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Emergent chirality in active solid rotation of pancreas spheres
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Charlie Duclut ,1,5,* Marko Popović ,1,3,6,† Anne Grapin-Botton ,2,3,6,‡ and Frank Jülicher 1,3,6,§

1Max Planck Institute for the Physics of Complex Systems, Dresden, Germany
2Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Germany

3Center for Systems Biology Dresden, Dresden, Germany
4Center for Molecular and Cellular Bioengineering, Technische Universität Dresden, Dresden, Germany

5Université Paris Cité, Laboratoire Matière et Systèmes Complexes (MSC), UMR 7057 CNRS, Paris, France
6Cluster of Excellence Physics of Life, Technische Universität Dresden, Dresden, Germany

(Received 14 January 2024; accepted 8 July 2024; published 8 August 2024)

Collective cell dynamics play a crucial role in many developmental and physiological contexts. While two-
dimensional (2D) cell migration has been widely studied, how three-dimensional (3D) geometry and topology
interplay with collective cell behavior to determine dynamics and functions remains an open question. In this
work, we elucidate the biophysical mechanism underlying rotation in spherical tissues, a phenomenon widely
reported both in vivo and in vitro. Using murine pancreas-derived organoids as a model system, we find that
epithelial spheres exhibit persistent rotation, rotational axis drift, and rotation arrest. Using a 3D vertex model,
we demonstrate how the combined action of traction force and polarity alignment can account for these distinct
rotational dynamics near a solid to flow transition. Furthermore, our analysis shows that the spherical tissue
rotates as an active solid occasionally switching to a flowing state and exhibits spontaneous chiral symmetry
breaking. Using a continuum model, we demonstrate how the topological defects in the polarity field underlie this
symmetry breaking process, which is revealed by asymmetries in the cell elongation pattern. For cell elongation
to reveal the chiral asymmetry, shear flow is required in addition to the solid body rotation. Altogether, our
work reveals a robust chiral symmetry breaking mechanism with potential implications for left-right symmetry
breaking processes in morphogenetic events.

DOI: 10.1103/PRXLife.2.033006

I. INTRODUCTION

Collective cell migration is an important phenomenon in
many biological systems [1], ranging from bacterial colonies
[2,3] to morphogenesis [4] and wound healing in multicel-
lular organisms [5]. Through the interplay between directed
motion, neighbor alignment, and mechanical interactions, cell
collectives exhibit emergent structures and dynamics that are
crucial for their function. These include topological defects
in two-dimensional (2D) [6,7] and 3D [8,9] tissues during
morphogenesis, jamming transition during vertebrate body
axis elongation [10], and chiral tissue flows during gastru-
lation [11]. Recent work in synthetic active matter shows
that curved surfaces and topological constraints can modulate
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the collective dynamics in active matter systems, resulting
in shape changing vesicles [12], curvature-dependent defect
unbinding [13], and topological sound [14]. This raises the
question of how geometry and topology govern the emergence
of collective patterns of cell migration from cellular properties
and cell interactions.

In recent years, several studies have explored how geo-
metrical confinement through micropatterns can govern the
coordinated movements of cells, such as the persistent rotation
of Madin-Darby canine kidney (MDCK) cells on fibronectin
coated circular micropatterns [15] and the chirally asymmetric
collective movement of mouse myoblast cells on ring-shaped
micropatterns [16]. Computational work using Potts models
has revealed how circular patterns can drive swirl-like col-
lective movements when cell density is increased [17] and
a chemomechanical vertex-model demonstrates how distinct
migration modes can emerge through through the interplay
of internal cellular activities and exterminal geometrical con-
straints [18].

Extending beyond flat geometries, rotation behaviors have
been observed in three-dimensional cell colonies. The promi-
nent phenomenon of tissue rotation in spherical geometry has
been reported both in vitro, in the case of MDCK spheres
[19–21], epithelial cell colonies [22], and cancer spheroids
[23], and in vivo, as in Drosophila melanogaster egg cham-
ber rotation [24]. Rotations were also recently described in
MDCK cells in tubular geometry [25,26] and in organoid
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systems derived from primary cells or cell lines from the
mammary gland [27–30], indicating that tissue rotation is an
intrinsic process of many 3D multicellular structures. Yet, the
biophysical mechanisms underlying tissue rotational dynam-
ics and how different rotational modes can be biologically
controlled remain open questions.

In this work, we study the collective motion of cells
in spherical pancreas organoids (henceforth called pancreas
spheres), which exhibit rotational and arrested states. We
find that during sphere rotation, patterns of cell motion and
cell shape reveal a broken chiral symmetry of the sphere.
We use vertex model and continuum theory to identify the
underlying causes of this symmetry breaking. We find that
stochastic switching between rotating and arrested states
can be explained as the result of a solid to fluid transi-
tion driven by active traction forces. We propose that chiral
symmetry of spheres is broken by the underlying pattern of
cell traction forces. This chirality is revealed in cell shape
patterns during rotational motion near the solid to fluid
transition.

II. DISTINCT ROTATIONAL DYNAMICS
IN PANCREAS SPHERES

Here, we use pancreas spheres, derived from mouse pan-
creas progenitor cells [31] (see Appendix A), as a model to
investigate the collective cell motion in tissue rotation and
their broken symmetries. These pancreas spheres are single-
layer epithelia with apico-basal polarity. The apical side faces
the fluid-filled lumen while the basal side faces outwards
towards the Matrigel (which acts like an extracellular matrix)
[31] Fig. 1(a). Live imaging experiments show that pancreas
spheres derived from E13.5 mice exhibit a range of dynamics,
some rotating [Supplemental Material (SM) Video 1 [32]],
some static (SM Video 2), some stopping (SM Video 3), and
some changing axis (SM Video 4).

To quantitatively characterize the complex rotational dy-
namics, we develop a computational pipeline to segment
the spheres’ apical surface and visualize their fluorescence
intensity by a Mercator projection [Figs. 1(b) and 1(c),
Appendix B 1]. By performing particle image velocimetry
(PIV) analysis, we find that the resultant time-lapsed projec-
tion shows long-range correlated tissue flow, with localized
vortical motion that corresponds to the two poles of tissue
rotation (Fig. 7; SM Video 5). This confirms that collective
cell migration underlies the rotational motion of pancreas
spheres.

To determine the angular velocity and the rotation axis,
we reconstructed the full three-dimensional (3D) tissue flow
field on the sphere [Fig. 1(d) and Appendix B 3] and com-
puted its angular momentum (see Appendix B 4). We find
that the azimuthal velocity with respect to the instantaneous
rotation axis follows a sine profile [Fig. 1(e)], suggest-
ing that the pancreas spheres act as a solid body when
rotating.

The dynamics of the pancreas sphere observed on shorter
timescales up to 4 h can be classified as either rotating
[Fig. 1(f),(i) and Fig. 8] or nonrotating [Fig. 1(f),(ii) and
Fig. 8]. During persistent rotation, the angular speed re-
mains roughly constant and the orientation of rotation axis

remains stable. In contrast, when there is no rotation, the
sphere is characterized by a small angular speed and large
jumps in rotation axis orientation. Observing the dynamics of
pancreas spheres on longer timescales up to 15 h allowed
us to capture transitions between the rotating and nonrotat-
ing states [Fig. 1(g),(i) and Fig. 8]. During a transition, the
angular velocity slows down and the rotation axis becomes
unstable, leading to a marked increase in axis angle change
[Fig. 1(g),(i)]. Furthermore, we have observed persistently
rotating spheres that occasionally change their axis of rota-
tion [Fig. 1(g),(ii) and Fig. 8]. This is characterized by a
slow meandering in the orientation of rotation axis, coin-
ciding with periods of lower angular velocity and a higher
rate of axis angle change. The diverse dynamics described
above could be seen simultaneously in the same culture
(Fig. 9). We tested whether these changes in sphere dynamics
could be due to variability of the material properties of the
surrounding matrix. We found that the material properties re-
mained essentially unchanged over the course of experiments
(Appendix B 7 and Fig. 10), consistent with previous report
[33]. These observations raise the question of whether the rich
dynamic behavior of pancreas spheres can be understood as
an emergent property of cell mechanics, force generation, and
cell interactions.

III. SOLID AND FLOWING REGIMES OF AN ACTIVE
VERTEX MODEL

To identify the physical principles underlying the observed
pancreas sphere dynamics, we developed a vertex model of
pancreas spheres in 3D spherical geometry. Vertex models
have been used to study the mechanical aspects of epithe-
lial morphogenesis that regulate their packing geometry [34],
motility-driven rigidity transition [35], and developing tissues
as amorphous solids that exhibit yielding transition under
shear [36]. Due to the active nature of our system, we included
two necessary ingredients: (i) active traction force, which
allows the cells to move with respect to the ECM; and (ii) cell
polarity, which determines the direction of the active traction
force.

Specifically, we extend the model in [34] to a spherical
geometry and define the forces stemming from the mechanical
properties of individual cells and the interaction between them
based on the work function

W =
∑

α∈cells

1

2
Kα

(
Aα − Aα

0

)2 +
∑

α∈cells

1

2
�αLα. (1)

This model captures the cell shapes on the sphere surface as
polygons. The first term accounts for cell area elasticity, with
Aα

0 being the preferred cell area and Kα the area stiffness. The
second term accounts for cell bond tension, where �α is the
bond tension magnitude, and Lα denotes the cell perimeter
[34,37]. Here, we consider for simplicity the case in which
the mechanical parameters are uniform in the tissue and equal
for all cells: Kα = K , Aα

0 = A0, and �α = �. At each vertex
m located at position X m, the vertex force −∂W /∂X m is
balanced by traction force F 〈p〉m − ξvm:

ξvm = F 〈p〉m − ∂W

∂X m
+ f n

mn̂m, (2)
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FIG. 1. Distinct rotational dynamics in pancreas spheres. (a) Experimental setup: pancreas progenitor cells form single layer epithelial
spheres (gray: Myh14 signal) when cultured in Matrigel. (b) Mercator projection of the apical surface of a pancreas sphere (gray: Myh14
signal). (c) Schematic defining the angular conventions: φ denotes azimuthal angle, θ is the polar angle, and ψ is the angular change of
rotation axis. (d) Surface velocity of a rotating sphere (gray: Myh14 signal) as measured by particle image velocimetry (PIV, red vectors).
(e) Surface velocity of a rotating sphere as a function of polar angle θ . (f), (g) Rotational dynamics that pancreas spheres exhibit in the short
(f) and long (g) term. The first row shows a schematic for the type of rotational dynamics. The second row shows the angular position of the
rotation axis as a function of time in the (θ, φ) polar plot. The third row shows the magnitude of the angular velocity and the rotational axis
angular change. We show a representative case for each type of dynamics here. Additional data are included in Figs. 8 and Fig. 9. Error bars in
(e) are the standard deviation of temporally and azimuthally averaged PIV velocities (N ≈ 1000 per time point over 30 time points).
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(a)

