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Active nematic liquid crystals have the remarkable ability to spontaneously deform and flow in the
absence of any external driving force. While living materials with orientational order, such as the mitotic
spindle, can self-assemble in quiescent active phases, reconstituted active systems often display chaotic,
periodic, or circulating flows under confinement. Quiescent in vitro active nematics are, therefore, quite
rare, despite the prediction from active hydrodynamic theory that confinement between two parallel plates
can suppress flows. This spontaneous flow transition—named the active Fréedericksz transition by analogy
with the conventional Fréedericksz transition in passive nematic liquid crystals under a magnetic field—has
been a cornerstone of the field of active matter. Here, we report experimental evidence that confinement in
spherical droplets can stabilize the otherwise chaotic dynamics of a 3D extensile active nematics, giving
rise to a quiescent—ryet still out-of-equilibrium—nematic liquid crystal. The active nematics spontaneously
flow when confined in larger droplets. The composite nature of our model system composed of extensile
bundles of microtubules and molecular motors dispersed in a passive colloidal liquid crystal allows us to
demonstrate how the interplay of activity, nematic elasticity, and confinement impacts the spontaneous flow
transition. The critical diameter increases when motor concentration decreases or nematic elasticity
increases. Experiments and simulations also demonstrate that the critical confinement depends on the
confining geometry, with the critical diameter in droplets being larger than the critical width in channels.
Biochemical assays reveal that neither confinement nor nematic elasticity impacts the energy-consumption
rate, confirming that the quiescent active phase is the stable out-of-equilibrium phase predicted
theoretically. Further experiments in dense arrays of monodisperse droplets show that fluctuations in
the droplet composition can smooth the flow transition close to the critical diameter. In conclusion, our
work provides experimental validation of the active Fréedericksz transition in 3D active nematics, with

potential applications in human health, ecology, and soft robotics.

DOI: 10.1103/PhysRevX.14.041002

I. INTRODUCTION

Active nematics are dense suspensions of motile and
locally aligned rodlike units [1-3]. This class of material
includes diverse synthetic and biological systems, includ-
ing vibrated granular rods [4], multicellular tissues [5-7],
bacterial biofilms [8—11], and the mitotic spindle [12],
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a dense suspension of biopolymers called microtubules
driven out of equilibrium by motor proteins. Unconfined,
active nematics are intrinsically unstable [13]: Active
stresses generated by the constitutive energy-consuming
mesogens drive the spontaneous growth of long-
wavelength deformations and the nucleation of topological
defects at any nonzero activity. When confined between
two parallel plates, active nematics cannot deform freely
anymore because boundaries impose constraints on hydro-
dynamic flows [14—17]. Consequently, active stresses must
overcome both nematic elastic relaxation and viscous
dissipation to spontaneously deform the confined nematic
phase. Above that critical activity, self-amplifying defor-
mations with a finite wavelength destroy the long-range
nematic order [16,17], leading to various flowing states,
including chaotic flows at high activity [18].

The activity-dependent bifurcation between a quiescent
homogeneously aligned active phase and a spontaneously

Published by the American Physical Society
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flowing and nonhomogeneously aligned active phase is
called the active Fréedericksz transition [14,15,19] by
analogy with the conventional Fréedericksz transition in
passive liquid crystals [20,21]. First observed in 1927, the
passive Fréedericksz transition is triggered when a suffi-
ciently strong electric or magnetic field is applied in a
direction orthogonal to the nematic director of a liquid
crystal confined between two parallel plates. At low values
of applied field strength, the nematic remains orthogonal to
the external field. Above a critical field strength, the
nematic director aligns with the field. The critical field
magnitude depends on the nematic elasticity of the liquid
crystal and on confinement. Both the active and the passive
Fréedericksz transitions describe a bifurcation from a
homogeneous to a nonhomogeneous alignment. Two main
differences are that (i) the active transition is driven by
internally generated active stress rather than by an external
field, and (ii) the resultant distorted active phase sponta-
neously flows. The impact of the passive Fréedericksz
transition was transformative for the field of liquid
crystals. It enabled electro-optic switching control, lead-
ing to modern LCD technology. Similarly, harnessing the
active Fréedericksz transition in confined active nematics
will open the road to diverse engineering applications for
low-Reynolds active fluids that require controlling active
flows. A better understanding of the physical mechanisms
at play in the collective movements of active mesogens
could also have biomedical and ecological applications,
including preventing the migration of sarcoma cells from
primary tumors [15] or the spreading and growth of
bacterial biofilms [8—11], two well-characterized exam-
ples of active nematics.

Confinement is known to transform the inherently
chaotic dynamics of active fluids with orientational order.
For example, confinement in three-dimensional annular
channels can convert chaotic flows into long-ranged
coherent flows [22-27]. In two-dimensional active nem-
atics, confinement in disks and tracks also demonstrates
how to tame chaotic flows to produce either circulating
[28], periodically self-shearing [29], or other periodic flow
patterns [30-33]. However, these experimental achieve-
ments do not directly test the theoretical predictions of the
active Fréedericksz transition between a spontaneously
flowing and a quiescent state. They instead validate another
theoretically predicted transition between two flowing
states, from chaotic to laminar flow. To date, to our
knowledge, there has been no experimental evidence that
confinement can stabilize an extensile active nematic
phase, suppressing all unstable modes to give rise to a
quiescent—yet still out-of-equilibrium—nematic liquid
crystal. Furthermore, the impact of curved confining
geometries on the Fréedericksz transition has been under-
explored despite the fact that most experimental realiza-
tions of confined active fluids have curved boundaries that
preclude homogeneous alignment. As a result, it is unclear

whether spherical confinement, where the ground state is
not homogeneously aligned, modifies the theoretical pre-
dictions that result from linearizing the active nematohy-
drodynamic equations around a homogeneously aligned
state [14,15,19].

We previously reported an analogous flow transition in
two-dimensional contractile active nematics composed of
motile cells confined in tracks of increasing width [15].
Above a critical width, the nematic tissue undergoes a
transition from a nonflowing homogeneously aligned nem-
atic to a spontaneously flowing nonhomogeneously aligned
tissue. However, the lack of control over cells’ activity,
effective nematic elasticity, and their coupling through cell
density limited the exploration of the nonequilibrium phase
diagram. Tunable active liquid crystals with independent
control over activity and nematic elasticity are required to
measure the system’s dynamics close to the bifurcation point
and test the predictions of the active hydrodynamic theory.

In vitro reconstituted active liquid crystals offer an
experimental path forward [34,35]. In the past decade,
dense extensile bundles of molecular motor clusters and
microtubules depleted on an oil-water interface have been
adopted as a model system for studying the emergent
properties of 2D active nematics [28,29,33,34,36—40].
However, limitations resulting from the composition of
2D microtubule-based active nematics preclude quantita-
tively testing the active Fréedericksz transition:

(i) First, all the mesogens are active. As a result, active
and elastic stresses are coupled, limiting the phase-
space exploration.

(ii) Second, the nematic elastic constants of a micro-
tubule-based active nematic are unknown, in part
because microtubules form bundles whose structure
and mechanical properties are still under study [41].

(iii) Third, viscous damping by the oil-layer screens
hydrodynamic flows in the 2D active layer, funda-
mentally changing the transition’s nature and the
emergent dynamics at the bifurcation point [40].

