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Fight the Flow: The Role of Shear in Artificial Rheo-
taxis for Individual and Collective Motion

Remmi Baker,” Joshua E. Kauffman,*** Abhrajit Laskar,” Oleg E. Shklyaev,” Mykhailo
Potomkin,” Leonardo Dominguez-Rubio,” Henry Shum,” Yareslie Cruz-Rivera,’ Igor S.
Aranson,*”?< Anna C. Balazs,* Ayusman Sen*®

To navigate in complex fluid environments, swimming organisms like fish or bacteria often reorient
their bodies antiparallel or against the flow, more commonly known as rheotaxis. This reorientation
motion enables the organisms to migrate against the fluid flow, as observed in salmon swimming
upstream to spawn. Rheotaxis can also be realized in artificial microswimmers—self-propelled
particles that mimic swimming microorganisms. Here we study experimentally and by computer
simulations the rheotaxis of self-propelled gold-platinum nanorods in microfluidic channels. We
observed two distinct modes of artificial rheotaxis: a high shear domain near the bottom wall
of the microfluidic channel and a low shear regime in the corners. Reduced fluid drag in the
corners promotes the formation of many particle aggregates that rheotax collectively. Our study
provides insight into the biomimetic functionality of artificial self-propelled nanorods for dynamic
self-assembly and the delivery of payloads to targeted locations.

1 Introduction

In flowing fluids, many aquatic organisms actively reorient their
bodies to swim against the flow direction.1*# This motion is re-
ferred to as positive rheotaxis and allows the organisms to navi-
gate moving currents.1"? Positive rheotaxis also plays a vital role
in the mammalian lifecycle. Specifically, the motile spermatozoa
orient their axes antiparallel to the surrounding flow direction
and move upstream. In the oviduct, this behavior helps guide
sperms to the egg.’
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There have been a few studies examining artificial rheotaxis in
self-propelled particles. 12113 Al] previous studies observed the re-
orientation and behavior of individual microswimmers in a high
shear domain next to a single wall. 1213 These in situ studies take
place in environments that are very different from the proposed
operating biological environments like blood vessels and capillar-
ies.

Here, we employ both experimental and computer simulations
to investigate individual and collective behaviors arising during
rheotaxis. Specifically, the confinement within a microchannel
enables us to observe changes in the individual and collective be-
haviors in rheotaxing particles across a wide range of shear rates.
We determined that two distinct modes of rheotaxis exist at high
and low shear rate regimes; these modes determine if an actively
swimming particle can migrate upstream against the flow or fol-
low as highly aligned particles along streamlines. Furthermore,
we observed for the first time emergent collective behavior in
artificially rheotaxing microswimmers. Our study highlights the
specific role of shear and channel geometry for inducing artifi-
cial rheotaxis—pinpointing aspects that can be “tuned” for specific
rheotactic functions and in vivo microfluidic applications.

2 Experimental Methodology

Microfluidic channels were fabricated from a Dow Sylgard 184
Polydimethylsiloxane (PDMS) Kit (1:5 curing ratio) using soft
lithography. The negatively-charged microfluidic channels were
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Fig. 1 Schematic of the Experimental and Computational Systems
Cartoon of a chemically powered bimetallic nanorod. Different reactions
occurring on two halves of the bimetallic rod form a gradient in proton
concentration from head end to tail end. Each nanorod was modeled by a
collection of elastically connected mesh-points (shown with blue spheres
in the bottom inset) and hydrogen peroxide was consumed at constant
rates at both ends. (B) A schematic of the microfluidic channel showing
the settling plane of the nanorods, fluid flow directions and shear envi-
ronments.

