles in guiding cell migratory behaviors (i.e., cell translation and rotation). Combined with force,
multipole, and moment analysis, our results revealed that traction force dominates in regulating cell active translation, whereas
intercellular force actively modulates cell rotation. Our findings advance the understanding of the intricacies of cell-cell and cell-
ECM forces in regulating cellular migratory behaviors that occur during the monolayer development and may yield deeper in-
sights into the single-cell dynamic behaviors during tissue development, embryogenesis, and wound healing.

SIGNIFICANCE Exploring the coordinated roles of cell-cell and cell-extracellular matrix forces in regulating single-cell
migration in a multicellular environment has critical implications during tissue development, embryogenesis, and wound
healing. Yet, establishing a comprehensive picture that incorporates and elucidates the mechanistic basis of these forces
and migratory behaviors remains a pressing and challenging task. Here, using an integrated mechanobiology platform, we
map the spatiotemporal dynamics of single-cell traction and intercellular forces as well as migration trajectories within an
endothelial monolayer. The multiscale measurement and modeling approach proposed here highlights the intricacies of
cell-cell and cell-extracellular matrix forces in regulating cellular migratory behaviors, such as cell translation and rotation,
and thus provides a direct link between single-cell processes and collective cell migration behaviors.

INTRODUCTION cooperatively play a vital role in guiding cell migration
and cell/tissue homeostasis (17,18). The dynamics of trac-
tion and intercellular forces are distinct in healthy and
diseased tissue, and the distribution and magnitude of those
forces reflect the overall tissue integrity (19,20). For
example, cancer cells that exhibit an increase in cell traction
force and loss of intercellular force may acquire metastatic
characteristics in a tumor colony (21-23). With respect to
the endothelial cell (EC) monolayer in blood vessels, inter-
cellular forces are important to maintain the integrity of the
EC monolayer and prevent damage from flow shear stress of
circulating blood (24,25). However, previous studies have
either focused on the study of cell migratory behaviors of
isolated single cells or the influence of ECM or the collec-
tive cell behaviors without single-cell resolution (26-31).
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Single-cell migration behaviors within a tissue are critical
for tissue development, embryogenesis, and wound healing
and may also present insight into disease progression (1-3).
As cells progress through their cycle within the tissue, they
demonstrate dynamic processes, such as active translational
motion, stationary reorientation, and cell division (4-0).
During these stages, cells physically interact with the sur-
rounding extracellular matrix (ECM) and neighboring cells
through adhesions formed between cells and the ECM and
between neighboring cells (7-12). The forces from the
cell-ECM interaction (traction force) (13,14) and cell-cell
interaction (intercellular force) (15,16) individually and
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Techniques for investigating cellular traction forces, such
as traction force microscopy (TFM) (32-34), confocal TFM
(35), and elastic micropillars (36-40), are well developed
and widely used. By applying these techniques, researchers
have shown that physiological changes in cell-ECM interac-
tions affect cell functions, including migration behaviors,
morphological features, biomechanical properties, and
gene expressions (41-49). However, unlike traction force
studies, there are methodological limitations in the direct
measurement of intercellular force from experimental
observation of cell colonies, preventing studies from prob-
ing the importance of intercellular forces in mechanobiol-
ogy. In the case of cells arranged in a linear configuration,
intercellular forces can be measured using the residual
forces acting in the cellular region of interest and the
mechanical imbalances of traction forces between cells
(15,26,50-52). However, in the case in which cells are ar-
ranged so that their intercellular interactions result in a me-
chanically redundant system, as is the case in most
monolayers, traction forces can provide us with an inferen-
tial method of calculation of intercellular forces within
cellular monolayers (8,53,54). Many methods based on
stress determination using the traction forces measured by
TFM, such as monolayer stress microscopy (53,55-63)
and Bayesian inversion stress microscopy (8), have been
widely used in past studies. Monolayer stress analysis has
revealed that intercellular adhesion propagates cell stress
over multiple cell diameters because of cell-cell adhesion,
and the minimization of intercellular shear stress directs
cell migration (53) within cohesive cell monolayers through
cell-cell junctions (64). Further, the existence of a tensile
state in the monolayer inferenced using traction forces has
been confirmed with E-cadherin-mediated tension measure-
ments performed using Forster resonance energy transfer
systems (65). Intercellular forces can be calculated using
inferential mechanical stresses obtained in the monolayer
and have been successfully correlated with E-cadherin
localization in small cellular colonies, further confirming
their applicability in monolayers (51). Although features
of intercellular stresses can be obtained using these analyt-
ical models of a cell monolayer, the overall interplay be-
tween traction force and intercellular force in cellular
monolayers remains poorly understood. Furthermore, there
are gaps in knowledge about how single-cell migration be-
haviors within a tissue are affected by the presence of mul-
tiple forces inside the monolayer.

To explore how traction and intercellular forces individu-
ally and cooperatively regulate single-cell migratory behav-
iors within a multicellular environment, we developed an
integrated mechanobiology platform to simultaneously
examine cell traction and intercellular forces acting on indi-
vidual cells within an EC colony and their roles in guiding
cell migratory dynamics. Our system can report high-resolu-
tion and spatiotemporal dynamics of single-cell traction and
intercellular forces within an endothelial monolayer and pre-
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cisely map single-cell migratory behaviors. We demonstrated
that cell traction and intercellular forces affect cellular
migration dynamics in various stages and highlighted their
distinct roles in regulating migratory behaviors when cells
experience translating, rotating, and dividing processes.
Combined with multipole (66) and moment analysis, our re-
sults revealed that traction force dominates in regulating cell
active translation, whereas intercellular force actively modu-
lates cells in rotation. We showed that there was a lack of cor-
relation in both forces and cell migration in the case of
dividing cells, in which cell machinery is otherwise engaged
(67,68). Our findings advance the understanding of traction
and intercellular forces in dictating cell migration during
monolayer development and may yield deeper insights into
characterizing the dynamics of single cells during tissue
development, embryogenesis, and wound healing.

