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We describe the controlled transport and delivery of non-motile
eukaryotic cells and polymer microparticles by swimming bacteria
suspended in nematic liquid crystals. The bacteria push reversibly
attached cargo in a stable, unidirectional path (or along a complex
patterned director field) over exceptionally long distances. Numerical
simulations and analytical predictions for swimming speeds provide a
mechanistic insight into the hydrodynamics of the system. This study
lays the foundation for using cargo-carrying bacteria in engineering
applications and for understanding interspecies interactions in poly-
microbial communities.

The manipulation of microscale structures is an unsolved
challenge in microengineering and microtechnology. One
approach has been to harness the mechanical work performed
by cells, which takes advantage of their metabolism and motility
machinery to convert chemical energy to motion in a wide range
of chemical and physical environments." Extracellular sensors
enable cells to adapt and navigate through different environ-
ments, thereby providing mechanisms to control their motion
and the objects they are moving. The earliest examples of
research in this area include the movement of polymer struc-
tures with length scales of hundreds of microns by bacterial cells
adsorbed on the polymer surface,” and the guided transport and
release of polymer colloids by individual phototactic, motile
algae.® Related efforts have included magnetically-driven trans-
port of cargo by synthetic swimmers with possible applications
in targeted drug delivery.*
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Bacterial transport of colloids in liquid crystalline
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Bacteria have been the source of additional studies on
microstructure transport as they are fast (velocities approach-
ing ~100 pm s~ ') and adaptable, genetic tools are widely
available for engineering their properties and behavior, and a
range of mechanisms can be exploited to control their motion,
including: concentration gradients of ions and chemicals,
magnetic fields, light, heat, oxygen, and redox potential.>®
Many rod-shaped bacteria swim through fluids by rotating their
flagella in a counterclockwise direction to form a bundle and
‘run’. Rotating a flagellum in the clockwise direction alters the
structure of the bundle and reorients cells, which creates an
event referred to as a ‘tumble’. Controlling the motion of many
flagellated bacteria is complicated by run and tumble dynamics;’
accordingly, bacteria-based motility of microscale objects is
highly challenging, as it is difficult to place objects on cells
without disrupting and inhibiting normal cell behavior. Applica-
tions relying on chemotaxis to move small cargo pose similar
challenges due to spatial and temporal instability of chemical
gradients.® Confined domains such as microfluidic channels can
also influence particle trajectories.’

A new method for directing bacterial motion without channels
or gradients was recently developed, in which motile bacteria are
suspended in solutions of nematic, lyotropic liquid crystals
(LCs) consisting of disodium cromoglycate (DSCG).'>'" In nematic
LCs, bacteria were found to align with and swim along the nematic
director field,"®™* which suggests a new way to harness micro-
organisms as biological engines. A recent paper demonstrated that
a bacterial cell swimming in a nematic LC can influence the
position of polymer microspheres through long-range hydro-
dynamic interactions.™?

In this Communication we describe the environmental
relevance of the controlled transport and delivery of micro-
particles by swimming bacteria. We show that freely swimming
P. mirabilis bacteria can push non-motile fungal cells in a
stable, unidirectional path over long distances. By patterning a
complex director profile in the fluid, the bacteria and cargo may
be guided along a predefined path. Experiments with polymer
microparticles, numerical simulations based on isotropic
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viscous flow, and analytical predictions for swimming speeds
of cargo-pushing bacteria provide mechanistic insight and
emphasize the importance of hydrodynamic interactions in
the system. This study lays the foundation for using cargo-
carrying bacteria in unique ways, from the bottom-up assembly
of mesoscopic materials to the study of interspecies interactions
in polymicrobial communities in anisotropic biological environ-
ments such as mucus and biofilms.

Experiments

It has been suggested that motile microorganisms may trans-
port non-motile cells in different ecological niches to increase
their adaptation, fitness, and survival.*'* Both P. mirabilis and
the non-motile fungus C. albicans are opportunistic pathogens
that are associated with urinary tract infections (UTI) and have
been isolated from UTI patients.'”> The urinary tract is lined
with a layer of mucus secreted by the urinary epithelium, which
under conditions of external flow (i.e., flow of fluid adjacent to
the mucus) may align molecules to exhibit orientational order
similar to nematic LCs and guide cell motion. Fluid anisotropy
has also been reported in cervical mucus due to the ordering of
parallel strands of polymers,'® which may guide sperm cells
entering the cervical canal to follow the mucus ‘director’."” We
used the nematic LC to mimic the physical properties of the
epithelial mucus and study whether P. mirabilis cells push
C. albicans cells in long-range, rectified motion in a simple
mechanical model of the mammalian urinary tract.

