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ABSTRACT: Chemically driven colloidal motors capable of
implementing diﬀerent movements under a common environment
are of great importance for various complex tasks. However, the
key parameters underlying diﬀerent motion behaviors are
incompletely understood. Here, we demonstrate that carbonaceous
nanoﬂask (CNF) motors move spontaneously in glucose powered
by the cascade reaction of glucose oxidase and catalase, and their
directional propulsion can be premeditated by controlling the
surface wettability of nanomotors. The hydrophilic CNF motors
move from the round-bottom to the opening neck (backward),
whereas the hydrophobic CNF motors swim from the opening
neck to the round-bottom (forward). We demonstrate that the backward motion of the hydrophilic CNF motors is driven
by the local glucose gradient due to self-diﬀusiophoresis, and the forward movement of the hydrophobic CNF motors is
caused by the locally produced glucose acid gradient. The ﬂuid simulation reveals that the hydrophilic and hydrophobic
CNF motors correspond to the puller and pusher models, respectively. Our study oﬀers a minimal strategy to manipulate
the direction of motion of motors for speciﬁc applications and to change the hydrodynamic behaviors of glucose-powered
motors.
KEYWORDS: colloidal motor, self-propulsion, phoresis, enzymatic catalysis, ﬂow simulation
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the development of enzyme-driven micro- and nanomotors
remains in an early stage; the fundamental knowledge on their
real propulsion mechanism is still under debate as summarized
in a recent review paper.32 In addition, it is challenging to
modulate the self-propelling direction of enzyme-driven
nanomotors under the same chemical reactions and environment, which is relevant for performing various complex tasks.
Herein, we report a glucose-powered carbonaceous nanoﬂask (CNF) motor autonomously moving in a solution of
glucose as directed by its surface wettability. The CNFs were
ﬁrst synthesized by using a soft template-based polymerization
method and then glucose oxidase (GOx) and catalase (Cat)
were loaded into the cavity of the hydrophilic or hydrophobic
CNFs. The ﬂask architecture permits the encapsulation of
catalysts and the free diﬀusion of reactants and products only
through the narrower tubular neck with an opening at the tip,
which guarantees the generation of local gradient in the
chemical potential across the motors. In the presence of

otility is one of the most important achievements of
biological evolution and is essential for living
activities.1 For instance, bacteria such as E. coli
can propel themselves and adjust the direction of motion
through the conversion of chemical energy into mechanical
force for foraging, reproducing, and forming colonies.2 Inspired
by motile bacteria systems, chemically powered micro- and
nanomotors capable of transducing chemical energy to a
mechanical motion have been developed3−10 and also exhibit
promising applicability in diverse ﬁelds including active cargo
transport,11,12 environmental remediation,13,14 sensing,15,16
and nanorobotics.17 In particular, the potential application of
these micro- and nanomotors in biomedical ﬁelds such as
actively targeted drug delivery,18,19 disease diagnosis,20 and
minimally invasive surgery21 is of great interest but is often
limited by either the commonly used toxic fuels (e.g., hydrogen
peroxide) or their unavailability in living organisms in
practice.22,23 Recently, the use of catalase, urease, and glucose
oxidase has been shown to propel colloidal particles in
vitro,24−28 and thus enzymatically catalysis-induced force
generation becomes an attractive solution to perform speciﬁc
tasks in living organisms owing to the advantages of fuel
bioavailability, versatility, and biocompatibility.29−31 However,
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Figure 1. Fabrication and characterization of the enzyme-loaded round-bottom CNF motors. (A) Schematic illustration of the fabrication
process of hydrophilic CNF (L-CNF) motors. (B) SEM image of as-synthesized L-CNFs. The inset is the TEM image of a single L-CNF. (C)
SEM image of as-obtained hydrophobic CNF (B-CNF) motors. The inset is the TEM image of a B-CNF. (D) Negative staining TEM image
of an enzyme-loaded L-CNF motor. (E) STEM and corresponding EDX mapping images of the enzyme-loaded L-CNF motor. (F) The water
contact angle measurement of an L-CNF monolayer and a B-CNF monolayer. (G) Thermogravimetric analysis of the L- and B-CNF particles
and motors. (H) GOx activity assay of L-CNF motors. (I) Cat activity assay of L-CNF motors. Scale bars: 500 nm.

