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Rheotaxis is a common phenomenon in
nature that refers to the directed movement of micro-
organisms as a result of shear flow. The ability to mimic
natural rheotaxis using synthetic micro/nanomotors adds
functionality to enable their applications in biomedicine
and chemistry. Here, we present a hybrid strategy that can
achieve both positive and negative rheotaxis of synthetic
bimetallic micromotors by employing a combination of
chemical fuel and acoustic force. An acoustofluidic device is
developed for the integration of the two propulsion
mechanisms. Using acoustic force alone, bimetallic micro-
rods are propelled along the bottom surface in the center of
a fluid channel. The leading end of the microrod is always
the less dense end, as established in earlier experiments.
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With chemical fuel (H,0,) alone, the microrods orient themselves with their anode end against the flow when shear flow is
present. Numerical simulations confirm that this orientation results from tilting of the microrods relative to the bottom
surface of the channel, which is caused by catalytically driven electro-osmotic flow. By combining this catalytic orientation
effect with more powerful, density-dependent acoustic propulsion, both positive and negative rheotaxis can be achieved.
The ability to respond to flow stimuli and collectively propel synthetic microswimmers in a directed manner indicates an

important step toward practical applications.

synthetic micro/nanomotor, rheotaxis, acoustic propulsion, chemical propulsion, acoustofluidics

ynthetic, autonomous micro/nanomotors have attracted

tremendous attention since they were first demonstrated

by Paxton et al' These tiny devices, which move
autonomously in fluids by harvesting energy from surrounding
or on-board chemical fuel” or from external fields (acoustic,
magnetic, electric, and electromagnetic)3 can mimic the
behavior of natural micro-organisms in several ways. Their
biomimetic behavior increases our fundamental understanding
of microscopic motility and also suggests applications ranging
from biomedicine to environmental chemistry.””” Over the
past decade, synthetic micromotors of different shapes and
propulsion mechanisms have been fabricated and investigated.
Based on their specific properties, a number of functions such
as cargo loading and unloading,” '’ guided movement,"' ™"
and drilling of biomaterial'* have been demonstrated. Synthetic
micromotors also exhibit biomimetic collective behaviors such
as swarming and predator—prey responses.'°~'? However, most
studies have been done in a closed, static fluid environment,
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which is highly restrictive for in vitro or in vivo practical
applications. The response and behavior of the synthetic
micromotors in dynamic environments such as shear flow have
only recently begun to be explored.”’

Shear flow is ubiquitous in nature and in applications of
biomedicine. For example, laminar shear flow is the normal
condition for blood throughout most of the circulatory system,
and many bioanalytical methods, such as immunoassay, depend
on flow. The study of synthetic micromotor behavior in shear
flow thus could have far-reaching impact for biomedical
applications. In response to shear flow, many micro-organisms
change their movement patterns and align themselves along or
against the direction of flow, especially when they are near
surfaces. This effect is referred to as rheotaxis.”’ ~** One famous
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example is the continuous upstream movement of spermatozoa
(positive rheotaxis), which is considered as the main
mechanism for sperm cells reaching the egg cell in natural
fertilization.”* Recently, synthetic microswimmers that can
navigate upstream have been reported. Palacci et al. designed
self-diffusiophoretic hematite particles that interact with solid
surfaces through osmotic flow and polarize their catalytic end
toward the surface. In shear flow, these swimmers experience a
viscous torque because of the polarization and exhibit positive
rheotaxis.”® Self-diffusiophoresis Janus spheres were also
reported to interact with surfaces or boundaries,”**” and their
rheotaxis was theoretically predicted.”® To date, only one-
directional (positive) rheotaxis has been demonstrated by
synthetic micromotors. The upstream movement requires a
flow velocity that is slower than motor speed, and the rheotaxis
of chemically propelled microswimmers can be exploited only
in moderate flow due their limited speed (usually less than 50
pm/s>?). In addition, the fuels used for fast chemical propulsion
are often toxic, especially at high concentration. The low-energy
conversion efficiency and toxicity associated with chemical
micromotors are thus limiting in terms of their ultimate
applications.