As a model anisotropic fluid we used aqueous solutions of
15 wt% DSCG due to its biocompatibility with bacteria."® DSCG
forms nematic-phase LCs at room temperature which is well
suited for bacterial growth and motility."® An isotropic phase of
DSCG was achieved by heating the sample to 30 °C. For our
studies we used P. mirabilis strain HI4320 (with cell body
widths ~0.5 pm and lengths ~2-3 um), a clinical isolate collected
from an elderly patient with a long-term in-dwelling urinary
catheter.”® We engineered cells to overexpress the flhDC operon,
which encodes the master regulator of flagella biosynthesis,
FIhD4C2 to match the density of flagella expressed by P. mirabilis
swarmer cells implicated in urinary tract infections (UTIs).>*

We mixed motile P. mirabilis cells with non-motile C. albicans
cells (5 pm in diameter) and suspended them in ~20 pm-thick
nematic LC sandwiched between two rubbed coverslips, and
imaged cell behavior using phase contrast microscopy (Fig. S1,
ESIY). Single P. mirabilis cells pushed C. albicans cells along the
far-field director with a speed of ~1-2 um s, which is fast
enough to disperse yeast cells to relatively long distances
of ~5 mm over the course of an hour (Fig. 1a). We then engineered
a ‘complex’ LC director profile by rubbing the glass in a curved
pattern and observed motile P. mirabilis cells pushing C. albicans
cells over distances of hundreds of microns that followed the
director (Fig. 1b, Fig. S3, ESIf). In addition to individual
P. mirabilis cells pushing single C. albicans cells, we also
observed multiple bacterial cells pushing groups of a group
of fungal cells. In these experiments, the nematic LC promotes
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Fig. 1 (a) A single P. mirabilis cell pushes a single C. albicans cell along the
far-field nematic LC director (n) (see Movie S1, ESI+t). (b) Multiple P. mirabilis
cells pushing a group of C. albicans cells along curved path following the
director profile, which is indicated by the dashed line (see Movie S2, ESI¥).

particle/particle interactions (between P. mirabilis and C. albicans),
active particles provide the mechanical work for movement
along the LC director, and passive particles provide a physical
barrier that inhibits bacterial cell tumbling that would ordinarily
lead to direction reversal. Consequently the pair of P. mirabilis
and C. albicans cells are locked in a long-range motile run in
LCs that eclipses the net distance achievable by either of the
individual cells.

To better understand cargo transport in a more controlled
experiment, we mixed P. mirabilis cells and 2 pm-diameter
polystyrene microparticles, and observed many cells pushing
microparticles along the far-field nematic director over long
distances (Fig. 2). Microparticles were always positioned at the
‘front’ of (and pushed by) the motile cells. In a typical experi-
ment we used a stoichiometry of 1: 1 ratio of cells : particles and
observed x~10-15% of the cells moving particles at a mean
velocity of ~5 um s~ . In an isotropic LC, individual P. mirabilis
cells were in contact with 2 pm-diameter microparticles for a

#Reversal #No reversal
Microparticles

P.mirabilis

L v 100 7
Microparticle

% of cells
[0}
o

Nematic

Isotropic

Fig. 2 (Left) Timelapse of a single P. mirabilis cell pushing a 2 pm-diameter
polystyrene microparticle along the far-field nematic LC director (n) (see
Movie S3, ESIt). (Right) Percentage of cells reversing in isotropic and in
nematic LC in the absence (—) or presence (+) of microparticles. N.D.: not
determined.
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“carry” time (mean run time with the cargo) of 0.18 + 0.1 s,
whereas in a nematic LC, the carry time was 460 + 50 s, corre-
sponding to transport distances of nearly 2000 body lengths.
The elasticity of the LC environment inhibits bacterial reorien-
tation, leading to robust particle transport.

