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In the microscopic world, synthetic micro/nanomotors (MNMs) can convert a variety of energy sources
into driving forces to help humans perform a number of complex tasks with greater ease and efficiency.
These tiny machines have attracted tremendous attention in the field of drug delivery, minimally invasive
surgery, in vivo sampling, and environmental management. By modifying their surface materials
and functionalizing them with bioactive agents, these MNMs can also be transformed into dynamic
micro/nano-biosensors that can detect biomolecules in real-time with high sensitivity. The extensive
range of operations and uses combined with their minuscule size have opened up new avenues for
Received 22nd May 2023, tackling intricate analytical difficulties. Here, in this review, various driving methods are briefly
Accepted 10th August 2023 introduced, followed by a focus on intelligent detection techniques based on MNMs. And we discuss the
DOI: 10.1039/d3tb01163a distinctive advantages, current issues, and challenges associated with MNM-based intelligent detection.
It is believed that the future advancements of MNMs will greatly impact the diagnosis, treatment, and
rsc.li/materials-b prevention of diseases.

1. Introduction

The rapid advancement in micro/nanotechnology and the con-
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However, these sensing systems mainly use micro/nanomaterials
to construct trace probes and sensing interfaces, of little use as
standalone nano-sensors. Furthermore, the lack of autonomous
motion capability in most micro/nanomaterials restricts the
progress of intelligent micro/nano-sensing.

Micro/nanomotors (MNMs) are a class of synthetic micro/
nano scale machines that mimic the functions of natural
mobile microorganisms.® These machines rely on the conver-
sion of energy to produce autonomous movement in micro/
nano environments.” These tiny motors can be powered by
various sources, including chemical reactions,®® ultrasound,*®
electrical fields,"" light,"”" and magnetic fields."*'> MNMs
are incredibly small, ranging in size from a few micrometers to
a few hundred nanometers, and they can provide a direct,
mechanical response to changes in the environment. As a
result, they are highly suitable for target molecule detection
in a wide range of environments. Additionally, their controllable
motion mode and simple preparation process make them
highly attractive for use in various fields, including environ-
mental remediation,'®"” drug delivery,"®'® and minimally inva-
sive surgery.’® Especially, they have significant application
value in the fields of developmental trends in the preparation
of micro biosensors.”'>® There are several features that
recommend MNMs for sensing. First, the independent and
continuous movement of MNMs enhanced micro-mixing of
fluids, resulting in improved mass transfer and collisions
between MNMs and targeted analytes. Simultaneously, MNMs
can function as mobile reaction sites, broadening the range
and enhancing the sample processing capacity through surface
modification with reactive agents and groups. Furthermore,
MNMs can be made small enough to access areas that are
inaccessible to traditional sensors, such as inside the human
body or in small-scale industrial processes.

In recent years, extensive research studies have been con-
ducted to investigate sensing applications using MNMs. MNMs
have been equipped with nanoscale sensors to detect changes
in physical or chemical parameters actively, such as pH,>* metal
2526 or specific biomarkers.>”">° By combining the sensing
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capabilities of these nanoscale sensors with the motion of the
MNM, it is possible to create highly sensitive and responsive
sensors that can provide real-time information about the
environment. The prospects for the use of self-propelled MNMs
in sensing appear to be bright. Up to now, although several
remarkable reviews have addressed certain aforementioned
topics, including the preparation and functionalization of
MNMs,***? driving modes,***> biocompatibility of MNMs for
sensing applications,* their sensing strategies and detecting
substances,”***?” these reviews mainly focus on MNM functio-
nalization as well as sensing applications from a certain
perspective. The key challenges and limitations of MNMs for
sensing applications may not have been thoroughly explored.
Building upon this foundation, the current review presents a
concise overview of the most recent research in the realm of
biosensors, specifically emphasizing the application and detec-
tion principles of MNMs. Furthermore, we emphasize the key
advantages and challenges associated with the use of MNMs for
practical sensing applications.

2. Propulsion mechanisms of MNMs

The American science fiction film Fantastic Voyage from the
1970s tells the story of five doctors who were shrunk to a few
millionths and then injected into a patient’s blood vessels to
perform surgery. Since then, people began to conceive solving
some bottleneck problems in the medical field by preparing
micro/nano scale robots to enter the human body. In fact, there
are many natural MNMs in nature. For example, by consuming
adenosine triphosphate (ATP), the functional proteins in the
cell can move along the microtubules in the cell and carry
protein molecules at the micro/nano scale to ensure the normal
operation of various functions in the cell and these functional
proteins with the ability to move are natural micro/nanorobots.*®
E. coli can promote its own movement through flagellar movement
to obtain food and avoid adverse factors.>® Animal sperm cells
can also bind to ova through flagellar motility combined with
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their self-generated chemotactic properties.*’ Inspired by these
natural biological robots, scientists have studied and designed
micro-and nanostructures that can transform the energy of
their surroundings to motion autonomously and achieve spe-
cific tasks, commonly referred to as MNMs. With the ability
to move in a controlled manner at the micro/nano scale, MNMs
have important applications in drug delivery,"" minimally
invasive surgery,”® single cell manipulation,® environmental
remediation'® and biosensing,*” opening up new minimally inva-
sive and highly specific treatment methods for the medical field.

At the micro/nano scale, the Reynolds number decreases
rapidly due to the dramatic reduction in size, viscous drag
dominates and inertial forces are negligible. This leads to the
fact that the propulsion methods and mechanisms of machines
in the macroscopic world (with a high Reynolds number) are no
longer applicable at the micro/nano scale. In the 1970s, Purcell
gave a lecture on ‘Life in a low Reynolds number environment’,
which led to a number of groundbreaking theories and
initiated nearly half a century of research into the mechanisms
of microbial swimming. The morphological processes of conch
opening and closing are temporally symmetrical and do not
produce a net movement if the conch opens and closes under
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low Reynolds number conditions. It has been shown that
microorganisms need to break the temporal symmetry to swim
in a low Reynolds number environment, which is often referred
to as the scallop theorem. This is also a guideline for the design
of different self-driven MNMs. The following is a brief descrip-
tion of the current main propulsion mechanisms of MNMs,
which are broadly classified as chemical, external and biomass
propulsion.

2.1 Internal chemically driven MNMs

(1) Bubble propulsion. The MNMs driven by bubbles can
achieve spontaneous directional motion by breaking the sym-
metry of the bubble release direction. This is achieved by using
a catalytic material loaded onto the micro/nano structure
material to react with a substrate in solution (e.g. hydrogen
peroxide) to produce bubbles, and the separation or bursting of
the bubbles produces a recoil that drives the motor. Due to its
good catalytic activity for decomposing H,0,, the noble metal
platinum (Pt) has become the most widely used inorganic
catalyst for the preparation of MNMs in various structures***?
(Fig. 1a). Considering the scarcity and high cost of Pt, researchers
have also used other chemical reactions to replace Pt catalysts for
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Fig. 1 Different propulsion mechanisms of MNMs. (a) Bubble driven vase MNMs. Reprinted from ref. 43 with permission of the American Chemical
Society, copyright 2020. (b) Schematic illustration of MNMs driven by self-diffusiophoresis. Reprinted from ref. 50 with permission of the American
Chemical Society, copyright 2022. (c) Schematic illustration of forces for gallium indium alloy liquid metal in alkaline solution. Reprinted from ref. 51 with
permission of the Royal Society of Chemistry, copyright 2013. (d) Flexible variable magnetic robot performing crawling motion in the stomach. Reprinted
from ref. 56 with permission of Springer Nature, copyright 2018. (e) Electrically driven rod-shaped MNM achieving three-dimensional motion under an
electric field. Reprinted from ref. 58 with permission of the American Chemical Society, copyright 2018. (f) Schematic illustration of Au—Ru metal chains
performing axial motion along an axial direction in an ultrasonic field. Reprinted from ref. 59 with permission of the American Chemical Society, copyright
2012. (g) Schematic illustration of light driven MNMs. Reprinted from ref. 61 with permission of the American Chemical Society, copyright 2017.
(h) Schematic illustration of sperm cell hybrid MNMs. Reprinted from ref. 66 with permission of the American Chemical Society, copyright 2018.
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autonomous propulsion of MNMs. For example, Mg/Al-based
MNMs have been fabricated based on the reaction of metals
with water or acids to produce hydrogen bubbles, and such
MNMs are used in the digestive tract in vivo in the presence of
gastric acid."* In addition, due to the enzyme’s good catalytic
properties and its own biocompatibility, hydrogen peroxidase
can also be used to replace platinum for hydrogen peroxide
catalyzed bubble actuation.*>*®