Here, we overcome these challenges by assembling a 3D
active composite nematic liquid crystal by dispersing dilute
active biopolymers (approximately 0.1% volume fraction)
[18] in a dense 3D passive colloidal liquid crystal (approx-
imately 2.2% to 5.5% volume fraction) [42] [Fig. 1(a)].
We use semiflexible fd viruses as a well-characterized and
tunable model system for a liquid-crystalline background
[43]. Nematic elasticity increases nonlinearly with fd virus
concentration [43]. The active biopolymers are kinesin
microtubules bundled by PRC1 [Fig. 1(b)], a diffusible
cross-linking protein that still allows relative sliding of
the filaments [44,45]. Without PRCI1, the microtubules
would be homogeneously distributed and coaligned
with the passive nematic background, but would not form
stress-generating bundles. This microtubule-specific cross-
linker can replace the conventional nonspecific bundling
depletant previously used in microtubule-based active
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Spontaneous flows in 3D active nematics confined in droplets. (a) Schematic of an extensile kinesin-microtubule bundle

dispersed in a nematic liquid crystal composed of elongated fd viruses. (b) Close-up of the multivalent clusters of kinesin-1 motors and
the microtubule cross-linkers. Kinesin-1 motor clusters walk toward the plus end of the microtubules. PRC1 is a diffusive cross-linker
that bundles microtubules. (c) 3D reconstruction of the microtubule bundles at the surface of the droplet. (d) Confocal imaging of the
midplane of a 3D active nematic droplet. Microtubules are fluorescently labeled. (e) Instantaneous flow field corresponding to panel
(d) measured with particle image velocimetry. (f) 3D active nematic droplet imaged with polarized microscopy. Birefringence indicates

local nematic order.

fluids [46]. This recent development enabled the dispersion
of active microtubule bundles into nematic liquid crystals
[42] and passive gels of actin filaments [47] while avoiding
the aggregation of the passive colloidal rods that would
have occurred due to nonspecific depletion. The micro-
tubule bundles generate extensile active stresses, continu-
ously elongating as clusters of kinesin motors hydrolyze
adenosine 5’-triphosphate (ATP) to step along and slide
apart adjacent antiparallel microtubules [Fig. 1(b)]. Recent
experiments demonstrate that active stress increases when
the concentration of motor clusters increases [48,49]. The
active microtubule bundles and the passive colloidal rods
are fully miscible, coaligned, and no demixing is observed
while the system is active [42]. The bundles’ elongation
drives the emergence of collective flows that advect the
passive colloidal rods and deform the nematic liquid
crystal. Despite the composite nature of this material, it
is unclear if active and passive stresses are fully decoupled
because of the biochemical nature of how active stress is
generated. First, while motor clusters generate active
stresses, they can also contribute to nematic elasticity by
cross-linking microtubules [49-51]. Second, the passive
liquid crystals might impact how motor clusters step onto
microtubules at the microscopic level. Kinesin-1 molecular
motors are known to walk at different speeds under load
[52], and the presence of passive nematogens might impact
the motors’ ability to generate active stresses.

Here, we confine such 3D active nematics in spherical
droplets to investigate how the interplay of activity, nematic
elasticity, and confinement impacts the spontaneous flows

that are ubiquitous in active nematics. Experiments demon-
strate the existence of a critical diameter below which
spontaneous flows are suppressed (Sec. II A). We find that
(1) the critical confinement decreases when motor cluster
concentration is increased, when nematic elasticity is
decreased, or when the confining geometry is changed from
droplets to channels (Sec. II B). (ii) Quantitative measure-
ments of the ATP-hydrolysis rate demonstrate that neither
the presence of passive colloidal rods nor confinement
impacts how molecular motors walk on microtubules.
High-magnification microscopy shows that the microtubules
are still sliding along the bundles in the quiescent active
phase. Consequently, we can conclude that the quiescent
droplets are in the stable out-of-equilibrium phase
predicted by the active hydrodynamic theory (Sec. II C).
(iii) Fluctuations in flow speed result from fluctuations in the
composition of the composite 3D active nematics, which
smooth the transition and explain the apparent multistability
close to the bifurcation point (Sec. II D). Taken together,
these findings provide experimental validation for the active
Fréedericksz transition in 3D extensile active nematics,
advancing our understanding of the onset of low-
Reynolds-number turbulence in 3D active nematics.

II. RESULTS

A. Spontaneous flow transition as the droplet’s
diameter is increased

We confined the biomimetic 3D active nematic phase in
a water-in-oil emulsion (Appendix A). 3D reconstruction of
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the microtubules from confocal imaging showed that
the surface anchoring at the oil-water interface was
planar [Fig. 1(c)]. We first imaged large-diameter active
droplets (approximately 100 pm in diameter [Fig. 1(d),
Video S1 [53]]. Flows were measured using particle image
velocimetry [PIV, Fig. 1(e), Appendix A], and the mean
flow speed was found to be independent of whether the
active nematic was confined in droplets or channels of
similar sizes (Fig. 11). Birefringence of the composite
material when imaged using polarized light microscopy
indicates local nematic order [Fig. 1(f)], in contrast to
microtubule-based active fluids lacking the passive colloi-
dal liquid-crystalline background [18].

We then produced polydisperse emulsions to test how
spherical confinement impacts the emergence of active
flows [Fig. 2(a), Video S2 [53]]. The droplets’ diameters
ranged from 30 to 550 pum. We replaced the ATP with a
caged ATP, whose caging group can be photolyzed upon
exposure to UV light. This enabled the synchronization of
ATP hydrolysis in all the active droplets once the emulsion
was formed and the sample was under the microscope. We
segmented the droplets and measured the flow statistics
using PIV (Fig. 13, Appendix A). Figure 2(b) shows the
time-averaged speed in the segmented droplets. Large
droplets started to spontaneously flow after uncaging
ATP, reaching their steady-state flow speed after ten
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FIG. 2. Spherical confinement controls a transition from a quiescent to a spontaneously flowing phase. (a) Polydisperse 3D active
nematic droplets imaged with widefield fluorescence microscopy. (b) Time-averaged speed of the active flows in the polydisperse
emulsion shown in panel (a). Droplets circled in red are quiescent, while droplets circled in blue are spontaneously flowing. (c) Speed
versus time plot for two individual droplets of different diameters. The red curve corresponds to a quiescent active droplet of diameter
D = 41 pm, and the blue curve corresponds to a spontaneously flowing droplet of diameter D = 89 pm. Both droplets are in the same
field of view shown in panels (a) and (b). ATP is uncaged at r = 0 min. (d) Lin-lin plot of the time-averaged speed of the 3D active
nematics droplets as a function of their diameter. Active droplets are in dark blue, and passive droplets that lack molecular motors are in
light blue. Each semitransparent disk represents the speed of a single droplet averaged over 60 minutes (N = 2582 active droplets,
N = 1400 passive droplets). Each dark disk and the error bars represent the mean, and the standard deviation of the droplets’ speed
binned over a 2-pm-diameter interval. The flow speed saturates for droplets with a diameter above 400 pm. Inset: Enlargement of the
speed versus diameter plot highlighting where the transition from quiescence to spontaneous flow occurs. The red dashed line shows the
critical diameter D, = 45.5 pm over which the flows in the active and passive droplets are statistically different from one another
(student r-test on the binned speed distributions). (e) Log-log plot of the flow speed versus droplet diameter in the spontaneous flow
regime for three independent samples with different critical diameters D... The dashed line has a slope of 1. Motor clusters = 25 nM for
the orange and gray curves, 35 nM for the green curve, fd virus = 40 mg/mL.
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minutes [Fig. 2(c)]. Small droplets are quiescent: Uncaging
ATP did not produce any persistent flows despite the
presence of motor clusters and microtubule bundles. The
nonzero flow speed measured in the small quiescent
droplets came from fluctuations of the microtubule bundles
and from noise from the PIV measurement. Importantly, the
morphological features of the kinesin-microtubule bundles
did not change above and below D, (Fig. 9). We measured
the flow speed in over 2500 active droplets and found the
existence of a critical diameter below which active droplets
of 3D active nematics were not flowing [Fig. 2(d)]. A
statistical test that detected when the flows in active
droplets started to differ from the flows in passive droplets
with no molecular motors provided a robust metric to
measure the critical diameter [Fig. 2(d), inset, Fig. 14,
Appendix A]. Above the critical diameter, the average flow
speed scaled linearly with droplet size, irrespective of the
composition of the active phase and the value of the critical
diameter [Fig. 2(e)].

B. Critical diameter depends on the composition of the
3D active nematic and on the confining geometry

Next, we systematically changed the composition of the
3D active nematic to study how the interplay of activity,
nematic elasticity, and confinement controlled the sponta-
neous flow transition. We found that the critical diameter
decreased as the concentration of motor clusters was
increased [Fig. 3(a)]. This result was consistent with recent
experiments in 3D microtubule-based active fluids that
demonstrated that the magnitude of the active stress
increased when motor concentration was increased [48,49]
and with theoretical predictions that the active length scale
decreased when activity was increased [54]. We addition-
ally found that the critical diameter increased as the
concentration of fd viruses was increased [Fig. 3(b)].
This result was consistent with experiments with passive
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FIG. 3.

fd-based liquid crystals where nematic elasticity increased
with increasing fd concentration [43] and with theoretical
predictions for 2D active nematics where the active length
scale increased when nematic elasticity was increased [54].
We further showed that these experimental results were also
consistent with numerical simulations of an active 3D
Erickson-Leslie hydrodynamic model of active nematics
confined in spherical droplets [19] (Fig. 4, Appendix B):
Increasing the droplet diameter led to a transition from
a quiescent phase to a spontaneously flowing phase
[Figs. 4(a)-4(d), Video S3 [53] ], and the critical diameter
increased when the ratio of nematic elasticity over activity
increased [Fig. 4(e)]. Furthermore, increasing the activity
midway throughout the simulations demonstrated that
individual droplets underwent the active Fréedericksz
transition from a quiescent phase to a flowing phase as
soon as activity was increased above the critical activity
(Video S4 [53]).

