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cellular interactions can give rise to globally coordinated motions (4, 5).
Due to the complexity of collective behaviors, much effort
has gone towards reductionist assays that restrict degrees of
freedom and ensemble size to simplify analysis and interpretation. One powerful approach is to confine a tissue within
predefined boundaries using micropatterning to create adhesive and non-adhesive regions (6–11). Such confinement
mimics certain in vivo contexts such as constrained tumors as
well as aspects of compartmentalization during morphogenesis (12). Alternately, many studies have explored the expansion of tissues that initially grow into confluence within confinement but are later allowed to migrate into free space upon
removal of a barrier. A popular assay of this type relies on
rectangular strips of tissue that are allowed to expand in one
or both directions (13–21), where averaging along the length
of the strip can reveal coordinated population-level behaviors such as complex migration patterns, non-uniform traction force fields, and traveling mechanical waves. Isotropic
expansion has also been studied in the context of micro-scale
(< 500 µm diameter) circular tissues using the barrier stencil technique (22) as well as photoswitchable substrates (23),
revealing behaviors associated with initial expansion of a tissue. In contrast to such confinement assays, other work has
focused on freely-expanding tissues of uncontrolled initial
size and shape, which grow from either single cells (24) or
cell-containing droplets (9, 25, 26). Still more work has explored approaches to induce directional migration, from geometric cues to applied electric fields (27, 28). Together, these
assays have have begun to uncover general principles underlying collective cell migration.
Studies of collective cell migration are most often performed
using epithelial tissues due to their fundamental role in multicellular organisms and strong cell-cell adhesion, which in
turn gives rise to elegant, cohesive motion. Moreover, given
that epithelia naturally form surfaces in vivo, studying epithelial layers in vitro has a physiological basis that can inform
our understanding of processes such as healing (13), envelopment (29), and boundary formation (30). These features
have made epithelia both the gold standard in collective cell
migration studies, and one of the most well-studied models
for biological collective behaviors.
Despite our deep reductionist understanding of cellular-scale
aspects of collective migration in epithelia, we lack a basic
systems-level understanding of how tissue size and shape af-
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In the last decade, key advances in our understanding of collective cell migration and tissue growth have been made by studying the expansion of epithelial monolayers in vitro. However,
most studies have focused on monolayers of sub-millimetric
sizes, and how cell proliferation and migration are coordinated
on larger scales remains poorly known. To fill this gap, we measured cell velocity, cell density, and cell-cycle state over 2 days
in millimeter-scale freely-expanding monolayers. We find that
tissues of different initial sizes exhibit very different spatiotemporal patterns of cell proliferation and collective cell migration
in their internal regions. Specifically, within several cell cycles, the core of large tissues becomes very dense, almost quiescent, and ceases cell-cycle progression. In contrast, the core of
smaller tissues develops a local minimum of cell density as well
as a tissue-spanning vortex. These different dynamics are determined not by the current but by the initial tissue size, indicating
that the state of the tissue depends on its history. Despite these
marked differences at the internal regions, the edge zone of both
large and small tissues displays rapid cell-cycle progression and
radially-oriented migration with a steady velocity independent
of tissue size. As a result, the overall area expansion rate is dictated by the perimeter-to-area ratio of the tissue. Our findings
suggest that cell proliferation and migration are regulated in a
collective manner that decouples the internal and edge regions
of the tissue, which leads to size- and history-dependent internal
patterns in expanding epithelia.
tissue growth | cell cycle | collective migration | epithelia
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Introduction