(2) Phoretic propulsion. Phoretic propulsion mainly
includes self-electrophoresis and self-diffusiophoresis. (1) Self-
electrophoresis: the oxidation-reduction reactions are separated
in space, electrons are transferred inside the MNMs, and protons
are generated and enriched at the anode to form a local electric
field.*”*® For example, on the surface of a gold-platinum bime-
tallic rod, an electrochemical oxidation half-reaction of hydrogen
peroxide occurs at the platinum end, while an electrochemical
reduction half-reaction of hydrogen peroxide occurs at the gold
end. Due to the asymmetric chemical reactions occurring on the
surface of the metal rod, it makes it possible to produce excess
hydrogen ions at the end and consume more hydrogen ions at the
gold end, which forms a concentration gradient of hydrogen ions
from the platinum end to the gold end. Due to the positive charge
of hydrogen ions, a higher potential near the platinum end of the
metal rod and a lower potential at the gold end was resulted, thus
forming an electric field from the platinum end to the gold end.
As the metal rods carry a negative charge on their surface in
aqueous solution, they will move in the direction of the high
potential in the electric field formed by the chemical reaction.*’
(2) Self-diffusiophoresis: when the chemical reaction occurs on
the surface of the colloidal particles and a concentration gradient
is produced around the particles, the resulting particle movement
is called self-diffusiophoresis. In particular, when the reaction
occurring on the surface of the particle produces charged ions
(electrolytes), the different diffusion coefficients of these ions will
result in different distributions of different ions at different
locations near the particle and thus may produce an uneven
distribution of the electric potential, which in turn produces an
electric field driving the motion of the particle and nearby
particles® (Fig. 1b). The movement of particles produced by such
effects is called electrolyte-based self-diffusiophoresis.

(3) Surface tension gradient propulsion. When the surface
tension of the liquid is high, it will produce a pull on the
surrounding liquid with low surface tension, prompting the
liquid to move from the area of low surface tension to the area
of high surface tension. The distribution of surface tension in
the sphere can therefore be altered to create a driven force for
the movement of MNMs. For example, as shown in Fig. 1c,
by applying an electric field to alter the charge distribution on
the surface of a liquid metal, causing an uneven distribution of
surface tension to drive the liquid metal. Similarly, a redox
reaction between the aluminium sheet-liquid metal (gallium-
indium alloy) composite structure and sodium hydroxide can
generate a tension gradient that drives the movement of the
micro-motor. In addition, there is an important influence of the
micromotor’s morphology on the surface charge distribution,
and thus a surface tension gradient can be achieved to drive the
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movement of MNM by altering the surface charge distribution.
There are also microchannels designed to pass acid and lye
respectively on both sides of the liquid metal to achieve uneven
charge distribution on both sides, resulting in tension gradient
to drive the movement of MNMs.>!

2.2 External field propulsion

(1) Magnetic field propulsion. Magnetic field propulsion is
one of the most common driving methods for external field
powered MNMs. In nature, there are organisms with self-
propulsion capabilities, such as bacteria and sperm cells, that
can move through flagella, which have been found to be an
efficient form of movement. As a result, researchers have
mimicked this flagellar drive to create spiral magnetic MNMs
with an externally adjustable rotating magnetic field. Magnetic
field-driven MNMs are mainly divided into (1) magnetic parti-
cles or rod-shaped MNMs that are subjected to magnetic forces
and move under a gradient magnetic field, which can be used
for applications such as on-demand navigation to target
locations;**>* (2) helical MNMs that are driven axially by a
rotating magnetic field.”>> The rotating magnetic field is
generated by a Helmholtz coil and the magnetic MNMs is
subjected to movement within the cell in a controlled manner
by the rotating magnetic field; And (3) the force generated by
the interaction between the MNMs and the substrate is used to
drive the movement of the MNMs’® (Fig. 1d). The peanut-
shaped magnetic MNMs can achieve spin-in motion by inter-
acting with the surface substrate under the conical rotating
magnetic field generated by the electromagnetic coil set.’” The
advantage of this motion over the previously reported two-
dimensional motion is that it can cross obstacles, improving
its adaptability to different terrain environments and better
application in complex biological environments.

(2) Electric field actuation. Electric field actuation is
achieved by applying an electric field, and the produced elec-
troosmosis or electrophoresis is used to actuate MNMs. Con-
trolled electric fields are created in three dimensions by adding
conductive glass in the Z-axis and metal electrodes in the X-Y
plane®® (Fig. 1e). By changing the distribution of the electric
field in different axes, the direction of movement of MNMs can
be controlled and the electric field can also be adjusted to carry
and release the cargo.

(3) Ultrasound propulsion. When an ultrasonic probe
is applied to a liquid, there are different pressure nodes
in the liquid, resulting in a pressure difference to drive the
MNMs towards the pressure nodes. The asymmetric structure
increases the pressure difference on the MNMs, which speed up
the movement. Wang et al. drove the rod-shaped metal robot
with ultrasonic waves of MHz frequency. As demonstrated in
Fig. 1f, the ultrasound waves emitted at the top interact with
the ultrasound waves at the bottom and superimpose, forming
a standing wave nodal surface within the liquid surface. The
MNMs can move in the standing wave nodule, and the speed
can be adjusted by different ultrasonic frequencies. Also,
different ultrasonic waves are applied to form a pressure
gradient in the liquid, forcing the MNMs to converge in the

This journal is © The Royal Society of Chemistry 2023
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area of low pressure. When the ultrasound is switched off, the
pressure gradient disappears and the MNMs are rapidly dis-
persed due to Brownian motion, thus enabling the aggregation
and dispersion of MNMs.>® In addition, ultrasound can be used
to trigger the formation of bubbles of easily vaporised material
to indirectly drive the movement of the MNMs, and the move-
ment can be controlled by turning the ultrasound on and off.*