We further studied this model to understand better the
effect of the confining geometry on the active Fréedericksz
transition. Comparing the results of the numerical simu-
lations in droplets to an analytical calculation in channels
[19] suggested that the critical width for active nematics
confined in channels was smaller than when confined in
droplets [Fig. 4(e)]. We confirmed this prediction exper-
imentally: For the same confining length, active droplets
were quiescent, while homogeneously aligned active slabs
were unstable and underwent the well-characterized bend
instability [16] (Fig. 12, Video S5 [53]).

We then quantified the dynamics of the active droplets in
the spontaneously flowing phase. We performed experi-
ments with monodisperse active droplets created with a
microfluidic droplet generator [Fig. 5(a)] [55]. The active
nematic droplets were slightly larger than the critical
diameter and temporally averaged the flow fields
(D/D, ~ 1.3). We measured the azimuthal component of

(b) o0

80+

70+

60 L

50+

D, (um)
[

a0l

30| =
)

20 ‘ ‘ ‘ ‘ ‘ ‘ ‘
15 20 25 30 35 40 45 50 55
[fd virus] (mg/mL)

The critical diameter depends on the composition of the 3D active nematic. (a) Critical diameter decreases when the

concentration of motor clusters is increased. (b) The critical diameter increases when the concentration of fd viruses is increased. Each
semitransparent disk represents an independent experiment (N = 3 to 5 replicates for each experimental condition). The black disks and
the error bars correspond to the mean and the standard deviation over the independent replicates. [MT]| = 1.3 mg/mL,
[ATP] = 1.4 mM. [In] (a), [fd virus] = 40 mg/mL. In (b), [motor clusters] = 30 nM.
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FIG. 4. Simulations of 3D active nematics confined in droplets. Orientation field and Frank energy density in (a) a quiescent active
droplet (D = 4 < D,) and (b) a spontaneously flowing drop (D = 8 > D_). (c) Flow field in the flowing active droplet. (d) Speed versus
diameter plot. The color bar shows various activity levels. Inset shows how the critical diameter D,. varies with activity. (e) Plot of the
critical diameter as a function of the active length L,. The color bar shows various nematic elasticities. Inset: critical diameter as a
function of the activity. The critical diameter is systematically larger than the critical width for 3D active nematics with the same activity
and nematic elasticity confined in channels. The dashed line shows the results from linear stability analysis performed in Ref. [19]. All
times and distances are shown in units of the active timescale 7, = (1/Au) and the active length scale L, = /K /Apu. Parameters used

unless indicated otherwise in the figure are L, = 0.3 =0.548, K =15, Au=5,{=1,y=1,n=1,A=0,and v = —1.

the in-plane flows and found that the flows were slower at
the center and edges of the droplet and faster on a corona
with an inner radius of R/2 [Figs. 5(a)-5(c)]. This is
consistent with circulating flows seen previously for 3D
active isotropic fluids confined in cylinders [22], dense
circulating suspensions of bacteria confined in droplets
[23], and for 2D active nematics confined in disks [28]. For
active droplets much larger than D, (D/D, > 2), the flows
were not structured anymore [Fig. 5(d)]. The hydrody-
namic model showed a similar transition with circulating
flows when the diameter was close to D. (D/D. ~ 1.3),
and unstructured chaotic flows when the diameter was
much larger than D, [D/D. > 2.5, Figs. 5(e)-5(g),
Fig. 15]. This transition is reminiscent of the transition
from self-sharing to chaotic flows, which was previously
reported in simulations of 3D active nematics confined
between two parallel plates [19,93] and in confined 2D
active nematics [29].

While this model extends the predictions of the active
Fréedericksz transition to 3D active nematics confined in
droplets, specificities of how molecular motors generate
active stresses require some further biochemical investiga-
tion before concluding that this spontaneous flow transition
is an experimental realization of the seminal active
Fréedericksz transition. Indeed, the presence of passive
nematogens and confinement might impact how molecular
motors and microtubule bundles generate stresses, given
that molecular motors are known to adjust their stepping
rate and even stall depending on the load they push against
[52]. We can, therefore, identify two hypotheses: (i) The
highly confined active phase is quiescent because the
motors are stalled, they do not step on microtubules, which
form a passive nematic phase, or (ii) the active phase is
quiescent because the active stress cannot overcome the
passive nematic stress that increases when confinement and
nematic elasticity increase. In that case, the quiescent phase
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FIG. 5. Quantitative analysis of the dynamics of spon-
taneously flowing droplets in experiments and simulations.
(a) Array of monodisperse spontaneously flowing active
droplets; diameter D = 60.4 + 0.5 pm (mean +s.d.); D, =
455 pm; D/D. ~ 1.3. The right panel shows a fluorescent
image of the microtubules, and the left panel shows the time-
averaged flow speed for the same field of view. (b) Enlargement
of an individual droplet, the time-averaged flow speed, and the
time-averaged velocity field. (c) Radial dependence of the
speed and the azimuthal speed for spontaneously flowing
active droplets with D/D_ ~ 1.3. (d) Fluorescence image and
time-averaged flow speed or spontaneously flowing active
droplets with 2 < D/D, < 3.3. The same data are shown in
Figs. 2(a) and 2(b). Instantaneous velocity field in simulated
active nematic droplets with diameter (¢) D/D. = 1.3 and
(f) D/D,. = 2.5. (g) Time-averaged and spatially averaged rms
speed in simulated spontaneously flowing active droplets. Error
bars show standard deviation from time averaging.

is still out of equilibrium, and activity does not depend on
confinement or nematic elasticity. To distinguish between
those two scenarios, we performed biochemical assays to
measure how the rate of ATP hydrolysis, which character-
izes how motors walk on microtubules, depends on con-
finement and nematic elasticity.

C. ATP-hydrolysis rate is independent of nematic
elasticity and confinement

We tested whether the quiescent phase could result from
a decrease in the stepping rate of motors onto microtubules
because of confinement and/or the presence of passive
nematogens. To test this hypothesis, we measured how the
ATP consumption rate depended on the concentration of fd
viruses and on confinement using biochemical assays.
We measured the fluorescence intensity of nicotinamide
adenine dinucleotide (NADH) [56-58], a fluorophore-
coupled reporter system for ATP hydrolysis [Fig. 6(a)].
Pyruvate is a by-product of the ATP regeneration reaction,
which maintains a constant ATP concentration throughout
the experiment. Pyruvate is coupled to a redox reaction that
converts NADH into NAD". NADH is an endogenous
fluorophore with an excitation band centered in the
UV (340 nm), while NAD" fluoresces only in the deep
UV (260 nm). When one molecule of ATP is hydrolyzed by a
kinesin stepping on a microtubule, one molecule of NADH
is oxidized, and the fluorescent intensity of the active sample
in the UV decreases accordingly. Quantification of NADH
consumption using spectroscopy is a standard and sensitive
biochemistry technique to measure ATPase activity. We
concomitantly measured the NADH fluorescent intensity
and imaged the microtubule bundles in 3D active nematic
droplets. We first focused on large spontaneously flowing
droplets (D > D,). Upon uncaging ATP, active droplets
showed a linear decrease of NADH fluorescence over time
[Fig. 6(b)], while the fluorescent intensity of passive
droplets that were lacking molecular motors was constant
over time [Fig. 6(c)]. The ATP-hydrolysis rate was propor-
tional to the slope of the linear decay of the NADH intensity
over time. Here, 2.5 mM of NADH was consumed in 4.5 h,
which was shorter than the lifetime of the sample [Fig. 6(e)].
The ATP-hydrolysis rate was constant over that duration.
PIV analysis of the microtubule channel confirmed that
active nematics confined in droplets were spontaneously
flowing while the passive droplets were static [Fig. 6(d)].
The NADH-coupled ATPase fluorescent assay gave similar
ATP-hydrolysis rates as the well-established phosphate
assay, an end-point assay that measures the production of
inorganic phosphate generated during ATP hydrolysis
(Fig. 10, Appendix A).

