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ABSTRACT Magnetically guided ultrasound-powered nanowire motors, functionalized with bioreceptors

and a drug-loaded polymeric segment, are described for “capture and transport” and drug-delivery processes.

These high-performance fuel-free motors display advanced capabilities and functionalities, including

magnetic guidance, coordinated aligned movement, cargo towing, capture and isolation of biological

targets, drug delivery, and operation in real-life biological and environmental media. The template-prepared

three-segment Au—Ni—Au nanowire motors are propelled acoustically by mechanical waves produced by a

piezoelectric transducer. An embedded nickel segment facilitates a magnetically guided motion as well as

transport of large “cargo” along predetermined trajectories. Substantial improvement in the speed and power

is realized by the controlled concavity formation at the end of the motor nanowire using a sphere lithography
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protocol. Functionalization of the Au segments with lectin and antiprotein A antibody bioreceptors allows capture and transport of E. coli and S. aureus

bacteria, respectively. Potential therapeutic applications are illustrated in connection to the addition of a pH-sensitive drug-loaded polymeric (PPy-PSS)

segment. The attractive capabilities of these fuel-free acoustically driven functionalized Au—Ni—Au nanowires, along with the simple preparation

procedure and minimal adverse effects of ultrasonic waves, make them highly attractive for diverse in vivo biomedical applications.
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he use of nanomotors to power

nanomachines is currently a re-

search area of intense activity due
to numerous potential applications, rang-
ing from directed drug delivery to nano-
scale fabrication.'® Synthetic nanomotors,
based on a multitude of propulsion me-
chanisms, have thus been developed. While
most of this attention has been given to
chemically powered catalytic motors,>*®
many important applications (particularly
in vivo biomedical ones) require the elim-
ination of the fuel requirements toward
biocompatible propulsion mechanisms.
Efforts in this direction have led to the
fuel-free locomotion of magnetically
driven nanoswimmers,'°~'2 or electrically
propelled devices.”>" "> Recently intro-
duced ultrasound (US)-driven propulsion
mechanisms greatly enhance the pros-
pects for biomedical applications of small
scale machines.'®™'® For example, Wang
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and Esener developed efficient “microbul-
lets” that utilize ultrasound to externally
trigger ultrafast velocity and remarkable
thrust for deep tissue penetration and
deformation.'® Hoyos and Mallouk de-
scribed the acoustically driven movement
of gold nanowires, associated with a local
pressure gradient formed in the concave
ends of the wires by the applied ultrasound
waves."” Such biocompatible ultrasound
locomotion schemes offer considerable
promise for diverse biomedical applica-
tions, reflecting the widespread use of ultra-
sound in medicine.'®~%°

Here we demonstrate ultrasound-pow-
ered nanowire motors with a variety of
new capabilities and functionalities and a
greatly enhanced performance, for diverse
practical biomedical applications. Such
new capabilities of these acoustically driven
nanomotors include magnetic guidance,
cargo towing, locomotion in unprocessed

VOL.7 = NO.10 =

* Address correspondence to
josephwang@ucsd.edu.

Received for review July 24, 2013
and accepted August 22, 2013.

Published online August 23, 2013
10.1021/nn403851v

©2013 American Chemical Society

ACKNIANITS
9232-9240 = 2013 WQQJNL_\iJl)

WWwWW.acsnano.org

9232



Transducer

Am

%5 E. Coli Bacteria
9 ConcavalinA.

Figure 1. Ultrasound-propelled magnetically guided
receptor-functionalized nanowire motor for selective cap-
ture and transport of biological targets.

real-life media, sorting of biological targets, and drug
delivery. As illustrated in Figure 1, such attractive
performance has been realized by functionalizing the
gold surface of the motor with various bioreceptors
(antibody or lectin) for “on-the-fly” capture and trans-
port of biological targets, and incorporating an addi-
tional pH-sensitive drug-loaded polymeric segment,
and a magnetized Ni segment for directional motion,
coordinated group movement, and cargo loading and
manipulation. Such use of ultrasound-driven (fuel-free)
nanomotors can address the limitations of peroxide-
powered micromotors in maintaining the viability of
the captured biological target or in-body therapeutic
applications. The resulting nanomachine is capable of
targeting and transporting diverse cargo as well as
releasing drugs in response to specific stimuli, all while
moving in a controlled and cooperative fashion that is
not limited by the surrounding environment or harm-
ful to biological media. The new US-driven multiseg-
ment Au/Ni/Au/PPy nanowire motors can be mass
produced using a simple template electrodeposition
protocol. Such development of highly efficient and
controllable multifunctional medically safe acoustically
driven nanomotors offers great promise for future
in vivo biomedical applications.

