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ABSTRACT We report, for the first time, the design and fabrication of a nanoparticle-based nanomotor

system by directly self-assembling nanoparticles onto functional, nanometer-thin lamellae, such as polymer

single crystals. Tens of thousands of judiciously selected nanoparticles (gold, iron oxide, and platinum

nanoparticles) with sizes ranging from <5 to a few tens of nanometers have been introduced into a single

nanomotor via directed self-assembly. The resulting nanomotor realizes functions such as autonomous

movement, remote control, and cargo transportation by utilizing the advantages offered by nanoparticles,

such as the small size, surface plasmon resonance, catalytic and magnetic properties. Because of the structural

and functional versatility of nanoparticles, the facile fabricating procedure, and the potential for mass

production, our strategy shows a key step toward the development of next generation multifunctional

nanomotors.
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nspired by biological motors,' man-made

catalytic nanomotors, which are nanoscale

devices that are capable of converting
energy into forces and movement, have re-
cently attracted increasing attention.>~” Since
the discovery of the first man-made catalytic
motor by Whitesides et al.” the research field
has experienced rapid progress.>~'” Reported
systems include bimetallic nanorods,'® mag-
netically remote-controllable segmented nano-
rods,'® and asymmetrically modified, micro-
sphere-based, bubble-free motors.?° Other
developments include roll-up tube-based
nanomotors fabricated by either a roll-up
or template electrosynthesis method.?' 24
These tube-based nanomotors are capable
of autonomous moving under physiological
conditions®' and nanobattery-based nano-
motors.? In addition to providing autonomous
motion, nanomotors have recently been used
to sense ions*® and to carry cargos* for cancer
cell screening® or drug delivery.®~ 2 By intro-
ducing functional materials during the motor
fabrication process or performing post-surface
modification, catalytic motors also can perform
multifunctions. These fascinating artificial nano-
machines hold unprecedented promises for
applications in nanomachinery, nanomedicine,
nanotransportation, and nanorobotics.

Many catalytic motors are based on as-
ymmetric structures. In order to break mirror
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symmetry, reported synthesis strategies are
mainly based on templating or microfabrica-
tion methods (lithography, metal deposition,
etc.), which are not suitable for mass produc-
tion purposes. The development of a sym-
metric motor that can be mass produced
is therefore highly desirable. To date, only a
few reports have studied symmetric motors.
Kovtyukhova has carefully considered the
orientation, movement, and gravitational
forces of a particle in three-dimensional
space and showed autonomous motion of a
platinum rod motor in hydrogen peroxide
solution.? Pantarotto et al. have also demon-
strated similar motion of enzyme-decorated
carbon nanotubes in glucose solution.” How-
ever, the above-mentioned methods suffer
from either low-throughput or lack of control
over the final structure. On the other hand,
despite recent exciting progress in man-made
motors, biological motors are far superior
in terms of sophisticated functionality and
small size, which are the two main challen-
ges for current artificial motor systems® To
overcome these limitations, one promising
candidate approach capable of achieving
complex functionality at small scale is self-
assembly, which allows for the construction of
hierarchically complex nanostructures using
basic building blocks*° To this end, Dreyfus
et al. showed that a linear chain of colloidal
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Scheme 1. Schematic illustrates the fabrication process of a nanoparticle-based nanomotor.

magnetic particles linked by DNA and attached to a red
blood cell mimicked a flexible artificial flagellum; the
entire ensemble can “swim” in a magnetic field.'?
Multicomponent nanomotors have also been fabri-
cated by linking two (or several) particles via covalent
or hydrophobic interaction.'%***'