hydrophobic CNFs (denoted as B-CNFs) were obtained by
the carbonization of L-CNFs at 900 °C for 1 h. Then, GOx
and Cat were encapsulated in the cavity of CNFs through the
opening by using a vacuum infusion method. The scanning
electron microscopy (SEM) image in Figure 1B shows that the
L-CNFs have well-deﬁned ﬂask structure with a length of 844
± 44 nm. The inset transmission electron microscopy (TEM)
image exhibits a hollow structure with a single open neck. The
inner diameters of the hollow cavity and nanoneck were 559 ±
31 nm and 185 ± 51 nm, respectively. The statistical analysis
of the size distribution shows that the error of the average
length of the nanoﬂasks prepared in diﬀerent batches was 17
nm, indicating the good reproducibility of the nanoﬂasks. The
SEM and the inset TEM images of B-CNFs show that the
thermal treatment did not obviously change their structure and
size (Figure 1C). By depositing CNFs on a glass surface, we
found that the contact angle changed from 52 ± 4° to 109 ±
5° after thermal treatment (Figure S1). Although it may not be
accurate, it still demonstrates that the L-CNFs were hydrophilic and the B-CNFs were hydrophobic, indicating the
diﬀerent surface wettabilities of CNFs. To prepare glucosepowered CNF motors, the L-CNFs and B-CNFs were
dispersed into a phosphate buﬀer solution containing GOx

glucose, the hydrophobic CNF motors autonomously swim
from the opening neck toward the round-bottom (forward),
while the hydrophilic CNF motors move from the roundbottom toward the opening end (backward). We ﬁnd that the
self-propulsion is mainly caused by the GOx-catalytic reaction
(β-D-glucose → D-glucose acid + H2O2), and the backward
movement of CNF motors is dominated by the local glucose
gradient whereas the forward motion of the CNF motors is
mainly propelled by the generated local glucose acid gradient.
Moreover, the hydrophilic and hydrophobic CNF motors
correspond to the classic puller and pusher models as
demonstrated by the ﬂow ﬁeld simulation. These ﬁndings
provide insights into the understanding of the role of the
surface wettability of motors on the directional motion of
chemically powered colloidal motors and oﬀer a simple
method to control the directional motion of micro-/nanomotors for potential applications.

RESULTS AND DISCUSSION
The preparation process of the CNF motors with surface
hydrophilicity is schematically illustrated in Figure 1A. First,
the hydrophilic CNFs (denoted as L-CNFs) were synthesized
by using a soft template-based polymerization method.33 The
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and Cat under a vacuum condition, respectively. The negative
staining TEM image shows the appearance of cloudy regions,
suggesting the successful encapsulation of enzymes in the
cavity of L-CNF motors (Figure 1D). The scanning transmission electron microscopy/dispersive X-ray (STEM-EDX)
spectroscopic mapping images further reveal the presence of
phosphorus (P) and iron (Fe) elements in the L-CNF motor,
which comes from the GOx and the Cat, respectively (Figure
1E). Note that, in order to avoid the inﬂuence of phosphate on
elemental analysis, water was used as dispersing enzyme during
EDX analysis. Figure S2 demonstrates that the GOx and Cat
were also encapsulated into B-CNF motors. To conﬁrm the
absence of enzymes on the surface of the nanoﬂask motors, the
outer surface of nanoﬂasks before and after the enzyme
encapsulation was examined by using SEM. The SEM images
show that the surface morphologies of nanoﬂasks and
nanoﬂask motors were similar, indicating that none of the
enzymes existed on the outer surface of the motors (Figure
S3). In addition, the as-prepared L-CNF and B-CNF motors
retained their original surface wettability (Figure 1F).
We next evaluated the loading amount of GOx and Cat, and
their enzymatic activity in motors. The thermogravimetric
analysis (TGA) results in Figure 1G show that the weight loss
of L-CNF motors, L-CNFs, B-CNF motors, and B-CNFs was
60.82%, 49.44%, 11.46%, and 0.15%, respectively. Since the
weight losses in TGA test are associated with either water or
the organic molecules,34 the amount (in weight) of enzyme
loading is thus estimated to be 11.38% in L-CNF motors and
11.31% in B-CNF motors, respectively. To evaluate the
enzyme encapsulation eﬃciency, the concentration of two
enzymes before and after loading was calculated. It was shown
that the enzyme encapsulation eﬃciency was about 6.37%. We
also found that the enzyme content in the CNF motors
increased with the increase of perfusion times, indicating that
the enzyme loading eﬃciency could be regulated by controlling
the perfusion times (Figure S4). The enzymatic activity inside
the motors was examined by UV−vis spectroscopy.35 It can be
found that the bioactivities of GOx-coupled L-CNF motors
and B-CNF motors were 1.75 × 10−4 and 1.71 × 10−4 μmol
glucose per μg motors·min (Figure 1H and Figure S5). The
bioactivities of Cat-coupled L-CNF motors and B-CNF motors
were 5.82 × 10−4 and 6.06 × 10−4 μmol H2O2 per μg motors·
min (Figure 1I and Figure S6). These results indicate that the
entrapped GOx and Cat remained active, and both the
substrate and the product were able to diﬀuse in and out
through the opening. Taken together, these results suggest that
two types of CNF motors with diﬀerent surface wettabilities
were successfully fabricated.
The motility of CNF motors was characterized by using
optical microscopy. First, we investigated the motion behavior
of L-CNF motors in 10 mM glucose solution. The time-lapse
images show that the L-CNF motor moved along a direction
from the round-bottom to the opening neck (backward) at a
speed of 0.97 μm s−1 (Figure 2A and Video S1). Figure 2B
shows the typical trajectories of L-CNF motors in diﬀerent
concentrated glucose solutions. In the absence of glucose, the
L-CNF motors displayed a typical Brownian motion without a
directional movement. With the increase of glucose concentration, the displacement of L-CNF motors gradually
increased, indicating an enhanced active diﬀusion. Then, we
studied this enhanced motion by calculating the mean square
displacement (MSD). In all cases, at least 15 motors were
analyzed per condition. The value of MSD as a function of