(b)

(d)

(e) (f)

(c)

FIG. 2. Solid and flowing regimes of the active vertex model. (a) Schematic of the active vertex model. Cells are represented as polygons
with vertices subjected to forces from the vertex model work function and the polarity-directed active forces. (b) Dynamic phase diagram
of the active vertex model, color-coded with cell-cell rearrangement rate, with a dashed line separating the solid and the flowing regimes.
(c) Simulations of the active vertex model in the solid (i) and flowing (iii) regimes, and in the transition regime between the two (ii). The top
row shows a single snapshot with polarity denoted by red arrows. The second row shows the angular position of the rotation axis through time
in the (θ, φ) polar plot. The third row shows the magnitude of the angular speed and the angular change of the rotational axis. (d), (e) The solid
body rotation fraction of the surface velocity frot (Appendix B 5 and Fig. 13) in simulations of the solid and flowing regimes of active vertex
model. (f) The rotation fraction frot in experiments indicates that a majority of pancreas spheres rotate as an active solid. Additional data on the
instantaneous rotation fraction are included in Fig. 12. Error bars in (e) are standard deviations across more than three simulation realizations
with more than 300 time points per realization.

where vm is the velocity of vertex m, and ξ is the friction
coefficient with the external environment. The term F 〈p〉m

describes active traction forces of magnitude F exerted by the
(three) cells abutting at vertex m and in the average direction
of their polarities 〈p〉m = ∑

〈α|m〉 pα/Mα , where pα and Mα

are each cell’s polarity and number of vertices, respectively
[Fig. 2(a)]. We consider a nondeforming spherical geometry
by setting vm · n̂m = 0, which specifies the normal force at
vertex m with magnitude f n

m (Appendix C).
The cell polarity pα directs the active traction force exerted

by the cell α on the surrounding matrix. The time evolution of
cell polarity follows the dynamics:

Dpα

Dt
= γ 〈p〉α +

√
2Drη(t ) + μpα + pn

α n̂α, (3)

where D/Dt denotes a corotational time derivative (see
Appendix C). The first term on the right-hand side of Eqs. (3)
and (C7) accounts for the alignment of cell polarity with
the average polarity of its Mα nearest neighbors 〈p〉α =
(1/Mα )

∑
〈α′ |α〉 pα′ with a rate γ . The second term accounts for

a rotational noise with a diffusion coefficient Dr . The polarity
noise η(t ) = ŝ⊥η(t ) is perpendicular to both cell polarity and
the normal vector at the cell center ŝ⊥ = n̂α × pα/|n̂α × pα|.
The polarity noise magnitude η is a Gaussian variable with
mean 0 and variance 1. The third term is used to impose
|pα| = 1 at each time through a Lagrange multiplier μ(t ) =
−γ pα · 〈p〉α . With the last term we ensure that the polar-
ity remains in the tangent plane of the sphere by adding a
normal component with the magnitude pn

α = −γ 〈p〉α · n̂α . In
this study, we initialize the tissue with the force balanced
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configuration of a Voronoi diagram construction of N ran-
domly distributed cell centers on a sphere of radius Rs =
(NA0/4π )1/2, and we initialize the direction angle of cell po-
larity from a uniform random distribution (see Appendix C).

We first explore the vertex model dynamics on a sphere
in the absence of noise by setting Dr = 0. We identify two
distinct dynamic regimes: the solid and the flowing regimes
[Fig. 2(b)]. In the solid regime, cells do not rearrange. At a
finite alignment rate γ > 0, the polarity vectors are globally
aligned [Fig. 2(c),(i); SM Video 6] and the sphere rotates as
a solid body around a constant axis, consistent with the ex-
perimentally observed rotational motion [Fig. 1(f),(i)]. In the
flowing regime, cells continuously rearrange and the sphere
rotation speed is significantly lower than in the solid regime
[Fig. 2(c),(iii)]. We identify these regimes in a dynamic phase
diagram [Fig. 2(b)] by measuring the cell rearrangement rate
R. The flowing regime appears only when the active traction
force magnitude F is greater than the threshold value Fc,
which increases with the alignment rate γ . Near the tran-
sition, the sphere dynamics is erratic with sudden bursts of
cell rearrangements occasionally punctuating the otherwise
solidlike rotating state, leading to changes in the orientation
of the rotation axis [Fig. 2(c),(ii); SM Video 7]. This be-
havior is reminiscent of the yielding transition [36], and the
sphere dynamics is consistent with the rotation axis drift found
in experiments [Fig. 1(g),(ii)]. In particular, for a vanishing
alignment rate γ = 0, a well-defined transition exists in the
steady state [38].

A key question is, which dynamic regimes do rotating
pancreas spheres exhibit? Due to the high uncertainty to
identify cell rearrangements in the experimental data, a re-
liable measurement of the rearrangement rate R was not
feasible. Instead, we address this question by decomposing
the surface velocity field V(θ, φ) in spherical harmonic modes
(Appendix B 5 and Fig. 11). We then define the solid body
rotation fraction quantity frot that captures the solid body rota-
tion component of the full surface velocity field [Fig. 2(d)]. In
our simulations in the solid regime (state i), the surface veloc-
ity V(θ, φ) has a high fraction frot ≈ 0.8 of l = 1 (rotational)
mode, compared to the flowing regime (state iii) with fraction
frot ≈ 0.3 of this mode. In experiments, we found that more
than 80% of the time, rotating spheres have a rotation fraction
frot � 0.8, implying that active solid rotation is the dominant
mode [Fig. 2(f), Fig. 12]. In simulation, we can affect the
rotation fraction by changing the strength of noise. When
we increase the noise in simulations, the rotation fraction de-
creases, driving the system from solid rotation to the flowing
regime [Fig. 2(e)]. Further, we found that increasing the cell
area stiffness brings the system closer to the solid regime
(Fig. 13). Altogether, the quantitative comparisons between
experiments and simulations indicate that when rotating, pan-
creas spheres act as active solids, with some spheres operating
near the solid to flow transition showing drift in the rotation
axis.

IV. POLARITY ALIGNMENT AND ACTIVE TRACTION
FORCE CONTROL CELL SHAPE PATTERNS

With these insights into the mechanics of the rotat-
ing spheres, we next investigated how traction forces and

tissue rotation affect cell shapes in pancreas spheres. We
therefore performed single-cell segmentation [Fig. 3(a); see
Appendix B 6] and quantified two key cell shape parameters
in the experiments: (i) norm of the cell elongation tensor |Q|,
and (ii) cell elongation orientation angle β with respect to
the azimuth in the direction of motion [Fig. 3(b)]. Note that
cell shape and angle quantifications are performed in the local
tangent plane of the 3D sphere. The 2D Mercator projection
is provided for visualization purposes. Surprisingly, in ex-
periments, we found that the cell shape orientation is nearly
aligned system-wide [Fig. 3(c)] with the orientation angle dis-
tribution P(β ) showing a pronounced peak at either β ≈ 45◦
or β ≈ 135◦ [Fig. 3(d)]. In the active vertex model, when
polarity alignment is turned off, the randomly oriented active
traction force will in any particular realization still result in a
net torque that generates a rotation. However, in this case, the
rotation speed is slower and the cell shape orientation does not
show a preferred angle β [Figs. 3(e) and 3(f)], and P(β ) shows
a flat distribution. This distinction from experiments indicates
that polarity alignment is required to generate the observed
rotational dynamics in pancreas spheres.

To investigate the role of active traction forces in sphere
dynamics, we focus on cell shape dynamics during rotation
arrest. We found that during rotation, the cell shape elon-
gation (as quantified by the mean cell elongation 〈|Q|〉; see
Appendix B 6) shows a maximum near the equator (polar
angle θ = 90◦), with cells at both poles being more isotropic
[Fig. 3(g), blue line]. In contrast, cell elongation in nonro-
tating spheres is roughly spatially homogeneous [Fig. 3(g),
orange line]. Interestingly, we found that as spheres stop
rotating, the shape of cells becomes more isotropic, reaching
a level that is comparable to cells in nonrotating spheres
[Fig. 3(h), arrowhead]. Within the active vertex model, a
sphere can stop rotating in two ways: (i) by turning off the
active traction force, or (ii) by turning off the alignment rate.
We reason that the experimental observation corresponds to
case (i), since turning off alignment while keeping the active
traction force constant would put the system in a mechanically
frustrated state, where polarity vectors are misaligned and
cells would become more stretched. Indeed, by performing the
respective simulations [Figs. 3(j)–3(l)], we found that turning
off the active traction force recapitulates the reduction in cell
shape elongation as observed during rotation arrest in exper-
iments. Consistent with experiments, the mean elongation of
cells near the equator is higher in rotating spheres compared
to nonrotating spheres [Fig. 3(j)]. Furthermore, we found that
the cell orientation β exhibits a unimodal distribution during
rotation (with a peak ≈45◦), which subsequently homogenizes
after rotation arrest [Fig. 3(i)]. This behavior is similarly ob-
served in our simulation with active traction force turned off
[Fig. 3(l)].

