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Highly Acid-Resistant, Magnetically Steerable Acoustic
Micromotors Prepared by Coating Gold Microrods with

Fe;O4 Nanoparticles via pH Adjustment

Zeheng Li, Lanjun Bai, Chao Zhou, Xiaohui Yan, Lamar Mair, Anning Zhang, Li Zhang,

and Wei Wang*

There is mounting interest in designing magnetically steerable nano- and
micromotors for next generation medical nanorobotics, which requires bio-
compatibility for each individual component. Although various magnetic mate-
rials (e.g., Ni, Co, and Fe;0,) have been incorporated into micromotors, their
acid resistance remains largely unexplored. In this article, a simple one-step
method to prepare magnetic microrods via electrostatic attraction between
paramagnetic magnetite nanoparticles (Fe;O4 NPs) and gold microrods at
appropriate pH values is reported. The as-prepared Fe;0,-coated micromotors
can be powered by MHz ultrasound and easily steered by external magnetic
fields, and perform well in harsh working conditions such as high acidity,

high viscosity, and high ionic strength. In particular, extended exposure to
solution of pH as low as 0.9 has a minimal effect on the speed, steerability, or
cargo-transporting capability of micromotors coated with Fe;O, NPs, in stark
contrast with those containing Ni segments. Considering the many challenges
of biomedical applications, acid-resistant, magnetically steerable Fe;O,-coated
micromotors powered by MHz ultrasound can be a promising prototype for

enabled synthetic colloidal particles to
move autonomously.®1% These micro-
motors, typically hundreds of nanom-
eters to several micrometers in size, can
be powered by chemical reactions and/
or gradients,'1% thermal gradients,2-2
electromagnetic fields (including
light),?>-31 and ultrasound,?>** and move
with speeds up to hundreds body lengths
per second.”) Building upon such mobility,
initial applications include sensing,’3*3]
environmental remediation,**3% micro-
assembly,*% and biomedicine.*'* Ultra-
sound, due to its biocompatible nature,
has seen an increasing interest in being
used as one of the power sources for future
medical nanorobots.*’!

Although we are encouraged by a few
early reports on the in vivo application

the future development of medical nano- and microrobotics.

1. Introduction

Medical nano- and microrobotics, long envisioned in popular
fantasies such as Fantastic Voyage, have recently received a sig-
nificant amount of interest.'l As a key step toward realizing
this dream, various propulsion and steering techniques have
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of these micromachines,***’] formidable
biological challenges call for designs of
higher power output, better controllability,
and more versatile functionalities.*®# In
particular, the task of monitoring and controlling micromotors
once they are in the complex maze of human bodies remains a
major challenge.P%°!] One envisioned approach is to use chem-
otaxis to guide synthetic micromotors, mimicking a method
mammalian and bacterial cells regularly use for navigation;?
chemotaxis methods, however, have seen little progress in real
applications.’37] Alternatively, external steering of magnetic
micromotors offers a more controlled method of guidance, and
has the potential to be broadly applicable (see recent review
and the references therein).’®%1 Conventionally, nickel (Ni)
or cobalt (Co) coatings or segments have been widely used as
magnetic layers to enable steering, as they can be incorporated
into micromotor structures via physical or chemical deposition.
However, Ni and Co are known to be highly chemically active
and unstable in acidic environments. Such reactivity is par-
ticularly detrimental in biomedical applications involving low
pH environments. For example, drug delivery to tumors and
operations in stomach are scenarios in which Ni or Co coatings
might dissolve and lead to loss of magnetic steerability, as well
as possibly toxic side effects from nickel and cobalt ions.
Magnetite (Fe;0,), on the other hand, is of low cytotox-
icity,[0061l resists proton attack more effectively than active
metals such as Ni or Co, and has magnetic properties suitable for
steering magnetic micromotors. Along this line, micromotors
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Scheme 1. One-step fabrication of Fe;O4-coated gold microrods by adjusting solution pH.

Gold rods and Fe;O,4 nanoparticles are not shown to scale.

with Fe;O, either coated on the surface or embedded inside
the micromotor have recently been designed,[#06062-66] byt with
little performance comparison with Ni-containing micromotors
in acidic environments. Moreover, incorporating Fe;O,4 into/
onto the micromotor is also relatively costly that could involve
hypotonic dilution encapsulation method,® biotemplating
process,/®® or chemical deposition.[*%:60.64-66] [ this article we
report a simple, fast, inexpensive, and effective way to prepare
Fe;04-coated metal microrods as magnetically steerable ultra-
sound micromotors, by exploiting differences in microrod and
nanoparticle surface charges at various pH values (Scheme 1).
We show that the Fe;O, coating not only imparts magnetic
steerability to the acoustic micromotor without compromising
its speed but also able to withstand highly acidic solutions,
comparing favorably to similar rods with Ni segments. Further
experiments in fluids of high viscosity and high ionic strength
suggest Fe;O4-coated ultrasound micromotors could be useful
as biocompatible micromachines.