RESULTS AND DISCUSSION

The acoustically propelled nanomotors have been
fabricated through a template electrodeposition meth-
od and are composed of a 0.25 um diameter, 1.8 um
long three-segment Au/Ni/Au (0.8 £m/0.2 um/0.8 um)
nanowire. A copper sacrificial layer was deposited first
for the creation of a concave shape cavity in one end of
the nanomotor. The nanowires rise to a levitation plane
and propel from the pressure gradient generated
by the ultrasound waves penetrating their concave
end (Figure 1), in accordance with early findings of
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Mallouk's team."” The embedded Ni segment offers
convenient magnetic alignment, thus allowing the
nanomotors to be guided along predetermined
trajectories. Modification of the nanomotor gold sur-
face with a mixed self-assembly monolayer (SAM) of
11-mercaptoundecanoic acid (MUA) and 6-mercapto-
hexanol (MCH) facilitates functionalization of specific
bioreceptors to selectively capture E. coli or S. aureus
bacteria in complex media (Figure 1).

The incorporation of nickel segments has been
previously used for magnetic alignment of chemically
powered nanowire motors.2'?2 In the present work,
the US-propelled wire motors have been oriented in
the direction of an external magnetic field produced by
a Neodymium magnet. Figure 2A and corresponding SI
Video 1 illustrate the effect of the magnetic field on the
directional movement of the US-driven nanowires. For
example, the motor is initially moving straight by
aligning with the magnetic field (a); turning the field
“off” results in a random movement, with a spiral
trajectory (b). Finally, restoring the magnetic field leads
to a resumed straight-line aligned motion (c). Direc-
tional movement over more complex trajectories and
at all angles is also possible by changing the orienta-
tion of the applied magnetic field while the nanomotor
is propelled acoustically. Figure 2B and S| Video 2
illustrate the “writing” of UCSD letters by the ultra-
sound propelled nanomotors under magnetic guid-
ance. The individual motors thus follow the predeter-
mined (U, C, S, D) trajectories at a constant speed,
without affecting the actual US-driven motion. The
magnetic guidance also facilitates the coordinated
collective movement of multiple US-based motors.
For example, Figure 2C and corresponding S| Video
3illustrate the organized coordinated movement of a
group of four US-driven nanomotors. These motors
move along a common trajectory at a comparable
speed, as guided by the continuously changing direc-
tion of the magnetic field. Such collective motion
could benefit challenging biomedical tasks, ranging
from cell sorting or directed delivery of therapeutic
payloads.

Common catalytic (peroxide-driven) Au—Pt nano-
wire motors operate only in very low-ionic-strength
aqueous media (owing to their self-electrophoretic
mechanism) and hence cannot be applied to realistic
biological and environmental matrices.'® Catalytic mi-
crotube engines can display efficient motion in biolo-
gical media, but require high concentrations of the
hydrogen peroxide fuel.®?*?* The US nanomotors can
be readily used in diverse high-ionic strength media
(Figure 3). For example, efficient propulsion is ob-
served in Figure 3b (and corresponding video SI 4)
using untreated salt-rich seawater; the speed in this
medium increases from 20 to 60 um s~ ' upon the
raising of the applied voltages from 6 to 10 V (as
compared to a 25 to 85 um s~ ' change in deionized
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Figure 2. Magnetic guidance and movement behavior of ultrasound-propelled nanomotors. (A) Alignment of a nanomotor
with a magnetic field (a), random motion of a nanomotor without a magnetic field (b), realignment with magnetic field (c). (B)
Magnetically steered nanomotors along predetermined UCSD letters (route). (C) Coordinated motion of multiple US-powered
magnetically guided nanomotors. (D) Speed modulation of multiple magnetically guided US-powered nanomotors in
response to a 2.5 s 6—8—6 V potential step. Green and red track lines show the trajectories at applied potentials of 6 and 8 V,
respectively. Inset (Right) shows the average motor speed vs time during such potential step. Conditions: media, deionized

water; ultrasound field, 6 V and 2.51 MHz.
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Figure 3. Dependence of nanomotor speed upon the ultra-
sound transducer voltage (power) in different media: (a)
deionized water, (b) seawater, (c) serum, and (d) saliva. All
samples were 20% (v/v) diluted. Measurements were carried
out at 2.51 MHz using 1.8 um-long Au/Ni/Au nanowires.