Figure 2. Dynamics of L-CNF motors. (A) Time-lapse images of LCNF motors swimming in 10 mM glucose solution. Scale bars: 1
μm. (B) Extracted trajectories of L-CNF motors in diﬀerent
glucose concentrations in 20 s. (C) Curves of the MSD versus Δt
at diﬀerent glucose concentrations. Inset: enlarged curves of MSD
versus short time scale.

time interval (Δt) is plotted in Figure 2C. It is evident that the
MSD versus Δt curve was linear in the absence of glucose,
which is a feature of Brownian motion.36,37 In contrast, the
MSD curves displayed a parabolic shape, in which the slopes
went up with increasing glucose concentrations. For a selfpropelled colloidal motor, the MSD versus Δt curve follows a
quadratic relationship in a short-time scale and then a linear
relationship in a long-time scale.38 Since there are only the
enzymatic cascade reactions in this system, we speculate that
the self-propelling movement of L-CNF motors is powered by
the enzymatic reaction.
The directional motion was also investigated by tracking the
longitudinal coordinates of L-CNF motors; the travel angular
change (Δθ) and the angle between the directions of
subsequent movements (Δϕ) were deﬁned as schematically
illustrated in Figure 3A. The magnitude of Δθ represents the
directional movement capacity of colloidal motors. By plotting
the mean squared angular displacement (MSAD) as a function
of time interval, Δt, in which the MSAD was calculated as
MSAD = ⟨Δθ(t)2⟩ = 2DrΔt (Dr, rotational diﬀusion
coeﬃcient), one can see that with the increasing glucose
concentration, the slopes gradually decreased, suggesting a
directional movement of L-CNF motors (Figure 3B).
Furthermore, the turning angle distribution (TAD) during
the movement was calculated by measuring the Δϕ. Figure 3C
shows that the TAD displayed an equal distribution of
direction across all angles in the absence of the glucose. In
the presence of glucose, notable peaks were observed at 0°, and
the TAD at 0° gradually increased with the increasing glucose
concentrations. These results demonstrate the directional
motion of L-CNF motors was powered by the enzymatic
reaction and the self-propelling force was dependent on the
intensity of chemical reaction. It is noted that the higher
glucose concentration used is in order to improve the viscosity
so that we could better observe the change of the directional
motion of nanoﬂask motors.
To explore the contribution of enzymatic reactions on the
driving force of CNF motors, the motion behaviors of GOx or
12760
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Figure 3. Movement analysis of L-CNF motors. (A) Scheme of the self-propulsion of L-CNF motors for two subsequent time steps. (B)
Mean squared angular displacement (MSAD) as a function of time interval (Δt). (C) Turning angle distribution (TAD) of L-CNF motors
under diﬀerent glucose concentrations in a time interval of 3 s. (D) MSD analysis and (E) the corresponding propulsion velocity of three
types of L-CNF motors in diﬀerent substrates. (F) Lineweaver−Burk plots of the movement of two types of L-CNF motors under diﬀerent
glucose concentrations.