Writing in 1859, physiologist Rudolf Virchow presented the
concept of the ‘Zellenstaat’ or ‘Cell State’, describing tissues
as “a society of cells, a tiny well-ordered state” (1). This
social framework motivated Abercrombie and Heaysman’s
1954 work on cellular behavior that elucidated how encounters between cells can regulate locomotion and proliferation
via contact inhibition (2). Since then, concerted interdisciplinary effort has been brought to bear on understanding how
cell-cell interactions give rise to the complex collective behaviors driving so many crucial biological processes. One
of the most foundational collective behaviors is collective
cell migration— the directed, coordinated motion of cellular ensembles that enables phenomena such as gastrulation,
wound healing, and tumor invasion (3). Given this importance, considerable effort spanning biology, engineering, and
physics has been directed towards understanding how local
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Fig. 1. Expansion dynamics of millimeter-size cell monolayers. (A) Footprint
throughout 46 h growth period of representative small (left) and large (right) circular tissues, with the tissue outlines drawn at 4 h increments. Initial diameters
were 1.7 mm and 3.4 mm. (B) Small circles exhibit faster relative area, A(t)/A0 ,
increase than large circles, where A0 and A(t) are the areas of tissues at the beginning of the experiment and at time t, respectively. Purple points show the relative
area increase, A(t + t0 )/A(t0 ), of small tissues from the time t0 = 30 h when
they reached the size of the large circles. (C) Average tissue density N (t)/A(t)
has non-monotonic evolution in small tissues but monotonically increases in large
tissues. (D) Edge radial velocity is largely independent of initial tissue size and
cell density. We grouped initial cell densities as ρ1 = [2350, 3050] cells/mm2 ,
ρ2 = [1650, 2350) cells/mm2 , and ρ3 = [1300, 1650) cells/mm2 . (E) Assuming
a constant migration speed vn in direction normal to the edge, we can predict the
area expansion dynamics of elliptical tissues with different aspect ratios. Fitting the
model to our data for all tissues gives vn = 29.5 µm/h. In B, data are from n=16
tissues across 5 independent experiments (small and large circles). In C, n=11
across 4 experiments for small circles), and n=9 across 3 experiments for large
circles. In D, n=16 across 5 independent experiments for small and large circles,
ρ = ρ1 ; n=13 across 3 experiments for small circles, ρ = ρ2 ; and n=11 across 3
experiments for small circles, ρ = ρ3 . In E, n=4 across 2 experiments for a/b=1
and a/b=4, and n=5 across 2 experiments for a/b=8. Shaded regions correspond to
standard deviations.

ri

Results

A

Radial velocity vr (µm/h)

fect long-term epithelial growth. Answering such basic questions has broad utility across cell biology, biophysics, and tissue engineering, where prediction of growth and form can be
advantageous. Hitherto, most studies have restricted tissue
growth and expansion to the micro-scale (< 500 microns),
short durations (< 24 hrs), and confined geometries. Noting
these limitations is important because differences in scale,
time, and boundary conditions can lead to unexpected emergent complexity, as we show here.
As a demonstration, we began by asking “How does tissue
size affect epithelial spreading and growth?” To address this
seemingly basic question, we leveraged benchtop tissue patterning (13, 31) to rapidly generate arrays of precisely patterned, unconfined epithelia at the macro-scale (>1 mm in
diameter), and performed long-term time-lapse imaging (up
to 48 hrs). We investigated the role of tissue size and shape
on boundary motion, and we then tracked every cell in the
tissues to relate the overall expansion kinetics to cell migration speed, cell density, and cell-cycle dynamics. In addition
to yielding a new understanding of the role of epithelial size
and shape in overall growth, our studies reveal an unexpected,
size-dependent process that can induce large-scale vortices in
freely expanding epithelia. Together, these data comprise the
first comprehensive study of macro-scale, long-term epithelial expansion, and our findings demonstrate the importance
of exploring collective cell migration across a wider range of
contexts, scales, and constraints.
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Effects of size and shape on expansion of millimeter-scale epithelia. We began by characterizing how the initial

tissue area affects areal expansion and cell growth. An important length scale relevant to any migrating population is
the velocity-velocity correlation length, which is `v ∼ 200
µm in MDCK epithelia (15). Epithelial tissues with characteristic sizes below the correlation length have been shown to
exhibit collective cell behaviors different from tissues larger
than the correlation length (6, 27). In addition to these sizedependent effects at the sub-millimetric scale, growing epithelia have been shown to jam when the colony reaches millimetric scales (24), indicating that tissue size may play an
important role in tissue behavior at these larger scales.
To conclusively address how tissue size influences long-term
growth, we measured the expansion of confluent circular tissues with the same cell density but different initial diameters
of 1.7 mm and 3.4 mm (a 4X difference in area, with tissues
hereafter referred to as either “small” or “large”). We patterned the tissues by culturing cells in circular silicone stencils of controlled size for ∼18 hrs (13, 31), whereupon stencils were removed and tissues were allowed to freely expand
for 46 h (Fig. 1A, Movie S1), while images were collected
at 20 minute intervals using automated microscopy (see SI
Supplementary Methods). Our cell seeding conditions and
incubation period were deliberately tuned to ensure that the
stencils did not induce contact inhibition or jamming prior
to stencil removal. Upon stencil removal, tissues expanded
while maintaining their overall circular shape throughout the
2
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2-day experiment. To place our results in the context of prior
studies, we worked with the widely-used MDCK epithelial
cell line, in our case stably expressing the 2-color FUCCI
cell cycle marker to allow us to relate dynamics to proliferation (20, 26, 32, 33). Unless otherwise noted, cell density
at stencil removal was ∼2700 cells/mm2 , a value consistent
with active and growing confluent MDCK epithelia (20, 33).
First, we measured relative areal increase (Fig. 1B) and relative cell number increase (SI Appendix, Fig. S1) of small and
large tissues. By 46 h, small and large tissues had increased
in area by 6.4X and 3.3X, respectively, while cell number increased by 9.2X and 5.5X, respectively (Fig. S1). Since proliferation outpaces area expansion in long-term growth, average tissue density increased by the end of the experiment.
Heinrich et al.
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Spatiotemporal dynamics of migration speed and radial velocity. Having demonstrated the role of the boundary

