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Living cells sense the mechanical features of their environment and
adapt to it by actively remodeling their peripheral network of
filamentary proteins, known as cortical cytoskeleton. By mimicking
this principle, we demonstrate an effective control strategy for a
microtubule-based active nematic in contact with a hydrophobic
thermotropic liquid crystal. By using well-established protocols for
the orientation of liquid crystals with a uniform magnetic field, and
through the mediation of anisotropic shear stresses, the active
nematic reversibly self-assembles with aligned flows and textures
that feature orientational order at the millimeter scale. The turbulent
flow, characteristic of active nematics, is in this way regularized into a
laminar flow with periodic velocity oscillations. Once patterned, the
microtubule assembly reveals its intrinsic length and time scales,
which we correlate with the activity of motor proteins, as predicted
by existing theories of active nematics. The demonstrated command-
ing strategy should be compatible with other viable active biomate-
rials at interfaces, and we envision its use to probe the mechanics of
the intracellular matrix.
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Liquid crystals are viscous fluids that self-assemble into equilib-
rium molecular arrangements featuring anisotropic physical

properties that can be easily tailored by suitable boundary condi-
tions, and reversibly rearranged by using modest electric or mag-
netic fields (1). These soft matter mesophases are not exclusive of
artificial materials, as they are ubiquitous in lipid solutions (2) and
concentrated DNA fragments (3), and have been recently obtained
by in vitro cytoskeletal reconstitutions based on aqueous suspen-
sions of filamentous proteins cross-linked by compatible molecular
motors (4–6). The latter type of materials is referred to as active
liquid crystals because, unlike their passive counterparts, they ex-
hibit out-of-equilibrium behavior with supramolecular orientational
order that is dynamically self-assembled at the continuous expense
of hydrolysable adenosine triphosphate (ATP). Experiments with
active soft matter (7–17) reveal self-organizing features that are not
present in passive materials. Despite the vast richness of behavior
endowed by activity, traditional liquid crystals have a dramatic ad-
vantage: their orientation can be easily controlled to switch among
different predesigned configurations, which is crucial for the op-
eration of devices, and for fundamental research in partially or-
dered materials. Contrarily, experiments on active nematics have
relied on establishing their composition, confinement geometry, or
activity as design parameters, but they lack true control capabilities
of the resulting dynamic self-assembly. This limits their potential to
serve as in vitro model systems of the intracellular matrix or for the
development of new functional biomaterials. Here, by interfacing
an active nematic film with a hydrophobic oil that features smectic
(lamellar) liquid-crystalline order (18), we reversibly align the
originally turbulent flow of the active fluid into well-designed flow
directions by means of a magnetic field.

Results and Discussion
The chosen active material is an aqueous gel based on the self-
assembly of micrometer-sized stabilized microtubules (MTs) (4, 19).
The latter are cross-linked and locally sheared by clusters of ATP-
fueled kinesin motors, which are directed toward the plus ends of
the MTs. Thus, interfilament sliding occurs in bundles containing

MTs of opposite polarity (Fig. S1). This mixture arranges into an
extensile active gel (20–22), continuously rebuilt following bundle
reconstitution, and permanently permeated by streaming flows. An
active nematic is obtained by concentrating this bulk material, using a
depletion force, toward a biocompatible soft and flat interface,
usually a surfactant-decorated isotropic oil. Assembled filaments
continuously fold and adopt textures typical of a 2D nematic phase
(4). This active film appears punctuated by a steady number of
continuously renovated MT-void regions that configure semiinteger
defect areas (Fig. 1A). In our case, the active nematic is formed at
the interface between the aqueous protein suspension and a volume
of the hydrophobic oil octyl-cyanobiphenyl (8CB), which features two
liquid crystal phases at temperatures compatible with protein activity.
The 8CB/water interface is stabilized with a polyethylene glycol
(PEG)-based triblock copolymer surfactant, which also promotes the
alignment of the thermotropic liquid crystal molecules parallel to the
interface. Real-time observation is performed using fluorescence,
polarization, and confocal microscopies (Materials and Methods).
When the thermotropic liquid crystal across the flat interface