2. Results and Discussions

2.1. Fabrication of Fe;O,-Coated Gold Microrods

Two simple and well-established concepts are considered when
designing an effective strategy for coating Fe;O, NPs onto

(a) 7

0
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metal rods: (1) surface charges of colloidal
particles in water are subject to change at
different solution pH; and (2) strong electro-
static interactions tend to bind two oppositely
charged colloidal particles. Conventionally,
Fe;O, NPs are coated onto other particles by
chemically functionalizing either surface so
the surfaces carry opposite charges; electro-
static attraction then leads to aggregation of
NPs on the surface. Herein, we circumvent
the time-consuming intermediary binding
chemistry, and simply tune the sign and
magnitude of surface charges on Fe;O0, NPs
and gold microrods by varying solution pH.
By doing so, opposite charges are induced on
the surfaces of both particles, which then spontaneously bind to
each other (Scheme 1).

Following these simple design principles, uniform coating
of Fe;04 NPs on gold microrods was successfully achieved at
pH 4. Magnetite nanoparticles (Fe;O, NPs) of =10 nm were
synthesized by a co-precipitation method (Figure 1ab, see
Figure S1, Supporting Information, for magnetic characteriza-
tion).[”) Gold microrods =2 um in length and =300 nm in diam-
eter were synthesized by template-guided electrodeposition
(Figure 1c).[%%] Zeta potentials of Fe;0, NPs and gold microrods,
as a function of solution pH, are shown in Figure le. Fe;O,
NPs at neutral pH carry slight negative charges (=20 mV) on
the surface, but their zeta potentials become increasingly nega-
tive when pH is increased beyond 7. In acidic environment
the Fe;0, NP surface is protonated and carry positive charges,
peaking at =60 mV at pH 4. Similar change of zeta potential
of bare Fe;O, NPs as a function of solution pH has been pre-
viously reported, and is attributed to the following surface
reactions!®’)

Magnetic
Micromotor

=Fe(11, I1I) OH} — ™ =Fe(IL, [1[) OH — > =Fe (I, ) O" (1)

On the other hand, gold microrods carry negative charges at
all pH values we tested (pH 2 through pH 12), and microrod
zeta potential reaches a minimum of =80 mV at pH 8. Taking
advantage of the opposite charges on Fe;0, NPs and microrods,

Figure 1. Fabrication of Fe;O,-coated gold microrods. a,b) Transmission electron microscopy image and X-ray diffraction patterns of the synthesized
Fe3;04 NPs. Scanning electron microscopy images of the synthesized gold microrods c) before and d) after Fe;0, coating. €) Zeta potential measure-
ment of synthesized Fe;O, NPs and gold microrods at various pH. Inset: Difference in zeta potential between these two particles at different pH,

maximizing around pH = 4.
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and the =100 mV difference in zeta potential at pH 4, we
attached Fe;O, NPs to the surfaces of gold microrods through
electrostatic attraction and formed a dense, magnetic layer on
the microrods (Figure 1d). Mixing these two types of parti-
cles at other non-optimal pH resulted in only partial coverage
of microrods with Fe;O, NPs (scanning electron microscopy
(SEM) images of Fe;O,-coated gold rods produced at pH = 2
and 3 are shown in Figure S2, Supporting Information). We
note that the bond between Fe;O4 NPs and gold surface is
functionally irreversible; no Fe;0, NP detachment from the
rods was observed. Even strong agitation such as that by ultra-
sonic cleaning bath for 10 min did not result in any appreciable
change in the behaviors of microrods coated with Fe;O, NPs.
These Fe;04-coated gold microrods prepared at pH = 4 were
used for all subsequent experiments, where their magnetic
steerability and performance as ultrasound powered micromo-
tors are further tested.