(4) Light propulsion. Light can be found everywhere
in nature, so light-driven MNMs are used in a wide range of
applications. The mechanism of light-driven MNMs is divided
into three main categories: photocatalytic self-diffusiophoresis,
photocatalytic self-electrophoresis and self-thermophoresis.
(1) Photocatalytic self-diffusiophoresis:** when light is shone
on the surface of the MNMs, the surface material will undergo
a photocatalytic reaction or photodecomposition reaction to
release product ions (Fig. 1g). (2) photocatalytic self-electro-
phoresis:®> when light irradiates a MNM with photocatalytic
capability (e.g. TiO,-Au), hole-electron pairs will be generated
and the holes will be distributed on the semiconductor
side (TiO,) for oxidation with water, while the electrons will
migrate to the metal side (Au) and reduce H' to H,. (3) Self-
thermophoresis:** when the surface of the MNM is covered
with a photo-thermal material (e.g. Au), a local temperature
gradient field will be formed around the MNM due to the
photo-thermal effect, thus forming local convection to drive
the MNM in the opposite direction. So far, light driven MNMs
that can react to various wavelengths of light exposure have
been developed. Generally, these light propelled MNMs con-
sisting of TiO, can only be stimulated by ultraviolet (UV) light,
which has adverse health effects. Therefore, the development of
visible light or near-infrared (NIR) driven MNMs is essential for
their biomedical and environmental applications. For example,
1.°* demonstrated the fabrication of Janus micromotors
responsive to blue and green light by utilizing bismuth oxyio-
dide (BiOI), a material known for its exceptional photocatalytic
activity. Given the ability of NIR laser irradiation to penetrate
biological tissues with minimal absorption, MNMs that can be
stimulated by NIR irradiation have potential application in
biomedicine. Most NIR-driven MNMS can be driven relying
on thermophoretic mechanisms. Recently, a new type of nano-
motor, namely AuNR-SiO,-Cu-S,, has been developed to com-
bat bacterial infections through active treatment.®> These
nanomotors are driven by NIR-II light, utilizing the thermal
gradient generated at the AuNR-Cu,S, interface.

Caieta

2.3 Biological agent propulsion

Biohybrid MNMs can be produced by combining motile bio-
logical agents, such as sperm cells, bacteria, and some micro-
organisms. Since motile biological agents are very biocompatible,
they have good prospects in the field of drug delivery and medical
testing. However, the poor control of natural motile cells does not
allow for good target delivery and other intended goals. Therefore,
there is a need to improve their control performance by combining
them with external auxiliary structures in order to better fulfil
their intended tasks. The researchers combined sperm cells
with magnetic nanocapsules to create biohybrid MNMs that

This journal is © The Royal Society of Chemistry 2023
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can be controlled in the direction of their motion through an
external magnetic field®® (Fig. 1h). The flagellar motion of the
sperm cells drives the overall movement of the motor. Magnetic
micrometer cone tubes can be produced through self-curling
and contain sperm cells to form biohybrid MNMs. Additionally,
magnetic flower-like structures can be fabricated through
photolithographic processing. The large specific surface area
of the sperm cell head enables the loading of drugs and allows
for controlled release of the drug at the target site. Recently,
ALG@yeast-Fe;0, BioBots, capable of magneto- and catalytic
functionalities, have been constructed by encapsulating Fe;0,
nanoparticles and yeast cells within an alginate polymer
matrix.®” The continuous oscillatory motion of the BioBots in
the solution is induced by CO, gas from the catalytic fermenta-
tion of sugars. With the ability for movement, the BioBots
promote the production of alcohol. An intriguing instance
involves the fabrication of self-drilling seed carriers, wherein
wood veneer is transformed into rigid and biodegradable
hygromorphic actuators exhibiting an exceptionally large
bending curvature.®® The autonomous self-burying carrier has
the capability to accommodate seeds of various sizes as well as
biofertilizers, offering potential benefits in enhancing the
efficiency of aerial seeding and alleviating agricultural and
environmental pressures.

3. Sensing application of MNMs and
related principles

3.1 Intelligent sensing based on the motion behavior analysis
of MNMs

Self-driven motion is a crucial characteristic of MNMs. Since
their invention, researchers have extensively studied their
motion behavior and mechanisms. Through these efforts,
it has been discovered that various substances can have an
inhibiting effect on the motion of certain MNMs, and this has
been leveraged to develop sensing methods based on changes
in the motion of these motors. This section will present the
applications of MNMs for sensing metal ions, organic or
polymeric substances, and microorganisms, as determined by
their unique response mechanisms.

3.1.1 Ion response. As shown in Fig. 2a, the bimetallic gold-
platinum nanomotor moves axially due to the varying catalytic
responses of platinum and gold to the redox of hydrogen
peroxide. The researchers discovered that in the presence of
silver ions, the nanomotor’s speed significantly accelerates,
while the presence of other ions such as lead, manganese,
nickel, and copper slowed down the nanomotor.®® This is
because silver ions deposit onto the nanomotor’s surface in
the presence of hydrogen peroxide, thereby enhancing its
catalytic activity. In contrast, some heavy metal ions inhibit
the catalytic activity of the metal atoms on the nanomotor’s
surface. Based on the acceleration or deceleration of the
nanomotor’s response to different ions, the corresponding
ion sensors can be prepared, and the quantitative detection
of these ions can be achieved by analyzing the nanomotor’s

J. Mater. Chem. B, 2023, 11, 8897-8915 | 8901
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Fig. 2 Sensing based on the motion behavior analysis of MNMs. (a) Metal ion response using gold-platinum nanomotors based on motion changes.
Reprinted from ref. 69 with permission of the American Chemical Society, copyright 2009. (b) Scheme illustrating the pollutant inhibiting the activity of
catalase powered micromotors. Reprinted from ref. 25 with permission of the American Chemical Society, copyright 2013. (c) pH responsive bullet-shell
motor based on motion changes. Reprinted from ref. 71 with permission of the American Chemical Society, copyright 2016. (d) Spindle-shaped motor for
pH sensing based on motion change. Reprinted from ref. 72 with permission of Springer, copyright 2016. (e) The detection of diethylphosphoacyl
chloride was achieved by peroxidase powered motors. Reprinted from ref. 74 with permission of the Royal Society of Chemistry, copyright 2016.
(f) Micromotors for DNA detection based on motion changes. Reprinted from ref. 77 with permission of the Royal Society of Chemistry, copyright 2017.

trajectory and its motion speed. In another example, Janus
micromotors made of PCL/Mg have been developed to detect
precious metal ions by monitoring changes in their motion.
These micromotors, created through a displacement reaction
between Mg and the precious metal ions, exhibit movement in
a hydrogen peroxide solution. The speed of motion is notably
affected by the types and concentrations of the metal ions,
allowing the micromotors to function as motion-based sensors
for metal ions.”®

In recent years, enzyme-driven MNMs have become a sig-
nificant area of research in MNM technology, due to their
excellent propulsion capability and biocompatibility. These
MNMs can utilize hydrogen peroxidase and urease, powered
by hydrogen peroxide and urea respectively, to drive their own
motion. However, common heavy metal ion contaminants,
such as Hg>" and Cu”", often have a negative impact on enzyme
activity. In the case of hydrogen peroxidase, the enzyme’s
sulfhydryl and amino groups can bind to mercury and copper
ions, respectively, forming complexes that alter the structure of
the biological enzyme. This will result in a significant reduction
of enzyme activity and a decrease in the movement speed of the
MNMs (Fig. 2b). Therefore, the presence of heavy metal ions in
a solution can be quantified based on the speed change of the
enzyme-driven MNMs.>®

In addition to metal ions, changes in the motion behavior of
MNMs can also be used for hydrogen ion detection, or pH
sensing. This is demonstrated in Fig. 2c, which shows a bullet-
shell shaped MNM with a gelatin shell and an internal load of
platinum nanoparticles. The MNM undergoes self-driven in a
hydrogen peroxide solution based on a bubble-propelled

