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Self-organization and shape change by active polarization in nematic droplets
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Active forces drive critical biological processes such as spontaneous organization and shape change during cell
division. Here, we present a minimal hydrodynamic model leading to a unified description of self-organization
and division in nematic droplets through active polarity sorting of cytoskeletal filaments by molecular motors.
We find that motors self-organize within droplets while structuring filaments into polarized aster defects. At large
activity, motors deform droplets leading to multidroplet chains and droplet division, consistent with experiments
on actomyosin tactoids. We predict droplet steady-state phase diagrams that inform programmable shape changes

in confined soft materials.
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I. INTRODUCTION

Active mechanical forces enable biological cells, to move,
change shape, organize components, and divide. Subcellular
cytoskeletal assemblies, comprising polar filaments (such as
actin) and molecular motors (such as myosin) that transduce
biochemical reactions to generate active mechanical forces,
drive these processes [1]. Understanding the general physical
principles of living matter provides insight into cell biology,
and also guides the engineering of artificial cells and systems
that exhibit spatiotemporal organization of components and
spontaneous shape change [2]. Experiments on cytoskeletal
extracts capture elements of cell biological phenomena with
only a fraction of the biochemical complexity occurring in
vivo, and exhibit a rich array of collective phenomena [3-5]
described by active matter theory [6].

Spatiotemporal organization in cells can be achieved
through phase separation into droplets which typically lack
order and activity [7]. In contrast, cytoskeletal filaments can
form phase-separated droplets with orientational order [8].
This nematic order confers an equilibrium spindle shape to
these droplets [9], known as tactoids, which arises from a
competition of droplet surface tension, filament alignment at
the interface, and nematic elasticity [10,11]. When confined to
a droplet, active forces can drive nonequilibrium biomimetic
phenomena such as droplet shape change [12-16], and motil-
ity [17,18] with dynamics governed by the geometry of the
confining droplet [19]. Cytoskeletal systems can form active
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nematic states characterized by large-scale flows and chaotic
dynamics, but these can be transient since motors eventually
cluster causing localized stresses [20]. At steady state, the
directed “walking” of motors on filaments, along with motor-
based filament crosslinking, can lead to polar order, where
filaments point in the same direction in local regions. Such
polar active states, including their defect structures such as
asters and vortices [21], are fruitfully described by hydrody-
namic theories for bulk systems [22-28].

In recent experiments, myosin motors were shown to self-
organize at the midplane of actin-based nematic droplets [29].
When sufficiently active, motors deform the droplet, even
splitting it into two. A simple free energy-based model con-
sidering only the mutual alignment of the filaments and motor
clusters was invoked to capture these key behaviors, but relied
on arguments specific to the shape and arrangement of the
droplet components [8]. To develop a more general mecha-
nism, we now consider if these dynamics can be driven by
active mechanical forces, specifically the directed sliding of
filaments by motors leading to their sorting by polarity [1].

In this paper, we combine continuum modeling for the
phase separation of equilibrium nematic droplets with an
active polar model describing how motors move and slide
filaments. Using numerical simulations, complemented by
theoretical analysis, we show that the resulting motor-filament
self-organization destabilizes droplets. This gives rise to a rich
array of experimentally observed shapes including deformed,
divided, and multidroplet chains that can be generated through
tuning motor activity.

II. ONE-DIMENSIONAL POLARITY SORTING MODEL

We first examine a simplified one-dimensional (1D) setup
of motors interacting with filaments, as sketched in Fig. 1(a).
Here, red lines depict actin filaments, blue circles show
myosin II motors (which occur in experiments as polymerized
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FIG. 1. Illustration of steps in the active polarity-sorting model.
(a) Motors “walk” towards barbed ends of filaments which they slide
in the opposite direction as a result of momentum conservation.
(b) Polarization and (c) motor density at steady state as a function of
position in a one-dimensional model that shows motor localization
to center of the bundle by polarity sorting. (d) In the 2D nematic
droplet model, the filaments are initially oriented along the long axis
without any polarity preference. Motors bind to filaments and advect
them according to their polarity. (e) At steady state, motors gather at
the droplet midplane and sort filaments into an aster that deforms the
droplet..

minifilaments [30]), while black arrows indicate the direction
of motion. This scenario arises in contractile actin bun-
dles [31,32] and along the local director in a two-dimensional
(2D) nematic. Since motors walk towards specific ends of the
polar filament, we consider a density of left and right pointing
filaments, denoted by n, and n_, respectively. Momentum
balance for the motor-filament system requires that a right
(left) pointing filament is pushed to the right (left) by the
motor as the motor moves in the other direction along the
polar filament. The active motion of motors of density m thus
gives rise to fluxes of right and left pointing filaments that can
be expressed as J; = ¢nym and J_ = —{n_m, respectively.
¢ is proportional to the sliding velocity of filaments. The net
flux of motors is written as —vy(ny — n_)m, where vy is the
self-propulsion velocity of motors and vy/¢ depends on the
relative drag, and therefore sizes, of the motor minifilaments
and actin filaments.

