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Active nematic coherence probed under spatial
patterns of distributed activityt

Ignasi Vélez-Cerdn, (22° Jordi Ignés-Mullol 2 **° and Francesc Sagués®

A photoresponsive variant of the paradigmatic active nematic fluid made of microtubules and powered
by kinesin motors is studied in a conventional two-dimensional interface under blue-light illumination.
This advantageously permits the system’s performance to be assessed under conditions of spatially
distributed activity. Both turbulent and flow aligning conditions are separately analyzed. Under uniform
iluminating conditions, active flows get enhanced, in accordance with previous observations. In
contrast, patterning the activity appears to disturb the effective activity measured in terms of the
vorticity of the elicited flows. We interpret this result as alternative evidence of the important role played
by the active length scale in setting not only the textural and flow characteristics of the active nematic
but also, most importantly, the range of material integrity. Our research continues to explore
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1. Introduction

In recent years, one of the most celebrated paradigms in the field of
non-equilibrium soft matter has been the discovery of seemingly
endless possibilities that offer theoretical and experimental studies
of active systems prepared at a colloidal scale.'™ This being
admitted, one of the present challenges in the field is to develop
strategies trying to tame the disorganized flows typically featured by
such active fluids, while purely harnessing their intrinsic activity.’

In the past, this perspective has been particularly explored in
relation to protein-based active gels that are realized through the
self-assembly of microtubules internally sheared by adenosine tri-
phosphate (ATP)-powered kinesin motors.*” From an experimental
point of view, the control strategy most commonly employed to date
has been based on the use of different forms of geometric restrain-
ing. Channel, disc or annular-based confinement designs,® " as well
as appropriately tailored soft-interfaced forms'*™® of these active
colloidal suspensions, have been analyzed, and the main conclusion
is that turbulent flows can indeed be largely regularized when
deactivating the primordial role of their intrinsic active length scale.

An alternative perspective is to directly control the way ATP
energy is transduced into system’s activity. For instance, caged ATP
(a molecule that irreversibly releases ATP upon irradiation with UV
light) has been used to provide a rapid and homogeneous injection
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perspectives that should pave the way for an effective control of such an admirable material.

of activity’® and to study the effect of activity patterns®® on a
kinesin-microtubule active fluid. This approach has the inconve-
nience of not allowing the application of reversibly activity pulses,
since the activity increases upon ATP release, but it only decreases
after ATP is depleted, typically hours after irradiation events.
A different approach includes strategies of photoactivation of
the protein contents of the sample, mainly the motor proteins.
The idea goes back to the reported effects of light control on the
performance of both myosin®* and kinesin** motors, and, most
recently, on the dimerization of signaling proteins.® Focusing on
microtubule-based systems, the effect of photocontrolled activity
on three-dimensional gels has been reported in a few recent papers
by the same group.”*® Concerning two-dimensional realizations,
our system of reference here, this issue was also addressed in actin
as well as in tubulin-based systems.*”*®

In this manuscript, we report observations of the conven-
tional two-dimensional active nematic (AN) preparation of
microtubules and kinesins®® that forms at the aqueous-oil
interface, studied under spatially non-uniform illumination
conditions. We analyze this way the active material under
spatio-temporal patterns of distributed activity, considering
both turbulent flows in an unconstrained AN, turbulent flows
confined into annular channels, and aligned AN flows due to
the presence of an anisotropic oil at the interface.

2. Materials and methods
2.1. Polymerization of microtubules

Microtubules (MTs) were polymerized from heterodimeric
(o, B)-tubulin from bovine brain (Brandeis University Biological

This journal is © The Royal Society of Chemistry 2024
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Materials Facility). Tubulin (8 mg mL™") was incubated at 37 °C
for 30 min in aqueous M2B buffer (80 mM Pipes (piperazine-
N,N’-bis(2-ethanesulfonic acid)), 1 mM EGTA (ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid), and 2 mM
MgCl,) (Sigma; P1851, E3889 and M4880, respectively) prepared
with Milli-Q water and supplemented with the antioxidant agent
dithiothrethiol (DTT) (Sigma 43815) and GMPCPP (guanosine-5'-
[(ot,B)-methyleno]triphosphate) (Jena Biosciences, NU-405) up to
concentrations of 1 mM and 0.6 mM, respectively. GMPCPP is a
non-hydrolysable guanosine triphosphate (GTP) analogue that
favours the formation of stable MTs, obtaining high-density
suspensions of short MTs (1-2 um). 3% of the total tubulin
concentration was labelled with Alexa 647 to allow their observa-
tion by means of fluorescence microscopy. The mixture was
annealed at room temperature for 4 h and kept at —80 °C until use.