V. CHIRAL SYMMETRY BREAKING IN THE CELL SHAPE
ORIENTATION FIELD

Cell morphology patterning is known to encode informa-
tion about tissue mechanics during development [39] and
apoptosis [6]. Remarkably, we found that the cell shape orien-
tation angle β in rotating pancreas spheres shows a preference
to be either ≈45◦ or ≈135◦ for a sustained period of time
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FIG. 3. Polarity alignment and active traction force control cell shape patterns. (a) Cell segmentation (cyan) performed on the projection of
a pancreas sphere (gray: Myh14 signal). (b) Schematic defining cell shape elongation parameter |Q| and cell shape orientation angle β (defined
with respect to azimuth). (c), (e) A Mercator projection showing the cell elongation pattern in experiments (c) and the active vertex model
(without polarity alignment) (e). (d) The cell shape orientation distribution P(β ) in two different experiment spheres, showing a unimodal
distribution with a peak at either 45◦ or 135◦. (f) The cell shape orientation distribution P(β ) in the active vertex model (without polarity
alignment) shows a uniform distribution. (g)–(i) Cell shape dynamics in experiments during rotation arrest. Mean cell elongation 〈|Q|〉φ

(azimuthal average) as a function of polar angle θ before (blue curve) and after (orange curve) rotation arrest (g). Mean cell elongation 〈|Q|〉
(whole system average) as a function of time for two spheres that undergo rotation arrest (blue curves, brown arrow denotes start of arrest) and
two spheres that do not rotate (orange curves) (h). Probability-time kymograph of cell orientation angle β for a sphere that undergoes rotation
arrest [(i), brown dotted line denotes start of arrest]. (g)–(i) The corresponding cell shape dynamics in the active vertex model during rotation
arrest. In (k), we compare the mean cell elongation 〈|Q|〉 (whole system average) when either active traction force (solid blue curve) or polarity
(dotted blue curve) is turned off. In (j) and (l), we show the plots for the case when active traction force is turned off. Error bars in (d), (f), (g),
and (j) are standard deviations across more than 300 data points per angular bin. Error bars in (h) are standard errors of the mean across more
than 250 cells per time point.
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FIG. 4. Chiral symmetry breaking in the cell shape orientation field. (a) Probability-time kymograph of the cell orientation β for two
different pancreas spheres undergoing persistent rotation. (b) The cell orientation probability distribution P(β ) for the two spheres in (a) shows
unimodal distributions with peaks at around 45◦ (purple) and 135◦ (green). (c) Azimuthally averaged cell orientation angle 〈β〉φ as a function
of polar angle θ for the two spheres in (a). Note that β remains less (more) than 90◦ for the purple (green) state for the entire sphere, as
illustrated in the schematic [(b),(i)]. (d)–(f) Analogous cell orientation analysis performed on simulations (without noise). P(β ) shows bimodal
distribution with peaks at both 45◦ and 135◦ (e). The polar dependence of 〈β〉φ (f) indicates that cell orientation is symmetric about the
equator, as illustrated in the schematic [(e),(i)]. (g)–(i) Analogous cell orientation analysis performed on simulations (with noise). (j), (l)
Probability-time kymographs of cell orientation β showing a switch of preferred angle from 45◦ to 135◦ in experiment (j) and theory (l). (k),
(m) The residual azimuthal velocity δVφ (Appendix B 4) as a function of polar angle θ for experiment (k) and simulation (m). Insets show
the directionality of δVφ with respect to angular velocity. All simulations in this figure have parameters F = 0.8, γ = 3, and D = 0.2 (for
simulations with noise). Additional data are shown in Fig. 16, and comparisons between experiments and simulations are shown in Fig. 17.
Error bars in (b), (c), (e), (f), and (h), (i) are standard deviations across kymographs in (a), (d), and (g), respectively (Nt > 45, N > 200 per
time point, Nt = number of time points). Error bars in (k), (m) are standard deviations across kymographs marked with a red box in (j), (l),
respectively (Nt > 5, N ∼ 1000 per time point).

[Figs. 4(a) and 4(b)], as shown by the unimodal orientation
angle distribution P(β ), which in a nonrotating sphere is
distinctively uniform (Fig. 14). The cell elongation pattern
also reveals a topological defect of charge +1 near each pole
(Fig. 22). The rotation itself does not break the chiral symme-
try. However, the additional up-down symmetry breaking of
the cell elongation pattern, revealed in the asymmetry of P(β ),
reveals an overall chirality of the rotating pancreas sphere.
Careful reasoning reveals that up-down symmetry is also bro-
ken (Fig. 15). When we computed the mean orientation angle
〈β〉φ (averaged azimuthally), we found that the cell orientation
is roughly independent of the polar angle θ [Fig. 4(c) and
Fig. 16].

To investigate the nature of this broken chiral symme-
try, we turned to the active vertex model. Surprisingly, we
found that in simulations, the orientation distribution P(β )
is bimodal, with peaks at both ≈45◦ and ≈135◦ [Figs. 4(d)
and 4(e)]. One explanation for this coexistence of both ori-
entation angles comes from the spherical geometry of the
system. In solid sphere rotation, cells near the equator move

faster than those near the pole, thus generating a gradient
of shear stress induced by friction along the polar direc-
tion θ [Fig. 4(e),(i)]. This could in principle result in shear
alignment of the cell elongation axis, which has been shown
to behave as a nematic director. Such a mechanism would
predict a symmetric cell orientation profile along the equa-
tor, with cell orientation predominantly taking the value of
≈45◦ at the “northern” hemisphere (θ < 90◦) and ≈135◦ at
the “southern” hemisphere (θ > 90◦) [Fig. 4(e),(i)]. Indeed,
the measured orientation angle β from simulations shows the
expected θ dependence [Fig. 4(f)].

While the spherical geometry provides an explanation for
the existence of two preferred angles, it does not explain how
the symmetry is broken in experiments. The symmetric cell
shape orientation profile in simulations [Figs. 4(d)–4(f)] in-
volves an abrupt change in cell elongation orientation, which
generically costs elastic energy. We posit that stochastic noise
in experiments could help bias cell orientation to minimize
this large bending energy. By introducing a noise term into the
polarity equation of the active vertex model (see Appendix C),
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we found that the symmetry does indeed get broken and the
orientation angle distribution P(β ) becomes unimodal with
peaks at either ≈45◦ or ≈135◦ [Figs. 4(g)–4(i)]. This result
suggests that the cell orientation field is mechanically poised
in a bistable state, and it can thus be pushed into either
state through stochastic noise. Indeed, in longer simulations,
we found that the cell orientation β can switch between the
two states [Fig. 4(l)]. During this window of switching, we
detected a counterclockwise twist in the residual azimuthal
velocity δVφ , which generates the required shear gradient to
flip the preferred orientation β from 45◦ to 135◦ [Fig. 4(m)].
Such a switch is also observed in experiments, with the ex-
pected residual azimuthal velocity profile [Figs. 4(j)–4(k)].
Furthermore, in both experiment and simulation, we observed
the opposite switch in preferred angle from 135◦ to 45◦
(Fig. 17).

By systematically increasing the magnitude of the polarity
rotational noise Dr in the vertex model, we found that the
system undergoes a transition from a mirror-symmetric state
with bimodal distribution P(β ) at low Dr , to chiral states with
unimodal P(β ) at larger Dr (Fig. 18). As the noise magnitude
is increased further, the sphere switches between the two
chiral states on simulation timescales such that it becomes ef-
fectively mirror-symmetric. At even higher noise, the polarity
becomes randomly aligned, resulting in a uniform P(β ). This
study shows that for weak rotational noise, the model indeed
reveals chiral symmetry breaking, similar to that observed in
experiments.

To investigate the underlying symmetry breaking mech-
anism, we turned to a simplified continuum model of the
sphere with a polarity field generating active traction forces
(Appendix D 1). This polarity field is tangential to the sphere
and satisfies the dynamic equation

∂t p + v · ∇p − ω × p = �∇2p, (4)

where v is the cell velocity field, ω = ∇ × v/2, and ∇2 is the
vector Laplace-Beltrami operator. Furthermore, we constrain
|p| = 1. This equation is the continuum limit of the vertex
model polarity dynamics with neighbor alignment, with align-
ment strength �.

Since the polarity field contributes to the traction forces
acting on the sphere, we also need to describe how traction
forces are balanced by internal tissue stress. We describe the
sphere as a continuum two-dimensional material that obeys
the covariant force balance equation ∇ · σ = Fp − ξv, where
σ is the in-plane stress tensor, F is the traction force, and ξ

is the friction coefficient. We are interested in stress patterns
that govern patterns of cell shape. For a given polarity field,
we can determine the strain field describing the resulting
cell deformation. We first consider the material to be elastic,
such that in the steady state it rotates as a solid body with
velocity v0(r) = r × �. In this case, the steady-state polarity
field is a solution of the Laplace equation ∇2p = 0. We find
axis-symmetric solutions of the form p = sin a0θ̂ + cos a0φ̂,
where a0 is the angle relative to the azimuthal direction φ̂ (see
Appendix D), which include two topological defects at the
poles as required by the Poincaré-Hopf theorem. Figures 5(a)–
5(c) show examples of a0 = 0, a0 > 0, and a0 < 0. Note
that for nonzero a0 the polarity pattern has a broken chiral
symmetry, and the two topological defects differ in that they

represent a source and a sink of the polarity pattern (p pointing
outward and inward with respect to the defect). In the absence
of cell rearrangements, the sphere behaves as an elastic sheet.
Therefore, we determine the elastic strain field, which is re-
lated to the magnitude and orientation of cell elongation in the
organoid and the vertex model. We show the strain pattern as
ellipses at several polar angle values θ in Figs. 5(a)–5(c) (see
also Fig. 19). Figure 5 also shows the distribution of angles β

between the cell elongation axis and the azimuthal direction,
and we find that despite the chirality of the polarity field, the
orientation distribution of the strain field, quantified by the
strain orientation angle, is mirror-symmetric with respect to
90◦ (see Fig. 5). Therefore, even though the polarity pattern is
chiral, the cell shape pattern is not. This is consistent with the
observed symmetry of the cell elongation angle distribution in
the vertex model simulations in the solid regime without noise
[Figs. 4(d)–4(f)].

Pure solid body rotation corresponds to a situation in the
vertex model or experiment without any cell rearrangements.
Occasional cell rearrangements that relax elastic stress are
characterized by an effective viscosity η. The resulting tis-
sue shear flow corresponds to a perturbation of the rigid
body velocity field. The resulting velocity field tends to be
slowed down near the equator compared to the poles due
to friction with the external environment. In the continuum
model, we consider the lowest Fourier mode of the velocity
field that perturbs the rigid body rotation but does not break
the chiral symmetry δv = v3 sin 3θ . The shear and rotation
associated with this mode alter the polarity angle, which then
becomes latitude-dependent, p = sin a(θ )θ̂ + cos a(θ )φ̂, with
a(θ ) = a0 + a1 cos θ (1 + sin2 θ/2), where a1 = (2rv3)/(3�)
is the corotational magnitude and r is the sphere radius
(Appendix D 4). Using the perturbed velocity and polarity
fields to calculate traction force patterns, we find that the
corresponding strain pattern is chiral, as reflected in the dis-
tribution of strain orientation angles P(β ) [Figs. 5(d)–5(f)].
This chiral pattern is consistent with the observed symmetry
breaking in vertex model simulations with noise [Figs. 4(g)–
4(i)], as well as the experimentally observed cell elongation
patterns [Figs. 4(a)–4(c)]. Our results suggest that although
the spheres rotate mostly as a solid body, they operate close
to a solid to flow transition where occasional rearrangements
give rise to flows. Convection and corotational effects of these
flows perturb the polarity field such that the chirality of the
cell polarity field, stemming from the existence of two dif-
ferent topological defects at the poles, is revealed in the cell
elongation pattern (Fig. 19). To validate this finding experi-
mentally, we inferred traction forces for two spheres which
exhibit opposite chirality (see Appendix E, Fig. 20). Indeed,
we find that the two spheres with opposite chirality display
opposite patterns of traction forces near the poles [Figs. 5(j)
and 5(k)], consistent with our theory [Figs. 5(h) and 5(i)].
This is further confirmed by polarity patterns of chiral states
in vertex model simulations (Fig. 21).

