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Achieving control and tunability of lyotropic materials has been a
long-standing goal of liquid crystal research. Here we show that
the elasticity of a liquid crystal system consisting of a dense sus-
pension of semiflexible biopolymers can be manipulated over a
relatively wide range of elastic moduli. Specifically, thin films of
actin filaments are assembled at an oil-water interface. At suf-
ficiently high concentrations, one observes the formation of a
nematic phase riddled with +1/2 topological defects, character-
istic of a two-dimensional nematic system. As the average fila-
ment length increases, the defect morphology transitions from
a U shape into a V shape, indicating the relative increase of the
material’s bend over splay modulus. Furthermore, through the
sparse addition of rigid microtubule filaments, one can gain addi-
tional control over the liquid crystal’s elasticity. We show how
the material’s bend constant can be raised linearly as a function
of microtubule filament density, and present a simple means to
extract absolute values of the elastic moduli from purely optical
observations. Finally, we demonstrate that it is possible to predict
not only the static structure of the material, including its topolog-
ical defects, but also the evolution of the system into dynamically
arrested states. Despite the nonequilibrium nature of the system,
our continuum model, which couples structure and hydrodynam-
ics, is able to capture the annihilation and movement of defects
over long time scales. Thus, we have experimentally realized a
lyotropic liquid crystal system that can be truly engineered, with
tunable mechanical properties, and a theoretical framework to
capture its structure, mechanics, and dynamics.

lyotropic liquid crystal | actin | topological defects | microtubule |
elasticity

Recent advances have extended applications of nematic lig-
uid crystals (LCs) onto realms that go beyond display tech-
nologies (1) and elastomers (2, 3) to colloidal/molecular self-
assembly (4-6), pathogen sensing (7, 8), photonic devices (9),
drug delivery (10), and microfluidics (11). In LCs, topologi-
cal defects correspond to locally disordered regions where the
orientation of the mesogens (12) (the units that form an LC
mesophase) changes abruptly. Defects exhibit unique optical and
other physicochemical characteristics, and serve as the basis for
many of the applications of these materials. The microstruc-
ture of an LC, the so-called “director field,” is determined by
a delicate interplay between elastic forces, geometrical con-
straints, and the influence of applied external fields (13, 14).
That microstructure dictates optical and mechanical response
of the LC to external cues. Thus, the ability to control and
optimize the LC elasticity is essential for emerging applica-
tions. The most widely used low-molecular-weight LCs are ther-
motropic (LC phases emerge at a certain temperature), and
exhibit a nematic phase within a certain, relatively narrow tem-
perature range. In such LCs, the defect size is small (~ 10 nm)
(15), thereby placing severe constraints on applications that
might rely on defects to perform certain functions [e.g., absorp-
tion and transport of colloidal particles (5)]. Furthermore, in
thermotropic systems, there is a limited range of accessible
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microstructures that are only achieved with significant changes in
temperature (12).

Lyotropic materials in which LC phases emerge at certain
solute concentrations circumvent some of these shortcomings.
In addition, certain lyotropic LCs are not toxic to many micro-
bial species (16) and neutral to antibody—antigen binding (17),
providing a possibility for biological applications (18). Here we
rely on suspensions of biopolymers to form lyotropic LCs, where
long and semiflexible mesogens lead to the formation of nematic
phases at sufficiently high concentrations. More specifically, we
use filamentous actin (F-actin), with a width of ~7 nm and per-
sistence length of 10 pm to 17 pm (19, 20). F-actin suspensions
exhibit a nematic phase when the concentration rises above the
Onsager limit (21, 22). Here we deplete F-actin onto an oil-
water interface, thereby forming a quasi-two-dimensional (2D)
nematic system (23). F-actin’s average contour length can be
tuned from <1 pm to >10 um by addition of variable con-
centrations of a capping protein that limits polymer growth (22,
24). Because the typical core size of corresponding topological
defects that arise in nematic actin is on the order of microme-
ters, they can be visualized by optical microscopy. We demon-
strate an approach to extract precise measurements of elastic
moduli by examining the morphology of the +1/2 defects (25).
We find that, as the filament length increases from 1 pm to 2 um,
the defect morphology transitions from a U shape to a V shape,
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indicating that the nematic LC changes from a splay-dominant
into a bend-dominant LC material. We also demonstrate that the
formation of a composite LC by addition of sparse concentra-
tions of a more rigid mesogen leads to an increase of the bend
elasticity of the resulting composite LC that grows linearly with
its number density and average length.