features the nematic phase (T > 33.4 °C), the active nematic displays
the usual self-sustained turbulent flow characterized by the random
proliferation of ±1/2 defects that unbind in pairs during spontaneous
filament folding (23–26) (Fig. 1A). The dynamic viscosity of nematic
8CB is 30 mPa·s (Fig. S2), which is significantly higher than that of
isotropic oils used earlier in the literature (4). This fact results in a
lower average speed of the active flow, and a higher defect density
for the same concentration of ATP, a clear evidence of the hydro-
dynamic influence that the passive fluid exerts on the active one.
When our experiment is performed in the presence of a uniform in-
plane magnetic field of 4 kG, created by a permanent magnet array
(Materials and Methods), 8CB molecules align with the field due to
the positive diamagnetic anisotropy of this material. Nevertheless,
we cannot detect any resulting alteration in the structure or in the
dynamics of the active nematic underneath (Fig. 1B).
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Active liquid crystals are aqueous in vitro suspensions of cyto-
skeletal proteins that self-assemble into elongated fibers and de-
velop sustained flows at the continuous expense of ATP. When
they condense on soft interfaces, the aligned fibers organize into
nonequilibrium analogs of passive liquid crystals. However, pro-
teins do not respond to external electromagnetic fields, unlike
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demonstrate a reversible and biocompatible experimental protocol
to align an active liquid crystal with a uniform magnetic field,
allowing the transition between turbulent and laminar flow re-
gimes. The active liquid crystal senses the interfacial viscous an-
isotropy of a lamellar hydrophobic liquid crystal, not unlike the
adaptation of cells to themechanical features of their environment.
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To increase the interfacial shear stress anisotropy, we quench the
temperature below 33.4 °C, which results in 8CB transiting into the
lamellar smectic-A (SmA) phase, which is characterized by molecules
organized perpendicular to the lamellar planes. The active nematic
rapidly rearranges due to the new boundary conditions (Fig. 1 C and
D and Movie S1), so that the chaotic filament orientation is now
regularized into parallel stripes of uniform width aligned perpen-
dicularly to the magnetic field. Fluorescence microscopy indicates
that the bright stripes consist of densely packedMT bundles, whereas
intercalated dark lanes incorporate the cores of proliferating ±1/2
defects. Notice that strings of alternated +1/2 and −1/2 defects align
and move in antiparallel directions in adjacent lanes (Fig. 1D).
During the slow temperature ramp, there is a transient state where
regions with 8CB in the nematic and in the SmA phase coexist,
resulting in growing areas where the active nematic is aligned, to-
gether with vanishing regions where it is still disordered (Fig. 1C).
The active nematic adapts to the new interfacial state almost in-
stantaneously for all explored activities (Movie S2). The alignment
process is reversible and versatile. By cycling the temperature above
and below 33.4 °C (Fig. 1 E–G), the active nematic returns to the
disordered state when freed from the interfacial constraints (Fig. 1F),
and a new direction of alignment can be arbitrarily chosen by rotating
the magnetic field (Fig. 1H and Movie S3).
This alignment effect can be understood by taking into account

the structure of the contacting SmA phase. As mentioned above,
8CB molecules organize in planes perpendicular to their orienta-
tion, which is parallel to the magnetic field. Consequently, the SmA
planes are perpendicular both to the 8CB/water interface and to the
field (Fig. 1I). Polarizing optical microscopy confirms the formation
of this aligned SmA layer (Fig. 1I), which includes dislocations in
the aligned planes that propagate into the bulk forming the so-

called parabolic focal conic domains (Fig. S3). It is well known in
the literature (18) that this “bookshelf” geometry of the SmA
phase results in a liquid that flows easily when sheared along the
planes, but responds as a solid to stresses exerted in the orthog-
onal direction. As a consequence of this configuration, the active
nematic encounters an interfacial viscosity that is much higher for
flow along the magnetic field than perpendicular to it, resulting in
the observed alignment (Fig. 1 J and K).
The reported phenomenon is different from the alignment of a

passive liquid crystal under shear flow. On the one hand, here the
stress originates in the active fluid, and the interface provides only
with a reconfigurable anisotropic template for alignment. On the
other hand, there is no global net flow of the active nematic. As
explained above, the aligned active filaments give rise to stripes
intercalated by lanes with alternate antiparallel flow patterns (Fig.
1K). We have performed a velocimetry analysis on the moving
active filaments (Fig. 2 A and B) and have observed that the av-
erage speed is highest along the lanes where defect cores organize,
and that it vanishes on the stripes where MTs pack. Velocity
gradients follow the complementary pattern, being the highest at
the points of flow stagnation. By seeding the active nematic with
tracer microparticles, we put into evidence that the aligned lanes
are able to actively transport biocompatible cargo (Fig. 2C and
Movie S4).
Recent models to describe the dynamic self-assembly of freely

suspended active nematic films propose that steady-state pat-
terns will be characterized by an intrinsic length scale, l, which is
the result of a balance between the forces required to deform
the elongated MT bundles and the active stress provided by the
molecular motors (27). This leads to a scaling relation l−2 ∼ α,
where α is the activity parameter, linearly related to the chemical