2.2. Kinesin expression

The photosensitive motors used in this work are based on the
motor protein K401 (Drosophila melanogaster heavy-chain
kinesin-1 truncated at residue 401) fused with optically respon-
sive hetero-dimerizing proteins “iLID” and “micro”. K401-iLID
motors were expressed in BL21(DE3)pLysS competent cells using
the plasmid 122484 from the Thomson Laboratory (Caltech) and
purified with a nickel column. K401-micro motors were
expressed in BL21(DE3)pLysS competent cells using the plasmid
122485 from the Thomson Laboratory (Caltech) and purified
with a cobalt column. The MBP domain was removed through
TEV cleavage (Invitrogen, 12575015) and the motor was purified
again using a cobalt column. The concentration of each kinesin
was estimated by means of absorption spectroscopy. Finally,
kinesins were stored in a 40% (wt/vol) aqueous sucrose solution
at —80 °C until use.

2.3. Active gel preparation

The active gel consisted of a M2B aqueous mixture that con-
tains both optogenic motors, ATP (adenosine 5’-triphosphate)
(Sigma; A2383) to fuel the motors, MTs, and the depleting agent
PEG (poly(ethylene glycol)) (20 kDa, Sigma; 95172). An enzy-
matic ATP regenerator system was added to ensure the duration
of activity for several hours, and it consisted of phosphoenol-
pyruvate (PEP) (Sigma; P7127) that fuelled the enzyme pyruvate
kinase/lactate dehydrogenase (PKLDH) (Sigma; P0294) to con-
vert ADP (adenosine 5’-diphosphate) back to ATP. The mixture
also contained several antioxidants to avoid photobleaching
during fluorescence imaging: DTT, trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) (Sigma; 238813), glu-
cose oxidase (Sigma; GT141), catalase (Sigma; C40), and glucose
(Sigma; G7021). Table 1 shows the final concentrations of each
reagent used in the preparation of the active material.

In the experiments where the active material was confined in
annular rings, the components of a photopolymerizable hydro-
gel were added to the active mixture:*® 0.25% (w/v) LAP (lithium
phenyl-2,4,6-trimethylbenzoylphosphinate) (TCI; L0290) and
5% (w/v) 4-armPEG-acrylate 5 kDa (Biochempeg; A44009-5k).
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Table 1 The composition of all stock solutions (including the buffer used
for their preparation) and the concentration of different species in the final
mixture. Acronyms used in this table are as follows: PEG (polyethylene
glycol), PEP (phosphoenol pyruvate), ATP (adenosin triphosphate), PK
(pyruvate kinase), LDH (lactic dehydrogenase), and DTT (1,4-dithio-
threitol). M2B buffer: 80 mM PIPES (piperazine-N,N’-bis(2-ethanesulfonic
acid)), pH 6.8, 2 mM MgCl, 1 mM EGTA (egtazic acid). Phosphate buffer:
20 mM phosphate buffer (6.68 mM KH,PO,, 12.32 mM K,HPO,) pH 7.2;
original: species are obtained already dissolved in their custom buffer

Compound Buffer Final conc. Units
PEG (20 kDa) M2B 1.8 % wiv
PEP M2B 29 mM
MgCl, M2B 3.5 mM

ATP M2B 160-1600 uM

DTT M2B 6.2 mM
Trolox Phosphate 2.2 mM
Catalase Phosphate 0.04 mg mL ™"
Glucose Phosphate 3.4 mg mL ™"
Glucose oxidase Phosphate 0.22 mg mL '
PK Original 29 UmL™"
Kinesins Original 0.45 UM
Microtubules Original 1.33 mg mL "