Our 2D nematic system provides an ideal platform for detailed
studies of the dynamics of defects in lyotropic LCs. To engi-
neer lyotropic systems containing topological defects for emerg-
ing applications, it is essential that a quantitative formalism be
advanced with which to predict the dynamics of lyotropic LCs.
Here we combine a Landau-de Gennes free energy model and
the underlying momentum conservation equations and show that
such an approach is capable of describing dynamic processes in
polydisperse, semiflexible biopolymer systems, paving the way for
elucidating its nonequilibrium dynamics.

Results and Discussion

The local average orientation of the mesogens is denoted by
n, which is a position-dependent (unit) vector field that obeys
nematic (head—tail) symmetry, i.e., n and —n are undistinguish-
able. When an LC transitions from an isotropic phase to a
nematic phase, topological defects emerge and annihilate over
time as the material undergoes thermal equilibration. Those
defects can be categorized by their winding number or topologi-
cal charge (26). Fig. 1B provides an illustration of +1/2 defects.
The long-range order of nematic LCs is often characterized by
the Frank-Oseen elastic theory (27), where the elastic energy
density is given by
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Fig. 1. Morphology of +1/2 defects. (A) lllustration of splay and bend dis-

tortion in nematic LC. (B) The director fields of +1/2 and —1/2 defect under
one-elastic-constant approximation. The color indicates the difference in
splay and bend energy density; a is the unit length scale. (C) Quantitative
description of defect morphology: ¢ is the polar coordinate; 6 is the angle
between the director and the angular vector . (D) The morphology of +1/2
defects as a function of elastic constant ratio k = K33/Kj1. Right images are
the Q-tensor-based simulation results. Blue curves following the local direc-
tor field are added to guide the eye.
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fe = %KH(V . n)2 + %KQQ(H -V x n)2
+ %Kgg(n x (V xn))? [1]
— %KMV -n(V-n)+nx (V xn).

Here the four prefactors penalize splay (Ki1), twist (K22),
bend (K33), and saddle-splay (K24) deformations, respectively.
A widely used simplification of the above expression is pro-
vided by the so-called “one-constant approximation,” which
assumes K11 = K22 = K33 = K24 = K. In that case, Eq. 1 reduces
to (using Einstein notation summing all repeating indices) f. =
1 K9in;0in;, and captures many qualitative physics of nematic
LCs. In a 2D nematic system, mesogens are constrained to lie
in a plane, and the twist (K22) and saddle-splay (K>4) deforma-
tion modes are irrelevant. Therefore, the splay (K11) and bend
(K33) influence the structure of topological defects, depicted in
Fig. 14. By minimizing the system’s total elastic energy over
an area S ([ gfedS with respect to m), an analytical expres-
sion for the director field near a defect is obtained. Introduc-
ing an elastic distortion energy density according to fipiay =
1K11(V -n)® and frens = 2 Kzs(n x (V x n))?, we quantify the
distribution of splay and bend distortions near a defect. In Fig.
1B, fsplay — foena near £1/2 defects is plotted under the one-
constant approximation, demonstrating that the +1/2 defect
has twofold symmetry, whereas the —1/2 defect has threefold
symmetry.

To better account for nematic symmetry, one can also con-
struct a second-order, symmetric, traceless tensor Q based on
n. The Q tensor (under a uniaxial assumption) is defined by
Q = ¢(nn — I/3), where ¢ is the scalar order parameter that
characterizes how well aligned the mesogens are. The nematic
symmetry is automatically satisfied when a Q tensor is intro-
duced. Eq. 1 can be written in terms of the Q tensor and incor-
porated into the Landau-de Gennes free energy model, and a
Ginzburg-Landau approach is implemented to arrive at the LC’s
equilibrium structure (see Materials and Methods). To explore
the fine structure of the topological defect, we go beyond the
one-constant approximation and consider the bend-to-splay ratio
k = K33/ Ki11. We find that the analytical expressions derived are
consistent with the results from full Q-tensor simulations (see
Fig. S1). To quantify the director field near a +1/2 defect, one
can introduce an angle 6 (illustrated in Fig. 1C) in a polar coor-
dinate system (p, ¢), such that the director can be expressed as

n = psin 0+ ¢ cos . In Fig. 1D, 0(¢) is plotted for various values
of k. These calculations show that the +1/2 defect morphology
adopts a U shape when K33 < Ki1 (k < 1) and a V shape
when K33 > Kii (k > 1). When « < 1, splay distortion is
more energetically demanding, whereas bend distortion is easier.
The system therefore tries to squeeze any high-splay regions and
expand high-bend regions. The resulting directors are more hor-
izontal, leading to a U-shape morphology. In contrast, if x > 1,
splay distortions become energetically easier and bend distor-
tions become more demanding; the system is therefore stretched
in the opposite direction. It tries to spread high-splay regions and
suppress high-bend regions, resulting in a V-shape director field.
One can also examine the core shape of a —1/2 defect by varying
k (see Fig. S1).

