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Micromotors are identified as a promising candidate in the field of sensing benefiting from their capacity 
of autonomous movement. Here, a review on the development of tailoring micromotors for sensing is 
presented, covering from their propulsion mechanisms and sensing strategies to applications. First, we 
concisely summarize the propulsion mechanism of micromotors involving fuel-based propulsion and 
fuel-free propulsion introducing their principles. Then, emphasis is laid to the sensing stratagems of 
the micromotors including speed-based sensing strategy, fluorescence-based sensing strategy, and 
other strategies. We listed typical examples of different sensing stratagems. After that, we introduce the 
applications of micromotors in sensing fields including environmental science, food safety, and biomedical 
fields. Finally, we discuss the challenges and prospects of the micromotors tailored for sensing. We believe 
that this comprehensive review can help readers to catch the research frontiers in the field of sensing 
and thus to burst out new ideas.

Introduction
Micromotors have come to the forefront as a powerful tool in 
scienti�c areas due to their unique capacity of converting diverse 
energy into e�cient autonomous movement [1–4]. With tre-
mendous scienti�c attention, miscellaneous micromotors in 
di�erent morphologies have been devised for self-propelling 
under diverse propulsion mechanisms [5–9]. �ese emerging 
micromotors have sprung up to various �elds including drug 
delivery, analytical sensing, and tissue regeneration [10–14]. 
Especially, micromotors are identi�ed as a promising candidate 
in the �eld of sensing due to their capacity of autonomous move-
ment in the medium [15–18]. To be speci�c, the micromotors 
can serve as ideal sensors in samples of ultrasmall volume ben-
e�ting from their tiny size [19–21]. Besides, the dynamic move-
ment can realize e�cient mixing of the sample solution, thus 
conducing to the reduction of analysis time and negligible sam-
ple treatment [22]. Attracted by these features, intensive inves-
tigation has been focused on tailoring micromotors for sensing 
[23–25]. Although much progress has been made, the fascinat-
ing design and applications of the micromotors in sensing �eld 
are rarely reviewed.

In this paper, we gave a review on the development of tailor-
ing micromotors for sensing, involving their propulsion mech-
anism, sensing strategies, and applications (Fig. 1). First, the 
propulsion mechanism of micromotors was brie�y summarized 
including free-based propulsion and fuel-free propulsion. �en, 
we focused on the sensing stratagems of micromotors including 
speed-based sensing strategy, �uorescence-based sensing strat-
egy, and other strategies. A�er that, the applications of micro-
motor-based sensing platform in the �eld of environmental 

science, food industry, and biomedical area were introduced in 
detail. Finally, we discussed the challenges and prospects of the 
micromotors tailored for sensing. �is comprehensive review 
was anticipated to facilitate readers’ understanding of micro-
motors for sensing and helped them to follow up the research 
frontiers in this �eld.

Propulsion Mechanism of Micromotors
Due to their tiny size, micromotors usually work in the envi-
ronment of low Reynolds number. �us, external energy is 
needed for locomotion because the inertia cannot maintain the 
motion of micromotors due to the viscous resistance and 
Brownian motion. Propulsion mechanism, which the motion 
of micromotors relies on, is one of the principal issues in the 
research �eld of micromotors. Up to date, there have been copi-
ous mechanisms proposed for propelling micromotors [26–29]. 
Typically, the micromotors can realize movement based on 
chemical gradients or locally generated �elds resulting from 
their reaction with the surrounding medium. However, these 
chemical-propelled micromotors usually resulted in incomplete 
fuel degradation, hindering the development of micromotors 
in biomedical engineering. To address the challenge, fuel-free 
micromotors, which are powered by external stimulus such as 
ultrasonic, magnetic, and light, come to the forefront as bio-
compatible mechanisms. �is chapter will carry out a brief review 
on the propulsion mechanisms of micromotors involving fuel-
based mechanism and fuel-free mechanism. In this section, 
readers fascinated by this aspect can be guided to speci�ed 
reviews.
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Fuel-based mechanism
Self-electrophoresis
So far, a great number of micromotors have been produced 
based on self-electrophoresis. Notably, most of these micro-
motors are bimetallic. In this case, micromotors can realize self- 
propulsion via the self-generated electroosmotic �ow in liquid 
environment resulting from chemical gradients [30]. In detail, 
the chemical reaction between micromotors and surrounding 
medium can lead to an asymmetric ion distribution around the 
micromotors. �en, the resultant electrolyte gradient can form 
a local electric �eld, thus propelling the micromotors. It is worth 
mentioning that their motion direction is dependent on the type 
of surface charge of the micromotor and the distribution of zeta 
potential. As a typical example, when micromotors composed 
of platinum/gold (Pt/Au) were exposed in the hydrogen peroxide 
(H2O2) environment, the consumption and oxidation of H2O2 
occurred in the anode end (Pt) and cathode end (Au), respectively, 
resulting in an asymmetric proton distribution between Au 
end and Pt end [31]. �is uneven proton distribution led to an 
electro osmotic �ow from Pt to Au end, thus driving the micro-
motors to move. Apart from H2O2, chemicals such as hydrazine 
that can preferentially reduce or oxidize on one code of such 
bimetallic micromotors can be employed as fuels in the self- 
electrophoresis system [32,33]. Moreover, bio-electrochemical 
reactions can also be utilized in the self-electrophoresis system. 
Mano and colleagues [34] developed a kind of self-propelling 
carbon �ber based on the reaction of oxygen (O2) and glucose. 
By coating one end of the conductive carbon �bers with elec-
trocatalyst for reducing O2 into water and the other end with 
bioelectrocatalyst for oxidizing glucose, uneven proton distri-
bution was formed at the water–air interface. �is anisotropic 

structure led to fast locomotion of the �bers, indicating that 
bioelectrochemical energy could be converted into propulsive 
force for driving micro motors. Despite that great progress has 
been made in the �eld of self-electrophoresis-based micromotors, 
there still remain several nonnegligible problems. In terms 
of their applications in analytical sensing, the major problem 
is that most fuels employed in this system are toxic, which 
might be harmful to the samples. In addition, the principle of 
self-electrophoresis indicates that it cannot work in the environ-
ment with high ion concentration. Besides, most micromotors 
based on self-electrophoresis exhibit low e�ciency, which cannot 
meet the requirement of practical applications.

Self-di�usiophoresis
Micromotors based on self-di�usiophoresis can achieve self-
driven locomotion through the asymmetric concentration 
gradient �eld. �ere are 2 classi�cations of self-di�usiophoresis 
mechanism: electrolyte and nonelectrolyte di�usiophoresis. In 
electrolyte di�usiophoresis, the molecules responsive for the 
formation of the concentration gradient are charged molecules. 
In this case, the charged molecules derived from the anodic 
and cathodic reactions di�use at di�erent speeds in the solution 
due to di�erent di�usion coe�cients, leading to a concen-
tration gradient, which forms a di�usion-induced electric 
�eld for driving micromotors [35–37]. Notably, the electric 
�eld in electrolyte self-di�usiophoresis di�ers from that in self- 
electrophoresis. For self-electrophoresis, chemical reactions 
occur in the anode and cathode of micromotors. �e resultant 
ionic products are enriched in di�erent areas of the motor 
surface, forming a gradient electric �eld inside the motor, 
which is essentially an internal gradient �eld. For electrolyte 

Fig. 1. Scheme that describes the general flow and entire information of the review.

https://doi.org/10.34133/research.0044


Cai et al. 2023 | https://doi.org/10.34133/research.0044 3

di�usio phoresis, the anode and cathode reactions take place in 
the local space and the generated ions are locally distributed 
on one side of the motor. Due to the di�erentiation of di�erent 
ion di�usion coe�cients, ions di�use outward at di�erent 
migration speeds, forming a concentration gradient. �is con-
centration gradient further generates a di�usion-induced elec-
tric �eld, which is essentially an external gradient �eld. Besides, 
the external charged substrate can have in�uence on the motion 
of micromotors based on electrolyte di�usiophoresis because 
there is also an electric �eld between the charge in the solution 
and the charge on the substrate surface. �is electric �eld can 
form an electroosmotic �ow. �e motion of the micromotor is 
decided by the relative magnitudes of charges on external 
substrate and micromotors. Notably, micromotors based on gra-
dients of hydrion (H+) or hydroxide (OH−) ions show best e�-
ciency bene�ting from the fast di�usion of H+ and OH− [38]

On the contrary, in the nonelectrolyte di�usiophoresis, 
asymmetric catalytic reactions tend to occur for building none-
lectrolyte concentration gradients. �e asymmetric pressure 
gradient formed by the interaction between uncharged mole-
cules and the micromotor acts as an osmotic force to drive the 

locomotion of micromotors. It is noteworthy that although 
micromotors based on nonelectrolyte di�usiophoresis normally 
exhibit lower e�ciency than those based on electrolyte di�usio-
phoresis, they are able to work e�ciently in high ionic aqueous 
environments. Besides, the motion direction of the micromotors 
driven by the nonelectrolyte concentration gradient is depend-
ent on whether the interaction between the motor and the solute 
is repulsive or attractive. Overall, self-di�usiophoresis is a kind 
of propulsion mechanism of micromotors that derives from the 
concentration gradient of solutes, exhibiting high energy con-
version e�ciency (ECE).

Bubble propulsion
Due to the limited applicability of micromotors based on self- 
electrophoresis and self-di�usiophoresis in salt-rich solutions, 
bubble-driven micromotors are then proposed and have come 
to the forefront in the �eld of micromotors since the concept was 
conceived. Generally, the autonomous locomotion of bubble-
driven micromotors is achieved by the recoil force de  rived from 
the generation of bubbles. Notably, the bubble propulsion is 
realized through both the microjets generated when the bubbles 

Fig. 2. (A) Schematic illustration of velocity-based sensing involved with silver tags. Reprinted with permission from Springer Nature [65]. (B) Schematic illustration of velocity-
based sensing based on the activity of catalase. Reprinted with permission from the American Chemistry Society [69]. (C) Schematic illustration of velocity-based sensing 
based on the amount of catalase. Reprinted with permission from Elsevier [70]. (D) Schematic illustration of velocity-based sensing involved with multiple catalase layers. 
Reprinted with permission from the Royal Society of Chemistry [71].
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grow and collapse on the surface and the impulse generated 
by the bubbles detaching from the surface of the mi  cromotor 
[39,40]. H2O2 solution is the most commonly used medium 
fuel in the system of bubble-driven micromotors. In this case, 
the micromotors are usually made from or composed of Pt or 
Au, which can act as catalase. With the catalysis, H2O2 can be 
decomposed into O2 and H2O. �e excessive generation of O2 
bubbles can create the recoil force for propelling the micromo-
tors. It is worth mentioning that the velocity of micromotors 
is in�uenced by the radius of the bubbles and the frequency of 
the bubble generation, both of which are dependent on the 
concentration of the fuels. Although micromotors based on 
bubble propulsion have been widely used in various �elds ben-
e�ting from their high e�ciency, their further applications in 
biomedical areas are hindered by the potential toxicity of H2O2.

Later, micromotors based on zinc (Zn) or magnesium (Mg) 
are proposed. �is kind of micromotors can react with H+ in 
the aqueous solution, generating hydrogen (H2) bubbles to 
drive the micromotors [41]. Higher concentration of H+ is 
conducive to faster locomotion. Notably, this sort of micromo-
tors can be applied to the in vivo environment. For example, 
Cai et al. [42] produced Mg-based micromotors that could 
move e�ciently in the stomach because of the existence of gastric 
juice. Besides, a kind of biocompatible enzymatic micromotors 
based on urease was proposed by Patino et al. [43], which could 
decompose the urea into bubbles of ammonia and carbon dioxide 
(CO2). Although micromotors based on bubble propulsion can 
move e�ciently, their motions are highly dependent on the 
surrounding mediums.

Fuel-free mechanism
�e micromotors based on decomposition of chemical fuels may 
lead to incomplete consumption of fuels, hindering their appli-
cations in biomedical �elds. �us, the trends in micromotor 
development then convert to the explorations of new external 
energy for propelling. As a result, researchers proposed fuel free 
micromotors that are driven by the external stimuli involving 
magnetic, light, or ultrasonic electric �elds. Fuel-free micromo-
tors show the advantages of remote control, long lifetime, and 
high biocompatibility, exhibiting broad application prospects in 
various �elds. Magnetic �elds, which have been widely used in 
remote control in diverse �elds, also act as a promising power 
source for propelling micromotors. Basically, magnetic �eld can 
be employed to control the direction by integrating magnetic 
compositions into micromotors. �e remote guidance of micro-
motors endows them great potential in di�erent areas. Besides, 
magnetic �elds are applied to drive micromotors without any 
external fuels. Dreyfus et al. [44] proposed a magnetic micro-
motor based on DNA chain. To be speci�c, the DNA chain was 
linked with colloidal paramagnetic beads, serving as a �exible 
arti�cial �agellum, which allowed propulsion of the micromo-
tors under the external magnetic �eld. Notably, the direction 
and speed of these micromotors could be tuned by adjusting the 
frequency of the magnetic �eld. In addition, Zhang et al. pro-
duced a rotating nickel nanomotors purely propelled by mag-
netic �eld. With the control of uniform rotating magnetic �eld, 
the nanomotors exhibited a tumbling motion due to the spatial 
asymmetric doublets [45].