VI. DISCUSSION

In this work, we show how the collective organization of
cells can give rise to the emergent chirality in three dimen-
sions. Specifically, we find that pancreas spheres exhibit a
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(a) (d) (g)

(b) (e) (h) (j)

(c) (f) (i) (k)

FIG. 5. Polarity patterns perturbed by corotation effects account for chiral symmetry breaking. (a)–(f) Steady-state, axisymmetric polarity
field solutions to the continuum model with polarity field p = sin a0θ̂ + cos a0φ̂ without (a)–(c) and with (d)–(f) corotation effect (see
Appendix D 1 ). The ellipses indicate cell shape and cell elongation at polar angles θ = {π/6, π/3, π/2, 2π/3, 5π/6}. (g)–(i) Traction force
pattern corresponding to the three polarity patterns in (d)–(f). (j), (k) Experimentally inferred traction force in the φ direction, for two spheres.
Note that the traction force includes contributions from both cell polarity and frictional forces.

chiral symmetry breaking during active rotations, revealed by
cell elongation patterns. Using both an active vertex model
and a continuum theory, we show that this chirality results
from an underlying chiral cell polarity pattern, which also
governs the sphere rotation. Chirality of the polarity field
implies an asymmetry between the two topological defects of
the cell polarity field at the poles of the rotating sphere.

We find that pancreas spheres sometimes depart from solid
body rotation and undergo irregular rapid changes of the
orientation of the rotation axis [Fig. 1(g), Fig. 8]. The anal-
ysis of sphere rotations in an active vertex model shows that
such behavior is found generally near a solid to flow transi-
tion, where the sphere is fluidized by active traction forces
[Figs. 2(b)–2(d)]. The chiral pattern of cell elongation is a
further signature that pancreas spheres are close to a solid to
flow transition, because a purely rigid body rotation would
not reveal the underlying chirality of the polarity field in the
cell elongation pattern, as shown both by the vertex model
[Figs. 4(g)–4(i)] and continuum theory [Figs. 5(e) and 5(f)].
Overall, our results suggest that organoid spheres organize
close to a solid to flow transition controlled by active traction
forces. The chirality of these forces originates from topologi-
cal constraints imposed on the cell polarity vector field living
on the surface of a sphere.

The process of generating tissue chirality through topo-
logical constraints is distinct from previously reported
mechanisms which arise from either rotation of nodal cilia
[40], chiral cell polarity [41], or a chiral phase that arises

generically from a planar polarized epithelial system [42].
More generally, our results suggest an alternative route where
a localized biological signal could drive symmetry breaking
processes in tissues by controlling the types and locations of
cell polarity topological defects. Our results are likely to be
conserved in rotating spheres derived from other cell types
[23,29,30,43], with potential implications for cell migration
on complex 3D curved geometries, such as polarized tissue
flow in Drosophila melanogaster [44–46].
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TABLE I. Statistics for the experimental replicates (Expt.) used in paper figures, as well as the corresponding mouse lines, imaging
modalities, and data analysis methods. Note that a subset of spheres (n), with the best signal-to-noise ratio, were used for full sphere surface
segmentation and projection analysis (Appendix B 1). All spheres were analyzed with half-sphere surface segmentation and projection analysis
(Appendix B 2), which allowed us to reveal the rotation dynamics of all the population, although with a less accurate analysis.

Figure Analysis Mouse line Imaging

Expt. 1 Fig. 8 Appendix B 2, n = 4

Expt. 2 Fig. 1(f), Fig. 8 Appendix B 2, n = 9

Fig. 2(f), Figs. 4(j) and 4(k) Appendix B 1, n = 2 ROSAmTmG Light sheet

Expt. 3 Fig. 8 Appendix B 2, n = 3 Viventis LS1

Fig. 2(f) Appendix B 1, n = 2

Expt. 4 Fig. 8 Appendix B 2, n = 8

Expt. 5 Figs. 1(a), 1(e), 1(f), Fig. 2(f), Appendix B 1, n = 6 Myh14 Light sheet

Fig. 3, Figs. 4(a)–4(c), Fig. 8 Viventis LS1

Expt. 6 Fig. 11 Appendix B 7, n = 2 ROSAmTmG Spinning disk

Andor Revolution

APPENDIX A: EXPERIMENTAL SETUP

1. Animal lines and permits

All experiments were performed in accordance with
the German Animal Welfare Legislation (“Tierschutzge-
setz”) after approval by the federal state authority Lan-
desdirektion Sachsen (license DD24.1-5131/451/8). Mice
were kept in standardized specific-pathogen-free (SPF) con-
ditions at the Biomedical Services Facility (BMS) of
Max Planck Institute of Molecular Cell Biology and
Genetics. Genetically modified mouse lines “Myh14 <

tm3.1Rsad > /Mmjax” (Jackson Laboratory stock num-
ber 023449) and “Gt(ROSA)-26Sortm4-(ACTB-tdTomato-
EGFP)-Luo(C57Bl/6NCrl;Crl)” [47] were used to follow the
Myosin and cell membrane patterns, respectively.

2. Preparation of organoid culture

To generate mouse pancreas spheres, we follow the pro-
tocol developed in [31] with some modifications. Briefly, we
dissect the developing dorsal pancreas and harvest progenitors
cells from mice at embryonic day (E) 13.5. We obtain single
cells by a combination of chemical and mechanical disso-
ciation: we incubate with TrypLE (GIBCO-BRL, Invitrogen
12604-013) at 37◦ for 7 min in conical wells of 60-well mini-
trays (nunc, 439225), transfer the buds into a well with fresh
DMEM (Gibco 10565-018), and perform the mechanical dis-
sociation by aspirating and ejecting the bud into 10 µL pipette
tips until complete dissociation under microscopic control.
Then, we pool the cells from four embryos into an Eppen-
dorf tube in order to minimize differences due to individual
processing. We dilute the cell suspension to a final concen-
tration of 75% Matrigel (Corning Costar 356231) on ice to
prevent Matrigel polymerization during the mixing process.
We prepare 5 µL drops in a pretreated chamber for imaging
(see 3D imaging below) and incubate the chamber at 37 ◦C
for 30 min for the polymerization of the Matrigel. The wells
are then filled with 250 µL of sphere medium [DMEM/F12 +

Glutamax (Gibco 10565-018), 1% Pen/Strep (Gibco 15140-
122), 10 µM Y-27632 (SIGMA), 10% Y0503-IMG B27 × 50
(ThermoFisher 17504-044), 64 ng/mL FGF2 (R&D Systems
450-33-10UG) [31]] and incubated in a humidified environ-
ment containing 5% CO2 and 95% air at 37 ◦C. We replace the
medium to a new sphere medium without the ROCK inhibitor
(Y-27632) after 2 days and again after 4 days and image at
day 5.

3. 3D live imaging of pancreas spheres

Sphere samples are placed in fluorinated ethylene propy-
lene (FEP) bottom V-shaped chambers from Viventis previ-
ously treated as follows: we fill each well with distilled water,
then replace it with 70% ethanol after 5 min; we remove
the ethanol and rinse once with distilled water and let it dry
under the hood for 20 min and finally under UV for 20 min.
After 5 days of sphere culture, time lapse 3D imaging is
initiated using the LS1 Live light sheet microscope system
from Viventis. The parameters used are the following: dual il-
lumination, 2.2 µM beam, laser 488/561, exposure 50 ms, and
detection objective Nikon 25× NA 1.1. Data were analyzed
over six imaging experiments using two genetic backgrounds
as detailed in Table I.

APPENDIX B: DATA ANALYSIS

1. Sphere surface segmentation and projection

To obtain the projection of the surface fluorescence inten-
sity of the pancreas spheres, we first obtain the segmentation
of the sphere apical (inner) surface. This is done using the
following steps: First, we train a pixel classification model
using ilastik [48] to distinguish between “tissue pixels” and
“background pixels” in our 3D microscopy z-stack images.
Using this model, we create a 3D volume mask that identifies
the voxels that represent the tissue volume. Next, we use
the MATLAB function bwboundaries to identify the inner
surface of the sphere. By performing this step for the entire
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z-stack, we obtain the point cloud S = {pi} that defines the
inner surface of the 3D sphere. Using this point cloud, we
extract the apical surface fluorescence intensity I (x, y, z). To
simplify downstream analysis, we make the assumption that
all pancreas spheres are roughly spherical, and we project the
intensity onto a sphere to obtain I (θ, φ), using the transforma-
tion θ = arctan

√
x2 + y2/z and φ = arctan y/x. Ten spheres

were analyzed with this method over three experiments (Ta-
ble I).

2. Half-sphere surface segmentation and projection

To be able to analyze a greater number of spheres, we
used an alternative method in which we project half of the
sphere (Appendix F). This was done for 25 spheres over 4
experiments (Table I). For that purpose, we first segment the
sphere with the arivis Vision 4D software using the “Huang”
threshold. Then, we erode the segmented object by 10 pixels
and subtract it from the previous segmentation, obtaining a
mask for the basolateral surface of the sphere that is used
with the “Object Mask” to obtain the signal only from the
basolateral part of the sphere. Then, we use the Projection
Viewer to obtain the MAX projection for half of the z-stack,
preventing noise from the other half of the sphere on the
projection that is used for PIV analysis. The resultant half-
sphere projection and the mask are then used for PIV analysis
using MATLAB R2020b software. For the PIV analysis we used
PIVlab with the algorithm “FFT window deformation” with
four interrogation passes: pass 1 of a 100 pixel box size and
50 pixel step, pass 2 of a 50 pixel box size and 25 pixel step,
pass 3 of a 25 pixel box size and 13 pixel step, and pass 4 of
a 13 pixel box size and 7 pixel step. The subpixel estimator
was set to “Gauss 2 × 3-point” and correlation robustness to
“Extreme.” The output PIV was saved as a MATLAB file for the
reconstruction of the 3D tissue flow field.