Fig. 1. Alignment of the active nematic with a magnetic field. (A) Fluorescence micrograph of the active nematic with a pair of complementary +1/2 (blue)
and −1/2 (red) defects highlighted. (B–H) Fluorescence micrographs with different configurations of the active nematic in the presence of a 4-kG uniform
magnetic field. (B) The active fluid is initially in contact with nematic 8CB, which is transited, below T0 = 33.4 °C, into the lamellar smectic-A phase (C) under a
horizontal magnetic field. (D) The active nematic aligns perpendicularly to the field. By temperature cycling above (E and F) and below (G and H) T0 under a
vertical magnetic field, the active nematic is now realigned in the orthogonal direction (H). Pairs of aligned defects are highlighted in D and H. (I) Polarizing
optical micrograph, and configuration of the underlying molecular planes in the SmA phase of the passive liquid crystal. (J) Fluorescence confocal micrograph
revealing the correlation between the aligned active nematic and the anisotropic SmA phase. (K) Time average of the dynamic pattern. The arrows depict the
antiparallel flow directions along the lanes of defect cores. (Scale bars: 100 μm.)
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potential for ATP hydrolysis, α ∼ ln[ATP]. We have analyzed the
active nematic patterns aligned under a magnetic field for dif-
ferent activities, characterizing the spatial periodicity in terms of
the average distance between adjacent antiparallel flow lanes.
We find that this length scale depends on the ATP concentration
as predicted by the above scaling relation (Fig. 3 A and B), even
though our active nematic film has a strong hydrodynamic cou-
pling with the SmA 8CB, crucial to account for the described
alignment mechanism. Notice that the lane spacing in the
aligned active nematic is completely uncorrelated to any char-
acteristic length scale of the aligned SmA layer, such as the
separation between dislocations of the smectic planes that can be
observed in Fig. 1I. The SmA layer only sets an easy flow di-
rection, whereas l is an intrinsic property of the active nematic.
Moreover, we find that the velocity inside lanes satisfies a scaling
v ∼ α (Fig. 3C). Existing theoretical models (27) predict this
linear scaling in a laminar flow regime, whereas a dependence
v2 ∼ α should be expected for active turbulence. In our case, the
latter regime is observed when the active nematic is in contact
with nematic 8CB or with an isotropic oil (Fig. S4). Therefore,
we argue that the described alignment protocol provides with a
reversible mechanism to transit the active nematic between the
turbulent and the laminar flow regimes.
Parallel arrangement of MT bundles between defect lanes is

prone to suffer the intrinsic bending instability of extensile active
materials (28, 29). Indeed, we observe periodic bursts of defect
creation across the stripes that lead to transient transversal flow
(Fig. 2C). Regions with aligned stripes (denoted type I regions in
Fig. 4A) coexist with transient regions where alignment is lost
(denoted type II), which span arbitrary extensions that are com-
mensurate with the stripe width. Close inspection shows that the
instability originates from packed parallel MT bundles that bend
and generate pairs of complementary half-integer defects, which
either annihilate in pairs or incorporate into opposite lanes (Fig. 4
B and C and Movies S5 and S6).

We conjecture that these periodic events, which arise from the
intrinsic dynamics of the sheared MTs, provide a breakdown
mechanism that the active material has at its disposition to re-
peatedly release the extensile tensional stress accumulated in the
stripes (30). An analysis of the dynamics of the aligned active ne-
matic layer reveals that these episodes occur with remarkable
regularity (Fig. 4D). Slower defects are created in bursts, ac-
companied by a slowing down of the flow speed. This can be
understood because transversal flow encounters a much higher
interfacial viscosity conditions due to the anisotropy of the aligned
SmA phase. Resulting velocity oscillations are characterized by a
frequency that depends linearly on the activity (Fig. 4 E–G). By
considering that the rate of defect creation per unit area grows as
α2 (27), combined with the fundamental length scale defined
above, we obtain an intrinsic timescale for the periodic rear-
rangement of the aligned material, τ, that satisfies the scaling re-
lation τ−1 ∼ α, consistent with our experimental observations (Fig.
4G). Recent numerical studies (31) have demonstrated that fric-
tion, rather than hydrodynamic coupling, can lead to the stabili-
zation of active matter through defect ordering.
In conclusion, our work demonstrates that the disordered flow

patterns of a 2D active nematic can be controlled to follow pre-
assigned directions by means of a magnetic field, similarly to well-
established strategies for the alignment of liquid crystals. The
demonstrated technique, based on tailoring the anisotropy of the
interface, overcomes the limitations of the protein-based active