We next demonstrate experimentally that it is possible to vary
and visualize the material’s elasticity by constructing LCs com-
prised of the biopolymer F-actin with variable filament length.
The filaments are polymerized starting from a 2-uM solution
of monomeric actin (G-actin), 20% of which are fluorescently
labeled. The filament length is varied from ~1 um to 2 pm in
the presence of variable concentrations of capping protein (see
Materials and Methods). Actin filaments are crowded onto an
oil-water interface stabilized by surfactant molecules by using
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methylcellulose as a depletion agent. Over a duration of 30 min  (see Movie S1), evidenced by the appearance of several +1/2
to 60 min, a dense film of actin filaments forms a nematic phase  defects, reminiscent of the Schlieren texture of a thermotropic
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Fig. 2. Experiments on changing and visualizing actin-based LC’s elasticity by varying filament length. (A) Schematic illustration of experimental setup.
Short F-actin is crowded to the oil-water interface supported by a layer of surfactant molecules. The small region in the middle represents the camera’s field
of view used to image actin LC. (B) Fluorescent images of F-actin nematic LC on an oil-water interface. Filament length / increases from left to right. Dashed
lines highlight the shape of the +1/2 defects. (Scale bar, 30 um.) The director field within the black box is shown in C. (C) Red lines indicate the local director
fields near +1/2 defects highlighted in A. (D) Quantitative measurements of the director fields for the above defects in terms of 6(¢) plots.
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LC after a sudden temperature quench (12). Fig. 24 shows that,
as the filament length is increased from 1 pum to 2 pm, the
+1/2 defect transitions from a U-shape to a V-shape morphol-
ogy (see auxiliary dashed lines in Fig. 24). The corresponding
director field of these images is obtained through image analy-
sis (28) (see Materials and Methods), and the structural changes
of these defects are shown in Fig. 2B. We have, therefore, real-
ized an experimental system in which a dramatic transition in
defect morphology is present and optically observed, and, in fact,
is captured quantitatively by the theory described above (Fig.
1C). According to the Onsager type model (29), the increase in
mesogen length systematically increases « of an LC suppress-
ing bend distortion in the nematic director (30). This suggests
that the underlying mechanism of defect morphogenesis is due
to the change in LC’s elastic constants. As we will elaborate fur-
ther, the agreement between Figs. 1D and 2 demonstrates that
the nematic elasticity theory can describe polydisperse, semiflex-
ible biopolymer suspensions. Our experiments also demonstrate
that the mechanical properties of actin-based nematic LCs are
highly tunable through biochemical control of semiflexible poly-
mer length.

To quantify the LC mechanics, we plot the angle 6 against ¢ as
a function of distance from the defect core, r (Fig. 1C). We aver-
age 0(¢) over a range of r where it remains relatively constant
(Fig. S2) and extract x by fitting 6(¢) to the theory. The calcula-
tions shown in Fig. 2C indicate that actin LCs exhibit x from 0.5
to 2.1 as [ increases from 1 pm to 2 um. It is known that K53 >
K11 holds for hard-rod calamitic LCs, and K33 < Kji is seen
for common disk-like discotic LCs (31). Therefore, in contrast
to the behavior of traditional small-molecule thermotropic LCs,
one can access both a bend-dominant calamitic regime (K33 >
Ki1) and a splay-dominant discotic regime (K33 < Ki1) with the
same material by using different mesogen lengths. According to
the excluded volume theory for rigid-rod LCs, K11 o ¢l and
K33 o ¢°13, where [ is the rod length and ¢ is the volume fraction
(29, 32). Therefore, © o ¢*1%. Our experiments are consistent
with this scaling law: As the average filament length is doubled,
K increases by a factor of ~4.2. F-actin is a semiflexible biopoly-
mer, with persistence length [, ~ 17 pm (20). Thus, as polymer
length increases, one should expect deviations due to its semi-
flexible nature. For polymer length < 2 um, we find good agree-
ment with rigid-rod theory. However, for lengths > 2 pm, the
semiflexible nature becomes increasingly important as x ceases
to increase.

When the filament length is comparable to its persistence
length, the bend-to-splay ratio x ceases to increase and instead
declines (see Fig. S3), consistent with previous work in poly-v-
benzylglutamate-based lyotropic LC (33, 34). Therefore, there
is limitation on varying the LC’s elasticity by solely relying on
changing the length of a semiflexible mesogen.