3. Reconstruction of the 3D tissue flow field

To reconstruct the full 3D tissue flow field, we first perform
2D particle image velocimetry (PIV) on three different pro-
jections: the equatorial projection, the north pole projection,
and the south pole projection. The equatorial projection on
a 2D plane is defined by x′ = φ and y′ = φ (here, we use
prime notation to represent the projection coordinates, while
the nonprime notation represents real-space coordinates). The
north and south pole projections are defined as φ′ = ±φ and
r′ = (θ, π − θ ), respectively, where θ = [0, π/2] for north
pole projection and θ = [π/2, π ] for south pole projection.
Next, we perform 2D PIV on the three projections separately,
using the application PIVlab in MATLAB, developed by [49].
To reconstruct the full 3D flow fields, we stitch the PIV fields
from the three different projections, using the north projection
for θ = [0, θc], the equatorial projection for θ = [θc, π − θc],
and the south projection for θ = [π − θc, π ]. The rationale
for this stitching scheme is to use regions of PIV fields from
different projections that minimize distortion. θc ≈ 1 rad is
determined by considering the θ dependence of the distortion
for each projection. To ensure smoothness of the stitched
velocity field, we further define an overlap region of ±�θ

where the velocity fields from two different projections are
averaged.

4. Computation of the angular velocity �(t )

This section explains how we obtain the angular velocity
�(t ) and the residual velocity from the motion of vertex
model spheroids and the experimental spheres. We denote the
position of each vertex of the vertex model at time t by ri(t ),
and the vertex velocity is estimated as

vi(t ) = ri(t + �t ) − ri(t )

�t
, (B1)

where �t is the time interval between two subsequent frames.
On the other hand, for the experimental organoids, we find
the positions and velocities on the surface using PIV (see
Appendix B 3). In the following, we use the term “points” to
refer to both vertices of the vertex model epithelium and also
the tracked points from PIV analysis of the spheres.

We first define the average position R(t ) and average ve-
locity V (t ) of the tracked points as

R(t ) = 1

N

N∑
i=1

ri(t ), V (t ) = 1

N

N∑
i=1

vi(t ). (B2)

In full generality, the velocity of point i can be decomposed as

vi(t ) = �(t ) × [ri(t ) − R(t )] + V (t ) + δvi(t ), (B3)

where �(t ) is an angular velocity that will be computed in the
following and which is defined such that δvi(t ) = 0 if the N
points are placed on a solid body with center of mass R(t ),
moving at velocity V (t ) and rotating with angular velocity
�(t ).

To compute �(t ), we define the angular momentum �i(t )
of point i as

�i(t ) = [ri(t ) − R(t )] × vi(t ) − [ri(t ) − R(t )] × V (t ).
(B4)

Inserting this definition into Eq. (B3) yields

�i = �(ri − R)2 − (ri − R)[� · (ri − R)] + (ri − R) × δvi,

(B5)

where the time dependence has been omitted for simplicity.
Equation (B5) can then be rewritten in matrix form as

�i = M i · � + (ri − R) × δvi, (B6)

where we have introduced the moment of inertia tensor Mi of
point i,

Mi = (ri − R)2I − (ri − R)T (ri − R), (B7)

with I the identity tensor. The average angular momentum is
obtained as

� = 1

N

N∑
i=1

�i = M · � + 1

N

∑
i

(ri − R) × δvi, (B8)

where M = ∑
i Mi/N is the average moment of inertia tensor.

In the case of a solid-body rotation, δvi(t ) = 0, such that the
angular velocity is simply obtained from Eq. (B8) as

� = M−1 · �0, (B9)

with �0 = ∑
i(ri − R) × (vi − V )/N .
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The residual motion δvi(t ) is then obtained as

δvi(t ) = vi(t ) − V (t ) − �(t ) × [ri(t ) − R(t )]. (B10)

Note that the computation of the solid-body angular veloc-
ity � requires to invert the moment of inertia tensor M, and
thus requires N > 2.

5. Vector spherical harmonics decomposition and definition
of solid body rotation fraction frot

The velocity field V(θ, φ) on a sphere can be decomposed
into real vector spherical harmonics (SH) modes as

V(t, θ, φ) =
∞∑

l=0

l∑
m=−l

V (1)
l,m (t )	l,m(θ, φ) + V (2)

l,m (t )
l,m(θ, φ),

(B11)
where, for each mode (l, m), 	l,m = r �∇Yl,m and 
l,m = �r ×
�∇Yl,m are the curl-less and divergence-less components of the
vector spherical harmonics, respectively, and Yl,m are the real
scalar spherical harmonics defined as

Yl,m(θ, φ) =

⎧⎪⎪⎨
⎪⎪⎩

sPl,m(cos θ ) cos (mφ) if m > 0,

gPl,m(cos θ ) if m = 0,

qPl,|m|(cos θ ) sin (|m|φ) if m < 0,

(B12)

where s = √
2
√

2l+1
4π

(l−m) !
(l+m) ! , g =

√
2l+1
4π

, and q =
√

2
√

2l+1
4π

(l−|m|) !
(l+|m|) ! are normalization factors. The components

of the velocity field are then defined as

V (1)
l,m = 1

l (l + 1)

∫
S

V · 	l,md�, (B13)

V (2)
l,m = 1

l (l + 1)

∫
S

V · 
l,md�. (B14)

The fraction of solid body rotation in the surface velocity
V(θ, φ) is defined as

frot =
∑

m

(
V (2)

l=1,m

)2

∑
l,m

[ (
V (1)

l,m

)2 + (
V (2)

l,m

)2] . (B15)

The fraction 1 − frot quantifies the departure of the sphere
movement from a solid body rotation. We use it as a measure
of the tissue flow rate mediated by cell rearrangements.

6. Single-cell segmentation and quantification

To obtain the single-cell shape quantification, we first per-
form segmentation of the pole projections using the automated
segmentation package EPySeg [50]. Once the cell boundaries
are identified, the MATLAB function regionprops is used to
find regions corresponding to single cells and to calculate
their geometrical properties. Each cell region is fitted with an
ellipse that has the same normalized second moments as the
region. The cell elongation is defined as Q = 1

2 ln a
b , where a

and b are the lengths of the major and minor axes, respectively.
The cell orientation β is defined as the angle between the
major axis and the local latitude (i.e., the φ̂ direction). Cell
area is then measured using MATLAB function regionprops,
and the subsequent tracking is performed manually.

7. Quantifying Matrigel viscoelasticity using microrheology

To quantify the viscoelasticity of Matrigel, we per-
formed microrheology experiments. We embedded 1 µm
fluorescent beads (InvitrogenTM FluoSpheresTM Carboxylate-
Modified Microspheres F8823) diluted 1:1000 in a 5 µL 75%
Matrigel dome as a control. At the same time, to check if
the surrounding environment has an impact on the traction
forces from the spheres, we prepared another Matrigel dome,
containing the beads at the same concentration, mixed with
the pancreas progenitor cells that form the spheres. The prepa-
ration of the samples is as in Appendix A 2, with the difference
being the sample holder, which in this case was Ibidi μ-Slide
8-Well slide (80826), and the imaging, done with a spinning
disk microscope (Andor Revolution WD Borealis Mosaic;
30×/1.08 U Plan SApo, Silicone, OLYMPUS objective; XY
pixel size of 0.395 µm; 10 min time interval; duration of
12 h). We then performed particle localization and tracking
to obtain trajectories of the embedded beads. For that, we
used a semiautomated pipeline (Yen Threshold Filter to bi-
narize; watershed “Nucleus” segmentation with Threshold 1,
Diameter 1 µm, and 100% split sensitivity; and tracking with
Brownian motion by center of mass of the intensity channel
from the beads) from ARIVIS4D software. Due to sample drift,
we perform an additional step to obtain the drift-corrected
position of bead i as �rc

i (t ) = �ri(t ) − 〈�r(t )〉, where 〈�r(t )〉 =
1
N

∑
j �r j (t ) is the mean positions of beads within a 10 µm ra-

dius. The drift-corrected mean-squared displacement (MSD)
is then calculated as MSD(τ ) = 〈|�rc

i (t + τ ) − �rc
i (t )|〉t , where

〈· · · 〉t denotes averaging over all time frames.

APPENDIX C: ACTIVE VERTEX MODEL ON A SPHERE

We consider a two-dimensional vertex model with cell
polarity on a rigid sphere. Cells on the sphere are represented
as polygons that are outlined by straight edges connecting
vertices [34]. We consider a polygonal cell network consisting
of Nc cells labeled α, Nv vertices labeled m, and Nb straight
bonds between connected vertices labeled 〈mn〉, where m and
n are the vertices they connect. Each cell is characterized in
terms of its area Aα , perimeter Lα , and polarity pα .

In our vertex model, the forces stemming from the mechan-
ical properties of individual cells and from the interactions
between them originate from the vertex model work function

W =
∑

α∈cells

1

2
Kα

(
Aα − Aα

0

)2 +
∑

α∈cells

1

2
�αLα. (C1)

The first term describes an area elasticity contribution, with Aα
0

the preferred cell area and Kα the area stiffness. The second
term describes a contribution due to the tension of network
bonds, where �α is the perimeter tension magnitude, and Lα

denotes the cell perimeter [34,37]. Here, for simplicity, we
consider the case in which the cell parameters are identical for
all cells in the tissue: Kα = K , Aα

0 = A0, and �α = �. Due to
the spherical geometry, polygonal cells are not coplanar, and a
unique definition of cell area requires a suitable triangulation.
Here, we define the cell center X c as the average position of
vertices, and we triangulate each cell by connecting the cell
center to consecutive cell vertices X i and X i+1 in counter-
clockwise order (see Fig. 6). Hence, for a given cell, we obtain
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FIG. 6. (a) Example of an initial condition of the tissue configuration and of the cell polarities. (b) Tissue triangulation and definition
of geometric quantities.

the cell area and perimeter as

A = 1

2

M∑
i=1

|(X i − X c) × (X i+1 − X c)|, (C2)

L =
M∑

i=1

|X i+1 − X i|, (C3)

where M is the number of vertices of the cell, and with
X M+1 ≡ X 1.