2.4. Experimental setup

Experiments were carried out in flow cells prepared with a
bioinert and superhydrophilic polyacrylamide-coated glass and
a hydrophobic aquapel-coated glass. 50 pm height double-sided
tape was used as a spacer, leaving a channel of ~4 mm width.
The cell was filled first with fluorinated oil (HFE7500; Fluor-
ochem; 051243) which contains a 2% of a fluorosurfactant (008
Fluorosurfactant; RanBiotechnologies) to obtain a surfactant-
decorated interface. Then, the active material was introduced
into the cell by capillarity and the cell was sealed using
petroleum jelly to avoid evaporation.

2.5. Imaging

The observation of the active material was done by means of
fluorescence microscopy. We used a Nikon Eclipse Ti2-e system
equipped with a white LED source (Thorlabs MWWHLP1) and a
Cy5 filter cube (Edmund Optics). Images were captured using an
Andor Zyla 4.2 Plus camera or a QImaging ExiBlue cooled CCD
camera operated with Image] p-Manager open-source software.

2.6. Photopatterning

The fluorescence microscope was modified in order to incor-
porate two Ti Light Crafter 4500 DLP development modules
(EKB Technologies, Ltd) equipped with a 2 W 385 nm LED
source in one case, for microfabrication purposes, and a liquid
light guide coupled to a Thorlabs SOLIS 445 nm LED in the
other case, to achieve photoexcitation. Projected patterns are
incorporated into the light path of the inverted microscope by
means of a collimating lens (f = +150 mm) and a 505 nm
dichroic mirror (Thorlabs DMLP505R), and are focused on the
sample by means of microscope objectives, reaching a lateral
resolution up to a few microns. The DMD projector is con-
nected as an external monitor to a computer, thus enabling the
real time control of the projected patterns using MS-PowerPoint
slides. The two DMD projectors are assembled independently
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along orthogonal optical paths using a user switchable metallic
mirror, allowing the use of both devices simultaneously.

Hydrogel objects were polymerized using the x10 objective,
resulting in a light power density of 1.6 W cm > and an
irradiation time of 2 seconds. Excitation of the photosensitive
AN is performed using ON/OFF pulses with a periodicity of 5 s
and a duty cycle of 25%. Unless otherwise stated, the power
density is 17 mW cm ™2, which is the maximum allowed by our
setup, close to the saturation of the photoresponse.

2.7. Aligned flows

Experiments to obtain aligned active nematic flows were per-
formed using the liquid crystal 4-octyl-4’-cyanobiphenyl (8CB,
Synthon; ST01422). In this case, we used open cells because of
its high viscosity compared to the fluorinated oil. A PDMS pool
(I ~ 5 mm) was glued to a polyacrylamide-coated glass using
UV curing adhesive (Norland; NOAS81). The pool is first filled
with the active material and then with 8CB at 38 °C to ensure
that it displays the nematic phase. 8CB is aligned by means of a
magnetic field of 0.4 T supplied with a custom-made perma-
nent magnet assembly that provides a homogenous planar
magnetic field."” The system was heated at 37 °C for 10 minutes
using a heating plate to ensure that 8CB was in its nematic
phase. Then, the nematic phase was oriented using the magnet
and the sample was cooled down slowly (1 °C min~ ") to 30 °C
inside the magnet, obtaining the aligned SmA phase.

2.8. PIV measurement

In order to extract the flow field of the active material, the
material was prepared using unlabelled MTs and doped with
fluorescent MTs (200:1) to obtain a speckled pattern. Fluor-
escent MTs were unfrozen and diluted 1:100 in M2B buffer to
induce their aggregation. PIV analysis was carried out using the
public MatLab App PIVLab.

2.9. Director field analysis

When required, we have measured the nematic orientational
field using the methods developed by Ellis et al.*>' Defects are
localized by looking for minima of the nematic order para-
meter. To locate the orientation of +1/2 defects, we consider a
circuit around the defect core, and look for the region where
the director field is perpendicular to the radial vector linking
this region and the defect core.

