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Confinement Controls the Bend Instability of Three-Dimensional Active Liquid Crystals
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Spontaneous growth of long-wavelength deformations is a defining feature of active liquid crystals. We
investigate the effect of confinement on the instability of 3D active liquid crystals in the isotropic phase
composed of extensile microtubule bundles and kinesin molecular motors. When shear aligned, such fluids
exhibit finite-wavelength self-amplifying bend deformations. By systematically changing the channel size
we elucidate how the instability wavelength and its growth rate depend on the channel dimensions.
Experimental findings are qualitatively consistent with a minimal hydrodynamic model, where the fastest
growing deformation is set by a balance of active driving and elastic relaxation. Our results demonstrate
that confinement determines the structure and dynamics of active fluids on all experimentally accessible

length scales.
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Active fluids are internally driven nonequilibrium
systems composed of motile constituents [1,2]. For active
liquid crystals, energy-consuming rodlike units generate
mesoscopic active stresses that are proportional to the local
nematic order parameter. A dramatic consequence of
extensile stresses is the intrinsic bend instability of aligned
suspensions [3-7]. Orientational fluctuations generate
self-amplifying deformations, which destroy long-range
nematic order, leading to a dynamical steady state charac-
terized by autonomous chaotic flows [8—13]. Boundaries
and geometrical confinement can transform such inherently
chaotic dynamics [14-23]. For example, three-dimensional
annular channels convert chaotic flows into long-ranged
coherent flows capable of transporting materials on meter
scales, thus leading to potential long-term applications in
microfluidics and soft robotics [23]. However, the exact
mechanisms by which boundaries transform locally
generated active stresses to power coherent flows remain
under investigation. Two parallel planar walls are the
simplest geometry to investigate boundary effects. Previous
measurements of the characteristic length scale in 3D active
fluids—including dense bacterial suspensions [8,24-26],
living liquid crystals [10], and reconstituted cytoskeletal
networks [9]—were performed in such geometries.
However, rigorous testing of existing active hydrodynamic
theories requires a quantitative relationship between con-
finement for a wide range of plate spacing and the resulting
structure and dynamics of active fluids. Understanding
active fluids in parallel plate geometry would provide a
stepping stone for designing more complex boundaries
that can control chaotic dynamics of active fluids.
Hydrodynamic models predict that, in the absence of
boundaries, uniformly aligned active nematics are unstable
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at any nonzero activity, and that the fastest-growing
deformation has an infinite wavelength [3,7]. Active
stresses equally amplify orientational fluctuations at all
length scales. Short-wavelength modes have higher
elastic costs, hence the fastest growing mode has an
infinite wavelength. Experimentally verifying this predic-
tion remains a challenge. For example, previous studies
examined this instability for microtubule-based 2D active
nematics assembled on an oil-water-interface, but this leads
to a fundamentally different wavelength selection mecha-
nism as the viscous damping by the oil layer screens long-
range hydrodynamic flows and prevents the growth of
long-wavelength modes [27-31].

The unique properties of microtubule-based active
matter allow for assembly of bulk 3D active liquid crystals
in the absence of substrate friction. Using this feature, we
investigate the instability of shear-aligned 3D active liquid
crystals in the isotropic phase confined within microfluidic
channels. Experiments demonstrate a boundary-dominated
wavelength selection mechanism. We find that (i) the
channel size determines the length scale of the growing
deformations; (ii) boundaries set the dominant instability
plane, and confinement in the direction normal to the
instability plane controls the wavelength of the deforma-
tions; (i) weakening confinement leads to larger wave-
lengths and faster dynamics; (iv) bulk dynamics cannot be
reached as the active fluid structure is determined by the
boundaries for all experimentally realizable geometries;
and (v) the instability switches from an initially exponential
to linear growth regime. The first four experimental
findings are consistent with the linear stability analysis
of a minimal hydrodynamic model. These results demon-
strate the inherent challenge of using boundary-free
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Bend instability in confined microtubule-based active nematics. (a) Instability of the flow-aligned 3D microtubule-based active

nematic in the isotropic phase (fluorescent microscopy). (b) Temporal evolution of the nematic director along the channel direction. 6 is
the angle between the local nematic director and the channel’s long axis (x axis). (¢) Temporal evolution of the instability wavelength
and amplitude. (d) Temporal evolution of the alignment parameter ¢ = {(cos(20)); ¢ quantifies the degree of ordering within a field of
view. (e) Schematic of the microfluidic channels with rectangular cross-sections. H = 100 yum, W = 3 mm, [KSA] = 10 nM.

calculations to explain experiments that, by necessity, have
boundaries.

