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Chirality is an essential nature of biological systems. However, it remains obscure how the handedness at
the microscale is translated into chiral morphogenesis at the tissue level. Here, we investigate three-
dimensional (3D) tissue morphogenesis using an active fluid theory invoking chirality. We show that the
coordination of achiral and chiral stresses, arising from microscopic interactions and energy input of
individual cells, can engender the self-organization of 3D papillary and helical structures. The achiral active
stress drives the nucleation of asterlike topological defects, which initiate 3D out-of-plane budding,
followed by rodlike elongation. The chiral active stress excites vortexlike topological defects, which favor
the tip spheroidization and twisting of the elongated rod. These results unravel the chiral morphogenesis
observed in our experiments of 3D organoids generated by human embryonic stem cells.
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Understanding morphogenesis of organs and organisms
is central for developmental biology and has attracted
considerable attention since the 1900s [1]. In the morpho-
genetic process, cellular activity enables collective cell
motion and self-organization far beyond the individual
scale, leading to diverse architectures and patterns [2–7].
The framework of active matter theory provides an elegant
approach for addressing the morphodynamics emerging in
these nonequilibrium systems [8–15]. Through this frame-
work, a wealth of experimental observations including
morphological transition from two-dimensional (2D) to
three-dimensional (3D) [16,17] and defect-regulated mor-
phogenesis [18–20] have been reproduced. Despite these
exciting progresses, it remains incompletely understood
how the active interactions at the cellular scale mediate the
3D structure formation and pattern evolution at the tis-
sue level.
During early development, embryos undergo multiple

symmetry breaking processes to establish specific organs or
structures. For example, vertebrate embryos break left-right
symmetry during gastrula development, thus determining
the left and right axes of the body plane, which profoundly
affects the localization and development of internal organs
[4,21]. This process is found to be related to the chiral
rotation of the cilia of the pit cells [22,23]. A chiral rotation
of the cortex can also occur in the Xenopus embryo to
identify the dorsoventral region [24,25], which is crucial
for the embryo to achieve normal biological function. The
left-right symmetry breaking at the tissue scale may
associate with the chiral dynamics of cells. Although
individual cells are known to exhibit chirality [26–28],
depending on the intracellular actomyosin activity, the
long-range coordination of cell chirality is yet to be
explored. Recent studies have revealed many unique

functions and characteristics of collective chirality emerg-
ing in multicellular tissues, including coordinated rotation
[29,30], robust directional flow [31–33], and defect motion
regulation [34–36]. However, most studies were focused on
2D systems, and the understanding of 3D chiral morpho-
genesis is limited.
Motivated by morphogenesis of organoids derived from

human embryonic stem cells (hESCs), we explore the 3D
self-organization of collective cells by deploying the active
chiral fluid theory and simulations. We reveal that the chiral
interactions of cells can be translated to the tissue level,
forming 3D papillary and helical structures. We quantify
the morphological characteristics and show that the chiral
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FIG. 1. Experimental observation and theoretical model setup.
(a) 3D tissue morphogenesis in experiment of hESCs under
different induction. Papillary structure observed at day 7 (left),
helical structure observed at day 9 (right), and a morphological
schematic (middle) are shown. (b) Schematic of the boundary
settings in theory. (c),(d) Schematics of active stresses. The
ellipses represent cells, and the red arrows represent force dipoles
in (c) and moment dipole in (d).
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morphologies result from the trade-off between chiral and
achiral active stresses. Our results suggest a key role of
chirality transmission in tissue development.
We generated matrigel-coated circular micropatterns

with radius 200 μm on polydimethylsiloxane surfaces
using microcontact printing [37,38]. Then hESCs were
seeded on the 2D circular micropatterns. After attaching to
micropatterns, cells were treated with induction medium,
and 1 day later, hESCs formed 2D monolayer tissues on
micropatterns (see Supplemental Material (SM) [39] for
details). After 3 days, we observed that the 2D monolayer
tissue on micropatterns can spontaneously bud in the
vertical direction, followed by the bud elongation up to
forming a 3D organoid. These organoids first exhibit a
papillary architecture, with a swelling head and a thin
frenulum, and then the frenulum either remains straight or
undergoes twisting to form a helical structure under differ-
ent induction [Fig. 1(a)] (Movies S1 and S2). We next adopt
the active fluid theory to reproduce the experimentally
observed organoid morphogenesis and explore the regula-
tory factors.
We describe the relative concentration of active and