MATERIALS AND METHODS
Cell culture

Mouse ECs (C166; ATCC, Manassas, VA) were cultured in Dulbecco’s
Modified Eagle’s Medium (Gibco; Thermo Fisher Scientific, Waltham,
MA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific), 100 U/mL penicillin G, and 100 g/mL streptomycin (Gibco;
Thermo Fisher Scientific). Human umbilical vascular ECs (C2519A;
Lonza, Basel, Switzerland) were cultured in EGM-2 EC Growth Me-
dium-2 (CC-3162; Lonza) and used in experiments between passages 3
and 8. Cells were maintained at 37°C in a humidified atmosphere contain-
ing 5% CO,.

Gel substrate preparation

Polyacrylamide (PA) hydrogels were created using a previously adopted
method (69). Briefly, PA gels with a stiffness of 16.2 kPa were manufac-
tured by the mixing of 40% acrylamide and 2% bisacrylamide (Sigma-
Aldrich, St. Louis, MO). Before casting the gel, coverslips (18 mm; Thermo
Fisher Scientific) were treated with 0.1 M NaOH (Sigma-Aldrich) for 4 h.
The coverslips were then functionalized with 3-aminopropyltriethoxysilane
(Sigma-Aldrich) for 20 min, rinsed three times with distilled water, incu-
bated with 0.5% glutaraldehyde (Sigma-Aldrich) for 30 min, and then
washed three times with distilled water. The activated coverslips were
then dried at room temperature. To initiate the reaction, 0.1% ammonium
persulfate (Sigma-Aldrich) and 0.1% tetramethylethylenediamine (Sigma-
Aldrich) were added to the acrylamide and bisacrylamide mixtures with or-
ange fluorescent (540/560) microbeads (Thermo Fisher Scientific). 40 uL
of the gel solution was sandwiched between the activated coverslip and a
glass slide hydrophobically treated with dichlorodimethylsilane (Sigma-
Aldrich). The gel-coated coverslips were gently detached after 30 min of
polymerization. The PA gel substrates were activated by treating with
100 uL of 1 mM sulfo-SANPAH(succinimidyl-6-[4’-azido-2’-nitropheny-
lamino] hexanoate) (Pierce Biotechnology, Waltham, MA) in phosphate-
buffered saline (pH 7.4; Thermo Fisher Scientific) under ultraviolet light
(UMV-57; Analytik Jena, Jena, Germany) for 10 min and followed by
washing with distilled water thrice.

Microcontact printing of cells

Microcontact printing of ECs was done using a protocol described before
(70). Briefly, circular patterns, 600 um in diameter, were fabricated using
SU-8 (MicroChem, Westborough, MA) photolithographic technique on
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silicon wafers. Polydimethylsiloxane (Dow Corning, Midland, MI) stamps
were made by the replica molding of the SU-8 mask. The polydimethylsi-
loxane stamps were coated with fibronectin (Sigma-Aldrich) for an hour
and pressed onto the functionalized PA gel substrate to develop a patterned
adhesive surface. ECs were then plated on the micropatterned culture sub-
strates to form a cell colony monolayer within the defined patterns.

TFM

Live cells and embedded fluorescent microbeads in PA gels were imaged
with an inverted fluorescent microscope (Zeiss Axio Observer.Z1) employ-
ing a 40X objective in an enclosed 37°C and 5% CO, incubation chamber.
After the experiments, cells were removed from the PA gel by adding
100 uL of 1 N NaOH (Sigma-Aldrich), and the fluorescent images of the
same locations were recorded again as a control. A phase contrast image
together with two sets of fluorescence microscopic images pre- and post-
cell lysis were used to measure bead displacement using particle image ve-
locimetry. The resultant displacements were then used to calculate the trac-
tion force using Fast Fourier transform cytometry (71).

Intercellular force calculation

Intercellular force was calculated using a previously established finite
element method (FEM) for the modeling of a cellular monolayer as a
thin sheet (51,53). In brief, the cell monolayer was treated as a thin sheet
and the stresses were calculated using the stress-strain relationship. Cellular
boundaries, position, and orientation of the cellular nuclei were manually
selected using the phase-field images of the cells. The calculated stresses
were used in conjugation with the cellular boundary to infer the intercel-
lular forces. For details, see Supporting Materials and Methods.

Box and whisker plot

Box and whisker plots were made using OriginPro software (OriginLab,
Northampton, MA). Each separate box represents a separate y column.
The x axis tick labels represent the column names. The upper and lower
edges of the box represent the 75th and 25th percentiles, respectively.
The upper and lower whiskers are determined by the 95th and 5th percen-
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FIGURE 1 Spatiotemporal mapping of single cell
traction and intercellular forces in a monolayer. (a)
Phase-field image of the cells on a TFM substrate.
(b) Traction force exerted by the cellular colony. (¢)
Traction and intercellular forces of individual cells:
the color of the cells corresponds to the magnitude
of the average traction force, and the size of the arrow
i represents the magnitude of the intercellular force. (d)
Phase-field images show an outline of the cell as it mi-
30] nyf grates over a period of 45 min. (e) Images show the
5 i traction force field (yellow arrows) exerted by the
cell and the corresponding intercellular forces (blue
arrows). (f) The trajectory of the cell as it moves
over the course of 45 min. (g) Cellular rotation quan-
tified by the nuclear orientation, in which the black
arrows determine the orientation at a given time.
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tiles, respectively. The line inside the box determines the median, and the
point inside the box determines the mean. Any outliers are shown as sepa-
rate points.