100 um wide and 100 pm tall. We injected a colloidal suspension
containing passive, negatively charged Au-Pt bimetallic (Figure
) nanorods into the channel. As time passes, the colloidal sus-
pension separates and the nanorods naturally come to rest above
the glass substrate (Figure ). To induce flow in the confined
system, we connected the microfluidic channel with polyethy-
lene tubing to a 250 ul Hamilton glass syringe on a Cetoni Low-
Pressure precision nemeSYS syringe pump. The glass syringe was
filled with either Millipore water or 30 v/v hydrogen peroxide.
We varied the flow rate inside the microfluidic channel by adjust-
ing the pumping rates from 1, 10, 100, to 1000 ul/hr and ob-
served the nanorods with an inverted Olympus microscope fitted
with a 60x oil-immersion lens and redLED white light source. The
videos were recorded using an Allied Vision ProSilica GT GIGE
camera to capture up to 67 frames per second.

3 Experimental Results

3.1 Inducing Artificial Rheotaxis

In the absence of hydrogen peroxide, the self-propelled Au-Pt
nanorods act as passive particles—the particles follow stream-
lines in either parallel or antiparallel orientations. The intro-
duction of hydrogen peroxide via externally imposed flow “ac-
tivates” the self-propulsion mechanism (Figure ).[E'[E The ac-
tive bimetallic nanorods then produce a local dipole across the
Au-Pt interface. While the entire nanorod maintains a negative
zeta potential, there is a permanent separation of charges from
the platinum head and gold tail.7#17 Near a surface with a neg-
ative zeta potential, e.g. glass substrate or PDMS side walls, the
nanorods are repelled away from the surface to an equilibrium
distance from the substrate (Figure ). Due to the charge sep-
aration across the Au-Pt interface, the nanorods also assume an
equilibrium angle with respect to the substrate, i.e. the less neg-
atively charge platinum head is closer to the substrate than the
more negatively-charged gold tail. We define two equilibrium an-
gles for the nanorods as a vertical angle (6) and horizontal angle
(¢) (Figure[2A). We find through image processing for the vertical
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A. Diagram of a Nanorod in Solution

B. Vertical Angle C. Horizontal Angle
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Fig. 2 Rheotaxis Reorientation Angles (A) A schematic illustrating the
forces and torques along a tilted Au-Pt bimetallic nanorod in a moving
fluid. (B) The distribution of vertical angles 6 of both passive and ac-
tive nanorods. (C) The distribution of horizontal angles ¢ for active and
positively rheotaxing nanorods along the microfluidic corners. We find
a O ~21.5° (0.367 rad) and ¢, ~ 16° (0.279 rad) for the vertical and
horizontal angles respectively.

angle 6 ~21.5° and the horizontal angle ¢ ~ 16°. The equilib-
rium vertical and horizontal angles are not equal due to the dif-
ference in the negative zeta potentials at the glass substrate and
PDMS side walls (Figure 2B-C).

As a point of reference, we compare the measured values of the
vertical angles for active and passive (i.e. no hydrogen peroxide)
nanorods. The average angle for active and passive nanorods is
Ouctive ~21.5° and Opqgsive ~ 21.8°, respectively (Figure ). While
the angles for active and passive rods lie within experimental er-
ror, the angle distribution for passive rods is noticeably wider. We
presume the similarity in vertical angles is due to a light-induced
thermophoretic effect across both passive and active nanorods.
Previous studies have shown gold nanoparticles have enhanced
diffusion in the presence of particular wavelengths. Since we
are using a strong white LED light source, we hypothesize the
gold tail is heating and creating a temperature gradient along the
length of the nanorod. The combination of electrical repulsion
from substrate to nanorod and the temperature gradient from the
platinum to gold segments, the nanorod creates an angle relative
to the substrate (and by extension light source).

Furthermore, a light-induced thermophoretic effect also ac-
counts for the observed anomalies between passive and active
nanorods. We firstly observe that active particles have a slightly
smaller vertical angle. Active particles may transfer localized heat

Page 2 of 8



Page 3 of 8

more effectively from the gold segment into the environment be-
cause of the induced electro-osmosis flows. As a result, the ac-
tive particles experience less of a temperature gradient along the
length of their bodies. In the presence of the dominating self-
electrophoretic effects, thermophoresis may be ignored for active
particles.