2.10. Kymographs

Kymographs were obtained using a custom plugin from Fiji, in
which the central area of the annular channel is selected, and
the plugin unwrapped this pixel ring to a 360-pixel line, where
the intensity of each pixel 0 € [0, 360] is equal to the average
intensity of the pixels located between the angles 6 and 6 + 1
around the ring. This process is repeated for each frame, and
the resultant 360-pixel line is stacked one below each other,
showing the time evolution.
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3. Experimental results

3.1. Patterns of distributed activity

The study reported herein utilized previously engineered photo-
dimerizable kinesin motors,>® which were prepared through
the fusion of K401 motor proteins with optically dimerizable
iLID proteins.”® By means of this process, kinesin dimers that
drive the activity of the active nematic layer are formed rever-
sibly under blue light, and they revert to their individual state
in its absence (Fig. 1a).

The first set of reported results refers to the characterization
of the response of the photosensitive active nematic (AN) under
illumination in its conventional turbulent regime.”® Fluores-
cence microscopy images of an unconstrained (i.e. non-laterally
confined) sample without and under blue light excitation are
respectively shown in panels (b) and (c) in Fig. 1. It is noticed
that, in our setup, excitation and fluorescence imaging are
performed simultaneously. As a result, the illuminated pattern
is always restricted to the field of view. Direct observation
permits concluding that the speed of the AN (see Fig. S1 and
S2, ESIT) and the density of defects both increase following
illumination, in accordance with previous results.”® This is
easily rationalized since the former has been conjectured to
follow in the turbulent regime an «'/? scaling,? with o denoting
the activity parameter. On the other hand, the density of defects
is an inverse measure of the active length scale, generally
accepted to scale as I, oc o 2,

From a quantitative point of view, flows in the AN turbulent
regime are often gauged in terms of a mean vorticity, o = 0v,/0y
— Ov/0x.>* In our experience, this is a more stable assessment
of the local activity than speed, which is more prone to large
amplitude temporal fluctuations. In Fig. S2 (ESIt), we show the
average steady-state speed and vorticity values as a function of
the applied power density. While both change similarly, we
observe that the relative dispersion in the speed measurements
is roughly twice that in vorticity measurements. The temporal
change of the spatially averaged vorticity before and after an
interval of illumination, as shown in panel (d), permits the
characteristic time scales of excitation/de-excitation to be
extracted. Both scales are in the range of minutes, although,
as it is also apparent from the plot, forward and backward steps
are substantially asymmetric. Indeed, while the excitation time
is around 30-45 seconds, de-excitation is much slower, with the
system losing around 80% of its speed in the first two minutes,
and reaching the baseline (no light) state within an additional
three minutes. It is also important to remark at this point that
neither under the conditions of the experiment shown in Fig. 1,
nor under other investigated conditions referred to later, the
system complies with what would correspond to an ideal on/off
switch (i.e. moving vs. rest state). This issue is inherent to the
used kinesin proteins, as they have a tendency to form homo-
dimers, which are able to power the active material in the
absence of light, albeit in a less efficient way that the light
induced heterodimers. This is evidenced in Fig. 1b and in the
corresponding Movie S1 (ESIt), where turbulent flows and
moving topological defects are present under dark conditions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Characterization of the light response of the photosensitive active nematic. (a) Photosensitive kinesins were developed by fusing iLID proteins
(iLID in green and micro protein in purple) with kinesins. Under blue light, the iLID protein changes its conformation and binds to the microprotein,
resulting in kinesin dimerization. Without light, the iLID protein returns to its inactivated state, breaking the dimer. (b) and (c) Fluorescence microscopy
images of the resultant photosensitive active nematic without light (b) and with blue light (c). See also Movie Sla (ESIT). The scale bar is 100 um. This
experiment is performed with the highest ATP concentration, see Section 3.1. The light power density in the ON state is ca. 17 mW cm~2. (d) Vorticity
evolution (in absolute value) of the photosensitive material in Movie Slb (ESIt), showing light activation (t = 450 s) and deactivation (t = 1050 s). (e) and (f)
Transition between a half-illuminated half-non-illuminated field of view for the data in Movie Slc (ESIT). The vorticity of the photosensitive active nematic
at each position is time-averaged for 1 hour (e), and then it is averaged along the y position to obtain the activity profile in the frontier between the
illuminated and non-illuminated areas (red line) (f). The end of the smooth transition between both regions is indicated with the black dashed line, which
corresponds to the position where the vorticity attains the average value in the non-illuminated region plus its standard deviation. (g) Changes in the
average vorticity of the material when undergoing cycles where a square region of increasing size is illuminated for 250 s, alternated with 250 s of
relaxation in the dark. Black dots represent the mean vorticity in the non-illuminated area, while coloured dots represent the mean vorticity in the
illuminated area, which is a square of size 200 um (orange), 300 um (yellow), 450 um (purple), 600 pm (green), and 750 um (purple). Mean values