Apart from magnetic �eld, ultrasonic wave is also one prom-
ising tool for remote propulsion of micromotors. �e �rst micro-
motor based on ultrasonic propulsion, which was composed of 
Au and ruthenium (Ru), was proposed by Wang et al. [46]. �is 

kind of micromotor was propelled by the di�erential pressure 
�eld derived from the interference between 2 ultrasonic waves. 
In addition, the micromotors can also realize fuel-free locomo-
tion triggered by electrical �elds [47–49]. �e most common 
mechanism of micromotors in this case is based on their electro-
osmotic properties in low-frequency electric �elds. Also, there 
are rotary micromotors driven by the interaction between electric 
�eld of high frequency and electrically polarized nano-entities. 
Overall, magnetic, ultrasonic, or electric �eld-driven micromo-
tors exhibit the advantages of high energy penetration, strong 
propulsion, and relatively small requirements for the surround-
ing medium, but the manufacturing process and equipment 
parameters are complex. Furthermore, these propulsion mech-
anisms rely on device of high-energy external �elds.

On the contrary, light, which is controllable and renewable, 
also serves as one of the most common external �elds in remote 
propulsion of micromotors [50–52]. As the parameters of light, 
such as light intensity, light frequency, and polarization degree, 
can be easily and precisely tuned, the light-driven micromotors 
hold the advantages of high controllability, good programmability, 
and easy operation. It’s worth mentioning that the start and stop 
of the motion of the light-driven micromotors can be quickly 
adjusted by the on/o� mode of the light source. Furthermore, 
their motion performance is a�ected by the incident light intensity 
along with the type and concentration of the solution substance. 
Generally, the motion of micromotors triggered by the light 
stimulus originates from the asymmetric structure, the asym-
metric concentration gradient �eld, or the non-equilibrium 
hydrodynamic force established under the non-uniform illu-
mination condition. Breaking the symmetry of the pressure 
distribution is the principle of driving the motors. By way of 
example, micromotors driven by light can achieve autonomous 
locomotion through photothermal mechanism [53,54]. In other 
words, light-induced asymmetric temperature gradients can drive 
micromotors. By utilizing photothermal materials to absorb and 
convert light energy into heat energy, a temperature gradient 
can be built around the micromotors. Because the thermopho-
retic forces cancel each other out due to the symmetrical thermal 
di�usion, the photothermal particles with symmetrical geometry 
usually behave as Brownian under illumination. �erefore, most 
of the micromotors driven by light-induced temperature gra-
dients possess asymmetric geometries with one side of photo-
thermal e�ect material and the other side of non-photothermal 
e�ect material. Under continuous light stimulation, a temper-
ature gradient is generated gradually. �e water �owing in the 
low temperature part of the micromotor can �ow around its 
surface to the high temperature part, and the reaction force of 
the water �ow drives the micromotor.

Notably, these fuel-free propulsion mechanisms can be inte-
grated to the fuel-powered micromotors to impart them with 
multifunction. Typically, the magnetic propulsion mechanism 
can be introduced to the fuel-powered micromotors to realize 
remote control of their motion direction for meeting di�erent 
requirements [55–57]. Very recently, Zhao et al. [58] incorporated 
the light-driven mechanism with bubble propulsion for achieving 
the remote speed manipulation. More explicitly, these motors were 
Janus structures with one side of glucose catalase and the other 
side of Au, which could catalyze glucose and generate thermal 
gradient with the near-infrared (NIR) irradiations, respectively, 
resulting in opposite driving force. �us, the motion perform-
ance can be easily tuned by adjusting the NIR light irradiation. 
In conclusion, fuel-free micromotors propelled by the external 
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stimuli such as magnetic, light, or ultrasonic electric �elds 
exhibit predominance of remote control, long lifetime, and high 
biocompatibility, broadening the applications of micromotors.

Stratagems of the Sensing Micromotors
Bene�ting from various propulsion mechanisms, micromotors 
can realize e�cient autonomous locomotion in the surround-
ing medium. Notably, the property of self-driven movement 
makes micromotors promising in serving as sensors for bio-
assays because the dynamic movement can realize e�cient 
mixing of the sample solution, thus improving the probe–target 
interactions, which is conducive to the increase of the detection 
sensitivity and reduction of analysis time. In addition, bene�t-
ing from their tiny size, micromotors can even work in the 
sample solution of low volume, which is highly relevant in daily 
clinical samples. Furthermore, micromotors enable the in situ 
detection, which can work in the raw samples, simplifying the 
beforehand operation and reducing the assay cost. Attracted 
by these aspects, scientists have paid much attention in tailoring 
micromotors for bioassays.

On the one hand, micromotors have been introduced to assays 
for assisting the assays toward higher e�ciency due to their inher-
ent autonomous movement. For instance, Morales-Narváez et al. 
[59] applied the micromotors to the biosensing system to assist 
the transportation of the targets. As these bubble-propelled 
micromotors could move autonomously, they were capable of 
translating the surrounding �uid convection into general vortex 
e�ect for non-invasive and continuous mixing. Such function 
greatly expedited the interaction between the probes and targets, 
thus enhancing the performance of the detection platform. In 
addition, Restrepo-Pérez et al. [60] executed catalytic micromotors 
in the process of sample pre-concentration that had shown great 
importance in achieving highly sensitive detection. To be speci�c, 
boundary with chevron and ratchet shapes was designed to trap 
micromotors that were pre-functionalized with streptavidin for 
selective capture of the targets. By this, targets could be e�ciently 
transported and concentrated without any external energy source, 
thus facilitating the miniaturization and integration. Recently, 
the target molecular enrichment assisted by micromotors was 
also utilized to realize ultrasensitive surface-enhanced Raman 
scattering sensing [61]. Fan et al. successively proposed micro-
motors based on bubble propulsion and magnetic propulsion to 
enrich targets from the samples because the autonomous loco-
motion enabled e�ective contact between analytes and micro-
motors, consequently resulting in promoted Raman intensity. 
More recently, Hou and coworkers employed bubble-propelled 
MnFe2O4-based micromotors with property of adsorption to 
improve the solid-phase extraction [62]. Bene�ting from the 
continuous locomotion of micromotors, the adsorption was 
enhanced, which was conducive to the increase of the detection 
sensitivity. More intriguingly, they proved that the autonomous 
movement also prevented the micromotors from depositing, thus 
exhibiting e�cient bubble generation and excellent detection 
ability. Overall, the autonomous movement endows micromotors 
with the ability to promote the sample mixing and enhance mass 
transfer, providing valuable reference for meliorating detection 
sensitivity, simplifying the operation, and reducing the assay time.

On the other hand, micromotors themselves can serve as 
sensors in the assays. In this case, micromotors are able to 
transmit the signals of the recognition events into visualizable 
analytical signals based on di�erent sensing stratagems as well 

as enhancing the mass transfer. Intriguingly, extensive signals 
can be detected simultaneously in one sensing assay because 
each micromotor can act as a single sensor, which promotes 
the sensing reproducibility and accuracy, reduces the assay cost, 
and simpli�es the operation. In the following section, we will 
introduce the stratagems of the sensing micromotors including 
speed-based sensing strategy and �uorescence-based sensing 
strategy, cover their working principles, and list the correspond-
ing typical examples.

Speed-based sensing strategy
�e velocity of micromotors, one visualizable characteristic 
parameter of the locomotion behavior, can be directly observed 
with the assistance of optical microscopy. Due to the respon-
siveness of the velocity to the environment, the velocity acts as 
a unique visible signal in the micromotor-based sensing strategy, 
opening a novel paradigm in sensing fields. For example, 
Lei et al. found that the viscosity of surrounding solution had in�u-
ence on the motion performance of micromotors, which 
inspired them to present a novel micromotor for viscosity detec-
tion. To be speci�c, the locomotion velocity decreased with the 
increasing of ambient viscosity. �us, by recording the relation-
ship between velocity and viscosity, the sensing of viscosity 
could be realized [63]. In addition, as mentioned above, for the 
fuel-powered micromotors, their speeds can be in�uenced by 
the concentration of the fuels in surrounding solution. In other 
words, the speed of micromotors can re�ect changes of the fuel 
concentration in the solution, thus serving as a critical visual-
izable signal in detecting the concentration of fuels. Usually, the 
relationship of the velocity and the fuel concentration is recorded 
in advance, based on which the concentration of sample solution 
can be calculated by observing the motion velocity of micromo-
tors. �e �rst speed-based sensing micromotor system was pro-
posed by Wang and colleagues [64]. �ey found that the presence 
of silver ions exhibited selective and sensitive in�uences on the 
velocity of micromotors based on self-electrophoresis. To be 
speci�c, the speed of these motors was positively related to the 
concentration of silver ions. By using the optical microscope to 
track the variation of the velocity, the concentration of silver 
ions could be detected. Based on this work, they further pro-
posed a novel kind of micromotors for detecting targets in a 
sensitive and quick way, indicating the great potential of the 
motion-based signal transduction in sensing application, as 
shown in Fig. 2A [65]. To elaborate, the motors were modi�ed 
with speci�c probes for capturing targets. �en, speci�c silver 
tags were added to the system to form sandwich hybridizations. 
As the silver ions had in�uence on the velocity, the number of 
targets captured by the motors could be quanti�ed by measuring 
the velocity changes of motors or the aggregate traveling dis-
tance of the motors. Later, Gao et al. [66] proposed hybrid 
micromotors with palladium (Pd) coating on one side of alumi-
num (Al) particles, which could move spontaneously in multiple 
solutions involving H2O2, acid, and base. As these micromotors 
were powered by the bubbles resulting from the reaction 
between themselves and surrounding solution, the locomotion 
performance of those micromotors was mainly dependent on 
the concentration of the surrounding solution. �us, the velocity 
of micromotors served as a direct signal for sensing the concen-
tration of the sample solution.

Apart from the concentration of fuels, the velocity is also 
related to the weight of micromotors. Specially, molecules 
captured by the micromotors will lead to the weight increase. 
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�us, velocity variation resulting from weight changes acts as 
a promising sensing strategy. However, considering that the 
weight variation resulting from the mass loading is weak, the 
sensing system in this strategy is usually insensitive. �us, 
exquisite designed labels are introduced. By way of example, 
Yu et al. [67] designed a fast micromotor-based sensing plat-
form for detecting protein targets with the help of glycidyl 
methacrylate microspheres, which were modi�ed with the sec-
ondary antibodies. �e targets captured by the probes modi�ed 
on the motor surface could also have selective recognition with 
the secondary antibodies, which increased the weight of micro-
motors, thus slowing down the motion velocity. In other words, 
in this case, the velocity of micromotors was negatively corre-
lated with the concentration of targets. It was proved that this 
method enabled fast and sensitive detection of proteins, demon-
strating great potential in sensing applications. More recently, 
Sha�ee and colleagues [68] proposed a sensing platform based 
on micromotors and loop-mediated isothermal DNA amplifi-
cation. �e presence of targets would trigger the ampli�cation 
of nucleic acid sequences, and the large- sized amplicons then 
slowed down the locomotion of the micromotors.