water; Figure 3a). The US-driven nanomotors also dis-
play efficient propulsion in complex biological envi-
ronments, such as untreated serum (Figure 3c) and
saliva (Figure 3d). Note, the substantial speed diminu-
tion observed in the saliva sample due to its high
viscosity and complex molecular composition. Overall,
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the data of Figure 3 and Sl Video 4 clearly indicate
that US-driven nanomotors can operate in diverse
environments and display a minimal salt effect. The
nearly linear dependence of the speed upon the
transducer voltage (indicated from Figure 3) offers a
convenient control of the motor speed, including an
on demand motor acceleration or deceleration. For
example, Figure 2D and Sl Video 5 illustrate the rapid
(dynamic) change of the speed by modulating the
transducer potential using a 6—8—6 V step of 2.5 s.
Notice the instantaneous speed change from 25.1 to
54.6 and fast back to the original speed (~25 um s7h
upon stepping the potential up and down, respec-
tively, demonstrating the controlled acceleration and
deceleration capabilities of the acoustically driven
nanovehicle.

We have also demonstrated a controllable concavity
formation on the nanomotor using a sphere lithogra-
phy technique to improve the asymmetric distribution
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Figure 4. Propulsion behavior of nanomotors fabricated by
different methods: dual-templating sphere lithography
electrodeposition (A) and conventional template electro-
deposition (B). Top: SEM images and “racing” tracklines
of methods A and B under the same ultrasound field
(6 V, 2.66 MHz). Bottom: (left) dependence of the motor
speed upon the increasing ultrasound transducer voltage
(2.66 MHz); (right) fabrication scheme coupling the mem-
brane-template and sphere-lithography electrodeposition.
(a) Infiltration of PS spheres into the membrane pores, (b)
growth of sacrificial layer, (c) electrodeposition of Au/Ni/Au
segments, and (d) release of the nanomotors from the
dual template.

of the acoustic pressure and the propulsion perfor-
mance. A previous report suggested that the concave
shape is responsible for the axial propulsion of ultra-
sound-driven nanowire motors since scattering of
acoustic waves from such cavities concentrates the
energy near the curvature.'” As illustrated in Figure 4
(bottom, right), the addition of a nanosphere template
into the cylindrical nanopores of the membrane tem-
plate, followed by electrodeposition of Au, Ni, and Au
and subsequent dissolution of the PS nanospheres
template, resulted in the formation of a nanoconcave
shape at the bottom of the nanowires. The resulting
distinct concave end facilitates the formation of the
inside pressure gradient by the penetrating ultrasound
waves, and the generation of the directional motion.
The SEM images of Figure 4 (top, left) show the well-
defined concave shape in the multisegment nanowire,
fabricated by this technique, compared to common
cavities created by the conventional membrane-
template method.'” This image illustrates that the
inclusion of the sphere template during the electro-
deposition creates a hemispherical-shaped cavity at
the nanowire end. Such concavity formation results in
an improved propulsion behavior, as indicated from
Figure 4 which compares the speed of US-powered
nanowire motors with (A) and without (B) using the
sphere-lithography method at different transducer
voltages (frequency of 2.66 MHz). For example, the use
of the sphere lithographic method increases the nano-

motor speed up to 67%, from 152.7 to 2549 um s ',

GARCIA-GRADILLA ET AL.

(at a transducer voltage of 10 V). Such improvements
are illustrated in Figure 4 (top, right) and SI Video 6
from the track-lines of a “race” of two nanomotors,
fabricated by the two methods, under the same con-
ditions. Clearly, a substantially faster speed is achieved
using the motor fabricated by adding the sphere-
lithographic step. We are currently investigating the
optimal cavity geometry toward maximizing the pro-
pulsion efficiency.