Statistics

All experiments were repeated at least thrice for each condition. Data with
an error bar represent the mean values, and the error bars are the standard
errors. All statistical correlations were calculated using two-tailed Student’s
t-test. For all comparisons, p < 0.05 was considered statistically significant.

RESULTS

Spatiotemporal mapping of single-cell forces and
migration in a monolayer

As a model to investigate single-cell migration due to trac-
tion and intercellular forces in a multicellular context, we
first established our micromechanical system by growing mi-
cropatterned mouse EC (C166) colonies on a PA hydrogel
substrate embedded with fluorescent beads (Fig. 1 a). In
this configuration, single cells in the monolayer would
exhibit migratory behaviors and, at the same time, experi-
ence physical interactions with its surrounding ECM and
neighboring cells. Traction force exerted by the C166 col-
onies on the substrate can be readily obtained using the estab-
lished TFM method (71) by tracking the displacements of the
embedded fluorescent beads (Fig. 1 b; Fig. S1 a). We also
applied a FEM model (51,53) to determine the intercellular
forces exerted by neighboring cells in the monolayer based
on the measured traction forces (Fig. 1 ¢; Fig. S1 b; for
details, see Supporting Materials and Methods). We
assumed that the cell monolayer could be approximated as
a thin sheet, an assumption used and verified in numerous
studies on inferential stress determination under multiple
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frameworks (8,51,53,56,72-74); hence, stresses across the
sheet can be calculated using the traction force data with a
FEM analysis. The sheet was then divided into regions con-
taining single cells (Figs. S1, ¢ and d and S2). Intercellular
force along the cell boundary was calculated as the product
of the stress tensor at a location on the section and the length
of the infinitesimal section directed normal to the section
line, pointing toward the center of the cell. Therefore, we
could successfully map both traction and intercellular forces
with spatiotemporal resolution for a single cell in a colony
(Fig. 1 ¢).

Our study showed that the cell density drastically affects
various morphological and dynamic properties of the cells
in the monolayer (Fig. S3; for details, see Supporting Mate-
rials and Methods). The cellular velocity decreased signifi-
cantly with an increase in cell density, and cells became
virtually inert (Fig. S3 d), which may be a result of increased
intercellular friction (75-77). Further, we found that cells
morphologically regularized themselves with increasing
density (Fig. S3 e). We used the order parameter defined
in Eq. 1 (78,79) to measure the morphological regularization
and confirmed a decrease in order parameter with increasing
cell density.

Perimeter
VArea

Our study deals with cells in low-density confluent states
that are a transition between the subconfluent individual
cells and the solid-like and inert, high-density confluent
states (Fig. S3). The characteristics of single-cell traction
and intercellular forces in the low-density confluent mono-
layers, which were dependent on the area, order parameter,
number of neighbors, and perimeter of the cell, are shown in
Fig. S4.

Next, we applied our established system to study how
these forces individually and cooperatively direct cell
migratory behaviors in a multicellular context. To account
for the migratory behaviors of single cells within cell col-
onies, we monitored the spatiotemporal dynamics of nuclear
translation and rotation behaviors. The cell nucleus has long
been documented to undergo both translation and rotation,
and the switch between these two modes mediates cell
migration (4,80). We showed that the cell nuclear translation
is intimately linked with cellular translation (Fig. S5) and
centrosome translation (Fig. S6) and that the nuclear orien-
tation is linked with cellular orientation (Fig. S7). Thus, we
were able to simultaneously track cell translation and rota-
tion based on cell nucleus. As shown, for a representative
cell in a colony (Fig. | d), we can easily map both the spatio-
temporal dynamics of cell translation and rotation (Fig. 1,
e—g). As indicated (Fig. 1 e), traction forces were indicated
by yellow vectors inside the cell, whereas intercellular
forces were indicated by blue vectors acting on the cell
along the cell boundary. Together, we have established an
analytical mechanobiology system in which the translation

Order parameter =

6]
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and rotation behaviors of a cell and single-cell mechanical
forces (traction and intercellular forces) can be readily char-
acterized for a migrating single cell within cell colonies.

Cell translation is dominantly regulated by
cell-matrix force

When inspecting cells in a multicellular context, we found
that cells displayed distinct migratory behaviors. By quanti-
fying the translation velocity and angular rotation velocity,
we defined the cell migratory behaviors into three pheno-
types: translating, rotating cells and nonmigrating, dividing
cells (Fig. 2 a). We identified dividing cells by tracking
cell division using phase-field images (Fig. S8). Translating
cells exhibited a significantly larger translation velocity
compared to rotating and dividing cells (Fig. 2 b), whereas
rotating cells displayed a significantly larger unregulated
angular rotation (Fig. 2 ¢). The dividing cells showed
some similarity in their behavior with rotating cells by
demonstrating minimal translation but differed from them
owing to their unusually large angular rotation velocity
(Fig. 2, b and ¢).

After observing distinct cell migratory behaviors, we first
explored the regulatory role of multiple forces for translating
cell behaviors within cell colonies. To this end, an accurate
description of the relation between mechanical force and
cell translation is necessary. Single cells migrate direction-
ally, at a small scale, and in a quasistatic way, where the
sum of all vector forces acting on the cells at each time point
usually cancels out, hence, the magnitude of force alone
cannot provide us with the necessary information to account
for the cell translation. A multipole analysis that explores the
orientation and directionality of the force field has been pre-
viously described in determining the trajectory of cell migra-
tion (66). We adopted the analytical method to describe the
translational dynamics of cells in a monolayer using nuclei
centers to represent cell migration centers (80-82). We
used the first order moment (M) of the traction field, dubbed
as the “force dipole,” which is defined as follows:

M,:/' = \/}C,T/dS7 (2)
N

where x; and T; are the ith and jth components of the position
and the traction stress, respectively, on the substrate surface
to relate the spatiotemporal coordination of mechanical
forces with cell translation. A dipole matrix was generated
using this analysis. Hence, we could accurately describe
cell translation behaviors using dipole analysis and coordi-
nate it with mechanical forces.