In contrast to chemical propulsion, acoustic propulsion is
noninvasive, fuel-free, salt-tolerant, and relatively eflicient.
Bimetallic micromotors have been propelled at axial speeds of
200 pm/s using acoustic power levels that are safe for in vivo
imaging.’* "> The combination of chemical and acoustic
propulsion has also opened up an approach for manipulation
and functionalization of bimetallic micromotors. Individual and
collective behaviors resulting from dual propulsions in opposite
directions have been demonstrated.””** Despite these interest-
ing findings, it has been difficult to integrate acoustic
propulsion with shear flow or to develop applications based
on chemical—acoustic hybrid propulsion. Experimental and
theoretical studies have suggested that an acoustic resonant
chamber is required in order to propel the autonomous motion
of micromotors.>>*® For this reason, almost all studies of
acoustic propulsion of bimetallic micromotors have been done
in the levitation plane of thin film fluidic chambers.”® The
micromotors, along with cells and other particles with which
they interact, are suspended at the midplane of the chamber
and thus experience negligible shear flow. In addition to
autonomous axial movement, organization into spinning chains,
orbital motion, and aggregation are observed simultaneously.*’
The complex nodal pattern in the levitation plane makes it
difficult to generate predictable and controllable movement,
and external forces such as magnetic fields are needed to guide
the movement of the micromotors. Finally, the density
mismatch between bimetallic micromotors and the medium
typically leads to motion near the bottom surface in chemical
propulsion. Micromotors that exhibit unique behavior in the
chemical field near the bottom surface would have to travel a
long distance without reorienting in order to reach the
levitation plane, where they can be driven by acoustic
propulsion.

On the other hand, the study of acoustofluidics that explores
acoustic behavior in microfluidic systems has been well-
established.””*® Various acoustic resonant patterns have been
designed and employed for three-dimensional (3D) patterning,
transport, rotation, and alignment of cells/particles.39_42 Here,
we present an acoustofluidic device in which bimetallic
micromotors can be propelled near a surface by acoustic
force, chemical force, or both. With the acoustic field alone, the

bimetallic micromotors are aligned with the pressure node in
the fluid channel and bidirectionally propelled along the node.
With chemical fuel alone, the micromotors are oriented by
shear flow near the surface, consistent with numerical
simulations of the chemically driven fluid flow. By combining
the orientation effect of chemical propulsion and the directional
propulsion by the acoustic field, both positive and negative
rheotaxis are demonstrated, with the sign determined by the
structure of the bimetallic micromotors. The strength of
acoustic propulsion enables this effect to be observed in
relatively fast flows, a desirable property for in vivo and in vitro
applications.

RESULTS AND DISCUSSION

Design of the Acoustofluidic Device. As shown in Figure
la (Figure S1), the acoustofluidic device contains a surface
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Figure 1. (a) Schematic of the acoustofluidic device and (b)
illustration of its working mechanism. A surface acoustic wave is
coupled into a square capillary through leaky wave generated in the
coupling layer. (c) Cross-sectional view of the simulated acoustic
potential profile. The scale bar is 20 ym.

acoustic wave (SAW) generator, which is a lithium niobate
(LiNbO;) substrate with chirped interdigital transducers
(IDTs) deposited on it and a square glass capillary. The two
parts were bonded and coupled to each other by a 60 um thick
ultraviolet (UV) epoxy layer. The ends of the glass capillary
were connected to silicone tubing to enable injection of the
bimetallic micromotor suspension. The chirped IDTs were
designed to work between 3 and 7 MHz. We employed a SAW
generator as the acoustic source because it shows better
uniformity of wavefronts and wider working bandwidth than a
bulk acoustic wave transducer.” In the experiment, the SAW is
generated by applying a radio frequency signal to the IDT's and
then propagates along the Y direction. As shown in Figure 1b,
when the SAW encounters the UV epoxy coupling layer, a
longitudinal leaky wave that propagates from the substrate into
the glass capillary is generated, leading to vibration transmitted
from the substrate to the glass capillary. Depending on the
frequency of the SAW, various resonant modes can be formed
in the glass capillary.