For micromotors based on catalyst-assisted propulsion, their 
motion performance is also relative to the activity and amount 
of the catalyst. Higher activity of catalyst results in better 
motion performance; thus, higher velocity is observed. On 
the basis of this principle, Wang and colleagues developed a 
biocatalytic bubble-propelled micromotor for sensing [69]. As 
shown in Fig. 2B, the catalyst was initially decorated on the 
micromotors for propelling. Because the attendance of targets 
could induce the inhibition of catalyst, the bubble generation 
that resulted from the catalytic reaction was reduced, which 
indirectly slowed down the motion velocity. �us, quanti�ca-
tion of targets could be realized by measuring the velocity of 
micromotors. In addition, the amount of catalyst is also 
unignorable to the motion performance of such micromotors. 
Attracted by this fact, scientists have come up with diverse 
strategies. As a successful example, Ju and colleagues [70] pre-
sented biocatalytic bubble-powered micromotors with catalase 
layer assembled in the inner surface of the tubular micromotors 
with the help of DNA conjugation (Fig. 2C). With the attend-
ance of target sequences, these catalases would be released via 
DNA strand replacement hybridization, leading to the reduc-
tion of the catalases, which decreased the velocity. By observing 
the motion speed through optical microscope, they found that 
the velocity was negatively correlated with concentration of 
targets. It was worth mentioning that this approach showed 
better sensitivity because the engine section and sensing ele-
ment were arranged on the same part, which meant that the 
capture of targets had direct in�uence on the driving force of 
the micromotors. However, as one target could get rid of only 
one catalase, the sensitivity of this strategy could be further 
improved. Aiming at this, Ju and colleagues [71] replaced the 
single catalase layer with multiple catalase layers, further devel-
oping an improved platform for sensitive DNA sensing. Here, 
multilayer DNA strands were assembled inside the tubular 
micromotors by cyclic alternate hybridization assembly to load 
multiple catalase layers, as shown in Fig. 2D. Notably, bene�ting 
from the multiple catalase layers, this improved micromotor 
could move e�ciently even in fuel solution. Once the targets 
attended, the DNA chains with multiple catalase layers were 
released. �e removal of multiple catalase layers triggered by 
only one target resulted in an obvious decrease in the motion 

speed, implying excellent sensitivity of this speed-based sensing 
strategy. Later, to overcome the ine�cient biorecognition inside 
the tubular micromotors, they applied such a sensing strategy 
to the jelly�sh-like micromotor [72]. Bene�ting from the large 
open sensing surface, this newly proposed platform showed 
higher sensitivity for detecting DNA.

Generally speaking, apart from enhancing the mass transfer, 
the micromotors can also act as mobile sensors for converting 
recognition events to readable signals. �e velocity, which is 
an important parameter re�ecting the locomotion performance 
of micromotors, is considered as a useful readable signal. A 
diversity of speed-based micromotor sensing systems has been 
developed. It has been proved that those speed-based systems 
enable sensitive detection to obviate the need for cumbrous 
optical components and exquisite apparatus, which ushers in 
a new era for the analytical sensing �eld. However, there are 
still some restrictions on the type of targets in the motion-based 
micromotor sensing systems. For these targets that can be 
detected on the basis of the in�uence of mass loading on the 
velocity, their weights must achieve a certain level for e�cient 
in�uence on the velocity. In addition, only targets that are capa-
ble of a�ecting the activity or the amount of catalase can be 
detected via the catalase-related speed-based micromotor 
sensing systems. �us, scienti�c endeavors are also devoted 
to the development of other sensing strategies based on 
micromotors.

Fluorescence-based sensing strategy
Fluorescence-based strategy, which is the most common strat-
egy in traditional sensing �elds, has also been incorporated 
with the micromotor platform for innovative sensing methods. 
Fluorescence is the light emitted by a substance when it absorbs 
light or other electromagnetic radiation, which possesses 
dominance of easy readout by naked eyes. By integrating the 
�uorescence-based sensing strategy with the micromotors, 
which enables highly sensitive detection of raw sample of low 
volume in short time as mentioned above, a powerful platform 
for sensing is provided with easy operation, remarkable sensi-
tivity, outstanding selectivity, and high accuracy. According to the 
transition pattern of the �uorescence signal, the �uorescence- 
based micromotor sensing strategy can be categorized into 
“o�–on,” “on–o�,” and other detection strategies.

As we can infer from the name, the �uorescence signal of 
“o�–on” strategy goes through a process from “o� ” with the 
attendance of the targets to “on” with the presence of the targets. 
A typical “o�–on” detection strategy is based on immuno�uo-
rescence technique. In this case, the micromotors are usually 
decorated with antibodies for capturing targets. With the help 
of �uorescent labels, the event that the targets are captured can 
be read out through the fluorescent signals. For example, 
Escarpa and coworkers [73] developed a novel micromotor- 
based �uorescence immunoassay, where the speci�c antibodies 
were modified on the surface of micromotors, as depicted 
in Fig. 3A. Notably, the initial system showed no �uorescence. 
When exposed to the sample solution, the micromotors moved 
spontaneously, enhancing the likelihood of antibody–target 
contacts. A�er being captured by the antibodies on the micro-
motor surface through speci�c recognition, the targets were 
then labeled with the �uorescent labels, exhibiting readable 
�uorescent signal. It was worth mentioning that the intensity 
of fluorescent signal grew with the increase of the label 
captured, which indirectly indicated the amount of targets. 
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�us, the quanti�cation of targets could be realized by observ-
ing the intensity of �uorescent signal. Compared with tradi-
tional static immuno�uorescence assays, the platform enabled 
detection in clinical sample of smaller volume with desirable 
sensitivity benefiting from the autonomous movement of 
micromotors. Considering the great potential of the surface 
modification of micromotors, fluorescence-based nucleic 
acid-speci�c recognition can also be integrated with micromo-
tors by immobilizing probes on the surface for sensing. With 
the speci�c recognition among probes, targets, and �uorescent 
labels, the amount of target sequence can be obtained by observing 
the intensity of the �uorescent signal. Based on this principle, Oksuz 

and colleagues [74] decorated the W5O14-composed micromotors 
with “o�–on” sensing probes. Intriguingly, in this work, apart 
from the �uorescence signal, changes in velocity that responded 
to the targets could also be detected, providing a dual-responsive 
sensing detection.

It is worth mentioning that multiplex detection could be 
realized by integrating the non-�uorescent barcodes into the 
micromotor sensing system. As an interesting example, Cai et al. 
[75] proposed an ingenious kind of bubble-propelled micromotors 
with characteristic structural colors for the multiplex assays 
(Fig. 3B). To be speci�c, these micromotors were derived from 
the stomatocyte-like silica photonic crystal templates that were 

Fig. 3.  (A) Schematic illustration of micromotor-based fluorescence immunoassay. Reprinted with permission from the American Chemistry Society [73]. (B) Schematic 
illustration of micromotors with characteristic structural colors for the multiplex assays. Reprinted with permission from Oxford Academic [75].
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imparted with obvious characteristic structural colors because 
of the photonic band gap. By employing silica nanoparticles with 
di�erent sizes as templates, micromotors with diverse structural 
colors could be fabricated. Pt nanoparticles were loaded into 
the cavity of the stomatocyte-like microcarriers to obtain 
bubble-propelled micromotors. For multiple detection, micro-
motors with di�erent structure colors were decorated with different 
probes. With the selective recognition between nucleic acid, 
�uorescent signals occurred on the micromotors whose immo-
bilized probes coupled with corresponding targets. �us, the 
multiplex qualitative detection of di�erent targets could be real-
ized by combining the �uorescence signals with the structural 
colors. �is platform allowed for simple but e�cient multiplex 
detection, indicating great potential in sensing �elds. �e speci�c 
probes functionalized on the surface of micromotors for capture 
of speci�c target might limit the detection ability of micromotors 
for detecting other targets. To overcome this defect, Park and 
Yossifon [76] designed a generic metallodielectric Janus micro-
motor to carry out the detection of diverse targets through com-
bination of di�erent functionalized beads, enhancing the 
repeatability of micromotors for detecting di�erent kinds of 
targets. �ese Janus micromotors could be incorporated with 
functionalized beads through dielectrophoresis. To elaborate, 
the beads could be attracted to or repulsed from the micro-
motors by adjusting the electric �eld frequency according to 
their property or geometry. �e probes immobilized on the 
beads could realize capture of targets, which could be read out 
via the �uorescence signal. �us, these micromotors could be 
utilized to detect diverse targets by combining with di�erent 
functionalized beads. �is platform overcame the limitation of 
single target detection of traditional micromotors, opening up 
novel realizations of general sensing strategy.

Another “o�–on” detection strategy of micromotors relies 
on the property of �uorescence quenching of speci�c elements 
such as carbon-based nanomaterials and transition metal 
dichalcogenides. Graphene oxide (GO) is a new type of carbon- 
based nanomaterial with excellent properties of speci�c surface 
area and abundant functional groups on the surface [77,78]. 
�e distinct surface properties of GO enable integration of 
diverse receptors, providing a marked clue for designing micro-
motors for �uorescent-based sensing. To be speci�c, these GO 
nanomaterials can lead to the quenching of �uorescence because 
they are able to adsorb the �uorescent labels via interactions 
involving hydrophobic interactions, π-stacking interactions, 
electrostatic e�ects, ion exchange, hydrogen bonding, and so 
on, resulting in the �uorescence resonance energy transfer 
(FRET) e�ect. Due to the FRET e�ect, the �uorescence is quenched, 
exhibiting an “o� ” state. However, the �uorescence can be 
recovered when the labels are removed away from the surface 
of GO nanomaterials. By combining this mechanism with the 
micromotors, “o�–on” detection strategies are proposed [79–81]. 
By way of example, Wang and colleagues [82] proposed GO- 
composed micromotors, which could adsorb dye-labeled probes 
through π-stacking interactions. Due to the �uorescent quench-
ing mechanism of GO on the dye-labeled probes, the initial 
micromotors with dye-labeled probes exhibited little �uores-
cence, as shown in Fig. 4A. Once they were exposed to the 
solution containing targets, the dye-labeled probes preferen-
tially bounded with the target sequences, leaving away from the 
GO surface, which led to the immediate recovery of �uores-
cence. �is approach enabled the direct screening of targets 
through the “o�–on” �uorescent signal.

Besides, 2-dimensional (2D) molybdenum disul�de (MoS2), 
a kind of transition metal dichalcogenides with large surface 
area-to-volume ratios, has been utilized to realize the “o�–on” 
sensing. In 2016, Wang and colleagues [83] combined the MoS2
with micromotors for the �rst time, yielding a novel kind of 
MoS2-based tubular micromotor. Similar to the GO, the MoS2
on the surface of micromotors is capable of adsorption of �u-
orescent probes and cause �uorescence quenching due to the 
FRET e�ect (Fig. 4D). A�er the probes were recognized by tar-
gets, they were released and then their �uorescence was recovered. 
By measuring the intensity of �uorescence, the concentration 
of targets could be calculated. Notably, compared with GO, 
MoS2 possessed dominance of direct aqueous dispersion and 
facile high-throughput synthesis, bene�ting from its distinct 
trilayer-type architecture, which was more ideal for practical 
application in sensing �eld. In addition, recent studies have 
indicated that tungsten disul�de (WS2) showed strong adsorp-
tion of peptide because its negative charge derived from the 
surface sul�de groups could interact with the peptide with 
positive charge through hydrophobic and electrostatic interac-
tions [84,85]. Based on the same mechanism, Escarpa and 
coworkers [85] proposed a WS2-based micromotor and com-
pared its sensing performance with MoS2-based micromotor. 
As depicted in Fig. 4B, the �uorescence of probes quenched 
when attached to the WS2 and recovered when speci�c recog-
nition occurred. It was found that WS2-based micromotor 
sensing system showed higher sensitivity because the rougher 
surface area provided larger available surface area for probe 
adsorption. Furthermore, it was proved that such “o�–on” 
micromotor sensing system could maintain its sensing stability 
and remarkable analytical performance for over 2 months, 
indicating great potential in practical sensing assays. Besides, 
its also reported graphdiyne, a kind of 2D nanomaterials, could 
be integrated into the micromotor system for “o�–on” sensing 
due to their absorption ability of �uorescent labels, as shown 
in Fig. 4C [79,86]. Moreover, graphdiyne conferred the micro-
motors with rough surface, enlarging the reaction area for label 
adsorption, which indirectly increased the sensitivity of the 
detection and reduced the detection limit. In general, the “o�–on” 
micromotor-based sensing strategy derived from �uorescence 
quenching mechanism greatly advanced the development of 
micromotors in sensing �elds.

Apart from “o�–on” sensing strategy, “on–o�” sensing strategy 
derived from the �uorescence quenching mechanism also 
served as an e�cient sensing strategy in the area of micromotors. 
In this case, the micromotors are usually modi�ed with �uo-
rescent materials, which means that initially the micromotors 
themselves exhibited �uorescence signals arising from the �u-
orescent materials. �e �uorescence quenches with the attend-
ance of targets, which can lead to the �uorescence quenching 
of the �uorescent materials. �e �uorescence goes through the 
process of “on” to “o�,” serving as a detectable signal for sensing. 
Intriguingly, the e�cient micromotors coupled with elaborate 
�uorescence “on–o� ” strategy can be utilized to con�rm the 
attendance of targets rapidly. In 2015, Wang and coworkers [87] 
proposed the first micromotor-based fluorescent “on–off ” 
detection approach by using the quenching phenomena of 
�uorophore �uoresceinamine with the presence of phosphoryl 
halides. In another work, Liu and colleagues [88] conceived 
europium metal organic framework (Eu-MOF)-based �uorescent 
micromotor for sensing. Eu-MOFs are porous materials with 
periodic network structure formed by self-assembly of rare 
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earth elements as metal nodes and organic ligands. �ey serve 
as highly potential e�cient �uorescent probes with strong 
anti-interference ability for sensitive detection. Based on the 
�uorescence quenching mechanism of ferric iron (Fe3+) on 
Eu-MOF, which was derived from the electron transfer, com-
petitive absorption, and collapse of the framework, the Eu-MOF-
based �uorescent micromotors allowed for “on–o� ” detection 
of Fe3+.