passive fluids by φ, where φ ¼ 1 represents the active tissue
and 0 denotes the passive surrounding environment.
Consistent with the experimental scenario, we set a cylin-
drical domain on the substrate, with φ ¼ 1 inside and φ ¼ 0
outside the domain [Figs. 1(b) and S1]. By setting such
Dirichlet boundary conditions for the cylindrical domain
[18], which enables the continuous transport of active fluids
from the cylindrical domain into the bulk, we can approx-
imately simulate tissue growth. Of note, the mass increase
introduced here is not exactly the same as that caused by cell
proliferation. The evolution of φ is governed by [20]

∂tφþ∇ · ðφvÞ ¼ MΔμ; ð1Þ
where v is the velocity of cells, and μ is the chemical
potential, dictated by the variation of the free energy F
through μ ¼ δF=δφ [39]; M denotes the diffusion coeffi-
cient. Because cells commonly display end to end asym-
metry in structure or protein distribution to some extent
[Fig. S2], we assume the active tissue to be polar [39,40].
The polarization of cells in the active tissue is described byp,
which obeys [41]

∂tpþ v · ∇p ¼ λE · pþ ω × pþ Γh; ð2Þ

whereE is the strain rate,ω is the vorticity, and λ denotes the
flow alignment coefficient, which controls the alignment of
cells with the flow.h ¼ −δF=δp is themolecular field andΓ
is the rotational diffusivity coefficient. We set the cellular
polarization direction at the boundary toward the center of
the circular domain, which has been verified by our
experimental observation [Fig. S3] and previous experi-
ments [39,42,43]. The nonequilibrium interactions be-
tween cells can generate active motion, which leads to

morphogenesis and dynamic adjustment of polarization
direction.We deploy the Navier-Stokes equation to describe
the collective motion of cells,

ρð∂tv þ v · ∇vÞ ¼ −∇pþ ηΔv þ∇ · ðσp þ σa þ σcÞ; ð3Þ

where ρ is the density, assumed to be constant, which
requires ∇ · v ¼ 0; η is viscosity, and p is the pressure. The
passive stress σp consists of surface tension and elastic stress
due to polar elasticity [39,41,44,45]. σa and σc denote the
achiral and chiral active stresses that characterize non-
equilibrium interactions between cells, respectively. The
achiral stress describes the active intercellular force transfer
mediated by E-cadherin [46–48], that is, the force dipole
outward along the long axis of the cell [Fig. 1(c)]. Its coarse-
grained description is expressed as σa ¼ −ζaðpp − jpj2I=3Þ
[18,41], where ζa is the achiral activity coefficient and I is a
unit tensor. The chiral stress describes the torque dipole
between cells [49,50], which causes the interacting cells to
counter-rotate [Fig. 1(d)]. Its coarse-grained description is
expressed as σc ¼ −ζc∇ × ðppÞ [51,52], where ζc is the
chiral activity coefficient. The sign of the chiral stress
determines whether the system is clockwise (ζc > 0) or
counterclockwise (ζc < 0). Here, we ignore the chiral
contribution resulting from the spin of the cell around the
direction p [51,52] because the generation of the net angular
momentum has been neglected at the microscopic level.
To explore the influence of achiral and chiral active

stresses on morphogenesis, Eqs. (1)–(3) are numerically
solved by using a hybrid lattice Boltzmann method [51,53–
55]. The emerging morphologies under different achiral
and chiral activity are illustrated in a diagram [Fig. 2]. With
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FIG. 2. Morphological diagram as the function of achiral and
chiral activity (ζa, ζc). Each snapshot is taken at t ¼ 10000.
Green and orange box denotes the simulated papillary and helical
structures, respectively.
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a low achiral stress, only shallow humps can be formed
(Movies S3–S5), as routinely observed in experiments of
C2C12 cells [42,43]. The increased achiral stress can
trigger out-of-plane budding and subsequent bud elonga-
tion, leading to a rod-shaped tentacle. The formation of rod-
shaped tentacles also occurs in Hydra development [56,57]
and self-organization of myoblasts [43]. Intriguingly, we
find that under appropriate chiral stress levels, the tip of the
rod-shaped tentacle will locally develop a spheroid, yield-
ing a papillary structure with a frenulum connecting the
spheroid and the bottom structure. Recent work showed
that the mammary gland organoids can undergo the similar
expansion at the tip to form spherical alveoli [58].
Nevertheless, the mechanisms behind them are different,
since the mammary alveoli are primarily sculpted by the
competition of inner pressure and surrounding collagen
matrix, which are absent in our system. In addition, for a
low chiral stress, the frenulum of the papillary structures is
straight, while increased chirality results in twisting in the
frenulum, forming a helical structure. Both papillary and
helical structures were observed in our experiments under
different induction conditions [Fig. 1(a)]. Besides, the
appropriate size of the substrate confinement is also crucial
for morphogenesis, whereas the influence of viscosity is
relatively weak [Figs. S4 and S5] [39].
We next examine the salient features of the two self-