Herein, we report, for the first time, a nanoparticle-
based nanomotor fabricated using a potentially scal-
able directed self-assembly method. Tens of thousands
of judiciously selected nanoparticles with sizes ranging
from <5 to a few tens of nanometers can be introduced
into a single nanomotor via directed self-assembly,
rendering unprecedented functional versatility. As a
proof-of-concept, in this work, three different types of
nanoparticles (i.e., gold, iron oxide, and platinum nano-
particles; denoted as AuNP, FesO4NP, and PtNP,
respectively) were directly self-assembled onto the
surface of a quasi-two-dimensional polymer single
crystal (PSC) to form a nanomotor. The functions of
nanoparticles are as follows: AuNPs with tunable sur-
face plasmon resonance (SPR) absorption serve as
markers to make the nanomotor clearly visible under
an optical microscope;?®?” Fe;0,NPs allow for remote
control with a magnetic field;*?> PtNPs are able to
catalyze the decomposition of H,0, to generate oxygen
bubbles, providing the propulsion force. This nanopar-
ticle-based multifunctional nanomotor is thin in one
dimension (~90 nm) and can achieve all functions
rendered by catalytic motors, including autonomous
movement, remote control, and cargo transportation.
Because nanoparticles are well-known for their high
catalytic activity originated from the high surface area
to volume ratio,®® the introduction of catalytic active
nanoparticles may lead to superior performances of the
nanomotor. Other properties offered by nanoparticles
can also be easily incorporated into the system. Our
design thus opens up a great opportunity for the
fabrication of nanoparticle-based nanomotors to meet
the future requirement for diverse applications.

RESULTS AND DISCUSSION

PSC is the key to the present design because it
provides the substrate for directed nanoparticle self-
assembly. PSCs can be best formed via solution crystal-
lization with a typical thickness of ~10 nm. Since their
lateral sizes can reach hundreds of micrometers, PSCs
are typically 2D in shape, mechanically flexible, and
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optically transparent. Recent work has demonstrated
that, when end-functionalized polymer is used as the
starting material, the resulting PSC can be used as a
smart nanotape to immobilize nanoparticles, such as
metallic nanoparticle,** 3 Fe;0,NP,3”38 or semicon-
ducting quantum dots.3® These results strongly sug-
gest that, by judiciously selecting functional PSCs and
nanoparticles, the latter can be assembled onto the
PSC surface and the hybrid ensemble can serve as
multifunctional nanomotors.

Scheme 1 illustrates the fabrication process to
achieve this goal. PSC of a-hydroxyl-w-thiol-termi-
nated polycaprolactone (HO—PCL—SH)*® was grown
using a self-seeding method (Scheme 1a). PCL was
used as the model polymer because controlled PSC
can be readily formed using solution crystallization.*’
In particular, we chose a-hydroxyl-w-thiol-terminated
PCL since these two types of functional groups are
chosen to enable conjugation of the PSC with targeted
nanoparticles. During crystallization, because of the
difference between polymer chain ends and the rest of
the polymer backbone, the end-functional groups are
excluded to the PSC surface,** making it rich of surface
thiol and hydroxyl groups (smart “nanotape”). Figure 1a
shows the low-magnification transmission electron
microscopy (TEM) image of the PSC. The thickness of
the PCL PSC is ~8 nm.*® The areal number density of
surface —SH or —OH functional groups is ~0.3/nm? on
either surface of the single crystal, which can be calc-
ulated using the molecular weight of 9.2k g/mol, the
two-chain orthorhombic unit cell of PCL with the unit
cell parameter of a = 0.748 nm, b = 0.498 nm, and ¢ =
1.726 nm,**** and assuming all functional groups are
excluded onto the surface of PSC.** Therefore, the
overall number of surface —SH or —OH groups on
the PCL single crystal is estimated to be around 3.2 x
107! This huge number of surface functional groups
ensures our nanoparticle coupling. To this end, a AuUNP
was first immobilized onto the PSC surface through its
interaction with thiol groups (Scheme 1b). Figure 1b
shows a TEM image of the 6 nm AuNP-decorated PSC
(PSC—AuNPg in abbreviation). Note that the AuNP does
not immobilize onto PSC when surface —SH groups are
absent, as demonstrated elsewhere.3* PSC—AuNPg has
an absorption peak around 529 nm originating from
the SPR band of AuNP, as shown in Figure S1a in the
Supporting Information. Note that pure PSC has no
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Figure 1. (a) Low-magnification TEM image of PSC. TEM
images showing different fabrication stages of (b) PSC—Aug,
(c) PSC—Aug after AuCl; treatment, (d) PSC—AuNP—PtNP
and (e) PSC—AuNP—PtNP—Fe304NP. (f) Low-magnification
TEM image of PSC—AuNP—PtNP—Fe;O4NP.

absorption peak in the spectrum region from 400 to
1000 nm.>® This structure showed weak contrast under
an optical microscope due to the small size of the
AuNP.