Including the diffusion of filaments and motors with coeffi-
cients D and D,,, respectively, the flux conservation equations
in terms of filament density p = ny 4+ n_ and the 1D polar-
ization p = (ny — n_)/po of filaments, where py = (p) is the
average density, gives

dp = DB} p — £ pody(pm), (1)
3 p =D p—¢/podi(pm), )
dm = Dy d*m + vod, (mp). 3)

The steady-state solution of Egs. (2) and (3) [see Supple-
mental Material (SM) [33] Sec. S1], is the one-dimensional
equivalent of an aster, where the populations of right (left)
pointing filaments are completely sorted to the right (left) of
the aster, and is shown in Figs. 1(b) and 1(c). In this minimal
model, we do not yet consider the role of myosin motors as
active crosslinkers which is the main source of filament flux in

related systems [34]. This makes the proposed mechanism for
motor movements clearer and is justified in our experimental
system since the myosin minifilaments are large and can drive
individual short actin filaments (see SM Sec. S1). We do
include the effect of motor-based crosslinking phenomeno-
logically in the 2D hydrodynamic model we present next. The
simple 1D model reproduces the key experimental observation
that motors migrate to the center of the droplet, and predicts
that they induce strong polarity sorting.

III. TWO-DIMENSIONAL NEMATIC DROPLET
WITH MOTOR-INDUCED POLARIZATION

To explore this prediction of active polarity sorting in ne-
matic droplets and its implications for the droplet shape, we
build a more realistic hydrodynamic description for a suspen-
sion of filaments and motors. In contrast with a thin fluid film,
the filaments here aggregate into droplets with free interfaces
that separate the high-density nematic from the low-density
isotropic phases, depicted in Fig. 1(d). This is conveniently
described by a nondimensional “phase field” corresponding
to filament density v, where ¥ > 0 (¢ < 0) describes the
interior (exterior) of the droplet. Filaments in the high-density
droplet interior align in orientation, described by the 2D ne-
matic order parameter Q;;. These two ingredients result in
nematic droplets with a tactoid shape at equilibrium [35]. The
active motion of filaments and polarity sorting induced by
motors results in a net polarization within the droplet. Gener-
alizing Egs. (1)—(3) to 2D, and observing the usual principles
of conservation and symmetry [6], we obtain the dynamical
equations (see SM Sec. S2),

dm = Dy, V2m + vV - (mp) + kon W O(W) — ko, (4)

J6F
=TV =V - np), 5)
0=~V — ¢, Vm— T,k ©)

dp
0,0 = —To-L_. ™
50,

Equations (4) and (5) describe the conservation of mo-
tors and filaments, respectively, and include both active and
passive fluxes on the right side. The motor flux includes dif-
fusion in the first term, and active motion with a propulsion
velocity vy in the second. Additionally, we include binding-
unbinding kinetics for the motors [third and fourth terms in
Eq. (4)], where motors bind with rate k,, wherever filaments
exist [expressed by 6(¢), the Heaviside step function] from
a “reservoir” of free motors in the solution, and unbind with
rate ko, but are not restricted to diffuse within the droplet.
Equation (5) includes a flux created by a free energy F of
interfilament interactions [full form given below in Eq. (8)] as
well as an active flux induced by motors advecting filaments
along their polarity. Equation (6) describes the induction of
polarization by torques caused by gradients in motor and fila-
ment density, and its relaxation through rotational diffusion.
The I' coefficients represent inverse dissipative timescales.
In the framework of the Toner-Tu theory of polar active flu-
ids [36], where p is both an orientational order parameter
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and a fluid velocity, the —{, V¢ term gives the gradient of
pressure, and —¢, Vm is the gradient of an active stress created
by motors [37]. Similar terms arise in the theory of chemo-
tactic colloids [38] and equilibrium polar liquid crystals [39],
where a chemical concentration can guide polarization. Mi-
croscopically, the ¢, term captures the preferred orientation
of filaments towards motor-rich regions via the binding and
crosslinking by motors, while ¢ originates from the sliding of
individual filaments by motors. Note that the ¢ specifies both
polarization and active flux in the one-dimensional model,
whereas the ¢, term arises in the two-dimensional model
because of the additional orientational degree of freedom. The
parameters vo, ¢, and ¢, then all arise from motor activity
but depend differently on the size and crosslinking properties
of the motor cluster. In Eq. (7), the equilibrium interactions
dominate over any realignment of the nematic by fluid flows
which are damped out.