To explore the possibility of accessing a larger range of LC
elasticity, we created composite LCs consisting of concentrated
actin suspensions interdispersed with sparse concentration of
microtubules, which are more rigid biopolymers (i, ~ 1 mm).
Intuitively, microtubules, if sufficiently sparse, should not affect
the splay constant but should increase the bend elasticity of the
LC. We explore this possibility by constructing a simple model,
based on three assumptions: (i) Microtubules are well dispersed
in the actin, (if) microtubules are relatively short and only weakly
bent in the LC, and (i) microtubule density is sufficiently small
to render self-interactions negligible. We observe that micro-
tubules are aligned with the local director field (Fig. 3B). This
substantiates our intuition that the rigid polymers should only
suppress the bend mode (increase K33) without penalizing splay
mode (K11 unchanged). The free energy penalty associated with
microtubule bending can be incorporated into the bend distor-
tion term fyenq in the Frank—Oseen expression, such that the
change in bend constant A K33 is a linear function of microtubule
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number density ¢ (see Simple Theory on the Elasticities of Micro-
tubule Doped Actin LC),

EI

AKsz = 5

where Iy is the average microtubule length, FI ~ 4.1 X

1072* J-m is the microtubule flexural rigidity (19, 35), and &, is

the film thickness. Our measurements estimate §, ~ 300 nm (see
Fig. S4).

Guided by the considerations outlined above, we add a small
concentration of taxol-stabilized microtubules to the solution of
actin filaments. Consistent with our hypothesis, we observe that
the addition of microtubules has a significant effect on defect
morphology. Fig. 34 shows optical images of a system with and
without microtubules. In the absence of microtubules, the +1/2
defects’ morphology is U-shaped, as outlined by the blue dashed
line, and a significant amount of bending is also visible. When
microtubules are added, all defects adopt a V-shape morphol-
ogy, and bending is suppressed. In Fig. 3C, we find that the num-
ber of microtubules, shown in cyan, has a direct influence on the
shape of +1/2 defects, which undergoes a gradual transition from
a U- to a V-shape morphology, as highlighted by the director
field around the defect core. Eq. 2 indicates that the change in
the composite LC’s elasticity should only be a function of cly,
which is namely microtubule’s linear density.

To test this prediction, we inspect several tens of +1/2 defects
for two independent experimental sets. The microtubule’s linear
density is determined by measuring ¢ and  in the vicinity of each
individual defect (see Materials and Methods). We measure « by
fitting the defect morphology to the theory, and we then plot it
against clp. In Fig. 4, we find that both independent sets of exper-
iments show a linear trend between « and clp above a threshold
of microtubule’s linear density. In Fig. 44, the transition from
a splay-dominated into a bend-dominated regime that occurs at
K33 = Ki is observed, exhibiting the high tunability of the com-
posite LC.

Having validated the theory, this framework can be used to
measure the absolute values of Ki; and K3s. Since the elastic
constant ratio « is measured before and after microtubules are
added, Ak = AKsz/Ki: is known. Using Eq. 2 to determine
AKss, K11 can be evaluated from AKss/Ak. Our calculations
indicate that, for actin LCs with [ = 1.5 um, K11 = Ks3 ~
0.44 pN, and, for actin LCs with [ = 1 pm, K11 ~ 0.26 pN
and K33 ~ 0.16 pN. These measured constants are one order
of magnitude smaller than those of thermotropic LCs, and also
smaller than the few values that have been reported for lyotropic
LCs (32, 33, 36). The fact that the long-filament system has a
higher elastic constant and higher « is also consistent with the
Onsager-type model. Note that, in the limit of high concentration
of microtubules, the composite’s properties will deviate from the
linear equation and approach those of a pure microtubule LC.

Traditional LC elasticity measurements rely on external fields
or calibrations (12, 32, 36), a limitation overcome by the use of
this protocol. Microtubules in the system play the role of “elas-
tic dopants,” analogous to the chiral dopants that are added
to nematic materials to increase chirality (37). Our results pro-
vide a framework within which one can simultaneously visual-
ize, tune, and measure the material’s elasticity. We emphasize
here that the idea of measuring a material’s mechanical prop-
erties by observing defects can be generalized to other ordered
systems. Defects are singularity regions in an otherwise ordered
material, where different elastic modes compete against each
other. Thus, we expect the framework developed here could be
extended to characterization of the morphology and statistics of
defects, disclinations, or dislocations as a means of probing the
elastic properties of other types of materials.