We then treated this PSC—Aug with AuCl; for 20 min,
and the SPR band red-shifted to around 587 nm (Figure
S1b in the Supporting Information), which indicates
the formation of bigger AuNPs. Figure 1c shows the
TEM image of the AuClz-treated PSC—Aug (denoted as
PSC—AuNP). The PSC—AuUNP structure is clearly visible
under optical microscopy due to strong light absorption
from the irregular AuNPs. They can then be considered
as markers in the design. The surface coverage of
AuNPs on PSC is approximately 55%, calculated using
Imagel. Considering that the surface —SH groups
under AuNPs react with gold atoms to form S—Au
bonds (Scheme 1b), the reacted —SH groups can then
be estimated to be around 1.76 x 107, leaving the
number of unreacted —SH groups to be about 1.44 x
10”. We then treated this PSC—AuNP with 3 nm PtNP to
synthesize PSC—AuNP—PtNP. Figure 1d shows that the
PSC surface was able to adsorb a decent amount of
PtNPs through Pt—thiol bonding. After this step, the
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surface coverage of AuNP and PtNP reaches 72%,
indicating that the majority of surface —SH groups
were consumed. Lastly, 10 nm Fe3O4NP was immobi-
lized onto the PSC surface through the coupling
between FesO4NP and the exposed hydroxyl groups
(or remaining thiol groups), which were intact during
the previous procedure due to the weak interaction
between hydroxyl and AuNP/PtNP. Figure 1ef shows
the TEM image of the resulting PSC—AuUNP—PtNP—
Fe;04NP. Because of the differences in size and contrast,
three types of nanoparticles can be easily distinguished
under TEM, such as big dark-colored irregular-shaped
AuNPs, 10 nm sized light colored Fe3O4NPs, and 3 nm
dark colored PtNPs. The total surface coverage of all three
nanoparticles (AuNP, PtNP, and FesO4NP) on PSC reaches
approximately 90%. Figure S2 in the Supporting Informa-
tion shows a high-resolution TEM image indicating the
lattice structures of three different types of nanoparticles
(i.e.,, 0.24 nm for AuNP(111), 0.23 nm for PtNP(111), and
0.26 nm for FesO4NP(311)). Figure S3 shows an AFM
image of the as-fabricated PSC—AuUNP—PtNP—FesO4NP,
and the average thickness is measured to be approxi-
mately 90 nm. Therefore, the dimension of the PSC-based
hybrid structure is 12 um x 4 um x 90 nm (length/width/
thickness). Note that the length and width of the PSC can
be easily decreased to submicrometer range. The entire
PSC—nanoparticle hybrid structure can also be viewed as
a smart nanoshuttle, with PtNPs as the engine, FesO,NPs
as the steering wheel, and AuNPs as the marker.

This nanoparticle-decorated PSC nanomotor (PSC—
AuNP—PtNP—Fe304NP) moves autonomously when
placed ina 15% H,0,; solution. Video S1 in the Support-
ing Information shows the large area view of the
movement of this nanoparticle-based PSC motor. The
average speed is estimated to be around 30 um
per second. Figure 2 and video S2 in the Supporting
Information show an individual motor moving auton-
omously in circles. Since the PSC surface is homoge-
neously decorated with a dense layer of nanoparticles,
the PSC-based nanomotor can then be considered as
an analogue of the monocomponent catalytic nanorod
in H,0, solution, and the directional motion mecha-
nism can be attributed to the momentum exchange
between the nanomotor and water flux caused by
oxygen bubble departure, driving the directional
movement.?® Detailed explanations for the self-propel-
ling behavior of current micromotor are shown in
Figure S4 in the Supporting Information. Until now,
few researchers have focused on the relationship
between motor speed and its composition. Here, we
obtained the weight ratio between the catalytic part
of the current motor (PtNP) and the noncatalytic part
of the PSC-based nanomotor to be approximately 1:100
through TEM image analysis. This indicates that, due to
the high catalytic activity, PtNP is capable of carrying
the whole motor which is about 100 times its own body
weight at a high speed (30 um/s), demonstrating the
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Figure 2. Series of optical images taken at 1 s interval
showing the autonomous movement of the nanoparticle-

based nanomotor. Scale bar: 20 um. The corresponding
movie is shown as video S2 in the Supporting Information.

superiority of nanoparticle-based nanomotors. We
have also tested the speed of the current motor in
H,0, with different concentrations. As shown in Figure 3,
the average moving speed decreases from 30 um/s
in 15% H,0, to about 20 and 10 um/s in 10 and 5%
H,0,, respectively. This result is consistent with the
literature.®