As shown in Fig. 2, d and e, the orientation of the force
dipole for a single cell can be analyzed based on its matrix
eigenvectors (white arrows), and the cell translation direc-
tion can be evaluated by measuring the displacement of
the nucleus between two time frames. We can then correlate
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the force dipole with translation direction by calculating the
angular difference (¢) between them. For single cells under-
going translation without intercellular forces (Fig. 2, d and
e, top panel), we found that the pole of the force aligns
strongly with the migration direction. Similar results were
observed regarding cell-matrix force for translating cells
in a monolayer (Fig. 2, d and e, bottom panel). However,
no significant correlation was found between the intercel-
lular force and the direction of translation for translating
cells (Fig. 2, d and e, bottom panel), implying that forces
from cell-cell interactions may not have a direct influence
on translational motion. Traction forces indicated minimal
effects on regulating the behaviors of rotating and dividing
cells as we did not observe a correlation between the angular
difference (¢p) between force dipole and translational direc-
tion (Fig. S9). When considering the regulation of cell-
matrix forces in cell translational motion, we also observed
that traction forces for migrating cells are significantly
larger than that of rotating and dividing cells (Fig. 2 f),
regardless of cell spreading area (Fig. 2 g). Dividing cells
demonstrated minimal traction forces compared to trans-
lating and rotating cells (Fig. 2, f and g). Moreover, we
found that the plotting probability of angular difference
between force dipole and translational direction (¢) for
translating cells demonstrated a strong alignment between

*p < 0.05, **p < 0.001. Number of cells > 10, and
the number of experiments = 4 for each condition.

force dipole direction and translational motion direction
(Fig. 2 e). As a result, cells showed distinctly higher trans-
lating velocity and lower angular velocity (Fig. 2, h and i),
revealing that cell translational motion is largely regulated
by traction force. Interestingly, although substrate stiffness
has been shown to regulate the behaviors of cells, we did
not see a significant change in the roles of traction and inter-
cellular forces in guiding cellular translation and rotation
behaviors on substrates of different stiffness (Fig. S10).

Intercellular torque change actively regulates cell
rotation behavior

The second dynamic migratory behavior of cells observed in
a monolayer is rotation. To understand the mechanism
behind nuclear rotation, we used the first moment of the
intercellular force to describe the effects of intercellular
force on cell rotation (Fig. 3 a). In this situation, the force
exerted on the cells is the intercellular force, and the point
of action is the nucleus. We showed a tight coupling be-
tween the nuclear orientation and cellular orientation in
translating cells (Fig. S7). Thus, the nucleus orientation is
related to and can indicate the orientation of a cell during
its rotation. To calculate the change in orientation of the nu-
cleus, the nuclear bodies (black ellipsoids) on the nucleus
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cell angular velocity and has a more significant effect
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were used to calculate the angle that the nucleus subtends
along the laboratory axis. The laboratory x axis was defined
as the horizontal axis of the cell image, and the y axis was
defined as the vertical axis of the cell image, and they
were kept constant throughout the experiment. The change
in the nucleus angle characterizes the reorientation of the
nucleus and the cell. By analyzing the intercellular torque
for single cells in a monolayer, we found that most cells
are subjected to minimal intercellular torque (Fig. 3 b).
Comparing the three subtypes of cells, translating cells
demonstrated higher total intercellular force acting on
them (Fig. 3 ¢) yet had a lower intercellular stress as
compared to rotating and dividing cells (Fig. 3 d). This is
a result of the perimeter of the cells being directly correlated
with the intercellular force acting on the cell (Fig. S4 ). We
further found that there is no significant difference in the
magnitude of torque acting on the cells (Fig. 3 ¢). To explore
the relationship between cell rotation and intercellular tor-
que, we closely monitored and mapped the dynamic
changes of intercellular torque for the three cell subtypes.
When plotting the normalized change of the nucleus angle
against intercellular torque, we found that there is a strong
correlation for rotating cells, whereas no correlation was
found for migrating and dividing cells (Fig. 3, f and g).
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Overall, our results suggest that cell rotation behavior is
dominated by intercellular torque.

CONCLUSIONS

Cells in vivo are physically constrained by their neighboring
cells, and intercellular signaling is a fundamental biochem-
ical and biophysical cue that may influence cell/tissue
behaviors along with cell-ECM interactions. For multicel-
lular tissues, understanding the mechanobiology of the col-
lective behaviors of cell colonies has been established using
micropatterning techniques (83-87). Methods to measure
intercellular forces in such systems have also been explored
with variations in the distribution of traction forces and
velocity correlations (50,51,53). However, these studies
have a limited focus on the collective behaviors of cells
and fail to consider mapping intercellular and traction forces
at a single-cell resolution. Hence, we applied a mechanobio-
logical system (51) that could characterize the mechanical
forces of cells in a colony at a single-cell scale from cell-
matrix and cell-cell interactions to study their regulatory ef-
fects on different cellular migratory behaviors. We per-
formed our analysis on confluent confined monolayers
(Fig. 1 a) with well-established intercellular contacts that