However, for passive particles we cannot ignore ther-
mophoretic effects. We observe higher diffusion for rotation (D,
~ 1.1-1.2 sec™!) when compared to theoretical predictions. The
presence of defects in the passive nanorods, e.g. nanorod length
or segment thicknesses, can drastically affect individual ther-
mophoretic effects. Hence, we observe a wider distribution of
vertical angles when compared to active particles.

The localization of the nanorods near the bottom surface (when
compared to a disperse colloidal nanorod solution) leads to a very
different response to shear. The imposed fluid flow has a shear
gradient along the length of the tilted nanorod. The nanorod
responds to the dynamic environment by reorienting its body an-
tiparallel to the fluid flow (Figure[3A). The active particle remains
at the equilibrium distance away from the surface and maintains
the vertical angle (0) with the glass substrate due to localized
electro-osmosis flows around the particle and the force-balance
between repulsion from the substrate and gravity.

The shear stress in the fluid changes abruptly from high shear
in the center of the bottom wall to low shear at the corners.
Our experimental setup can be assumed to be a steady-state, in-
compressible fluid flowing under a constant pressure gradient —a
problem solved in depth.2821 The solutions for shear stress in
the corners in a microfluidic channel, are always zero. Hence, we
arrive at the cross-sectional diagram for shear stress across the
entire microfluidic channel (Figure ).

Thus, fluid shearing gives rise to two modes of artificial rheo-
taxis: low at the corners and high at the walls. As a result of
changing shear across their body, the swimming particles prefer-
entially reorient antiparallel to the flow, regardless of the shear
strength. (Figure ). We observe two distinct behaviors of an-
tiparallel nanorods as dependent upon the shear strength. In
high shear the active nanorods follow the fluid streamlines, other-
wise known as negative rheotaxis; or in a low shear environment
where the fluid flow rate is small, active nanorods can migrate
upstream in an antiparallel orientation, also called positive rheo-
taxis. Nanorods in the center of the channel are only stabilized in
one direction (z-direction) with the vertical angle 6—an observa-
tion akin to rotational quenching?223Las such, the particles are
sensitive to external fluctuations. Hence, we observe rheotaxing
nanorods frequently “flipping out of plane”; in doing so, the par-
ticles destabilize and lose their preferred antiparallel orientation.
The particles can regain their stable antiparallel orientation as
they re-approach the substrate to rheotax.

A second artificial rheotaxis mode occurs in a low shear en-
vironment along the corners. Active particles approaching the
corners reorient antiparallel at stable vertical and horizontal an-
gles (Figure [2B-C). The vertical and horizontal angles oscillate
around their respective average due to noise and fluctuations
in the system. Additionally, the particles are hydrodynamically
entrapped 24 near the low-shear corner and will remain there
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Fig. 3 Rheotaxis Modes (A) An illustration of the reorientation of a
bimetallic nanorod. After reorienting, the nanorod positively rheotaxes
upstream. (B) The magnitude of shear from the y-z cross section of
the microfluidic channel is simulated. Two distinct regions of shear are
shown: low shear in the corners and high shear along the center of
the microfluidic channel. Regardless of the shear magnitude, the active
nanorods will reorient antiparallel to the flow. In high shear, nanorods
negatively rheotax with the fluid flow; by contrast, in low shear the ac-
tive particles and effectively swim upstream against the flow. (C) The
individual rheotaxing velocities for the same nanorods in Figure [3C are
analyzed over time. The velocities increase over time as the swimming
particles orient towards stable vertical and horizontal angles.
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unless they collide with an obstacle (e.g. a wall defect) or an-
other particle. As a result of the stabilized 3-D orientation and
entrapment, the antiparallel particles swim at near constant ve-
locities against large flow rates, i.e. positively rheotax (Figure[3|C)
(SIVideol).