Figure 4. Comparison of the motion parameters of L-CNF motors and B-CNF motors. (A) Time-lapse images of the movement of single BCNF motors in 10 mM glucose solution. Scale bars: 1 μm. The angle distribution between the polarity of (B) L-CNF and (C) B-CNF motors
and their motion direction with diﬀerent contact angles. Inset: movement direction (black arrow), polarity (red arrow). (D) MSD analysis of
B-CNF motors at diﬀerent glucose concentrations. (E) Comparison of the velocities between L-CNF and B-CNF motors. (F) Eﬀective
diﬀusion coeﬃcient (Deff) values of L-CNF and B-CNF motors measured from the slopes of the linear ﬁtting plots of their respective MSD
curves.

CNF motors (i.e., (GOx+Cat)-motors) in the 400 mM glucose
solution. However, the slope of the MSD curve of Cat-loaded
L-CNF motors (i.e., Cat-motor) in H2O2 solution was very
small, close to that of (GOx+Cat)-motors in PBS (phosphate
buﬀer saline) (Figure 3D). It seems that the self-propelling
motion of L-CNF motors is mainly contributed by the GOxcatalyzed reaction. Similarly, Figure 3E displays that the self-

Cat loaded L-CNF motors were investigated. For Cat-loaded
L-CNF motors, the H2O2 solution was limited to 1 mM that is
comparable with the generated H2O2 concentration in the
cascade reaction of GOx and Cat. The MSD curves of three
types of L-CNF motors as a function of Δt show that the slope
of the MSD curve of GOx-loaded L-CNF motors (i.e., GOxmotor) was almost similar to that of GOx and Cat-loaded L12761
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Figure 5. Motion of the passive L-CNF and B-CNF particles in external chemical gradients. Trajectories of passive L-CNF particles in (A)
external glucose and (B) glucose acid gradients, with the tracking period 20 s. (C) Comparison of diﬀusiophoretic velocities of the passive LCNF particles in glucose and glucose acid gradients. Trajectories of passive B-CNF particles in (D) external glucose and (E) glucose acid
gradients. (F) Comparison of diﬀusiophoretic velocities of the passive B-CNF particles in glucose and glucose acid gradients.

the MSD versus Δt curves in Figure 4D show that the active
diﬀusion of B-CNF motors enhanced with the increasing
glucose concentrations. However, the velocities of B-CNF
motors were lower than that of L-CNF motors under the same
glucose concentrations (Figure 4E). This is mainly because the
strength of the interaction between the motor and solute
(glucose or glucose acid) of the B-CNF motors is lower than
that of the L-CNF motors.40 We further calculated the eﬀective
diﬀusion coeﬃcient (Deff) of motors according to the equation
MSD = 4DeffΔt. Figure 4F shows that the Deff values of B-CNF
motors were smaller than that of L-CNF motors. Note that the
Brownian diﬀusion of B-CNF motors is stronger than L-CNF
motors in the absence of glucose, which is reasonable since the
hydrophobic surface may reduce the viscous drag. 41
Furthermore, the motion behaviors of both the L-CNF motors
and B-CNF motors appeared as “run and tumble” model
similar to that of bacteria. The possible reason is that the ﬂasklike structure of motors has an eﬀect on the diﬀusion of
glucose and gluconic acid, which leads to the periodic
movement of both the L-CNF motors and B-CNF motors.
Taken together, these results show that these two types of
CNF motors have diﬀerent motion directions and velocities
under the same conditions.
As mentioned above, the propulsive force is mainly
contributed by the GOx-catalytic reaction. Thus, it can be
reasonably speculated that the underlying driving mechanism
of the motors is the self-diﬀusiophoretic eﬀect generated by the
local concentration gradients of the reactant (i.e., glucose) and
the product (i.e., glucose acid) across the motors. In view of
this, we explored the eﬀect of glucose and glucose acid
concentration gradients on the motion behavior by performing
independent control experiments, where passive CNF particles
without addition of both GOx and Cat were suspended in an
externally applied glucose (or glucose acid) gradient, ∂c, as
displayed in Figure 5. We found that both the hydrophilic LCNF and hydrophobic B-CNF particles moved against the
chemical gradients (Figure 5A, 5B, 5D, 5E) due to