So far we have demonstrated the enhanced direc-
tional magnetic movement of acoustically propelled
Au—Ni—Au nanomotors and their ability to navigate in
different biological media. The magnetic properties of
the Ni segment can also facilitate the pick-up and
transport of microsphere cargo along predetermined
paths. The optical images of Figure 5A (and Sl Video 7)
illustrate such dynamic loading (b) and transport (c) of
magnetic microspheres. The US-powered nanomotor
can thus be magnetically guided to approach the
target microsphere cargo at a speed of 17.8 um s,
A dynamic loading of the microsphere onto the nano-
motor is observed when the motor and the cargo
sphere approach each other and display significant
magnetic attraction. Subsequently, the nanomotor
transports the microsphere with ~57% of its original
speed (10.15 um s~ ') along a predetermined path. The
drag force Fp of this nanomotor can be calculated
using Stokes eq 1 for a cylinder, with L (1.8 um) and r
(0.125 um) being the length and radius of the nano-
motors, respectively, u being the viscosity of the fluid,
and v being the nanomotor speed, thus resulting in a
towing force of 0.093 pN.

Fo = 2mulv M

L
In- —0.5
r

Following the demonstration of the magnetic cargo
pickup, we examined the functionalization of the US
motors with different bioreceptors (such as antibody
or lectin) toward the use of biomolecular interactions
for selective capture processes. Previous studies of our
group reported on the use of receptor-functionalized
catalytic microtubular engines for isolating biological
targets in a fuel-enhanced sample environment. >’
However, the peroxide-fuel requirement of such func-
tionalized catalytic microengines may compromise the
viability of the captured targets and the scope of such
motor-based separations. In this study, we accom-
plished the motor-based target isolation (e.g., bacteria
capture and transport with both lectin and antibody-
modified Au—Ni—Au nanomotors) without reliance on
an external chemical fuel supply, hence ensuring the
viability of the captured biological target.

Our new data indicate that, unlike the function-
alization of catalytic micromotors,®® the propulsion
of US nanowire motors is hardly affected by their
surface modification. For example, the nanowire
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Figure 5. (A) Capture and transport of a 0.89 um magnetic bead by an ultrasound-propelled Au/Ni/Au unmodified nanomotor
approaching (a), capturing (b), and transporting (c) the magnetic particle. (B) Capture and transport of E. coli bacteria by a
lectin-modified ultrasound-propelled nanomotor: (a) approaching, (b) pickup, and (c) transport the E. coli bacteria. (C)
Capture and transport of S. Aureus bacteria by a Con A-modified ultrasound-propelled nanomotor: (a) approaching, (b)
pickup, and (c) transport the S. Aureus bacteria. Conditions: media, deionized water (A) and PBS (pH 7.0) solutions (B and C);

ultrasound field, 6 V and 2.51 MHz.

functionalization protocol was optimized for efficient
lectin-bacteria interaction and transport. As illustrated
in Figures 1 and 5, the receptor functionalization was
accomplished by conjugating the lectin to the gold
segments of the nanowire via a binary SAM. A MUA/
MCH mixture created the binary SAM while 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) chemistry served for acti-
vating the MUA carboxyl groups for conjugation with
ConA (see Experimental Section for additional details).
To promote favorable target accessibility while mini-
mizing nonspecific adsorption, the binary SAM was
prepared using 0.25 mM MUA and 0.75 mM MCH as
optimal alkanethiol concentrations.?® Such modifica-
tion of the nanowire surface has a negligible effect
upon their speed (25 um s~ Vvs 26 um s~ at 6 V and
2.51 MHz). Following the SAM activation, the lectin
receptor was immobilized via EDC/NHS coupling using
a binding buffer (BB) solution containing 9 mg/mL of
ConA. The speed of the resulting lectin-modified nano-
wire motor (25 um s~ ) is similar to that of the un-
coated gold-wire motor, which corresponds to a force
of 0.13 pN (on the basis of eq 1). In contrast, a sub-
stantial reduction in locomotion speed and hence the
towing capabilities of chemically propelled nanomo-
tors have been reported after their SAM modification
and bioreceptor functionalization processes.?® Overall,
the high speed of the modified US-based micro-
motors, their high cargo towing capacity, and the
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strong lectin/bacteria interaction ensure efficient
pick-up and transport of the target bacteria.