8902 | J Mater. Chem. B, 2023, 11, 8897-8915

mechanism. The researchers found that the motion of these
nanomotors was impacted by pH, with motion speed increas-
ing as the pH increased in the range of 0-14. This was due to
the combination of the different structure of the gelatin and the
catalytic effect of the platinum nanoparticles at various pH
levels. As the pH increases, the opening of the gelatin shell
widens, the frequency of bubble production increases, and the
propulsive effect strengthens. At low pH, the platinum nano-
particles catalyze the direct cleavage of the hydrogen peroxide
molecule into two hydroxyl radicals, creating a concentration
difference at the ends of the bullet-shell motor, which is driven
by self-diffusiophoresis. At high pH, the platinum nano-
particles catalyze the production of oxygen from hydrogen
peroxide, which is driven by more effective bubble recoil. With
the dual pH response of the gelatin structure and the catalytic
properties of the platinum nanoparticles, the MNM can achieve
pH-sensitive sensing detection.”*

In addition to the sensing approaches that alter the motion
behavior of MNMs through changes in their chemical reactivity,
there are also novel structural and material designs for MNMs
that can be used for sensing and detection. As illustrated in
Fig. 2d, researchers have utilized electrostatic spinning to
create a spindle-shaped motor made of polycaprolactone and
sodium dodecyl sulfate (an anionic surfactant). This motor
releases the surfactant slowly into solution, resulting in a
change in the local surface tension. The Marangoni effect
causes the motors to move towards the side with higher surface
tension. This movement is greatly influenced by the surface
tension of the liquid, and thus, the liquid environment can
have a significant impact. In this study, the surface tension of

This journal is © The Royal Society of Chemistry 2023
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water was found to have nothing to do with pH; however, the
surface tension of the surfactant solution was affected by pH.
As the pH increases, the surface tension between the surfactant
solution and the MNM decreases, leading to an increase in the
driving force of the motor and an increase in its motion speed,
thus completing the pH sensing based on motion speed
analysis.””

3.1.2 Organic substance/macromolecule response. MNMs
are attracting significant research interest for their potential
applications in biomedical detection due to their miniature size
and ability to move autonomously. As a result, researchers have
been working to develop methods and devices that can sense
and detect certain organic substances or macromolecules by
monitoring the motion behavior of these MNMs.

Some organic molecules have been found to have a negative
impact on the performance of MNMs that use hydrogen per-
oxide as fuel. This is because the organic molecule reacts with
the hydroxyl radicals, intermediates in the catalytic breakdown
of hydrogen peroxide, and scavenges them in both the bubble
driven and self-diffusiophoresis driven mechanisms, prevent-
ing the MNMs from generating sufficient driving capacity.
As the organic molecule concentration increases, the move-
ment speed of the MNM decreases. And beyond a certain point,
it loses its motion properties. The presence of a high concen-
tration of blood proteins also significantly affects the move-
ment of MNMs, particularly in the case of platinum-based
nanomotors. The proteins bind to the platinum nanoparticles
through their sulthydryl groups and adsorb directly onto the
surface of the motor, which prevents contact between the
surface catalyst and fuel source, reducing the motor’s active
sites and inhibiting its motion. By analyzing the motion
response of the MNMs to these organic or biological macro-
molecules, smart sensor devices can be developed.”® However,
it is important to consider the interaction between various
substances and the accuracy. The specificity of the detection
can be improved through specific pre-treatment or the design
of the MNM’s structure and materials.

The conformation of biological enzymes, which determines
their catalytic activity, can be altered by various factors such as
temperature, pH, and the presence of inorganic or organic
molecules. As a result, MNMs powered by enzyme can respond
to environmental changes and specific substances, as reflected
by changes in their motor behavior. As an example, Fig. 2e shows a
study in which researchers created a MNM made of a composite of
peroxidase and polyethylene dioxythiophene/gold particles.”* The
motor was able to detect the presence of diethylphosphoryl
chloride (DCP), a neurotoxin, in a gaseous environment. DCP is
harmful to peroxidase and reduces the movement speed of the
MNM. These neurotoxin detection devices based on MNMs have
low detection limits and high selectivity and sensitivity, making
them suitable for both military and civilian applications. In
another example, the same peroxidase-driven micromotor can be
used to detect pesticide residues in vegetables, promising for
monitoring food safety in everyday life.””

The motion behavior of MNMs can also be used for
DNA detection. For example, the micromotors powered by Pt

This journal is © The Royal Society of Chemistry 2023
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nanoparticles functionalized through DNA were reported
to motion-based sense for DNA.”® The works in which using
enzymes instead of Pt nanoparticles to power micromotors
have also been reported. As illustrated in Fig. 2f, researchers
have developed a hydrogen peroxide-driven polyethylene dioxy-
thiophene/gold particle composite tubular micromotor that
includes a specially designed group of nucleic acid chains.
These chains compete with one another, and when the target
nucleic acid chains are present, they cause the hydrogen
peroxides-modified nucleic acid chains to be removed. The
amount of target nucleic acid can then be determined by
analyzing the reduction in the MNM’s speed of movement.””
The same group fabricated catalase powered microtubes by
DNA conjugate for DNA sensing. The presence of the target
DNA induces the release of catalase modified DNA, which
reduces the micromotor speed.”® So, the speed of the micro-
motors can be used to quantify DNA in solution. To improve the
detection sensitivity, DNA self-assembly and umbrella-shaped
structure were used to construct the enzyme-driven micro-
motors.”’ In another example, the motion of micromotors
was detected by immobilizing a pH-sensing FRET-labeled tri-
plex DNA nano-switch onto urease-powered micromotors.®®
While undergoing self-propulsion, the decomposition of urea
induced a rapid increase of pH. The resulting pH alteration
was continuously monitored in real time by evaluating the
FRET efficiency through confocal laser scanning microscopy
at different time intervals. In order to facilitate data collection
and analysis, making the monitoring process more convenient
and efficient, the smartphone is used to analyze the motion of
micromotors. Shafiee et al. combined cellphone-based optical
sensing with micromotor motion to achieve molecular detec-
tion of HIV-1.%' The presence of HIV-1RNA results in the
formation of large-size amplicons, which reduce micromotor
speed. The micromotor speed was detected and analyzed by the
mobile phone system to analyze the HIV-1 RNA concentration
in real time. The glutathione caused the catalytic layer being
poisoned by the formation of a thiol bond and the decrease
of speed in graphene-wrapped/PtNPs Janus micromotors.*?
Integrating with smartphones, the glutathione can be detected
by naked-eye visualization. miRNA is a class of small non-
coding RNA molecules that can regulate gene expression at
the post-transcriptional level. Abnormal expression of miRNA is
closely associated with the occurrence and development of
various diseases, including cancer, cardiovascular diseases,
and neurological disorders. The detection of miRNA is of great
significance for understanding gene regulation and disease
research. Oksuz et al.®® immobilized single-stranded DNA on
W;50,,/PEDOT-Pt micromotors to detect miRNA by fluorescence
signal and motion change.

The motion behavior of MNMs can be utilized in a variety of
sensing applications, ranging from specific ions and molecules
to biomolecules. The modulation of the MNM’s movement is
typically caused by changes in its catalytic activity, a reduction
in the number of catalytic sites, or specific structural design.
Researchers have developed various MNM designs for diff-
erent sensing applications, such as environmental detection,
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biomedical sensing, and food safety. However, challenges
remain in terms of achieving consistent and accurate results,
making it necessary for further research and development in
the field.

3.2 Intelligent sensing of MNMs based on optical detection
methods

Optical detection is a sensing technique that utilizes spectro-
scopic information, such as spectral band, light intensity, or
lifetime, for qualitative or quantitative analysis of the target.
With the advancements in optical instrumentation, the preci-
sion, accuracy, and sensitivity of optical detection methods
have improved significantly and are now crucial for detecting
inorganic small molecules, biological macromolecules, and
microorganisms. In this section, we will discuss the application
of MNMs in colorimetric and fluorescence methods, as well as
their use in combination with electrochemiluminescence detec-
tion and Raman-enhanced spectroscopy.

