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Abstract: Impact experiments enable single particle
analysis for many applications. However, the effect of
the trajectory of a particle to an electrode on impact
signals still requires further exploration. Here, we
investigate the particle impact measurements versus
motion using micromotors with controllable vertical
motion. With biocatalytic cascade reactions, the micro-
motor system utilizes buoyancy as the driving force, thus
enabling more regulated interactions with the electrode.
With the aid of numerical simulations, the dynamic
interactions between the electrode and micromotors are
categorized into four representative patterns: approach-
ing, departing, approaching-and-departing, and depart-
ing-and-reapproaching, which correspond well with the
experimentally observed impact signals. This study
offers a possibility of exploring the dynamic interactions
between the electrode and particles, shedding light on
the design of new electrochemical sensors.

Introduction

The electrochemistry of particles impacting with an elec-
trode is one of the single entity electrochemical methods
showing potential for not only counting the particles but
also investigating their heterogeneity.[1–4] The detected signal
of single particles impacting with an electrode poised at a
potential is influenced by several variables, including the

intrinsic properties of the particles,[5] the interaction between
particles and the electrode,[6] the signal generation
mechanism,[7] and the applied potential.[8] In revealing the
correspondence between different collision systems and the
electrochemical signal variance, the recently reported sto-
chastic collision approach revealed some early promises.[9,10]

For example, one study from Long and co-workers success-
fully demonstrated high-resolution particle size measure-
ments with mixed-sample systems.[6] After simulating and
investigating the oxidative status of silver nanoparticles
(NPs), the high adsorptive capacity of gold ultramicroelec-
trode ensured well-distinguishable size-dependent character-
istic current traces.[6] Another study from He and co-workers
integrated nanopores with carbon electrodes for nano-
collisions in a quartz nanopipette.[7] This system was shown
to be capable of differentiating metallic gold NPs and
insulating polystyrene NPs with the shape of potential dip
from open-circuit potential changes. In addition, Kwon and
co-workers identified two types of collision current re-
sponses with silver NPs by switching the applied potential.[8]

With a single type of NPs, both staircase and blip current
signals were obtained in response to the hindered hydrazine
diffusion and the oxidation of Ag NPs, respectively.

During the single NP collision, the motion trajectory for
NP analytes approaching the electrode interface still remains
unknown.[11] So far, the alteration of the particles and the
applied potential lead to distinguishable signal variance,
however, it remains an open challenge to clarify the
correlation between the signal generation and the dynamics
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of the collision system that might be able to be addressed
with self-propelled nano/micromotors.

Artificial self-propelled nano/micromotors have been
investigated in a multitude of contemporary technologies
applied in various aspects.[12–14] Advances in strategies for
manipulating the motion of micromachines,[15] controlling
the shape and size of the motors,[16] and improving the
biocompatibility of the materials used,[17] have created
exciting opportunities for nano/micromotors in drug
delivery,[18] biosensing[19] and environmental
remediation.[20,21] The integration of impact experiments and
self-propelled nano/micromotors takes the advantages of
both the current responses at the single-particle level and
the ability to precisely control the motion of these particles.
In one study, Pumera and co-workers reported hydrogen
peroxide (H2O2)-driven, bubble thrust micromotors, includ-
ing Janus Ag micromotors and tubular Cu/Pt micromotors,
for micro-collision experiments.[22] Their work highlighted
the possibility of employing impact electrochemistry to
evaluate the micromotor concentration and velocity based
on the collision numbers and the magnitude of the current
signals. However, without a strategy in controlling the
micromotors, bubble thrust micromotors approached the
electrodes from all directions, thus this system could not
provide well-resolved information of the dynamics of
individual particle collision on the electrode. In addition, the
micromotor emitted free bubbles with similar dimensions as
the micromotors, which could further confound the impact
signals. Although the primary correlation between the
micromotors and the collision signal has been discussed,

employing self-propelled micromotors with precisely con-
trolled motion is an attractive strategy for studying the effect
of analyte trajectory on signal variation.