We study active fluids composed of rodlike microtubules
(MT, ~0.1% volume fraction) bundled by a nonspecific
depletant [9,32]. The MT bundle density is below the
isotropic-nematic transition concentration; hence they form
an active liquid crystal in the isotropic phase. The suspen-
sion is driven away from equilibrium by clusters of kinesin
motors, which hydrolyze adenosine 5'-triphosphate (ATP)
to step along and slide apart adjacent antiparallel micro-
tubules. Such extensile units push fluid along both direc-
tions of their long axis while pulling fluid along their short
axis. Hence, they exert dipolar extensile stresses [1]. The
MT bundles form a continuously reconfiguring network
that powers autonomous flows. Importantly, MT-based
active fluids can be assembled in large quantities, allowing
us to study the influence of boundaries on millimeter
scales [33].

We confined the active fluid within microfabricated
channels, whose heights (H, z axis) were either smaller
or equal to their widths (W, y axis) [Fig. 1(e)]. We imposed
a transient shear flow that uniformly aligns the active liquid
crystal along the channel’s length (x axis), similarly
to passive rodlike colloids and shear-induced isotropic-
nematic transition [34-37]. After the external flow
ceased, such monodomains became unstable, exhibiting a
robust growing pattern with spatially uniform wavelength
[Figs. 1(a)-1(b), Supplemental Material [38], materials and
methods, which includes Refs. [39-54], Movies S1, S2].
Since MT bundles are extensile, fluctuations about the
aligned state generated unbalanced internal forces that
acted on the surrounding fluid. The flows generated by
the extensile activity self-amplified the initial bend

deformations, giving rise to a rapidly growing in-plane
deformation pattern [4]. Instability required both ATP and a
critical molecular motor concentration. In the highly
confined regime (W = 2.5 mm, H = 100 ym), the insta-
bility was entirely suppressed for motor cluster concen-
trations less than 5 nM [Fig. S1, [38], Movie S3]. To
quantify the instability, we measured both the temporal
evolution of the in-plane velocity v and the nematic director
n[cos(@), sin()], where 6 is the angle between the local
bundle alignment and the channel’s flow direction (x axis).
Both the velocity and nematic director field exhibited
periodic patterns from which we extracted the wavelength
and the amplitude of the fastest growing mode (Fig. S2,
[38]). The amplitude first grew exponentially, and then
transitioned to a linear growth regime, which persisted until
saturation [Fig. 1(c)]. The transition from exponential to
linear growth was observed over a wide range of motor
concentrations (Fig. S3, [38]).

The temporal evolution of the MT alignment was
quantified by the alignment parameter g = (cos(20))
[Fig. 1(d)]. During the exponential growth, MT-bundles
were well aligned (¢ ~ 1) along the channel’s long axis. As
the nematic director buckled, the bundles increasingly
pointed along the y-axis, which led to a decreasing gq.
Eventually, the alignment parameter g became negative,
reaching a minimum g~ —0.5. At that point, growth
slowed and the bundles were on average aligned along
the y-axis. The resultant state, although not as ordered as
the initial state, was itself unstable, leading to a second
instability along the x-direction. Similar to 2D nematics
[55], a cascade of instabilities orthogonal to each other
ensued (Fig. S4 [38]). This cascade of instabilities melted
the initially shear aligned nematic phase into the previously
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studied active isotropic liquid crystal [9]. The wavelength
of the successive instabilities increased over time until the
fluid reached its chaotic steady-state. The wavelength
increase could be due to an increase of the elastic constant
from the coarsening of the MT-bundles, and/or a decrease
of the degree of ordering of the successive aligned states
prior to each instability cycle (Fig. S4E [38]).