correspond to an average over space and time for a single experiment. Error bars are the standard deviation of the mean.

Experimental results (not shown) obtained from testing each
kinesin individually support this hypothesis. Recently, Zarei
et al.?® reported a true on/off behavior with a formulation based
on a different kinesin.

Spatial scales can be similarly assessed, as shown in the
remaining panels of Fig. 1. In panel (e), we plot the time
averaged vorticity field for a prolonged illumination of half
the system. More interesting is the corresponding panel (f),
where the vorticity distribution is resolved spatially in terms of
the distance to the boundary between illumination and non-
illuminated regions. The transition between the illuminated
and dark AN regions is not sharp. In this specific context, we
define a penetration depth, 4, as the distance from the sharp
boundary that separates the illuminated and non-illuminated
regions (we refer to this as x = 0) into the dark region until
the AN vorticity attains its non-illuminated value. We can
estimate / as the average AN speed, v, times the de-excitation
time, topr. In this example (highest ATP concentration), v =
2.3 + 0.3 pym s * and topr ~ 2 min, which results in A =
(2.8 £ 0.4) x 10> pm, consistent with the value of 250-300 pm
obtained from the data in panel (f). In Fig. S3 (ESI{), we show
the consistency of this estimation for experiments performed
for different ATP concentrations, which yield different average
speeds of the illuminated region. The penetration of activated
flows in this design is unavoidable due to the material

This journal is © The Royal Society of Chemistry 2024

exchange between the illuminated and non-illuminated
regions, which explains the smooth transition between the
two regimes. Finally, panel (g) includes time plots of spatial
averages of vorticity inside and outside the illuminated area,
after illuminating square areas of increasing size. We observe
that illuminated motifs with sizes smaller than 300 pm fail to
achieve the maximum average vorticity, congruently with the
penetration length identified earlier.

Recent studies by Zhang et al.** using a photosensitive actin/
myosin active nematic system showed that, in their system,
defects proliferating in the high activity region were confined
by the boundaries of illumination patterns, which allowed
defining activity tracks to guide defect self-propulsion. In their
study, these authors reported a three-fold speed increase in the
excited active flows when compared with the dark state, which
is comparable to what we observe here (see Fig. S1, ESIY).
A similar virtual confinement of defects was reported by Thijssen
et al.'* when they studied the same AN material that we study
here while flowing over aqueous layers of different depths. Our
experiments, however, do not show a similar contrast in the
defect density in the high and low activity regions. To assess this,
we have computed the topological charge density®® for one
experiment performed at the highest ATP concentration when
half the field of view is illuminated (Fig. 2a and b) and have
found that both its positive and negative values concentrate at