Here, we designed an enzymatic micromotor system for
electrochemical collision experiment, which exhibited veloc-
ity controllable vertical motion in glucose solution using
buoyancy as the driving force (Scheme 1). By encapsulating
two enzymes, glucose oxidase (GOx) and catalase (CAT), in
the porous metal–organic frameworks (MOFs), the MOF
micromotor possesses a coupled biocatalytic reaction using
glucose as the chemical fuel. After the addition of the
micromotors to the working environment in the electrolyte,
we obtained current spikes indicative of collision events.
The number of spikes increased with the glucose concen-
tration. Within a single collision experiment, we acquired
four distinctive types of electrical current signals in the same
collision setup, and the possible correlation between the
signal variation and the trajectory of the micromotor was
discussed. To verify the proposed signal generation mecha-
nism, a particle-scale computational fluid dynamics (CFD)
simulation was applied to reproduce the solid–liquid inter-
action, and the particles impact on the electrode was
revealed with force analysis.[23] With a better understanding
of the trajectory influence, it is possible to study the mobility
of individual particles (and possibly self-swimming mi-
crobes/cells) with electrochemistry in the future. By virtue
of the micromotors with controllable motion behaviors, this
work offers a chance to explore and understand the real-
time interaction between mobile particles and the electrode,
which provides a new dimension to carry out collision

Scheme 1. Schematic illustration showing the collision mechanisms of the self-propelled micromotors. Micromotors are fabricated by co-
encapsulating catalase and glucose oxidase into zeolitic imidazolate framework 8 (ZIF-8) particles.
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experiments and sheds light on the development of electro-
chemical sensing.

Results and Discussion

Construction and Characterization of Self-Propelled
Micromotor CAT-GOx@ZIF-8

Given the ease of engineering MOF microparticles with
tunable pore size and surface chemistry,[24] MOFs are ideal
materials for fabricating nano/micromotors.[25] Herein the
MOF micromotor was synthesized in one pot as reported
previously.[26, 27] Briefly, the precursor solutions of 2-meth-
ylimidazole, CAT and GOx, and zinc nitrate, were mixed at
room temperature. The particles formed by self-assembly
were collected by centrifugation. The scanning electron
microscopy (SEM) image and transmission electron micro-
scopy (TEM) image of the obtained microparticles present a
rhombic dodecahedron morphology of 800 nm in diameter
(Figure 1a, b, Figure S1). To confirm the successful encapsu-
lation of CAT and GOx in ZIF-8, these two enzymes were
labeled with fluorescein isothiocyanate (FITC) and Alexa
Fluor 647 (AF647), respectively. The resultant particles
were imaged by a confocal laser scanning microscope
(CLSM). The fluorescence distributions of green and red
signals, indicating CAT and GOx, correlated well with that
of the CAT-GOx@ZIF-8 (Figure 1c–e). The enzyme encap-
sulation efficiencies were measured with the fluorescence
intensity of the synthetic supernatant and estimated to be
97 % and 89.3 % for CAT and GOx, respectively (Figure S2
and S3). The thickness distribution and uniform solid-state
surface potential distribution of the CAT-GOx@ZIF-8 were
measured with atomic force microscopy (AFM) (Figure 1f–
h, Figure S4). The data indicated a uniformly distributed
surface charge across the micromotor. Calibrated with
highly ordered pyrolytic graphite (HOPG),[28] the surface
work function (eV) of the micromotor was calculated to be
4.194 eV. The size distribution of the micromotors centered

at 800 nm was measured with dynamic light scattering and
presented in the histogram in Figure 1i.

The powder X-ray diffraction (PXRD) pattern of the
CAT-GOx@ZIF-8 micromotor exhibited the characteristic
peaks identical to standard ZIF-8, indicating the preserva-
tion of the ZIF-8 crystal structure (Figure S5). Due to the
absence of carboxyl in ZIF-8 structures, the Fourier trans-
form infrared spectroscopy (FTIR) patterns (Figure S6) at
1640 cm� 1 (C=O stretching vibrations from amide I),
1533 cm� 1 (C=N stretching vibrations from amide II) and
1098 cm� 1 (C� O bond stretching vibration) confirmed the
successful incorporation of the enzymes in the micromotor.
The surface charge of the CAT-GOx@ZIF-8 micromotor
was found to be negative in both Milli-Q water and
electrolyte solution (2 mM NaCl, 0.1 mM K3Fe(CN)6 and
0.1 mM K4Fe(CN)6) (Figure S7 and S8). With the co-loading
of CAT and GOx, the cascade reaction of glucose is given as
below:

GlucoseþO2 þH2O! GluconolactoneþH2O2 (1)

H2O2 ! H2Oþ 1=2O2 (2)

As we have shown previously, the preferential retention
of the oxygen bubbles by the hydrophobic ZIF-8 framework
leads to an enhancement in buoyancy of the micromotors
that drives the motor upwards.[21] While the reaction
catalyzed by GOx is oxygen consuming,[29] the reaction
catalyzed by CAT is oxygen producing. This dynamic
oxygen production and consumption leads to dynamic
equilibrium of the buoyancy force on CAT-GOx@ZIF-8. As
confirmed in Supporting Information Video 1, no sign of
free bubbles or distinct bubbles was identified around the
motors. In addition, oxygen consumption in bulk solution
was measured with an oxygen meter in a sealed tube
(Figure S9). The dissolved oxygen with different concen-
trations of glucose dropped to a similar level within 350 s,
therefore, all the following optical and electrochemical
measurements were carried out within this time scale.