It is worth mentioning that the �uorescence quenching 
mechanism of quantum dots (QDs) provides signi�cant clues 
for designing micromotors for “on–off ” sensing. Graphene 
quantum dots (GQDs) are an important graphene derivative 
with inherent �uorescence. Escarpa and colleagues [89,90] took 
advantage of the phenomenon that the endotoxin could lead 
to the �uorescence quenching of GQDs to develop a highly 
e�cient micromotor-based detection. By immobilizing the 
GQDs with speci�c recognition receptors, the GQDs could 
bind with endotoxin, resulting in the formation of covalent 
cross-linking GQDs and contributing to the e�cient �uores-
cence quenching strategy. The autonomous movement of 

micromotors was conducive to a quicker quenching, and the 
quenching extent was directly proportional to the concentra-
tion of targets, which indicated the great potential of the 
GQDs in serving as a powerful sensing platform. In addi-
tion, it has been proven that some metal ions can quench 
the fluorescence of QDs as well. For instance, the fluores-
cence of ZnS·Mn QDs can be quenched by copper (Cu2+) be -
cause the energy transformation from ZnS to Mn is blocked 
by Cu2+ through non- radiative recombination. Harnessing 
the ad  van  tages of this, Wang et al. [91] designed an “on–o� ” 
micromotor- based method for convenient monitoring of the 
Cu2+ con  centration. Recently, the cation exchange ability of 
Zn-based and Cd-based QDs has also attracted much scien-
ti�c attention in the �eld of micromotor- based sensing because 
the generation of novel nano structures resulting from the 
cation exchange could lead to a �uorescent “on–o� ” process 
[50,79]. By integrating this mechanism with micromotors, 
Escarpa and colleagues [50] presented CdTe or CdSe@ZnS 
QD-based micromotors for selective “on–o� ” mercury detec-
tion. As demonstrated in Fig. 5A, the mercury ions (Hg2+) took 

Fig. 4. (A) Schematic illustration of “off–on” fluorescent sensing strategy based on the quenching property of GO on fluorescent probes. Reprinted with permission from the 
American Chemistry Society [82]. (B) Schematic illustration of WS2-composed micromotors for “off–on” fluorescent sensing strategy. Reprinted with permission from Elsevier 
[85]. (C) Schematic illustration of “off–on” fluorescent sensing strategy based on the quenching property of graphdiyne on fluorescent probes. Reprinted with permission 
from the Royal Society of Chemistry [79]. (D) Schematic illustration of MoS2-composed micromotors for “off–on” fluorescent sensing strategy. Reprinted with permission 
from John Wiley and Sons [83].
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the place of chromium ion (Cd2+) to generate HgTe QDs that 
exhibited no �uorescence, resulting in the �uo rescence quench-
ing of the initial QDs.

Besides, it is reported that some toxins such as 2,4,6-trinitro-
toluene (TNT) could result in the �uorescence quenching of 
upconverting nanoparticles (UCNPs), based on which He and 
colleagues [92] proposed micromotors functionalized with 
UCNPs for sensitive “on–o� ” detection. In this system, the 
chemical recognition between the TNT and UCNPs brought 
about the formation of Meisenheimer complex that could strongly 
adsorb the emission spectrum of UCNPs, as shown in Fig. 5B. 
�e “on–o� ” phenomenon took place because of the FRET 
e�ect from the UCNPs to Meisenheimer complex, serving as 

an important clue for visible detection of TNT. It is also reported 
that Hg2+ could contribute to the �uorescence quenching of 
the micromotor decorated with acridine orange (AO) due to 
the charge transfer from –N(CH3) in AO to Hg2+, which pro-
vided a useful clue for designing micromotors for sensing [93]. 
By integrating this strategy with micromotor system, the quan-
ti�cation of Hg2+ could be achieved by observing the extent of 
�uorescence quenching of AO. �e mechanism of this sensing 
platform was presented in Fig. 5C. Generally speaking, the 
“on–o�” detection strategy of micromotors enables quick visible 
detention. Furthermore, the �uorescence quenching phenome-
non provides intensive design space for tailoring micromotors 
for biosensing.

Fig. 5. (A) Schematic illustration of CdTe-composed micromotors for “on–off” fluorescent sensing strategy. Scale bar, 20 nm. Reprinted with permission from John Wiley and 
Sons [50]. (B) Schematic illustration of “on–off” micromotor sensing system based on the chemical recognition between the TNT and UCNPs. Reprinted with permission 
from the Beilstein-Institut [92]. (C) Mechanism and schematic illustration of AO-composed micromotors for “on–off” fluorescent sensing. Reprinted with permission from 
the Royal Society of Chemistry [93].
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In addition to the “o�–on” and “on–o� ” �uorescence-based 
sensing strategy, the color change of �uorescence also acts as 
an e�cient visible signal in micromotor-based sensing �elds. 
By way of example, Patino et al. [43] proposed a sort of micro-
motor immobilized with FRET-labeled DNA-based nanoswitches, 
which could exhibit �uorescence in di�erent colors in response 
to the di�erent pH value. As shown in Fig. 6A, the DNA nano-
switch was single-stranded DNA in triplex structure with a 
DNA hairpin in the loop of which cyanine-3 �uorophore (Cy3) 
was linked. In addition, at the 3′-end of DNA portion, cyanine- 5 
�uorophore (Cy5), which served as an accepter to accept the 
resonance energy from Cy3, was conjugated. Notably, the for-
mation of this unique triplex-forming structure was due to 
the collective effect of Watson–Crick interaction for DNA 
hairpin and parallel Hoogsteen interaction for the other sequence 
to the hairpin. Owing to the pH dependence of Hoogsteen 
interaction, the triplex form could be destabilized to a duplex 
structure when the pH value was over 6, resulting in the sepa-
ration of Cy3 and Cy5, therefore hindering the FRET e�ect 
from Cy3 to Cy5. Based on this mechanism, the real-time pH 
value could be monitored by observing the variation of FRET 
signal of the micromotors. In another work, a Janus micromo-
tor was presented for sensing based on the �uorescence color 
change strategy [94]. More explicitly, as shown in Fig. 6B, the 
micromotors were decorated with aptamers labeled with �uo-
rescein isothiocyanate (FITC) and tetraphenylethene (TPE) 
derivatives. Intriguingly, with the competitive binding of tar-
gets, FITC and TPE were released from the aptamers, relieving 
the aggregation-caused quenching of FITC and the aggregation- 
induced emission of TPE, which decreased the emission of TPE 
and restored the �uorescence of FITC. �us, the capture of 
targets could be sensed by employing the ratiometric �uores-
cence changes as a visible signal. Besides, the change of �uores-
cence intensity provides possible options for sensing (Fig. 6C) 

[95]. FITC, a common �uorescein, has 4 protolytic forms includ-
ing dianionic, neutral, cationic, and anionic forms, based on 
which the �uorescence intensity varies according to the surround-
ing pH. By integrating the FITC molecules with micromotors, 
a pH-sensitive micromotor was designed. More explicitly, the 
�uorescence intensity enhances with the increase of pH. �is 
innovative combination of materials in di�erent �uorescent 
mechanisms provides various feasible strategies for micromotor- 
based sensing.

To summarize, �uorescence-based sensing strategies have 
attracted much scienti�c attention bene�ting from their fast 
responsiveness, desirable sensitivity, and easy readout by naked 
eyes. A variety of traditional �uorescence-based sensing strat-
egies including �uorescence-labeled nucleic acid recognition, 
�uorescent protein a�nity, and �uorescence quenching mech-
anism have provided in�nite design inspiration for tailoring 
functional micromotors for sensing, resulting in the generation 
of a large number of micromotor-based sensing approaches. 
Basically, the targets can be detected by observing the variation 
of the �uorescence signal because the attendance of targets usu-
ally leads to the �uorescent signal variation. Intriguingly, the 
combination of micromotors with di�erent �uorescence-based 
strategies enables faster, more sensitive, and more accurate sens-
ing as the motion performance of micromotors greatly enhances 
the mass transfer and sample mixing.

Other sensing strategy
Apart from the typical velocity-based and �uorescence-based 
sensing strategies, there are also some other sensing strategies 
integrated with micromotors that are worth mentioning. In 
terms of bubble-propelled micromotors, the number of gener-
ated bubbles can also act as a visible signal of the surrounding 
reactions. Mattrey and colleagues [96] presented Pt-composed 
micromotors to quantify the surrounding H2O2 through the 

Fig. 6. (A) Schematic illustration of micromotor immobilized with FRET-labeled DNA-based nanoswitches for sensing based on fluorescence color variation. Reprinted with 
permission from the American Chemistry Society [43]. (B) Schematic illustration of micromotor containing FITC and TPE for sensing based on fluorescence color variation. 
Reprinted with permission from Elsevier [94]. (C) Schematic illustration of fluorescence-based sensing strategy depending on the intensity of fluorescence. Reprinted with 
permission from the Royal Society of Chemistry [95].
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ultrasound imaging of expelled O2 bubbles. Ultrasound can 
detect single bubble because it elicits and identi�es speci�c 
nonlinear oscillations of microbubbles with specialized pulses 
to eliminate most background signals. With the help of ultra-
sound detection, the detection limit of generated bubbles was 
25 times lower than locomotion observation via microscopy, 
which even allowed the detection of trace H2O2 in vivo.

Micromotor sensing strategy based on colorimetric assays 
serves as a promising platform because the signal of colorimet-
ric assays is naked eye visible. Wang and coworkers [97] 
reported micromotors for rapid naked eye detection by employ-
ing the system of 3,3′,5,5′-tetramethylbenzidine (TMB)/H2O2 
and horseradish peroxidase (HRP) tag, considered as a typical 
colorimetric system. As shown in Fig. 7A, the antibody on the 
surface of micromotors could recognize with the tags with HRP 
or other appropriate peroxidases. Catalyzed by the HRP or 
other appropriate peroxidases, TMB could be oxidized and then 
generated soluble blue product, which acted as the naked eye 
visible signal of colorimetric assay. As they tagged the targets 
with HRP, the measurement of targets was realized by observ-
ing the color of the sample solution. More recently, on the basis 
of the same colorimetric mechanism, Escarpa and colleagues 
[98] incorporated Prussian Blue, an appropriate peroxidase, 
into the micromotor sensing system based on TMB/H2O2, 
exhibiting remarkable potential for forensic analysis (Fig. 7B).

More intriguingly, electrochemical sensing strategies have 
been integrated with micromotors for sensing applications. 
Escarpa and colleagues [99] proposed Mg/Au Janus micro motors 

for detecting targets, which were based on the electrochemical 
reaction between micromotors and targets (Fig. 7D). More explicitly, 
when exposed to the chloride-enriched samples, Mg was oxidized 
because of pitting corrosion and galvanic processes, and then 
generated hydrogen bubbles and hydroxyl ions. �e hydroxyl 
ions were able to promote the degradation of non-electroactive 
targets into electroactive molecules, which could be detected 
with high sensitivity by the di�erence pulse voltammetry. It was 
noteworthy that the �uid transport derived from the motion of 
micromotors greatly improved the analytical signals, thus lower-
ing the detection limits as well as increasing the sensitivity. More 
recently, Mayorga-Martinez and Pumera [100] fabricated IrO2/
Pt-composed micromotors as self-propelled tags for sensing 
based on the electrochemical reaction, as shown in Fig. 7C. More 
explicitly, IrO2, which could enhance electroactivity for hydro-
gen evolution reaction, played an important role in converting 
the detection signal into electric signal. In general, the combi-
nation of traditional sensing strategies with micromotors is 
bound to bring revolutionary changes to the sensing �elds.