Measuring the rate of ATP hydrolysis while titrating the
concentration of fd viruses demonstrated that the presence
of passive mesogens did not impact how chemical energy
was consumed. The ATP-hydrolysis rate was identical
for active isotropic fluids assembled in the absence of fd
viruses and for active nematics composed of up to
45 mg/ml of fd viruses [Fig. 6(f)]. Second, the ATP-
hydrolysis rate was independent of the droplet’s diameter,
or the confining geometry (channel vs droplet). We binned
the data into three groups: quiescent active droplets,
spontaneously flowing active droplets, and spontaneously
flowing active phase in a channel. Statistical analysis
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FIG. 6. The ATP-hydrolysis rate of the 3D active nematics does not depend on confinement or on the concentration of viruses in the
nematic background. (a) Biochemistry of the reporter system where ATP regeneration is coupled to NADH fluorescence. (b),(c) Time series
of the NADH fluorescent signal for (b) active and (c) passive droplets with no molecular motor clusters. Droplets are activated when ATP is
uncaged. (d) Speed vs time plot for the active and passive droplets shown in (b) and (c) (speed of individual droplets only). (e) Normalized
NADH signal over six hours for the active and passive droplets shown in (b) and (c). The slope of the linear decay after uncaging ATP is
proportional to the ATP-hydrolysis rate. (f) ATP-hydrolysis rate when the concentration of fd viruses is increased. The sample is in the
isotropic phase below 22 mg/ml and in the nematic phase above. Each semitransparent disk represents an independent experiment (N = 4
replicates). The black disks and the error bars correspond to the mean and the standard deviation over the independent replicates. (g) ATP-
hydrolysis rate as a function of the confinement for 3D active nematic droplets. Both quiescent (D < D, red disks) and spontaneously
flowing (D > D,, black disks) active droplets consume ATP at the same rate as samples confined in 100-pm-thick channels (orange disks).
Each semitransparent disk represents an active droplet or an active slab confined in a channel. Each dark disk and the error bars represent
the mean and the standard deviation of the droplets’ speed binned over a 2-pm-diameter interval. The purple line and semitransparent
rectangle represent the mean and standard deviation of the ATP-hydrolysis rate measured over all the active droplets.

revealed that both quiescent and flowing active droplets
consumed ATP at the same rate as flowing 3D active
nematics confined in channels [Fig. 6(g)]. These experi-
ments demonstrated that confinement does not impact the
rate at which molecular motors hydrolyze ATP. Finally,
we imaged the microtubules at high magnification, which
showed that in the quiescent active phase, individual micro-
tubules were still sliding along the nematic director field
[Fig. 7(a), Video S6 [53]]. In contrast, in the passive phase,
the microtubules were static [Fig. 7(b), Video S6 [53]].
Hence, we concluded that the quiescent active droplets were
out-of-equilibrium droplets with active motors that slide
microtubules along the nematic director field and not passive
droplets with stalled motors. Consequently, the spontaneous
flow transition at a finite activity corresponds to the seminal
active Fréedericksz transition.

Quiescent active phase Passive phase

D. Fluctuations in droplet composition induce
fluctuations in the emergent flow speed, smoothing

the transition close to the bifurcation point ™
s

Time

While models of the active Fréedericksz transition

predict a sharp transition from a quiescent to a flowing FIG. 7. Microtubules are sliding along bundles in the quiescent

regime, experiments with active droplets display a smooth
variation in speed in the vicinity of the transition point
[Fig. 2(d), inset]. Further, we also observed the coexistence
of quiescent and spontaneously flowing droplets close to

active phase. Temporally colored-coded images of microtubules
in (a) the quiescent active phase, and (b) the passive phase with no
molecular motors. The microtubules are sliding in (a) but are
static in (b).
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the transition point [Figs. 8(a) and 8(b)]. To explore the
origin of this apparent multistability, we performed more
experiments with monodisperse active droplets created with
a microfluidic droplet generator [55] [Figs. 8(c)-8(g)]. We
correlated the speed of each droplet with fluctuations in their
composition [Fig. 8(h)]. Flows were measured using PIV and
spatially and temporally averaged to get the flow speed. The
composition of the droplets was inferred by labeling micro-
tubules, kinesin motor clusters, and fd viruses with distinct
fluorophores and simultaneously measuring their fluores-
cence intensity for each droplet [Figs. 8(d)-8(f)]. We also
measured the rate of ATP hydrolysis using the NADH
fluorescent sensor [Fig. 8(g)]. The droplets were highly
monodisperse (D =60.4£0.5 pm, mean + s.d., N = 1563
droplets), and their composition was also tightly distributed.
We measured and looked for correlations between speed,

size, and composition fluctuations. Droplet size was not
correlated with flow speed or with droplet composition
[Fig. 8(h), second row and second column]. Flow speed was
instead correlated with the concentrations of microtubules,
motor clusters, and fd viruses [Fig. 8(h), first row and first
column]. However, these three component concentrations
were also highly correlated with each other. Motor clusters
bind to microtubules; hence, it is not surprising that their
fluorescent intensities are proportional to each other, as
observed in microtubule-based active isotropic fluids [59].
To isolate the contribution of kinesin-microtubule bundles
and viruses on the flow speed, we measured their cross-
correlation with flow speed in subsets of active droplets
where either the microtubule or fd virus intensities were
constant. This was uniquely possible thanks to the large
number of active droplets created and imaged at once.
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FIG. 8. Fluctuations in droplet composition are responsible for flow speed fluctuations. (a) Plot of flow speed vs diameter in
polydisperse active and passive droplets in the vicinity of the critical diameter. We detect the coexistence of spontaneously flowing and
quiescent droplets (respectively, in dark and light blue disks). (b) Probability distribution function of the speed of the passive and active
droplets over the range of diameters shown in (a). Dark blue bars are statistical outliers in the active sample speed probability distribution
function (over 3 standard deviations of the median), which correspond to the spontaneously flowing droplets. (c) Instantaneously flow
field and simultaneous fluorescent images of (d) microtubules, (e) motor clusters, (f) fd viruses, and (g) NADH for a single active
nematic droplet. (h) Correlation matrix for the speed, diameter, microtubule intensity, motor intensity, fd virus intensity, and ATP-
hydrolysis rate over N = 1563 monodisperse droplets created with a microfluidic droplet generator. The diagonal shows the probability
distribution function of each quantity. The top-right off-diagonals plots show binned scatter plots of the correlation maps. The bottom-
left off-diagonal numbers show the value of the Pearson correlation coefficient. (i) Correlation between flow speed and microtubule
intensity at fixed virus intensity. (j) Correlation coefficient between speed and microtubule fluorescent intensity as a function of the virus
intensity. Left panel: histogram of the speed-microtubule correlation coefficients for fixed virus intensity. A student 7-test demonstrates a
significant positive correlation (p value = 8 x 1078, N = 27 bins of fd virus intensities). (k) Correlation between flow speed and virus
fluorescent intensity at fixed microtubule intensity. (1) Correlation coefficient between speed and virus fluorescent intensity as a function
of the microtubule intensity. Left panel: histogram of the speed-virus correlation coefficients for fixed microtubule intensity. A student
t-test demonstrates a significant negative correlation (p value = 0.018, N = 24 bins of microtubule intensities).
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Figure 8(i) shows that microtubule intensity and speed
were positively correlated for fixed fd virus concentrations.
A statistical test revealed that the correlation was signifi-
cantly different from O for the range of virus concentrations
obtained in the microfluidic droplets [Fig. 8(j)]. Figure 8(k)
shows that fd virus intensity and flow speed were negatively
correlated for fixed microtubule concentrations. A statistical
test revealed that the anticorrelation was significantly differ-
ent from O for the range of microtubule concentrations
obtained in the microfluidic droplets [Fig. 8(1)]. These
findings are consistent with the fact that active flows are
controlled by the kinesin-microtubule bundles and that
sample viscosity increases when virus concentration is
increased. The fluctuations in flow speed measured in
monodisperse droplets result, therefore, from fluctuations
in their composition despite being produced from the same
active material. Extrapolating these results to polydisperse
droplets suggests that the apparent multistability of the active
droplets close to the bifurcation point could also result from
fluctuations in droplet composition [Figs. 8(a) and 8(b)].