in the expansion of large-scale epithelia, we next explored
how that behavior emerges from cellular dynamics within the
bulk of the epithelium. We first sought to relate tissue areal
expansion rate to internal collective cell migration dynamics.
Here, we used Particle-Image-Velocimetry (PIV, See SI Appendix) to obtain flow fields describing cell migration within
freely expanding epithelia (13, 15, 28, 37, 38). Averaging the
flow fields over the angular direction and over 16 tissues (SI
Supplementary Methods), we constructed kymographs to describe the spatiotemporal flow patterns of the tissue (18, 19)
(see representative kymographs in SI Appendix, Fig. S2).
The speed kymographs reveal the existence of an edge region
of fast cell motion (Fig. 2A). In small tissues, we observe
a motile interior region up to 1 mm wide that is separated
from the outer region by a transition zone of lower speed and
is just beginning to become quiescent by 46 h (Fig. 2C). In
large tissues, on the other hand, the interior region becomes
almost completely quiescent after ∼28 h (Fig. 2B,C).
We then focused on just the center zone, which we define
as having a radius ∼200 µm, roughly corresponding to the
velocity correlation length `v . From 20 to 40 h, cell speed
decreases steadily in the center of large tissues but remains
high for small tissues (Fig. 2A, B top). After about 30 h cell
speed also decreases for small tissues. Decrease in cell speed
in an epithelium is often attributed to either contact inhibition
of locomotion (CIL) or cell jamming (39–42), which we will
discuss later.
We then turned to the outer zone, which we defined as extending ∼200 µm inward from the boundary. Notably, cell
speeds in this region are insensitive to the changes observed
in the tissue center, regardless of tissue size (Fig. 2A and B
bottom). Both small and large tissues exhibit a high, constant
speed at the edge region (Fig. 2B bottom), consistent with
the constant radial edge velocity reported in Fig. 1D. However, the peripheral speed evolution (Fig. 2B, bottom) does
not exhibit the overshoot seen in Fig. 1D, suggesting that the
non-monotonous evolution of the edge radial velocity is due
to boundary effects rather than to the cell flows in the extended peripheral region (PIV windows span multiple cells
and smooth high-wavevector components of the flow field).
Hence, our peripheral speed data are consistent with our hypothesis that the edge velocity overshoot is due to formation
of fingers at the tissue boundary. The decay of cell speed
from the tissue edge demonstrates the ultra-conserved boundary behavior, with the profiles for both small and large tissues
matching almost exactly for the outer ∼500µm of the tissue
(Fig. 2C top). Further into the tissue interior the speed pro-
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We then related area expansion to the kinematics of the tissue
edge. To quantify edge motion, we calculated the average radial velocity of the tissue boundary, vr (t), at 1 hr intervals
over 46 hrs (SI Supplementary Methods). We found that vr
is independent of both tissue size and a wide range of initial cell densities, in all cases reaching ∼30µm/h after ∼16 h
(Fig. 1D). Before that, vr ramps up during the first 8 h after
stencil removal, and, notably, overshoots its long-time value
by almost 30%. We hypothesize that the overshoot is due to
the formation of fast multicellular finger-like protrusions that
emerge at the tissue edge in the early stages of expansion and
then diminish (Movie S2). This hypothesis is supported by
a recent model showing that edge acceleration (as observed
during the first 8 h in Fig. 1D) leads to finger formation (34).
The fact that initial density does not have a more significant
effect on the edge speed further supports our hypothesis and
suggests that, even at early stages, epithelial expansion is primarily driven by cell migration at the tissue edge rather than
density-dependent decompression and cell spreading. Additionally, the observation that vr is independent of tissue size
ought to explain why small circular tissues have faster area
expansions than large circular tissues.

where a and b are the initial major and minor axes of the
ellipse. Using the same edge speed vn ' 29.5 µm/h for
all tissues, this prediction fits all of our data well (Fig. 1E).
Together, our findings demonstrate that epithelial shape and
size determine area expansion dynamics via the perimeter-toarea ratio. This relationship results from the fact that tissues
exhibit a constant, size-independent, migration-driven edge
speed normal to tissue boundary.
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The evolution of average tissue density was more complex,
however, as small tissues experienced a transient density decrease while large tissues exhibited a monotonic increase in
cell density (Fig. 1C). Accordingly, at any given time (after
stencil removal), large tissues had a higher density than small
tissues. Non-monotonic density evolution has been observed
in thin epithelial strips (13) and likely arises from competition between migration and proliferation dynamics, which we
discuss later. Given that the MDCK cell cycle is known to last
approximately 16 hrs (20, 33), our observation of a transient
density decrease in small tissues demonstrates that migration
plays a stronger role than cell division at early stages of tissue
expansion.