The acoustic field in the glass capillary was numerically
simulated by modification of a COMSOL model developed in
ref 44. Specifically, a two-dimensional (2D) model consisting of
an epoxy layer, a square glass capillary, and fluid in the capillary
(Figure S2) was built in the acoustic—solid interaction module
to simulate the cross section of the acoustofluidic device. The
surface acoustic wave was introduced into the model by adding
the SAW displacements to the bottom boundary of the epoxy
layer. We solved the first-order wave equation in the frequency
domain to obtain the acoustic field in the fluid. Then the
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Figure 2. (a) Schematic illustration of the two polarizations of bimetallic motors in the acoustofluidic device. (b) Axial velocity of motors is
proportional to the square of the driven voltage V. (c) Demonstration of bidirectional motion of two motors that have different initial 6.
The Rh end is darker than the Au end in the dark-field mode of the microscope. (d) Transport of 4 um SiO, particles by the bimetallic motor.
The motor is indicated by the red dashed circle. The scale bar is 10 gm.

acoustic potential and radiation force were calculated according
to Gor’kov’s expression.” For simplicity, we approximated the
micromotors to be metal spheres with a diameter of 300 nm.
More detailed information about the simulations can be found
in the Supporting Information.

Figure lc shows a cross-sectional view of the simulated
acoustic potential profile in the glass capillary (400 X 400 ym
outer dimensions and 200 X 200 ym inner dimensions). The
normalized arrows indicate the local direction of the acoustic
radiation force on the micromotors. Although there are
multiple pressure nodes (the potential minimum positions)
that form along the entire cross section, almost all of the
micromotors should be confined to the bottom center region of
the capillary because of their initial near-bottom position.
Theoretically there is no constraint in the X direction, and
micromotors should be free to move autonomously along the X
axis. The frequency of the SAW for the simulation was 5.42
MHz, the value used in later experiments. The simulation
results were validated by patterning silica tracer particles
(Figure S3), which rapidly localized to the bottom surface along
the center line.

Bidirectional Motion of Acoustically Propelled Bimet-
allic Micromotors. As expected, the bimetallic micromotors
exhibited distinct autonomous motion in the glass capillary.
Au—Rh bimetallic rods (2—3 pm in length and 300 nm in
diameter) were fabricated by template-assisted electrochemical
deposition and suspended in deionized (DI) water. The
micromotors are driven to the bottom of the capillary by
gravity within several seconds of their injection into the
capillary by a syringe. They show random Brownian motion at
the bottom of the capillary when there is no SAW. When we
turn the SAW on, all the micromotors align their long axis to
the pressure node line (X axis) on a short time scale (less than
0.033 s). The asymmetry of bimetallic micromotors leads to
two kinds of orientations, with the Rh end heading in the +X or
—X direction. The orientation is determined by the initial angle
between the long axis of the rod and the X axis, 6, at the
moment that the SAW is turned on. As shown in Figure 2a, the

Rh end heads in the +X direction if 0° < 10l < 90°, and
otherwise, the Rh end heads in the —X direction. Interestingly,
the alignment is insensitive to the initial Y position of
micromotors, even if they are far from the pressure node in
the Y direction. With their long axis locked in the direction of
the pressure node line, the bimetallic micromotors start to
move autonomously with their Rh ends leading. The speed of
axial motion V, was proportional to the square of the applied
voltage (Figure 2b). Both the moving direction and velocity are
consistent with the acoustic streaming propulsion mechanism
previously described for micromotors driven by excitation in
the Z direction.”*” The trajectory of each micromotor could
be continuously tracked under the microscope. No significant
shift in the Z direction could be observed using a 20X objective,
indicating that the micromotors are moving near the bottom
surface. By controlling the timing of turning the SAW on and
off, individual micromotors could be driven forward and in
reverse (Movie S1). With multiple micromotors present,
propulsion in both the +X and —X direction was observed
simultaneously. Figure 2c (Movie S2) demonstrates that two
micromotors with different initial @ angles are propelled in
opposite directions. The red dashed line indicates the center
line of the pressure node.