I11. DISCUSSION

To summarize, we combined microscopy, simulations,
and biochemical assays to understand how hydrodynamic
flows spontaneously emerge in confined 3D active nem-
atics. In bulk unconfined nematics, active hydrodynamic
flows equally amplify distortions at all length scales [13].
The higher elastic costs associated with short-wavelength
modes imply then that long-wavelength deformations are
more unstable. Consequently, unconfined homogeneously
aligned active nematics are always unstable [13]. However,
when confined in channels [16] or droplets, long-wave-
length modes are forbidden, and the competition between
active and elastic stresses can stabilize a 3D active nematic
phase in a quiescent phase despite the finite nonzero
activity. Below the critical confinement, the active stress
cannot overcome the elastic relaxation and viscous dis-
sipation, and the active liquid crystal confined in droplets
lies in a quiescent—yet far-from-equilibrium—state.
Biochemical assays that estimate the energy-consumption
rate by the molecular motors confirmed that the small
quiescent droplets are as active as the larger spontaneously
flowing active droplets. These results confirmed that the
transition from a quiescent phase to a spontaneously
flowing phase in microtubule-based active nematics is
the active Fréedericksz transition, theoretically predicted
two decades ago [14]. We further showed that the confining
geometry can displace the bifurcation point without
impacting energy consumption by the motors. Finally, a
careful analysis of the flows in active monodisperse
droplets revealed that the apparent bistability and the
smooth flow transition close to the bifurcation point were
due to fluctuations in the droplet’s composition. We now
consider these findings in the context of previously
published results.

First, we wish to compare and contrast the results
obtained here with 3D active nematics with the well-
characterized 2D active nematics composed of microtubule
bundles on an oil-water interface [28,29,34,40,60].
Conceptually, moving from 2D to 3D does not change
the nature of the Fréedericksz transition [19]. However,
the experiments in 2D and 3D test different limits of the
hydrodynamic theory. In many experimental realizations
of 2D active nematics, long-range hydrodynamics are
screened by interfacial friction: Microtubule bundles are
depleted on an oil-water interface [60], bacteria in biofilms
swarm on an agar gel [8—11], and mammalian cells adhere
to a protein-coated surface [6,61,62]. This is not the case
for confined 3D active nematics. The extra third dimension
opens the door to future quantitative tests of various active
hydrodynamic theoretical predictions. For example, recent
work on the dynamics of topological defect lines in
spontaneously flowing 3D active nematic confined in
droplets [63,64] provides a natural direction to probe
how to program emergent structures and flow patterns in
3D liquid crystals, with potential applications for topo-
logically protected information storage [65-67].

Further, our work with a composite active nematic
confined in droplets highlights two features that might
have precluded the observation of quiescent active phases
in other model systems for extensile active nematics. First,
the coupling of activity with elasticity in single-component
active nematics limits the phase-space exploration. The
quiescent phase is found in the high nematic elasticity and
low activity regime, which is challenging to reach when the
mesogens density sets both activity and nematic elasticity.
In single-component microtubule-based liquid crystals,
adding diffusive cross-linkers can increase the elasticity
of the materials [16], but it also impacts how microtubules
assemble into bundles [46] and, therefore, the generation
of active stresses. Cross-linking by molecular motors can
also increase elasticity, both in microtubule [49] and actin-
based [50] active nematics. Here, assembling a composite
material where active and passive stresses were indepen-
dent and tunable alleviated those issues by extending the
dimensionality of the design space [42,47]. A similar
strategy was used to create “living liquid crystals” where
bacteria swim in a passive chromonic liquid crystal,
triggering hydrodynamic instabilities and defects nucle-
ation [68—70]. A second important result is the impact of
the confining geometry on the active Fréedericksz tran-
sition. Stabilizing homogeneously aligned active nem-
atics in channels requires stronger confinement and/or
lower activity compared to nonhomogeneously aligned
active nematics in droplets. That regime is more chal-
lenging to reach experimentally in channels compared to
droplets. Another experimental realization of quiescent
active nematics in channels was reported for dense 2D
monolayers of elongated cells that form a contractile
active nematic phase [15].
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While active stress is a defining feature of active matter,
at the origin of spontaneous flow and other pattern
formation, it is unclear how to rationalize its origin from
microscopic considerations. In the model system presented
here, this difficulty was partially due to the multiscale
organization of the motors and microtubules into thick and
long extensile bundles [41]. Measuring the magnitude of
the active stress and providing a map between molecular
composition and emergent properties are important mile-
stones for rationalizing how activity emerges from micro-
scopic energy-consuming building blocks [49,50]. In this
study, the small range of experimentally achievable critical
diameters (30 pm < D, < 90 pm) limits the inference of
the magnitude of the active stress or quantitative compari-
son with theoretical scaling laws. Larger critical diameters
could be obtained by decreasing activity. However, at low
motor concentrations (below 10 nM), or high fd virus
concentration (above 50 mg/mL), the dynamics are slow
(approximately 20 pm/h), and the lifetime of the active
sample is comparable to the characteristic active timescale
(approximately 5 h). Smaller critical diameters could be
obtained by increasing activity, for example, by increasing
motor concentration. However, in this limit, the critical
diameter becomes comparable to the characteristic size of
the bundles, and the number of microtubules in each
droplet is low. A back-of-the-envelope calculation shows
that a 30-pm-diameter droplet contains about 5000 micro-
tubules assembled into even fewer thick bundles.
Consequently, the continuum approximation might not
be valid in this limit, and hydrodynamic models cannot
accurately predict how the system will evolve over time.
Similar concerns and discrepancies between experiments
and active hydrodynamic models occurred in 2D active
nematics confined in small-diameter disks [28].

Here, we provided a quantification of the rate of energy
consumption, which might offer new perspectives on
energetics, irreversibility, and quantification of how far
from equilibrium active materials lie. However, it is still
unclear how energy is dissipated at the mesoscopic length
scale—between the nanometric scale of the motor step and
the macroscopic scale where it is dissipated in spontaneous
flows. Combining calorimetry measurements [71,72], mul-
tiscale imaging [59], and recent methods from nonequili-
brium statistical mechanics and information theory that
measure or provide bounds for the rate of entropy pro-
duction [73-79] might also enrich our understanding of
how energy released from ATP hydrolysis propagates
through multiple length scales to power dynamical behav-
iors that are forbidden at equilibrium.

Finally, despite our in vitro model system being much
simpler than the out-of-equilibrium organelles found in
cells, this work might have implications for emergent
dynamics in living matter. The mitotic spindle, in particu-
lar, is composed of long dynamical microtubules bundled
by cross-linkers and various molecular motors. It was

successfully modeled as a confined active nematic liquid
crystal to explain how the spindle self-organizes during
metaphase [12]. Spindles have a similar confining topology
as the 3D active nematics droplets studied here. They have
an oval shape, with a length varying from around 10 pm for
C. elegans [80] and mammalian spindles [81] to 50 pm for
reconstituted spindles from Xenopus extracts [12] or in
zebrafish embryos [82]. Interestingly, the metaphase spin-
dle forms a quiescent active nematic phase, albeit with a
nonuniform polarity [12]. Our work showed that strong
confinement and low activity can stabilize 3D active
nematics. Could larger spindles display spontaneous flows
analogous to the 3D microtubule-based active fluids? A
similar prediction estimated that spindle in Xenopus
extracts with a width larger than 150 pm would be unstable
[12]. Future work at the interface of active matter physics
and life sciences could shine some light on whether
collective deformations in complex 3D living systems
can be described using the framework of the active
Fréedericksz transition.
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APPENDIX A: EXPERIMENTAL MATERIAL
AND METHODS

1. Protein and virus purification
a. Microtubules

Tubulin dimers were purified from bovine brains through
two cycles of polymerization: depolymerization in high
molarity PIPES (1,4- piperazindiethanesulfonic) buffer [83].
Fluorophore-labeled tubulin was prepared by labeling the
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FIG. 9. Kinesin-microtubule bundles have similar morpho-
logical features in the quiescent and flowing phases. (a),(b)
Enlargement of five distinct droplets with diameters above D,
[(a), flowing droplets] and below D, [(b), quiescent droplets].
(c) Additional examples of flowing and quiescent droplets
with labeled microtubules. The microtubule bundles are
continuous, homogeneously distributed throughout the drop-
lets, and locally aligned. (d) Instantaneous flow fields and
(e) speed versus time plots confirm which droplets are flowing
or quiescent. D, was measured using the method described in
the Appendix A 6.