To further formalize our understanding of epithelial expansion, we hypothesized that the relation between tissue
size and areal increase could be attributed primarily to the
perimeter-to-area ratio. Assuming a constant edge velocity
vn normal to the tissue boundary, the tissue area increases as
dA = P vn dt, where P is the perimeter of tissue and dt is a
small time interval. Thus, the relative area increase dA/A =
(P/A)vn dt scales as the perimeter-to-area ratio. For circular
tissues P/A ∝ 1/R is inversely proportional to the radius R
and thus the relative area increases faster for smaller tissues
(Fig. 1B). In order to verify that the perimeter-to-area ratio is
proportional to the relative area increase, we analyzed tissue
expansion for a series of tissue shapes (circles and ellipses)
with the same area and tissue density but different perimeter
(Movie S3). While edge curvature was shown to influence
closure of micro-scale gaps in epithelial monolayers (35, 36),
the influence of shape on the overall outgrowth of macroscopic tissues is not well characterized. Here, we see that
increasing the perimeter-to-area ratio of a tissue by increasing its aspect ratio indeed increases the areal expansion rate
(Fig. 1E). For these elliptical tissues, our edge-driven expansion model predicts A(t)/A(0) = (a + vn t)(b + vn t)/(ab),
Heinrich et al.
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low radial velocity out from the center of small tissues coincides with the formation and expansion of a millimeterscale, persistent vortex (Fig. 3A, Movie S4 for representative
vortex). While smaller and more transient vortices are observed in large tissues (Movie S5), only small tissues exhibit
tissue-spanning, fast, and persistent vortices. Vortices near
the tissue centroids are the most common, but we also observe smaller, off-center vortices and co-rotating vortex pairs
(see SI Appendix, Fig. S5).
To visualize the form and scale of the vortices, we tracked
individual cell motion and colored cell trajectories according
to their orientation (43) (see Fig. 3A and SI Supplementary
Methods). We plotted 10 h trajectories during the 0-20 h and
20-40 h time-periods separately; the vortex was most apparent during the 20-40 h time-period in small tissues (Fig. 3A,
left) and 0-20 h time-period in large tissues (Fig. 3A, right;
see SI Appendix, Fig. S3 for all time-periods). In small tissues, cell trajectories are primarily radial in the boundary
zone, but mainly tangential in the central zone (Fig. 3A left).
Accordingly, cell trajectories that start further away from the
tissue center lead to larger radial displacements (red markers
in Fig. 3B), while trajectories that start near the center lead
to larger tangential displacements (blue markers in Fig. 3B).
The tangential displacement profile most clearly reveals the
presence of the vortex, with ∼350 µm tangential displacement throughout the central 750 µm of the tissue. At the
outer zone, tangential displacements drop to ∼0 µm. In contrast, radial displacement (red markers in Fig. 3B) increases
roughly linearly from the center to the outer edge of the tissue, with no sharp change when moving from the central
to the outer region. The fact that radial displacements are
largely insensitive to the vortical flows explains why the presence of a vortex has no noticeable impact on the overall expansion of the tissue. Together, the radial and tangential displacements of the tissue reveal a spiraling vortical flow that
combines tangential shear with radial expansion.
To further characterize the vortices, we obtained the vorticity
field ω(r, t) = ∇ × v(r, t). Before averaging over tissues, we
took the dominant direction of rotation of each tissue to correspond to positive vorticity. This direction was counterclockwise in 51.5% of tissues and clockwise in 49.5% of tissues,
with a sample size of 68. With this convention, the vortex
core always has positive vorticity. Accordingly, the outer re-
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propagates inward toward the center of the tissue after stencil removal at ∼ 90µm/h (Fig. 2D dashed lines), which is
approximately 3X faster than the speed of the tissue edge expansion, consistent with previously described waves of strain
rate in cell monolayers (18). Strikingly, soon after the wave
of rapid radial velocity increase reaches the center of the tissues, it then quickly retreats, leaving a region of low radial
velocity that grows in extent in the center of both small and
large tissues. In large tissues this is mirroring the reduction
in cell speed (Fig. 2A), but in small tissues the speed in the
center region remained high, suggesting a large structure with
high tangential velocity. We investigate this type of motion
in the next section.
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Fig. 2. Speed and radial velocity in inner and outer tissue zones. (A) Average
kymographs of speed throughout expansion for small (left) and large (right) tissues
(see representative kymographs and heatmaps in SI Appendix, Fig. S2). Note that
the outer boundary region of the averaged kymographs is somewhat stretched due
to variation in tissue expansion speeds and edge roughness causing misalignment
between boundaries of different tissues. (B) Evolution of the average speed of
center (top) and boundary (bottom) zones. These zones were defined as regions
extending ∼200 µm from the tissue center and tissue edge, respectively. The edge
zone speed is independent of tissue size, consistent with the size-independent edge
radial velocity shown in Fig. 1D. The center zone speed begins to decrease ∼12 h
sooner in large tissues than in small tissues, as the central zone of the small tissues
has particularly high speed from 18-36 h. (C) Profiles of speed (top) and radial
velocity (bottom) at 36 h, from the edge of the tissue inwards. Arrows indicate
that the tissues are indexed from the edge of the tissue inwards. (D) Kymographs
of radial velocity vr reveal progressive outward mobilization of the tissue at early
times (dashed lines) and low radial velocity region in small and large tissues at late
times.

