Polar jets of swimming bacteria condensed by a patterned liquid crystal
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Abstract

Active matter exhibits remarkable collective behavior in which flows, continuously
generated by active particles, are intertwined with the orientational order of these particles. The
relationship remains poorly understood as the activity and order are difficult to control
independently. Here we demonstrate important facets of this interplay by exploring the dynamics
of swimming bacteria in a liquid crystalline environment with predesigned periodic splay and bend
in molecular orientation. The bacteria are expelled from the bend regions and condense into polar
jets that propagate and transport cargo unidirectionally along the splay regions. The bacterial jets
remain stable even when the local concentration exceeds the threshold of bending instability in a
non-patterned system. Collective polar propulsion and the different roles of bend and splay are
explained by an advection-diffusion model and by numerical simulations that treat the system as
a two-phase active nematic. The ability of prepatterned liquid crystalline medium to streamline the
chaotic movements of swimming bacteria into polar jets that can carry cargo along a predesigned

trajectory opens the door for potential applications in microscale delivery and soft microrobotics.



Active matter, an out-of-equilibrium assembly of moving and interacting objects that
locally convert energy into directed motion, shows an intriguing interplay of dynamics and spatial
order !. In the so-called active nematics, this order is orientational, naturally associated with the
vector character of velocity and with the elongated shape of moving units 2. A conventional
(passive) nematic exhibits a long-range orientational order along an axis of anisotropy called the
director n =—n. The passive nematic can be transformed into a “living nematic”, a subclass of
active nematics, by dispersing active particles in it, such as swimming bacteria *. The director,

either uniform **, or spatially distorted >

, serves as an easy swimming pathway for bacteria. A
living nematic allows one to control independently the activity, through concentration and speed
of bacteria *!° and orientational order, through predesigned director patterns &’. This tunability is
important for better understanding of active systems, as the coupling of the orientational order and
activity is at the core of current theoretical modeling '->!-1%,

In theoretical modeling, the active matter is usually considered as incompressible, with the
active units as the only ingredient, filling the space fully. As a result, the predicted activity-
triggered macroscopic flows involve the entire sample with all its material points. However, in real
experimental systems, there is often some space left for the passive background. One intriguing
example 2° is active microtubules dispersed in a passive aqueous buffer in a volume proportion
1:1000. As shown by Wu et al 2, when such a dilute, globally isotropic active fluid is confined
into a macroscopic 3D channel, it flows in absence of any external pressure gradients, thanks to
the formation of a thin active nematic wetting layer at the bounding surface; the bulk remains
isotropic. The concentration of active microtubules in this system is thus not necessarily uniform
in space. The living nematic is another example where a spatially non-uniform distribution of
concentration and thus activity can be induced. For example, in 7 the swimming bacteria were
demonstrated to gather near defects of a positive topological charge in a passive nematic
background and to avoid defects with negative charges 7. The dispersed nature and the possibility
of deterministic spatially varying concentration of active units in these two systems add richness
to the idealized model of an incompressive active matter. Moreover, in living nematics with a
prepatterned n, there is an interesting interplay of activity and geometry: patterns with a pure splay
or pure bend of n support bipolar swimming of bacteria parallel to i, while configurations with

an inseparable equal mix of splay and bend cause unipolar circulation of bacterial swarms at some

angle to the pre-inscribed n’.



Splay and bend are known to affect differently some aspects of active nematics. For
example, a system of “pushers”, such as the swimming bacteria, at weak levels of activity develops
spontaneous bend *!'"?', while “pullers” are expected to develop splay 2!. Simulations '3!516
predict that a medium-level activity triggers more complex distortions, such as “kink walls” '° in
which the director field resembles rows and columns of letters “C”. In these kink walls, splay (at
the ends of C’s) and bend (in the middle of C’s) coexist and alternate with each other in a plane of
the sample. It was also demonstrated 2>%* that the effective splay and bend elastic moduli are
renormalized by activity. However, it remains unknown whether and how the concentration of
active units in dispersed systems is coupled to splay and bend.