3.2 Emergent Collective Behavior

Additionally, we observe for the first time collective rheotaxis in
artificial systems. The cooperative behavior occurs in the low
shear at the channel corners, where individual nanorods can posi-
tively rheotax for long time scales without disruption. Differences
in the structures of individual nanorods lead to a distribution of
velocities and, combined with the hydrodynamic entrapment in
low-shear environments, the nanorods concentrate along the cor-
ners. The active rheotaxing particles self-assemble in long chains
(Figure E}y\) (SIVideo2). Within the chains, the individual parti-
cles attain an equilibrium distance that permits the particles to
actively consume fuel, while being repelled from both the nearby
surfaces and neighboring particles. These swimming particles
continually “tune” their neighboring distances and angles in or-
der to preserve the center of mass velocity for the linear chain
(Figure @). Time evolution of cluster formation is illustrated in
Figures [4[C,D. As one sees from the figures, the median cluster
velocity decreases with the increase of number of particles in the
cluster. This effect is probably due to enhanced fuel consumption
by the cluster compared to individual rods.

Channel heterogeneity and noise (from temperature fluctua-
tions and microbubble formation/bursting within the microfluidic
channel) can disrupt the collective behavior and transform a lin-
ear rheotaxing aggregate into a disordered cluster. Disordered
clusters consisting of a few particles (i.e. bimetallic nanorod
dimers or trimers) rheotax slowly, remain stationary, or follow
streamlines depending upon the arrangement of active particles
(Figure[S). Polar particle aggregates exhibit positive rheotaxis. By
contrast, a symmetric but disordered cluster shows negative rheo-
taxis in low-shear environments; in part because of the cancelling
self-propulsion of opposing nanorods (SIVideo3). The larger ag-
glomerates remain stationary at the corners and form localized
regions where the chemicals are depleted from the solution. The
chemical depletion prevents individual rheotaxing particles from
circumventing the obstacle and results in the individual swim-
mers being “absorbed” into the disordered cluster. These findings
on the effects of fluctuations and noise imply that external fields,
e.g. acoustic or electric fields, could be used to control individual
and collective behaviors.

4 Computational Model

We developed a computational model to predict the rheotactic be-
havior of individual rods and multi-rod clusters. We simulate an
individual nanorod as a collection of elastically-connected mesh
points, i.e. spheres (Figure [IA) near an impermeable bound-
ary22123125:27  The simulated nanorods have a total length I, di-
ameter d, and self-propelled velocity Vy,. We include a repulsive
potential U(r) to maintain the nanorods at an equilibrium height
h ~ 1 um above the substrate. 1328 The inclusion of the repulsive
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A. Collective Rheotaxis Diagram
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Fig. 4 Collective Motion (A) A cartoon illustrating the orientation of the
individual nanorods in a collective and ordered "train." (B) A time-lapse
of a linearly ordered nanorod cluster along a low-shear corner of the
microfluidic channel. The first two rods of the cluster are coupled together
and analyzed as a single nanorod for simplicity. (C) The evolution of
velocities is plotted for the aforementioned three-particle linear cluster
as individual particles and a collective entity. (D) Dimers, trimers, and
tetrameters and their median velocities.
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A. Positive Trimer Rheotaxis

B. Negative Trimer Rheotaixs

Orientation Orientation

Timelapse

Fig. 5 Experimental Observations of Rheotaxing Clusters The time-
lapse images of two different disordered clusters are shown. Each cluster
consists of an active trimer in a low-shear environment along the microflu-
idic corners. (A) For polar ordered, non-symmetric clusters, we observe
positive rheotaxis. (B) By contrast for a symmetric but disordered cluster,
we observe negative rheotaxis in low-shear environments.

potential closely mirrors the self-induced dipole arising in swim-
ming, self-electrophoretic nanorods.