Remote control of catalytic motors using an external
field is of utmost importance since it allows for the
control of moving directions to realize some of the
essential functions of motors, such as cargo capture
and delivery.?® To this end, magnetic material has been
introduced into motor systems by deposition methods;
examples include nickel electrochemically deposited
in the segmented nanorod'® or thermally evaporated
into roll-up tubes.2' On the other hand, magnetic nano-
particles have unique superparamagnetic properties
which has wide applications in information storage,*®
catalysis,”” magnetic resonance imaging,*® etc. The
utilization of superparamagnetic material prevents the
agglomeration caused by residual magnetism after
removal of the magnetic field. In addition, the utilization
of superparamagnetic material offers the possibility of
being imaged by magnetic resonance imaging, which is
beneficial for further in vivo biomedical applications
related to nanomotors. To date, no superparamagnetic
materials have been applied in nonbiological catalytic
motor systems. Due to the small size, an individual
Fe3O4NP has rather weak magnetic responses. In order
to increase the magnetic responses of FesO4NPs, they
have to be made in ensembles. As shown in Figure 1e,
in our case, the surface of PSC can be covered with
a dense layer of FesO,4NPs. Therefore, our PSC template
allows for the utilization of superparamagentic
FesO4NPs as the magnetically responsive material in
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Figure 3. Velocity of the nanoparticle-based nanomotor at
different hydrogen peroxide concentrations. Error bars
indicate the standard deviation.

the fabrication of a nanomotor. Figure 4 shows a series of
optical images indicating the trajectory of the nanoparticle-
based nanomotor when applying a magnet at the up-left
position. The nanoparticle-based nanomotor is quickly
steered toward this direction. The corresponding movie
is shown in the Supporting Information as video S3.
Cargo transportation represents one of the most
promising applications related to nanomotors. A vari-
ety of cargoes, such as particles,>* drugs,?® and cells,*®
have been demonstrated. In order to test the capability
of our current motor as the cargo carrier, we have
utilized the magnetic polystyrene (PS) microparticle
dispersed in water as the model cargo. As demon-
strated by Wang et al.*® magnetic PS microparticles
interact with the motor at its proximity to snap on for
easy cargo capture. Figure 5a shows the nanoparticle-
based nanomotor moving autonomously, propelled by
the oxygen bubbles. Three different magnetic PS
microspheres are shown, with the target PS micro-
sphere labeled with a solid circle and two other PS
microspheres labeled with dotted circles, which func-
tion as the marker to label the relative position from
the target microsphere. As can be seen from video S4
in the Supporting Information, the nanoparticle-based
motor was first slowed by applying an external mag-
netic field and then geared toward the target micro-
sphere (indicated by the arrow in Figure 5). After
capturing the cargo, the nanoparticle-based PSC car-
ried it away, as indicated by the distance increase from
the two PS microparticle markers (Figure 5b). Due to
the strong magnetic interaction between the nano-
particle-based nanomotor and magnetic PS micro-
spheres, it is difficult to release the current cargo.
However, this problem could be solved by utilizing
nonmagnetic material as the cargo. Furthermore,
additional functional groups/receptors can be intro-
duced onto the surface of the current nanomotor.
A variety of specific cargos, including proteins, en-
zymes, and drugs, can then be loaded to realize some
of the unique properties offered by nanomotors, such
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Figure 4. Series of optical images taken at 1 s interval showing the remote control of the nanoparticle-based PSC nanomotor
under external magnetic field. The magnet is placed at the top left corner. Scale bar: 20 um. The corresponding movie is shown

as video S3 in the Supporting Information.
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Figure 5. Cargo transportation using the nanoparticle-
based nanomotor under an external magnetic field. These
two images were captured at 8 s interval. The black curve in
(b) indicates the trajectory of the nanomotor starting from
(a), where the cross marks the position where the cargo is
captured. Scale bar: 20 um. The corresponding movie is
shown as video S4 in the Supporting Information.

as targeted delivery, cell separations, etc. In vivo tests of
such nanomotors will also be subjects of our future
investigation.

CONCLUSION

In summary, we have shown using a directed nano-
particle self-assembly approach to fabricate an auto-
nomously moving, magnetically steerable nanomotor
system with all functions realized by nanoparticles
with size ranging from <5 to a few tens of nanometers.