In this work, in order to understand the interplay of the concentration field of active units
and splay-bend deformations of the orientational order, we explore a living nematic in which the
passive director is predesigned into a periodic pattern of alternating splay and bend. We explore
two different cases, a weakly concentrated system, in which the individual bacteria follow the
patterned director, and a concentrated system, in which collective effects trigger bending
instabilities of flows. The design allows us to uncover different effects of splay and bend on the
concentration and swimming polarity of bacteria and to demonstrate a pathway to stabilize active
flows against instabilities. In both systems, the director pattern forces a strongly non-uniform
distribution of bacteria, condensing them into polar “jets” that move unidirectionally along the
maximum splay. The bend regions are mostly deprived of the swimmers and serve (i) to reverse
the polarity of bacterial trajectories, (ii) to expel the bacteria towards splay regions and (iii) to
stabilize the shape of the condensed jets: the jets remain stable even when the concentration of
bacteria in them exceeds (by an order of magnitude) the threshold of bend instability observed in
a uniformly aligned cell. The concentration gradients and jets in the dilute limit are described by
an advection-diffusion model that operates with two subsets of bacteria swimming in opposite
directions ®. With an increase in bacterial concentration, the model of Refs. 3 exhibits the onset
of undulations and instability of the jets. We further complement the experiments on the strongly
concentrated system with numerical simulations of a two-phase model of active nematics to show
that the difference between the bacterial response to splay and bend can be attributed to a generic
mechanism of active concentration exchange between the two regions and to demonstrate the
enhanced stability of the condensed jets against bending. We hope that the results will stimulate

further theoretical models that allow the concentration and activity to vary in space and time.



Results and discussion
The living nematic represent a water-based chromonic nematic disodium cromoglycate

(DSCG) with dispersed bacteria Bacillus subtilis. We explore diluted (spatially averaged

concentration <c> ~0.3x10" m™) and concentrated (<c> ~1.5x10" m™) dispersions. The living

nematic is confined by two glass plates separated by a gap ~#=20 um (Fig. 1a). The surfaces of

the two plates are photoaligned to produce identical director patterns "**. To facilitate the
presentation, we consider the director of the passive nematic as a vector, which is permissible in

the absence of disclinations 2°. The photopatterned vector field written in Cartesian coordinates as

n, =[nx,ny,nz]=[cos(ﬂy/L),—sin(ﬂy/L),O], (1)
represents a one-dimensionally modulated splay and bend in the xy-plane of the cell (Fig. 1b,c);
L =160 um . The pattern resembles rows of letters “C” and thus can be called “C-stripes”. Pure

splay deformations are located at y =0,+L,+2L,..., whilebend at y=+L/2,+3L/2,....
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Fig. 1. Experimental scheme of the cell with bacteria swimming in a patterned nematic DSCG. a,
Schematics of the experimental setup and liquid crystal cell. b, Predesigned director field n,. ¢,

Optical phase retardation (background colors) and director field of the photopatterned nematic
DSCG at 24°C mapped by the PolScope (see Methods).

Weakly concentrated dispersion

Once the dispersion is injected into the patterned cell, the swimming bacteria start to leave
the bend regions and accumulate in the splay regions, moving predominantly along the positive

direction of the x -axis (Fig. 2a,b), i.e., along the vector s =—n,V -0, . The bacterial concentration
¢, calculated by averaging over the x -axis, is strongly modulated along the y -axis; see time

evolution of c( y) in Fig. 2c. The distribution <c( y)>t averaged over 10 min, is of the same period



L as the splay-bend pattern; in the splay regions, c( y) ~4.4x10"* m~ (Fig. 2d), 15 times higher
than the initial concentration <c> ~0.3x10" m”.