We also model the chemical kinetics and motility of a sin-
gle nanorod according to Moran and Posner.142727 The above
method provides a set of nonlinear partial differential equations
that take into account the fluid motion, the reaction-induced cre-
ation and transformation of different charged species, the aris-
ing dynamic electric field, and the migration of the species in
the resultant electric field. This method also captures chemical
species dynamics using a set of Nerst-Planck equations.# We uti-
lize their scaling arguments4 to establish a relationship between
the velocity of the self-propelled rod and the concentration of fuel
in the surrounding fluid. (See Supplemental Information for a
full realization of the chemical kinetics responsible for the self-
propulsion).

To capture the experimentally observed vertical and horizontal
angles, 6 and ¢ respectively, we impose an external torque across
the length of the nanorod: Q" (0) = —C,,I'(® — ®,,) Here & refers
to either vertical angle 6 or horizontal angle ¢ because of the
equilibrium condition ® = 6 = ¢, with the value of & ~ 10— 20°.
The magnitude of the coefficient accounts for the strength of the
torque as a function of the distance of the rod from the wall. Fol-
lowing Das et al.,?2 we assume a functional form I'(h) o< (52;)3,
where length b is half of the rod’s total length / and height 4 is the
distance of the center of mass of the rod from the wall. We set the
cut-off distance as R = 2 um from the walls. The proportionality
constant C,, accounts for the geometry of the swimmer and the
interaction details.

To replicate the experimental design, we initially assign ran-
domized positions and orientations to the nanorods, while avoid-
ing any overlap among neighboring particles. We also simu-
lated up to twenty (N = 10,20) nanorods to analyze the emer-
gent collective behavior. We then model the moving background
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Fig. 6 Computational Modeling of Artificial Rheotaxis (A) Sample
trajectories from the ten-rod simulations at different background flow
strengths V;. The direction of the nanorods’ net migration through the
middle of the channel is shown with red arrows. We observe a change a
from positive to negative rheotaxis as a result of a higher imposed fluid
flow V. The trajectories of the non-rheotaxing particles are indicated by
the dashed red line. (B) The evolution of the x-component of the veloci-
ties of rheotaxing rods is shown for different background fluid velocities.
Green and blue lines indicate the respective velocities of rods rheotaxing
along the corners and bulk of the channel.

fluid, otherwise referred as the characteristic fluid, in the Stokes
limit (Reynolds number Re ~ 2x10~5) with the characteristics of
a Poiseuille flow. We vary the characteristic fluid velocity V; as a
multiple of the nanorod’s self-propulsion velocity Vj),.

5 Computational Results

We computed the effect of the vertical and horizontal angles,
0 and ¢ respectively, for both positive and negative rheotaxis.
Similar to the experiments, we consider two rheotaxis modes,
whereby the nanorods are either in a high or low shear environ-
ment. In the first mode where shear is high, the vertical angle
stabilizes the spacial orientation of the nanorods to prevent os-
cillations. To understand the stabilization effect arising from the
vertical angle, we consider two cases: ®| =0 and ®, = 6,,. In the
absence of a vertical angle (®; = 0), the nanorod hovers above
substrate at an equilibrium height, and the imposed horizontal
shear flow profile v,(y) causes the nanorod to rotate around its
long axis. The flow forces the active nanorod to reorient towards
the central line of the microfluidic channel; eventually giving rise
to an oscillatory motion across this line. The swinging motion
is caused by a non-uniform shear imposed by the Poiseuille flow
and first analyzed by Zéttle et al.22 Namely, the shear varies from
low to high from the bulk of the channel to the side walls. This
shear profile reorients the head of the rod toward the center line
of the channel and, thus, causes the swinging motion. During this
motion, the rod’s trajectory repeatedly passes from one half of the
channel to the other half. If the amplitude of this swinging motion
is sufficiently large, the rod can reach the opposite walls. Along
such trajectories, the rods spend some portions of time rheotax-
ing along the side walls and through the bulk between the walls.
The rheotaxis along the side wall, however, is unstable due to the
high shear imposed by the Poiseuille flow. See the supplemental
information for more details.