can be approximated as a flat plate for the purpose of anal-
ysis (53,88). In addition, cells during this phase undergo
significant rearrangements, which make it feasible to
observe the roles of forces in directing single-cell migration.
The studies of single-cell migration have shown two
different modes in normal cells, in which cells are elongated
and move in a directional manner (translocation), whereas
cells that are round are associated with rotational behaviors
(rotation) (4—6). Drawing parallels from this, we hypothe-
sized three different types of cell modes in a colony: two
migrating, translating and rotating, cell types and one non-
migrating (dividing) cell type. Indeed, our results showed
that there was a significant difference in the translational ve-
locity and angular velocity of the cells from different groups
(Fig. 2, b and ¢). Furthermore, single-cell studies have pre-
viously shown differences in forces exerted by the cells of
different morphologies, with elongated cells exerting more
forces as compared to rounded cells (49). We found
that the traction force (Fig. 2 f) and intercellular force
(Fig. 3 d) acting on translating cells was significantly larger
than the other two groups, respectively, owing to the dy-
namic nature of the cells. However, the intercellular stress
(i.e., the intercellular force acting on a cell divided by the
length of the interface between two cells) (Fig. 3 f) acting
on translating cells was significantly lower than on station-
ary and dividing cells. This points to the fact that intercel-
lular adhesion between translating cells is weaker than
that of stationary cells. Furthermore, our results demonstrate
that, in accordance with the trend found in single cells in
which traction force is the primary mediator of the
displacement, traction force is reasoned to be the primary
cause of cell migration (Fig. 2 ). In addition, intercellular
force does not correlate with the cell displacement
(Fig. 2 e), which shows that cells are not undergoing collec-
tive migration in this phase but rearrangement. However,
intercellular forces have been intimately linked with the
organization of forces in a cell colony, shown by the fact
that the absence of intercellular forces results in an unchar-
acteristic traction force distribution in patterned cellular
colonies (20). During collective cell migration, we
observed that forces in the colony were concentrated on
the edge, displaying intact intercellular force transmission
(Fig. S3 b; (30)).

Hence, the question remains: how does intercellular force
affect cell organization in a multicellular colony? To deter-
mine its regulatory role, we used the intercellular torque
acting on the nuclear center of the cell (dubbed “torque of
the intercellular force”) and correlated it to cell rotation
(Fig. 3 a), which is a key mediator in cell directionality
(80,89). Previous studies have shown that translating cells
have a well-established actin network in the form of an actin
cap, prompting directional migration. Furthermore, the nu-
cleus is coupled to cytoskeleton (CSK) filaments and
exposed to dynamic mechanical forces from the CSK that
may actively regulate nucleus dynamics (90). Previous
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studies have revealed that the migratory dynamics of the nu-
cleus are mediated by CSK filaments (microtubules and
F-actin) and linkers of nucleoskeleton and CSK complex
proteins (91). Thus, intercellular force should not influence
the directionality of translating cells (Fig. 3, g and #;
(80,92,93)). Similarly, dividing cells undergo significant
changes in their actin network and, therefore, cannot use
mechanical inputs to activate proper or feedback-appro-
priate changes (Fig. 3 g; (94)). We determined that trans-
lating cells had an insignificant angular velocity, whereas
dividing cells had a distinctly large angular velocity
(Fig. 2 ¢). Furthermore, our results indicated no correlation
between the change in the torque of the intercellular force
and the angular rotation of the nucleus in the case of trans-
lating or dividing cells (Fig. 3 h). However, for rotating
cells, we saw a strong correlation between the change in tor-
que and the angular rotation, emphasizing that the intercel-
lular forces are affecting single-cell migration through cell
reorientation (Fig. 3 h).

Our study conclusively illustrated the effects of cell
forces on reconfiguring cell organization in a confluent
confined pattern, in which cell-generated forces have a
direct effect, whereas the intercellular forces have an indi-
rect effect in determining cell migration. By applying this
integrated mechanobiology system, we clearly distin-
guished between the effects of the traction and intercellular
force on different types of cells and showed that intercellular
forces play a guiding role in migratory dynamics. This can
help us in differentiating between cells, in which more indi-
vidualistic cells (e.g., cancer cells) may have less correlation
with intercellular forces, whereas more organotypic cells
will be more susceptible to them. Our study is currently
focused on cells that form monolayers inside the body,
like endothelial and epithelial cells. It would be interesting
to see how three-dimensional ensembles (e.g., blood ves-
sels, tumors, etc.) affect changes in forms due to cellular
forces and how promoting or inhibiting intercellular forces
in these collectives can result in differentiated modes of
migration in the future. Further, it may also be interesting
to see if we can use external impulses (e.g., fluid shear
stresses) and assess their effect in altering the cellular forces
and how these forces help in tissue reorganization in such
conditions.
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Supporting Methods

1. Thin-sheet FEM model and Intercellular force calculation

Previous studies have employed several methods to measure intercellular forces using
mechanical imbalance of traction forces between two cells or multiple cells ). We adopted a
finite element method (FEM) model in this study, based on thin plate model of linearly elastic
and isotropic substances. We used patterned cell layers devoid of any gaps among cells, to
ensure that patterned cells form a flat, thin sheet, where the height is infinitesimally small
compared to the diameter of the patterned cell monolayer. Traction forces were calculated using
traction force microscopy (Fig. S1a) and only the in-plane components of traction forces were
considered in this model. Newton's laws dictate that internal stresses must be balanced by
traction forces ¥, resulting in a relationship between the recovered traction forces and sheet
stresses. According to the model, the stresses in the plate are related to the strains by the
Equation 1.1:

Oy 1 v 0

E v 1 0 :
[Uyy] R 1+ v (Equation 1.1)
Oxy 0 0 >

where, E is the Young’s modulus of the elastic material, and v is the Poisson’s ratio. In our
model, E =16.2 kPa and v = 0.5, as cells are incompressible in the scenario considered.