3.2.1 Colorimetric methods. Colorimetry is a technique for
determining the type and concentration of a substance by
comparing the color of a solution or measuring its absorbance.
This method is typically performed by analyzing UV-Vis,
fluorescence, and infrared spectra. The use of MNMs in colori-
metry increases sensitivity and reduces detection time com-
pared to traditional methods, as the MNMs are in close and
frequent contact with the target. Fluorescence quenching is a
commonly used principle in colorimetric MNM sensing appli-
cations. There are also applications that utilize shifts in the
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spectrum on the MNM for detection. MNM are loaded with
special probe molecules that undergo structural changes when
exposed to the target, leading to shifts in UV-Vis or IR spectra.
The MNM accelerates the interaction between the molecule
and the target, increasing reaction efficiency and detection
accuracy.

Ma et al. aimed to automate the process of enzyme-linked
immunosorbent assay (ELISA) by developing a maneuverable
immunoassay probe based on magnetic nanorobots (Fig. 3a).
The probes, known as magnetically maneuverable immuno-
assay probes (MNR-Abls), were constructed by decorating
capture antibodies on the surface of rod-like, magnetically
driven nanorobots. To facilitate the assay, a detection unit
consisting of various functional wells was fabricated using 3D
printing technology. When exposed to a magnetic field, the
probes can actively rotate and move between the functional
wells, resulting in improved binding efficacy and shorter assay
time from a few hours to less than half an hour, compared
to traditional ELISA detection methods.® The combination
between micromotors and immunoassay has also been
reported in another work. The bubble-propelled micromotors
have been designed for competitive immunoassays, enabling
fast and visible identification of the target analyte (cortisol).*>

The works about colorimetric detection of targets using
peroxidase activity of motor materials have also been reported.
For example, Escarpa et al.®® fabricated tubular micromotors
composed of a hybrid single-wall carbon nanotube (SW)-Fe,03
outer layer, along with a MnO, catalyst. Through catalytic
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Fig. 3 Enhanced colorimetric sensing using MNMs. (a) Automated and efficient ELISA analysis based on magnetic nanorobots. Reprinted from ref. 84
with permission of the American Chemical Society, copyright 2022. (b) Naked-eye sensing of phenylenediamine isomers using bubble powered
micromotors. Reprinted from ref. 86 with permission of the American Chemical Society, copyright 2018. (c) Neostigmine determination by tubular
micromotors with enzyme mimetic activity. Reprinted from ref. 87 with permission of the American Chemical Society, copyright 2022. (d) ZnS-PANI-Pt
micromotors for colorimetric detection of Hg?*. Reprinted from ref. 88 with permission of the American Chemical Society, copyright 2016. (e) Light
powered Pt/AgzVO4 micromotors for sensing citric acid. Reproduced from ref. 89 with permission of Elsevier, Copyright 2022.
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decomposition, hydrogen peroxide yields oxygen and hydroxyl
radicals. The oxygen facilitates the movement of the micromotors,
while the hydroxyl radicals react with phenylenediamine iso-
mers to generate a colorful solution, enabling the rapid and
colorful detection of phenylenediamine isomers (Fig. 3b). In
another work, the same group utilized Prussian blue/chitosan
micromotors and functionalized them with acetylthiocholines-
terase enzyme (ATChE) to enable colorimetric determination of
the nerve agent neostigmine®” (Fig. 3c).

The micromotors incorporate specific materials that react
with the targets, resulting in color generation for detection
purposes. Furthermore, the micromotors’ movement enhances
their interaction with the targets, thereby increasing the sensi-
tivity of detection. Escarpa et al.®® cross-linked ZnS and CdS
nanoparticles onto polyaniline (PANI)-Pt micromotors. During
micromotor movement, Hg>" will replace Zn>* to produce
HgS-PANI-Pt micromotors, which appear bright yellow, so
the ZnS-PANI-Pt micromotors can be used for dynamic visible
discrimination of Hg?" (Fig. 3d). In addition, Pt/Ag;VO, micro-
motors powered by light have the capability to release Ag
nanoparticles when exposed to citric acid®® (Fig. 3e). As a result,
the surface plasmon resonance of the Ag nanoparticles
depends on the concentration of citric acid.

3.2.2 Fluorescence method. Fluorescence quenching,
which is still in the realm of colorimetric methods, has gained
significant attention for its potential applications in MNM
sensing. Fluorescence quenching is a phenomenon that occurs
when a luminescent material such as a fluorescent molecule or
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quantum dot undergoes a reduction in the fluorescence inten-
sity or fluorescence lifetime under certain conditions. This
phenomenon has been widely utilized for sensing purposes,
with one example being the detection of mercury ions in water
environments using carbon quantum dots. MNMs can also be
modified with specific fluorescent molecules or quantum
dots, enabling them to detect specific ions or molecules. For
example, the fluorescent CdTe quantum dots’® and acridine
orange,”’ which can be quenched by Hg”", are incorporated
into the MNM:s to enhance the ability for detecting Hg”". Fig. 4a
demonstrates the modification of one side of a silica/platinum
motor with fluorescein, a green fluorescent organic molecule.
This molecule is highly responsive to neurotoxins, such as sarin
and pokeweed, and rapidly loses its fluorescence properties
within ten seconds.’” This “light-up-light-down” fluorescence
design allows for a qualitative measurement of the presence
of the specific molecules. Numerous studies have reported
the utilization of fluorescent quantum dots, covalent-organic-
framework, upconverting nanoparticle, fluorescein isothio-
cyanate (FITC), and Eu-MOF functionalized micromotors for
detecting a wide range of substances, including endotoxins,”?
explosives,”"> gases,”® and metal ions®”*® such as Cu** and
Fe*". The MNM’s motion enables a swift and efficient response
of the fluorescent substance to the target, dramatically lowering
the detect concentrations (as low as 0.07 ng mL™" of endotoxin)
and shorting the detection time to 15 min compared with
several hours required by the existing Gold Standard
method.*? Similarly, the COF-functionalized micromotors can
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Fig. 4 Enhanced fluorescence and electrochemiluminescence sensing using MNMs. (a) A MNM sensing application using the fluorescence quenching
mechanism. Reprinted from ref. 92 with permission of the Royal Society of Chemistry, copyright 2015. (b) A MNM sensing application using the
fluorescence "OFF-ON" mechanism. Reprinted from ref. 99 with permission of the American Chemical Society, copyright 2017. (c) The detection of
bacterial lipopolysaccharides using WS,-Pt-Fe,O3 polycaprolactone Janus micromotors. Reproduced from ref. 103 with permission of Elsevier,
Copyright 2020. (d) The detection of procalcitonin combining micromotors and fluorescence immunoassay. Reprinted from ref. 106 with permission of
the American Chemical Society, copyright 2020. (e) The electrochemiluminescence-based glucose detection by MNMs. Reprinted from ref. 108 with
permission of the Royal Society of Chemistry, copyright 2014.
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detect the 5 ppm 2,4,6-trinitrophenol within 10 min. This
makes it highly practical for use in critical areas such as food
safety and environmental monitoring.

