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independent research groups,35’36 and since then this new type
ABSTRACT: We report on the synergy between catalytic of nanoparticles has been widely investigated and developed for
propulsion and mesoporous silica nanoparticles (MSNPs) different applications, by virtue of its unique mesoporous
for the design of Janus nanomotors as active cargo delivery structure and tunable particle size.”’ > The mesopores can
systems with sizes <100 nm (40, 65, and 90 nm). The ensure much higher cargo loading capacity compared to solid
Janus asymmetry of the nanomotors is given by electron nanoparticles because of their extremely high specific surface area
beam (e-beam) deposition of a very thin platinum (2 nm) (>1000 m*/g) and pore volume (>1 cm®/g).**~** Recent reports
layer on MSNPs. The chemically powered Janus nano- have demonstrated that chemically powered asymmetric
motors present active diffusion at low H,O, fuel particles are excellent platforms for mimicking the motion of
concentration (i.e, <3 wt %). Their apparent diffusion biological nanoswimmers, as they can move by phoretic

coefficient is enhanced up to 100% compared to their
Brownian motion. Due to their mesoporous architecture
and small dimensions, they can load cargo molecules in
large quantity and serve as active nanocarriers for directed
cargo delivery on a chip.

mechanisms where the propulsion forces are generated on-
board, ie. self-diffusiophoresis'®**** or self-electrophore-
. 20,4546
sis. However, the use of Janus mesoporous nanomotors
for catalytic propulsion, together with cargo loading and release
capabilities, in desired locations has been rarely explored.

Here, we present Janus nanomotors based on MSNPs with

tunable size within 100 nm (40, 65, 90 nm) and carried out

S ince pioneering contributions by the research groups from comprehensive characterization on the nanomotors’ morphol-
Penn State' and Toronto” 10 years ago, chemically driven ogy and structure. Noteworthy, we performed a systematic study
self-propelled micro-/nanomotors (MNMs) have been exten- on their self-propulsion in dilute hydrogen peroxide solutions
sively developed and designed to accomplish various tasks in using dynamic light scattering (DLS) and optical imaging. In
fluids.*~'® Scientists have designed artificial swimmers similar in addition, we present their feasibility as potential active
scale to enzymes,11 virus,">~ 'S and motile cells'® ™2 that use self- nanocarriers for cargo delivery. The fabrication strategy is
propulsion mechanisms to overcome Brownian forces that nano- presented in Scheme S1 in the Supporting Information (SI). The
and microswimmers experience in fluids. As the size-scale platinum catalytic layer triggers the decomposition of H,O, to
reduces, the effect of viscosity increases making the motion of produce the driving force by self-diffusiophoresis within self-
nanomotors at low Reynolds numbers challenging.”> However, generated chemical gradients. Small cargo molecules can be
unique physicochemical properties and novel functions of loaded into the mesopores at the noncoated side of the Janus
nanoparticles, especially those <100 nm, have attracted nanomotors and delivered to target locations on a chip by using
considerable attention.** Therefore, either from the view of specially designed walls.
fundamental scientific exploration or under the guidance of The MSNPs of different sizes were first synthesized via a
practical applications, it is of great significance to develop self- classic “sol-gel” process, using silica precursor tetraethylortho-
powered motors at the nanoscale, which can lead to a hybrld silicate (TEOS) and surfactant molecule cetyltrimethyl-
nanoplatform by combining the smart motion of nanomotors ammonoium bromide (CTAB) in aqueous solution. In order
with the special characteristics of nanoparticles. to obtain monodispersed MSNPs without aggregations, a weak
Cargo transport is a hot research topic of MNMs.>>">* base triethanolamine (TEOA) has been used as the catalyst.*”**
Especially, nanomotors capable of both autonomous motion and Briefly, MSNP(40 nm) and MSNP(6S nm) were directly
cargo delivery at small scales may lead to promising novel active synthesized by a one-step method according to previous reports
nanocarriers with potential biomedical relevance. Compared to with minor modifications,”” while MSNP(90 nm) were
previous passive cargo delivery nanosystems, self-propelled synthesized by a two-step seed-growth method™ (see detailed
nanomotors might be able to actively deliver cargos to the procedure in the SI). The MSNPs of 40, 65, and 90 nm were
targeted site as required, provided the utilization of proper completely monodispersed, as shown by scanning electron
guidance methods such as chemotaxis,® 3% pH taxis,>> photo- microscopy (SEM) images in Figures Sla—f and S2. Inset images
taxis>* or remote magnetic guidance.”® In order to fabricate in Figure S1d—f indicate the nanosized mesopores (2—3 nm).
autonomous nanosystems with large cargo loading capabilities,
mesoporous silica nanoparticles (MSNPs) are an ideal candidate Received: March 17, 2015
for that purpose. MSNPs were initially invented by two Published: April 6, 2015
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Janus mesoporous silica nanomotors (JMSNMs) were
fabricated by depositing a thin layer (2 nm) of Pt onto the
MSNPs monolayers by electron-beam (e-beam) evaporation at
zero degree, leading to two different faces of each side of the
nanoparticles. Hence, the mesopores at the noncoated side of the
JMSNM are still accessible to small molecules, for cargo loading,
Transmission electron microscopy (TEM) bright-field (BF)
images in Figure la show JMSNM of different sizes with Pt
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Figure 1. Characterization of Janus mesoporous nanomotors. (a) TEM-
BF images of JMSNM (40 nm)-Pt(2 nm), JMSNM(6S nm)-Pt(2 nm),
and JMSNM(90 nm)-Pt(2 nm), from left to right, respectively. (b)
STEM-HAADF image and element mapping of JMSNM(65 nm)-Pt(2
nm) by EDX.