organized structures by tracking their formation processes
in simulations [Figs. 3(a) and 3(b)]. Under a relatively low
chiral stress (ζc > 0), the achiral activity drives the living
active matter to undergo a cascade of morphological
transitions from a 2D layer to a tapered hump, then to a

rod-shaped tentacle, and to a papillary structure with a
spheroidal head at the top, while the emerging structures
maintain an elongated configuration [Fig. 3(a)] (Movie S6).
At intermediate chiral activity, however, the formed rod-
shaped tentacle is likely to break the axial symmetry to
yield a 3D spiral structure [Fig. 3(b)] (Movie S7). To better
illustrate the handedness of the spiral structure, the central
helical axis r0 ¼ ðx0; y0; z0Þ is identified and the phase
angle of the axis is calculated by arc tan 2ð−Δx0;Δy0Þ, as
shown in Fig. 3(c), where Δ means difference operation
along the central helical axis. The phase angle gradually
decreases from the tentacle bottom to the top, exhibiting a
clockwise (or counterclockwise if ζc < 0) torsion without
reversal, consistent with the handedness of the prescribed
chiral activity. This indicates that the chiral active stress
behaves like two opposite torques applied to the upper and
lower ends of the frenulum to create a clockwise helix. The
polarization field p is nonuniform in the vertical direction
and displays local distortion [Figs. 3(d) and 3(e)]. The
continuous injection of active matter enables the emerging
structures to grow constantly, instead of maintaining a
steady configuration.
We explore the mechanisms underlying morphogenesis

of 3D papillary and helical structures. Three states are
focused on, namely, (i) out-of-plane budding at the initial
stage, (ii) spheroidization at the top, and (iii) spiralization at
the middle frenulum [Fig. 4(a)]. We calculate the active
forces Fa ¼ ∇ · σa and Fc ¼ ∇ · σc to analyze their influ-
ence on the structure formation. At the initial stage [state
(i)], the polarized cells at the substrate spontaneously
nucleate an asterlike þ1 topological defect (green circle),
where a vertically aligned core forms in the center,
subsequently, inducing budding growth in the third dimen-
sion. The defect may remain stable under appropriate
activity only [Fig. S6]. This self-organized structure has
been proved to be essential for the 3D transformation of
tissues [18,42,43,59,60]. Such asterlike þ1 defect is
responsible for the budding, whereas contributes little to
the subsequent complex morphogenesis. Two active forces
Fa and Fc are vertically upward in the center, indicating that
they both drive budding and elongating, but the former
dominates [Fig. 4(b); Fig. S7] (Movie S8) [39].
At the tip of the bud (orange circle), the polarization

direction is basically vertical, see state (i) in Fig. 4(a). Yet,
this vertical state is unstable because the interaction of
torque dipoles between cells, described by chiral active
stress, can push neighboring cells to rotate and then
produce local twisting [49,51,52,61]. It may lead to two
outcomes. On the one hand, it causes the polarized cells to
twist from the vertical direction into the plane, generating a
counterclockwise vortexlike þ1 topological defect. We
evaluate Fa in the polar coordinates and find that its radial
component Fr is much larger than the circumferential one
Fθ [Fig. 4(c)] (Movie S8), which indicates that Fa is
radially outward and thus able to drive the local expansion
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FIG. 3. Morphological features of two typical structures.
(a) The snapshots of papillary structure formation when
ζa ¼ ζc ¼ 0.006. The red curve is the central axis. (b) Snapshots
of the helical structure formation when ζa ¼ 0.008 and
ζc ¼ 0.009. In (a) and (b), the time points are t ¼ 2000, 4000,
6000, and 9000, respectively. (c) The central axis during the
helical structure formation corresponding to (b). (d),(e) Polari-
zation fields p corresponding to (a) and (b). The arrows show the
direction of p, and the color denotes the magnitude of the z
component pz of p.
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at the bud tip, inducing the spheroidization in state
(ii) [Fig. 4(a)]. For Fc, the larger circumferential component
Fθ compared with the radial one indicates that the dis-
tribution of Fc is rotating spiral (clockwise). Interestingly,
our simulation shows that cells at the distal end may
undergo collective rotation driven by Fc during spheroid-
ization [Fig. S8] (Movies S9 and S10) [39] and thus exhibit
dynamical chirality, although this state displays overall
axisymmetrical geometry. Similar collective rotation was
also observed in the self-organization of myoblasts [43]
and during alveologenesis of human mammary gland
organoids [58].
On the other hand, the twisting results in the torsion of