The instability can be modeled by the linearized equa-
tions of 3D active nemato-hydrodynamics for an extensile
nematic liquid crystal (Supplemental Material [38]) [3]. In
the absence of boundaries, the fastest growing mode at any
nonzero activity corresponds to pure-bend deformations
and the instability wavelength is infinite. Introducing
no-slip hydrodynamic boundaries without assuming any
specific anchoring of the nematic director changes several
features of the instability. First, the active nematic is
unstable only if the activity is above a critical value,
similar to confined 2D active nematics (Fig. S1 [38])
[4,6,19,56]. Second, above that threshold, there is a finite
range of unstable wavelengths. These predictions are in
agreement with the experimental findings. Furthermore,
theory predicts that for confined 3D active nematics both
twist-bend and splay-bend modes are unstable, with the
former having faster growth (Supplemental Material [38]).
To verify the last prediction, we imaged the MT-bundles
with confocal microscopy. These experiments confirmed
that the 3D instability was not pure-bend, as the in-plane
director was not uniform at different z-planes (Fig. S5
[38]). Moreover, the in-plane bend deformations of the
MT-bundles grew faster than the in-plane splay deforma-
tions (Fig. S6 [38]).

Further, the model also makes a prediction about the
instability direction. In bulk active fluids, orientation
fluctuations are isotropic. When confined, the linear sta-
bility analysis revealed that the unstable twist-bend
modes are given by x.(k x én ) « én./W — én,/H, where
k is the wave vector of the unstable mode, and
on, = (6ny,on;) is a sinusoidal perturbation perpendicular
to the channel’s direction (Supplemental Material [38]).
If H < W, the unstable mode consists predominantly of
ony. This is consistent with experiments: spontaneous
growth of deformations was most conspicuous in the
image (x-y) plane, which is orthogonal to the strongest
confinement direction (z axis) [Fig. 1(a)]. For channels
with a square cross-section, the linear stability analysis
predicts that the deformations will grow equally fast in both
confinement directions (y and z axis).

So far, we described the instability of initially shear-
aligned active liquid crystals in the highly confined regime
(H=0.1 mm, W=23mm). Next, we systematically
changed the channel’s width and height to determine
how the confinement size controls the wavelength selection
mechanism. We started by increasing the channel height
(H, z direction) from 0.1 to 3 mm while keeping its width
(W, y direction) fixed at 3 mm (Movie S6, [38]). Confocal
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FIG. 2. Channel’s dimensions set the instability wavelength:
evolution of the wavelength instability as a function of channel
height. Symbols correspond to experimental data points and
solid lines to theoretical fits for #,(3 mm) =400 ym and
£,(1 mm) = 150 um. The active length is different for each
data set because the experiments were realized with different
batch of microtubules that have different activity level. Shaded
areas show where the theory predicts no instability. Error bars
show standard deviation. ([KSA] = 120 nM).

images of labeled MTs confirmed that the bundles were
uniformly aligned for all confinements (Movie S5, [38]).
The instability wavelength and the associated growth rate
strongly depended on the channel height, increasing rapidly
for small channels (H < 1 mm) before plateauing for the
larger channels [Fig. 2, Fig. S7TA [38]]. Repeating these
experiments for smaller widths showed that a combination
of both the width and height sets the fastest growing mode
[W =1 mm, Fig. 2].

We next compare the confinement-dependent instability
wavelength to the predictions of the linear stability analysis
of our minimal hydrodynamic model with no-slip boundary
and no specific anchoring of the nematic director at
the walls. The model predicts that uniform nematic
alignment is unstable when the confinement length scale
L = (1/W?+ 1/H?)7 is larger than the active lengthscale
£q = 2m+/2nDgk/a(Sy + &), Supplemental Material [38].
Here, o is the magnitude of the extensile force dipole
generated by the MT-bundles, S, is the magnitude of
initial order, ¢ is the flow alignment parameter, 7 is the
viscosity, Dy is the rotational diffusion constant, and « is
the nematic elasticity. The wavelength of the fastest
growing mode, 4, depends on the channel dimensions
as: 1 =2[2/l,L —1/L*7, Supplemental Material [38].
As the channel goes from a rectangular to a square
cross-section, the theoretical scaling of the instability
wavelength with the channel size agrees quantitatively
with the experimental observations for L = 0.5-3 mm
(Fig. 2). Furthermore, both experiments and theory dem-
onstrate that the wavelength and the growth rate were
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mainly determined by the smaller channel dimensions and
did not significantly change with increasing the larger
channel dimension (Fig. S8, Fig. S7B, Movie S7 [38]).
Finally, for channels where H, W > ¢, the linear stability

h/vV1 4+ h* /W, where

h = H/W is the aspect ratio of the channel’s cross-section.