Figure 5B and Sl Video 8 illustrate an “on-the-fly”
capture of the E. coli bacteria target by the ConA-
functionalized US-driven nanowires, based on binding
of the ConA receptor to the O-antigen of the E. coli cell
wall. The lectin-functionalized nanomotor is magneti-
cally guided in the bacteria-containing PBS media and
approaches the E. coli cell at a speed of 21.85 um s~
(b); the bacterium is instantaneously captured and
transported (c) over a preselected trajectory at a
decreased nanomotor speed of 12.35 um s~ (ie,
around 56% of the original speed), corresponding to
a towing force of 0.114 pN. Notice that the similar size
of the E. coli bacterium (0.6 x 2 um) and nanowire
motor allows convenient direct visualization of the
binding event. If it is assumed that the bacterium is a
sphere with a radius (r) of 0.7 um, a drag force (Fpen) of
0.037 pN can be estimated for transporting it at a speed
(v) of two body lengths s™' based on the Stokes
equation (Fpeen = 6amurv). Such transport of large
biological targets demonstrates the strong towing
force of the ultrasound-propelled nanowires. In addi-
tion, it is possible to further increase the towing force
on demand up to 0.4 pN by increasing the power of the
ultrasound waves. No capture of the bacteria target
was observed in controlled experiments involving
unmodified nanomotors interacting with E. coli, even
after numerous (>30) motor-cell contacts. These data
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indicate the absence of nonspecific binding and de-
monstrate the specificity of the functionalized US-
driven micromotors.

To extend the application of ultrasound-powered
micromotors toward the isolation of biological targets,
the Au—Ni nanowires were functionalized with anti-
protein A antibody toward the capture and transport of
Staphylococcus aureus (S. aureus) bacteria. The anti-
body functionalization was achieved by using a similar
EDC/NHS coupling chemistry, through binary SAM
of alkanethiols (used for attaching the ConA lectin
receptor; see Experimental Section for specific details,
based on the optimal antibody functionalization used
for chemically powered motors®’). Unlike catalytic-
propelled antibody-modified engines, whose functio-
nalization with protein A antibodies resulted in major
speed diminutions,”’” the speed of the Ab-SAM mod-
ified ultrasound micromotors was not affected by the
surface functionalization. Figure 5C and S| Video 9
illustrate the pick-up of a S. aureus bacterium by the
US-powered antibody-modified nanowire. Such cap-
ture and transport is based on the affinity of the
surface-bound antiprotein A antibody to protein A
present in the bacterial cellular wall. As expected,
the initial speed of the nanomotor, 29.6 um s '
(corresponding to a drag force of 0.166 pN) decreases
to 16.3 um s, after capturing the 2 um S. aureus
bacterium. Overall, the data of Figure 5 panels B and C
demonstrate the ability of US-micromotors, functiona-
lized with different bioreceptors, to capture and isolate
various biological targets. The ultrasound-driven (fuel-
free) operation is advantageous over common perox-
ide-powered functionalized micromotors toward
maintaining the viability of the captured biological
targets.

Drug delivery capability is also demonstrated by
these biocompatible nanodevices. A electropolymer-
ized polypyrrole-polystyrene sulfonate (PPy-PSS) seg-
ment, added to the previously described Au—Ni—Au
nanowire motor, serves as a carrier for the brilliant
green (BG) model antiseptic drug (Figure 6). This
positively charged drug is retained via electrostatic
forces to the surface of the negatively charged PPy-PSS
polymeric backbone.?®2?° A pH-sensitive triggered BG
release is achieved when change to an acidic media
(of pH 4) occurs and hence the PPy-PSS “carrier” is
protonated. The SEM image of Figure 6A clearly illus-
trates the new PPy-PSS/BG segment, along with the Au,
Ni, and Au segments, and indicates that the polymer
segment is well-connected to the Au segment. The
temporal profile of Figure 6B illustrates the pH-trig-
gered release of BG, demonstrating the rapid release of
78% of the BG drug within 30 min at pH 4, and up to
95% release within 120 min. A control experiment
using the original physiological pH of 7.4 over the
same 30 min period displays a greatly diminished
(25%) drug release, and a nearly similar limited release
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Figure 6. Characterization of ultrasound-propelled nano-
wire motor containing the pH-responsive drug-loaded poly-
meric segment: (A) SEM image of the Au/Ni/Au/PPy-PSS
nanowire. (B) Time-dependent release of BG at pH 7.4 (a)
and 4.0 (b). Right: optical images of the release of BG
particles at 0 and 30 min (left and right) using pH 4.0 (top)
and 7.4 (bottom).