Elastic forces exerted on suspended particles in nematic
LCs can explain differences in the carry time in isotropic and
nematic phases. Mechanical anisotropy of the nematic LC
aligns cells with their long-axis parallel to the far-field director
profile. When cells in a nematic LC ‘tumble’, their swimming
direction changes by 180°."° We compared the frequency of cell
reversals in isotropic and nematic LCs (for 100 cells) and
observed 100% of the cells in the isotropic LC tumble multiple
times over a 5 minute timeframe compared to 78% cells in a
nematic LC (180° reversal). This reduction from 100% to 78%
can be rationalized in terms of the extra elastic forces on the
flagellum due to the environmental anisotropy:>* the flagellar
bundle is likely unable to splay and cause cell body reorienta-
tion in a viscoelastic medium. Reversals in a nematic LC are
then primarily driven by the competing activity of two flagellar
bundles on opposite sides of the cell body. However, when the
bacteria in the nematic LC were pushing 2 pym-diameter micro-
particles, we observed a dramatic drop in the number of
reversing cells during the same timeframe to only 3% (Fig. 2).
This more pronounced decrease may be due to the flagellar
bundle positioned at the front of the cell (in contact with the
microparticle) becoming non-functional.

We also studied the bacterial transport of microparticles of
different sizes to probe the relative flagellar forces and resultant
swimming speeds. Fig. 3a shows the swimming speeds using
microparticles ranging from 1-3 pm in diameter (shown as
circles with standard error bars). With no microparticle load the
mean swimming speed of P. mirabilis was 9.6 um s~ . Upon the
addition of microparticles, the speeds decreased monotonically
with increasing particle size, to values 7.2, 5.2, and 1.5 um s~ *
for diameters 1, 2, and 3 pm. Fluctuations in the swimming
speed were observed on a short timescale (the normal timescale
of tumbling events) and over a longer timescale (time series
examples are provided in the Fig. S4, ESIt). Swimming speeds
while pushing a 2 pm-diameter microparticle fluctuated with a
standard deviation of approximately 1.35 um s~ ', suggesting a
time ~1 s beyond which the distance travelled due to the mean
swimming speed dominates the distance travelled due to
fluctuations. The nonlinear progression of motion shown in
Fig. 2 is associated with such fluctuations.

Mathematical model

While the fluid anisotropy in the experiments clearly results in
alignment and stability of the system, we studied a mathematical
model describing a simpler isotropic viscous flow, the Stokes
equations, Vp = uV?u, V-u = 0, where u is the fluid velocity,
u is the viscosity, and p is the pressure. Inertial forces are
dominated by viscous forces in flows relevant to microorganism
locomotion.”® A fundamental (Green’s function) solution to these
equations, associated with the placement of a point force in an
infinite quiescent fluid at a point x,, is known as the Stokeslet,
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Fig. 3 (a) Swimming speed for a range of cargo sizes, from experiments
(circles — microbeads; triangle — C. albicans cell), numerical simulation
(solid line), and analytical prediction (dashed line). (b) Model microorganism
with spherical cargo.

8ruu(x) = G(x, xo)-f, where G(x, xo) = ("I + r>rr), where I is the
identity, r = x — xo, and r = |r|.>* The cell body and microparticle
are discretized uniformly in space, (see Fig. 3b); to model the
flagellum we follow ref. 25 and represent the averaged forcing as a
uniform line distribution of Stokeslets.

To compute the full hydrodynamics we employ the method
of regularized Stokeslets,® wherein smoothed versions of the
singular solution are distributed over the surfaces of the model
cell body and microparticle, with strengths determined so that
the no-slip velocity boundary condition is satisfied. The equa-
tions are closed by requiring the net force on the system to be
zero, a consequence of neutrally buoyant locomotion at small
length scales.”® Further details about the numerical method are
included in the ESL.{

We used experimentally motivated parameters: a cell body with
length 24 = 2 um, width 2B = 0.8 um, flagellum length L = 5 pm,
and microparticle radii A. € [0,2.5] pm. The model requires a
single fitted parameter, the force F generated by the flagellum,
which we selected so that the swimming speed of the model
microorganism with no microparticle matches the experimentally
measured value, U = 9.6 um s . Using the measured viscosity,
u = 0.7 Pa s, this requisite flagellar force is computed to be
F = 134.5 pN, which is comparable to the elastic forces and
flagella-derived forces measured in previous experiments. "’