The results presented thus far serve to establish that the
theoretical framework adopted here can, in fact, describe the

clo, 2]
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Experiments on changing actin-based LC's elasticity by adding rigid microtubules. (A) Optical images of actin LC without and with microtubules. Blue

dashed lines highlight the change in defect shape from U to V. (Scale bar, 30 um.) (B) Probability distribution of the angle between microtubule orientations
and the local F-actin director fields. (C) Optical images of +1/2 defects overlaid with the corresponding director field. Microtubule number density increases
from left to right followed by the defect shape change from U to V. (Scale bar, 10 um.)

equilibrium structure of lyotropic biopolymers. For emerging
applications involving nonequilibrium processes, it is important
that such a formalism be also able to describe the dynamics
of such systems. In what follows, we therefore turn our atten-
tion to the more challenging task of characterizing and predict-
ing the coupling between structure and dynamics that arises in
actin-based LCs. When a thermotropic LC is quenched from an
isotropic into a nematic state, defects emerge and annihilate each
other over time. The interplay between LC elasticity, viscosity,
and defect structure (configurations) determines the dynamics
of annihilation events. Note that recent efforts have addressed
the coupling of structure and dynamics in free-standing smec-
tic LCs (38). In contrast to that work, our actin-based LC sys-
tem represents a true nematic LC which is free of confining walls
(39). As such, it offers a unique 2D platform on which to explore
structure-based dynamics.

In Fig. 5, we show two typical defect configurations, which dif-
fer in the angle between the line connecting the defect cores and
the nematic far field. For simplicity, and without loss of gener-
ality, we consider two opposite, symmetric cases. In the first, the
defect line is parallel to a well-defined far field; in the second, it
is perpendicular (Fig. 5 A and B). In both situations, the defects
attract each other to lower the system’s total elastic free energy.
Thus, in the “perpendicular” case, the +1/2 defect should move
opposite to its orientation, whereas, in the “parallel” case, the

E128 | www.pnas.org/cgi/doi/10.1073/pnas.1713832115

+1/2 defect should move along its orientation (see Movie S2).
This is exactly what is observed in our experiments, as shown in
Fig. 5 C and D for the perpendicular and parallel cases, respec-
tively, and in Movie S3. Interestingly, in the case of the paral-
lel far field (Fig. 5D), the +1/2 defect deviates from a straight
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Fig. 4. Experiments on changing actin-based LC's elasticity by adding rigid

microtubules. The two plots are two independent experimental sets, each of
which plots the fitted elastic constant ratio « as a function of cly for (A) /=
1 um for 15 defects and (B) / = 1.5 um for 20 defects. The slope gives the
direct measure of the splay elastic constant Kq1. The error bars correspond
to the SD.
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color corresponds to the order parameter, using the same colorbar as in Fig. 1D. In zoom-in frames, black arrows indicate the inward/outward flows upon
annihilation, and red arrows represent the velocity field. (C and D) Time sequence of annihilation as seen in the experiments for perpendicular and parallel
case, respectively. Blue boomerangs and red triangles represent +1/2 and —1/2 defects, respectively. (Scale bar, 10 um.) (E) Defect separation, measured in

experiment, Ar, plotted as function of time.

head-on approach to the —1/2 defect. Therefore, we have ob-
served and analyzed two distinct types of defect annihilation
events, thanks to the unique optical feature of our nematic sys-
tem in which £ defects are optically distinguishable.

We use our theoretical model to investigate how the flow field
generated by the defect motion depends on the LC’s elastic con-
stants and the underlying configuration. When two +1/2 defects
approach and eventually annihilate each other, hydrodynamic
effects play a key role in the dynamics. In particular, past work
has suggested that the +1/2 defect always moves faster than
the —1/2 defect (40). Our hydrodynamic simulations and exper-
imental observations, however, indicate that this is not the com-
plete story. When one takes into account elasticity and defect
configurations, the opposite can be true: A —1/2 defect may
move faster than a +1/2 defect (see Defect Annihilation). In Fig.
5, we show the effect of defect configurations on an isolated
annihilation event. We find that the perpendicular case annihi-
lates faster than the parallel case. If one ignores hydrodynamic
effects, the two cases would proceed in an identical manner
(under the one-constant assumption). The inclusion of hydro-
dynamics breaks that symmetry. As shown in Fig. 5, the flow
fields corresponding to the two configurations are markedly dif-
ferent. For the perpendicular case, there are two symmetric
vortices on the two sides of the defect line (indicated by blue
lines in Fig. 54 with an outward transverse flow upon annihila-
tion), whereas, for the parallel case, upon defect annihilation, an
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extensional flow is produced, and the transverse flow is inward.
Because the director field at the defect line in the perpendicular
case is aligned with the flow, the corresponding viscosity is low,
and the enhanced hydrodynamic flow accelerates the defects’
motion. In the parallel case, the flow direction is perpendicu-
lar to the local director field, and the high viscosity suppresses
such flow, leading to slower dynamics. The horizontal separa-
tion of two +1/2 defects, Ar, can be plotted as a function of
time as shown in Fig. 5SE. Our experiments indicate that, on aver-
age, the perpendicular case clearly exhibits faster dynamics than
the parallel case, confirming our predictions. Taken together,
these results establish that defect structure influences dynam-
ics, a feature that could be exploited to manipulate the transport
of cargo in an LC by creating different flow patterns as defects
annihilate.