2.2. Performance of Gold Rods in Ultrasound
with and without Magnetic Coating

Recently, megahertz (MHz) frequency standing waves have
been used to propel metallic microrods into fast and direc-
tional motion in water.33l The attachment of magnetic Fe;0,4
NPs imparts magnetic susceptibility to otherwise non-mag-
netic gold microrods, enabling us to steer the microrods under
ultrasound propulsion via external magnetic fields (permanent
magnets, see Figure 2a for the experiment setup). We demon-
strate this steering capability through a series of tests. First,
we note in Figure 2 and Video S1 (Supporting Information) a
clear change in the trajectories of ultrasonically propelled gold
microrods with or without magnetic steering (Figure 2b,c): the
tightly circular motion of rods changed to linear motion with
large persistence length when the magnetic field was applied.
Alternating “circular-linear-circular” motion of multiple motors
due to momentary application of the magnetic field can be
found in Video S2 (Supporting Information). Changes in
microrod trajectory was further quantified by calculating the
directionality of the moving rods. The directionality is defined as
the average of cosA6 of many steps, where A6 is the difference
in angle between the velocity vectors of every two steps along
the micromotor trajectory (see Figure S7, Supporting Informa-
tion, for details).”” A significant change in directionality from
0.48 + 0.30 (very circular) to 0.99 + 0.06 (almost linear) before
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and after magnetic steering was found for an ensemble of rods.
Such an abrupt change in directionality in the presence of mag-
netic steering is very similar to that demonstrated by microrods
containing Ni segments, both from previous reports’ and our
own experiments (see Figures S8-S10, Supporting Informa-
tion). However, due to the ferromagnetic nature of Ni (see, e.g.,
the hysteresis loop from Figure 3bl")), microrods containing Ni
segments tended to aggregate into small clusters as a result of
magnetic interactions during and after magnetic steering. Such
aggregation, however, was not observed for microrods coated
with paramagnetic Fe;0, NPs, consistent with the negligible
remanence of Fe;O, NPs when the magnetic field was turned
off (Figure S1, Supporting Information). The other difference
in magnetic steering between paramagnetic Fe;O, and fer-
romagnetic Ni (or Co) was that the former aligns the particle
parallel to the field lines while the latter perpendicular.(* How-
ever, this is trivial in our experiment since the magnetic field
can be easily rotated to produce any alignment. In fact, this is
exploited to guide the micromotors to write arbitrary letters by
continuously adjusting the orientation of the magnets (see TOC
figure and Video S3 (Supporting Information), where letters
“HIT” and numbers “1920-2016" were written by acoustic
micromotors).

We emphasize that the Fe;O, coating as well as magnetic
steering cause minimal change to the speed of the ultrasoni-
cally propelled microrods, and negligibly affects micromotor
performance as a function of transducer voltage and frequency
(see Figures S3-S6, Supporting Information, for details). Such a
lack of change in performance is interesting in its own way, and
might help us understand the propulsion mechanism of micro-
rods in MHz ultrasound. A popular hypothesis regarding the
mechanism suggests that shape asymmetry of the particle in
ultrasound plays a significant role in determining micromotor
translational velocities.l?*71=74 This effect likely originates from
the concavity near the microrod tips due to fabrication imper-
fection, with a feature size on the order of 100 nm. The Fe;0,
NPs we synthesized are, however, about one order of magni-
tude smaller, and therefore when attached to the microrod
surface might not be enough to alter its shape asymmetry or
modulates the micromotor’s speed. This appears to agree well
with the theoretical prediction from Nadal and Lauga that the
speed of an ultrasound-powered motor is critically dependent
on the size of the asymmetric features.””) A more quantitative
study on this matter, although important, is not a focus of the
current work, and therefore will be pursued separately.

1 200
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Figure 2. Control and manipulation of Fe;O4-coated ultrasound micromotors. a) Scheme of ultrasound experiment. The metal rods are added for
artistic illustration purpose, and are not to scale. Actual trajectories of an ensemble of ultrasound micromotors in Video S1 (Supporting Information)
when the field is b) off and c) on. The average directionality of the ensemble (cosA6) changes from 0.48 to 0.99 when the field is applied. A total of six
motors were tracked and color coded, and the same colors in (b) and (c) represent the same motors before and during magnetic steering.
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Figure 3. Performance of Fe;O, NP-coated and Ni-containing gold
microrods in solutions at various pH. a) Responsiveness of two types of
microrods to a magnetic field after exposure to solutions of pH ranging
from 2 to 5 for up to 48 h. b) The speed of Fe;O,-coated motors at dif-
ferent transducer voltages in solutions of pH ranging from 0.9 to 11.3. For
any particular voltage the data are arranged with low pH on the left and
high pH on the right. Error bars are the standard deviation of measure-
ment of more than ten individual micromotors.