Applications of Biosensor Micromotors
Micromotors have exhibited unpredictable potential in a variety 
of �elds since their dynamic movements are able to conquer the 
de�ciency of traditional static system, spontaneously enhancing 
the mass transfer with actively moving matter phenomena. In 
particular, evolved with outstanding traits such as autonomous 
movement and tiny size, micromotors have been proven highly 

Fig. 7. (A) Schematic illustration of colorimetric micromotor sensing system based on the TMB/H2O2 and HRP tags. Reprinted with permission from Elsevier [97]. (B) Schematic 
illustration of colorimetric micromotor sensing system based on TMB/H2O2 and Prussian Blue. Reprinted with permission from the American Chemistry Society [98]. 
(C) IrO2/Pt-composed micromotors for sensing based on electrochemical reaction. Reprinted with permission from John Wiley and Sons [100]. (D) Mg/Au Janus micromotors 
for sensing based on the electrochemical reaction between micromotors and targets. Reprinted with permission from the American Chemistry Society [99].
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dominant as promising candidates for sensing because they can 
work e�ciently even in samples of ultrasmall volume with neg-
ligible sample treatment. As a result, micromotors have received 
tremendous attention toward integrating them with various 
sensing strategies for promoting the revolution of sensing in 
di�erent �elds. In this section, we reviewed the recent advances 
of micromotor-based sensing applications in environment sci-
ence, food safety, and biomedical �elds. Here, we will not describe 
the speci�c mechanism too much because most mechanisms 
have been introduced in detail in the previous 2 sections. Instead, 
we focused on the application examples and the advantages 
shown by the micromotors.

Environmental science
Nowadays, rapid industrialization has led to excessive discharge 
of harmful pollutants into water and air, which greatly threats 
the human health. To alleviate this problem, researchers have 
been devoting considerable e�orts to exploit e�ective technolo-
gies to detect the pollutions, which is prerequisite for the envi-
ronmental remediation [101,102]. Advance in micromotors has 
attracted much attention from the �eld of environmental sci-
ence by o�ering outstanding dominance including tiny size and 
non-invasive and continuous mixing resulting from autonomous 
movement. �ese advantages of micromotors allow them to 
work e�ciently in di�erent kinds of samples even of low vol-
ume for detecting various pollutants. Up to now, tailoring func-
tional micromotors have been exploited to the environmental 
science �eld for sensing toxins, bacteria, heavy metal ions, and 
so on. As a typical example of micromotors applied in sensing 
for environmental science, the micromotor called enzyme-powered 
micro�sh proposed by Wang and colleagues [69] served as a 

powerful tool based on speed sensing strategy for water quality 
testing (Fig. 8A). Similar to the phenomenon that the lifetime 
and swimming behavior of live �sh in nature are dependent on 
the water quality, the swimming performance and lifetime of 
these micromotors were a�ected by toxin in the water. More 
explicitly, the micromotors were propelled by the bubbles derived 
from the catalysis of catalase on decomposition of H2O2. Toxin 
could lead to the inhibition of the enzyme catalase, which acted 
as the biocatalytic engine of the micromotor, resulting in obvi-
ous time-dependent loss in catalase activity, thus a�ecting the 
moving performance. �rough observation of the velocity, they 
demonstrated that the enzyme-powered micro�sh provided 
optical sensitive visualization of the variation in the motion 
performance with the attendance of pollutants involving Hg2+, 
Cu2+, sodium azide, and aminotriazole. It was noteworthy that 
this arti�cial micro�sh was capable of addressing ethical issues 
as well as the reproducibility issues, serving as a powerful tool 
for real-time testing of water quality. Later, based on the “on–
o� ” �uorescent strategy, they employed bubble-propelled dye-
coated micromotors for rapid detection of nerve agents such 
as sarin and soman simulants, as shown in Fig. 8B [87]. �e 
“on–o� ” signal variation was triggered by the quenching phe-
nomena of nerve agents on the �uorescent dye. With the auton-
omous locomotion, the quenching e�ciency of nerve agents 
on the �uorescence was greatly enhanced, making it possible 
to implement real-time detection. In comparison with the tra-
ditional static nerve agent’s detection methods, these micro-
motors provided a real-time on-site sensing approach, holding 
great promise for detecting diverse chemical agents. Based 
on the luminescence quenching mechanism, another bubble- 
propelled micromotor system with “on–o� ” luminescence was 

Fig. 8. (A) Schematic illustration of microfish for water quality testing. Reprinted with permission from the American Chemistry Society [69]. (B) Mechanism of micromotors 
for rapid detection of sarin and soman. Reprinted with permission from the Royal Society of Chemistry [87]. (C) Mechanism of “off–on” detection of Hg2+ and the images with 
high resolution captured by the smartphone-based portable device. Scale bars, 50 μm. Reprinted with permission from the Royal Society of Chemistry [79]. (D) MnO2-catalyzed 
bubble-powered micromotor for detecting Fe3+ in water. Reprinted with permission from the Royal Society of Chemistry [88].
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proposed for e�cient sensing of TNT, a highly toxic substance 
that might cause carcinogenesis and mutagenesis [92]

Based on the �uorescence quenching mechanism of Fe3+ 
on Eu-MOF, Liu and colleagues [88] proposed an “on–o� ” 
�uorescent MnO2-catalyzed bubble-powered micromotor for 
detecting Fe3+ in water with high sensitivity and excellent selec-
tivity (Fig. 8D). �ese micromotors were in hollow tubular 
structure with outer layer of Eu-MOF and inner layer of ethylene 
diamine tetraacetic acid (EDTA). Notably, bene�ting from 
abundant functional groups, EDTA exhibited strong a�nity 
for heavy metal ions including Fe3+. �us, the micromotors 
proposed in this work were able to realize the integration of 
detection and removal of Fe3+ in the water sample, serving as a 
powerful dual-functional tool for sensing and removing of 
other targets in environmental sciences. In addition, Zuo and 
coworkers [93] achieved highly sensitive and selective detection 
of Hg2+ through “on–o� ” �uorescent micromotor sensing sys-
tem, which was based on the �uorescence quenching triggered 
by charge transfer from AO to Hg2+, providing an ideal plat-
form for detecting harmful metal ions in water.

It is noteworthy that most of the abovementioned �uorescence- 
based sensing micromotors applied in environmental science 
must work with high performance optical microscopes that 
are sophisticated and bulky, which is a main technical draw-
back and hinders their on-site detection. Aiming at overcoming 
this problem, a smartphone-based portable device was con-
ceived to assist the micromotors for point-of-care testing of 
Hg2+ in water [79]. �is easy-operated platform consisted of 
a smartphone, emission �lters, optical lens, a compartment 
for lasers insertion, and a movable platform for place of the 
solution to be detected. With employment of Janus micromotors 
with �uorescent ZnS@CdxSe1−x QDs, the “o�–on” detection 
of Hg2+ was carried out and images with high resolution were 
obtained by the smartphone-based portable device (Fig. 8C). 
It is worth mentioning that similar analytical results were 
observed through a high-resolution optical microscope, 
verifying the accuracy of this smartphone-based portable 
device. In comparison with traditional point-of-care testing 
(POCT) of Hg2+, this strategy enabled detection in just micro-
liters of the sample bene�ting from the dominance of micro-
motors, showing promising potential in superseding the complex 
microchips or paper-based strips. Intriguingly, this smart-
phone-based portable device was versatile for different 
fluorescence-based sensing micromotors to detect diverse 
targets.

Apart from detection of heavy metal ions and toxins, mon-
itoring of pH of the water is also an important part in environ-
mental science. �e micromotor sensor with pH-responsive 
�uorescent variation provided valuable references for real-time 
sensing of the pH [38]. Making use of the pH-responsive sens-
ing strategy, Li and colleagues [95] developed a biodegradable 
FITC-based micromotor for gas sensing. As micromotors only 
worked in the aqueous environment, only gases such as ammo-
nia (NH3) and hydrogen chloride (HCl) that were able to a�ect 
the solution pH could be detected by these micromotors. With 
the autonomous movement, the mixing speed of the solution 
was accelerated. As the �uorescence intensity of FITC grew with 
the pH value, the micromotors exhibited strong �uorescence 
when exposed to the NH3 gas environment but exhibited little 
�uorescence when exposed to the HCl gas environment. More 
intriguingly, these micromotors mainly consisted of a biode-
gradable polymer and were powered by the enzyme, which 

minimized side pollution to the environment. Consequently, 
micromotor-based sensing platforms usher in a new era of envi-
ronmental science because the tiny size and autonomous move-
ment of micromotors are able to dilute the shortcomings of the 
previous sensing strategies.

Food safety
Food safety has been one of the most signi�cant worldwide 
concerning issues [103,104]. During the last decade, researchers 
have been trying to employ micromotors to help the relief of 
the food safety issues. For instance, Escarpa and coworkers [99] 
utilized a bubble-propelled Mg/Au Janus micromotor to detect 
and remove the diphenyl phthalate (DPP), which is a common 
organic pollutant in food samples. As the non-electroactive DPP 
could be degraded into electroactive phenol, quanti�cation of 
DPP could be realized by the di�erence pulse voltammetry. 
Bene�ting from the autonomous movement, the detection was 
carried out by simply dropping samples into the solution 
containing navigating Mg/Au micromotors. Furthermore, the 
autonomous locomotion allowed these micromotors to work 
e�ciently even in viscous samples. �ey have veri�ed that these 
micromotors could detect DPP in milk, water, and whiskey 
samples in short time and with good reproducibility. Apart from 
organic pollutants, bacteria are also major causes of food safety 
issues. E�ective detection of food samples is an important 
approach to protect humans from poisoning and infection. 
Aiming at e�ective early detection of bacteria in food, Escarpa 
and colleagues [105] presented GO-composed micromotors for 
high-performance monitoring of mycotoxins involving ocra-
toxin A and fumonisin B1 simultaneously. In this work, the 2 
speci�c aptamers of ocratoxin A and fumonisin B1 were deco-
rated with di�erent �uorescent dyes and exhibited quenched 
state when anchored to the surface of GO. Bene�ting from the 
autonomous movement and speci�c recognition, the corre-
sponding aptamers were released from the micromotors and 
the �uorescence was recovered with high e�ciency in the 
presence of target mycotoxins. Compared with the traditional 
aptamer-based sensors applied in food testing, this micromotor- 
based sensing system possessed dominances including lower 
sample volume requirement, less operation, and higher sensi-
tivity, thus resulting in reliable large-scale analysis. Later, they 
proposed an “on–o� ” QD-composed micromotor system for 
detecting lipopolysaccharides (LPS), a normal endotoxin 
from Salmonella enterica (Fig. 9A) [90]. In detail, the 3-deoxy-d-
manno- oct-2-ulosonic acid in LPS could bind with the 
receptor-functionalized QDs, leading to a quick concentration- 
dependent quenching of the �uorescence on the micromotors. 
Taking advantage of the spontaneous motion of micromotors, 
they demonstrated that this platform enabled quick detection 
of enterobacterial contamination in the raw and viscous food 
samples by detecting endotoxins, as shown in Fig. 9B. It is note-
worthy that this platform could avoid the dilemma when the 
contaminations were suspected but the organism could not be 
recovered by bacteriological methods, serving as a reliable plat-
form for practical applications. Moreover, they optimized these 
micromotor-based sensing systems by imparting the micromotors 
with magnetics for better control and enhancing the mixture [106].

More recently, Hou and coworkers [62] designed a MnFe2O4
micromotor combining with the Gutzeit method for digestion 
and detection of arsenic in rice sample. Notably, arsenic and 
inorganic arsenic compounds are a common class of carcino-
gens in rice, which are harmful to human health. Digestion of 
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the arsenic from the solid phase is a prerequisite for detection. 
In this work, the MnFe2O4 micromotors could move autono-
mously in the solution composed of H2O2 due to the intensive 
O2 bubbles derived from decomposition of H2O2, which accel-
erated the mixing speed of the sample. •OH from the reaction 
between Fe2+ and H2O2 could oxidize organics on the micro-
motor’s surface into small molecules, leading to the successful 
digestion of the rice sample. Notably, this was the �rst micro-
motor employed for digestion. In comparison with classical 
sample digestion approaches, the micromotor-involved diges-
tion method obviated the need for large instrument and toxic 
digestive juice. Furthermore, because materials containing nano-
magnetic iron showed strong a�nity of arsenic, these MnFe2O4 
micromotors could also act as absorbent for adsorbing arsenic 
from the sample, which bene�ted the following analysis of arse-
nic. As depicted in Fig. 9C, a�er collecting the MnFe2O4 micro-
motors, sensitive visual detection of arsenic was realized by the 

Gutzeit method. Overall, these MnFe2O4 micromotors served 
as a powerful tool for detection of arsenic in rice due to their 
property of solid-phase extraction, which involved digestion 
and adsorption. Generally speaking, the emerging micromotors 
have revolutionized the �eld of food safety detection due to their 
tiny size and autonomous movement. By integrating traditional 
methods with the micromotors, novel detection methods with 
short detection time, high e�ciency, low cost, and no sample 
preparation could be proposed for applications.