The directional propulsion of the micromotors is controllable
and can be adapted to cargo transport. The micromotors and
tracer particles (used to model cargo here) are confined to the
pressure node, so the micromotors can pick up their cargo
easily. As shown in Figure 2d (Movie S3), a Rh—Au rod was
propelled toward a stationary silica tracer particle and pushed it
forward after the collision. No chemical or biological surface
modification was required for the pick-up process.

According to the simulated acoustic field, the bimetallic
micromotors should also experience a force F, that pushes them
toward the pressure node line in the Y direction. However, this
force is relatively weak because of the small radius of the
micromotors, and it decreases dramatically as the micromotors
approach the center of the pressure node (Figure S4). In
addition, the drag force induced by acoustic streaming, which is
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Figure 3. Orientation of chemically propelled bimetallic micromotors in shear flow. (a) Illustration of the bipolar electrochemical propulsion
mechanism for catalytic bimetallic micromotors in H,0,; (b) schematic diagram of the experimental setup; (c) trajectories of bimetallic
motors in a static fluid (black) and in shear flow (red); (d) relationship between motors’ average velocity in the X direction (V,) and the flow
velocity V,,; (e) distribution of the angle § measured at different flow velocities.

(a)

z

—_—

Shear flow Drag force

—

|
— X
Substrate

Unbalanced position

(c)

| 1] S
. N
[ Y R P > =S SRR AT
I Y R S orce @ —>
ISNENERAN A2 0 )
| | | | |/ ‘Hydrodynamic force ——>
VL7 —
\V VL7 7 —
\ VL7 s = S
VL7 s = S
VoV el — PN e |
b AR I/\ !
N\
\ O\
N\
WA
AR
i TATERY
L

| rmmS————————
| £ =~SSSS=—————

o

11 7~\

=4

(b)

(d)

0.25

0.20

= 0.151

&

50410.

£ 0.05]

0.004

005 ——

11 12 13 14 15 16 1.7 1.8 1.9
Distance (um)
Balanced position

{1 ——
/.—\\

I B B [y S OSARC TONCO - [—p> |

"l | Gravityforce @@=0o—=>

ViVl 7 s e=x vt

'\ |} || Hydrodynamic force —>

SRERERERAAY -

VL7 7

ey,

VL L i/

RIS 1 V/ i

N / i/

AV /. a7

e 4 7 1

W\ A I w

W I/— 77 7 B

7R ¢ | - N REE

-, 'S A"~ — AR

—— = /NN~ - — N~ =

Figure 4. (a) Schematic illustration of the orientation process. The bimetallic motor forms an angle @ with the substrate. In shear flow, the tail
end experiences a larger drag force than the head. (b) Comparison between the electric repulsion force F, (black line) and the sum of the
hydrodynamic force and gravity —(F, + Fg) on the motor’s head (dots in the blue elliptical circle) and tail (dots in the red elliptical circle) at
different values of @, respectively. (c) Position of the motor if we balance only F, and F,, ¢ = —2° with the heavier Au end closer to the
substrate. In presence of H,0,, an electric potential difference (surface plot) develops around the micromotors and induces osmotic flow on
both the rod and substrate surfaces. We plot the osmotic flow caused by the substrate (normalized arrows) as a counterclockwise flow that
forms under the micromotor. (d) Balance position of the micromotor when we consider F,, F,, and the osmotic flow-induced hydrodynamic

force, F;. The resulting tilt angle is ¢ = 12—15°.

not considered in our model, may be comparable with F, near
the pressure node and may balance it. Thus, the trajectory of
micromotors is not exactly parallel to or overlapping with the
pressure node line.