By contrast when &, = 6,,, the vertically-tilted nanorod expe-
riences a differential fluid drag across the length of its body from

Journal Name, [year], [vol.], 1 |5
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Fig. 7 Rheotaxing Clusters Without an Electrostatic Term (A) A se-
quence of snapshots illustrating the formation of a linear cluster by
nanorods rheotaxing along the channel corner. The fluid flow V; from
right to left, as indicated by the grey arrows. (B) The evolution of the ve-
locity of a single rod (top panel) and velocities of individual rods (bottom
panel) sequentially merging into a linear cluster shown in (A). The slow
decrease in the speed of the single rheotaxing rod is due to the deple-
tion of the hydrogen peroxide in the solution. The velocities of individual
rods, presented with lines of different colors, display small jumps as the
rods merge into the cluster shown with a black line. The cluster velocity
is defined as the average velocity of the constituent rods.

the imposed vertical flow v,(z). The elevated part of the rod (tail)
in the planar Poiseuille flow experiences higher drag than the
lower part (head) —producing an additional shear-induced hydro-
dynamic torque T;" that reorients the nanorod antiparallel to the
flow. This flow-induced reorientation along centerlines is analo-
gous to motile spermatozoa in complex flowing fluids. Further-
more, we can harness the reorientation near surfaces to analyze
the shear rates and directionality of fluid flows, i.e. use swimming
nanorods as in-situ "weather vanes." !

Intrigued by the concept of using nanorods as in situ weather
vanes, we analyzed the the orbital motion of the nanorods. We
followed the predictions made by Uspal et al.M for the stabilizing
the orbital rotation in Janus spheres, and expanded their model to
account for elongated Janus particles, such as bimetallic nanorods
in this study. We observe the combination of two torques arising
from the vertical angle significantly dampens the oscillatory mo-
tion across the centerline. Over time, fluctuations resulting in the
nanorods’ rotational diffusion, inhomogeneities in the hydrogen
peroxide concentration, and collisions among nanorods result in
the upstream cross-stream migration of nanorods from high to
low shear regimes (Figure @A) (SIVideo4). The computationally
and experimentally observed upstream cross-migration of our ar-
tificial swimmers is qualitatively and quantitatively similar to that
in previously published studies on down-stream cross-migration
of Janus spheres by Katuri et al.2% and expulsion of bacteria in
vorticial flows from Sokolov et al.31

We also analyze how the behavior of the nanorods changes as
they migrate from a high to low shear regions, i.e. from the cen-
ter to corners of the microfluidic channel. In this second mode
where the shearing rate is small along the corners, the nanorod
establishes two non-zero equilibrium angles relative to the sub-
strate and wall. Let us focus on the influence of the horizontal
angle ¢. The horizontal angle ¢ is the result of electrostatic and
hydrodynamic interactions near the PDMS wall. The addition of
the horizontal angle further stabilizes the orbital motion of the
nanorods; giving rise to sustain trajectories with near constant
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Fig. 8 Rheotaxing Clusters With an Electrostatic Term (A) Time-lapse
of electrostatically interacting nanorods self-assembling into a linear ag-
gregate. (B) A timelapse of the formation of clusters with electrostatically
interacting nanorods. (C) A graphical comparison for the rates of forma-
tion for a linear chain and an asymmetric aggregate.

velocities (Figure @A-B) .

The behavior of particles in the two rheotaxis modes becomes
apparent with variations in characteristic background flow V;
(SIVideoS). For sufficiently small background flows where self-
propulsion velocity V;), is greater than the characteristic flow Vy,
we only observe one behavioral mode, positive rheotaxis. Nearly
all the nanorods migrate upstream because the entire microflu-
idic channel is low shear (Figure @3). However in strong charac-
teristic flows, we observe the two behavioral modes, positive and
negative rheotaxis, as dependent upon the shearing regime. In
the first mode where shear is high along the center of the chan-
nel, the nanorods will drift with the fluid downstream because
the characteristic fluid flow V is greater than the self-propulsion
velocity V;,. Conversely for low shear domains, the observe up-
stream migration in the corners because the self-propulsion veloc-
ity V, is greater than the characteristic flow V. Thus with slight
adjustments to the strength of the background flow we can tailor
the individual behavior of the nanorods for specific tasks, such as
cargo pick-up and delivery.