The velocity field of bacteria is biased towards the converging splay s (Fig. 2e,f and
Supplementary Video 1). If an individual bacterium happens to swim in the opposite direction, the

diverging n, forces it to make a U-turn by swimming through the bend along n, and then joining
a bacterial jet moving along the x -axis in the neighboring splay region. The velocity components
v, ( y) and v, ( y) are strongly modulated along the y -axis (Fig. 2g); v, ( y) is predominantly
positive, reflecting polar transport along the x-axis, while v, ( y) fluctuates near zero,

demonstrating absence of net flows along the y -axis.
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Fig. 2. Trajectories, distribution and velocities of the bacteria in a dilute living nematic,
(c)~0.3x10"* m™, controlled by a periodic splay-bend director pattern. a,b, Enhanced (by

subtracting the average image over all frames of the video) microscopic images of bacteria
condensed in the splay regions; part b shows trajectories of bacteria moving in splay (red lines)
and crossing the bend (blue curves with the arrows indicating the direction of swimming). c,

Kymograph of the concentration c( y) with the time step 0.5 s. d, Time average of bacterial
concentration <c( y)>r (errors are standard deviations (SD) of concentration) fitted with the

theoretical curves c( y) obtained using equation (4) for the finite director anchoring,



y/a=5x10"m’/N, and calculated from equation (6) for no director realignment regime, » =0
; other parameters are set as v, =10um/s, D, =10um’/s, L=160pum, U,=10" Nm, and
C,=1.23x 10~ m~; all curves are calculated for an infinite reversal time 7 (see SI for details).

e,f, Experimental velocity map; the length of arrows and the pseudocolors scale linearly with the
speed of bacteria. g, Experimental velocity components v, ( y) and v, ( y) . h, Velocity

components, weighted by the concentrations of bacteria swimming parallel ¢* and antiparallel ¢
to the vector n,, v, =v; ¢ +v_c, obtained from the advection-diffusion simulation,

X

normalized by the maximum velocity V,. All data are averaged over 600 s. See Supplementary
Video 1.

Condensation of bacteria in the splay regions and formation of polar jets follow from the
preference of bacteria to swim along n,. Swimming along any other direction involves penalties
associated with increased viscous resistance, bulk elastic and surface anchoring energy cost 2°. To
describe the effect, we employ the model of Genkin et al ¥, in which transport of bacteria in a
nematic is governed by two depth-averaged coupled advection-diffusion equations for the
concentrations ¢* of bacteria swimming parallel (¢* ) or anti-parallel (¢” ) to A= (n)C N/ O) :

ct—c

0, +V- (ivoﬁci +v.c ) =7F +D.Vic*; (2)

T
here v, ~10 pm/s is the bacterium swimming speed, D, ~10 um’/s is the concentration diffusion
coefficient, v, is flow velocity and 7 is the swimming direction reversal time; n can differ from
the prescribed n, in Eq. (1) because of the torques and forces imposed by the bacteria. A direction

reversal means that the bacterium leaves the population ¢ and joins ¢, or vice versa.
Our experiments show that 7 ~10*s (Supplementary Information (ST) and Supplementary
Video 1) is much larger than the typical duration of the experiment. In the tumbling-free 7 — oo

limit and for v, =0 (fluid velocity is small compared to the propulsion velocity), the equations

for ¢* decouple; integrating these stationary equations (2), one obtains

tvyn,ct =D,0,c"+C,. (3)
We set constants C), to zero to enforce the periodicity condition.
Bacterial activity imposes an active stress on the nematic 6, =— OQ(c+ +c” ) , Where “-*

corresponds to pusher-like particles, U, is the hydrodynamic force dipole strength of a bacterium®,



Q=nn-1/2 is the tensor order parameter of the nematic, I is the identity tensor. The active stress
generates a realigning force F=V .o, . To describe this effect and ensure n° =1, we apply a
relaxation equation in the Landau-Lifshitz-Gilbert form 27 for the director in the bulk,
atﬁ:—ﬁxﬁx(aﬁ+2yF), where a is the director relaxation rate dependent on the director
anchoring strength at the bounding plates and y is a coefficient dependent on the surface anchoring
strength at the bacterial body (see SI for details). In the steady state,

n=(i,+2yF/a)/ |(ﬁ0+2y/F/ a)|; substituting this expression into Eq. (3) and assuming

|F| <<1, |ny| << |nx| ~1 in the splay band, a general solution of the resulting equation is expressed

in terms of the Lambert W function (product logarithm, see SI):