At each vertex m located at position X m, force balance
reads

ξvm = f active
m − ∂W

∂X m
+ f n

mn̂m, (C4)

FIG. 7. Particle imaging velocimetry (PIV) field on the Mercator and pole projections. To obtain the surface velocity field V(θ, φ) at any
particular time point t , we performed PIV on three different projections: (i) Mercator projection (top), (ii) “north” pole projection (bottom left),
and (iii) “south” pole projection (bottom right). The PIV fields (red arrows) from the three different projections are then stitched together to
minimize distortion introduced from different projections. The dotted white line is defined by θ = 90◦ (the “equator”). The solid white line is
defined by φ = 0◦ (the “meridian”). See Appendix B 2 for more details.
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FIG. 8. Characterization of rotational dynamics of individual pancreas spheres. There are four distinct types of rotational dynamics
observed in experiments: (i) persistent rotation, (ii) no rotation, (iii) rotation arrest, and (iv) rotation axis drift. The first row shows the angular
position of the rotation axis in the (θ, φ) polar plot. The second and third rows show the angular velocity |�(t )| and the axis angle change
�ψ/�t , respectively.
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FIG. 9. Pancreas spheres exhibit distinct rotational modes within the same culture conditions. Through visual inspection of experimental
videos, we found that pancreas spheres exhibit a large range of rotational dynamics, as characterized in Figs. 1(f) and 1(g). To obtain more
sphere characterization, we developed a faster (but less accurate) half-sphere projection method (Appendixes B 2 and B 6) to calculate sphere
rotation frequency. These plots show rotation frequencies of spheres from different experiments. We found that the spheres indeed show a large
variation of dynamics that is not correlated with other spheres, even within the same experiment.

where vm is the velocity of vertex m, and ξ is the friction
coefficient with the external environment. The traction forces
f active

m are generated from active processes and are defined on
each vertex as

f active
m = F

∑
〈α|m〉

pα

Mα

, (C5)

where F denotes the traction force magnitude of a cell, the
sum is over the (three) cells that share vertex m, and Mα is
the number of vertices of cell α. We consider a nondeforming
spherical geometry by setting vm · n̂m = 0, which determines
the normal force as

f n
m =

(
∂W

∂X m
− f active

m

)
· n̂m, (C6)

where n̂m is the unit normal vector to the sphere at vertex m.
We consider a polarity field pα in the tangent plane that di-

rects the traction force exerted by the cell α on the surrounding
matrix. The time evolution of the polarity direction follows the

dynamics

Dpα

Dt
= γ 〈p〉α +

√
2Drη(t ) + μpα + pn

α n̂α, (C7)

where D/Dt denotes a corotational time derivative (see
Appendix C 1). The first term on the right-hand side of
Eq. (C7) accounts for the alignment of the polarity of cell α

with the polarity of its nearest neighbors with a rate γ with the
definition

〈p〉α = 1

Mα

∑
〈α′|α〉

pα′ . (C8)

The second term in Eq. (C7) accounts for the rotational
noise with a diffusion coefficient Dr . The white Gaussian
noise η(t ) = ŝ⊥η(t ) is perpendicular to both cell polarity and
the outward normal vector to the cell, ŝ⊥ = n̂α × pα/|n̂α ×
pα|, and it has a random magnitude η that is defined as a
Gaussian variable with mean 0 and variance 1. The Lagrange
multiplier μ(t ) = −γ pα · 〈p〉α imposes |pα| = 1 at each time.
With the last term we ensure that the polarity remains in
the tangent plane by adding a normal component with the
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FIG. 10. Characterizing material properties of Matrigel using microrheology. We embedded beads in Matrigel with (Replicates 1 and 2) or
without (Control) pancreas progenitor cells, and we computed the drift-corrected mean-squared displacement (MSD) as a function of lag time
τ . We found that the MSD computed for the whole duration of the experiment (∼16 h) has an exponent of roughly ∼0, consistent with elastic
behavior (left plot). This is consistent with experiments done in Ref. [33]. Furthermore, the MSDs computed separately for the first half and
second half of the experiments (right plot) are comparable, indicating that the Matrigel remains elastic and its rheological properties do not
undergo significant changes.

magnitude

pn
α = −γ 〈p〉α · n̂α. (C9)

The dimensionless model parameters are defined as F =
F/�, γ = 100γ ξ

√
A0/�, D = Dr/γ , and k = KA3/2

0 /�. We
fix k = 10, which ensures mechanical stability of the cellular
network as we vary the remaining parameters (except for
results reported in Fig. 13, where k is varied). In this study,
we initialize the tissue by a force balanced configuration of
a Voronoi diagram construction of N randomly distributed
cell centers on a sphere of radius Rs = (NA0/4π )1/2 with
N = 200, A0 = 1, and we initialize the cell’s polarity angle
from a uniform random distribution.

1. Implementation of the corotational time derivative

The cell polarities are transported with the cells through the
corotational time derivative in Eq. (C7). This equation can be
written for a time step �t in a discrete form,

pα (t + �t ) = R(�α�t )[pα (t ) + γ 〈p〉α�t +
√

2Dr�t η(t )

+ μpα�t + pn
α n̂α�t],

where the three-dimensional rotation matrix R(�α�t ) rotates
the polarity vector with the cell and is constructed by extract-
ing the solid body angular velocity �α of cell α from the
velocity of its vertices,

vm,α (t ) = X m,α (t + �t ) − X m,α (t )

�t
, (C10)

vm,α (t ) = �α (t ) × rm,α (t ) + V α (t ) + δvm,α (t ), (C11)

where X m,α (t ) is the position of each vertex m that belongs
to cell α, rm,α (t ) = X m,α (t ) − Xα,c, and Xα,c denotes the cell

center position. The decomposition of velocity and the de-
termination of the cell angular velocity follows the method
described in Appendix B 4.

2. Computation of the chiral order parameter

Here, we define an order parameter to quantify the chiral-
ity of the rotating sphere using the distribution P(β ) of the
cell elongation tilt angle. For each cell, we consider �β =
β − π/2, which is the angle relative to the local meridian.
When averaged over all cells in the tissue, 〈�β〉 is zero when
P(�β) is symmetric with P(�β ) = P(−�β ), corresponding
to a mirror-symmetric configuration for which 〈�β〉 = 0. We
observe this situation in the vertex model at low and high val-
ues of noise strength, where they correspond to a symmetric
bimodal distribution and to a flat distribution P(β ), respec-
tively. At medium magnitudes of noise strength, we observe
states where the distribution P(β ) has a peak at about ±π/4,
so that |〈�β〉| � π/4. These cases correspond to states with
broken chiral symmetry. Therefore, we introduce the chiral
order parameter of a sphere |〈�β〉| and we show in Fig. 18(a)
the ensemble average of this order parameter for varying noise
magnitude.

APPENDIX D: CONTINUUM MODEL OF ROTATING
SPHERES

1. Polarity field on a rotating sphere

We use a continuum model to describe the cell polarity
by a polar field p, as well as the cell velocity field v on
the surface of the sphere with radius r. Both fields are con-
strained to be tangential to the sphere. The polarity evolves
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FIG. 11. Vectorial spherical harmonics mode coefficients of the velocity field. Visual representation of the mode coefficients V (1)
l,m and V (2)

l,m

as a function of time, for a sphere undergoing rotation for the first ≈10 h before slowing down. As expected, the amplitude of V (2)
l=1,m, which

represents solid body rotation, is the dominant mode.

according to

∂t p + v · ∇p − ω × p = �∇2p, (D1)

where ω = ∇ × v/2 is the vorticity, ∇2 is the vector Laplace-
Beltrami operator, and � is the continuum limit version
of polarity alignment rate γ used in the vertex model.
We impose that the polarity has unit magnitude |p| = 1
by searching for axis-symmetric steady-state solutions of
the form

p = sin a(θ )θ̂ + cos a(θ )φ̂, (D2)

where a(θ ) is the angle between polarity and the φ̂ direction,
and with an axisymmetric velocity of the form

v = v(θ )φ̂, (D3)

which will be given by solid body rotation and any perturba-
tions due to cell rearrangements. The corresponding vorticity

is

ω = 1

2r sin θ
∂θ (v(θ ) sin θ ))r̂ − 1

2r
v(θ )θ̂ (D4)

and the advection term becomes

v · ∇p = −v cot θ

r
cos aθ̂ + v cot θ

r
sin aφ̂. (D5)

The in-plane corotation term reads

−ω × p = 1

2r sin θ
∂θ (v sin θ )(cos aθ̂ − sin aφ̂) (D6)

and the alignment term becomes

∇2p =
(

1

r2 sin θ
∂θ (sin θ∂θ sin a) − cot2 θ sin a

r2

)
θ̂

+
(

1

r2 sin θ
∂θ (sin θ∂θ cos a) − cot2 θ cos a

r2

)
φ̂.

(D7)
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FIG. 12. Statistical characterization of solid and flowing states in experiments. To quantify the statistics of solid vs flowing states in
experimental spheres, we calculate the instantaneous rotation fraction frot as a function of time for 10 different experimental spheres. We find
that most of the time, spheres exhibit frot > 0.8. Figure 2(f) in the main text shows the distribution of frot of all measured time points for the
10 spheres shown here.

FIG. 13. Rotation fraction as a function of area stiffness with
noise magnitudes D = 0 and 0.2. As the dimensionless parameter
k = KA3/2

0 /� increases, the area stiffness of the cellular network in-
creases, resulting in a more solid tissue structure. Consequently, there
is an increase in the rotation fraction frot. Note that below a critical
area stiffness, the cellular network’s shear modulus vanishes, leading
to a soft network with mechanical instability. For all simulations in
this figure, we fix the parameters N = 200, γ = 5, and F = 0.8.

At steady state, we have

0 = 1

r2

[
[−(a′)2 − cot2 θ ] sin a

+
(

a′′ + a′ cot θ − r

2�
[v′ − v cot θ ]

)
cos a

]
θ̂

+ 1

r2

[
[−(a′)2 − cot2 θ ] cos a

−
(

a′′ + a′ cot θ − r

2�
[v′ − v cot θ ]

)
sin a

]
φ̂ + μp,

(D8)

where a′ = da/dθ , a′′ = d2a/dθ2, and μ is a Lagrange mul-
tiplier that ensures p2 = 1. After imposing the constraints, we
must solve

a′′ sin θ + a′ cos θ = r

2�
(v′ sin θ − v cos θ ). (D9)

2. Solid body rotation

If the sphere rotates as a solid body, v(θ ) = v1 sin(θ ). In
this case, Eq. (D9) becomes

d

dθ
(a′ sin θ ) = 0. (D10)
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(a) (b)

FIG. 14. Distribution of cell elongation angles P(β ) for rotating and nonrotating spheres. The cell shape orientation β in rotating pancreas
spheres shows a preference to be either ≈45◦ or ≈135◦ for a sustained period of time. This is clearly reflected in the unimodal orientation
distribution P(β ) (a). In contrast, for the nonrotating sphere, the distribution is more or less uniform (b).