coating layers as a dark color. Due to the ultrathin layer
deposition, instead of forming a uniform and continuous smooth
coating layer, the catalytic layers form Pt islands which were
reported to exhibit better catalytic performance than smooth
ones.”"*> JMSNM(65 nm)-Pt(2 nm) was chosen for element
mapping by scanning transmission electron microscopy (STEM)
high-angle annular dark field (HAADF) and energy-dispersive X-
ray spectroscopy (EDX) (Figure 1b). Corresponding EDX
spectra of the Pt coated and noncoated sides were both acquired
(Figure S3 in the SI). The Janus structure was clearly outlined by
the element mapping, as both oxygen (O: red) and silicon (Si:
green) elements show a spherical shape while the Pt (blue)
element covers one-half of a sphere.

Dynamic light scattering (DLS) was used to measure the
apparent diffusion coeflicient of the JMSNM. As illustrated in
Figure 2a, the Pt layer at one side triggers the decomposition of
H,0, into O, and H,0. The propulsion force of JMSNM is
mainly attributed to a self-diffusiophoresis mechanism, where a
chemical gradient is asymmetrically generated on both sides by
catalytic reactions.”*****3 Upon increasing H,O, fuel concen-
tration, the apparent diffusion coefficient of JMSNM for the
three sizes presents a growing trend and reaches a saturation
plateau at a H,O, concentration of ~2.5% wt (Figure 2b). For
JMSNM(90 nm)and JMSNM(65 nm), the diffusion coefficient
value was enhanced by nearly 100%.