file of the small tissue diverges from the large tissue, where
small tissues have the higher-speed central region, while in
large tissues the speed continues to decays toward very low
values.
To separately consider cell motion that contributes to tissue
spreading, we also computed the radial component of the velocity field, vr . In contrast to overall speed, radial velocity
profiles for both large and small tissues match almost identically (Fig. 2C bottom). Here, the outward flow is conserved
across tissue size even when overall speed is much different. Kymographs of vr further reveal the dynamics of this
outward flow. We find that rapid increase in radial velocity
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Fig. 3. Vortex formation in expanding tissues. (A) Vortical flows seen from 10 h traces of cell trajectories in small (left) and large (right) tissues, which we show during the
20-40 h and 0-20 h time periods, respectively. We color each trajectory according to its local orientation. Scale bar. (B) Radial and tangential displacements of 18 h cell
trajectories for a representative small tissue as a function of the initial radial position of each cell trajectory. Trajectories were selected from the vortex-dominated period
of 24-42 h (SI Supplementary Methods). Radial displacements exhibit no sharp transition between the central vortical region and the outer region of radial expansion. In
contrast, tangential displacements are high throughout the central vortical region and drop at the outer region. (C) Average kymographs of vorticity show that the vortex in
small tissues appears in the center and expands to >1 mm (n = 16), while vorticity in large tissues is generally weaker except during the early stages of tissue expansion (n
= 16). The black bars indicate a characteristic vortex size. (D) Characteristic size (marker size), time (horizontal axis), and intensity (vertical axis) of each tissue’s maximal
vortex intensity. (E) For small tissues, the time of maximal vortex intensity correlates negatively with the initial cell density.

gion of the vortex exhibits negative vorticity (Fig. 3C), which
corresponds to the counter-rotation that occurs when the central vortical flow transitions to the outer radial flow (Fig. 3A,
left). We define a characteristic vortex radius as the radial
position of the center of the negative-vorticity region, which
is ∼1 mm at 36 h in small tissues (Fig. 3C, black bars).
To better analyze vortex dynamics across different tissues
with varying vortex positioning, and to more quantitatively
capture the onset and strength of vortices, we calculated the
enstrophy spectrum E(q, t) = |ω̃(q, t)|2 , where ω̃(q, t) are the
spatial Fourier components of the vorticity field ω(r, t) (44).
The enstrophy spectrum is the the power spectral density of
the vorticity field as a function of the wave-vector modulus
q, and therefore provides a measure of the vortex intensity at
a length scale 2π/q. The kymographs of the enstrophy spectrum show that most of the vortex’s intensity is found at a
characteristic length scale of ∼ 1 mm (SI Appendix, Fig. S4).
For each tissue we characterized the maximal vortex strength
by the maximum value of E(q, t) as well as its associated
wavelength 2π/q and time of occurrence. We represented
these three quantities on a scatter plot, which shows that vortices in small tissues have generally higher intensity than in
large tissues (Fig. 3D). Vortices in small tissues are also larger
relative to tissue size, since the absolute size of vortices in
Heinrich et al.
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small and large tissues is similar (Fig. 3D). Furthermore, vortices become maximally strong several hours later in small
tissues than in large tissues (Fig. 3D). We hypothesized that
this difference is due to large tissues featuring a faster density
increase than small tissues (Fig. 1C). To test this hypothesis,
we varied the initial cell density of small tissues and observed
that the initial cell density correlates negatively with the time
of maximal vortex strength (Fig. 3E, SI Appendix, Fig. S4).
These results prompted us to further examine the spatiotemporal evolution of the cell density field.
Spatiotemporal dynamics of cell density. Given that cell