over the entire 120 min period. Unlike catalytic nano-
wire motors transporting drug-loaded PLGA particles
that displayed a diminished speed in the presence of
the drug carrier,®® only a negligible change of the
speed of the ultrasound-powered motor was observed
upon addition of the drug-conjugated PPy-PSS seg-
ment to the initial Au/Ni/Au motor design. The latter
reflects the streamlined shape of the built-in drug
carrier segment. These multisegment motors also
retained their structural integrity, with no apparent
separation of their segments after a 30 min exposure
to the operational ultrasound radiation.

CONCLUSIONS

We have demonstrated acoustically driven nanowire
motors with enhanced capabilities, design, perfor-
mance, and functionalities, including magnetic gui-
dance, coordinated motion, cargo towing, sorting of
biological targets, drug delivery, operation in diverse
media, and improved speed via the dual-templating
fabrication technique. These new capabilities have
been realized by incorporating magnetic Ni and
drug-loaded segments, and by conjugating different
bioreceptors to the gold segments. Such Au/Ni/Au/PPy
nanowire motors have been prepared using a simple
template electrodeposition protocol. The added Ni
segment offers guided movement along preselected
paths as well as collective motion of multiple US-driven
motors. In addition, sphere lithography has been used
to improve the concavity formation at one end of the
wire and thus to enhance speed and power. Further
studies are desired for identifying the ideal cavity
geometry for maximizing the acoustic pressure and
optimizing the propulsion force. The functionalization
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with various bioreceptors has allowed, for the first time,
the use of acoustically driven nanomotors for captur-
ing and isolating biological targets. Efficient move-
ment has been obtained in complex biological and
environmental media. pH-induced drug release from
the polymeric segment has also been demonstrated.
The coupling of receptor functionalization and a drug-
releasing segment makes these versatile US-driven

EXPERIMENTAL SECTION

Reagents and Solutions. 6-Mercaptohexanol (MCH), 11-mercap-
toundecanoic acid (MUA), N-hydroxysuccinimide (NHS),
1-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlor-
ide (EDCQ), lectin from Canavalia ensiformes (Concanavalin A,
ConA), acetic acid sodium salt, ethanolamine, 2-(N-morpholino)
ethanesulfonic acid (MES), CaCl,, and MnCl, were purchased
from Sigma-Aldrich. The BB solution consisted of a 0.1 M acetate
buffer (pH 5.0), containing 1 mM Mn?* and 1 mM Ca**. These
two divalent metals are necessary in order to get an active ConA
conformation for its binding to carbohydrates as reported.?® A
0.1 M MES buffer solution (pH 5.0) was used in the carboxylic
activation step. A 1 M ethanolamine solution (pH 8.5) served as a
blocking agent for the amine reactive-esters. All chemicals were
analytical-grade reagents and were used as received without
any further purification and prepared by dilution in 18.2 MQ cm
Milli-Q deionized water when not otherwise specified. Experi-
ments were carried out at room temperature.

Bacterial strains of E. coli NEB 5-a. (New England Biolabs,
Ipswich, MA) were obtained from the Clinical Microbiology
Laboratory, University of California Los Angeles (UCLA), with
approval from the UCLA and Veterans Affairs institutional re-
view boards and appropriate Health Insurance Portability and
Accountability Act exemptions. The pellets were received in
centrifuge tubes and were stored at —80 °C until use. Overnight
bacterial cultures were freshly inoculated into Luria broth (LB)
and grown to logarithmic phase as measured by the optical
density at 600 nm. Concentrations of the specimen (over the
logarithmic phase) were determined by serial plating. S. aureus
cells (10% wet w/v of essentially nonviable S. aureus Cowan
strain cells in 0.04 M sodium phosphate buffer (pH 7.2, 0.15 M
NaCl) containing 0.05% NaNs) were supplied by Sigma, and S.
cerevisiae were obtained from Science Stuff. Human serum was
purchased from Sigma; saliva samples were collected daily,
drinking water was purchased in a local supermarket while
seawater samples (pH ~ 8) were collected from the shores of La
Jolla, CA. All these real samples were spiked with the appro-
priate concentration of bacteria at the moment of the
experiment.