Even for the ultrasmall JMSNM(40 nm) which has the
strongest Brownian motion among the three sizes, the
enhancement was as high as 50%. These data were confirmed
by a clear right shift in the diffusion coefficient distribution curves
(Figure S4 in the SI). A similar increase was recently reported by
Fischer et al. on self-electrophoretic bimetallic nanomotors.
Without any H,0O,, the different JMSNMs present different
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Figure 2. Dynamics of catalytic JMSNMs by DLS measurements. (a)
TEM-BF image of JMSNM(6S nm) and schematic illustration (inset) of
catalytic reaction providing self-propulsion. Apparent diffusion
coefficient of (b) JMSNMs-Pt(2 nm), (c) MSNPs, and (d) comparison
between JMSNM(65 nm)-Au(2 nm) and JMSNM(65 nm)-Pt(2 nm),
with increasing H,O, concentration.

diffusion coeflicient values, according to the size dependence of
the Brownian motion given by the classic Stokes—Einstein
relation. The apparent diffusion coeflicient measured by DLS is
usually lower than the theoretical values, as DLS determines the
particle’s hydrodynamic size which is inherently larger than the
particle’s actual size. The presence of minor aggregations will also
lead to a decrease in the apparent diffusion coeflicient.

Diffusion of bare MSNPs showed no enhancement with
increasing H,O, concentration (0—6%) (Figure 2c), and no right
shift was observed in the diffusion coefficient distribution curves
(Figure SSa—c in the SI). To further prove the catalytic activity of
the Pt layer, a JMSNP with similar weight and composition was
fabricated as a negative control, by depositing catalytically inert
element gold (Au) onto MSNP(65 nm) (Figure S6 in the SI). As
expected, the apparent diffusion coefficient of JMSNP(6S nm)-
Au(2 nm) did not increase (Figure 2d) and no right shift in the
diffusion coefficient distribution curves was observed (Figure
SSd in the SI). Furthermore, to confirm the self-propelling
phenomenon of JMSNM, the diffusion activity of the JMSNM
was directly observed by optical microscopy. JMSNM(90 nm)
was chosen for microscopy observation because of the challenge
to trace smaller nanoparticles in a reliable manner by optical
microscopy. The trajectory of JMSNM was tracked by software
Image] and plotted in Figure 3a. The movement of the
nanomotors exhibited a typical “random walk”. However, with
the presence of H,0,, the area covered by the nanomotors’ “walk
path” is much larger than without H,0, (i.e., Brownian motion),
suggesting enhanced diffusion of the JMSNM (Figure 3a, videos
S1 and S2 in the SI).

According to the definition of the diffusion coefficient (D), D =
MSD/i-At, where MSD is the mean square displacement
(MSD), At is the time interval, and i is the dimensional index.
Here, for the case of two-dimensional analysis from the recorded
videos, i is equal to 4 and MSD = (x(At) — x(0))* + (y(At) —
(0))% The plots of MSD versus At were presented in Figure 3b.
By linearly fitting their slopes, the diffusion coeflicient can be
calculated, and the results are shown in Figure 3c. The diffusion
coefficient of the Brownian motion (without H,0,) calculated
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Figure 3. Optical video analysis on catalytic nanomotor of JMSNP(90
nm)-Pt(2 nm). (a) Trajectory tracking of the catalytic JMSNM with
different H,O, concentrations up to 30, (b) fitting plots of mean square
displacement (MSD) versus time interval (At), analyzed from the
trajectory tracking in (a), (c) apparent diffusion coefficient values,
determined by equation MSD = 4-D-At, and (d) optical video snapshots
extracted from optical videos in the SI of the JMSNM with 3% H,O,.