FIG. 15. Chiral and up-down symmetry breaking of the cell shape orientation field on a rotating sphere. We consider a pancreas sphere that
is rotating with rotation vector �� around the z axis, as indicated in green. We observe that there is an average angle of cell shape orientation
relative to the equation, as indicated in red. This configuration breaks several symmetries, including the following: First, an equatorial mirror
operation Mn, while preserving the rotation vector ��, mirrors the cell orientation angle. Second, a vertical mirror operation Mt inverts the
rotation vector �� and mirrors the cell orientation angle. Third, a rotation Rt by angle π around an axis lying in the equatorial plane inverts
the rotation vector �� while keeping the cell orientation angle invariant. Finally, this configuration is symmetric under rotations Rn around the
z axis. The broken symmetry under the two mirror operations discussed (Mn and Mt ) implies a chiral asymmetry for which the object cannot
be superimposed on its mirror image. In particular, this means that there is no rotation that can transform a mirror image to be the same as the
original. We show a snapshot of the experimental cell shape pattern and the resulting image upon performing an equatorial mirror and vertical
mirror operation. Since the resulting image cannot be superimposed on the original object through any rotation, chiral symmetry is broken.
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FIG. 16. Distribution of cell elongation angle P(β ) during steady-state rotation, transitional rotation, and no rotation. The first row shows
probability-time kymographs of the distribution P(β ) during steady-state rotation (where the dominant tilt angle is constant), transitional
rotation (where the dominant tilt angle changes), and no rotation. The second row shows azimuthally averaged cell orientation 〈β〉φ (θ ) as
a function of polar angle θ . The third row shows the residual azimuthal velocity δVφ = δV · φ̂ as a function of polar angle θ . For rotating
spheres, we found that out of the 186 observed time points we analyzed (from four spheres), 140 time points (75%) show chiral states, with
72 and 68 time points showing prominent β peaks at 45◦ and 135◦, respectively (51% vs 49%, purple vs green box). Time points with no
prominent β peaks correspond to periods of transitional dynamics (rotation arrest or switch from one peak to another). For controls (61 time
points from 2 nonrotating spheres), the distribution P(β ) is uniform [Fig. 14(b)].
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(a) (b) (c) (d)

FIG. 17. Switch in cell orientation angle β in experiments and simulations. The first row shows the probability-time kymographs of cell
orientation angle β showing a switch of preferred angle from 45◦ to 135◦ (a), (c) and from 135◦ to 45◦ (b), (d) in both experiments and
simulation. The second row shows the probability-time kymographs for the residual azimuthal velocity δVφ = δV · φ̂. The third row shows the
residual azimuthal velocity δVφ as a function of polar angle θ . Insets show the direction of δVφ with respect to rotation axis. In the simulations
(c), (d), we fix the parameters N = 200, γ = 5, k = 10, F = 0.8, and D = 0.2.

We thus have a′ = b0/ sin(θ ), where b0 is an integration con-
stant. Finally,

a = a0 + b0 log
1 − cos θ

1 + cos θ
. (D11)

We note that for b0 �= 0, the angle diverges towards the poles.
We exclude this solution and set b0 = 0.

The velocity magnitude v1 is determined from the overall
torque balance on the surface,

R
∫

dA r̂ × (−νp + λv) = 0, (D12)

where r̂ is a unit vector in the radial direction. Here ν de-
scribes the magnitude of active traction force in the direction
p, and λ is a friction coefficient. With p = sin a0θ̂ + cos a0φ̂

we thus have

∫ π

0
dθ sin θ (ν cos a0 − λv1 sin θ ) = 0. (D13)

From this we obtain the solid body rotation velocity

v1 = 4ν cos a0

πλ
. (D14)

3. Velocity profiles for finite viscosity

The cell velocity field in the steady state is described by the
Stokes equation with forcing,

η(�bv + Kv) = ∇P − νp + λv, (D15)

where �b denotes the Laplace Beltrami operator on the
sphere, η is a viscosity, and K = 1/R2 is the Gaussian cur-
vature. The pressure P is a Lagrange multiplier that imposes
the incompressibility condition ∇ · v = 0. This constraint is
satisfied for the axisymmetric velocity field v = v(θ )φ̂. This
velocity obeys the equation

1

sin θ
∂θ ( sin θ∂θv(θ )) − v(θ )

sin2θ
+ (2 − λ)v(θ ) = −ν cos a0,

(D16)
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(a)

(b) (c) (d)

FIG. 18. Chiral order parameter as a function of noise. To investigate the role of noise in chiral symmetry breaking in the active vertex
model, we vary the nondimensional noise D = Dr/γ and compute the cell orientation distribution P(β ). We then define a chiral order
parameter 〈|�β|〉, where �β = β − π/2, which quantifies the asymmetry of the cell elongation angle distribution with respect to the local
meridian, revealing the chiral asymmetry of the cell shape pattern. [(a), see Appendix C 2]. We found that at D = 0, 〈|�β|〉 ∼ 0, where P(β )
is bimodal and the state is symmetric (b). At larger D, chiral symmetry is broken, as indicated by unimodal P(β ) [(c), D = 0.2]. When noise
is increased further, polarity loses long-range order and the cell orientation distribution P(β ) becomes isotropic [(d), D = 0.5], leading to
〈|�β|〉 ∼ 0. All simulations in this figure have parameters N = 200, γ = 5, k = 10, and F = 0.8.

where λ = λR2/η and ν = νR2/η,

∂2
θ v(θ ) + cos θ

sin θ
∂θv(θ ) − v(θ )

sin2θ
+ (2 − λ)v(θ ) = −ν cos a0.

(D17)

We solve Eq. (D17) starting with an expansion

v(θ ) =
∞∑

n=0

un sinn θ, (D18)

which leads to a recursion relation for coefficients,

un+2 = n(n + 1) − 2 + λ

n2 + 4n + 3
un, (D19)

with u2 = −ν/3 cos a0. The coefficient u1 has to be deter-
mined from the torque balance. To this end, we first find an
expression for coefficients un. We find

u2k+1 =
�

(
k + 3

4 − 1
4

√
9 − 4λ

)
�

(
k + 3

4 + 1
4

√
9 − 4λ

)
�(1 + k)�(2 + k)�

(
3
4 − 1

4

√
9 − 4λ

)
�

(
3
4 + 1

4

√
9 − 4λ

)u1, (D20)

u2k = 3π

8

�
(

k + 5
4 − 1

4

√
9 − 4λ

)
�

(
k + 5

4 + 1
4

√
9 − 4λ

)
�

(
3
2 + k

)
�

(
5
2 + k

)
�

(
5
4 − 1

4

√
9 − 4λ

)
�

(
5
4 + 1

4

√
9 − 4λ

)u2. (D21)

Now, we can impose torque balance from Eq. (D12) to find

2ν cos a0

λ
=

∞∑
k=0

u2k+1

√
π�

(
3
2 + k

)
�(2 + k)

+
∞∑

k=1

u2k

√
π�(1 + k)

�
(

3
2 + k

) .

(D22)

Using the expressions for un above and the fact that u2 =
−ν/3 cos a0, this equation directly provides the value of u1.

Although the expansion in Eq. (D18) was convenient to
solve the equation for v(θ ), powers of sin θ are not an or-
thonormal basis. We therefore now expand the velocity field
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FIG. 19. Example steady-state solutions from the continuum model. Solutions of the steady-state polarity field of the form p = sin a(θ )θ̂ +
cos a(θ )φ̂, where a(θ ) = a0 + a1 cos θ (1 + 1

2 sin2 θ ), for varying a0 and a1. The arrow color indicates the angle a(θ ). Inset: shapes of deformed
circles at positions on the sphere. The cell shape orientation β only breaks chiral symmetry when a0 �= 0 and a1 �= 0.

in Fourier modes,

v(θ ) =
∞∑

m=1

vm sin(mθ ). (D23)

The first Fourier mode corresponds to the solid body rotation.
Furthermore, the velocity field is symmetric with respect to
θ = π/2 so that even Fourier modes vanish. Therefore, the
third Fourier mode is the lowest mode that captures the effects
of finite viscosity on the flow field. In particular, we project
the velocity field to the first and third Fourier modes to find
corresponding coefficients

v1 = 2√
π

∞∑
k=0

u2k+1
�

(
3
2 + k

)
�(2 + k)

+ 2√
π

∞∑
k=1

u2k
�(1 + k)

�
(

3
2 + k

) ,

(D24)

v3 = − 2√
π

∞∑
k=0

u2k+1k
�

(
3
2 + k

)
�(3 + k)

− 2√
π

∞∑
k=1

u2k

(
k − 1

2

)
�(1 + k)

�
(

5
2 + k

) . (D25)

4. Polarity field at finite viscosity

We consider a truncated expansion of the velocity

v(θ ) = v1 sin θ + v3sin 3θ, (D26)

where v1 sin θ with v1 = �r describes solid body rotation
v = � × x, where x is the position vector. The perturba-
tion v3 sin 3θ is the lowest-order correction that is mirror-
symmetric with respect to the equator. The equation for the
polarity angle then reads

a′′ sin θ + a′ cos θ = rv3

2�
(3 cos 3θ sin θ − sin 3θ cos θ ).

(D27)
Note that the solid body rotation does not contribute because
it does not affect the polarity alignment. Integrating once, we
obtain

a′ = b0

sin θ
− rv3

�
sin3 θ, (D28)

where b0 is an integration constant. Finally, we have the gen-
eral solution

a = a0 + b0 log
1 − cos θ

1 + cos θ
+ rv3

�
cos θ

(
2

3
+ 1

3
sin2 θ

)
(D29)
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FIG. 20. Inferring displacement from experimental cell shape data. (a),(c) Mean and standard deviation cell strain for (a) sphere 1 (β ≈ 45◦)
and (c) sphere 2 (β ≈ 135◦), as shown in Fig. 5. (b),(d) Inferred displacement uφ against polar angle θ for (b) sphere 1 (β ≈ 45◦) and (d) sphere
2 (β ≈ 135◦).

with a second integration constant a0. We note that for b0 �= 0,
the angle diverges towards the poles. We exclude this solution
and set b0 = 0. Finally, we define a1 = (2rv3)/(3�) as the
corotational magnitude which is equal to the angle change
from the equator to the poles due to corotational effects. Thus,
our final steady-state polarity angle is given by

a = a0 + a1 cos θ
(
1 + 1

2 sin2 θ
)
. (D30)

For a0 �= 0, the polarity field is a chiral helix. In this case, the
two topological defects at θ = 0 and θ = π are different, with
∇ · p having opposite signs. Note that for a0 = 0 the system is
not chiral, and defects are symmetric. For rigid body rotation,
a1 = 0, and the polarity field becomes invariant under p(�r) →
−p(�r) up to global rotations of the sphere.