These experiments demonstrate that this simple SAW-based
acoustofluidic device can simultaneously guide and propel
micromotors, which move autonomously near the bottom
surface of the capillary. The device provides a reliable platform
for systemically investigating the near-surface behavior of

10594

bimetallic micromotors in chemical—acoustic hybrid fields. In
addition, it also offers an approach for orientation of
autonomous motion along the capillary axis. Precise guidance
of individual micromotors in arbitrary directions should be
possible by using a more sophisticated channel or IDT design.
However, collectively directing micromotors is still challenging
because of their bidirectional orientations.

Orientation of Bimetallic Micromotors in H,0,. Unlike
the bidirectional orientations observed in the acoustic field, we
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found that bimetallic micromotors could be collectively
oriented in one direction in H,0O, solution by using shear
flow. The bimetallic micromotors can even exhibit positive
rheotaxis at a moderate shear flow. Bimetallic microrods were
originally developed as catalytic micromotors. In H,0O,
solution, a self-induced electric field is generated by the
oxidation and reduction of H,0,, which occur at different rates
on the surface of the two metallic segments. The electric field
then induces electro-osmotic flow on the surface of the
micromotors, which are typically negatively charged, and drives
axial movement toward the anode end (Figure
3a).46’47Although chemical fuels have some drawbacks for
biomedical studies, the localized electric field and chemical
gradient can generate many interesting phenomena because of
motor—motor and motor—boundary interactions.

To observe chemically driven orientation and rheotaxis, we
used a rectangular glass capillary (W = 2 mm, H = 200 um,
Figure 3b) to provide the shear flow environment. A large
width-to-height ratio (W/H = 10) capillary was used so that we
could consider the shear flow to exist only in the Z direction.
Silicone microtubing was connected to the glass capillary to
serve as the inlet and outlet. The flow was generated by a
siphon effect, and the velocity was controlled by changing the
height difference between the inlet and outlet. Bimetallic
micromotors were suspended in 5% (v/v) H,O, solution. Silica
particles (2 pm in diameter) were added to the solution as
tracer particles, and the flow velocity was detected by the
velocity of the passive particles, V..

In the absence of the flow (V, = 0 um/s), the Au—Rh
micromotors were axially propelled near the bottom surface in
random directions. When flow was introduced along the X
direction, the micromotors tended to turn their Rh ends against
the flow direction and move upstream (Figure 3c and Movie
S4). This positive rheotaxis behavior was quantitively analyzed
by measuring the projection of the micromotors’ velocity in the
X direction, (V,) = (V cos 6). The bracket notation ( )
indicates an average value obtained from more than 40
independent observations. As the V|, increased from zero,
(V,) first decreased to a negative value because of the
orientation effect, indicating collective positive rheotaxis.
Then (V) started to increase and showed a linear relationship
with V. When the flow rate exceeded the self-propulsion
velocity, the micromotors migrated with the flow direction
(positive (V,}) but with their Rh anode ends oriented against
the flow. This is shown in Figure 3e as the narrrowing of the
distribution of ¢ angles with increasing V..

The orientation and rheotaxis effect of bimetallic micro-
motors in shear flow are similar to the behavior of self-
diffusiophoretic hematite swimmers.” It is straightforward to
show that the bimetallic micromotors are tilted at an angle ¢ to
the bottom surface by a balance of forces that is developed
during chemical self-propulsion. Thus, the tilted micromotors
experience a larger drag force on their tail in shear flow and are
aligned with the flow (Figure 4a). In our experiments, Ru—Au
(Au end leading) and Rh—Au (Rh end leading) micromotors
were investigated, respectively, and both demonstrated positive
rheotaxis, regardless of which end was denser. In solutions
without H,0,, the microrods followed the flow and no
alignment was observed. The tilting does not result from
simple gravitational effect.