purified tubulin with Alexa-Fluor 647-NHS (Invitrogen,
A-20006) [84]. GMPCPP [guanosine 5’- (@, f methylene-
triphosphate)], a nonhydrolyzable analog of GTP was used to
stabilize the dynamic instability in the microtubules. The
polymerization mixture consisted of 80-pM tubulin (with 3%
fluorescently labeled tubulin), 0.6-mM GMPCPP and 1-mM
DTT (dithiothreitol) in buffer [80-mM PIPES, 1-mM EGTA
(egtazic acid), and 2-mM MgCI2]. After adding all the
components, the mixture was incubated at 37°C for
30 minutes, and subsequently for six hours at room temper-
ature (approximately 20 °C). This method resulted in micro-
tubules of approximately 1.5 pm length on average [34]. The
microtubules were aliquoted in small volumes (10 pL), flash
frozen in liquid nitrogen, and stored at —80 °C.

b. Kinesin motor clusters and PRC1

K401-BIO-6xHIS (processive motor, dimeric MW-
110 kDa) corresponds to the 401 amino acids derived
from the N-terminal domain of Drosophila melanogaster
kinesin-1, and labeled with 6-histidine and a biotin
tag [85,86]. The motor proteins were transformed and
expressed in Rosetta (DE3) pLysS cells and purified
following protocols described elsewhere [85]. The purified
proteins were flash frozen in liquid nitrogen with 36%
sucrose and subsequently stored in —80°C. We used
tetrameric  streptavidin  (ThermoFisher, 21122, MW:
52.8 kDa) to assemble clusters of biotin-labeled kinesins.
To make K40I-streptavidin clusters, 5.7 pL. of 6.6-pM
streptavidin was mixed with 5 pL. of 6.4-uM K401 and
0.5 pL of 5-mM DTT in M2B. This mixture was incubated
on ice for 30 minutes.

PRC1 was used in the experiment to cross-link micro-
tubules while still allowing the relative sliding by the
kinesin motor clusters. PRC1 (MW: 72.5 kDa) was trans-
formed and expressed in Rosetta BL21(DE3) cells, and
subsequently purified as previously described [45].

c. Virus purification

Standard biological procedures were followed to grow
and purify filamentous fd virus [43] using tetracycline-
resistant Phage Display ER2738 as the host E. coli strain.
Virus samples were stored in M2B buffer. The concen-
tration of the virus was determined using a Nanodrop.
Monodispersity was checked using gel electrophoresis.
For results shown in Fig. 8, fd viruses were labeled with
DyLight488-NHS dye. 5% of the viruses were labeled.

2. Sample preparation

The 3D active nematic was composed of

(i) Alexa 647-labeled GMPCPP stabilized microtu-
bules with an exponential distribution of lengths
with an average of 1.5 pm ([¢] = 1.3 mg/mL). The
microtubules are polymerized and stored at —80°C
after flash freezing in liquid nitrogen.
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(i) Multimotor kinesin complexes self-assembled from
tetrameric streptavidin and two-headed biotiny-
lated kinesin (K401-Bio) [18] ([motors cluster] =
10-90 nM).

(iii) Microtubule-specific bundling protein, PRCI1 (the
protein regulator of cytokinesis 1), that passively
cross-links antiparallel microtubules, but still allows
interfilament sliding [45] ([PRC1] = 200 nM).

(iv) Monodisperse (length approximately 880 nm) fd
virus colloidal particles in the nematic phase [43,87].
The fd virus concentration in our experiments
ranged from 20 to 50 mg/ml.

(v) ATP with a final concentration of 1420 pM.

(vi) ATP regeneration system: phosphoenol pyruvate
(26-mM Phosphoenolpyruvic acid monopotassium
salt (PEP), Beantown Chemical, 129745) and
pyruvate kinase and lactate dehydrogenase enzymes
(2.8% v/v PK/LDH, Sigma, P-0294) [88].

(vil) Antioxidants, an oxygen-scavenging system com-
prised of glucose (18.7 mM), DTT (5.5 mM), glucose
oxidase (1.4 pM), and catalase (0.17 pM) was used
to decrease photobleaching.

(viii) M2B buffer: 80-mM PIPES, 2-mM MgCl2, 1-mM
EGTA in de-ionized water, pH 6.8. The fd, anti-
oxidants, ATP, and PEP were all prepared in this
buffer.

The 3D active mixture was finally assembled by mixing
viruses and microtubules at the desired concentration and
then adding premix (Motor clusters, PRC-1, ATP, ATP
regenerating system, antioxidants, and Trolox). To opti-
mize the consistency, a large volume of premix was
prepared at one, aliquoted, flash frozen in liquid nitrogen,
and stored at —80°C.

3. Biochemical assays to measure
the ATP-hydrolysis rate

a. ATP/NADH-coupled ATPase assay

The ATP regeneration system is essential for rephosphor-
ylating the ADP generated during ATP hydrolysis by kinesin
motors, ensuring a consistent ATP concentration. This
system involves coupling the pyruvate by-product to a redox
reaction downstream, which converts NADH to NAD™.
Notably, a single molecule of ATP hydrolysis is coupled to
the oxidation of a single molecule of NADH. NADH
exhibits fluorescence at a wavelength of 340 nm, while
NAD™ has minimal absorption beyond 300 nm [57,89].

(i) We prepared a 15-mM NADH (Sigma-Aldrich)
solution in M2B buffer, aliquoted, flash froze, and
stored at —80°C.

(ii) For each experiment, an aliquot of NADH was
thawed on ice and incorporated into the premix,
resulting in a final concentration of 2.5 mM in the
active sample.

(ii1) The ATP-hydrolysis rate or NADH oxidation rate
was determined by calculating the slope of the

TABLE I.  Volumes required for the phosphate standard assay.
Phosphate standard curve reaction

Phosphate 0.8-mM phosphate M2B buffer CytoPhos
concentration standard volume volume volume
(HM) (hL) (hL) (hL)

0 0 5 195

4 1 4 195

8 2 3 195
12 3 2 195
16 4 1 195
20 5 0 195

fluorescent decrease over time in the sample and
comparing its value to the standard curve.

The ATP-hydrolysis rate was calculated from the rate of
the fluorescence decrease and the known starting concen-
tration of NADH. This rate was compared to a standard
curve that showed that fluorescent was proportional to the
concentration of NADH. ATP hydrolysis started when
caged ATP was exposed to UV light.

In the ATP- and NADH-coupled ATPase assay, antiox-
idants were omitted from the active samples to prevent
interference with the redox reaction that converted NADH
to NAD™. This ensured accurate measurement of the ATP-
hydrolysis rate or NADH oxidation rate.

b. End-point phosphate assay
ATP underwent hydrolysis, resulting in the formation
of ADP and phosphorus as a by-product. We used the
CytoPhos Endpoint Phosphate Assay (BK054) kit from
Cytoskeleton, Inc. to measure the phosphorus content in
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FIG. 10. Comparison of the NADH and phosphate assays. This
plot shows the measured ATP-hydrolysis rate for increasing
concentrations of kinesin motor clusters. Note the x axis shows
the concentrations of monomeric kinesin. Multiple independent
replicates of the NADH assay (blue disks) and the phosphate
assay (orange disks) are shown.
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the sample. By determining the total phosphorus amount
and the duration of the reaction, the ATP-hydrolysis rate
for the sample could be determined. It was based upon a
colorimetric change measured at 650 nm, measured with
a spectrometer. We used an EPOC 2 plate reader and
96-well plates. The following procedure was employed
for this assay:

(i) The lyophilized standard phosphate provided in the
kit was reconstituted by adding 125 pL. of M2B
buffer, resulting in an 800-pM phosphate standard.

(i) Calibration samples were prepared by adding the
phosphate standard to 195 pL of CytoPhos, ensuring
a total 200-pL volume in each well. The phosphate
concentrations ranged from O to 20 pM, as shown
in Table I.

(iii) Premix with 1416-pM ATP and required kinesin
concentration (0-0.34 pM) was prepared. The com-
ponents containing phosphates, such as Trolx and
PRC-1 protein (stored in a phosphate-containing
buffer), were omitted from the premix.

(iv) The reaction was initiated by adding the premix to
microtubules after bringing it to room temperature.

(v) After running the reaction for ten minutes, a 5-pL
sample was quenched in 195 pL of CytoPhos.