U, .. L 2
w —MC‘exp + 0% o5 T |cos Y
aD Vg L L

== - ; 4)
o oo 270V

aD

C

here C'=C =C,/2 and C, are determined from the condition %Ic( y)dy =(c), where

(c}~0.3x10" m*; H ~10° um is the length of pattern along the y-axis. In the limit y =0 (no

realigning effect, or very dilute suspension),

D L

C

c'=C" exp(i Yol cosﬂj; ()

the y -dependence of the concentration ¢ =c" +¢ is

c(y)=C, cosh[ Yl cos%] , (6)

7D

which explains the most salient feature of the experiment, namely, polar unidirectional flows in
the splay regions and the absence of a net flow in the bend regions (Fig. 2h). However, numerical

simulations show that a non-zero y /a in Eq. (4) yields much sharper concentration peaks in the

splay regions, and thus a better agreement with the experiment (Fig. 2d and Supplementary

Fig. S1).



Undulation of bacteria jets in concentrated dispersion

An intrinsic feature of active matter is the emergence of bending and splay instabilities and
nucleation of topological defects at elevated activities !»!1?®32_ Finding the means to suppress
these instabilities and to convert activity into controllable steady flows might significantly expand
the potential of active matter for applications >, Below we demonstrate that the patterned

splay-bend stabilizes the bacterial flows.

In uniform cells, n =(1,0,0), increasing the bacterial concentration above

uniform
"™ % 0.9x10" m™ leads to a bending instability of their trajectories (Supplementary Fig. S2

and Supplementary Video 2). In patterned cells of the same thickness /# =20 um, however, the

bacterial jets start to undulate only at ¢ #12¢"°™ ~11.8x10" m™; the speed of bacteria in the

jets remains nearly constant at 10 pm/s below and above cfl'b (Supplementary Fig. S3a). At the

onset of undulations, the contour length of the jet increases a bit faster than the number of bacteria

in it, so that the concentration slightly decreases (Fig. 3c,d and Supplementary Fig. S3b). The
stabilizing action of the splay-bend pattern is evident even at ¢ > Cfl'b , since the undulation
preserves its wavelength, 4, ~100 um, and amplitude, 4, ~ 40 pm (Fig. 3a,b and Supplementary

Video 3).
The stabilizing effect of the splay-bend pattern is caused by the increase of the elastic and

interfacial energy when the undulating jets tilt with respect to the imprinted n,. The angle

between the bacteria and n, is mapped in Fig. 3e-g and Supplementary Fig. S3d-g. The standard

deviation from 0 is significant, AS = IZ B’ /n ~36°, where f is the angle measured for n

bacteria in each frame (Supplementary Figs. S3-4). The nonzero S implies director twist along

the z-axis, visualized by PolScope as diminished effective optical retardance, caused by the

change of light polarization from linear to elliptical.

10
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Fig. 3. Emergence of the bacteria jet undulations in concentrated dispersion, <c> ~1.5x10" m”.

a, Microscopic images of bacteria at different stages of undulation development. The undulating
wave translates from left to right with the speed ~ 0.3 pm/s . b, Kymograph of bacterial distribution

along the y -axis with the time step 0.2 s; the color bar shows the number of bacteria per length
step Ay =5 um. ¢, Time evolution of bacterial concentration in the developing jet. d, Total number
of bacteria # in the jet, excess of the jet’s contour length /. —/;, where /, = 650 pm is the length
of the rectilinear jet, and average width w of the jet. e, Bacteria (blue arrows) and n,, (red ticks)
in a fully developed undulation at time #, +184 s. f, Map of the angle S between the bacteria and

n,. g, Optical retardation and the director map for an undulating instability imaged by PolScope.
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h, Advection-diffusion simulation of i and normalized bacteria concentration ¢/ <c> for straight
and undulating jets; parameters v, =10pm/s, D, =10 ],Lmz/s , L=160pum, U = 10" Nm,

C,=5.6x10""m” and y/a=7x10" m’/N . i, Maximum bacteria concentration as a function

of normalized computational time ¢/7, where 7T is the maximum simulation time. j, The
simulated distribution of bacterial concentration in the splay region at different computation times

(shaded blue for undulated jet, since concentration is x -dependent, from ¢ = max(c(x, y),x)

toc.. = min(c(x, y),x)) obtained from simulation following Ref. '°. See SI for the details of the

simulation parameters.