A MNM sensing application using the fluorescence “OFF-ON”
mechanism is presented in this example. As depicted in Fig. 4b,
researchers have developed a tubular MNM that has an outer
layer of graphene oxide and an inner layer of platinum nano-
particles. An aptamer with a fluorescent group is initially
adsorbed onto the outer graphene oxide layer. The fluorescence
is quenched by the graphene oxide, but the aptamer can
specifically bind to the fungal toxin (target molecule). This
binding causes the fluorescent group to be ‘“dragged” away
from the surface of the graphene oxide, so the fluorescence
restores. The quantity of mycotoxin can then be determined
by measuring the fluorescence intensity.”® Based on the same
detection strategy, graphene oxide coated micromotors which
can be driven by bubble are developed to detect toxin,'*
ricin'®" and interleukin-6 (IL-6)."°> In another examples, WS,
that is coated on the surface of micromotors acts as quencher
of fluorescent dyes.'”*'** Escarpa et al'® incorporated a
rhodamine-labeled affinity peptide within WS,-Pt-Fe,O3 poly-
caprolactone Janus micromotors (Fig. 4c). The introduction of
WS, induces quenching of the rhodamine-labeled affinity pep-
tide, while the binding of bacterial lipopolysaccharides to the
affinity peptide prompts its detachment from the micromotors’
surface, effectively restoring fluorescence. The extent of fluores-
cence enhancement directly correlates with the concentration
of bacterial lipopolysaccharides. In addition, a smartphone
device combined with micromotors was developed to enable
real-time fluorescence assays.'%®

Fluorescence immunoassay is a method used to detect and
quantify specific analytes, such as proteins or antibodies, by
employing fluorescent labels. Fluorescence immunoassay
offers advantages such as high sensitivity, quantitative analysis,
multiplex detection, and real-time monitoring. However, it
has limitations in terms of instrument cost, sample handling,
automation requirements, and background interference.
To overcome these limitations, Escarpa et al.'®® have developed
tubular micromotors powered by bubbles, integrated with
fluorescence immunoassay, for the detection of procalcitonin,
which is a biomarker used in early sepsis diagnosis (Fig. 4d).
In another example, Zhao et al.'®” showcased the application of
structural color barcode micromotors in multiplex assays by
change of fluorescence. These micromotors were created by
injecting a hydrogel containing platinum (Pt) and ferric oxide
(Fe30,) into a stomatocyte colloidal crystal, which exhibit
structural color. When hydrogen peroxide is present, the
motion of these structural color motors speeds up the binding
between the probe and the target, thus enhancing the overall
detection process.

3.2.3 Electrochemiluminescence method. Electrochemi-
luminescence is a process that involves the generation of new
substances through electrochemical reactions in an electrolyte
solution. These substances can then emit light through inter-
actions with other substances in the solution. This analytical
method, which blends electrochemical and chemical techniques,
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has the advantages of high selectivity and sensitivity, and has
developed rapidly in recent years in the fields of immunoassay
and nucleic acid detection. With ongoing research into the
functionalization of MNMs, electrochemiluminescence has
been integrated into their sensing applications, further enhan-
cing their capabilities.

As shown in Fig. 4e, researchers have designed a glucose
detection device consisting of glassy carbon microbeads and
vertical capillaries with electrodes attached at both ends. The
capillaries contain inorganic complexes for electrochemilumi-
nescence containing ruthenium and the auxiliary reactant tri-n-
propylamine. During the detection process, the glassy carbon
microbeads undergo an asymmetric chemical reaction in the
presence of an electric field. At the cathode end of the micro-
beads, the reduction of hydrogen ions occurs, and at the anode
end, the oxidation of glucose and the conversion of the
co-enzyme NAD' to reduced co-enzyme NADH takes place, parti-
cipating in the electrochemiluminescence of the ruthenium-
containing complex, thereby completing the luminescence and
coenzyme cycle. The luminescence intensity produced during
the electrochemiluminescence is highly correlated with the
initial glucose concentration, allowing for the effective monitor-
ing of glucose levels."*®

The electrochemiluminescence-based sensing method has
the advantages of high sensitivity, wide linear range, and
simple equipment, making it a promising candidate for use
in the development of next-generation portable biosensing
devices. However, the complex principle of electrochemilumi-
nescence testing requires further research and development
before it can be effectively integrated into the field of MNM-
based intelligent sensing.

3.2.4 Raman-enhanced spectroscopy method. The surface
Raman enhancement effect is a phenomenon that amplifies the
Raman scattering signal on rough metal surfaces such as gold,
silver, and copper, or in the gaps between metal nanoparticles.
This technique, known as surface Raman-enhanced spectro-
scopy (SERS), possesses the benefits of conventional Raman
spectroscopy, including simplicity, non-destructiveness, and
the ability to detect specific molecular structures. As a result,
it can sense even low concentration of target molecules with
exceptional sensitivity. The emergence of SERS has greatly
broadened its applications in areas such as medical testing,
environmental monitoring, and material analysis. Additionally,
the Raman-enhanced “hot spot” probes on the surface of
MNMs, which can move under external fields, allow dynamic
enrichment of Raman signals and detection of micro-regions at
target sites.

The researchers have developed active SERS probes based on
micro/nano-robots with autonomous motion and precise con-
trol. The SERS-enhanced probes were constructed using silver
nanowires as the main structure, coated with a silica shell layer
and formed AgCl-powered driving mechanism. The design
of the micro/nano-robotic propulsion and detection was inge-
niously integrated to achieve controlled aggregation in target
locations using phototaxis of the micro/nano-robot."*® This was
a pioneering achievement in the systematic validation of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Small molecule sensing using MNMs based on SERS. (a) In vitro Raman sensing of a one-dimensional photocatalytic micro—nano robot.
Reproduced from ref. 109 with permission of Wiley, Copyright 2018. (b) Magnetic rod-shaped nanorobot for intracellular signal detection. Reproduced
from ref. 110 with permission of American Association for the Advancement of Science, Copyright 2020. (c) A temperature responsive nanomotor for
active micro-sampling. Reprinted from ref. 112 with permission of the American Chemical Society, copyright 2022.

MNM based SERS probe’s feasibility for early tumor detection
(Fig. 5a). To optimize the control accuracy of the MNMs,
a magnetic rod-like MNMs with silver nanoparticles grown
in situ on the rod-like structure was designed and developed.
This magnetic nanorobot, serving as an active and smart SERS
probe, provided high sensitivity through active and precise
targeting at the micro/nano-scale for self-cleaning and targeted
intracellular signal detection (Fig. 5b)."*° In another example,
plasmonic nanostructure hotspots have been integrated into
tubular micromotors through nanoimprint and rolling origami
techniques. The magnetic motion of these micromotors
enhances molecular enrichment, resulting in an amplified
surface-enhanced Raman scattering (SERS) signal.""" Further-
more, a temperature-responsive microsampling nanorobot also
was developed by encapsulating metal (Au) nanodots inside
hollow mesoporous silica nanoparticles and then grafting a
temperature-responsive polymer, on their external surface''?
(Fig. 5¢).

This journal is © The Royal Society of Chemistry 2023

In this section, we highlighted some of the sensing applica-
tions of MNMs that utilize optical detection methods. Optical
detection methods are widely popular in portable detection
devices due to their ease of use and precision. By integrating
the motion properties of MNMs with optical sensing methods,
the detection capabilities of optical detection methods have
been greatly enhanced. Additionally, the innovative structural
designs of MNMs have expanded the scope of application for
optical detection methods.