Biomedical fields
Micromotors have proven highly advantageous as sensors for 
biomedical �elds because their tiny size and autonomous loco-
motion enable non-invasive detection in biosamples, which are 
usually of small volume. With enormous scienti�c e�orts, there 
have been plentiful micromotors proposed for biosensing. 
It is noteworthy that most of the micromotor-based sensing 

Fig. 9. (A) Schematic illustration of QD-composed micromotor system for detecting LPS in food sample. Reprinted with permission from the American Chemistry Society 
[90]. (B) Detection results in food sample including milk and eggs. Scale bars, 20 μm. Reprinted with permission from the American Chemistry Society [90]. (C) Schematic 
illustrations of MnFe2O4 micromotor combined with the Gutzeit method for digestion and detection of arsenic in rice sample. Reprinted with permission from Elsevier [62].
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strategies that are based on the specific recognition of tar-
get probes or antigen antibody, which are mentioned in the 
Stratagems of the sensing micromotors section, can be employed 
for detection in biomedical areas. To elaborate, biomacro-
molecules including nucleic acids and proteins could be detected 
by utilizing speci�c probes or antibodies, thus greatly bene�ting 
the early diagnosis and prevention of diseases. By way of exam-
ple, the first micromotor-based sensing platform used for 
detecting cancer biomarkers was proposed by Yu et al. [67]. 
�is double- signal platform could realize visual in situ immu-
noassays of tumor markers by counting the tag number and 
observing speed changes resulting from the selective recogni-
tion of antibodies with targets (Fig. 10A). By modifying the 
surface of micromotors with speci�c antibodies, tumor mark-
ers could be captured, followed by recognition with secondary 
antibody- modi�ed tags for readout. It is worth mentioning that the 
large surface of these micromotors allowed for modi�cation of 
intensive antibodies, which greatly enhanced their biosensing 
perform ance. In addition, the double-signal readout ensured 

the sensitivity and accuracy of the detection, which o�ered a can-
didate to practical diagnostic applications. Besides, Wang and 
colleagues [97] developed a colorimetric micromotor-based 
immunoassay for detection of cortisol. By immobilizing anti- 
cortisol on the surface of micromotors, the cortisol was captured 
by the micromotors and the tags could lead to a colorimetric 
assay. �ey demonstrated that the self-driven micromotors 
could contribute to a more e�cient and faster detection process, 
constructing an e�cient and rapid naked eye platform for cor-
tisol detection.

More recently, Escarpa and colleagues [73] designed a 
micromotor-based �uorescent immunoassay for detecting pro-
calcitonin (PCT). In this work, speci�c antibodies were bound 
to the surface of micromotors. With the autonomous move-
ment resulting from bubble propulsion and magnetic guidance, 
these micromotors could actively recognize PCT and present 
visual �uorescent signal. �ey employed these functionalized 
micromotors for PCT detection in samples from sepsis-suspicious 
infants. Results indicated that these micromotors were capable 

Fig. 10. (A) Schematic illustration of double-signal platform for visual in situ immunoassays of tumor. Reprinted with permission from the American Chemistry Society [67]. 
(B) Cellphone-integrated optical micromotor sensing platform for portable detection of HIV-1. Reprinted with permission from Springer Nature [68]. (C) Schematic illustration 
of GO-coated micromotors with fluorescence-tagged DNA aptamers for intracellular qualitative determination of AIB1 oncoproteins. Reprinted with permission from John 
Wiley and Sons [81]. (D) Micromotors for removal/detection of Cu2+ in blood. Reprinted with permission from Elsevier [91].
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of working e�ciently in sample of small volume with good fea-
sibility for detecting clinical samples, alluding great potential in 
point-of-care diagnosis of diseases. Besides, they also described 
an “o�–on” micromotor-based platform for detecting the LPS, 
an endotoxin related to sepsis. With the competitive a�nity of 
LPS and WS2-composed micromotors with rhodamine-labeled 
peptide, the �uorescence signal went through an “o� ” to “on” 
state because of unquenching. �is WS2-composed micromotor 
could realize high-selective determination and quantitative 
recovery of LPS in bacteria cultures and human serum, serving 
as a compelling tool for real-time detection of clinical-relevant 
toxins [85]. Based on the competitive a�nity, they also tailored 
micromotors for sensing of cholera toxin B by functionalizing 
the micromotors with di�erent 2D nanomaterials [107]. As 
demonstrated, these micromotors were versatile for biosensing 
because of their feasibility of loading diverse peptides, indicat-
ing validity in biomedical areas.

Based on the selective recognition of probes and target 
sequences, a cellphone-integrated optical micromotor sensing 
platform was designed for portable detection of human immu-
node�ciency virus 1 (HIV-1) with high sensitivity. �e high 
sensitivity of this system was ascribed to the introduction of 
loop-mediated isothermal ampli�cation (LAMP) [68]. To be 
speci�c, as depicted in Fig. 10B, nucleic acid of HIV-1 was �rst 
ampli�ed through LAMP and then LAMP amplicons were cap-
tured by the DNA-modi�ed micromotors by means of selective 
recognition. As the capture of LAMP amplicons could lead to 
a decrease in the motion velocity of micromotors, the qualitative 
assay of HIV-1 could be realized and read out with the help of 
a cellphone. �is micromotor-based sensing platform was sen-
sitive, a�ordable, and convenient, which acted as a promising 
tool in early diagnosis and prevention of diseases. In addition, 
Subjakova and colleagues [81] functionalized the acoustic 
GO-coated micromotors with �uorescence-tagged DNA aptamers 
for intracellular qualitative determination of ampli�ed breast 
cancer 1 (AIB1) oncoproteins (Fig. 10C). �ese micromotors 
were driven by the ultrasound to span the cell membrane for 
e�cient intracellular uptake. Due to the competitive recognition 
of targets with aptamers, the aptamers le� the surface of micro-
motors, leading to a fast �uorescence recovery. In comparison 
with static methods, these acoustic micromotors enabled more 
e�cient intracellular internalization for AIB1 sensing, which 
allowed for sensitive early diagnosis of breast cancer.

Furthermore, this competitive aptamer strategy provided 
valuable reference for novel sensing platforms for early diag-
nosis of di�erent cancers. Based on the competitive aptamer 
strategy, micromotor-based sensing platforms also o�ered can-
didate to detection of cells. Li and coworkers [94] modi�ed the 
micromotors with TLS11a aptamers for detecting tumor cells, 
opening a feasible avenue for real-time and sensitive assays of 
cells in clinical applications. Also, Escarpa and colleagues [84] 
proposed an “o�–on” micromotor-based sensing platform for 
determination of Escherichia coli. �e �uorescent peptides were 
immobilized on the surface of WS2-composed micromotor, 
exhibiting an “o�” state due to the quenching. With the competitive 
a�nity of Escherichia coli with the aptamers, the �uorescence was 
recovered. �ey veri�ed the feasibility of these micromotors for 
selective detection in saliva, blood serum, and bacteria media.

Intriguingly, Wan and colleagues [91] recently tailored 
micromotors for removal/detection of Cu2+ in blood, as shown 
in Fig. 10D. More explicitly, these micromotors were composed of 
tetraethylene pentaamine (TEPA), gold nanoparticles, magnetic 

mesoporous silica, heparin, and ZnS·Mn QDs. �e TEPA and 
heparin were loaded in the magnetic mesoporous silica tubes 
for adsorbing Cu2+ and anticoagulation, respectively. �ese 
micromotors could move autonomously in the blood because 
of the self-heating of gold nanoparticles under NIR irradiation. 
In addition, the ZnS·Mn QDs enabled selective �uorescence 
monitoring of Cu2+. With the synergy of these multiple com-
ponents, these micromotors could realize e�cient selective 
removal and determination of Cu2+ in the blood sample with-
out stirring or ultrasonic method. They proved that these 
micromotors could realize the removal of Cu2+ from blood 
with a rate of 74.1% and the detection of Cu2+ with a detection 
limit of 0.33 ppm, which indicated that these micromotors 
could realize the combination of diagnosis and treatment. In 
general, the emerging micromotors have fostered the develop-
ment of biomedical areas by o�ering unique properties involving 
tiny size and autonomous movement.

Conclusion and Outlook

In conclusion, micromotors have demonstrated immense promise 
in sensing �elds bene�ting from their self-propulsion. �e present 
review was devised to comprehensively review the development 
of tailoring functional micromotors for sensing. At the beginning, 
we concisely introduced the propulsion mechanisms, endowing 
the micromotors with property of autonomous movement. �en, 
we emphasized on the sensing strategies of micromotors and 
incorporated them with the micromotors for sensing. A�er that, 
we reviewed the applications of micromotor-based sensing plat-
forms in di�erent �elds including environmental science, food 
safety areas, and biomedical areas.

Although much progress has been made in tailoring func-
tional micromotors for sensing, there are still some limitations 
that create a ri� between them and practical applications. First, 
a majority of the available micromotors realize self-propulsion 
based on poisonous materials and corrosive chemical fuels, 
which might contaminate the samples to be detected. Despite 
the fact that their tiny size enables detection in samples of low 
volume, tiny size only allows small amount of fuel or catalyst 
loading, which leads to unsatisfactory motion performance and 
short lifetime. Besides, tiny size also indicates that micromotors 
have small surface area for immobilizing functional molecules, 
thus indirectly a�ecting the detection sensitivity. Furthermore, 
most of the present micromotor-based sensing platforms are 
not �exible and versatile because each platform can only detect 
one kind of target. �us, more scienti�c e�orts are needed to 
clear a path toward employing micromotor-based sensing plat-
forms in practical applications.

To overcome the shortcomings mentioned above, the fol-
lowing perspectives might provide valuable references for future 
development of tailoring functional micromotors for sensing. 
First, components including fuel parts of the micromotors had 
to be biocompatible, nontoxic, and harmless in order to be more 
compatible for practical applications. Notably, biodegradable 
materials can obviate the need for subsequent micromotor recy-
cling; thus, they are regarded as a potential candidate for the 
fabrication of micromotors. To overcome problems resulting 
from small e�ective area, more scienti�c e�orts should be paid 
on the structure design of the micromotors toward large surface–
volume ratio. Furthermore, insight regarding micromotors with 
higher ECE may provide an opportunity to meet the require-
ment of practical applications because higher ECE results in 
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higher locomotion velocity and enables e�cient detection even 
in sample of large viscosity. In addition, functional materials, 
such as multifunctional probes and magnetic materials, can be 
integrated into micromotors to provide possible options for 
versatile detection of di�erent targets with better control. Also, 
we should keep on developing novel sensing strategies and 
integrating them with micromotors, which might bring new 
hope to di�erent �elds. �e improvement of instrument for 
receiving signal and readout can also exert a profound impact 
on the development of micromotor-based sensing platforms. 
Especially, integrating micromotor-based sensing platforms 
with the advanced intelligent devices and Internet provides 
desirable changes for abating the dependency of sensing on 
professional institutions, which makes fast on-site detection and 
POCT possible. Last but not least, we should also focus on the 
development of material science, environmental science, and 
other �elds, which can in turn advance the development of 
tailoring functional micromotors for sensing.

Acknowledgments
Funding: �is work was supported by the National Key Research 
and Development Program of China (2020YFA0908200), the 
National Natural Science Foundation of China (52073060 and 
61927805), and the Shenzhen Fundamental Research Program 
(JCYJ20190813152616459 and JCYJ20210324133214038). 
Author contributions: Y.Z. and L.C. conceived the ideas. L.C. 
wrote the manuscript. D.X., Z.Z., and N.L. helped revise the 
manuscript. Competing interests: �e authors declare that they 
have no competing interests.

REFERENCES

1. Chen Y, Zhao H, Mao J, Chirarattananon P, Helbling EF, 
Hyun NP, Clarke DR, Wood RJ. Controlled �ight of a 
microrobot powered by so� arti�cial muscles. Nature. 
2019;575(7782):324–329.

 2. Guo Z, Wu Y, Xie Z, Shao J, Liu J, Yao Y, Wang J, Shen Y, 
Gooding JJ, Liang K. Self-propelled initiative collision at 
microelectrodes with vertically mobile micromotors.  
Angew Chem Int Ed. 2022;61(40):e202209747.

 3. Erbas-Cakmak S, Fielden SDP, Karaca U, Leigh DA, 
McTernan CT, Tetlow DJ, Wilson MR. Rotary and linear 
molecular motors driven by pulses of a chemical fuel. Science. 
2017;358(6361):340–343.