Soft Matter, 2024, 20, 9578-9585 | 9581
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the interface between the illuminated and non-illuminated
regions in the steady state. Our measurements show that, in
this experiment, the average topological charge densities are 3 £
0.1 x 10”° um 2 in the illuminated region and 2.5 + 0.2 x
107> um~? in the non-illuminated regions, while it reaches
values close to 3.5 pm~> in the boundary region (defined as
+150 pm around x = 0, consistent with the magnitude of
A defined above). We have also explored the possibility to guide
defects along activity tracks, but we have found that defects
normally cross the activity boundary. Finally, we have tested
whether the boundary between regions of different activities was
able to polarize defects, as has been predicted in the literature.*®
For this purpose, we have measured the orientation of +1/2
defects in the dark, illuminated, and boundary regions in a half
illuminated region. As shown in Fig. 2c—f, the defect orientation
is roughly isotropic far from the interface, but is significantly
polarized in the interfacial region, with defects predominantly
oriented from the illuminated region towards the non-
illuminated region. This result is consistent with the impossi-
bility to confine defects with high activity tracks, as the former
would be attracted, rather than repelled, by the boundary.

The effect of a spatially distributed activity is better exem-
plified in Fig. 3. The illumination pattern is sketched above
each panel, with white, gray, and black regions corresponding,
respectively, to the illumination power to achieve 100%, 50%,
and 0% of the photoenhancement (Fig. S2, ESIt). Spatial and
temporal averages of the vorticity field are indicated for each of
the elements in each pattern, as well as the global average
value. We observe a trend where the contrast between the
average vorticity inside bright and dark regions lowers as
patterns become finer and, surprisingly, the average vorticity
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Fig. 2 Distribution of charge density and defect polarization. (a) Profile of
the average positive and negative topological charge density along the
horizontal direction in a fully illuminated region. (b) Charge density profiles
when the right half of the field of view is illuminated. Data correspond to
averages over time and along the vertical spatial direction (parallel to the
dark/bright interface when partially illuminated). (c)-(f) Radial histograms
for the orientation of +1/2 defects, as defined in panel (c). Radial units are
the number of defects. Data correspond to the transition (d), dark (e), and
illuminated (f) regions.
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1.45+0.09

1.44+0.05

Fig. 3 Effect of a pattern of distributed activity. Different light patterns are
applied always with the same average activity input. To compare the
results between experiments, the vorticity is normalized using the aver-
aged vorticity in the absence of light. The gray color represents illumina-
tion with the power density that produces half of the velocity growth (see
Fig. S2, ESI). Experiments are performed in the same region of each AN
film. Each panel includes the vorticity map and the normalized values of
vorticity, averaged over time and space and for 7 different films. Vorticity
values are expressed in s~ See also Movie S2 (ESI¥). Field of view, 1.7 x
1.7 mm?.

is also brought down. Even the central cell in the 3 x 3 pattern
panel, whose average illumination coincides with that of the
reference (top-left) panel, depicts, in comparison, a smaller value
of vorticity. This observation is consistent with the idea that the
full development of the AN activity is affected by lateral
confinement,'® which decreases the average AN speed and
vorticity. Our observations here indicate that a similar effect is
obtained when confinement is the result of activity patterning.
This is in contrast with the recent observation by Bate et al. with
an active gel that features a truly on/off behavior,*® where a
checkerboard distribution of activity enhances the mixing of a
dispersed passive dye. These observations suggest that, in our
case, the mismatch between the different length and time scales
in regions with different, but finite, activity plays a significant
role in hindering the intrinsic evolution of the more active layer.

3.2. Light control of confined flows

We report next the effects of distributed illumination on steered
flows, i.e., situations where the normally isotropic active turbu-
lent flows have been forced to move in a specified direction