We tested our hypothesis by using a modification of a 2D
numerical model that was first developed to study the efficiency
of catalytic bimetallic micromotors.”’ In the three-dimensional

version of this model, a bimetallic rod (r = 150 nm, anode and
cathode lengths both 1.5 pm) was placed near a solid wall
(Figure SS). The half reactions of H,O, were represented as
positive and negative proton flux (j) normal to the anode and
cathode surfaces, respectively. The electric field induced by the
asymmetric distribution of protons around the micromotors
was determined using the Poisson equation, and the fluid field
was governed by the incompressible Navier—Stokes equation.
We assumed that the electric double layer was infinitely thin so
that the self-propulsion of the micromotor and the interaction
between the micromotor and wall could be introduced by the
electro-osmotic flow boundary on the surfaces of rod and wall.
The electro-osmotic velocity, U,,, is given by the Helmholtz—
Smoluchowski equation:

E.E
U, =— r05Et
U

eo (1)
where p is the dynamic viscosity of the fluid, &, is the
permittivity of vacuum, &, is the relative permittivity of water,
and E, is the tangential electric field on the surface. The zeta
potential of the bimetallic rod and glass capillary wall were
approximated as {, = —50 mV" and ¢, = —50 mV,"”
respectively.

An important parameter for the simulation is the vertical
distance between the micromotor and the wall, h,, (Figure 4a).
We calculated this value by balancing the gravitational and
electrostatic repulsion forces between the micromotor and the
wall in DI water. We considered both the motor and the wall
have constant surface potential, and the electrostatic repulsion
force per unit length of the cylinder was calculated using eq 2:>°

F = 2\2meepx fxr | (. Loexp(—Kh,)

_ Ll 2 Tm _
V2 [CW ot )EXP( ) @)

2F*C,
£,,RT (3)

where

where k is the Debye—Hiickel parameter, r,, is the radius of
cylindrical micromotor, Cj is the bulk concentration of protons,
F is Faraday’s constant, R is the universal gas constant, and T is
the temperature, 293.15 K. For Au—Rh micromotors, h,, = 1.7
um was obtained and a small tilt angle (¢ ~ —2°) arises from
the density difference between the two metals (Figure 4c, the
Au end is closer to the wall). The van der Waals force between
the cylinder and the wall was neglected because of the large h,,
value obtained.

In addition to the electro-osmotic flow on the surface of the
motor, the self-induced electric field also drives osmotic flow on
the surface of the wall. A counterclockwise flow is generated
beneath the micromotors (Figure 4c), which is consistent with
a recent study.’’ The flow exerts hydrodynamic forces in
opposite directions on the anode and cathode. The forces were
calculated by integrating the Z direction total stress over the
anode and cathode surfaces.

Fh=—//1ds=—/ (7, — pdz)ds 4)
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where 7, is the viscous stress, p is the fluid pressure, and dz is
the unit mesh size in the Z direction. As a result, the motor will
rotate around the Y axis and reach a new static position (Figure
4d).

In Figure 4b, the sum of the hydrodynamic and gravitational
forces —(F, + Fy,) on the anode (in the blue dashed ellipse) and
cathode (in the red dashed ellipse) is compared with the
electrostatic repulsion force F, as ¢ is increased from 0 to 18°.
This model indicates that a new force balance is reached when
@ ~ 12—15° (Rh end is closer to the wall). The hydrodynamic
flow also brings the center of the micromotor slightly closer to
the wall (h, = 1.5 um). The positive rheotaxis of bimetallic
micromotors in shear flow can be successfully explained by the
direction of this tilt angle ¢. It is worth noting that we consider
the zeta potential of bimetallic micromotors to be constant and
uniform around the motors. In fact, the local pH change around
the anode and cathode during the decomposition of H,O, may
cause the zeta potential to increase on the anode and decrease
on the cathode, resulting in a larger ¢ than the value calculated
here.