2.3. Magnetic Micromotors in Biologically
Relevant Environments

Having confirmed the magnetic steerability of Fe;O, NP-
coated gold microrods, we now examine in vitro their perfor-
mance in three aspects relevant to the successful operation of
medical nano-robots: chemical stability in acidic environments,
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swimming performance in body fluids, and cargo delivery
capability. By doing so, we highlight the usability as well as
limitations of ultrasonically propelled micromotors in future
biomedical applications, which have been one of the major moti-
vations behind the development of nano- and micromachines.

2.3.1. Magnetic Micromotors in Acids

One of the major benefits of Fe;0, NPs as a magnetic coating
versus nickel is its resistance to acids, which is critical for the
operation of medical nanorobots in acidic environments such
as tumors (pH as low as =6)7% and digestive tracts (pH from
1-3). The excellent resistance to acid of Fe;04 NP-coated micro-
motor is characterized and confirmed in this section. To be
specific, we mixed both Fe;O, NP-coated gold microrods (i.e.,
the “test subject”) and gold-nickel segmented microrods (i.e.,
the “control,” with Ni segment =500 nm long) in solutions with
pH ranging from 2 to 5 for up to 48 h. The responsiveness of
these motors to a magnetic field was tested after the acid treat-
ment, and the results are plotted in Figure 3. It is clear that
nickel-containing micromotors suffered significant degradation
in acids, rendering them nearly unresponsive to magnetic fields
after 4 h of acidic treatment at pH 2. Fe;O,-coated motors, on
the other hand, remained highly responsive to magnetic fields
even after extended exposure to highly acidic solutions (48 h at
pH 2). Finally, Fe;0,-coated motors maintained the same level
of magnetic steerability even after being immersed in solution
of pH 0.9 for 24 h, demonstrating an impressive level of robust-
ness and reliability that is suitable for extreme in vivo condi-
tions. Fe;04 NPs were found to be partially etched away when
exposed to solutions of pH 0.9 for more than 72 h.

2.3.2. Magnetic Micromotors in Fluids of High
Viscosity and lonic Strength

Body fluids are complex environments with high ionic strength
(on the order of 1 mol L), and viscosities substantially higher
than pure water. It is therefore necessary to assess the perfor-
mance of acoustic micromotors in similar conditions in vitro.
To this end, we compared the speed of Fe;O,-coated gold
microrods in deionized water with that in a number of fluids
(Figure 4), including phosphate buftered saline (PBS) solution,
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Figure 4. Performance of Fe;O,-coated ultrasound micromotors in various fluids. a) Speeds of micromotors at various driving voltages in water, saline,
PBS buffer solution, seawater (90% v/v), glycerol-water 1:1 mixture, and saliva (20% v/v). Solid lines are hyperbolic fits."? b) Representative trajectories
of micromotors steered by magnets moving in the above six fluids at 10 V. c) Speeds of micromotors in saline solutions of various concentrations.
0.9% saline solution contains 0.15 mol L™! Na* ions and 0.15 mol L™ Cl~ ions. Error bars are the standard deviation of measurement of more than 20

individual micromotors.
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solutions of various salt concentrations, sea water (90% v/v),
saliva (20% v/v), and a 50% glycerol-water mixture (viscosity
= 7 mPa s). The results show a clear decrease in motor speed
when they are placed in fluids of high viscosity as compared to
that in pure water. This is relatively easy to understand, given
the drag force is inversely proportional to viscosity (a more com-
prehensive study on this effect will be published separately).
A previous report with Ni containing acoustic micromotor
showed very similar speed values and trends in the same tested
liquids.”! We note that varying the fluid viscosity inevitably
changes the speed of sound in the medium, and we have
monitored such change and made certain the corresponding
resonance frequency was always used. On the other hand, the
effect of ions on the speed of ultrasonically propelled micro-
rods is quite small (within errors, Figure 4c), consistent with
the negligible change in acoustic radiation force at different salt
concentrations (see Equations (S1) and (S2), Supporting Infor-
mation, for a rough estimate).

2.3.3. Cargo Delivery by Magnetic Micromotors

Finally, we demonstrate cargo pickup, transport, and release
by Fe;O4 NP-coated gold microrods (Figure 5, and Video S4,
Supporting Information). These rods can readily pick up
nearby magnetic microbeads (urea-formaldehyde magnetic
beads, 0.89 um in diameter) via magnetic interactions, and
unload them at will by a sudden turn of the magnetic field
(therefore a turn of the motor). Due to increased drag, motor-
cargo duos moved at an average speed =54% of the speed of
unladen micromotors. In addition, more than one cargo can
be loaded by subsequent magnetic attraction (see Video S5,
Supporting Information). Significantly, the ability to perform
cargo pickup and delivery using Fe;O, NP-coated acoustic
micromotor is retained after incubation in pH 3 solution for
24 h. By comparison, the Ni-containing micromotors com-
pletely lost such capability as a result of Ni degradation in
acids.