This journal is © The Royal Society of Chemistry 2024
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through external interventions. First, we consider a situation of
geometrically confined AN. We choose to work with annular
geometries as shown in Fig. 4 to avoid end effects." It has been
reported that narrow channels force symmetry breaking of the
turbulent currents, with active flows developing a randomly
chosen handedness, either clockwise (CW) or counter clockwise
(CCW), while large channels maintain the isotropic, disordered
flows. As the threshold width leading to symmetry breaking
should be related to the active length scale of the AN, and the
latter varies with the activity input, we have considered the
possibility to reversibly alternate between the transport and the
turbulent regimes by means of patterned illumination. In the
current experiments, flow handedness is randomly chosen upon
in situ polymerization of a ring-shaped channels. To easily
visualize the flow handedness, we have resorted to constructing
kymographs by stacking the fluorescence intensity profile along
the center of the ring for different times, as shown in Fig. 4a. The
presence of slopes on the kymograph patterns will indicate the
handedness and magnitude of the active flow. In Fig. 4b, we
show one example with a ring channel that has a spontaneous
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Fig. 4 The photosensitive active nematic confined in annular channels.
(@) Schematic representation of a kymograph. The central section (red
circumference) of the annular channel (averaged on a ring of radial width =
10 pm) is plotted over time. In the kymograph, traces appear directed to
the left if the transport is clockwise (CW, blue) or to the right if it is counter
clockwise (CCW, red). (b) and (d) Fluorescence images of the photosensi-
tive material confined in annular channels of width: 170 um (b) and 140 um
(d). (c) and (e) Kymographs of the corresponding experiments. In b, the full
channel is illuminated, while in (d), only half is illuminated. See also Movies
S3 and S4 (ESIf). The white arrow in the centre indicates the handedness of
the motion, and the blue windows represent the spatiotemporal illumina-
tion pattern of the material. Light activation leads to the acceleration of
transport, shown as more horizontal kymograph traces. The scale bar is
100 pm.
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CW circulation. Global illumination of the system leads to a clear
acceleration of the flow velocity, which reverts back to the
original value once light is switched off and the system relaxes,
always maintaining the same handedness. In Fig. 4d, we show a
ring whose flow is turbulent (no net transport detected in the
kymograph). We illuminate half of the ring, and we observe that
the activated half develops the CW flow, but so does the non-
illuminated half. The azimuthal component of the average
velocity is roughly the same in both regions, consistent with
mass conservation (Fig. S4a, ESIt). However, the average speed is
about 50% higher in the illuminated region (Fig. S4b, ESIY). This
additional activity is in the form of turbulent transversal flow
(Fig. S4c, ESIt) and does not contribute to the net transport.
When light is switched off, the system remains in a state of a
slow CW flow. We found, thus, that once the symmetry is
broken, the handedness is maintained even at low activities.

3.3. Light-induced flow alignment

Finally, we consider the effect of an activity boost on a regime of
aligned, rather than turbulent, flows (Fig. 5). To this end, we
interfaced the AN with an aligned passive liquid crystal layer in
the high viscous anisotropy Smectic-A phase.'” This prepara-
tion results in the formation of an easy flow direction that leads
to the reorganization of the AN, since the flow in the perpendi-
cular direction is severely hindered. In Fig. 5a, we show an
aligned AN layer with the full field of view illuminated, thus in
the most excited state. In this regime, the flow organizes in
aligned antiparallel channels where moving defects are prefer-
entially located, separated by stripes where the fluorescence
active filaments are concentrated. The width of these stripes
was reported to change with o 2, where o is the activity
coefficient.” Based on these earlier observations, we proceed
to explore the contrast between the illuminated and non-
illuminated regions by only exciting the top half of the field
of view, so that the boundary between both regions is perpendi-
cular to the flow alignment direction and to the stripes
(Fig. 5b). In a different experiment, we only excite the right
half of the field of view, so that the boundary is now parallel to
the alignment direction (Fig. 5¢). The speed is always faster in
the illuminated region by a factor of 2, approximately. However,
no significant difference is detected in the stripe widths in
either case. In a previous study, we found that the average
speed in the aligned regime scales with «."” Therefore, one
would expect the stripe width, which scales with a2, to
change by around 30%. This may not be readily observable in
our experiment. The fact that the field of view is surrounded by
a much larger aligned and non-illuminated region likely ham-
pers the reorganization of the aligned stripes upon illumina-
tion of the field of view.