Collective Rheotaxis and Propulsion of Bimetallic
Micromotors Using Hybrid Power. Whereas chemically
powered bimetallic micromotors do exhibit positive rheotaxis,
their collective upstream migration is inefficient. There is a
trade-off between the orientation of the micromotors and their
actual velocity relative to the capillary wall. A fast shear flow can
overcome the Brownian rotation and align the cylindrical
microrods well, but that process compromises their actual
velocity. The acoustofluidic device is more powerful in terms of
direction control and propulsion speed, but it cannot achieve
unidirectional motion for collections of micromotors in flows.
Here, we combine the chemical orientation and acoustic
bidirectional propulsion effects by adding H,0, to the
acoustofluidic device. As shown in Movie S5, at a relatively
low concentration H,0, (2% v/v), the Rh—Au micromotors
are oriented at 90° < |6l < 180° and their self-propulsion is
almost quenched by the flow. When we apply the SAW (5 V),
the majority of the micromotors lock their direction in 10l =
180° and travel upstream. The trajectories of multiple
micromotors over 3 s is shown in Figure Sa. Compared to
the trajectories shown in Figure 4c, the bimetallic micromotors
are oriented and propelled much more effectively in straight
paths.

Another advantage of the hybrid-powered bimetallic micro-
motors is the ability to choose the direction of rheotaxis
depending on the composition. For example, Ru—Au micro-
motors are propelled with their Au end (anode) leading in
H,0, but with their Ru end (lower density) leading in acoustic
fields.”” When we use Ru—Au micromotors to conduct the
same experiment, they collectively move with the flow direction
when the SAW is on (Figure Sb and Movie S6); that is, they
exhibit negative rheotaxis. In this experiment, the micromotors
are randomly distributed in the channel before the application
of the SAW. When the SAW is applied, the Y direction acoustic
force on micromotors that are far from the pressure node is not
negligible. The micromotors move toward the pressure node as
they are propelled acoustically and oriented chemically in the
flow.

Whereas we have used Au—Rh and Au—Ru micromotors for
this initial demonstration, any combination of bimetallic
micromotors that have lighter anode ends should able to
show enhanced positive rheotaxis with combined chemical and
acoustic propulsion. For example, bimetallic Pd—Au, Rh—Pt,

Acoustics

Catalysis

Catalysis Acoustics

)

Figure S. Directional collective motion of bimetallic micromotors.
(a) For Rh—Au micromotors, the direction of their axial motion in
the chemical and acoustic fields is the same. In the chemical—
acoustic hybrid field, these micromotors exhibit positive rheotaxis.
Trajectories over 3 s are plotted. (b) For Ru—Au micromotors, the
direction of their axial motion in chemical and acoustic fields is
opposite, and acoustic propulsion dominates the axial motion.
Collective negative rheotaxis is demonstrated (trajectories over 3
s). The scale bar is 10 gm.

Ni—Au, and Ag—Au all move with the lighter end leading in
H, 0, solutions," and their movement should thus mimic that
of Rh—Au. Si—Au photochemical motors®> and Ag—Pt
bimetallic micromotors that are chemically propelled in halogen
solutions™” also have lighter anode ends. Conversely, bimetallic
micromotors such as Pt—Ru and Pt—Pd that have heavier
anode ends should exhibit negative rheotaxis. Because shape
effects dominate the direction of acoustic propulsion in the
absence of significant density differences,” bimetallic Pt—Au
rods should show positive or negative rheotaxis with acoustic in
H,0, depending on which end is concave. Furthermore,
because the chemical and acoustic propulsion mechanisms are
not limited to bimetallic micromotors, the hybrid strategy for
collectively directing micromotors in response to shear flow
might also be applicable to other designs of micromotors,
including micromotors based on biodegradable materials.

