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The effect of the fuel concentration on the movement of self-
assembled nanomotors based on polymersomes is reported. Positive
control over the speed of the nanomotors and insights into the
mechanism of propulsion are presented.

The discovery of the operating mechanism of motor proteins and
their assemblies has generated futuristic visions of building tiny
cars, aircrafts, submarines as small as bacteria, and microscopic
surgeons able to reach infected organs and cure diseases.** Much
progress has been made at the molecular level from molecular
rotors, ratchets, switches or shuttles using exceptional control over
the chemistty and conformation of molecules under external
stimuli.>*** Since the first self-propelled centimeter-sized platinum
plates, capable of converting chemical energy into autonomous
movement, were reported by Whitesides et al.,'> many groups have
focused on the design of artificial motors of smaller sizes by using a
top-down approach.”** Interesting examples have been reported
using innovative engineering at the macroscale.”** The motors
were developed from either asymmetric bimetallic catalytic rods or
spheres or symmetric rolled-up microtube jet engines obtained by
photolithography techniques. The propulsion of the bimetallic rods
in hydrogen peroxide was mainly driven by electrophoretic mecha-
nisms™** except in the presence of surfactants when bubble driven
propulsion was observed.” The movement of the microtube jet
engines was driven by the accumulation of oxygen bubbles
produced by the platinum catalyst within the inner wall. Although
the positioning of the active catalyst is symmetrically distributed,
the asymmetry resulted from the difference in the diameters of the
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opening in the conical shape making bubbles to migrate towards
the larger tubular diameter."® The construction of artificial motor
systems with all three dimensions in the nanometer range that have
the capacity to move autonomously and perform diverse tasks is still
a challenge to achieve with synthetic building blocks. We have
recently shown that shape transformation of polymeric vesicles can
lead to a new type of nanomotor by creating a folded structure with
a cavity containing platinum nanoparticles. In the presence of
hydrogen peroxide, which is converted to molecular oxygen and
water by the active platinum centers, the nanomotor can move as
demonstrated by nanoparticle tracking analysis (NTA).>” Here we
describe how the speed of these nanomotors can be controlled by
varying the fuel concentration from which information about the
mechanism of movement can be obtained. The speed of the
nanomotors can be efficiently controlled even at very low concen-
trations of the fuel while the amount of fuel determines the
prevalence of the two competing mechanisms: bubble propulsion
or self-diffusiophoresis.

Polymer vesicles assembled from amphiphilic block copolymers
can change their shape using osmotic shock to form kinetically
trapped bowl shaped structures.”*® Strict control over the opening
is obtained by controlling the flexibility of the polymersome
membrane via the rate of solvent expulsion by dialysis.”’* Nano-
meter bowl-shaped structures were reported with openings from
hundreds of nanometers to completely closed structures.” The bowl
shaped morphology was ideal for nanoparticle entrapment and we
demonstrated that this can be achieved either during the supra-
molecular assembly and shape transformation into the folded
morphology or by using the nanocavity of such structures to
generate in situ nanoparticles.*

Previously, 2D TEM structural analysis was performed to
demonstrate the entrapment of the catalytically active nanoparticles
inside the structure, while nanoparticle-tracking analysis (NTA) was
used to prove the movement of the nanomotor. However to provide
absolute proof for the positioning of the active Pt nanoparticles
inside the cavity we have now used 3D electron tomography, which
allows for successive tilt acquisitions and 3D reconstruction of the
nanomotor (Fig. 1, S1 and S27).
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Fig. 1 Supramolecular assembly of the stomatocyte nanomotor: (a) schematic
representation of the shape transformation and nanoparticle entrapment, (b)
electron tomography image of a cross-section through the stomatocyte nano-
motor and (c) 3D electron reconstruction of the nanoparticle filled stomatocyte.

Indeed the tomography profile reconstructed from the electron
microscopy images of the stomatocytes showed clearly the inclusion
of only one nanoparticle inside the structure, when platinum
nanoparticles larger than 80 nm were used for the entrapment
during the shape transformation. The platinum nanoparticles
entrapped were highly branched and therefore displayed excellent
performance in catalytic applications. They were obtained via a
modified sonication technique reported by Yamauchi and Wang.*'
Such particles are known to decompose hydrogen peroxide into
water and oxygen and the fast discharge of gases from the entrap-
ped nanoparticles was shown to generate propulsive movement of
the supramolecular structures.”