 4. Vaghasiya JV, Mayorga-Martinez CC, Matějková S, Pumera M.  
Pick up and dispose of pollutants from water via temperature-
responsive micellar copolymers on magnetite nanorobots. 
Nat Commun. 2022;13(1):1026.

 5. Yang H, Pang Y, Bu T, Liu W, Luo J, Jiang D, Zhang C, Wang ZL.  
Triboelectric micromotors actuated by ultralow frequency 
mechanical stimuli. Nat Commun. 2019;10(1):2309.

 6. Wang D, Han X, Dong B, Shi F. Stimuli responsiveness, 
propulsion and application of the stimuli-responsive polymer 
based micromotor. Appl Mater Today. 2021;25:101250.

 7. Nourhani A, Karshalev E, Soto F, Wang J. Multigear 
bubble propulsion of transient micromotors. Research. 
2020;2020:7823615.

 8. Zhao Y, Lo CY, Ruan L, Pi CH, Kim C, Alsaid Y, Frenkel I, 
Rico R, Tsao TC, He X. Somatosensory actuator based on 
stretchable conductive photothermally responsive hydrogel. 
Sci Robot. 2021;6(53):eabd5483.

 9. Cai L, Li N, Zhang Y, Gu H, Zhu Y. Micro�uidics-derived 
microcarrier systems for oral delivery. Biomed Technol. 
2023;1:30–38.

 10. Lin Z, Gao C, Wang D, He Q. Bubble-propelled Janus 
gallium/zinc micromotors for the active treatment of bacterial 
infections. Angew Chem Int Ed. 2021;60(16):8750–8754.

 11. Zhang J, Zeng L, Qiao Z, Wang J, Jiang X, Zhang YS, Yang H. 
Functionalizing double-network hydrogels for applications in 
remote actuation and in low-temperature strain sensing. ACS 
Appl Mater Interfaces. 2020;12(27):30247–30258.

 12. Wu Y, Liu Y, Wang T, Jiang Q, Xu F, Liu Z. Living cell for drug 
delivery. Eng Regen. 2022;3(2):131–148.

 13. Yuan K, Jurado-Sánchez B, Escarpa A. Dual-propelled lanbiotic 
based Janus micromotors for selective inactivation of bacterial 
bio�lms. Angew Chem Int Ed. 2021;60(9):4915–4924.

 14. Zhuge W, Ding X, Zhang W, Zhang D, Wang H, Wang J. 
Micro�uidic generation of helical micromotors for muscle 
tissue engineering. Chem Eng J. 2022;447:137455.

 15. Li Z, Yi X, Yang J, Bian L, Yu Z, Dong S. Designing arti�cial 
vibration modes of piezoelectric devices using programmable, 
3D ordered structure with piezoceramic strain units.  
Adv Mater. 2022;34(2):2107236.

 16. Zhang Y, Yang F, Wei W, Wang Y, Yang S, Li J, Xing Y, 
Zhou L, Dai W, Dong H. Self-propelled Janus mesoporous 
micromotor for enhanced microRNA capture and ampli�ed 
detection in complex biological samples. ACS Nano. 
2022;16(4):5587–5596.

 17. Yuan K, Cuntín-Abal C, Jurado-Sánchez B, Escarpa A.  
Smartphone-based Janus micromotors strategy for 
motion-based detection of glutathione. Anal Chem. 
2021;93(49):16385–16392.

 18. Cai L, Xu D, Chen H, Wang L, Zhao Y. Designing bioactive 
micro-/nanomotors for engineered regeneration. Eng Regen. 
2021;2:109–115.

 19. Su Y, Ge Y, Liu L, Zhang L, Liu M, Sun Y, Zhang H,  
Dong B. Motion-based pH sensing based on the cartridge-
case-like micromotor. ACS Appl Mater Interfaces. 
2016;8(6):4250–4257.

 20. Gao W, Ávila BEF, Zhang L, Wang J. Targeting and isolation 
of cancer cells using micro/nanomotors. Adv Drug Deliv Rev. 
2018;125:94–101.

 21. Pacheco M, López MA, Sánchez BJ, Escarpa A. Self-propelled 
micromachines for analytical sensing: A critical review.  
Anal Bioanal Chem. 2019;411(25):6561–6573.

 22. Parmar J, Vilela D, Villa K, Wang J, Sanchez S. Micro- and 
nanomotors as active environmental microcleaners and 
sensors. J Am Chem Soc. 2018;140(30):9317–9331.

 23. Sánchez BJ. Nanoscale biosensors based on self-propelled 
objects. Biosensors. 2018;8(3):59.

 24. Pacheco M, Jurado-Sánchez B, Escarpa A. Functional 
coatings enable navigation of light-propelled micromotors 
in blood for e�ective biodetoxi�cation. Nanoscale. 
2021;13(40):17106–17115.

 25. Kim K, Guo J, Liang Z, Fan D. Arti�cial micro/nanomachines 
for bioapplications: Biochemical delivery and diagnostic 
sensing. Adv Funct Mater. 2018;28(25):1705867.

 26. Yu Y, Shang L, Gao W, Zhao Z, Wang H, Zhao Y. Micro�uidic 
lithography of bioinspired helical micromotors. Angew Chem 
Int Ed. 2017;56(40):12127–12131.

 27. Wan M, Chen H, Wang Q, Niu Q, Xu P, Yu Y, Zhu T, Mao C,  
Shen J. Bio-inspired nitric-oxide-driven nanomotor.  
Nat Commun. 2019;10:article 966.

https://doi.org/10.34133/research.0044


Cai et al. 2023 | https://doi.org/10.34133/research.0044 19

28. Wu Z, Li L, Yang Y, Hu P, Li Y, Yang SY, Wang LV, Gao W. 
A microrobotic system guided by photoacoustic computed 
tomography for targeted navigation in intestines in vivo.  
Sci Robot. 2019;4(32):eaax0613.

29. Choi H, Cho SH, Hahn SK. Urease-powered polydopamine 
nanomotors for intravesical therapy of bladder diseases.  
ACS Nano. 2020;14(6):6683–6692.

30. Wu Y, Dong R, Zhang Q, Ren B. Dye-enhanced self-
electrophoretic propulsion of light-driven TiO2–Au Janus 
micromotors. Nanomicro Lett. 2017;9(3):30.

 31. Paxton WF, Kistler KC, Olmeda CC, Sen A, Angelo SKS, 
Cao Y, Mallouk TE, Lammert PE, Cresp VH. Catalytic 
nanomotors: Autonomous movement of striped nanorods.  
J Am Chem Soc. 2004;126(41):13424–13431.

 32. Gao W, Pei A, Dong R, Wang J. Catalytic iridium-based Janus 
micromotors powered by ultralow levels of chemical fuels.  
J Am Chem Soc. 2014;136(6):2276–2279.

 33. Ibele ME, Wang Y, Kline TR, Mallouk TE, Sen A. Hydrazine 
fuels for bimetallic catalytic micro�uidic pumping.  
J Am Chem Soc. 2007;129(25):7762–7763.

 34. Mano N, Heller A. Bioelectrochemical propulsion.  
J Am Chem Soc. 2005;127(33):11574–11575.

 35. Wang S, Wu N. Selecting the swimming mechanisms 
of colloidal particles: Bubble propulsion versus self-
di�usiophoresis. Langmuir. 2014;30(12):3477–3486.

 36. Simmchen J, Katuri J, Uspal WE, Popescu MN, Sánchez MTS. 
Topographical pathways guide chemical microswimmers.  
Nat Commun. 2016;7:10598.

 37. Anderson JL. Colloid transport by interfacial forces.  
Annu Rev Fluid Mech. 1989;21:61.

 38. Palacci J, Sacanna S, Steinberg AP, Pine DJ, Chaikin PM. 
Living crystals of light-activated colloidal surfers. Science. 
2013;339(6122):936–940.

 39. María Hormigos R, Sánchez BJ, Escarpa A. Multi-light-
responsive quantum dot sensitized hybrid micromotors 
with dual-mode propulsion. Angew Chem Int Ed. 
2019;58(10):3128–3132.

 40. Wang H, Cai L, Zhang D, Shang L, Zhao Y. Responsive 
Janus structural color hydrogel micromotors for label-free 
multiplex assays. Research. 2021;2021:982906.

 41. Ávila BEF, Angsantikul P, Li J, Lopez-Ramirez MA, 
Ramírez-Herrera DE, �amphiwatana S, Chen C, Delezuk J, 
Samakapiruk R, Ramez V, et al. Micromotor-enabled active 
drug delivery for in vivo treatment of stomach infection.  
Nat Commun. 2017;8(1):272.

 42. Cai L, Zhao C, Chen H, Fan L, Zhao Y, Qian X, Chai R. 
Suction-cup-inspired adhesive micromotors for drug delivery. 
Adv Sci. 2021;9(1):2103384.

 43. Patino T, Porchetta A, Jannasch A, Lladó A, Stumpp T,  
Schä�er E, Ricci F, Sánchez S. Self-sensing enzyme-
powered micromotors equipped with pH-responsive DNA 
nanoswitches. Nano Lett. 2019;19(6):3440–3447.

 44. Dreyfus R, Baudry J, Roper ML, Fermigier M, Stone 
HA, Bibette J. Microscopic arti�cial swimmers. Nature. 
2005;437(7060):862–865.

 45. Zhang L, Petit T, Lu Y, Kratochvil BE, Peyer KE, Pei R, Lou J,  
Nelson BJ. Controlled propulsion and cargo transport of 
rotating nickel nanowires near a patterned solid surface. ACS 
Nano. 2010;4(10):6228–6234.

 46. Wang W, Castro LA, Hoyos M, Mallouk TE. Autonomous 
motion of metallic microrods propelled by ultrasound.  
ACS Nano. 2012;6(7):6122–6132.

 47. Nagle SF, Livermore C, Frechette LG, Ghodssi R, Lang JH. 
An electric induction micromotor. J Microelectromech Syst. 
2005;14(5):1127–1143.

 48. Das SS, Pedireddi VM, Bandopadhyay A, Saha P, 
Chakraborty S. Electrical power generation from wet textile 
mediated by spontaneous nanoscale evaporation. Nano Lett. 
2019;19(10):7191–7200.

 49. Xiao Z, Wei M, Wang W. A review of micromotors in 
con�nements: Pores, channels, grooves, steps, interfaces, 
chains, and swimming in the bulk. ACS Appl Mater Interfaces. 
2019;11(7):6667–6684.

 50. Pacheco M, Jurado-Sanchez B, Escarpa A. Visible-light-
driven Janus microvehicles in biological media. Angew Chem 
Int Ed. 2019;58(50):18017–18024.

 51. Fu S, Fu D, Xie D, Liu L, Chen B, Ye Y, Wilson DA, Peng F. 
Light driven micromotor swarm for tumor photothermal 
therapy. Appl Mater Today. 2022;26:101348.

 52. Tan H, Chen B, Liu M, Jiang J, Ou J, Liu L, Wang F, Ye Y, 
Gao J, Sun J, et al. Adaptive Cu2O micromotors with pH-
responsive phototaxis reversal. Chem Eng J. 2022;448:137689.

 53. Wu Y, Si T, Shao J, Wu Z, He Q. Near-infrared light-
driven Janus capsule motors: Fabrication, propulsion, and 
simulation. Nano Res. 2016;9(12):3747–3756.

 54. Zhou X, Li Z, Tan L, Zhang Y, Jiao Y. Near-infrared light-
steered graphene aerogel micromotor with high speed and 
precise navigation for active transport and microassembly. 
ACS Appl Mater Interfaces. 2020;12(20):23134–23144.

 55. Wang D, Zhao G, Chen C, Zhang H, Duan R, Zhang D,  
Li M, Dong B. One-step fabrication of dual optically/
magnetically modulated walnut-like micromotor. Langmuir. 
2019;35(7):2801–2807.

 56. Yang J, Liu Y, Li J, Zuo M, Li W, Xing N, Wang C, Li T.  
γ -Fe2O3@Ag-mSiO2–NH2 magnetic Janus micromotor 
for active water remediation. Appl Mater Today. 
2020;25:101190.

 57. Qin F, Wu J, Fu D, Feng Y, Gao C, Xie D, Fu S, Liu S, Wilson DA,  
Peng F. Magnetically driven helical hydrogel micromotor for 
tumor DNA detection. Appl Mater Today. 2022;27:101456.

 58. Zhao L, Xie S, Liu Y, Liu Q, Song X, Li X. Janus micromotors 
for motion-capture-lighting of bacteria. Nanoscale. 
2019;11(38):17831–17840.