The numerical simulations based on the model %, demonstrate that the undulating jets
indeed distort the director (Fig. 3h and Supplementary Video 4). The concentration of bacteria
inside the jet increases rapidly and remains constant until the undulating jet is formed (Fig. 31)
after which it slightly decreases, similarly to the experimental observations in Fig.3c. The
distribution of bacteria concentration becomes wider after the onset of undulations, Fig. 3j. The
undulating wave propagates in the same direction as the bacterial jets with a typical velocity of

0.5 um/s, in agreement with the experiment (Supplementary Videos 3.4).

The dramatic difference in the concentration of bacteria in the splay and bend regions
allows us to further extend the theoretical description by introducing a two-phase continuum model
that captures the long-range hydrodynamic, collective flow interactions between the bacteria
which result in the undulation. The two-phase model is intended to describe strongly concentrated
regimes in which the bacteria-induced flows might be strong enough to override and significantly
distort the orientation imposed by the background pre-patterned nematic. We do not assume that
bacterial orientations closely match the nematic director, and hence are able to check whether the

behavior is changed by such collective hydrodynamic interactions.

We define a phase-field order parameter ¢ such that ¢ =1 demarcates the active regions
occupied by bacteria and ¢ =0 the surrounding isotropic fluid. When ¢ =1 the nematic tensor Q,
of the bacteria has a finite value, while ¢ =0 corresponds to the passive regions void of any
activity with Q, = 0. The dynamics of ¢ is governed by a Cahn-Hilliard equation **, resulting in

a diffuse interface between the active phase and the surrounding fluid ** and it is coupled to the

velocity field generated by active particles.

12



An important contribution to the orientation dynamics is the alignment of bacteria along
the underlying director pattern. To model this, we contain all bacteria-nematic interactions in a

Rapini-Papoular-like free energy term, which penalizes orientations of the active units that are not

parallel to f,. The preferred director orientation at the B. subtilis surface is tangential 2°. Since the

experiments are performed in a thin-film geometry, hA<<L, we use a depth-averaged

approximation. The equations and simulation details are expanded upon in the SI.

The simulation is initialized with a stripe of active extensile phase placed along the y -

direction in the splay-bend director pattern (Fig. 4a). As the simulation evolves, the initially
uniform active stripe migrates to the splay region, and this migration continues until the bend
region is completely devoid of the active phase. Consistent with the experiment and the analytical
advection-diffusion model, once the active phase is focused within the splay region, a
unidirectional flow persists towards the converging side of splay (Fig. 4a,b and Supplementary
Video 5). The focusing can be interpreted in terms of active forces converging towards splay. In

the bend regions, the forces are diverging, helping to deplete these regions.

The unidirectional jet starts to undulate once the activity is sufficient (Fig. 4c,
Supplementary Fig. S5, and Supplementary Video 6). Consistent with the experiments, the
underlying director pattern stabilizes the undulation with a well-defined final amplitude that
depends on the activity (Fig. 4d). In the simulations, it is possible to increase the activity further.
At high activities, the undulations continue to grow beyond the bend region in the background
pattern, giving rise to an active turbulent state. Hence the model shows that the focusing and stable
undulations persist even for large bacterial concentrations. In the SI we show that this conclusion

persists even if the passive liquid crystal background can evolve in response to the active flow.