Motion Analysis of the CAT-GOx@ZIF-8 Micromotor

With the aid of an optical microscope coupled with a high-
resolution camera, the motion of the micromotor travelling
vertically in solution as a function of glucose concentration
was recorded and analyzed (Figure 2a, Supporting Informa-
tion Video S1). The mean squared displacement (MSD)
with a fixed time interval Δt, representing the moving
distance, is calculated according to Equation (3):

ðDx2ÞjDt ¼ ððxDt� xÞ
2 þ ðyDt� yÞ

2Þ (3)

where xΔt and yΔt are the coordinates of the particle in the
plane of motion after the time interval Δt. The direction of
motion was evaluated by measuring the angle variation
between the actual path and the horizontal line from the
video, confirming their vertical motions in different glucose
concentrations (Figure 2b). The dependence of the increase

Figure 1. Characterization of CAT-GOx@ZIF-8 micromotor particles.
a) TEM and b) SEM images (scale bar 300 nm). c)–e) CLSM images
(scale bar 5 μm) of fluorescently labeled CAT-GOx@ZIF-8. c) CAT
labeled with FITC and d) GOx labeled with AF647 in the green and red
channels, respectively. e) The merged image. f) Thickness and g) sur-
rface potential distribution images from AFM (scale bar 300 nm).
h) Line profile of the thickness of the particle. i) Size distribution of the
particles from dynamic light scattering.
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in ascending velocity was measured with increasing glucose
concentration from 3 to 13 mM (Figure 2c). This provides a
means of controlling the kinetic energy of the micromotor as
it collides with the electrode which increases linearly with
glucose concentration. With the estimation of the radius of
the CAT-GOx@ZIF-8 motor, the kinetic energy of the
motors was calculated according to Equation (4):

Ek ¼ 1=2mv2 ¼ 1=21Vv2 (4)

where m is the mass, ρ is the density, V is the volume, and v
is the velocity. The results indicated the positive correlation
between the kinetic energy and the glucose concentration
(Figure 2d, detailed calculation steps are provided in the
Supporting Information).

Collision Signals with CAT-GOx@ZIF-8 Micromotors

Using a low-noise electrochemical measurement platform,
the time-resolved current traces were obtained from the
collision of individual micromotors at 0 mV referenced to
Ag/AgCl electrode (Figure 3a). Briefly, a glassy carbon
electrode of 7 μm in diameter was chosen as the working
microelectrode for the impact experiment. The carbon
electrode was vertically fixed on top of a vial with the
surface of the electrode immersing in the bulk solution
containing 2 mM NaCl, 0.1 mM K4Fe(CN)6 and 0.1 mM
K3Fe(CN)6. In a typical measurement, a fixed concentration
of (4.9�1.2)×106 mL� 1 of CAT-GOx@ZIF-8 micromotors
was applied. The micromotors were initially placed at the
bottom of the working vial, and the current traces were

collected soon after the signal generation was stabilized. To
obtain the motor collision signals with varying kinetic
energy, the glucose concentration was altered before each
set of measurements.

Due to the increased buoyancy from the biocatalytic
reactions, the micromotors moved vertically in the glucose
solution and collided with the working electrode at the solid/
liquid interface. The collisions were recorded as changes in
current, which were assumed due to the disruptions of the
electrical double layer (EDL) with the concomitant change
in capacitive current. Relative to hydrogen peroxide-driven
micromotor systems,[22] the cascade reaction-propelled mo-
tors produced oxygen bubbles with a lower velocity,[30–32] and
minimized the chance for free bubbles to interfere the
impact signals.