CONCLUSIONS

We have developed a hybrid strategy for bimetallic micro-
motors that enables them to mimic the rheotaxis behaviors of
their natural counterparts, such as spermatozoa. Hydrodynamic
force, chemical catalysis, and acoustic force are involved in this
strategy, and they work in concert to achieve either positive or
negative rheotaxis and fast propulsion. An acoustofluidic device
was developed for the integration of chemical propulsion and
acoustic propulsion along the bottom wall of a glass capillary.
The behavior of bimetallic micromotors in the acoustic field
alone and in the chemical fuel alone was investigated, and
interesting phenomena were observed. In the acoustic field
alone, micromotors can be propelled near the surface, and the
direction of autonomous motion is guided by the acoustic field
pattern. In H,O, solution, the bimetallic micromotors exhibit
positive rheotaxis by the same mechanism previously
demonstrated for hematite swimmers, which involves tilting
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of the micromotor cylinder axis relative to the surface.
Numerical simulations enable an estimate of the tilt angle
that results from the balance of gravitational, electrostatic, and
hydrodynamic forces between the micromotors and the surface.
We combine the advantages of these two propulsion
mechanisms and to achieve both positive and negative rheotaxis
in the hybrid fields. The ability to mimic this natural
phenomenon and collectively direct automonous motion of
powerful bimetallic micromotors represents a step forward
toward the practical applications of synthetic micromotors in
biomedicine and other fields.

MATERIALS AND METHODS

Fabrication of Bimetallic Micromotors. The Ru—Au and Rh—
Au bimetallic micromotors were fabricated by electrodeposition in
anodic alumina membranes (AAO, purchased from Whatman Inc., 200
nm pore size). A thin layer of Ag (300 nm) was evaporated onto the
back side of the AAO membrane to serve as the working electrode
during electrodeposition. For the deposition of Ag, Au, and Rh, a two-
electrode system was used with a Pt coil as the counter electrode.
Approximately 10 ym of Ag was first deposited as a sacrificial layer.
The constant deposition current for Au and Rh was —1.22 and —2.45
mA/cm?, respectively. Fifteen minutes of Au deposition and 120 min
of Rh deposition resulted in ~1.5 ym long segments for each (Figure
S6). The deposition of Ru was done in a three-electrode system with
Ag/AgCl in 3 M NaCl as the reference electrode. A constant potential
of —0.65 V was used, and 30 min of deposition led to ~1.5 ym long
Ru segments. After the electrodeposition, the membranes were washed
in DI water and soaked in 8 M HNO; for S min to dissolve the silver
layer, followed by dissolution of the membrane in 1 M NaOH for 1 h.
Finally, the micromotors were collected by centrifugation and then
sonicated and cleaned in DI water for later use.

Fabrication of the Acoustofluidic Device. IDTs were fabricated
on a lithium niobate substrate (128° Y-cut, 1 mm thickness, purchased
from Red Optronics, USA). The pattern of IDTs was first fabricated
on the substrate by a photolithographic process, then two metal layers
(Cr/Au, S nm/S0 nm) were evaporated by e-beam evaporation to
cover the pattern. The IDTs were designed to work from 3 to 7 MHz.
A square cross section glass capillary (200 gm X 200 pum inner
dimensions, 100 ym wall thickness, VitroCom, USA) was aligned
parallel to the IDTs and bonded to the substrate by two pieces of 60
um thick spacers (double-sided tape, Kikusui tape, Japan) at the ends
of the capillary. UV epoxy (NOA 61, Norland Optical Adhesives,
USA) was transferred by a needle tip to the center region of capillary
to fill the 60 yum thick air gap between the capillary and the substrate.
The UV epoxy was cured under UV light for 15 min and formed the
coupling layer. The capillary ends connected to standard silicone
tubing (0.3 mm inner diameter, HelixMark, USA) for solution
injection. The rectangular capillary used for chemical orientation and
rheotaxis study was also purchased from VitroCom, USA.

Experimental Setup and Data Analysis. The experiments were
conducted with an Olympus BX60 light microscope. Videos were
captured at 30 frames per second by a USB camera (Flea3, Flir
Integrated Imaging Solutions Inc. Canada) mounted on the micro-
scope. The acoustofluidic device was driven by a RF signal function
generator (331204, Agilent, USA). The recorded videos were analyzed
by using open source software Image] (NIH, USA). The statistical
results such as the average velocity and distribution of angles were
based on more than 40 individual samples.

Chemicals and Particles. The 2 um silica tracer particles for flow
velocity tracking and 4 pum silica particles for acoustic cargo transport
experiments were purchased from Sigma-Aldrich. H,O, 30% was
purchased from Fisher Chemicals and diluted for use.
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