The results of the numerical simulations are shown as a
solid line in Fig. 3a, where the model clearly shows the trend of
decreasing speed with increasing microparticle sizes. The
agreement between the experiments and the numerical simula-
tion, even using the isotropic Stokes equations, is reasonable,
save for the notable overestimation of the speed for the cargo of
diameter 3 pm. The numerical simulations are highly sugges-
tive of the importance of hydrodynamic interactions between
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Fig. 4 Computed speed of a cell-body and cargo driven by a nearby
flagellum (solid line) and a very distant flagellum (dashed line), underscoring
the importance of hydrodynamic interactions.

the flagellum and the cell body/cargo load. Fig. 4 shows the
speed of the total load as driven by an attached flagellum (solid
line) and by a very distant flagellum (dashed line). The predicted
swimming speed can be remarkably different; similarly, any
estimate of the flagellar force imposed onto such a load may
be inaccurate if hydrodynamic interactions are not included.
The mathematical model also offers the possibility of find-
ing an analytical prediction of the swimming speed for variable
cargo sizes, cell body shapes, and flagellum lengths. An estimate
which includes the leading order hydrodynamic interactions in a
far-field calculation (see ESIY) results in the swimming speed
U of the model microorganism with no microparticle given by

6muAK, B
(T) U=1

3K,
24+

1)

where K, = 8¢*(—6e + 3(1 + e*)log[(1 + €)/(1 — ¢)])"' and
e =+/1—(B/A)?. The second term on the right hand side
modifies the drag coefficient on the cell body due to the flow
from the flagellum. Related techniques have been used to study
the hydrodynamics of locomotion near surfaces and colloidal
obstacles.**” Using the same geometric parameters as before, we
again fit the flagellar force F to match the experimental swim-
ming speed of the cargo-less body, which in the simpler analytical
model requires F = 98.3 pN. When a microparticle is introduced,
we find a more general relation,

(615:/1) o - Cl, /1; | @)

where
Clic, A) = 4 + 1°(2 + 2)@ + 2 — ) + 3K x(4(k* + 1« — 7)
+2(c — 7)4 — 32%) — 4(J + 4)}, (3)
D(x, 2) = 4(k + 1)(2 + 2)(2k + 4 + 4) (K® + Kk — 2KkK, + K,),
(4)

with x = A./A and A = L/A. The analytical prediction from eqn (2) is
included as a dashed line in Fig. 3a, showing a very clear
connection to the full numerical simulations. While the isotropic
model provides useful predictions in this case, the mathematical
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investigation of locomotion in anisotropic fluids has only
recently seen attention® and there is a need for further study
in this direction.

Discussion

We have demonstrated that motile bacterial cells can transport
polymer microparticles and non-motile cells unidirectionally
along the far-field director in lyotropic nematic LCs. There are
several conclusions to be drawn from this study. (1) The LC
facilitates the interaction between bacterial cells and non-motile
objects, and brings them into close physical proximity while
avoiding irreversible adsorption and attachment. (2) The mecha-
nical anisotropy of a nematic LC guides the cell pushing loads
along the far-field director, and the load inhibits cell reversal.
(3) Non-motile organisms and cells can catch a ride on motile
bacteria, suggesting a possible host invasion strategy exploited
by non-motile microorganisms hitchhiking in fluidic environ-
ments. (4) Instead of using tethering assays,>® the study sug-
gests a novel means of measuring mechanosensing responses
by changing the size and shape of the passive load. (5) This
method of microscale transport and manipulation is in princi-
ple material independent (e.g., polymers, silica, and cells) and
does not require the engineering of cells or materials. (6) Motile
bacteria may be useful as a tracer of the complex LC director
profile in nematic LCs. (7) In LCs, particles are positioned at
the front end of motile bacterial cells, which reduces their
interference with the bundle of rotating flagella used to propel
bacteria. This study demonstrates an approach for controlling
the transport of microscope objects using motile bacterial cells
that may have applications that range from the bottom-up
assembly of materials to the study of interspecies interactions in
polymicrobial communities that occur in LC-like environments,
such as biofilms.
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