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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:
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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:
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The traction force in the sheet are related to the stress by the Equation 1.3:
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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:
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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 S1. TFM measurement and thin-sheet FEM model for calculating intercellular
forces. (a) Schematic of measuring traction forces using TFM. Diagrams illustrating (b) thin-
sheet FEM model for intercellular force calculations (c) using a single cell’s contour and the

traction stresses.
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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.
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Figure S4. Characteristics of traction and intercellular forces of a single cell. (a) Typical
intercellular force distribution around a cell, with three different types of forces, (i) compressive,
(i1) extensive and (iii) shear. Variation of traction forces acting on a single cell with respect to the
(b) cell area and (c) the cell order parameter. (d) Variation of intercellular forces acting on a
single cell with respect to the number of neighboring cells. (¢) Variation of shear and normal
intercellular force changes with respect to a single cell’s perimeter.
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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
GFP channels. (e) Plot showing the correlation of centrosome and nuclear velocity as the cell
translates over a period of 45 minutes. (Number of cells = 12, Number of experiments = 3.) (f)
Sample correlation of centrosome displacement with nuclear displacement for the cell shown in
a- d.
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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
pole of cell-matrix and cell-cell forces. (a) Probability of angular difference between translation
direction and the pole of cell-matrix force, and the direction of cell-cell force in case of dividing
cells. (b) Probability of angular difference between translational direction and the pole of cell-
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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