3.3 Intelligent sensing of MNMs based on electrochemical
analysis methods

Electrochemistry is a sensing technique that utilizes the
measurement of electronic charge transfer during redox reac-
tions on an electrode surface. When operating in an electrolyte
solution, alterations in the electrode surface can be effectively
detected through signals such as microcurrents, impedance,
and photoelectric conversion. The method is highly adaptable
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to various environments and does not require complex testing
equipment, making it a valuable option for the development
of miniaturized and portable sensing devices. With recent
advancements in MNMs, new sensing methods have emerged
that utilize their propulsion behavior to improve the perfor-
mance of electrochemical detection in the field of electro-
chemical sensing.

MNM sensing using electrochemical analysis is a cutting-
edge technique that has emerged in recent years and operates
on similar principles, typically utilizing cyclic voltammetry (CV)
or electrochemical impedance spectroscopy (EIS) for qualitative
analysis of electrode surface reactions. Precise quantitative
analysis of the substance can be performed through differential
pulse voltammetry (DPV, Fig. 6a).""®> MNMs play a crucial role
in this technique via enriching and delivering the substance.
This section highlights the advancements in the use of MNMs
in electrochemical testing.

Bubble-propelled MNMs have been demonstrated to
enhance the mixing of fluids and the transport of substances,
improving the efficiency in conventional chemical reactions,
and making a significant contribution to electrochemical sen-
sing. The magnesium-based Janus MNM, for instance, gene-
rates substantial micro-bubbles in water, which greatly facili-
tate mass transfer and local convection in the solution."** The
working electrode is modified with a substrate that can interact
with the substance to be detected, for example, glucose oxidase
on a glassy carbon electrode used to detect glucose in solution.
The oxidation peak of the substrate can then be quantified
through CV and DPV curves (Fig. 6b). The signal strength and
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sensitivity of electrochemical blood glucose detection are
enhanced by accelerating the redox rate of reactant molecules
on the electrode and improving mass transfer in the solution.

Some MNMs have been shown to increase the sensitivity of
sensing through their catalytic effect on the substrate, convert-
ing it from a low electrochemically active substance to a high
electrochemically active substance. Escarpa et al.'*> also uti-
lized Mg/Au Janus micromotors for the degradation and
electrochemical analysis of diphenyl phthalate (DPP). In the
chloride-enriched samples, the Mg/Au Janus micromotors
move and produce hydrogen as well as hydroxyl radicals, which
degrade DPP to phenol. The determination of phenols can be
accomplished through differential pulse voltammetry, while
the movement of micromotors enhances fluid mixing, thereby
increasing the sensitivity of detection.

In recent years, researchers have not only improved the
performance of MNMs but also functionalized them by modify-
ing their surfaces. This enables the MNMs to perform more
complex tasks. As depicted in Fig. 6¢c, when an antibody is
modified on the surface of a MNM, the functionalized MNM
can actively capture the antigen through its motor behavior
when added to the substrate solution. This active capture is
more efficient than passive capture that relies on molecular
diffusion. A large number of magnetic nanoparticle-based
MNMs have been used in electrochemical sensing. Magnetic
field-driven silica-coated ferric tetroxide nanomotors with IgG
antibodies have been prepared. These MNMs driven by mag-
netic field can trap the free antigen in solution, which can then
be collected on the surface of a working electrode under the
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8908 | J Mater. Chem. B, 2023, 11, 8897-8915

motion and signal amplification strategy. Reproduced from ref. 117 with

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3tb01163a

Published on 16 agosto 2023. Downloaded on 1/11/2025 4:54:57 am..

Journal of Materials Chemistry B

action of a magnetic field and tested further through two steps
of cyclic voltammetry and differential pulse voltammetry. This
provides information on the amount of antigen in solution,
resulting in higher sensitivity and accuracy than previous
MNMs that only enhance convection and mass transfer in
electrochemical testing.'*®

The properties of MNMs are continually explored with
the aim of improving their performance in electrochemical
sensing. As demonstrated in Fig. 6d, Mao et al. have coated
iron tetroxide nanoparticles with polydopamine and functiona-
lized them with heparin, which can adsorb a high amount of
biomolecules due to its porous structure. The particles were
loaded with magnesium ion-responsive DNA hydrolase, a
nucleic acid-specific enzyme that can break down the nucleic
acid at specific sites in the presence of magnesium ions. By only
functionalizing one side of the magnesium particle (forming a
Janus structure), the other side reacted with water to generate
bubbles, resulting in the movement of the MNM. When this
type of MNM is used for a specific nucleic acid strand detection,
the target nucleic acid strand binds specifically to the DNA
hydrolase and then splits in the presence of magnesium ions
into a marker strand that can be used for testing, which then
further binds to the next DNA hydrolase and is cleaved again.
Through multiple binding-cleavage cycles, multiple marker
strands can be generated from a single target nucleic acid
strand, which then binds to a complementary strand with an
electrochemically active material to increase the signal inten-
sity. As the magnesium particles are consumed by the reaction,
the iron tetroxide particles are released and can then be
attracted to the electrode surface by a magnetic field and
ultimately detected.''” This approach significantly reduces
the detection limits of specific nucleic acid chains through
amplification effects and results in a high sensitivity. The same
group modified antibodies specific to oxidized low-density
lipoprotein (Ox-LDL) onto the surface of magnesium (Mg)-
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Fe;0,@Prussian blue micromotors, creating an electrochemi-
cal sensor for Ox-LDL.""® The movement of these micromotors
enhances the capture of Ox-LDL, while the catalytic effect of
Prussian blue on H,O, reduction enables the determination
of current signals. However, the presence of Ox-LDL impedes
electron transfer, leading to a decrease in the value of the
current signal. These examples highlight the important role
that MNMs can play in electrochemical sensing.

The movement of MNMs causes convection in a solution,
disrupting the diffusion layer at the electrode surface. Based on
this, sensing systems for microbial detection have been created.
A detection device for E. coli has been developed, in which the
presence of the bacteria affects the diffusion of hydroxyl groups
to the electrode surface. This, in turn, affects the strength of the
electrode’s detection signal, allowing for the determination of
the concentration of E. coli''® In addition to the sensing
applications of MNMs described above, electrochemical sen-
sing methods are also important in the study of the propulsion
mechanism of MNMs.

In recent years, electrochemical sensing using MNMs has
emerged as a popular research direction in the field of sensing,
due to its high sensitivity and reliability compared to other
detection methods. The simple testing equipment and rela-
tively low cost make it an attractive choice. However, the
general lack of selectivity in electrochemical testing methods
requires specialized structural designs for MNMs, which pre-
sents a challenge in their development and limits their use in
complex liquid environments.

3.4 Intelligent sensing of MNMs based on other methods

In addition to the aforementioned combination of optical and
electrochemical detection methods based on the motion beha-
vior of the MNMs, there are various other detection methods
that have also been employed for MNM smart sensing.
As shown in Fig. 7a, the magnetically driven nanorods that
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Fig. 7 Sensing using MNMs based on other methods. (a) The change of periodic extinction signal based on antigen—antibody binding. Reprinted from
ref. 120 with permission of the American Chemical Society, copyright 2018. (b) The structural color of MNM for sensing specific ions. Reproduced from
ref. 121 with permission of American Association for the Advancement of Science, Copyright 2021.
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can achieve rotational motion under a rotating magnetic field
have been prepared. Due to the anisotropic nature of the nano-
rod, collective fluctuations in the surface plasma occur during
rotation, resulting in a periodic extinction signal that can be
output as a frequency signal via Fourier transform. After the
antigen is captured, the measured frequency signal decreases
due to changes in the surface structure. Based on this relation-
ship between frequency changes and antigen concentration,
intelligent sensing devices can be fabricated."’