5. Cell deformation patterns

Traction forces acting on the organoid sphere, consisting of
friction and polarity forces ξv − Fp, induce in-plane elastic
strains. These elastic strains correspond to cell deformations
and are determined by the force balance of an elastic shell,

G�u + Ku = ∇P + ξv − Fp, (D31)

where G is the shear modulus, � is the Laplace-Beltrami
operator, P is the pressure determined by the incompressibil-
ity constraint, and K = r−2 is the Gaussian curvature which

arises because we are working on the surface of a sphere.
Note that Eq. (D15) follows from the (D31) in the steady state.
Namely, the gradient of velocity v due to cell rearrangements
is proportional to the in-plane stress, and therefore also to
gradients of u.

Using the steady-state polarity field and the solid body
rotation velocity field (v1 = 0), we determine the displace-
ment field u on the sphere’s surface. To obtain a tilt angle β

that reflects the cell elongation tilt angle, we determine the
tilt angle of the local shear strain field. The sphere rotates
like a solid body with angular velocity � = �ez determined
by torque balance between frictional forces and the polarity
forces,

0 =
∫

x × (ξv − Fp)dS. (D32)

To effectively solve these equations on a sphere, we de-
compose the polarity, displacement, and velocity fields into
vector spherical harmonics as

p =
∑
l,m

p(1)
lm 	lm + p(2)

lm 
lm, (D33)

u =
∑
l,m

u(1)
lm 	lm + u(2)

lm 
lm, (D34)

v =
∑
l,m

v
(1)
lm 	lm + v

(2)
lm 
lm, (D35)
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FIG. 21. Polarity pattern in an active vertex model with a switch in the dominant orientation angle. We analyzed the polarity pattern in
vertex model simulations with noise in the polarity dynamics. We find that, in contrast to simulations without noise, the peak in the distribution
of the cell orientation angle exhibits a switch between β ≈ 45◦ and β ≈ 135◦. We see a polarity pattern with two topological defects located
on the poles. However, the nature and positioning of these topological defects seem to change between the time windows with β ≈ 45◦ and
β ≈ 135◦. This is in good agreement with the predictions from our continuum model (see Fig. 5), although we see that the polarity pattern
in the vertex model is not entirely axisymmetric. To quantify the polarity pattern, we compute the angle between the polarity field and the
azimuthal direction of rotation pφ = cos−1(p · φ̂) as a function of polar angle θ . The simulations in this figure have parameters N = 200,
γ = 5, k = 10, F = 0.8, and D = 0.2.

and the pressure field into scalar spherical harmonics

P =
∑
l,m

PlmYlm. (D36)

Note that since we are considering axisymmetric solutions,
coefficients with m �= 0 vanish.

To determine the rotation rate, we consider the friction
contribution to the overall torque,

ξ

∫
x × vdS = ξ

∫
x × (ω × x)dS = 8π

3
ξωr4ez. (D37)

Next we calculate the contribution from cell polarity
force, using x × 	lm = r
lm and x × 
lm = −r	lm. Note
that terms involving 	lm do not contribute to torque. Next we
calculate∫

x × 
l0dS = −2
∫

r sin θ
∂Yl0

∂θ
dSez (D38)

using the substitution z = cos θ and the definition of Yl0 =√
2l+1
4π

Pl (cos θ ), where Pl (x) are the Legendre polynomials,
and the integral becomes∫

x × 
l0dS = 2πr3
∫ 1

−1
(1 − x2)P′

l (x)dx. (D39)

With the identities (1 − x2)P′
l (x) = lPl−1(x) − lxPl (x),

the orthogonality of the Legendre polynomials, and∫ 1
−1 Pl (x)Pk (x)dx = 2

2l+1δkl , we finally obtain∫
x × 
l0dS = 8π

3
r3ezδl,0. (D40)

Therefore, torque balance implies the rotation rate ω =
(F p(2)

1,0)/(ξr), and the velocity v = (F/ξ )p(2)
1,0
1,0.

Using the incompressibility condition, ∇ · u = 0, and
force balance, we find that the pressure satisfies

∇2P = ∇ · (ξv − Fp). (D41)

This implies that

Plm = −rF p(1)
lm + c, (D42)

where c is a constant. We find the displacement field spherical
harmonics u(1)

lm = 0, because of the incompressibility con-
straint.

The displacements modes u(2)
lm can be obtained from

1

r2
[1 − l (l + 1)]u(2)

lm = ξv
(2)
lm − F p(2)

lm , (D43)

where we have used ∇2�lm = − 1
r2 l (l + 1)φlm. We then find

u(2)
lm =

{
Fr2

G(l2+l−1) p(2)
lm if l �= 1 and m = 0,

0 otherwise.
(D44)

We use this displacement field to estimate corresponding pat-
terns of cell elongation.

For solid body rotation and a = a0, the resulting cell elon-
gation patterns are mirror symmetric, resulting in vanishing
order parameter |〈�β〉|. If we allow for cell rearrangements
that contribute to the perturbation v1 sin 3θ in the velocity
field, the symmetry is broken and the order parameter is non-
vanishing, indicating chirality of the cell elongation pattern.

6. Estimation of cell elongation orientation angles

We quantify the resulting cell elongation orientation pat-
terns using the elastic displacement field. Starting from small
circles, with area 4πr2/200, at different locations on the
sphere we deform these circles by applying the displacement
field u: Xi = xi + u(xi ), where xi are uniformly sampled
points on the initial circle, and Xi are their displaced posi-
tions. Circle size is chosen to represent the typical size of
cells in experiments and in vertex model simulations. This
defines a set of points xi that represent a circle. Finally,
we quantify the anisotropy of the deformed circles by fit-
ting ellipses. The long ellipse axis defines the tilt angle β

of elongation for each circle. To obtain a distribution of tilt
angles on the sphere, we place the circle center at latitudes
between θ = 0 and θ = π , using 1000 points. Addition-
ally, when taking a histogram, each angle θ contributes a
weight sin θ , which is proportional to the number of cells at
this latitude.
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FIG. 22. Cellular packing in the polar region of a rotating sphere. View onto the north pole of a rotating sphere labeled by Myh-14-GFP
(left panel). The pole is indicated by the white circle, the equator by the dashed line, and the sense of rotation is indicated by an arrow.
The cell elongation nematics are indicated by red bars (center panel). Coarse-grained representation of cell elongation nematics reveals a +1
topological defect charge near the pole (right panel). We analyzed the cell shape nematicity near the pole. The first panel shows the polar
projection of the sphere with the rotation direction as indicated. The middle panel shows the nematicity of cells that we calculate directly from
cell segmentation. (Note that nematicity for cells that are not segmented properly has been omitted.) Even though the field is rather noisy, by
coarse-graining the nematicity field (right panel), we can clearly see a +1 topological defect near the pole, with cell slants near the equator,
consistent with results from our continuum model.

APPENDIX E: INFERRING TRACTION FORCE
FROM CELL SHAPE

We infer the azimuthal traction force by analyzing cell
shapes as the tissue rotates, assuming that the surface of the
organoid behaves like the elastic shell described above, imply-
ing that a cell’s rest configuration is isotropic and it deforms

under traction stress. For a cell with aspect ratio a and tilt
angle β, we write the strain tensor as

ε(β ) = R(β )ε(0)R(β )−1, (E1)

where R(β ) is the 2D rotation matrix by angle β, and

ε(0) =
(√

a 0
0 1/

√
a

)
(E2)

is the strain tensor when aligned with the azimuth. The strain tensor reads

ε(β ) =
(√

a sin2 β + 1/
√

a cos2 β − 1 (
√

a − 1/
√

a) sin β cos β

(
√

a − 1/
√

a) sin β cos β
√

a cos2 β + 1/
√

a sin2 β − 1

)
, (E3)

where the first coordinates represent the θ components and the
second represent the φ components.

Next, for each experiment we obtain an average strain
tensor ε for each angle θ ; see Figs. 16(a) and 16(c). The φ

component uφ (θ ) of the displacement field can be obtained
using

εθφ = 1

r

(
∂uφ

∂θ
− cot θuφ

)
(E4)

and integrating, which results in

uφ = r sin θ

∫ θ

0

εθφ

sin θ ′ dθ ′. (E5)

Examples of the displacement field are shown in Figs. 20(b)
and 20(d). Through force balance in the φ direction, we obtain
the φ component of the traction force,

tφ = F pφ − ξvφ = 1

r
G

(
∂2uφ

∂θ2
+ cot θ

∂uφ

∂θ
− 1

sin2 θ
uφ

)
.

(E6)

This is performed numerically, and results are shown in
Figs. 5(j) and 5(k) in the main text.

APPENDIX F: STATISTICS FOR THE EXPERIMENTAL
REPLICATES

In Table I, we present the statistics for the experimental
replicates.

APPENDIX G: ADDITIONAL FIGURES

Figures 6–22 contain additional information documenting
the methods, showing more replicates or supporting the expla-
nations.

APPENDIX H: VIDEOS

The Supplemental Material (SM) [32] contains several
videos, the descriptions of which are as follows:

Video 1: Maximum intensity projection of a sphere show-
ing persistent rotation [Fig. 1(f),(i)]. Fluorescence intensity
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corresponds to membrane dye ROSAmTmG. Time stamp,
hh:mm.

Video 2: Maximum intensity projection of a sphere
showing no rotation [Fig. 1(f),(ii)]. Fluorescence intensity
corresponds to myosin. Time stamp, hh:mm.

Video 3: Maximum intensity projection of a
sphere showing rotation arrest [Fig. 1(g),(i)]. Fluores-
cence intensity corresponds to myosin. Time stamp,
hh:mm.

Video 4: Maximum intensity projection of a sphere show-
ing rotation axis drift [Fig. 1(g),(ii)]. Fluorescence intensity
corresponds to membrane dye ROSAmTmG. Time stamp,
hh:mm.

Video 5: Particle imaging velocimetry (PIV) performed on
three different projections: (i) Mercator projection (top); (ii)
“north” pole projection (bottom left); and (iii) “south” pole
projection (bottom right). See Appendix B 2 for the equa-

tions defining the mapping. Dotted white line corresponds
to θ = 90◦ (i.e., the “equator”). The projection is done with
respect to laboratory frame.

Video 6: Simulation of a sphere in the solid rotation
regime. A rotating sphere with aligned cell polarities. In this
case, the correlation length of polarities spans the whole sys-
tem size.

Video 7: Simulation of a sphere near the yielding transition.
Due to an interplay between traction force and the polarity
alignment mechanisms, patches of cells with aligned polari-
ties form, but their correlation length is less than the system
size. Hence, in this case, the rotation axis drifts as patches of
aligned polarity cells form and break apart.

Video 8: Simulation of a sphere in the flowing regime.
In this case, cell polarity-directed traction forces are uncor-
related. Therefore, randomly oriented traction forces lead to
continuous flow of cell rearrangements.
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traction yielding transition in epithelial tissues, Phys. Rev. Lett.
131, 188401 (2023).
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