propelling velocities of the above-mentioned (GOx+Cat)motors, GOx-motors, and Cat-motors are 3.89 ± 0.29, 3.69 ±
0.28, and 0.22 ± 0.05 μm s−1, respectively, indicating the
contribution of Cat-catalyzed reaction may be neglected. The
similar motion behaviors were also found in the single enzyme
(GOx or Cat) and two enzymes encapsulated B-CNF motors,
where the velocity of (GOx+Cat)-encapsulated motors is
similar to that of GOx-loaded motors and obviously higher
than that of Cat-encapsulated motors (Figure S7). Furthermore, the maximum propulsion velocity (Vmax) and the
Michaelis−Menten constant (Km) were calculated by using a
Lineweaver−Burk plot.39 It can be seen that the Vmax and Km
values of GOx-motors and (GOx+Cat)-motors had no
signiﬁcant diﬀerence (Figure 3F). Taken together, these data
demonstrate that the self-propulsion of L-CNF motors is
mainly contributed by the GOx-catalytic decomposition of
glucose.
Next, we investigated the motion behaviors of B-CNF
motors. The time-lapse images show that the B-CNF motors
moved from the opening to the bottom (forward) in 10 mM
glucose solution at a speed of 0.82 μm s−1, indicating an
opposite movement direction with L-CNF motors (Figure 4A
and Video S2). To conﬁrm our observation, new nanoﬂask
motors with a water contact angle of 86 ± 3° and 145 ± 5°
were prepared by the carbonization of L-CNFs at 600 °C for 1
h and 900 °C for 2 h, respectively. Then, the angle Δφ
between the polarity of motors and the direction of motion in
400 mM glucose solution over a period of 50 s was measured
(Figure 4B and 4C). It is evident that the L-CNF motors
tended to move backward, while the B-CNF motors tended to
move forward. Furthermore, with the increase of the contact
angle of the CNF motors, the direction of motion of motors
gradually changed from backward to forward, indicating that
there may be a transition contact angle between 86° and 110°
at which the CNF motors have no speciﬁc directional motion.
In addition, we found that the neck of the CNF motors also
had an eﬀect on the movement of the CNF motors. Moreover,
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Figure 6. Flow ﬁeld simulation of L-CNF motors and B-CNF motors. (A) Sketched driving forces Fd and frictions Ff on the L-CNF motor
(left) and B-CNF motor (right) exerted by the ﬂuids due to the self-generated chemical gradients. (B) Concentration distribution of the
reaction products induced by the biocatalytic reactions. (C) Puller-like ﬂow ﬁelds around the self-diﬀusiophoretic L-CNF motor, where the
small red arrows refer to the ﬂow velocity and the large green arrow to the direction of motion. (D) Pusher-like ﬂow ﬁelds around the selfdiﬀusiophoretic B-CNF motor. The concentration and ﬂow ﬁelds are obtained by mesoscale simulations.