Further, the strains are related to the displacement by the Equation 1.2:

du, 1
. dx
XX du
[‘Syy] = d_; (Equation 1.2)
€
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— * —
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The traction force in the sheet are related to the stress by the Equation 1.3:

do;;

d_]%] = —h = T}, over the entire region of interest (Equation 1.3)
where, Tj is the traction component in the j direction measured by traction force microscopy
(TFM) (Fig. S1b).

This gives us a set of elliptical boundary value problems that can be solved with FEM. In this
case, we modified a MATLAB code  that was used to solve the partial differential equations
(PDEs) to calculate for sheet stresses acting inside the cellular colony, and subsequently
intercellular forces in a cellular colony. For cells seeded on a circular pattern, the mask covering
all the cells attached to the substrate in the pattern was taken as the geometry.

The MATLAB program solved the elliptical PDE’s under free boundary conditions. After
determining the stresses acting inside the colony, the intercellular forces between two cells was
calculated by the Equation 1.4:



fi2= — j o.dl ,over the boundary,1 - 2 (Equation 1.4)

The vector, dl is a vector that is perpendicular to the cell boundary and pointing towards the
inside of the cell (Fig. S1c). The intercellular forces are in the form of a vector acting at different
points along the cellular periphery. Previous studies have reported that, in confluent patterns, a
majority of microtubule organization centers are approximately found at the cell nucleus ©.
Hence, we calculated the torque of the forces along the cell nucleus to gauge the twisting
capabilities of the intercellular force acting on a single cell. Torque of a single cell’s force is
given by the equation:

T = z 7 X f;,over the boundary or cell (Equation 1.5)

where, 7 is the vector from the cell nucleus to the force’s point of action, and f;is the
intercellular force acting at a point on the cell’s periphery.

2. Analysis on the impact of boundary selection with phase-field vs. fluorescent images

We used phase-field images for boundary selection in this study. In order to prove the robustness
of our approach, we used human vein endothelial cells (WUVEC) (Fig S2c, d) live stained with
FITC anti-human CD31 antibody (Fig. S2b, d). We independently selected cellular boundary
using phase-field and fluorescence images. We observed very small differences in the interface
selection between the two approaches, as shown in Fig. S2e, f, where the ratio of intersectional
area between cells selected from phase-field and cell staining images, divided by average cellular
area of cells selected from phase-field and cell staining images came out to around ~ 0.86,
whereas a difference of ~1.48 pum was observed between the boundaries selected by phase-field
and cell staining images. Further, we calculated the cell traction forces and intercellular forces in
the cell monolayer and, found a very strong correlation between the traction force and
intercellular forces calculated using the boundaries selected through the phase-field images and
the staining images (Fig S2g, h).

3. Effect of cell density on cell forces in micropatterns

In order to understand the effect of density on the cellular monolayers, we cultured cellular
monolayers with different seeding density (Fig. S3) to acquire, sub-confluent, low-density
confluent and high-density confluent cellular patterns as shown in Fig. S3a. We also cultured an
over-confluent confined cellular assembly by seeding a cellular monolayer of cells and letting it
grow for 48 hours. Our study showed that the seeding density drastically effects various
morphological and dynamic properties of the cells in these confined patterns.

The first immediately visible change was observed in cellular velocity, which decreased
significantly with an increase in seeding cellular density which may be a result of increased
intercellular friction “®. We introduced order parameter, defined by Equation 1.6:

Perimeter

VArea

The order parameter of the cell has been shown in previous studies to be correlated with the
phase transition in confined cellular monolayers and it has been shown that the phase transition
occurs around order parameter equal to 3.813 ®'%. We found that the order parameter decreased

Order parameter = (Equation 1.6)



with the seeding cell density (Fig S3e). In confluent patterns, we see that with increasing density
the cellular morphology regularizes and more closely resembles an immobile solid like state, as
indicated by the decreasing cellular velocity (Fig S3d).

Further, we explored the effect of density on the forces exerted by the cells. We found that the
force exerted by the cells first increases with increasing seeding density, and transitions from
sub-confluent to confluent patterns (Fig S3b, f). However, once confluence is reached further
increase in initial seeding density of the cells, leading to a higher density confluent patterns does
not result in higher forces but rather a concentration of forces at the cellular periphery and a
decrease in overall forces (Fig S3b, f). Further, we found that the magnitude of intercellular
forces exerted by cells in high density patterns to be lower than the low-density patterns (Fig
S3g). This is in accordance with the results displayed in previous studies which have shown that
the intercellular forces are proportional to the magnitude of the traction forces exerted by the
cells 'V, However, the more interesting result is the correlation of cellular density with the ratio
of cell adhesive traction and intercellular force, where we observed that the low-density patterns
have a significantly higher ratio of cell traction to intercellular force as compared to high density
patterns (Fig S3h). This is in accordance with the previously published results that show that the
transition from liquid to solid phase is associated with an increase in the cell-cell forces and a

decrease in motility %,

4. Characteristics of traction and intercellular forces

We manually selected and traced cells in the patterns from phase-field images to create cell
regions of interests (ROIs). Once we defined ROlIs, traction and intercellular forces acting on the
cells were calculated. In accordance with the established results of traction forces exerted by
single cells '?, we determined that cells with larger spreading area apply larger forces (Fig.
S4b). Furthermore, we showed that traction forces vary with the order parameter (Fig. S4c) of a
cell.