The results presented in Fig. 5 are limited to two isolated
defects, and only two ideal, extreme cases (parallel and per-
pendicular defect configuration) are considered. The question
that emerges then is whether the simple formalism adopted here
can describe dynamics in the more common case in which mul-
tiple defects with nearly arbitrary relative orientations interact
with each other (41, 42). To address this question, we now con-
sider a system of area ~10° um? containing tens of defects.
We measure the director field from the experiments and use it
as the initial condition for a 3D simulation (see Materials and
Methods). We run the simulation over an extended period, and
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examine whether the model can capture the temporal evolu-
tion of defects that is observed in the experiments over lab-
oratory time scales (minutes to hours). Our computer simula-
tion can be viewed as analogous to weather forecasting: We
take a pattern (director field) as the initial condition, and we
rely on a simulation to predict its structure at a future time.
In our quasi-2D nematic system, we show four images compar-
ing simulations and experiments at four consecutive times, sep-
arated by a time interval of ~200 s. As shown in Fig. 6 and
in Movie S4, the model predicts the three annihilation events
in correct chronological order (see the circled defects in Fig.
6), and the individual defect positions after 10 min. Shown in
Fig. 7, simulations have also quantitatively captured defect sep-
arations for the three annihilating defect pairs. This agreement,
which is simply based on the initial defect structure, along with
our previous work using the same model to successfully describe
active nematics (43), serves to underscore that the hydrody-
namic formalism adopted here is able to capture key aspects
of the structure and dynamics of lyotropic, polydisperse, actin-
based 2D nematic systems. Despite the fact that the LC’s elastic
structure and hydrodynamics are both long-ranged and nonlin-
early coupled, its defect dynamics can be accurately predicted
by our athermal model, implying that such defect dynamics are
deterministic.

In conclusion, we have demonstrated a semiflexible biopolymer-
based 2D nematic system, which exhibits highly tunable elas-
ticity, and could be useful for future LC technologies relying

A >+1/2 ¥ -12

Simulation

on topological defects. Its elastic constants can be tuned either
by varying the average filament length or by doping it with a
sparse concentration of rigid polymers. We show a method to
infer the ratio of splay and bend constant by visualizing the mor-
phology of +1/2 defects. Using this, we find that the bend-to-
splay ratio can range from 0.5 to 2.1, such that the material
transitions from a splay-dominant to a bend-dominant system.
For rigid-polymer doped composites, our simple theoretical
model predicts that the change in bend constant is proportional
to the linear density of rigid polymers, and enables measurement
of the absolute values of bend and splay constants. We further
show that the hydrodynamic model of nematic LCs developed
in our work describes defect dynamics of this highly structured
viscoelastic fluid over extended periods of time. In particular,
we have predicted and confirmed experimentally that the anni-
hilation time of a £1/2 defect pair depends on the defect con-
figuration, a feature that could potentially be used to engineer
molecular transport systems that rely on autonomous defect
motion.

Materials and Methods

Theory and Modeling. The bulk free energy of the nematic LC, F, is defined
as

F= / dVfpui + / dSfsurf
v av

- / dV(Figs + o) + / dSfyurts
v av

[31
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Fig. 6. Actin-based LC “weather map.” (A) Consecutive optical images from actin LC equilibration process; blue boomerangs represent +1/2 defects, and
red triangles indicate —1/2 defects. (B) Consecutive simulation images corresponding to the experiments; black lines depict the local director field, and the
background color indicates scalar order parameter (adopting the same colorbar as in Fig. 1). The circled defects annihilate in the next frame. (Scale bars, 30 Lm.)
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Fig. 7. Metric of the weather map. Defect separation as a function of time
for three annihilating defect pairs marked by numbers in Fig. 6. Symbols are
experimental measurements, and curves are from simulation.

where f 4¢ is the short-range free energy, £, is the long-range elastic energy,
and fy,¢ is the surface free energy due to anchoring. The f, 4 is given by a
Landau-de Gennes expression of the form (12, 44)

Ao u ) AgU 3 AgU N\ 2
fuds = 5 (1 —§>Tr(Q ) - 5 (@) + 5 (r(@))"
Parameter U controls the magnitude of g, namely the equilibrium scalar

order parameter via go = § + 3,/1 — £;. The elastic energy f,; is written
as (Qjx means 9, Q)