Fig. 3. Activity dependence of the self-organized flows. (A) Time average of
fluorescence micrographs of horizontally aligned active nematic films for dif-
ferent concentrations of ATP, from Left to Right, 1,400, 700, 470, 280, and
140 μM. (Scale bar: 100 μm.) (B) Scaling of the average spacing between
neighboring lanes, and (C) of the maximum speed inside the flowing lanes
with the ATP concentration.
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Fig. 2. Active flow along self-organized lanes. (A) Local velocity (vector
plot) and local normalized vorticity (∂vy/∂x − ∂vx/∂y, color density plot) in a
vertically aligned active nematic film. A transversal cut of the time-averaged
fluorescence micrograph is shown above the plot. (B) Downstream average
of velocity and vorticity across the horizontal position. (C) Fluorescence mi-
crograph with the path of colloidal tracers being advected in neighboring
(i.e., antiparallel) flow lanes. Local instability of the aligned pattern may
lead to lane jumps (Middle) and thus to velocity inversion (Bottom) of the
transported particles. (Scale bar: 100 μm.)
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material in terms of directly addressing it with electric or magnetic
fields. The described protocol enables to reversibly cycle through
the different dynamic flow regimes of the kinesin/tubulin active
nematic, including the usual active turbulent flow, and a laminar
regime that has not been observed before in this material. The
interface provides with a template for alignment that is versatile, in
situ reconfigurable, and compatible with viable active subcellular
materials. Once the active nematic is aligned, intrinsic length scale
and timescale are clearly evidenced, providing with an invaluable
tool to contrast existing and future theoretical models that ulti-
mately aim at understanding the dynamics of the active subcellular
matrix, which is known to sense the mechanical properties of its
environment (32).

Materials and Methods
Protein Preparation. MTs were polymerized from heterodimeric (α,β)-tubulin
from bovine brain [a gift from Z. Dogic’s group at Brandeis University
(Waltham, MA)], incubated at 37 °C for 30 min in aqueous M2B buffer
(80 mM Pipes, 1 mM EGTA, 2 mM MgCl2) prepared with Milli-Q water. The
mixture was supplemented with the reducing agent dithiothrethiol (DTT)
(Sigma; 43815) and with guanosine-5′-[(α,β)-methyleno]triphosphate (GMPCPP)
(Jena Biosciences; NU-405), a slowly hydrolysable analog of the biological
nucleotide guanosine-5′-triphosphate (GTP) that completely suppresses the
dynamic instability of the polymerized tubulin (33). GMPCPP enhances
spontaneous nucleation of MTs (33), obtaining high-density suspensions of
short MTs (1–2 μm). For fluorescence microscopy, 3% of the tubulin was
labeled with Alexa 647. Drosophila melanogaster heavy-chain kinesin-1
K401-BCCP-6His (truncated at residue 401, fused to biotin carboxyl carrier
protein (BCCP), and labeled with six histidine tags) was expressed in
Escherichia coli using the plasmid WC2 from the Gelles Laboratory (Brandeis
University) and purified with a nickel column (34). After dialysis against
500 mM imidazole aqueous buffer, kinesin concentration was estimated by
means of absorption spectroscopy. The protein was stored in a 60% (wt/vol)
aqueous sucrose solution at −80 °C for future use (33).

Assembly of the MT-Based Active Gel. Biotinylated kinesin motor protein and
tetrameric streptavidin (Invitrogen; 43-4301) aqueous suspensions were in-
cubated on ice for 30 min at the specific stoichiometric ratio 2:1 to obtain
kinesin–streptavidin motor clusters. MTs were mixed with the motor clusters
that acted as cross-linkers, and with ATP (Sigma; A2383) that drove the ac-
tivity of the gel. The aqueous dispersion contained a nonadsorbing poly-
meric agent (PEG, 20 kDa; Sigma; 95172) that promoted the formation of
filament bundles through depletion (Fig. S1). To maintain a constant con-
centration of ATP during the experiments, an enzymatic ATP-regenerator
system was used, consisting on phosphoenolpyruvate (PEP) (Sigma; P7127)
that fueled pyruvate kinase/lactate dehydrogenase (PK/LDH) (Invitrogen;
434301) to convert ADP back into ATP. Several antioxidant components
were also included in the solution to avoid protein denaturation, and to
minimize photobleaching during characterization by means of fluorescence
microscopy. The PEG-based triblock copolymer surfactant Pluronic F-127
(Sigma; P-2443) was added at 2% (wt/wt) (final concentration) to procure a
biocompatible water/oil interface in subsequent steps.