diﬀusiophoresis, v = −μα∂c with v the drift velocity, μ the
particle mobility, and α deﬁned as the diﬀusiophoretic factor.
Interestingly, the L-CNFs drift faster in the glucose gradient
(0.47 μm s−1) than in the glucose acid gradient of the same
magnitude (0.4 μm s−1) (Figure 5C), while the B-CNFs drift
faster in the glucose acid gradient (Figure 5F). This means that
the diﬀusiophoretic factor of the hydrophilic L-CNFs in the
glucose gradient is larger than that in the glucose acid gradient,
αglu > αacid. In contrast, for the hydrophobic B-CNFs the
situation is reversed, namely αglu < αacid.
Based on these observations, it is straightforward to analyze
the active motion of the L- and B-CNF motors in terms of the
self-diﬀusiophoresis. Since the diﬀusivity of the glucose is
similar to that of glucose acid, their local concentration
gradients self-generating around the CNF motor have the same
magnitude but in opposite direction. Thus, the self-propelled
velocity of the CNF motor approximately reads v = μ(αglu −
αacid)∂c, with ∂c being the self-generated local concentration
gradient of the glucose acid. Therefore, the hydrophilic L-CNF
motors self-propel along the local gradient in the glucose acid,
i.e. moving with the ﬂask opening forward, whereas the
hydrophobic B-CNF motors self-propel with the ﬂask bottom
forward. This prediction of the directional propulsion is well
consistent with the experimental results in Figures 4B and 4C.
Note that the self-generated local gradients across the CNF
motors are an order of magnitude larger than the externally
applied ones, so the CNF motors can easily achieve the selfpropelling speed as measured in the above experiments (Figure
3E and Figure 4E). To investigate the eﬀect of the size of the
neck of the nanoﬂask motors on the mechanism of the motion,
two kinds of L-CNF motors with a neck length of 31 ± 14 nm
and 486 ± 33 nm were fabricated by controlling the
hydrothermal reaction time for 8 and 21 h, respectively
(Figure S8). We found that both of the L-CNF motors

displayed backward motion, indicating the length of the neck
of the CNF motor has no obvious eﬀect on the motion
mechanism.
The hydrophilic L-CNF motors and hydrophobic B-CNF
motors exhibit the opposite direction of self-propelled motion,
which should essentially generate diﬀerent ﬂow ﬁelds around
them. To examine this, we analyzed the forces on the L- and BCNF motors, as sketched in Figure 6A. Since the chemical
reactions occur inside the CNF motors, the chemical gradients
should be the maximum near the ﬂask opening, and thus the
self-diﬀusiophoretic force (driving force), Fd = −α∂c, is mainly
applied on the motor surface around the ﬂask opening. On the
other hand, the ﬂask bottom is signiﬁcantly larger than the
opening such that the friction, Ff = −v/μ, from the ﬂuid, is
mainly exerted on the bottom part of the CNF motors. In the
stationary state, the driving force is balanced by the friction. As
such, in terms of the experimental results and the related
discussions above, the hydrophilic L-CNF motor is subject to a
positive force dipole, while the hydrophobic B-CNF motor
suﬀers from a negative force dipole (Figure 6A). Due to
Newton’s third law, the L-CNF motor thus exerts a negative
force dipole on the surrounding ﬂuid and hence generates a
puller-like ﬂow ﬁeld. Reversely, the B-CNF motor exerts a
positive force dipole on the surrounding ﬂuid so as to induce a
pusher-like ﬂow ﬁeld.
In order to verify the speculation on the ﬂow ﬁelds, we
performed mesoscale dynamics simulation of the CNF motors,
where the model CNF motors have the similar geometry and
propulsion mechanism to the experimental ones. For
convenience, the catalytic reaction is imposed at the ﬂask
opening instead of its inside. Under the self-generated chemical
gradients around the opening of the nanoﬂasks (Figure 6B),
the CNF motors swim along the symmetric axis due to the selfdiﬀusiophoresis. The simulation results indeed show that the
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ﬂow ﬁelds around the L-CNF motor (Figure 6C) and B-CNF
(Figure 6D) are puller- and pusher-like, respectively. It is noted
that although the change of surface wettability of the CNF
nanoﬂask motors accompanies the change of their surface
potential (L-CNF: ∼30 mV; B-CNF: ∼10 mV), the
experimental results and simulation demonstrate that the
directional change of the CNF motors is ascribed to the
change of local ﬂow ﬁeld on the surface of the CNF motors. In
other words, the self-diﬀusiophoresis is independent of the
surface potential of the CNF motors; we thus believe that the
changes in the direction of motion are determined by the
diﬀerence of the surface wettability of the CNF nanoﬂask
motors. Therefore, only by changing the surface wettability of
the CNF motors did we achieve a transition from the puller to
pusher, without aﬀecting any other properties of the CNF
motors and the solvent. This would provide us an opportunity
to exclusively investigate the hydrodynamic behaviors of the
pushers and pullers, which are fundamentally diﬀerent.