On the other hand, flow alignment due to interfacial aniso-
tropy only takes place at high enough activity levels. In Fig. 5d,
we have performed an experiment at 10% the normal activity,
which is slightly below the level to achieve the proper flow
alignment. When we illuminate the right half of the field of
view, the activity boost triggers the flow alignment in that
region. This can be assessed in the velocity (Fig. 5e) and
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Fig. 5 Photoactivation of aligned flows. (a) The fluorescence image of the
aligned material under light activation. White arrows indicate the direction
of antiparallel flow lanes that separate fluorescent stripes. The underlying
smectic-A planes (easy flow direction) is parallel to these arrows. White
segments indicate the approximate orientation of the nematic director
field, which attains a chevron-like pattern. (b) and (c) Fluorescence images
of the aligned material when a half-dark half-bright pattern is applied
perpendicular (b) or parallel (c) to the alignment direction. (d) The fluores-
cence image with the half-dark half-bright patterns parallel to the align-
ment direction of a system prepared at one tenth the normal ATP
concentration. The scale bar is 200 pm. In panels (b)—(d), the black/white
rectangular bands on the left or on the top of the image indicates which
half of the system is illuminated (white). (e) and (f) The y-component of the
velocity (e) and the vorticity (f) are analysed using PIV for experiments (d).
See also Movie S5 (ESIY).

vorticity (Fig. 5f) maps, where we observe that flows in the
illuminated region are more ordered. In the experiment in
Fig. 5d, we found (|V,|) = 0.21 £ 0.04 pm s ' and (|V,|) =
0.33 & 0.05 um s * for the illuminated region, showing that
the flow along the vertical direction is favored. For the non-
illuminated region, we found (|V,|) = 0.14 + 0.03 pum s~ ' and
(|vy]) = 0.14 £ 0.03 pm s, indicating that the system is still in
its isotropic turbulent state (see Fig. S5, ESIT). This proves that
we have been able to reversibly control an alignment transition
in the AN layer by tuning the systems’ activity through the
photosensitive motors. In the future, it will be interesting to
analyze the nature of this transition, and compare it with recent
studies using a direct control of viscous anisotropy that
suggested that such an alignment transition is intrinsically
first order.*®
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4. Conclusions

In this work, we have studied the conventional active nematic
system prepared from the assembly of microtubules and kinesins
when forced under patterns of distributed activity. This is
achieved by working with a motor protein preparation that can
be reversibly excited with blue light. If a uniform activity boost is
provided to the system, we observed an increase in the flow speed
and a reduction of the intrinsic length scale, consistent with
earlier studies. We have also found that interfaces between high
and low activity regions induce a net polarization to +1/2 defects,
which orient preferentially towards the low activity region. The
lack of a truly on-off behavior, since active flows appear in the
absence of illumination, likely prevents the effective confinement
of defects in the more active regions and does not trigger the
collective flow organization observed in confinement scenarios.
Interestingly, we observe a reduced enhancement of the active
flows when the illumination is spatially distributed, rather that
uniformly applied. This indicates that lateral confinement effects,
which lead to a decrease in the intrinsic length scale and in the
flow speed, can be the result of activity patterning, not requiring
physical confinement by rigid boundaries as previously demon-
strated. We have also been able to leverage the provided activity
boost to force a reversible transition between the isotropic turbu-
lent and a regime of aligned flows, by preparing the active layer
with low basal activity and in contact with an oil interface with
high viscous anisotropy. The use of a photosensitive active
nematic has a high potential for complex flow control and
patterning in microfluidic applications, as we have shown using
ring-shaped channels. However, to unleash the full potential of
these capabilities, more responsive variants of the photosensitive
microtubule system should be investigated, providing a truly
arrested dynamics in the absence of external excitation.

In a broader context, by establishing a parallelism between
activity and excitability, we might seek a connection between our
current results and those reported in the past in relation to a
photosensitive variant of the Belousov-Zhabotinskii reaction
operated in its excitable regime.’” Conclusions are certainly at
odds when comparing both scenarios. In the latter case, a pattern
of spatially distributed excitability favors pattern formation and
even anticipates the corresponding instability of the rest state
below threshold. Here, the reverse occurs as active flows are, on
average, significantly slowed down when similarly actuated with
illumination patterns. This points to profound differences
between these two non-equilibrium systems. Excitability emerges
in reaction-diffusion driven systems as locally elicited wave pat-
terns. Conversely, active soft condensed matter systems respond
in the form of self-organized textures and flows whose coherence
can be jeopardized by spatially distributing the activity.
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