from the recorded video was 3.87 + 1.32 um?/s which is
experimentally reasonable when compared to the theoretical
value of nanoparticles with a 90 nm size, i.e. 4.77 um*/s. With
addition of H,0O,, this value was increased to 7.24 & 2.15 ym?/s
for 1.5% H,0, and 9.20 + 1.75 um?/s for 3% H,0,. The
enhancement was consistent with the results from DLS
measurement. Typical video snapshots (30 fps) are shown in
Figure 3d. Blue lines indicate the diffusion path of the Janus
nanomotors noted by red arrows (video S2b in the SI).
Mesoporous material based nanomotors are of significant
interest because of their high porosity for cargo loading. To
evaluate that capability, first fluorescein isothiocyanate (FITC), a
green fluorescence dye, was used to label MSNP(65 nm) by
covalent linkage (see the detailed procedure in the Experimental
Section in the SI) and then fabricate Janus nanomotors by further
e-beam deposition, denoted as JMSNM(65 nm)@FITC-Pt. As
illustrated in Figure 4a, the Rhodamine B (RhB) molecule was
chosen as the model drug with red fluorescence color. By stirring
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Figure 4. (a) Schematic illustration (left) and CLSM images of RhB
loaded JMSNM(6S5 nm) @FITC-Pt, from left to right, are FITC channel,
RhB channel, and overlay of bright field, FITC and RhB channels (scale
bar is 75 pm). (b) Schematic illustration of on-chip cargo delivery by
JMSNM, and CLSM images of active diffused JMSNM taken after 0, 10,
and 30 min from the location represented by the red box in the scheme.
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the JMSNM(6S nm)@FITC-Pt in concentrated RhB aqueous
solution for 24 h, RhB cargo molecules were loaded into the
mesopores of the nanomotors via free diffusion. Then, RhB
loaded JMSNP(65 nm)@FITC-Pt were observed by confocal
laser scanning microscopy (CLSM). The green dots indicate the
location of the JMSNP(65 nm)@FITC-Pt, overlapped with the
red dots, suggesting the RhB cargo molecules were indeed loaded
inside the JMSNP(65 nm)@FITC-Pt (Figure 4a). A microchip
comprised of two reservoirs that were connected by a channel
with a width of 100 ym was used for the active cargo transport
investigation.

In previous reports, tubular micromotors were trapped by
physical boundaries due to a ratchet mechanism, using heart-
shaped structures.'>>* The RhB loaded nanomotors were
initially placed in the left-side reservoir and then started to
actively move into the small target chamber. The presence of
cargo loaded nanomotors in the target chamber was monitored
by CLSM at a region of interest (red box shown in the schematic
from Figure 4b). With the presence of H,O, fuel, many more
transferred nanomotors were observed in the desired location
compared to that without H,O, fuel, based on the amount of
fluorescent signal from the CLSM snapshots. This accumulation
can be explained by the active diffusion of the nanomotors
toward the target reservoir and the ratchet shape of the microchip
without the use of external fields for guidance.

In order to investigate the cargo release, two different cargo
molecules, RhB and methylene blue (MB), were loaded into
JMSNM(65 nm)-Pt which were suspended into aqueous
solution with and without H,0,. The release profile of RhB
and MB was monitored by measuring the absorption intensity at
550 and 665 nm, respectively, at defined time intervals.
Continuous release of RhB and MB from the JMSNM@
FITC(65 nm)-Pt was observed for up to 8 h (Figure S7).
Furthermore, the presence of H,O, does not significantly affect
the sustained release which is very useful for small cargo loading
and delivery.*""*>*>% Solid silica nanomotors were used as a
control for the release experiment (pink lines in Figure S7).
Under the same conditions, the release profile remained at very
low adsorption intensity, indicating the much lower loading
capability of rigid spheres when compared to the mesoporous
counterparts.

In conclusion, MSNP based Janus nanomotors with a tunable
size of <100 nm were fabricated. DLS results and MSD analysis
from optical videos revealed the enhanced diffusion of the
JMSNM, indicating the self-propelling property of the nano-
motors under strong Brownian motion. Furthermore, the
synergy of autonomous motion and cargo loading capabilities
at small scales may lead to promising novel active nanocarriers
for small cargo delivery. In addition to the “smart walls concept”
used in this work, other guiding approaches such as chemotaxis,
pH taxis, or thermotaxis will be helpful to realize motion control
for directed cargo transport to target locations. Although
sustained release was observed in our work, further functional-
ization of “gate keepers”, e.g. supramolecular host—guest
complexes, at orifices of the mesopores will be able to realize

external stimulus responsive cargo release at the target chamber
only. 57-59
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