Theory and experiments quantitatively agree for the
large channels’ cross-sections, illustrating that the growing
deformations in shear-aligned suspension of extensile
MT-bundles is the long-wavelength hydrodynamic
instability [3]. However, it is important to note some
inconsistencies between the theory and the experiments.
First, in the highly confined regime (L < 0.4 mm,
W = 3 mm) the MT suspension was always unstable even,
for L = 0.04 mm (Fig. 2). Fitting the hydrodynamic theory
to the experimental data for L > 0.5 mm predicts no
instability for channel sizes smaller than 7, ~ 0.4 mm.
Highly confined suspensions of active MT might display
shorter wavelength than allowed theoretically because the
shear-aligned liquid crystal is below the Isotropic/Nematic
transition, while the model assumes local nematic inter-
actions at all time. Alternativity, the hydrodynamic model
might require additional terms to describe the instability in
the strong confinement regime (H, W < 0.4 mm). Second,
the active length Z, is a material constant that should not
depend on confinement, unlike what we observe when
fitting the model to the two data sets. We suspect that the
difference #, obtained two different channel widths [blue
and red dotted line in Fig. 2] is due to variability in the
sample preparation protocols, which often result in samples
a different activity.

Many existing experimental realizations of active
matter—from shaken granular rods to multicellular
tissues—are two dimensional. Motility in 2D often
requires contact with a fluid or a solid substrate, which
screens long-range hydrodynamic flows. Such screening
can also result in instabilities with a finite wavelength
[28,55]. The agreement between theory and experiments
confirms that this instability is scale-free in bulk 3D
active nematics and that the finite wavelength selection
mechanism under confinement is fundamentally different
from the overdamped instability reported in MT-based 2D
active nematics moving on an oil-water interface [55].
The finite wavelength studied here is solely due to the
presence of boundaries that impose constraints on
the activity-driven flows. In the absence of boundaries,
the most unstable mode is pure-bend with an infinite
wavelength. Confinement in the direction of initial order
(x-axis) restricts the maximum allowed wavelength so
that the most unstable mode is a pure-bend mode with a
wavelength equal to the system size. For confinements
perpendicular to the direction of initial order (y and z
axis), such as those studied here, the presence of no-slip
boundaries constraints the velocity and director fields
such that deformations are no longer pure-bend but

analysis predicts that
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FIG. 3. Molecular control of the instability wavelength in the

highly confined regime. Dependence of the instability wavelength
for varying concentrations of (a) adenosine-5’-triphosphate (ATP),
(b) molecular motor clusters (processive K-401 and nonprocessive
K-365) and (c) MT-crosslinkers PRC-1. Shaded areas show
standard deviation. W = 3 mm, H = 100 pm.

contain splay and twist. Long-wavelength bend deforma-
tions are suppressed because the active driving cannot
overcome the viscous and elastic costs that come with
the associated but energetically costly splay and twist
deformations. Short-wavelength modes have a larger
fraction of pure bend; hence activity destabilizes these
modes more than the longer-wavelength modes. Shortest
wavelength modes are again stabilized by elasticity
and viscous dissipation. Consequently, this competition
between active and dissipative processes implies that
the fastest growing mode has a non-trivial finite
wavelength.

So far, we demonstrated that the channel size controls
both the growth rate and the wavelength of the instability.
Next, we control the instability wavelength by tuning the
intrinsic material properties of an active fluid, such
as the activity or the network elasticity. Linear stability
analysis predicts that the fluid becomes unstable at length
scales larger than [, « \/k/a, where k is the sample
elasticity, and a is the activity coefficient (Supplemental
Material [38]) [12,57]. For strong confinements (W=3mm,
H = 100 ym), the wavelength slightly decreases with
increasing ATP concentration [Fig. 3(a)]. It is often
assumed that ATP controls the magnitude of the active
stress. However, this dependency does not necessarily
account for the biochemistry behind kinesin stepping:
processive motors take multiple steps on a microtubule
before unbinding. After most steps, the motor waits for the
ATP molecule to bind before taking the next step [58].
Clusters of processive motors can bind to multiple micro-
tubules and therefore have a dual role, acting both as
passive cross-linkers and generators of active stresses [59].