Synthesis of the Metallic Nanowires. The nanowire motors were
prepared by a common template-directed electrodeposition
protocol. A silver film was first sputtered on one side of the
porous alumina membrane template containing 200-nm-
diameter cylindrical pores (catalogue no. 6809-6022; Whatman,
Maidstone, UK) to serve as a working electrode. The membrane
was then assembled in a plating cell with an aluminum foil
serving as a contact for the sputtered silver. Copper was initially
electrodeposited in the membrane from a CuSO,4-5H,0 (1 M)
solution, using a charge of 8 C and a potential of —0.95 V (vs a
Ag/AgCl reference electrode, along with a Pt-wire counter
electrode). The removal of this sacrificial layer helps to create
the concave shape in one end of the wire motor. Subsequently,
gold was plated from a commercial gold plating solution
(Orotemp 24 RTU RACK; Technic Inc.) at —0.95 V (vs Ag/AgCl),
using a charge of 1 G; nickel was deposited from a nickel plating
solution containing NiCl,+6H,0 (20 g L™"), Ni(H,NSO5), - 4H,0
(515gL™"), and H3BO5 (20 g L") at —0.95 V (vs Ag/AgCl) for 1 C;
and finally gold was deposited using a charge of 1 C. The
sputtered silver layer and copper sacrificial layer were mechani-
cally removed from the membrane by polishing with 3—4 um
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motors the first example of a theranostics (therapeutic/
diagnostic) nanomotor device. Such coupling of mul-
tiple functionalities into a single nanoscale machine
thus streamlines potential biomedical applications.
With further improvements and additional functional-
ities, ultrasound-driven nanomotors are expected to
perform diverse and complex operations in a variety
of important fields.

alumina slurry, followed by dissolution of any remaining silver
and copper with 8 M HNO3. The membrane was then dissolved
in a 3 M NaOH solution for 30 min to completely release the
nanowires. The nanowires were collected by centrifugation at
6000 rpm for 5 min and were washed repeatedly with nanopure
water (18.2 MQ cm) until a neutral pH was achieved. All
nanowires were stored in 1 mL of nanopure water at room
temperature.

A dual-templating approach was used for fabrication of a
controllable concave size at the end of the nanowires. A 3 uL
sample of PS spheres (2.5% w/v) with a diameter of 200 nm
(Spherotech, Inc,, IL) was diluted with 20 mL of water and filled
into the silver-sputtered membrane pores. These nanospheres
were used as a second sacrificial template to enhance the
concavity. After infiltration of PS spheres into the pores, the
membrane was placed in a plating cell and was used for
nanowires fabrication as mentioned above.

Drug-loaded nanomotors were prepared by using the same
template-assisted electrodeposition protocol of Au/Ni/Au
nanowires (described earlier) followed by the addition of a
polypyrrole-polystyrene sulfonate (PPy-PSS) composite seg-
ment by subsequent electropolymerization from a solution
containing 0.15 M of distilled pyrrole 98% and 50 mM of
poly(sodium 4-styrene sulfonate) in PBS buffer solution pH 7.2
using a charge of 0.5 C at a potential of 0.8 V. The Brilliant Green
(BG) drug was loaded onto PPy-PSS nanomotor segment by a
2 h incubation of 50 uL of the nanowire solution into 1 mL of
0.2 mM BG solution. The drug-loaded PPy/Au/Ni/Au nanomo-
tors were then collected by a 5 min centrifugation at 8000 rpm
and were washed repeatedly with nanopure water (18.2 MQ cm)
to remove all unconjugated drug molecules from the nanomo-
tor solution. The drug-conjugated nanomotors were then
added to PBS buffer solutions at pH 4.0 and pH 7.4 to test the
pH-induced drug release. UV spectra, recorded after different
time intervals were used for estimating the amount of drug
released. The presence of BG in the solution was indicated from
the absorbance peak at 620 nm.