Traditionally, single cells that demonstrate higher order parameter are known to exhibit higher
traction forces. We found a similar trend in the cells inside a confluent colony. The other
significant force in the patterned cell monolayer is the intercellular force. We demonstrated that
there are two types of intercellular force, normal forces (Fig. S4a (i,ii)), and tangential forces
(Fig. S4a (iii)), which may imply that the cells not only push and pull on each other but may also
apply shear forces capable of twisting effects. We determined that the total intercellular force
acting on a single cell is dependent upon two critical factors: the number of neighboring cells
(Fig. S4d) and the length of a cell-cell interface (Fig. S4e). For both cases, it was found that the
cells have a positive correlation with the critical factors.

5. Correlation of nuclear translation with cell centroid and centrosome translations

In our study, we used the cellular nucleus as the reference for determining cellular migration.
Here, we showed a correlation between the cellular nuclear centroid and the cellular centroid that
is traditionally used in studies on cellular migration. Fig. S5a shows the nuclear centroid and
cellular trajectory of a single cell migrating over a period of 240 minutes, which shows a strong
correlation between the cellular nucleus and the cellular centroid position. Not only this, we
observed a very strong correlation between the cell centroid displacement and the nuclear
displacement as shown by the scatter graph in Fig. S5c. Having established the validity of using



cellular nucleus in isolated single cells, we next showed the same association in cells inside a
confluent monolayer.

Order parameter (Eq. 1.6) is associated with the polarity of cellular morphology ®*. Cellular
elongation has been linked with cellular migration '*'>. However, it is not the defining factor
with regards to cellular migration. In order to prove this, we followed 4 cells, two elongated and
two rounded as they migrated over a period of 240 minutes. Fig. S5d shows the phase-field
image of four cells in a confluent micropattern, and Fig. S5e shows an overlapped nuclear and
cell centroid trajectory for the cells, which reiterates the correlation that we observed in isolated
single cells. Further, we measured the order parameter of the cells as they migrated, and we
found that the cells do not show significant changes in their morphological states (Fig. S5g).
Finally, Fig. S5g, h, i show the nuclear and cellular centroid trajectory of one of cells used in the
translational analysis in the study. We observed a very strong correlation between the cell
centroid displacement with the nuclear centroid displacement for all the 10 cells used in
translation analysis.

Further, we transfected C166 cells with pEGFP-ninein C-ter (Addgene plasmid #73523B), to
visualize cellular centrosomes and correlate nuclear migration with cell centrosome migration.
We found that in translating cells, the cellular centrosome and nucleus moved in tandem as
shown in Fig. S6¢, d. We quantified the translational results over a period of 45 minutes and
found that there is a very strong correlation between centrosome translation and nuclear
translation (Fig 6e, ), further validating our use of nuclear centers as the determinant of cellular
migration.

6. Correlation of nuclear rotation with cellular orientation

We correlated the strong association of nuclear orientation with cellular orientation. We
observed 4 types of cells inside the confluent monolayer, based on their morphology and the
migration behavior, elongated cells, elongated with a very high order parameter associated with
them; non-elongated migrating cells, rounded with significant translation; non-elongated
stationary cells, rounded and stationary; and lastly dividing cells that underwent division during
the observation window. Elongated and non-elongated cells were distinguished using the order
parameter (Fig. S7¢). Phase-field image of the cells is shown in Figure S7a. We used three
factors to correlate the cellular nuclear orientation with cellular orientation (Fig. S7b). Elongated
cells offer an evident cellular axis and we used the angular difference between the nuclear
orientation and the cellular orientation as a measure of correlation. Non-elongated translating
cells do not offer any such principle cellular orientation; hence we used the difference between
the cellular migration direction and the nuclear orientation as a measure of correlation. Along
with this we also used the angular velocity of the nucleus as the measure of the nuclear
reorientation.

The angular velocity measurements showed that dividing cells had a significantly larger angular
velocity as compared to the other cells. Similarly, non-translating cells had a significantly higher
nuclear angular velocity as compared to the translating and the elongated cells (Fig. S7d). We
showed that there was a very small angular difference between the cellular orientation and
nuclear orientation in elongated cells and similarly a slightly higher but still small angular
difference between the nuclear orientation and the cell migration direction in case of translating



cells. We followed an elongated cell and two translating cells, as an example to show the
correlation between the nuclear orientation and the cellular orientation in these cells.

Hence, we confirmed that irrespective of the cellular morphology, translating cells have a very
high correlation with the nuclear orientation. This correlation increases with increasing
elongation of the cells. In terms of the nuclear reorientation, three distinct states exist in the
monolayers; a rigid state during migration, a plastic stage while the cells are stationary and a
hyper excited stage prior to migration.

Supporting Figures
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Figure S2. Correlating calculation of forces using staining image and phasefield image. (a)
Phasefield image of a C166 colony on a confined micropattern. (b) Staining image showing CD
31 expressed in HUVECs. (c) Phasefield image of HUVECs on a confined micropattern. (d)
Merged image showing both staining and phasefield image. (¢) Cells selected using staining
image and brightfield image of the cells. (f) Ratio of the intersectional area with the mean area
calculated with two images and the average distance between two boundaries calculated with
two images, for the 30 cells used in the analysis. (g) Correlation of traction forces calculated
from phasefield images and CD31 stained images of the cells showing a Pearson’s r of 0.98. (h)
Correlation of intercellular forces calculated from phasefield images and CD31 stained images of
the cells showing a Pearson’s r of 0.96. Number of cells = 30, Number of experiments = 3.
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Figure S3. Effect of cellular density on cells in confined micropatterns. (a) Phase-field image
of cells with increasing cellular density in confined micropatterns. (b) Corresponding traction
force distributions in the micropatterns. (c) Bar graph showing the quantification of cellular
density in sub-confluent, low density confluent and confluent micropatterns. (d) Bar graph



showing the quantification of cellular velocities in micropatterns of different densities. (e) Bar
graph showing the order parameter of cells in micropatterns of different densities. (f) Bar graph
of the traction forces exerted by cells in patterns of different densities. (g) Intercellular force
exerted by cells in low and high density confluent micropatterns. (h) Ratio of traction force to
intercellular force in confluent patterns of low and high cellular density. Data represent the mean
+ error. The p-values were calculated using the Student’s paired sample t-test. *p < 0.05, **p <
0.001. Number of patterns = 5, 5, 5 respectively for sub-confluent, low density and high-density
confluent patterns respectively, Number of cells = 50 for each cellular density, Number of
experiments = 3 for sub-confluent pattern, and high-density confluent pattern, Number of
experiments = 4 for low density confluent pattern.