density appears to affect vortex formation and is known to
control contact inhibition of locomotion and proliferation, we
further explored the spatiotemporal evolution of cell density.
Constructing average kymographs in the same way as for
speed, radial velocity, and vorticity, we observe that the vortex region in the center of small tissues is accompanied by an
unexpected local density minimum (Fig. 4A). As seen in representative snapshots of small and large tissues (SI Appendix,
Fig. S5A-D), low-density regions typically co-localize with
large-scale vortices, even when they are located away from
the center of the tissue. However, given that vortices in large
tissues are often off-centered, the low-density region does not
bioRχiv
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using the average radial velocity profiles vr (r, t) measured
by PIV (Fig. 2D), and a proliferation rate k0 = 1.04 h−1 ,
which corresponds to a cell doubling time of 16 h (SI Appendix, Supplementary Materials and Methods). This minimal model recapitulates the major features of the evolving
density profiles for both small and large tissues (compare
Fig. 4D with Fig. 4A). Therefore, the unexpected formation
of a central low-density region results from the combination
of outward tissue flow and simple exponential growth of the
colony. However, further research is required to determine
the biophysical origin of the non-monotonic density evolution. Moreover, assuming a density-independent proliferation rate, our model predicts a cell density in the center of
large tissues higher than the one measured at the end of the
experiment, and it does not quantitatively reproduce the cell
density profiles at the edge regions. These discrepancies suggest that more complex cell proliferation behavior is required
to fully recapitulate the density dynamics in expanding cell
monolayers.
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long-time evolution is reached at about 12 hours (Fig. 4C),
which coincides with the time at which the edge radial velocity stabilizes upon the overshoot (Fig. 1D).
To understand the unexpected transient density decrease at
the center of small tissues, we sought to explain it as the result of combined advective transport based on the measured
radial flow fields vr (r, t) and homogeneous cell proliferation
at a rate k(r, t) = k0 throughout the tissue. To test this hypothesis, we solved the continuity equation for the cell density field ρ(r, t),
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Fig. 4. Spatiotemporal dynamics of cell density during epithelial expansion (A) Averaged kymographs of cell density for small (left, n=11) and large (right, n=9) tissues. The high speed, high directional boundary zone from Fig. 2 is seen to be at
the lower limit of confluence, ∼1000 cells/mm2 , throughout the expansion. Small
tissues develop a central low-density region that persist more than 20 h. (B) Cell
density at the center of large tissues increases gradually, while cell density at the
center of small tissues has non-monotonic evolution. (C) For different initial tissue
sizes and densities, the evolution of the cell density at the boundary zone converges to similar values at about 12 h, which coincides with the end of the overshoot of edge radial velocity in Fig. 1D. Center and boundary zones are defined
as in Fig. 2B. We grouped initial cell densities as ρ1 = [2350, 3050] cells/mm2 ,
ρ2 = [1650, 2350) cells/mm2 , and ρ3 < 1650 cells/mm2 . (D) Simulated evolution of cell densities obtained from the numerical solution of the continuity equation
using the measured radial velocity vr (r, t) and a uniform and constant cell proliferation rate corresponding to a 16 h cell doubling time. In (B,C) the initial cell density
ranges ρ1 , ρ2 , and ρ3 are the same as in Fig. 1D.

appear in their average kymograph of cell density.
To further characterize the spatiotemporal features of the density field, we tracked the density evolution of the center and
boundary zones across tissues with different starting densities
and sizes, grouping initial densities into 3 ranges as before
(Fig. 4B and C). As expected, the cell density at the center
of large tissues increases throughout the experiment. In contrast the cell density at the center of small tissues initially
increases, then undergoes a transient density decrease, and
finally increases again. Notably, the cell density at the center of small tissues of different initial cell densities reach a
common minimum during the 16-32 h time period, which includes the time of initiation of the vortex. At the boundary
zone, the long-time evolution of the cell density is independent of initial tissue size and density (Fig. 4C). This common
6
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Spatiotemporal dynamics of cell cycle. Next, we ana-