(b) Micromotor

O
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3. Conclusion

To summarize, we have demonstrated that magnetically
steered, ultrasound-powered micromotors can be easily pre-
pared by electrostatic attraction between Fe;O, NPs and gold
microrods at appropriate pH values. This method circumvents
the need for chemically functionalizing either particle surface
or physically depositing Fe;0,, and produces micromotors with
uniform magnetic coatings. These coatings had minimal effect
on the acoustic propulsion of microrods, while imparting excel-
lent magnetic steerability, which is evident in the linear tra-
jectories in the presence of a magnetic field. Importantly, we
showed that Fe;O4-coated micromotors performed well in a
wide range of working conditions that are relevant to biological
applications, such as high acidity, high viscosity, and high ionic
strength. Solution pH as low as 0.9 had a minimal effect on
the speed, steerability, or cargo-transporting capability of Fe;0,-
coated micromotors, in stark contrast with those containing Ni
as the magnetic segment. In addition, unlike ferromagnetic
Ni coating that induces particle aggregation, the paramagnetic
nature of Fe;O, nanoparticles promises much easier handling
of micromotors. Considering the many challenges presented
by in vivo biomedical applications, we believe Fe;O4-coated
micromotors powered by MHz ultrasound can be a promising
prototype for the future development of medical nano- and
microrobotics.

4. Experimental Section

Synthesis of Fe;04 Nanoparticles: FeCl3-6H,0 (0.541 g) and FeCl,-4H,0
(0.200 g) were added into 50 mL of previously degassed deionized water,
and the mixture was stirred for 1 min. Then 2 mL of fresh ammonia was
added during vigorous mixing. The reaction mixture was kept at 70 °C in
water bath for 1 h, and then allowed to cool down to room temperature.
Nitrogen gas was flown into the reaction mixture throughout the entire
synthesis. Fe;O, nanoparticles were separated from the suspension
by a permanent magnet and rinsed by deionized water at least three
times. The pH value of aqueous Fe;O, suspension slowly increases until
stabilizing around 8.3.

Unload

Pick up (d) Transport (e)

© o O
N

Pick up 2nd bead (J) Transport

©)

Figure 5. Loading, transport, and unloading of magnetic microparticles (UFMB) by Fe;O,4-coated gold micromotors (snapshots from Videos S4 and
S5, Supporting Information). a—e) The whole process for one cargo, and f—j) two cargos can be subsequently loaded and transported. Cartoons in

(a) and (f) are not drawn to scale.
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Synthesis of Gold Microrods: Metal microrods were synthesized by
a template-assisted electrodeposition in porous anodized alumina
membranes (AAO, nominal pore size =200 nm, Whatman) following
previous protocols.’”78 In general, silver was thermally evaporated
on one side of the membrane to serve as the electrical contact. Then
silver (=10 um) was electrodeposited into the membrane pores at
negative currents. Gold was deposited after silver, and an optional
nickel segment can be grown after that. The length of each segment was
controlled by the amount of charge passing through the electrochemical
cell. Microrods were released from the membrane by first dissolving
the silver layers in diluted nitric acid, followed by dissolving the AAO
membrane in NaOH solutions.

Ultrasound  Actuation  Experiment: The ultrasound actuation
experiments were conducted in a similar way to previous reports.3 The
setup was constructed based on Figure 2a, by attaching a few layers of
Kapton tape on a piece of silicon wafer, on the back of which a piece
of PZT ceramic disk was glued (Steminc, Part No. SMD12T06R412\WL)
by epoxy resin. A circular hole of =200 um in height and =5 mm in
diameter was cut on the Kapton tape to serve as the acoustic cell.
During the experiment, a function generator (Agilent 33210A) sends
an =3 MHz sinusoidal signal to the piezoelectric disk, which produces
ultrasound that propagates through the microparticle suspension in the
acoustic cell. At the resonance frequency, metal particles floated up to
the levitation plane at the center of the acoustic cell and moved. Their
trajectories were recorded by a CCD camera (Point Grey) mounted on an
upright optical microscope at 30 frames s7', and analyzed by standard
particle tracking algorithms via Matlab. Magnetic steering was achieved
by a handheld NdFeB permanent magnet.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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