1 1
fo = 5L1QykQyk + 5 L2Quk Qs
1 1 [51
+ 3 L3Q;iQx,iQxij + 3 LaQik,1Qji k-

If the system is uniaxial, the Ls in Eq. 5 can be mapped to the Ks in Eq. 1 via

1
L= [Kzz + §(K33 - K11)},

293
1
L = ?(Kn — K2a),
; 6]
Ly = —5 (K33 — K11),
2q3

1
Ly = —(Kag — K22).
%

By assuming a one-elastic-constant K11 = Ky; = K33 = K3 = K, one has
L =L = K/2q(2, and L, = L3 = L4y = 0. Pointwise, n is the eigenvector
associated with the greatest eigenvalue of the Q tensor at each lattice point.

To obtain the static morphology of topological defects, we minimize Eq.
3 with respect to the Q tensor via a Ginzburg-Landau algorithm (45). To sim-
ulate the LC's nonequilibrium dynamics, a hybrid lattice Boltzmann method
is used to simultaneously solve a Beris-Edwards equation and a momentum
equation which accounts for the backflow effects. By introducing a velocity
gradient Wy = d;u;, strain rate A = (W + W) /2, vorticity @ = (W —WT)/2,
and a generalized advection term

S(W, Q) =(6A +2)(Q +1/3) + (Q +1/3)(€A — Q)
—2¢(Q + 1/3)Tr(QW),
one can write the Beris-Edwards equation (46) according to

(0t +u-V)Q —S(W, Q) =TH. [8l

[71

The constant £ is related to the material’s aspect ratio, and T is related to
the rotational viscosity v of the system by I = 2q3 /1 (47). The molecular
field H, which drives the system toward thermodynamic equilibrium, is given

by
F st
H=— [5—} . [9]
5Q

Zhang et al.

where [...]! is a symmetric and traceless operator. When velocity is absent,
i.e.,, u(r)=0, the Beris-Edwards equation, Eq. 8, reduces to Ginzburg-
Landau equation

0:Q =TH.

To calculate the static structures of 4-1/2 defects, we adopt the above equa-
tion to solve for the Q tensor at equilibrium.

Degenerate planar anchoring is implemented through a Fournier-
Galatola expression (48) that penalizes out-of-plane distortions of the Q
tensor. The associated free energy expression is given by

Frurt = W(Q — @), [10]

where @ = Q + (go/3)l and @ = PQP. Here P is the projection operator
associated with the surface normal v as P = | — vv. The evolution of the
surface Q field is governed by (49)

st
9Q _ (—Lu .VQ+ [af‘“”} ) (1]

ot aQ

where I's = I'/&y with & = /L1 /Ao, namely nematic coherence length.
The above equation is equivalent to the mixed boundary condition given in
ref. 50 for steady flows.

Using an Einstein summation rule, the momentum equation for the
nematics can be written as (47, 51)

(0 + ugdplug = 0lla g +n0p [Oaug + Oguq

[12]
+ (1 = 30,P0)0 Uy b ).
The stress IT is defined as
Hap == Podap — §Hay <Qws + %5wﬁ> —£ (Oa’v + %‘Mﬁ) Hyp
OF [13]

1
2 [e S %a eH e € cn A
+2¢ (Q g+ 35 B) QyeHy 0pQy 690 Qe

+ QO”YH’YB - er'vaﬁr

where 7 is the isotropic viscosity, and the hydrostatic pressure Py is given by
(52)

Po = pT — fpuik- [14]

The temperature T is related to the speed of sound ¢ by T:cf. We
solve the evolution equation, Eq. 8, using a finite difference method. The
momentum equation, Eqg. 12, is solved simultaneously via a lattice Boltz-
mann method over a D3Q15 grid (53). The implementation of stress follows
the approach proposed by Guo et al. (54). Our model and implementation
were validated by comparing our simulation results to predictions using the
Ericksen-Leslie-Parodi theory (55-57). The units are chosen as follows: The
unit length a is chosen to be a =&y =1 um, characteristic of the filament
length; the characteristic viscosity is set to 1 =0.1 Pa - s; and the force
scale is made to be F, =10~ N. L; =0.0222, L3 =0.0428, and L, =L, =0
lead to k = K33/K11 =3 and Kj1 = Ky = Kz4. Other parameters are cho-
sen to be Ap=0.132, £=0.8, I'=0.2, n=0.27, and U=3.5, leading to
go ~ 0.62. The simulation is performed in a rectangular box. The bound-
ary conditions in the xy plane are periodic. Two confining walls are intro-
duced in the z dimension, with strong degenerate planar anchoring, ensur-
ing a quasi-2D system. In the weather map simulation, Ly =496 pum and
L, =534.5 um, larger than the experimental image, to suppress boundary
effects; L, = 10 um is chosen to correspond to the sample thickness, mimick-
ing the hydrodynamic screening effects of the substrates in the experiments.
We refer the reader to ref. 49 for additional details on the numerical meth-
ods used here.