(vi) The quenched mixture was incubated for ten mi-
nutes, and a colorimetric measurement was taken.

(vii) The total phosphorus was quantified by mapping
the raw optical density measurement of the
quenched active sample to the calibration curve
obtained from the standard curve.

(viii) The ATP-hydrolysis rate was calculated by dividing
the total phosphorus by the run time of the reaction,
which was ten minutes.

4. Confining methods

a. Generating polydisperse water-in-oil droplet
emulsions of active nematics

In this process, we added 30-50 pL of 2-5 wt% of 008-
FluoroSurfactant, a biocompatible surfactant, in HFE7500
fluorinated oil to 12 pL. of the sample. Droplets were
formed by gently flicking the tube, and the size distribution
could be controlled by adjusting the intensity and number
of flicks. More flicks resulted in smaller droplets. The
droplets were then pipetted into an observation chamber
composed of two untreated glass slides and parafilm
spacers.

b. Generating monodisperse water-in-oil
droplet emulsions

To achieve consistent droplet sizes, we designed and
microfabricated a microfluidic drop-maker device [55]. The
same fluorinated oil and surfactant were used to produce
polydisperse droplets. Droplet size was controlled by
adjusting the sample-oil flow rates and the dimensions
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FIG. 11. Comparison of speed in channels and in droplets.

(a) Speed distribution in a 100-pm-diameter droplet. (b) Speed
distribution in a 100-pm-thick channel. (c) Comparison of the
mean and standard deviation between the speed distributions in
droplets and channels. [ATP] = 1.4 mM, [microtubule] =
1.3 mg/mL, [motorclusters] =30nM, [fd virus] = 40 mg/mL.

of the nozzle, where the pinching effect by oil generates the
droplets. The nozzle size ranged from 20 to 50 pm. We
used syringe pumps to regulate the sample and oil flow
rates. The flow rate for the oil phase was set to 1000-uL/h,
and the flow rate of the active sample was set to
100-200 pL/h, which prevented jetting. To prevent protein
adhesion to the microfluidic device and tubings, we
incubated them with a 2.5% pluronic solution and
45-mg/ml BSA for five minutes. The droplets were then
pipetted into an observation chamber composed of two
untreated glass slides and parafilm spacers.

c. Channels

All flow chambers were assembled using two glass
slides spaced by a layer of parafilm (height = 100 pm,
width = 3 mm). The glass surfaces were coated with an
acrylamide brush to prevent nonspecific protein adsorption
[18]. Parafilm spacers were cut and placed between the two
glass surfaces followed by a mild heat treatment at 60 °C
to melt the parafilm so it could bind to the glass surfaces.
The active mixture was loaded into each channel type by
capillarity and sealed with a UV-curing optical adhesive
(NOA 81, Norland Products Inc.).
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FIG. 12. Experimental comparison of channel and droplet
geometry. (a) Schematic of the experiment performed in chan-
nels. (b) Fluorescent images of a 3D active nematic confined in a
channel of thickness 40 pm. Time series shows a picture every
five minutes. The homogeneously aligned nematic phase is
unstable and starts to flow and deform spontaneously. (c) Sche-
matic of the experiment performed in water-in-oil emulsion.
(d) Fluorescent images of a 3D active nematic confined in a
droplet of 40-pm diameter. Time series shows a picture every
16 minutes. The active droplet is quiescent. (e) Speed vs diameter
plot shows for active and passive droplets. The critical diameter is
around 72 pm. (f) Speed comparison of the same 3D active
nematics confined in channels of height 44 and 25 pm or
in droplets of 44- and 25-pm diameter. [ATP] = 1.4 mM,
[motor clusters] = 30 nM, [fd virus] = 40 mg/mL.

5. Microscopy
a. Widefield fluorescence microscopy

Time-lapse image acquisitions were taken using a Nikon
Eclipse Ti2 inverted fluorescent microscope with an XYZ
position control equipped with an LED light source
(Lumencor sola 80-10244). The mutiposition data acquis-
itions, the time interval between the images, exposure time,
and illumination power were controlled by micromanager
[90]. The typical delay between two successive images of
the same field of view was set to be 30-90 s depending on
the speed of the active sample, ensuring good time
resolution for accurate PIV. That delay was kept the
same for different samples in the same experiment.
A Hamamatsu camera (ORCA4.0V1, pixel size 6.45 um)
and a 20 x objective (Nikon Plan Apo) were used for
imaging the droplets experiments.

b. Confocal microscopy

We used confocal microscopy to image slices of the 3D
active nematics confined in droplets. The experiment was
performed on an inverted microscope (Nikon, Ti2 Eclipse)
equipped with spinning disk module (CrestoOptics,
X-Light V2) and an automated XY stage (ASI MS2000).
Fluorescent microtubules were illuminated with the
appropriate excitation wavelength from a light source
(Lumencor, CELESTA light engine). A Hamamatsu cam-
era (ORCA4.0v1) and a 20 x objective (Nikon Apo LWD)
was used for imaging the samples. The step size was set
to 0.86 pm.

6. Analysis
a. Image analysis and flow measurement

The velocity field was mapped by PIV analysis on
microtubule bundles. A time series of images within
the field of view was subjected to PIV analysis using
PIVIlab based on the MatPIV software package from
MathWorks [91]. The PIV analysis utilized a window size
of 32 pixels (equivalent to 10.4 pm) with 75% overlap. We
developed an automated image analysis pipeline to segment
the droplets. Fluorescent images were first flattened to
remove any uneven illumination patterns on the edges.
Droplets touching an edge were removed. Image stacks
were time averaged to segment only circular droplets that
were immobile. Mobile droplets appeared noncircular and
were removed from further analysis. Circular droplets were
detected using a circular Hough transform. A binary mask
was created for each segmented droplet and superimposed
on the PIV flow field to isolate the contribution of each
droplet to the flows. Flows were then spatially and
temporally averaged over 60 minutes.

b. Determining critical diameter by statistical t-test

We used the MATLAB function “ttest2(x,y, Tail’, ‘right’)”
to perform a two-sample #-test and compared the speed
distributions of active and passive droplets. This statistical
test determined whether the mean of one group “x” was
significantly higher than the other independent group “y.”
Here, the test group x was the flow speed data of active
drops, and the control group y was passive drops for given
diameter (usually 3-pm bin interval). When there was no
flow or flow suppression in active droplets, the z-test
showed no significant difference compared to passive
droplets, with p values above 0.05. However, there was
a clear distinction for the flowing state, with p values below
0.05. The critical diameter marked the diameter above
which p values started to show statistical significance.
Often, the flow-to-no-flow transition is not smooth, and the
p value fluctuates between high and low. The critical
diameter is confirmed if the p value remains continuously
significant above the determined critical diameter up to the
set threshold (usually 10 pm).
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Raw image Time-averaged image

FIG. 13. Image analysis pipeline to segment and measure flows
in droplets. (a) Fluorescent image of the 3D active nematic
droplets. [ATP] = 1.42 mM, [motor clusters] = 40 nM,
[fd virus] = 45 mg/mL. (b) Time-averaged image over 60 mi-
nutes. Droplets that move through the field of view appear
noncircular. (c) Result of the segmentation. Droplets that are not
circular or that touch an edge are removed. (d) Flow field from
PIV. All four fields of view are 660 by 660 pm.

APPENDIX B: THEORETICAL MODEL

To demonstrate that confinement in droplets can stabilize
3D active nematics, we performed nonlinear numerical
simulations of a symmetry-preserving active Ericksen-
Leslie hydrodynamic model. This model, previously devel-
oped to study the Fréedericksz transition in 3D active
nematics confined between two parallel plates [19],
extended to 3D the results of the seminal model of 2D
active polar fluids [14]. In 3D channels, the critical

confinement L, scales as /K /Au where Au is the active
potential that is proportional to the magnitude of the active
stress, and K is the nematic elasticity. Below that critical
confinement, the 3D active nematic stays in a quiescent
homogeneously aligned active phase. Here, we extended
this model to study how spherical confinement impacted
the active Fréedericksz transition.