The equilibrium dynamics assume a coupled phase tran-
sition in ¢ and nematic order @, and a relaxation of p.
These are minimally described by a total free energy adapted
from a coarse-grained phase field model for lyotropic liquid
crystals [40],

szdzx(f¢+fp+fg+fim), (82)
e e Bgyp
fo==5 00+ U+ SV (8b)
_ %y Boa g 0
fp—2|p|+2|p|+2(V p), (8c)
o B K
fo =705+ T Q50 + - Qi) (8d)

C
fin = QLYW = 1) + A 0;0;) — QQupipj. (80)

Equation (8b) gives the standard Cahn-Hilliard model for
phase-separating droplets. Ignoring corrections for curved in-
terfaces [41], the droplet surface tension (“line tension” in

2D)isy = @ [42]. Equation (8c) includes two relaxation
terms, oy, B, > 0 (corresponding to a lack of spontaneous po-
lar order) and an elasticity «,. Equation (8d) is the Landau—de
Gennes free energy for the nematic order Q;; with elasticity
ko. The equilibrium couplings between fields are written in
Eq. (8e). The three terms correspond to, respectively, the
density-driven isotropic-nematic transition that induces ne-
matic order within the droplet, a “weak anchoring” that aligns
the nematic parallel to the droplet interface (A > 0), and an
alignment of the polarization with the nematic order (2 > 0).
Overall, this model recapitulates the key elements of nematic
phase separation of the filaments and their coupling with

motor activity.

IV. RESULTS

We now employ numerical simulations to explore the
consequences of motor activity on the dynamics and mor-
phology of phase-separating nematic droplets. Starting from
an initially circular droplet of radius R, we integrate
Eqgs. (4)—(7) until a nonequilibrium steady state is reached (see
SM Sec. S2). Figure 2 presents typical simulation results. Our
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FIG. 2. (a) and (b) A representative numerical steady-state so-
Iution of our active droplet model. (a) The red gradient indicates
the density ¥ and the white lines indicate the nematic director
field. (b) The blue gradient, black arrows, and the red line indicate
the motor concentration, the polarization direction, and the droplet
boundary, respectively. (c) Time series for different droplet types
observed in our simulations: (c1) single tactoid with centering aster;
(c2) two connected tactoids with centering aster; (c3) three connected
tactoids with two asters; (c4) fully divided droplet. The number in
each snapshot shows the simulation time.

model is a general description of the active motor-induced
forces within a droplet of cytoskeletal filaments and is not
meant to capture all the details of equilibrium shape of the
three-dimensional (3D) experimental actomyosin tactoids of
Ref. [29]. Model parameter choices are then made (see SM
Tables S2 and S3) to get the characteristic tactoid shapes as
a proof of concept. We obtain an elongated droplet with the
nematic aligned along its long axis, as shown by the density
and nematic director plots for a typical case in Fig. 2(a).
The motor density accumulates at the core of the aster and
induces an outward polarization as shown in Fig. 2(b). We first
explore the interplay between motor-generated active forces,
which tend to distort the equilibrium structure, and surface
tension which resists such deformation. To this aim, we per-
form simulations with varying motor-induced polarization ¢,
relative to the surface tension y. The resulting time sequences
of the observed droplet shapes, starting from an unpolarized
droplet, are shown in Fig. 2(c). When ¢, is low compared to
surface tension, Fig. 2(c1), motors localize towards the center
to form an aster, which only slightly polarizes and deforms the
droplet. At intermediate ¢, [Fig. 2(c2)], motors localize more
strongly, resulting in a stronger elongation and the appearance
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FIG. 3. (a) Nonequilibrium phase diagram from our simulations for varying surface tension y and active stress ¢, while keeping ¢ = 1.5
fixed. (b)—(e) Different steady-state shapes observed in our simulations and related experimental images (see SM Sec. S3 and Ref. [29] for
details) of actomyosin tactoids (myosin motors in white, actin in red, scale bars 5 um). For the simulation results (b)—(e) (top) the color code
is the motor concentration ¢, black arrows are the polarization p, and the red contour shows the shape of the droplet. We classify the droplet
shapes as follows: (b) single tactoid with a centering aster; (c) two tactoids with one aster; (d) three connected tactoids with two asters; (e) fully
divided droplet. (f) Critical motor concentration for the transition from one to two asters as a function of initial droplet size. (g) Nonequilibrium
phase diagram showing the different steady states observed in our simulations for varying active flux ¢ and surface tension y with ¢, = 12.5

fixed.

of a constriction of the droplet around the midplane between
strongly polarized lobes. Increasing the ¢, further can lead to
two distinct scenarios: In Fig. 2(c3), the aster divides and a
third, central lobe with strong polarity gradient emerges be-
tween two constrictions. In Fig. 2(c4), finally, ¢, is sufficiently
strong to induce full division of the initial droplet into two
polarized daughter droplets. The short-time dynamics of this
model thus reproduces the motor centering, aster formation,
and polarity sorting features of the 1D model (Fig. 1), while
at longer times a complex diversity of morphologies emerges
from the interplay between surface tension and motor activity.