Ultrasound Setup. The ultrasonic experiments were carried
out in a cell similar to that described by Mallouk.'” The cell was
made in a stainless steel plate 5 mm X 5 mm x 0.94 mm,
covered by four layers of 60 um Kapton tape with a center hole
of 6 mm in diameter and 240 um height as the sample reservoir,
covered by a 18 x 18 x 0.15 mm cover slide for reflection of the
ultrasound waves and for stability of the solution (avoid motion
of the solution due to disturbances of the environment). The
piezoelectric transducer which produces the ultrasound waves
(Ferroperm PZ26 disk 10 mm diameter x 0.5 mm thickness) was
attached to the bottom center of the stainless steel plate. The
continuous ultrasound sine wave was applied via a piezoelectric
transducer, through an Agilent 15 MHz arbitrary waveform
generator, in connection to a homemade power amplifier.
The applied waveform was a continuous sine wave with a
frequency of 2.51 (or 2.66) MHz and voltage amplitude vary-
ing between 6 and 10 V as needed for controlling the intensity
of the ultrasonic wave. The electric signal was monitored by a
20 MHz Tektronix 434 storage oscilloscope. The motion of the
nanomotors was visualized with a Nikon Eclipse 80i, 20X
objective illuminated with a Nikon MKII fiber optics light. The
images were acquired at 10 frames/s with a PhotometricsCool-
Snap HQ? 1392 x 1040 pixels CCD camera attached to the
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microscope and were processed with Metamorph 7.7.5 soft-
ware (Molecular Devices, Sunnyvale, CA).

Nanowires Functionalization. Nanowires were functionalized
with either lectin protein receptors for the capture and trans-
port of E. coli or with antiprotein A antibody for S. aureus
loading, respectively. The external gold surface of the nano-
wires was modified by an overnight immersion in a binary
mixture of 0.25 mM of MUA and 0.75 mM of MCH thiols in
absolute ethanol (200 Proof). After washing with Milli-Q water,
the surface-bound MUA carboxylic moieties were activated with
a 20 mM NHS and 10 mM EDC in 0.1 M MES buffer solution pH
6.5 for 30 min and washed with BB or PBS solution, respectively,
for 1 min. Functionalization of the motors with the lectin protein
receptors was achieved by immersing the wires in a BB solution
containing 9 mg/mL of ConA receptor for 2 h. Antibodies
receptors were immersed in 100 uL of anti-Prot-A antibody,
diluted in PBS (1 x) pH 7.2, to a final concentration 750 ug/mL for
2 h. In both cases, the remaining amine reactive-esters of the
activated monolayer were blocked with 1 M ethanolamine
solution, pH 8.5, for 30 min and later resuspended in BB solution
or PBS for lectins or antibodies, respectively. Between each
incubation and washing steps the nanomotors were isolated by
centrifugation at 6000 rpm for 4 min; all experiments were
carried out at room temperature. Control nanowires (without
any receptor) were prepared using the same protocol (with the
SAM assembly, activation, and blocking steps) but without
adding the Con A and antibody, while carrying out the corre-
sponding incubation in BB or PBS, respectively.

Identification and Isolation of Target Bacteria. For the detection
and isolation of the target bacteria, a mixture of 1.5 uL of
solution of the modified-nanomotors and 1 uL of the diluted
bacterial cell suspension (prepared in the sample matrix, in
the BB or PBS solution) was dropped onto a cleaned ultra-
sound reservoir and covered by a coverslide (see the setup
description). The feasibility to capture E. coli and S. aureus
bacteria was tested directly by magnetic guidance of the lectin
(or antiprotein A) modified wires toward the target cells,
respectively. The recognition event was monitored by videos
captured with a Nikon Eclipse 80i upright microscope and a
CooISNAP HQ? camera, 20x objective (unless mentioned
otherwise) and acquired at a frame rate of 10 frames/s using
the Metamorph 7.7 software (Molecular Devices, Sunnyvale,
CA). Capture and transport of bacteria were carried out by
adding the lectin-based and antibody-based nanomotors in
undiluted samples containing appropriate concentration of the
bacteria and the corresponding buffer.
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