Based on the steady current of the background signals:
from the blank control, without adding motors and glucose
(Figure S10), as well as the systems with different concen-
trations of glucose (Figure S10), each current spike was
ascribed to a single collision event. The current fluctuation
was recorded every �4 μs, and the representative signals are
shown in Figure 3a over a time period of 200 s. The total
number of spikes was counted for each glucose concen-
tration regardless of the shape of the signals (Figure 3b).
The number of spikes was linearly correlated with the
glucose concentration, indicating a correlation between the
collision events and the motion intensity. The collision
events increased from 40 counts at 3 mM glucose to 212
counts at 13 mM glucose in a 200 s time frame. The
amplitude of each current spike was plotted as a histogram
for each glucose concentration (Figure S11). Results indi-
cated that a higher glucose concentration not only increased
the maximum individual amplitude of larger peaks, but also
the frequency of the smaller peaks. The residence time of
each peak was collected and presented as a histogram in
Figure 3c, where the most frequent residence time centered
at 0.06 ms, which is 20 000 times quicker compared to 1.2 s
for the randomly moving micromotors.[22] The shortened
residence time and the increased collision frequency may be
attributed to the smaller size of the motors and the vertical
moving pattern, which reduced the interaction time between
the motor and the electrode surface compared to the motors
moving across the electrode surface with oblique trajecto-
ries.

Possible Electrical Signal Generation Mechanism with
CAT-GOx@ZIF-8 Micromotors

Due to the fact that ZIF-8 particles are not
electroactive,[33,34] as evident from the cyclic voltammograms
of the CAT-GOx@ZIF-8 in Figure S12–S14, the micromotor
is expected to be non-electrocatalytic and redox-inactive at
0 mV vs Ag/AgCl reference electrode. On the basis of the
steady current signals from the control groups, the spikes
were associated with the motor-electrode collision events.
Previously, micromotor collision experiments with uniform
downward spikes were attributed to the blocking impact,
where the electric current was hindered by the blocking of

Figure 2. Motion analysis of the CAT-GOx@ZIF-8 micromotor with
different glucose concentrations. a) Scatter plot of the particle
ascending distance and the linear fit. b) Angle variation between the
actual path and the horizontal line. c) Plot of the particle ascending
velocity versus glucose concentration. d) Plot of the calculated particle
kinetic energy versus glucose concentration. Error bars represent the
standard deviation for three independently recorded measurements.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202209747 (4 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



electrode surface from both micromotors and the emitted
bubbles.[22] However, the origin of current signals with
bidirectional spikes under fixed experimental condition has
seldomly been discussed.

Among a range of electrochemically inactive particle
collision events, the direction of the spikes in capacitive
impacts was altered with different potentials that are higher/
lower than the potential of zero charge (PZC),[35] where the
electrical double layer (EDL) was perturbed through a
charging-discharging process. Due to the perturbation of the
charge distribution at the electrical double layer of the
working electrode surface, the capacitive events gave rise to
spike-shaped signals at mercury electrodes and solid
microelectrodes.[36–38] The approaching-and-departing proc-
ess of the impacting particles resulted in an electron flow at
the electrode side via transient exclusion of ions from the
EDL.

Inspired by these stochastic collision experiments, our
micromotors with vertical motion are expected to have
repeated approaching-and-departing processes, which are
most likely to cause the current signals with initiative
charging/discharging processes. Under the applied condi-
tions, the PZC of the 7 μm carbon microelectrode was
measured to be � 0.29 V vs. Ag/AgCl (Figure S15). Taking

the current signals from the CAT-GOx@ZIF-8 micromotors
with 10 mM glucose at a potential of 0 mV vs. Ag/AgCl as
an example (Figure 4a), four representative patterns, singu-
lar downward (Figure 4b), singular upward (Figure 4c),
bidirectional downward-upward (Figure 4d) and bidirec-
tional upward-downward (Figure 4e) signals, were obtained
in a single impact experiment. The respective singular
downward and upward signals were believed to be associ-
ated with the approaching and departing process of the
motors from the electrode. When the motors gained
increased buoyancy and floated up, the approaching of the
motors to the electrode resulted in singular downward
spikes, which had similar effect as the adhesive particles
with blocking mechanism. The floated motors resting at the
interface may be disrupted by the subsequently approached
motors or the inner oxygen consumption induced buoyancy
decrease. When the motors departed from the electrode, the
reorganization of the ions in the EDL resulted in upward
spikes.

The number of the singular spikes was counted to be
positively correlated with the glucose concentration (Fig-
ure 3b). Unlike the collisions based on Brownian motion,
the dynamic cascade reaction of oxygen production and
consumption leads to dynamic equilibrium between buoy-