units between the different layers in the vertical direction,
which leads to state (iii) in Fig. 4(a). By calculating the
active forces in each layer, we find that their x (y)
components synchronize with the phase of the central axis
x0 (y0), regardless of whether they are achiral or chiral
[Figs. 4(d) and 4(e)] (Movie S11). This indicates that Fa
and Fc point outward along the radial direction of the helix,
which induces corresponding velocity field [Fig. S9] [39],
thus driving the formation of the helical structure.
We quantify morphological traits of the emerging struc-

tures and probe how physical parameters regulate them. We
first characterize the evolution of the radius of the tip
spheroid (R) and the helical angle α over time [Fig. S10]
[39]. During the structure formation, R gradually increases,
while α gradually decreases from 90° over time and finally
reaches a saturate helical angle, which reflects the ultimate
degree of spiralization. We focus on the magnitude of α and
the growth rate Ṙ.

We draw Ṙ under different activity strength ζa and ζc,
and find that increasing ζa and ζc can significantly promote
the growth of R [Fig. 5(a)]. This indicates that the formation
of the tip spheroid requires sufficient achiral and chiral
active stresses. We find that under different ζc, the growth
rate Ṙ as a function of ζa almost collapses to ðζa − ζa0Þ0.62
[Fig. 5(b)], where the fitting parameter ζa0 corresponds to
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the required achiral activity driving bud growth. If the tip
spheroid undergoes isotropic growth, driven by the achiral
activity, the growth rate of its radius will be proportional to
ζa − ζa0. However, our simulations show that the expo-
nential of the scaling law (0.62) is less than 1, revealing
anisotropic growth in the simulated spheroid. Such a
behavior may be attributed to the vortexlike polarization
field that displays nonspherical symmetry.
Increasing ζa and ζc can significantly promote spiraliza-

tion (decreasing helix angle α) of the tentacle [Fig. 5(c)].
Under different achiral strength ζa, the helix angle α
exhibits distinct trends with respect to ζc [Fig. 5(d)].
There exists a critical chiral activity ζ�c, beyond which
the cylindrical frenulum begins to spiralize. The ζ�c for
triggering such spiralization can be significantly reduced by
increasing ζa. This reveals that the achiral active stress
contributes to overcoming the energy barrier for morpho-
logical distortion to initiate subsequent spiralization. After
spiralization starts, however, the resistance of the rod-
shaped tentacle to twisting, referred to as torsion stiffness,
displays less dependence on the achiral active stress, as
revealed by the almost constant slope of αwith respect to ζc
in this stage. It indicates that the torsion stiffness of the self-
organized tentacle is intrinsic and insensitive to achiral
activity. Our experimental measurement shows Ṙ ¼
0.511� 0.246 μm=h and α ¼ 0.883� 0.113 (n ¼ 8),
which is consistent with the ranges of the growth rate
0–0.706 μm=h and the helix angle 0.870–1.571 predicted
by our theory.
In summary, we have theoretically explored 3D chiral

morphogenesis of soft tissues. We demonstrate that the
cellular level handedness can be translated to tissue level to
generate papillary and helical structures, which have been
observed in experiments of ours and other groups [42,43].
The chirality transmission and the emerging 3D morpho-
dynamics are revealed to be governed by the coordination
between the chiral and achiral active stresses. Although
described phenomenologically in our theory, these active
stresses naturally result from the molecular configurations,
cytoskeleton arrangements, intracellular flows, and inter-
cellular adhesion [26–29]. Our work highlights the essen-
tial role of mechanical forces in sculpting living tissues.
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