 59. Morales-Narváez E, Guix M, Medina-Sánchez M,  
Mayorga-Martinez CC, Merkoçi A. Micromotor enhanced 
microarray technology for protein detection. Small. 
2014;10(13):2542–2548.

 60. Restrepo-Pérez L, Soler L, Martínez-Cisneros C, Sánchez S, 
Schmidt OG. Biofunctionalized self-propelled micromotors 
as an alternative on-chip concentrating system. Lab Chip. 
2014;14(16):2914–2917.

 61. Fan X, Hao Q, Li M, Zhang X, Yang X, Mei Y, Qiu T. Hotspots 
on the move: Active molecular enrichment by hierarchically 
structured micromotors for ultrasensitive SERS sensing. 
 ACS Appl Mater Interfaces. 2020;12(25):28783–28791.

 62. Luo Y, Su Y, Lin Y, He L, Wu L, Hou X, Zheng C. MnFe2O4 
micromotors digestion and solid phase extraction for on-site 
determination of arsenic in rice and water. Anal Chim Acta. 
2021;1156:338354.

 63. Yuan S, Zheng Q, Yao B, Wen M, Zhang W, Yuan J, Lei H. 
Bio-compatible miniature viscosity sensor based on optical 
tweezers. Biomed Opt Express. 2022;13(3):1152–1160.

 64. Kagan D, Calvo-Marzal P, Balasubramanian S,  
Sattayasamitsathit S, Manesh KM, Flechsig G, Wang J. Chemical 

https://doi.org/10.34133/research.0044


Cai et al. 2023 | https://doi.org/10.34133/research.0044 20

sensing based on catalytic nanomotors: Motion-based detection 
of trace silver. J Am Chem Soc. 2009;131(34):12082–12083.

 65. Wu J, Balasubramanian S, Kagan D, Manesh KM,  
Campuzano S, Wang J. Motion-based DNA detection using 
catalytic nanomotors. Nat Commun. 2010;1:36.

 66. Gao W, D’Agostino M, Garcia-Gradilla V, Orozco J,  
Wang J. Multi-fuel driven Janus micromotors. Small. 
2013;9(3):467–471.

 67. Yu X, Li Y, Wu J, Ju H. Motor-based autonomous microsensor 
for motion and counting immunoassay of cancer biomarker. 
Anal Chem. 2014;86(9):4501–4507.

 68. Draz MS, Kochehbyoki KM, Vasan A, Battalapalli D,  
Sreeram A, Kanakasabapathy MK, Kallakuri S, Tsibris A, 
Kuritzkes DR, Sha�ee H. DNA engineered micromotors 
powered by metal nanoparticles for motion-based cellphone 
diagnostics. Nat Commun. 2018;9:4282.

 69. Orozco J, Garcıa-Gradilla V, D’Agostino M, Gao W, Cortes A,  
Wang J. Arti�cial enzyme-powered micro�sh for water-
quality testing. ACS Nano. 2013;7(1):818–824.

 70. Xie Y, Fu S, Wu J, Lei J, Ju H. Motor-based microprobe 
powered by bio-assembled catalase for motion detection of 
DNA. Biosens Bioelectron. 2017;87:31–37.

 71. Fu S, Zhang X, Xie Y, Wu J, Ju H. An e�cient enzyme-
powered micromotor device fabricated by cyclic alternate 
hybridization assembly for DNA detection. Nanoscale. 
2017;9(26):9026–9033.

 72. Zhang X, Chen C, Wu J, Ju H. Bubble-propelled jelly�sh-like 
micromotors for DNA sensing. ACS Appl Mater Interfaces. 
2019;11(14):13581–13588.

 73. Molinero-Fernandez Á, Moreno-Guzman M, Arruza L,  
Lopez MA, Escarpa A. Polymer-based micromotor 
�uorescence immunoassay for On-the Move sensitive 
procalcitonin determination in very low birth weight infants’ 
plasma. ACS Sens. 2020;5(5):1336–1344.

 74. Cogal GC, Karaca GY, Uygun E, Kuralay F, Oksuz L,  
Remskar M, Oksuz AU. RF plasma-enhanced conducting 
Polymer/W5O14 based self-propelled micromotors for 
miRNA detection. Anal Chim Acta. 2020;1138:69–78.

 75. Cai L, Wang H, Yu Y, Bia F, Wan Y, Shi K, Ye F, Zhao Y. 
Stomatocyte structural color-barcode micromotors for 
multiplex assays. Natl Sci Rev. 2020;7(3):644–651.

 76. Park S, Yossifon G. Micromotor-based biosensing using 
directed transport of functionalized beads. ACS Sens. 
2020;5(4):936–942.

 77. Wu R, Zhang H, Pan J, Zhu H, Ma Y, Cui W, Santos HA, 
Pan G. Spatio-design of multidimensional prickly Zn-doped 
CuO nanoparticle for e�cient bacterial killing. Adv Mater 
Interfaces. 2016;3(18):1600472.

 78. Wang J, Lin J, Chen L, Deng L, Cui W. Endogenous electric-
�eld-coupled electrospun short �ber via collecting wound 
exudation. Adv Mater. 2022;34(9):2108325.

 79. Yuan K, Asunción-Nadal V, Cuntín-Abal C, Jurado-Sánchez B,  
Escarpa A. On-board smartphone micromotor-based 
�uorescence assays. Lab Chip. 2022;22(5):928–935.

 80. Avila BEF, Lopez-Ramirez MA, Baez DF, Jodra A, Singh VV, 
Kaufmann K, Wang J. Aptamer-modi�ed graphene-based 
catalytic micromotors: O�–on �uorescent detection of ricin. 
ACS Sens. 2016;1(3):217–221.

 81. Beltrán-Gastélum M, Ávila BEF, Gong H, Venugopalan PL, 
Hianik T, Wang J, Subjakova V. Rapid detection of AIB1 
in breast cancer cells based on aptamer-functionalized 
nanomotors. ChemPhysChem. 2019;20(23):3177–3180.

 82. Avila BEF, Martı A, Soto F, Campuzano MALRS,  
Vasquez-Machado GM, Gao W, Zhang L, Wang J. Single cell 
real-time miRNAs sensing based on nanomotors. ACS Nano. 
2015;9(7):6756–6764.

 83. Singh VV, Kaufmann K, Ávila BEF, Karshalev E, Wang J.  
Molybdenum disul�de-based tubular microengines: 
Toward biomedical applications. Adv Funct Mater. 
2016;26(34):6270–6278.

 84. Asuncion-Nadal V, Pacheco M, Jurado-Sanchez B, Escarpa A.  
Chalcogenides-based tubular micromotors in �uorescent 
assays. Anal Chem. 2020;92(13):9188–9193.

 85. Pacheco M, Asuncion-Nadal V, Jurado-Sanchez B, Escarpa A.  
Engineering Janus micromotors with WS2 and a�nity 
peptides for turn-on �uorescent sensing of bacterial 
lipopolysaccharides. Biosens Bioelectron. 2020;165:112286.

 86. Yuan K, Asunción-Nadal V, Li Y, Jurado-Sánchez B, Escarpa A.  
Graphdiyne tubular micromotors: Electrosynthesis, 
characterization and self-propelled capabilities. Appl Mater Today. 
2020;20:100743.

 87. Singh VV, Kaufmann K, Orozco J, Li J, Galarnyk M, 
Arya G, Wang J. Micromotor-based on–o� �uorescence 
detection of sarin and soman simulants. Chem Commun. 
2015;51(56):11190–11193.

 88. Yang W, Li J, Xu Z, Yang J, Liu Y, Liu L. A Eu-MOF/EDTA-
NiAl-CLDH �uorescent micromotor for sensing and removal 
of Fe3+ from water. J Mater Chem C. 2019;7(33):10297.

 89. Jurado-Sanchez B, Pacheco M, Rojo J, Escarpa A. 
Magnetocatalytic graphene quantum dots Janus micromotors 
for bacterial endotoxin detection. Angew Chem Int Ed. 
2017;56(24):6957–6961.

 90. Pacheco M, Jurado-Sanchez B, Escarpa A. Sensitive 
monitoring of enterobacterial contamination of food 
using self-propelled Janus microsensors. Anal Chem. 
2018;90(4):2912–2917.

 91. Wang Q, Li T, Fang D, Li X, Fang L, Wang X, Mao C, Wang F, 
Wan M. Micromotor for removal/detection of blood copper 
ion. Microchem J. 2020;158:105125.

 92. Yuan Y, Gao C, Wang D, Zhou C, Zhu B, He Q. Janus-
micromotor-based on–o� luminescence sensor for active 
TNT detection. Beilstein J Nanotechnol. 2019;10:1324–1331.

 93. Li T, Lyu Y, Li J, Wang C, Xing N, Yang J, Zuo M. 
Micromotor-assisted �uorescence detection of Hg2+ with 
bio-inspired AO-Mn2O3/γ-AlO(OH). Environ Sci Nano. 
2021;8(12):3833–3845.

 94. Zhao L, Liu Y, Xie S, Ran P, Wei J, Liu Q, Li X. Janus 
micromotors for motion-capture-ratiometric �uorescence 
detection of circulating tumor cells. Chem Eng J. 
2020;382:123041.

 95. Liu M, Sun Y, Wang T, Ye Z, Zhang H, Dong B, Li CY. A 
biodegradable, all-polymer micromotor for gas sensing 
applications. J Mater Chem C. 2016;4(25):5945–5952.

 96. Olson ES, Orozco J, Wu Z, Malone CD, Yi B, Gao W, 
Eghtedari M, Wang J, Mattrey RF. Toward in vivo detection 
of hydrogen peroxide with ultrasound molecular imaging. 
Biomaterials. 2013;34(35):8918–8924.

 97. Esteban-Fernández B, de Ávila M, Zhao SC, Ricci F, 
Pingarrón JM, Mascini M, Wang J. Rapid micromotor-based 
naked-eye immunoassay. Talanta. 2017;167:651–657.

 98. María-Hormigos R, Molinero-Fernández A, López MA, 
Jurado-Sánchez B, Escarpa A. Prussian blue/chitosan 
micromotors with intrinsic enzyme-like activity for (bio)-
sensing assays. Anal Chem. 2022;94(14):5575–5582.

https://doi.org/10.34133/research.0044


Cai et al. 2023 | https://doi.org/10.34133/research.0044 21

99. Rojas D, Jurado-Sanchez B, Escarpa A. Shoot and sense Janus 
micromotors-based strategy for the simultaneous degradation 
and detection of persistent organic pollutants in food and 
biological samples. Anal Chem. 2016;88(7):4153–4160.

100. Mayorga-Martinez CC, Pumera M. Self-propelled tags for 
protein detection. Adv Funct Mater. 2020;30(6):1906449.

101. Zhang YS, Khademhosseini A. Advances in engineering 
hydrogels. Science. 2017;356(6337):500.

 102. Wang J, Li X, Zhang R, Fu B, Chen M, Ye M, Liu W, Xu J,  
Pan G, Zhang H. A molecularly imprinted antibiotic 
receptor on magnetic nanotubes for the detection and 
removal of environmental oxytetracycline. J Mater Chem B. 
2022;10(35):6777–6783.

 103. Wang J, Zou L, Xu J, Zhang R, Zhang H. Molecularly 
imprinted �uoroprobes doped with Ag nanoparticles for 
highly selective detection of oxytetracycline in real samples. 
Anal Chim Acta. 2021;1161:338326.

 104. Zhang D, Cai L, Bian F, Kong T, Zhao Y. Label-Free 
quanti�cations of multiplexed mycotoxins by  
G-quadruplex based on photonic barcodes. Anal Chem. 
2020;92(4):2891–2895.

 105. Molinero-Fernandez A, Moreno-Guzman M, Lopez MA, 
Escarpa A. Biosensing strategy for simultaneous and 
accurate quantitative analysis of mycotoxins in food samples 
using unmodi�ed graphene micromotors. Anal Chem. 
2017;89(20):10850–10857.

 106. Molinero-Fernandez A, Jodra A, Moreno-Guzman M,  
Lopez MA, Escarpa A. Magnetic reduced graphene oxide/
nickel/platinum nanoparticles micromotors for mycotoxin 
analysis. Chem Eur J. 2018;24(28):7172–7176.

 107. Yuan K, Lopez MA, Jurado-SÁnchez B, Escarpa A. Janus 
micromotors coated with 2D nanomaterials as dynamic 
interfaces for (bio)-sensing. ACS Appl Mater Interfaces. 
2020;12(41):46588–46597.

https://doi.org/10.34133/research.0044