13
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a, The active nematic concentrates into splay region and moves from left to right. The simulation
is initialized with a blob of active phase (¢=1). The red solid lines show the directors of the

background passive liquid crystal. b, Comparison of the experimental (dots; data for the dispersion
with <c> ~0.3x10" m™) and simulated (line) concentration profiles for pushers focusing into

unidirectional jets within splay regions. The theoretical curves are normalized by the maximum
concentration of swimmers in the splay regions. ¢, For higher activity, the jet starts to undulate. d,
The steady-state amplitude of the undulation as a function of the dimensionless activity. The
amplitude A4 is defined as the maximum height of the centre of the stripe. Error bars represent SD
of the data.

The condensed bacterial jets can serve as effective micro-cargo transporters. As an

example, Fig. 5 and Supplementary Videos 7-9 show transport of 5 um diameter glass colloidal
spheres by rectilinear jets (Fig. 5a-d), with a velocity in a range 1—7 um/s (Fig. 5g,h) and by
undulating jets (Fig. Se,f). The splay-bend patterning in Fig. 5a-d allows one to transport micro-

cargo along a well-defined y -coordinate in the xy -plane of the cell. This is an advantage over the
unipolar transport reported earlier ©*°° that does not select a particular y -coordinate. Considering

the momentum p =my, of cargo, where m 1is its mass and v, is its speed, the momentum
transferred by the bacterial jets to a single colloid is p,,. = 50 10* kg ms™ and to a chain of
six colloids  p, ..., ®200x 10> kgms' (Fig. 5a-d). These momenta are a few orders of

magnitude higher than the momentum (0.001 - 2) x10™" kg ms™ imparted by a single bacterium

onto smaller particles >3, The calculated mean square displacement (MSD) of the single colloid

14



shows a strongly biased diffusion-advection transport along the jet of bacteria and confined

diffusion in the perpendicular direction. Interpolation of the MSD along the x-axis with

<Ax2> =2D_At", where D, is the apparent diffusion coefficient, v is the apparent diffusion

exponent, and Ar is the time-lag, yields v =1.6%0.1, indicating the biased diffusion behavior of
the sphere.

The biased diffusion persists at the time scales of the experiment (30 s) without any signs
of reducing to normal diffusion. Thus, the patterned director field extends the apparent
superdiffusion to the time scales much higher than the time scales limit of a few seconds observed

for anomalous diffusion in an isotropic bacterial bath 738,
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Fig. 5. Cargo transport by the rectilinear and undulating bacterial jets. a,b, Optical microscope
images taken 30 s apart of a single 5 um diameter glass sphere and c¢,d, aggregate consisting of 6
glass spheres located in the splay region. The particles are relocated from left to right by the
incoming unidirectional bacterial flow. e,f, Colloidal particle carried by the undulating jet of
bacteria. g, Trajectories and h, instantaneous horizontal velocity component of colloidal particles
carried by the rectilinear jet. i, Mean squared displacement (MSD) of the single colloid being
transported by the jet in a,b; dashed line is the least square power fit to MSD along the x-axis.

In conclusion, we demonstrate the different roles of splay and bend in the patterned nematic

director that controls collective motion of swimming bacteria. The bacteria engage in threshold-

15



less unidirectional collective motion along the splay bands, parallel to s =—n,V -n,. The focusing

is explained by the aligning action of the underlying director onto the orientation of bacteria. The
pre-imposed pattern makes the focusing persistent as the bacterial concentration increases. At very
high concentrations, rectilinear jets start to undulate because of the hydrodynamic bend instability
of interactive pushers. However, undulations are stabilized by the background director pattern and
do not grow beyond the bend regions. The underlying nematic pattern thus prevents the instabilities
of collective dynamics that are an intrinsic property of aligned polar self-propelled particles
swimming in an isotropic environment !'*>2°, Both unidirectional jet and undulating streams are
capable of transporting colloidal particles, indicating possible future applications of this set-up in

microfluidics and micro-cargo transport.