lyzed the spatiotemporal dynamics of cell-cycle state within
expanding millimetric tissues. Our cells stably express the
FUCCI markers, meaning that cells in the G0-G1-S phase of
the cell cycle (referred to here as G1) fluoresce in red (shown
as magenta), and cells in the S-G2-M phase of the cell cycle
(referred to here as G2) fluoresce in green (32). Additionally,
immediately-post-mitotic cells do not fluoresce and appear
dark. The dominant presence of green cells at the time of
stencil removal confirms that cells are actively cycling at the
onset of tissue expansion (SI Appendix, Fig. S6). By the end
of the experiment, the outer zone of both large and small tissues is primarily populated by G2 cells (Fig. 5A, Movie S6,
green) and post-mitotic cells (Fig. 5A inset). In contrast, the
inner zone of large tissues is almost entirely comprised of G1
cells (Fig. 5A, Movie S6, magenta), while the central zone of
small tissues maintained more well-mixed cell-cycle states.
A G2-dominated outer zone and G1-dominated inner zone
had also been seen in 3D cell aggregates spreading onto a
surface, indicating that this feature is a general motif in multicellular spreading and growth (26).
To quantitatively investigate cell-cycle spatiotemporal dynamics, we obtained the local fractions of G1, G2, and
post-mitotic cells by comparing the fluorescence intensities at each nucleus location (SI Materials and Methods).
Heinrich et al.
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Fig. 5. Coordinated spatiotemporal cell-cycle dynamics. Transition from the G1 (magenta) to the G2 (green) phase of the cell cycle corresponds to DNA replication (during S
phase). Subsequently, a cell proceeds to mitosis (M phase, dark), and eventually back to the G1 phase upon cell division. (A) Fluorescence images of the Fucci marker of
cell-cycle state at the end of the experiment (46 h) of representative small and large tissues overlaid with nuclei positions (gray). At the end of the experiment, the center of
large tissues consists mainly of cells in the G1 phase while the center of small tissues is composed of cells that are in different stages of cell-cycle. The boundary zone of
both tissues has more cells in the G2 than in the G1 phase, along with a substantial proportion of dark cells (inset). Scale bars 1mm. (B) Average kymographs (small, n=5;
large, n=11) of cell-cycle-state fraction. In large tissues, a front of G1-dominated (magenta) cell-cycle state begins in the transition zone between the central and boundary
regions and propagates toward the center at ∼90 µm/h. While the size of small tissues from 30 to 46 h matches that of large tissues from 0 to 16 h (dashed boxes), cell-cycle
states are clearly distinct. (C) The fraction of cell-cycle states in the boundary zone of small and large tissues evolves nearly identically and is dominated by G2 and dark
cells, indicating rapid cycling. (D) The cell-cycle state in the central zone of small tissues proceeds similarly to their edge, whereas the central zone of large tissues has
well-mixed cell-cycle states until the onset of contact inhibition of proliferation at ∼30 h. Center and boundary zones are defined as in Fig. 2. (E) Scatter plot of density and
speed, with color indicating the fraction of cells at G1 and G2, corresponding to each PIV pixel of the final timepoint of a representative small (left) and large (right) tissue.
The small tissue does not contain the slow, high-density, G1-dominated population that is present in the large tissue (magenta dots on the bottom right). In the large tissue, a
relatively sharp transition from G2-dominated fast cells to G1-dominated slow cells occurs over a small increase in cell density.

We constructed average kymographs of the cell-cycle-state
fractions and overlaid the kymographs for the G1 and G2
states (Fig. 5B). This representation revealed that the contactinhibited state (magenta) that dominates the center of large
tissues from 30 h onward does not originate in, or propagate
out from, the dense core of the tissue. Instead, a front of contact inhibition of proliferation (CIP) seems to initiate between
the central and edge zones at ∼20 h and then propagate inward at ∼90 µm/h (Fig. 5B right), similar to the radial velocity fronts in Fig. 2D. A CIP zone also develops at late times
between the central and edge zones in small tissues (Fig. 5B
left, magenta streak from 16 h onward).
Next, we studied the evolution of the fractions of G1, G2, and
post-mitotic cells (SI Materials and Methods) in the boundary
and central regions of the tissues. In both small and large tissues, the boundary region is primarily populated by rapidlycycling cells (Fig. 5C): After about 12 h of tissue expansion,
the boundary zone predominantly contains cells that have recently divided (post-mitotic, black) or are likely to divide
soon (G2, green). The high numbers of post-mitotic cells
Heinrich et al.
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indicate that cells in G1 rapidly proceed to mitosis.
The center of small tissues (Fig. 5D, left) has similar cellcycling dynamics to the boundary region, except that the
fraction of cells in G1 starts to increase slightly at ∼40 h.
Thus, in the large central vortices of small tissues, cells are
also rapidly cycling. In sharp contrast, the center zone of
large tissues clearly undergoes cell-cycle arrest at about 30 h
(Fig. 5D, right). At this time, cells ceased moving from G1
to G2, while cells in G2 or M-phase continued to division
and re-entered G1. Before that, the center of large tissues
exhibits large-scale coordinated cell cycling dynamics in the
form of anti-phase oscillations. Specifically, peaks in G2
fraction were accompanied by troughs in G1 fraction until
the onset of cell cycle arrest at 30 h. In addition, a cell division pulse takes place immediately after stencil removal in all
tissues, which manifests as a decrease in G2 and increase in
post-mitotic fraction (Fig. 5C,D). These short-time features
are especially notable because plots reflect averages over several tissues.
Finally, we sought to link cell-cycle dynamics to the kinebioRχiv
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We began this study with the question of how the size of an
epithelium dictates its overall expansion and growth. Our assays systematically dissected this question, from the overall
boundary dynamics (Fig. 1) to the internal biophysical dynamics (Figs. 2, 3, 4), and then related these behaviors to the
cell-cycle dynamics (Fig. 5). While we ultimately demonstrated that ‘small’ tissues expand proportionally much faster
than do ‘large’ tissues, our data point towards a surprising
and stark decoupling of the behaviors of the outer and inner
regions of an expanding epithelium. Notably, the edge zones
of epithelia are largely independent of tissue size and history,
while interior dynamics are very much dependent on size and
mechanical history.
Unexpectedly, the overall tissue growth and expansion dynamics (Fig. 1) could be attributed to one dominant feature: our epithelia expanded at a constant edge speed (about
30 µm/hr). Our model for epithelial expansion relied only on
this single parameter and accurately predicted expansion in a
variety of contexts, proving that the size effects we observed
on overall areal expansion rates are driven by the perimeterto-area ratio of the tissues. To further emphasize the decoupling of the boundary and internal dynamics of epithelia, consider that the key findings in Fig. 1 neither predict nor depend
upon the radically different internal dynamics we observed
within ‘small’ and ‘large’ tissues. For instance, despite the
roiling vortices occupying large portions of ‘small’ tissues
and the pronounced, large-scale contact inhibition of ‘large’
tissues–two antithetical phenomena–no hints of these behaviors can be detected in the motion of the boundary, which
again depends only on a constant radial expansion speed.
Interestingly, the type and timing of internal dynamics were
dependent not only on size but also upon the history of the
given tissue. For instance, while a small tissue eventually
grows to reach the initial size of a large tissue, it exhibits
different internal dynamics from the large tissue at this size.
While edge dynamics are stereotyped and conserved across
different sizes, tissue size ultimately dictates the evolution of
growth patterns within the bulk of the tissue by altering the
constraints under which the tissue grows.