CNF particles with short and long neck lengths, the hydrothermal
reaction time was controlled for 8 and 21 h, respectively.
The L-CNF motors were prepared via a vacuum infusion method.
First, the hollow L-CNF particles (10 mg) were added in 5 mL of the
PBS solution containing GOx and Cat (3 mg mL−1 and 1 mg mL−1,
respectively). Then, the obtained suspension was transferred into a
steel chamber. After sealing the chamber from the surrounding air, the
chamber was placed under vacuum to a pressure of 105 Pa for 6 h by
using a mechanical pump. To remove the excess enzymes from the
solution and the outside surface of particles, L-CNF motors were
washed with PBS ﬁve times. During each cleaning process, the
supernatants were discarded and the resulting precipitations were
collected by centrifugation at 9500 rpm for 15 min. Afterward, the
GOx and Cat loaded L-CNF motors were collected and then stored at
4 °C for further experiments.
Preparation of Hydrophobic Nanoﬂask Motors. In order to
fabricate glucose-powered hydrophobic carbonaceous nanoﬂask (BCNF) motors, B-CNF particles were ﬁrst prepared. Typically, a
mixture containing 1 g of L-CNF particles, 4 g of (NH4)2C2O4·H2O,
and 4 g of KHCO3 was thoroughly mixed for 45 min. Under the
protection of N2, the sample was calcined to 600 °C at a rate of 10 °C
min−1 and kept for 1 h. At a heating rate of 5 °C min−1, the mixture
was further calcined to 900 °C. One hour later, the carbonization was
stopped and the treated sample was cooled and then dissolved in 1 M
HCl solution overnight. The B-CNF particles were collected by
centrifugation and washed with deionized water. Based on the same
enzyme loading method, B-CNF motors were prepared by loading
GOx and Cat into the B-CNF particles.
Preparation of Concentration Gradients. To prepare the
concentration gradients of glucose and gluconic acid, small pieces of
cylindrical agarose gel (1 mm3) were ﬁrst cut and soaked overnight in
the glucose (400 mM) and gluconic acid (400 mM) solution,
respectively. Then, the glucose or gluconic acid-loaded agarose gel
was placed on the edge of a Petri dish ﬁlled with PBS solution to
establish glucose and gluconic acid gradients.
Autonomous Movement of CNF Motors. To propel the
nanoﬂask motors, L-CNF motors and B-CNF motors were dropped
into glucose solutions with a pH value of 6.5 and a temperature of 25
°C. The motion of glucose-powered CNF motors was observed by
using an Olympus IX71 inverted microscope. The nanomotor
suspensions containing diﬀerent glucose concentrations were dropped
in a Petri dish, respectively. To minimize the drifting eﬀect, the Petri
dishes were sealed during observation. The movement movies were
recorded with a CCD camera.
Movement Analysis. Accurate tracking of the glucose-powered
CNF motors was accomplished by using the software of Image J and
analyzed using Origin 8.0. Then, the mean-square-displacement
(MSD) was calculated with MSD (Δt) = ⟨(xi(t + Δt) − xi(t))2⟩ (i =
2), where x is a two-dimensional vector and i is an index to show x
and y. The eﬀective diﬀusion coeﬃcient (Deff) was extracted with Deff
= MSD (4Δt)−1. In all cases, at least 15 CNF motors were analyzed.
Characterization. The encapsulated enzymes were characterized
by using transmission electron microscopy (TEM) and scanning
transmission electron microscopy/dispersive X-ray (STEM-EDX)
spectroscopic mapping. The CNF motor suspension was dropped
onto a copper grid and then negatively stained with 1% uranyl acetate.
After excess solution was wicked away, the motors were imaged using
Tecnai G2 Sphera (FEI) microscopy. Scanning electron microscopy
(SEM) was carried out using a Quanta 200 FEG microscope.
Thermogravimetric analysis (TGA) of nanomotors was done by
heating particles from 25 to 600 °C at a heating rate of 10 °C min−1
under a N2 atmosphere.
Mesoscale Simulation. To simulate the self-diﬀusiophoretic
nanoﬂask motor, a hybrid mesoscale simulation scheme was used to
bridge the huge time- and length-scale gaps between the ﬂuid and
colloidal particles. Here, the ﬂuid is simulated by multiparticle
collision dynamics (MPC),43,44 while the CNF motor is described by
standard molecular dynamics (MD).
In the MPC part, the ﬂuid is coarse grained into N point particles
of mass m. The particle dynamics consists of alternating streaming