Active Nematic Cell. The active nematic/passive liquid crystal interface was
prepared in a cylindrical pool of diameter 5 mm and depth 8 mm, manu-
factured with a block of poly-dimethylsiloxane (PDMS) using a custom mold.
The block was glued onto a bioinert and superhydrophilic polyacrylamide-
coated glass (35) (see SI Text for additional details and a sketch of the setup).
The pool was first filled with 50 μL of 4-cyano-4′-octylbiphenil (8CB)
(Synthon; ST01422; see Fig. S5 and SI Text for molecular structure and rele-
vant physical properties of 8CB), and, subsequently, 1 μL of the water-based
active gel was injected between the hydrophobic liquid crystal and the
superhydrophilic glass plate (Fig. S6). The polymeric surfactant at the water/
8CB interface ensures a planar alignment of the mesogen molecules. Sam-
ples were placed inside a thermostatic oven built with Thorlabs SM1 tube
components and tape heater, and regulated with a Thorlabs TC200 con-
troller. The system was heated up to 36 °C to promote transition to the less
viscous nematic phase of 8CB, which facilitated the spreading of the active
gel onto the polyacrylamide-coated substrate. After several minutes at room
temperature, the active material in the gel spontaneously condensed onto
the flat water/8CB interface, leading to the formation of the active nematic
layer. Unlike conventional flow cells, in which a layer of the active gel is

Fig. 4. Oscillatory instability of the aligned active nematic. (A–C) Fluorescence micrographs of a horizontally aligned active nematic layer showing the two
alternating dynamic regimes: (I) with aligned stripes and lanes with flowing defects, and (II) with transversal flow. (B) Magnified view of regime (I) with the
cores of the flowing +1/2 (blue circles) and −1/2 (red triangles) defects highlighted. (C) Magnified view of regime (II) with the proliferation of transversally
flowing defect pairs. (Scale bars: 100 μm.) (D) Instantaneous defect speed, and total number of defects in a region of size of 190 × 190 μm, for an ATP
concentration of 140 μM, during spontaneous alternation between type I and type II regimes. (E) Temporal evolution of the average active nematic speed,
determined from velocimetry measurements for different concentrations of ATP, 1,400 μM (green), 700 μM (blue), 70 μM (red), and 35 μM (purple).
(F) Normalized power spectra for data in E. (G) Linear scaling of the leading oscillation frequency with the ATP chemical potential.
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confined in a thin gap between two glass plates, this setup enabled us to use
high viscosity oils to prepare the interface. The thermostatized assembly was
placed in the cavity of a cylindrical permanent magnet array that provided a
uniform magnetic field of up to 4 kG parallel to the substrate (see Fig. S7
and SI Text for details on the magnet setup).

Sample Characterization. Routine observations of the active nematic were
performed bymeans of conventional epifluorescencemicroscopy.We used a
custom-made inverted microscope with a halogen light source and a Cy5
filter set (Edmund Optics). Image acquisition was performed with a
QImaging ExiBlue CCD cooled camera operated with ImageJ μ-Manager
open-source software. For sharper imaging of the interfacial region, we
used laser-scanning confocal microscopy with a Leica TCS SP2 equipped
with a photomultiplier as detector and a HeNe–633-nm laser as light source.
We performed confocal acquisition both in fluorescence and reflection modes.
Whereas fluorescence confocal microscopy optimizes the signal/noise ratio for
improved imaging of the interfacial material, we found that reflection con-
focal microscopy was optimal for image velocimetry of the active nematic
due to the enhanced acquisition rate. Moreover, the latter technique can
be used with label-free active nematic, thus significantly simplifying sample

preparation, reducing material costs, and, more importantly, eliminating ex-
traneous moieties that might alter the way kinesin motors walk along the
MTs. Tracer-free velocimetry analysis of the active nematic was performed
with a public domain particle image velocimetry (PIV) program implemented
as an ImageJ plugin (36). Further analysis of raw ImageJ output data were
performed with custom-written MatLab codes. Particle flow velocimetry was
performed by dispersing PEG-protected polystyrene microparticles of diameter
12 μm (PEGylated polystyrene beads; Micromod; 08-56-124).
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