Figure 3. Collision signals with CAT-GOx@ZIF-8 micromotors at 7 μm carbon microelectrode. a) Time-dependent current recordings with increased
glucose concentration from 3 to 13 mM. b) Experimental and simulated spike counts for single directional spikes and bidirectional spikes with
increased glucose concentration. c) Histogram of the residence time of spikes with increased glucose concentration from 3 to 13 mM.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202209747 (5 of 8) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



ancy force and the overall force direction exerted on the
motors. The floated motors resting at the interface may be
collided by the subsequently approached micromotors,
which could also disturb the force balance. The dynamic
force balance of the motors resulted in the repeated
approaching-and-departing processes and complex collision
patterns. The bidirectional downward-upward spikes were
ascribed to the immediate departing of the motor once it
reached the electrode, which may be resulted from the
consumption of oxygen bubbles, the bounce from the
electrode, or the disturbance from other floating micro-
motors. Similarly, the departing motors could be pushed
back by the subsequent floating ones, which resulted in
inverse bidirectional motion and upward-downward spikes.
With the dynamic chemical reactions, the dropped motors
with reproduced bubbles could also float again to produce
the bidirectional upward-downward spikes. The number of
the bidirectional spikes was also dependent on the concen-
tration of glucose (Figure 3b).

Particle-Scale Numerical Simulation of Micromotor Motion

To verify the motion patterns of the motors, a particle-scale
computational fluid dynamics (CFD) simulation was applied
to reproduce the solid–liquid interaction and the particles
impact on the electrode (Figure 4j, Supporting Information
Video S2). The fluid flow was modelled by the finite volume

method (FVM) with the Navier-Stokes equations, the solid
phase motion was modelled by discrete element method
(DEM) with Newton’s second law of motion, and the
interaction between solid and liquid phases was realized by
their momentum transfer using the drag force.[39]

To simulate the experimental conditions, the numerical
modelling was carried out under a narrow cylinder column
with the electrode on the top, and the particles with size
distribution were randomly generated in the particle gen-
eration region (Figure S16–S20). The liquid was set as five
different glucose concentrations and the motion of the
particles was governed by gravity, drag force, buoyance
force, contact force and van der Waals force (Figure S21).
The localized, dynamic oxygen consumption and production
from the catalytic cascade reaction changed the buoyance
forces of the particles, leading to the occurrence of different
motion patterns. The motion patterns were explained from
the force view.

Two patterns were confirmed after particle impacting on
the electrode: particles attaching to the electrode (pattern
#1, Figure 4f), and particles impacting on the electrode and
then moving downwards (pattern #3, Figure 4h). The
consumption of glucose led to the increase of buoyancy
force, and when the buoyance force could still outweigh the
downward forces, the particle will remain attached on the
electrode. Conversely, the particle would move downwards
after impacting on the electrode due to the downward net
force. The number of particles in pattern #1 was significantly

Figure 4. Collision signals with CAT-GOx@ZIF-8 micromotors at 7 μm carbon microelectrode. a) Current-time recording of individual micromotor
collisions at 0 mV vs. Ag/AgCl in electrolyte solution containing 10 mM glucose. b)–e) Close-ups of the representative current traces,
corresponding to the spikes in (a). f)–i) Simulated illustration of the representative motion patterns. j) The snapshots of motion state from
simulated video with 13 mM glucose in electrolyte.
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larger than that in pattern #3, therefore a particle layer
could be formed around the electrode. Subsequently, the
later ascending particles would impact on the particle layer
and disrupt the force balance of the already collided
particles, as evidenced by the stationary particles descending
from the top region over a period of time (pattern #2,
Figure 4g). The signal pattern #2 could also be induced by
decreased buoyancy force with net oxygen consumption.
Meanwhile, the descending particles could regain upward
force with the generation of oxygen bubbles and hence the
descending velocity gradually slowed down, while a small
proportion of motors would ascend again once they regain
enough buoyancy from the continuous biocatalytic cascades
(pattern #4, Figure 4i). Finally, the statistic from the
simulation was plotted in Figure 3b, and the results closely
resembled the actual collision events, which verified the
proposed signal generation mechanism from the experimen-
tal observation.

Conclusion

In this work, we explored the collision signals of the CAT-
GOx@ZIF-8 micromotors with controllable vertical motion
and discussed the possible signal generation mechanism
based on capacitive impact theory. With coupled biocatalytic
cascade reaction converting biocompatible fuel glucose to
oxygen microbubbles, the system endowed the motors with
heterogeneous motion patterns, which created possibilities
of generating various collision signals compared to the
previous electrochemically inactive particles. With the aid of
particle-scale numerical simulation using CFD-DEM model,
four distinctive electrical impact patterns corresponding to
the motion patterns of motors were discussed and verified,
and the underlying mechanisms were revealed by force
analysis. With the proposed micromotor system, this work
offers a chance of exploring the real-time interaction
between non-electrocatalytic and redox-inactive particles
and electrical signal generation, providing a new dimension
to carry out collision experiments.
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