257801-4



PHYSICAL REVIEW LETTERS 125, 257801 (2020)

With decreasing ATP, kinesin dwell time increases, and
motor clusters spend an increasing amount of time pas-
sively cross-linking the MT-bundles while waiting for ATP
binding [58]. In the limit of zero ATP, kinesin clusters
passively crosslink the filaments, yielding a solid-like
material [60]. These considerations hinder the simple
interpretation of how the instability wavelength depends
on the activity because tuning ATP concentration changes
both the activity and elasticity.

To overcome the above-mentioned complexities, we
titrated the concentrations of motor clusters at saturating
ATP concentrations. The instability wavelength decreased
sharply with increasing motor concentration [Fig. 3(b)].
Second, we repeated the same experiment with clusters of
non-processive K365 motors that detach from the MT after
each step. We again observed decreasing wavelength with
increasing motor concentration [Fig. 3(b)]. This is con-
sistent with an increase of the activity a. To explore the
influence of elasticity, we kept the kinesin concentration
constant while adding a varying amount of PRC-1, a
specific crosslinker that bundles antiparallel microtubules
while still allowing for their relative sliding [33,44].
Generally, increasing the number of crosslinkers should
lead to stiffer bundles [61]. In agreement with this
expectation, we find that increasing PRC-1 concentration
increased the instability wavelength [Fig. 3(c)]. As we did
not change the number of stress-generating motors, this is
consistent with an increase of the sample elasticity .
Taken together, these experiments confirm that in the
highly confined regime, the instability wavelength is
determined by the balance of active and elastic stresses,
which are respectively controlled by the concentration of
stress generating motors and non-motor crosslinkers.

To summarize, above a critical concentration of
molecular motors, shear-aligned 3D active liquid crystals
in the isotropic phase composed of extensile MT bundles
exhibit an activity driven hydrodynamic instability. The
fastest-growing mode has a finite wavelength that is
determined by confinement geometry and material proper-
ties. The observed scaling with the confinement size is
consistent with a minimal hydrodynamic model, which
predicts that the instability wavelength will be infinite
in the bulk limit. However, reaching this limit is an
experimental challenge. For square channels that are
much larger than the critical length, the instability wave-
length grows slower than the system size: A « v/W. Such
weak scaling indicates that the active fluid structure is
determined by the presence of boundaries, no matter how
far they are from each other. We demonstrated that the
instability wavelength is set by the balance of active and
elastic stresses, which are independently controlled by the
concentration of motors and non-motile crosslinkers.
Changing ATP concentration is not a good control over
the activity parameter often found in theoretical models
because it affects both the magnitude of the active stress

and the dwelling time of motors that crosslinking MT
bundles. We consider these findings in the context of the
previously published results. First, a similar instability
was observed in kinesin-free MT suspension, where the
extensile stress was generated by the filament growth [62].
Intriguingly, out-of-plane motor-driven buckling was
reported for suspensions of longer MTs and lower motor
concentrations [63,64], which suggests a more solid-like
character of the MT network in this regime, a hypothesis
also investigated by rheology [60]. Second, for MT active
isotropic fluids, velocity-velocity correlation length in the
chaotic state were performed in wide but thin microscopy
chambers (H ~ 100 um) [9,32]. Results shown here indi-
cate that such measurements were influenced by the
boundaries and are not representative of bulk dynamics.
Third, the ability of 3D active fluids to adjust their
internal structure in response to changing boundaries
provides new insights required for understanding the
scale-invariant criterion that determines the onset of
long-range transport flows in confined active fluids
[23,65,66]. Taken together, our combined experimental
and theoretical findings advance understanding of
both the pathways to low Reynold number 3D active
turbulence and how such pathways are affected by
boundaries [13].
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