EXPERIMENTAL SECTION

Materials. AuCls, e-caprolactone, 2-mercaptoethanol, Candi-
da antarctica lipase B (CALB), 1-butanol, iron oxide magnetic
nanoparticles, and hydrogen peroxide were obtained from
Sigma Aldrich Company. a-Hydroxyl-w-thiol-terminated poly-
caprolactone (HO—PCL—SH, M,, = 9.2k) was synthesized using
ring-opening polymerization of e-caprolactone in the presence
of 2-mercaptoethanol and CALB catalyst according to the
literature.*® Then, 6 nm AuNP and 3 nm PtNP were synthesized
following literature methods.>>>' Magnetic nanoparticle-coated
polystyrene beads were purchased from Spherotech Inc.

Preparation of Nanoparticle-Based Nanomotor. Polymer single
crystals were prepared using self-seeding method: 9 mg of
HO-PCL-SH was dissolved in 30 g of 1-butanol at 60 °C for
10 min. Then the solution was brought to 5 °C for 2 h. The crystal
solution was then heated at 46 °C for 10 min to obtain the
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This is achieved by coupling a variety of nanoparticles
with distinct functions, including AuNPs, PtNPs, and
Fe30,4NPs, onto the HO—PCL—SH PSC surface toform a
tailored polymer/nanoparticle hybrid ensemble. Due
to the SPR property of AuNPs, although thin in one
dimension, the nanoparticle-based PSC nanomotor is
clearly visible under an optical microscope. Because of
the high catalytic activity, PtNP is capable of moving
the whole nanomotor, which is around 100 times its
own body weight, at a speed of 30 um/s. Due to the
Fes04NP ensemble on PSC, this nanomotor also allows
for fast remote control and cargo transportation under
a magnetic field. The size of PSC template can be easily
controlled from a few tens of nanometers to hundreds
of micrometers. The nanoparticle number density can
also be controlled by varying the surface functional
group areal density using end-functionalized polymers
with different molecular weight.3* We anticipate that a
variety of end-functional polymers can be synthesized
to form the smart PSC template to which various
nanoparticles can attach. Since nanoparticles possess
many unique properties, we believe this method has
opened up a great opportunity for future miniaturiza-
tion and mass production of nanomotors and for other
applications including sensors and targeted deliveries.

crystal seeds. Finally, the solution was allowed to crystallize
at 22 °C for 24 h. The suspension of the single crystals was
isothermally filtered to remove uncrystallized polymers. To
attach a 6 nm AuNP, polymer single crystal's 1-butanol solution
was centrifuged and redispersed in pentyl acetate. AuNP solu-
tion was then added with 1:5 weight ratio and stirred for 24 h.
Centrifugation was utilized to remove the free AUNP. This AUNP-
decorated polymer single crystal was then treated using 10 mg/mL
AuCl; pentyl acetate solution for 20 min, after which excess AuCl;
was removed by centrifugation and redispersed in pentyl acetate.
To attach the PtNP, a AuCls-treated polymer single crystal in pentyl
acetate is mixed with PtNP solution with 1:1 weight ratio for 24 h.
Centrifugation was utilized to remove free PtNP, and then the
PtNP- and AuNP-decorated polymer single crystal was redispersed
in pentyl acetate. Finally, Fe304NP solution was mixed with the
above solution with 1:10 weight ratio for 24 h. Excess Fe3O4NP was
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removed by centrifugation, and the final nanoparticle-decorated
polymer single crystal was dispersed in water for the nanomotor
study.

Characterization. UV—vis spectra were collected using an
Ocean Optics USB4000 miniature fiber optic spectrometer at
room temperature. TEM experiments were carried out using a
JEOL JEM2100 TEM operated at an acceleration voltage of
200 kV. To prepare the TEM sample, one drop of single crystal
suspension was cast on a carbon-coated nickel grid. After
solvent evaporation, the sample was used for TEM observation
without further treatment. AFM image was obtained on Digital
Instrument Nanoscope llla. An Olympus BX51 microscope was
employed to record the motion of the nanoparticle-based
nanomotor, which was placed in hydrogen peroxide solution
with different concentrations. To magnetically control the
movement of the nanomotor, a neodymium (NdFeB) magnet
was placed at a distance of 5 cm from the solution. The captured
video was analyzed by PhysVis video motion analysis software.
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