To rationalize this rich phenomenology, we build a mor-
phological phase diagram in Fig. 3(a) in £,-y while keeping
other parameters constant. Each distinct steady-state struc-
ture is shown in Figs. 3(b)-3(e) (top). Interestingly, each of
these morphologies corresponds to experimentally observed
shapes in actomyosin droplets (see SM Sec. S3), as shown in
Figs. 3(b)-3(e) (bottom). Confirming the qualitative findings
described in Fig. 2(c), at medium to high surface tension and
low ¢,, we find motors form asters in the midplane of the
undeformed droplet (blue stars), whereas higher ¢, increases
the influence of the centered aster on droplet shape, deforming
it into two lobes (orange circles). This is consistent with the
experimental observation that motors always localize to a
droplet midplane, but only deform the droplet when there are
more active motors [29]. Qualitatively, the motors at the aster
core splay the filaments, which are anchored to the interface,
ultimately resulting in an inward deformation of the inter-
face. By balancing the effective free energy of motor-induced
splay [43] against surface tension (see SM Sec. S4), we obtain

a criterion for droplet deformation, ¢, ~ y, consistent with
the phase boundary in Fig. 3(a).

By further increasing ¢, and lowering surface tension,
we find droplets with two asters which deform them into
three connected tactoids [Fig. 3(d), green triangles]. Impor-
tantly, we also find experimental realizations of such multiply
deformed, equilobed structures, shown in Fig. 3(d), bottom
panel. Such “strings of tactoids” connected by multiple motor
clusters are evocative of fibers with periodic contractile units
such as in muscle or anomalous, multipolar biological spin-
dles [44].

Multiaster states such as aster lattices are a generic fea-
ture of bulk active polar fluids [24,28], but here, we analyze
their occurrence within droplets. To explore the aster-forming
instability arising from the feedback between motor flux and
motor-induced polarization in Eqgs. (4) and (6), we perform
a linear stability analysis to identify a characteristic aster
spacing (see SM Sec. S5). We find in Fig. 3(f) that the critical
motor concentration for transition from one to two asters
decreases with initial droplet size, consistent with a predicted
scaling of mg ~ 1/ lj. At even higher ¢, and lower y, we find
aregion of the phase diagram in Fig. 3(a) where the droplet is
fully divided (purple diamonds). We also find that the phase
diagram is sensitive to droplet size, larger droplets being more
unstable (see SM Sec. S7).

To see how droplet division can be enhanced, we now ex-
plore another shape instability in our model Eq. (5), whereby
an active density flux ¢ pushes filaments away from the aster.
By varying ¢ and y, while keeping ¢, (=12.5) fixed, we obtain
the phase diagram in Fig. 3(g), which shows undeformed
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single droplets (blue stars), deformed droplets (orange cir-
cles), three connected droplets (green triangles), and fully
divided droplets (purple diamonds). The effect of the filament
flux on droplet shape can be captured by an effective free-
energy argument (see SM Sec. S6), yielding a criterion for
division (¢ ~ y) consistent with simulations.

V. CONCLUSIONS

We build a minimal theoretical model for motor-filament
droplets which captures four different shapes, and show them
experimentally in the actomyosin tactoids. We predict a phase
diagram of droplet shapes based on motor activity and droplet
mechanical energy, and find that larger droplets are more un-
stable, which indicates a size selection. While motor activity
and droplet size have not been systematically varied in current
experiments, the model provides predicted dependencies that
can be tested in future experiments. Unlike other theoreti-
cally proposed active droplet division mechanisms, the shape
changes we predict do not require fluxes of chemical reac-
tants [13], fluid flows and defect dynamics [12], or chaotic
instabilities [45] that arise in active nematic morphodynam-
ics [46]. Instead, we find the emergence of local polar order
within a nematic and the resulting spatial localization of activ-
ity crucial to capture the shape changes. In addition to in vitro

cytoskeletal spindles, our results also have implications for the
physical principles behind cell division and the organization
of the biological spindle [47-49]. We expect our work to
inform strategies to use the localization of active agents to
achieve programmable shape changes in materials [50] and
synthetic cells.
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