t

Discussion

The vortices are a striking and unexpected example of such
internal dynamics. In particular, our data suggest a strong
correlation of vortex formation with the development of nonmonotonic density profiles. Not only small tissues exhibited
co-occurrence of vortices with density decreases in the tissue center, but also off-center vortices in large tissues were
always preceded by a density decrease at the vortex core (SI
Appendix, Fig. S5). These findings should help to guide future work probing the mechanistic basis of these tissue vortices to consider density effects.
The pronounced decoupling between boundary and internal
dynamics in epithelia confers stability to the overall expansion of the tissue, making it robust to a wide range of internal perturbations. From the perspective of collective behavior, we speculate that such robust boundary dynamics may
be beneficial in a tissue whose teleology is to continuously
expand to sheath organ surfaces. Further, the ability to accurately predict epithelial expansion with a single parameter
will have practical uses in experimental design and tissueengineering applications. Finally, given that many of the key
phenomena presented here only occurred due to the millimetric scale of our unconfined tissues and the long duration
of the experiments, our results showcase the value of pushing the boundaries of large-scale, long-term studies on freelyexpanding tissues.
All experiments were performed with MDCK-II cells expressing the FUCCI cell-cycle marker system (33) on tissueculture plastic dishes coated with type-IV collagen (MilliporeSigma, USA). Tissue velocity vector fields were calculated from phase contrast image sequences using the free
MATLAB package PIVLab (45). For cell density calculation, we developed and trained a convolutional neural network to reproduce nuclei from 4X phase contrast images and
counted the number of nuclei within local windows across
the tissue. We also used these nuclei for cell tracking (46)
and calculation of local cell cycle fraction. We calculated individual tissue kymographs by averaging together measurements within bins of distance from the tissue’s original center for each timepoint. For average kymographs, we averaged
the kymographs of individual tissues, aligning by the center
point.
R.A. acknowledges support from the Human Frontiers of Science Program (LT000475/2018-C).
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matics of tissue expansion by studying correlations between
local measurements of cell cycle, cell speed, and cell density (Fig. 5E). Here, each point represents one PIV pixel,
with color indicating its average cell-cycle state. As expected, cell speed is negatively correlated with cell density. Further, in large tissues, the cell-cycle state transitions
from G1-dominated to G2-dominated when cell density increases above ∼5000 cells/mm2 and cell speed falls below
∼12 µm/h (Fig. 5E right). In this regime, the decrease of
cell speed with increasing cell density bears similarities to
previously-reported glass transitions and contact-inhibitionof-locomotion (CIL) (39, 42). Small tissues, by contrast,
lack the G1-dominated, slow, high-density cell population
(Fig. 5E, left) found in the center of large tissues. These plots
emphasize the connection between cell-cycling behavior and
the mechanical state of a tissue.
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