Our model also captures the emergent collective behaviors of
many artificially rheotaxing nanorods. First, nanorods migrate
cross-stream from high to low shear regimes and adjust their
spatial swimming orientation accordingly. The distance between
two actively swimming nanorods decreases due to external fluc-
tuations and noise, chemical concentration inhomogeneities, and
particle-particle hydrodynamic interactions. These contributing
factors lead to the formation of dimers and trimers (Figure ).
We observe the small jumps in the velocities of individual as they
merge into a collective, linearly ordered structure (Figure[7A. The
inclusion of an electrostatic interaction term drastically destabi-
lizes the linearly ordered chain, but does not affect the rate at
which the train grows (Figure ).

Thus, with the inclusion of an electrostatic term, small fluctu-
ations in the system, such as disturbances in the fluid flow and
chemical gradients, transform the rheotaxing nanorod train into
complex aggregates. These complex aggregrates identify as be-
ing asymmetric or symmetric around the long axis of the clus-
ter (Figure ). As observed in experiments, the simulated mi-
crostructures show rheotactic behavior for both symmetric and
asymmetric clusters (Figure[8[C). However, when we compare the
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evolution for linear chains and aggregates, we observe a slower
rate of formation for the aggregates (Figure [§D). The slower rate
of formation is attributed to a local chemical depletion zone that
starves internal nanorods of fuel and decreases their motility, sim-
ilar to that observed in experiment (Figure. D). Thus, the aggre-
gates can only grow when more motile nanorods or smaller clus-
ter approaches. These observations for cluster growth are qual-
itatively similar to experiments. Thus, validated computational
model can be used for the prediction and design of desired func-
tions of active rods in microfluidic environment.

6 Summary

We experimentally and computationally studied artificial rheo-
taxis in a confined system. We find the coupling of hydro-
electrodynamic fluid flows and electrostatic interactions with
nearby surfaces induces a vertical and horizontal tilt in the self-
propelled nanorod. The induced tilt and moving background fluid
creates a differential fluid drag across the length of the nanorod-
drastically affecting individual and collective behaviors. We study
two distinct cases to better understand how the artificial rheotac-
tic behavior continuously changes from a high shear environment
in the center of the channel to a low shear domain near the cor-
ners. We critically find that negative rheotaxis occurs in the fluid
bulk (or center of the channel). As nanorods migrate towards the
corners, we observe a change from negative to positive rheotaxis.

The experimental and computational observations suggest that
our observations for artificial rheotaxis in nanorods might be ex-
tended to other self-propelled Janus micromotors like as Janus
spheres or microrockets. 22 For the first time we observe emergent
collective behavior in artificially rheotaxing microswimmers. In
the corner regions where shear rates are small, the active particles
self-assemble into linear aggregates, i.e. trains of nanorods swim-
ming antiparallel to the fluid flow. The trains of nanorods are
dynamically unstable due to electrostatic interactions of closely
clustered actively swimming particles. Inhomogeneities and ex-
ternal noise lead to the breakdown of linear trains into disordered
clusters. Depending on the symmetry of the disordered cluster,
i.e. symmetric or asymmetric, we could observe both positive and
negative rheotaxis.

Furthermore, we can exploit the emergent collective behav-
iors of artificially rheotaxting particles for on-demand and self-
assembling mesoscale structures. 324 The formation and behav-
iors of these dynamic and actively swimming mesoscale structures
can be programmed during nanoparticle fabrication. For exam-
ple, bimetallic nanorods can be fabricated with specific head-tail
proportions, selective metallic materials, and active tuning in situ
through fuel concentration and applied external fields. The tun-
ing of interactions in a collective, artificial rheotaxing system pro-
vides an enhanced pathway for advancing targeted cargo delivery
in the presence of fluid flow.
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