The propelling effect of the rapid discharge of gases during the
catalytic decomposition of hydrogen peroxide was expected to be
dependent on the concentration of the fuel. In our previous proof of
concept study we used only one concentration to demonstrate the
autonomous movement of the nanomotor and could not distin-
guish between different possible mechanisms of movement. A
detailed analysis of the autonomous movement in the presence of
varying concentrations of H,O, was therefore carried out by using
two techniques: Dynamic Light Scattering (DLS) and NTA. Dynamic
light scattering is a technique frequently used for determination of
the size of nanoparticles and nanostructures and applies for parti-
cles suspended in solution under random Brownian motion.
However when propulsive directional movement replaces the
Brownian motion during the catalytic reaction, the apparent diffu-
sion coefficient increases due to faster movement. This results in a
decrease in the apparent size of the nanomotors as the size and
diffusion are inversely correlated through the Stokes-Einstein
equation. A decrease was observed in the size of the motor
proportional to the amount of fuel added to the nanomotors sug-
gesting, as expected, that the particles increase their speed as more
hydrogen peroxide is decomposed by the catalytic active nano-
particle (Fig. 2). This effect was not observed in the control experi-
ments with empty stomatocytes lacking the active catalyst or non-
encapsulated particles, which were treated with the same amount of
hydrogen peroxide. Although dynamic light scattering was useful in
demonstrating the autonomous movement of the nanomotors in a
larger solution volume, it could not provide particle-by-particle
analysis and insight into the movement mechanism of the
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Fig. 2 Decrease in the size of the stomatocyte nanomotors after sequential
addition of fuel by DLS (final fuel concentration).

nanomotors at different concentrations of the fuel. This informa-
tion was only attainable via the nanoparticle tracking analysis
technique, which allows individual particle-by-particle analysis from
the determination of the tracking coordinates, particle trajectories
and mean square displacements at different concentrations of
fuel'zg,sz

Analysis of the mean square displacement of 110 nanomotors
that ranged from 110 nm to 357 nm at different fuel concentrations
illustrated an interesting effect. While small amounts of fuel (0.1-
5 ul, 0.5-20 mM) indeed showed an increase in the mean square
displacement (MSD) when compared to the control with a linear fit
of the MSD, the higher concentrations (5-20 pul, 20-100 mM) of the
fuel showed propulsive and directional movement of the motors
with a parabolic fit of the MSD. This different behavior can be
explained by the relative contribution of 2 propulsion mechanisms,
namely bubble propulsion and self-diffusiophoresis (self-generated
local concentration gradient of dissolved oxygen), which are expec-
ted to operate simultaneously” We think that the relative
contribution of these two mechanisms is dependent on the amount
of fuel used during the experiment as suggested by the MSD curves
(Fig. 3). At low fuel injections the amount of oxygen produced by the
motors is probably low enough to be dissolved in the surrounding
environment generating a local concentration gradient responsible
for the self-diffusiophoresis mechanism in asymmetric structures
like the stomatocyte nanomotor. As the concentration of the
hydrogen peroxide increases, the rate of oxygen production is also
expected to increase to the point where the full dissolution of the
oxygen into the surrounding media is no longer possible. For this
case we expect that the bubble propulsion mechanism would
subdue the diffusion mechanism resulting in a parabolic fit of the
MSD as demonstrated in Fig. 3. It is remarkable that even very small
concentrations of fuel (0.005-0.05% v/v) can generate propulsive
autonomous movement of the nanomotors with the lowest speed of
6.6 um s ', while previous studies showed consistent loss in
directionality and speed for concentrations smaller than 5% v/v."***
Furthermore, we were able to record the trajectories of the nano-
motors and analyze their movement. Interestingly, from a total
number of 97 trajectories recorded for the 15 pl fuel addition, 29
resembled the “tumble and run” features of bacterial movement.
We believe that these small interruptions in the directional move-
ment, at high concentrations of the fuel, could be due to the
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Fig. 3 (a) Average MSD of the platinum-loaded stomatocytes before and after
the addition of different amounts of H,O, (final fuel concentration) calculated
from the tracking coordinates of 110 particles from the major size distribution. (b)
Typical trajectories of the supramolecular nanomotor after 15 pl fuel addition.

intrinsic design of the motor that allows access of the fuel only by
diffusion. When the rate of oxygen production is quite high, this can
result in fast consumption of the “reservoir” and subsequent short
time restoration of the Brownian movement until the next refill with
“fresh” fuel is established. Self-assembly is therefore a powerful tool
in the bottom-up design of supramolecular locomotive structures.
Polymeric vesicles have already found many applications from the
medical field, drug delivery to nanoreactors applications. Placing a
motor inside such structures appends the locomotive abilities,
which can overcome the slow undirected diffusion limitation of
such delivery systems. Therefore understanding the influence of
concentration and the mechanism of movement of such systems is
crucial for future applications.

Conclusions

We have provided firm proof of the structure of platinum contain-
ing stomatocyte nanomotors, previously reported by us, by applying
3D electron tomography. Furthermore, NTA experiments revealed
that the movement of the nanomotors is controlled by two mech-
anisms: self-diffusiophoresis and bubble propulsion, the first
operating at low and even very low fuel concentrations. Interesting
insights into the mechanism of movement at different fuel
concentrations are discussed.
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