Methods
Bacteria dispersion preparation

We use solution of disodium chromoglycate (DSCG) (purchased from Alfa Aesar), in
aqueous solution of terrific broth (TB) medium (Sigma Aldrich) as a nematic host. TB solution
serves as a growing and motility medium for Bacillus subtilis (strain 1085). The bacteria are
inoculated from the lysogeny broth (LB) agar plate (7Teknova) into the tube with 10 mL of TB and
grown in a sealed tube to adapt the bacteria to oxygen starvation at 35°C inside the shaking
incubator. The concentration of the bacteria is monitored with the custom-made optical density
meter (based on Raspberry Pi 3 microcomputer). The tube with bacteria is extracted from the
incubator before saturation of the bacterial concentration at 10" m™. 0.1 mL of the liquid medium

with bacteria is then centrifuged at 8000 rpm for 2.5 min and the medium is extracted upon which
0.1 mL of 14 wt% solution of DSCG in TB is added to the bacteria and carefully stirred with the
pipet. The dispersion of B. subtilis in DSCG is used before the bacteria lost their swimming ability
which is typically within 1-2 hours in a sealed cell without an oxygen supply. There are no changes
in the concentration and velocity distribution of bacterial jets for at least one hour in multiple
samples, Supplementary Video 10 and Supplementary Fig. S6. To obtain a concentration of
bacteria above 10" m™, we centrifuged 0.5 ml TB medium containing a high concentration of

bacteria, extracted the TB and added 0.1 ml of DSCG to the tube and stirred it with the pipet. This
bacterial suspension is injected into the cell and observed under the microscope.

Sample preparation

For the photopatterned cells we clean soda-lime glass sheet about 1 mm in thickness in the
ultrasonic bath with detergent at 60°C, rinse it with isopropanol and dry it in the oven at 90°C for
10 min. The glass is treated with UV-ozone in a sealed chamber for 10 min and is spincoated at
3000 rpm for 30 seconds with the azo-dye 0.5 wt% filtered solution of Brilliant Yellow (Sigma
Aldrich) in dimethylformamide. The solvent is evaporated by annealing the glass substrates at
100°C for 30 min in the oven. The glass substrates with photoalignment layer are illuminated with
a metal-halide X-Cite 120 lamp through the plasmonic photomask with a polarization map created
by array of nanoslits. The substrates are cleaned with a compressed nitrogen gun, spincoated with
toluene solution of 6.7 wt% reactive mesogen RM-257 (Wilshire Tech.) and 0.35 wt%
photoinitiator Irgacure-651 (Ciba), illuminated with a 365 nm ultra violet lamp (UVL-56, 6 W)

16



for 30 min to completely polymerize reactive mesogen "**. Colloidal glass spheres used as cargo
are purchased from Bangs Laboratories, Inc.; their mass density is ~2.2x10° kgm™. The cells
are sealed by the epoxy resin Devcon.

Data acquisition and analysis

We use a Nikon TE-2000 inverted microscope with high resolution camera Emergent HR-
20000C and 20x magnification objective. The video sequences are recorded at 2 and 5 Hz rate.
The sequences of images are analyzed by ImageJ2-Fiji *>*°, particle image velocimetry MATLAB
package ® and custom written MATLAB code. To determine the local concentration dependence

c( y), we count the bacteria from the microscopic images with enhanced contrast. The bacteria

appear as higher intensity objects on a lower background intensity of the transparent liquid crystal
field. We find the average image over all frames and subtract it from each frame of the video. With
this the background liquid crystal intensity becomes even more suppressed and we segregate the
individual bacteria using intensity thresholding technique. We then divide the number of bacteria
in a narrow stripe of width Ay by the stripe volume AV= AyWh , where W =736 um is the width

of the image along the x -axis. The concentration of bacteria in an undulating jet is calculated as
the total number of bacteria 72 in the jet divided by the volume of the jet, which is proportional to

its contour length /. and width w: c=n/ (wlch) (Fig. 3d and Supplementary Fig. S3b). PolScope

microscope is a modification of a polarizing optical microscope with an electrically-controlled
liquid crystal compensator; the instrument allows one to measure the local orientation of the in-
plane optic axis, which is also the director field, and optical retardance, see, for example, Ref. 4.
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