d b o4 C 0.8
89 §9% 16
5 206 5 g :
e 8 S5 04
570 04 CHCES
ol e
@0 £ 02
= =02 ==
—— 0.04 5
0.30405060.708091.0 6} Q ,‘36 6 66%}6
B ©-
Order Parameter
o 7 d Area (fold change) e .
g " 1.24 s 12 .
s 8 | DO - ear Force
Ln:.! £E5 & 5 1 82 1.01 = Normal Force
55 & 0.8, £g208
— © @ —
ges 55 061 g%o.e
o 2T 0.44 5 04
E 1 \ ] £e 2%
. - £ 0.2] g O 02
i 1] Tl = . . . . . . . E IE . . . . ;
1 2 3 4 5 6 7 8 o 02 04 06 08 1.0
Number of Neighbour cells ® Cell Perimeter (fold change)

Figure S4. Characteristics of traction and intercellular forces of a single cell. (a) Typical
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Figure S5. Correlation of nuclear translation with cell centroid translation. (a) Figure
showing the nuclear and cellular trajectory of a single cell migrating over a period of 240
minutes. (b) Phase-field image of the cells at the four different points in cellular trajectory. (c)
Scatter graph showing the correlation of cell centroid displacement with the nuclear
displacement with a Pearson’s r of 0.94. (d) Phase-field image of four cells in a confluent
micropattern, with two rounded cells and two elongated cells. (e) Plot showing the overlapped
nuclear and cell centroid trajectory for the cells over a period of 240 minutes. (f) Plot showing
the change in the order parameter of cells over a period of 240 minutes. (g) Figure showing the
nuclear centroid and cellular centroid of a cell in a low density confluent micropattern. (h) Plot
of the nuclear centroid translation. (i) Plot of the cellular centroid translation. (j) Correlation of

the cell centroid displacement with the nuclear centroid displacement for the 10 cells used in
translation analysis.
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Figure S6. Correlation of nuclear translation with centrosome translation. (a) Phase-field
image of translating cells. (b) Fluorescent (DAPI) images of cellular nucleus. (c) Fluorescent
(GFP) images of cellular centrosomes. (d) Merged channel image showing both the DAPI and
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Sample correlation of centrosome displacement with nuclear displacement for the cell shown in
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Figure S7. Correlation of nuclear orientation with cellular orientation. (a) Phase-field image
of the cells at the four different types of cells in confluent colony, elongated cells, Non-
Elongated translating cells, Non-Elongated stationary cells, and dividing cells. (b) Method used
to calculate three factors used in correlating nuclear orientation with cellular orientation. (c) Bar
graph showing the differences in order parameters of the different types of cells. (d) Bar graph
showing the angular velocity as defined in (b), of the different types of cells in the pattern. (e)
Angular difference between the cellular orientation and nuclear orientation in case of elongated
cells, and the angular difference between the nuclear orientation and the cell migration direction
in case of translating cells. (f) Phase-field image showing nuclear orientation of translating cells
over a period of 40 minutes. (g) Phase-field image showing cellular orientation and the nuclear
orientation of an elongated cell over a period of 40 minutes. (h) Bar graph showing the angular
difference between the nuclear orientation and the cellular orientation and the angular velocity of
the elongated cell in (f). (i) Bar graph showing the angular difference between the nuclear
orientation and the cellular translation direction and the angular velocity of the elongated cells in
(g). Data represent the mean =+ error. The p-values were calculated using the Student’s paired
sample t-test. *p < 0.05, **p < 0.001. Number of cells = 12 or each cell type, Number of
experiments = 3.



Figure S8. Cell division process. (a) Phase-field image of the pattern at t=0 min. (b) Dividing
cell at different time points showing the division process and the resulting daughter cells.
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Figure S9. Relationship of translational motion of dividing and stationary cells with the
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direction and the pole of cell-matrix force, and the direction of cell-cell force in case of dividing
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matrix force, and the direction of cell-cell force in case of rotating cells.
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Figure S10. Effect of stiffness on cells in micropatterns. (a) Phase-field image of cells on
substrates of different stiffness. (b) Traction stress map of cells on substrates of different
stiffness. (¢) Average cellular velocity of cells on substrates of different stiffness. (d) Densities of
cells on substrates of different stiffness. (e) Probability of angular difference between translation
and the pole of cell-matrix force, and the direction of cell-cell force in case of translating cells on
4 kPa substrates. (f) Correlation of normalized change in nuclear rotation with the normalized
change in intercellular torque showing a Pearson’s r of 0.87 on 4 kPa substrates. (g) Sample
correlation curve of normalized change in nuclear rotation and normalized change in Intercellular
torque for a single cell with a Pearson’s r of 0.70. Data represent the mean + error. The p-values
were calculated using the Student’s paired sample t-test. xp < 0.05, **p < 0.001. Number of
cells: 6, 6 for translating and rotating cells respectively, Number of experiments = 3.
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