CONCLUSION
In this work, we have demonstrated that carbonaceous
nanoﬂask motors swim autonomously in the solution of
glucose as directed by their surface wettability alone. The
enzymatic cascade reaction of glucose oxidase and catalase
occurring inside the nanoﬂask propelled the motors, where the
hydrophilic nanoﬂask motors moved with relatively high speed
from the round-bottom to the opening neck (backward), while
the hydrophobic nanoﬂask motors swim with lower speed from
the opening neck to the round-bottom (forward). Further
investigation reveals that the backward motion was mainly
propelled by the local glucose concentration gradient, and the
forward movement was dominated by the produced glucose
acid gradient. The simulation results reveal that the hydrophilic
nanoﬂask motor generates a puller-like ﬂow ﬁeld, whereas the
hydrophobic motor creates a pusher-like ﬂow ﬁeld. It suggests
that a transition from the puller to pusher could be achieved
only by changing the surface wettability of motors. These
results provide a deeper knowledge on the fundamental aspects
underlying enzyme-driven motors and oﬀer a minimal strategy
to manipulate the direction of movement of micro-/nanomotors in future applications.
EXPERIMENTAL SECTION
Materials. Sodium oleate (SO), poly(ethylene glycol)-blockpoly(propylene glycol)-block-poly(ethylene glycol) (EO20-PO70EO20, P123), ribose, glucose oxidase (GOx), phosphate buﬀer saline
(PBS), (NH4)2C2O4·H2O, KHCO3, uranyl acetate, bovine liver
catalase (Cat), glucose, and hydrogen peroxide were purchased
from Sigma-Aldrich. All chemicals were used without further
puriﬁcation. Ultrapure water (Millipore) of 18.2 MΩ·cm was used
for all experiments.
Preparation of Hydrophilic Nanoﬂask Motors. To prepare
glucose-powered hydrophilic carbonaceous nanoﬂask (L-CNF)
motors, L-CNF particles with hydrophilic surface were ﬁrst
synthesized according to the published method.42 Brieﬂy, 0.0365 g
of SO and 0.0435 g of P123 were mixed in 20 mL of deionized water
and stirred at 200 rpm for 30 min. Under the same stirring conditions,
3 g of ribose was dissolved in 40 mL of deionized water, followed by
mixing with the above solution. After stirring at 500 rpm for 30 min,
the obtained transparent solution was transferred into a 100 mL
volume autoclave and then hydrothermally treated at 160 °C. After 12
h, the autoclave was cooled to room temperature and the resulting
products were collected by centrifugation at 9500 rpm for 15 min.
The precipitates were washed with deionized water for ﬁve times and
then the obtained L-CNF particles were dried and stored. To fabricate
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and collision steps. In the streaming step, the ﬂuid particles move
ballistically for a time h. In the collision step, the particles are sorted
into a cubic lattice with cells of size a and interact with each other via
the Anderson-thermostat collision rule.45,46 The collision-cell grid is
randomly shifted before each collision step to ensure Galilean
invariance. This method can properly capture hydrodynamic
interactions, thermal ﬂuctuations, dissipation, and the mass diﬀusion
process. In the simulations, the units are reduced by setting m = 1, a =
1, and the system temperature kBT = 1 with kB the Boltzmann
constant. We employ MPC parameters h = 0.1 and the mean number
of ﬂuid particles per cell ρ = 15. The simulation system is a cube of
size 40, with periodic boundary conditions applied in all the
directions.
In the MD part, the CNF motor is a rigid body, constructed by a
large sphere of radius Rl = 4 and two small spheres of radius Rs = 2.4.
The mass density of the sphere is the same as that of the ﬂuid. In
order to model the self-diﬀusiophoresis of the CNF motors, we
consider a ﬂuid mixture consisting of three components A, B and C,
where A and B represent the solute molecules, and C represents the
solvent. The chemical reactions occur at the ﬂask opening with a
certain probability.47 The reactants are simultaneously fed into the
solution by performing inverse reaction in regions far away from the
CNF motors. Thus, the chemical reactions generate a local chemical
gradient around the CNF motors. The ﬂuid particles of diﬀerent
species interact with the beads of the nanoﬂask via diﬀerent potential
interactions, which leads to the self-diﬀusiophoresis of the nanoﬂask.
Speciﬁcally, the ﬂuid particles couple with the spheres through a
repulsive Lennard-Jones (LJ) type of potential,
ÅÄÅ
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