Experimental Methods.

Proteins. Monomeric actin is purified from rabbit skeletal muscle acetone
powder (58) (Pel-Freez Biologicals) stored at —80 °C in G-buffer (2 mM Tris
HCL pH 8.0, 0.2 mM APT, 0.2 mM CaCl,, 0.2 mM DTT, 0.005% NaNj3). Fluores-
cent labeling of actin was done with a tetramethylrhodamine-6-maleimide
dye (Life Technologies). Capping protein [mouse, with a HisTag, purified
from bacteria (59); gift from the Dave Kovar laboratory, The University of
Chicago, Chicago] is used to regulate actin filament length. The 1:10 ratio
of fluorescently labeled tubulin (cat #TL488M; Cytoskeleton) and unlabeled
tubulin (cat #HTS03; Cytoskeleton) were incubated at 4 °C in PEM-100 (100
mM Na-PIPES, 1 mM MgSOg4,1 mM EGTA, pH 6.8) at 5 mg/mL. The mixture
was centrifuged at 4 °C at 30,000 x g for 10 min, and the supernatant was
incubated in PEM-100 at 37 °C in the presence of 1 mM GMPCPP (cat #NU-
405L; Jena Biosciences) for 20 min. Taxol was added to stabilize polymers to
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50 uM final concentration. The microtubule length was shortened by shear-
ing through Hamilton Syringe (Mfr #81030, Item #EW-07939-13) before
adding 3 pL of volume to the actin polymers.

Experimental assay and microscopy. The actin is polymerized in 1X
F-buffer (10 mM imidazole, pH 7.5, 50 mM KCL, 0.2 mM EGTA, 1 mM MgCl,,
and 1 mM ATP). To prevent photobleaching, an oxygen scavenging system
[4.5 mg/mL of glucose, 2.7 mg/mL of glucose oxidase (cat #345486, Cal-
biochem), 17,000 units/mL of catalase (cat #02071, Sigma), and 0.5 vol %
B-mercaptaethanol] is added; 0.3 wt % 15 cP methylcellulose is added
as the crowding agent. Actin from frozen stocks stored in G-buffer is
added to a final concentration of 2 uM with a ratio 1:5 TMR-maleimide
labeled:unlabeled actin monomer. To control the filament length, frozen
capping protein stocks are thawed on ice and are added at the same time
(0.3 mol % to 0.17 mol %). We call this assay “polymerization mixture”
from hereon.

The experiment is done in a cylindrical chamber which is a glass cylin-
der glued to a coverslip (60). Coverslips are sonicated clean with water and
ethanol. The surface is treated with triethoxy(octyl)silane in isopropanol to
produce a hydrophobic surface. To prepare a stable oil-water interface,
PFPE-PEG-PFPE surfactant (cat # 008, RAN Biotechnologies) is dissolved in
Novec-7500 Engineered Fluid (3M) to a concentration of 2 wt %. To avoid
flows at the surface, a small 2 x 2 mm teflon mask is placed on the treated
coverslip before exposing it to UV/ozone for 10 min. The glass cylinder is
thoroughly cleaned with water and ethanol before gluing it to the cover-
slip, using instant epoxy. Then 3 uL of oil-surfactant solution is added into
the chamber, and quickly pipetted out to leave a thin coating. The thick-
ness of the resulting oil film is ~50 um, and our results are independent
of its small variations. When the oil is spread on the glass surface, it often
shows a slight bulge (~5 pm) in the middle. Therefore, the sample is always
imaged in the middle of the film over the camera field of view, which is
~200 um x 200 pum, to make sure that the sample remains in focus over
this area, which is far away from the edges. Imaging close to the edges is
avoided. The polymerization mixture is immediately added afterward. For
experiments on defect shape change as a function of microtubule concen-
tration, taxol-stabilized microtubules were added to 1 pg/mL of the final
concentration. We waited for a period of 30 min to 60 min before acquir-
ing images.

The sample is imaged using an inverted microscope (Eclipse Ti-E; Nikon)
with a spinning disk confocal head (CSU-X; Yokagawa Electric), equipped
with a Complementary metal-oxide semiconductor camera (Zyla-4.2 USB 3;
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