The temporal evolution of the polarity vector field p is
dictated by

P,
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FIG. 14. Results of a one-sided statistical test comparing flow
speed distributions in passive (without motor clusters) and active
droplets. (a) Plot of the speed vs droplet diameter for active
(dark blue) and passive droplets (light blue). (b) Results of the
statistical analysis. The p value is shown in blue, and the binary
result from the test is in red. The critical diameter is chosen when
the active and passive distributions have different means.

where u,5 = 1 (0,v5 + 9pv,) is the strain-rate tensor, and
Wap = 3 (0,05 — d4v,) is the vorticity tensor. Ensuring the
conservation of momentum in the fluid, we have

9pol! — 0,11 =0, (B2)
along with the incompressibility condition
d,v, = 0. (B3)

The constitutive relation between the strain-rate tensor
Ugp =3 (0,05 + 0pv,), and the active stress tensor o is
as follows:

s 1
2nuyp = 62,/3 + {Ap (papﬂ - gpypﬁaﬁ)

v 2
- E (pah/} + pﬁh(x - gpyhyéaﬂ) ’ (B4)

where ¢ =1 represents extensile stress for the active
potential Ay > 0, v is the flow alignment parameter, A
couples the polarity to the active potential Ay, and 7 is the
rotational viscosity.

The molecular field (k) can be decomposed into
parallel and perpendicular components as follows:
Parallel component
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hH :p'h:pxhx+pyhy+chz' <B5)
Perpendicular component
h, =pxh=(h,, hJ_yvhJ_z)
= (pyhz - chw p:hy — pih, pxhy - pyhx)' (B6)

The vector h | is calculated from the variational derivative
of the Frank free-energy density:

K, K
Fsp == (V-p)’+=5 (p-Vxp)
K 1
+=7 < (Vxp) = hfllplP.  (B7)

The total stress aggt) is decomposed into symmetric,

antisymmetric, and equilibrium stresses. The equilibrium
stress, also called the Ericksen stress, is given by

() 0F3p
Cpp = — Dy B8
f a(aﬁ Py) Y ( )
The antisymmetric stress is
an 1
0-51/)’ 0 = 5 (pahﬁ - p[)’h(l) (Bg)

The Lagrange multiplier to maintain constant polarity
magnitude is given by [19,92]

ho = h” =Y /1A,u—

II (uxxp)%

P+ py + p?
+ u}’}’p,% + ”zng + 2”xnyPy

+ 2”yzpypz + 2”xszpz) . (BIO)

We can substitute the decomposition of h as follows:

hy = hypy=hypy+hi.py, (Blla)
hy = hypy+ hipy = hip.. (B11b)
hz = thZ—'—hJ_Xpy_hJ_pr' (Bllc)

1. Numerical implementation

We fix polarity at the boundary with Dirichlet boundary
conditions using vector spherical harmonics,

1
P= 3 uf, (DY) ul)) ()W) ) (r) @i,

(B12)

where Y W(m) and @™ are the vector spherical
harmonics. We choose /., = 2, u,(r) = 1, and the rest of
the coefficients are 0. This leads to a 2D order field on the
surface of the sphere with two asters located at the poles of
the sphere in the chosen coordinate system and a vector
field aligned with the z direction in the center of the sphere.

The steady-state Stokes flow equations derived from the
force-balance equation [Eq. (B2)] and the Lagrange multi-
plier from Eq. (B10) were implemented into a computa-
tional program using a custom C++ expression system [93]
within the scalable OpenFPM scientific computing
library [94]. Spatial derivatives were discretized on point
clouds with a spherical boundary using the discretization-
corrected particle strength exchange scheme [95].

In the initial condition, the polarity was uniformly
aligned with the anchoring Dirichlet boundary condition
on the surface using vector spherical harmonics as
described in the previous section. We introduced a small
perturbation of 0.01 rad in the positive X and Y directions at
the center of the sphere (r < 2 x spacing) introduced to
break the symmetry.

The evolution of polarity over time was calculated using
the Adams-Bashforth-Moulton predictor-corrector time-
integration method with a time step of 0.01 and slope
renormalization, until final time ¢, = 400. The velocity
field was calculated through an iterative correction of
pressure and solving the implicit system of incompressible
Ericksen-Leslie Stokes equations with hydrodynamic no-
slip boundary conditions at the surface of the sphere. Each
time step’s resultant linear system of equations was numeri-
cally solved using the iterative GMRES solver in the PETSc
software library [96]. Our checks using higher resolutions
confirmed grid convergence, as the same results were
achieved. Additional numerical and computer code details
can be found in Ref. [92]. The critical diameter was
determined by interpolating the numerically obtained flow
velocity at ¢t = 100 for various diameters using the mon-
otonic cubic interpolation (PchipInterpolator from SCIPY)
and finding the diameter for which the flow velocities
exceeded a threshold value of 0.09.

2. Simulation results

We simulated the 3D active nematics in droplets of
increasing diameter D. The simulation results confirmed
that 3D active nematics in droplets were quiescent below a
critical diameter despite being nonhomogeneously aligned
[Fig. 4(a), Video S3 [53]]. Below the critical diameter, the
magnitude of the flow vectors numerically approached zero.
The flow magnitude converged to zero with increasing
resolution in space and time. Above that diameter, active
droplets started to spontaneously flow [Figs. 4(b) and 4(c),
Video S3 [53] ]. Above the transition point, the steady-state
flow speed increased with the droplet’s diameter [Fig. 4(d)].
The critical diameter decreased when activity was increased
[Fig. 4(d), inset] or when nematic elasticity was decreased
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[Fig. 4(e), inset]. Simulation results showed that the critical
diameter scaled linearly with the active length scale /K /Au
[Fig. 4(e)], which was the same scaling as in channels
geometry [Fig. 4(e), dashed line] [19].

(ii1)

3. Expression for critical activity in channels

The analytical expression for the critical activity in a 3D
channel for tangential anchoring on the walls and extensile
active stress is known from Ref. [19] as

K(y(v=1)* +4n)
2y(v = 1)L (yAv +{)

Ap. =

—(a) (B13)

with the prefactor @ = 4z* and confining length L.
We make the equations dimensionless with respect to ,
1, thereby defining an active timescale 7, = (1/Apu), and

the active length scale [, = \/K/Au.

Our numerical simulations demonstrate that the prefactor
a is larger for spherical confinement compared to confine-
ment in channels [Fig. 4(e)]. Therefore, for similar confine-
ment, the critical activity is lower for a homogeneously
aligned phase confined in channels compared to a distorted
phase confined in spherical droplets.

@iv)

)

APPENDIX C: SUPPLEMENTAL VIDEO
CAPTIONS

(i) Video SI: Spontaneously flowing active nematic
confined in a large droplet (D = 180 pm) Confocal
microscopy video taken in the droplet midplane.
Microtubules are labeled. [Motor cluster] = 30 nM,
[ATP] = 1.4 mM, [fd] = 40 mg/mL.

(i) Video S2: Polydisperse active nematic droplets.
Widefield fluorescence microscopy video taken

(vi)
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with a 20 x objective. [Motor cluster] = 30 nM,
[ATP] = 1.4 mM, [fd] = 45 mg/mL.

Video S3: Simulation of active nematic droplet.
Numerical simulations of the active Erickson-Leslie
hydrodynamical model performed wusing the
OpenFPM library. The first panel shows the ori-
entation field color coded as a function of the Frank
energy density for a quiescent active droplet. The
second panel shows the orientation field color coded
as a function of the Frank energy density for a
spontaneously flowing active droplet. The left panel
shows the flow field color coded as a function of the
flow speed for the same droplet as in the middle

panel. The parameters used are L, = /0.3 = 0.548,
K=15, Au=5,¢=1, y=1, n=1, 1=0,
v = —1. Radius = 4 for the left panel, radius = 8
for the middle and right panels.

Video S4: Active Fréedericksz transition in silico.
Active droplet starts in the quiescent phase
(Au = 2). After 200 time steps, activity is increased
to Au =35, and the droplet starts to flow. The
parameters used are L, = V0.3 =0.548, K = 1.5,
(=1y=1,n=1,1=0,v=-1.

Video S5: Bend instability in a 3D active nematic
confined in a thin channel. Height =40 pm,
width = 3 mm. When the active phase is confined
in droplets of similar size, the droplets are in the
quiescent  active  phase.  [ATP] = 1.4 mM,
[motor clusters] = 30 nM, [fd virus] = 40 mg/mL.
Video S6: Representative videos of the quiescent
active phase (left [motor clusters] =30 nM, D =61 m)
and the passive phase (right, no molecular motors,
D =134 pm). [ATP] =14 mM, [fd virus|] =
40 mg/mL.
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