The spectral properties of materials can change due to
alterations in their chemical molecular structure. Additionally,
some materials with structural coloration can also be used in
combination with MNMs for colorimetric sensing. Structural
colors are produced by the systematic arrangement of a materi-
al’s microstructure and can be analyzed both optically, using a
microscope, and spectroscopically for precise quantification.
To realize multiplex label-free detection, Zhao et al.'*" created
Janus-structured color microspheres consisting of graphene
oxide and inverse opal on each side, through phase separation
of graphene oxide and silica nanoparticles in a mixed solution
using a microfluidic device, as demonstrated in Fig. 7b.
The structural color MNM, created through the pre-mixing
of graphene oxide, platinum nanoparticles, and ferric oxide
particles, has a unique ability to move in both bubble-driven
and magnetic field-driven modes in a hydrogen peroxide
solution. Its surface is coated with a hydrogel containing an
aptamer that can bind to specific ions, resulting in a change in
structural color. This offers a label-free detection method that
utilizes the spectral change of the MNM to indicate the
presence or absence of ions, with the amount being quantita-
tively described by the degree of shift in the spectrum.
By modifying aptamers for different ions on different MNMs,
it can perform parallel label-free detection of multiple ions.
Furthermore, Guan et al.'**'** integrated magnetically driven
swarming with structural colors to sense complex environ-
ments, which is achieved by accurately mapping local physico-
chemical conditions, such as pH, temperature, and glucose
concentration. In conclusion, the use of structural color MNMs
provides a simple, convenient, and sensitive means of multi-
plex detection through simple spectroscopic tests, making it a
promising option for high-throughput testing.

4. Advantages of smart sensing
enabled by MNMs

4.1 Enhanced mass transfer by MNM motion in low Reynolds
conditions

Efficient and homogeneous fluid mixing is critical for a range
of microfluidic applications, including intricate chemical
reactions, small molecule analysis, and biochemistry assays.
However, fluids at the micro and nano scales typically exhibit
laminar flow, characterized by a low Reynolds number (calcu-
lated as the ratio of fluid density, flow velocity, characteristic
length, and dynamic viscosity of the fluid). In these conditions,
mixing of solutions relies primarily on passive diffusion, which
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is a slow process and results in low detection efficiency,
hindering rapid and immediate detection. To enhance the
mixing of substances and reduce solution mixing times, various
strategies have been explored. These can be broadly classified
into two categories: passive and active. Each method has its
own advantages and limitations in terms of efficacy, mixing
time, control, and ease of use. Passive mixers are simple
to operate as they do not require any external equipment or
power source and can be integrated with various inspection
applications. However, their mixing efficiency is low. On the
other hand, active mixing employs external sources such as
ultrasound, magnetic fields, electric fields, etc. to drive the
particles, resulting in more efficient and homogeneous mixing.
MNMs exhibit the capability to move in low Reynolds number
conditions and intelligent detection probes based on MNMs
can be designed to achieve various controlled movement pat-
terns. These probes can generate micro/nano scale perturba-
tions, accelerate the binding of the molecules and quickly reach
kinetic equilibrium.

4.2 Precise targeting and controlled detection of the
substance at the micro and nano scale

Presently, detection probes predominantly rely on passive
diffusion to arrive the detection site, which results in limited
control and hinders the ability to precisely target microscopic
lesion locations. While the microprobe approach offers the
ability to detect specific target locations, it requires a sophisti-
cated control platform and is also destructive to tissue. In
contrast, smart detection probes based on MNMs can achieve
controlled targeting of measurement sites and offer the
potential for dynamic detection with less tissue destruction,
making them a promising option for future development of
intelligent detection probes.

4.3 Automated detection through controlled detection probes

The use of automated equipment has become increasingly
prevalent in the market, primarily utilizing passive probes.
However, these passive probes necessitate complex mechanical
control systems for automation of the cleaning process and
solution transfer, leading to higher instrument costs and
hindering the advancement of cost-effective, miniaturized
devices for point-of-care testing (POCT). To simplify external
operations and reduce costs, smart detection probes based on
MNMs offer a promising alternative. These probes can be
directly controlled by external magnetic fields, eliminating
the need for complex mechanical control systems. With the
foundation of MNM motion that can be manipulated, it is
possible to operate detection probes directly at the micro-nano
scale for automated detection.

4.4 Combining MNMs with smartphones

The integration of MNMs and smartphone technology has
paved the way for the development of digital smart clinic
systems. For instance, the use of magnetic nanorobots as
detection probes by Kristin Weidemaier has made it possible
to rapidly diagnose patients with Ebola virus-induced fever.'*>
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Bubble-driven MNMs in combination with a mobile phone to
enable detection of target substances by analyzing motion
changes were fabricated by Harvard Medical School.'*® In the
future, the advancement of smartphone microphotographic
optics and accompanying detection software could further
enhance the rapid detection capabilities of various substances.

5. Limitations and challenges of smart
sensing enabled by MNMs

Although the MNMs exhibit great potential as biosensing plat-
forms due to the advantages in the mixing and separation of
substances, there are still some limitations and challenges of
smart sensing enabled by MNMs (Table 1).

5.1 Influence of reaction substrate on MNM motion and
sensing

During the initial phase, MNMs primarily relied on chemical
propulsion, with a particular focus on a group of MNMs
propelled by the platinum-catalyzed decomposition of hydro-
gen peroxide, resulting in bubble generation or the formation
of ion gradients. When employing a chemically driven MNM for
sensing and detection purposes, the addition of substrates to
the target object becomes necessary. However, this introduces
interference factors into the detection system and consequently
adds background noise to the obtained results. Correspond-
ingly, the substances in the analytes, such as proteins and ionic
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strength, also affect the motion of the MNM propelled by the
self-diffusiophoresis and self-electrophoresis. On the other
hand, the chemically driven MNMs have a high dependence
on the substrate, and the motion changes with the substrate
concentration, and the stability is poor.

5.2 Lack of exploration of in vivo in situ detection

Currently, the majority of experiments are conducted in vitro,
and there is a scarcity of genuine exploration experiments for
in vivo in situ sensing detection."®”""*® In vivo testing encounters
several challenges, primarily falling into the following cate-
gories. Firstly, within the intricate internal environment, the
control complexity of MNMs is amplified, leading to an
increase in uncertainty factors. Secondly, due to the small size
of MNMs, efficiently and rapidly delivering them to larger target
positions within the macroscopic human body remains a
challenging problem. Finally, the effective transmission of
signals between internal MNMs and external components con-
tinues to be a challenge. Furthermore, the utilization of micro-
nanomaterials (e.g., Pt) and reaction substrates (e.g., hydrogen
peroxide) in the construction of chemically driven MNMs poses
toxicity concerns for cells and hampers their applications
in vivo sensing.

5.3 The challenge of detection accuracy and repeatability

Currently, several detection techniques utilizing MNMs have
emerged, especially a method that relies on monitoring the
alteration in motion of these motors for analyte detection.

Table 1 The propulsion methods, advantages, and limitations of different intelligent sensing

Fuel or energy

Sensing methods Propulsion methods source Advantages and limitations Ref.
Motion change Phoretic propulsion H,0, Advantages: preparing the setup is straightforward 69
methods and the detection outcomes are readily observable.
Bubble propulsion H,0, Limitations: the detection capability is restricted 25,71
to a single type, and its repeatability is unsatisfactory.
Surface tension SDS 72
gradient propulsion
Colorimetric methods Magnetic field propulsion =~ Magnetic Advantages: the detection results are widely 84
field employed and boast high accuracy.
Bubble propulsion H,0, Limitations: requiring corresponding professional 86-88
instruments and the detection principle
appears relatively intricate.
Light propulsion Light 89
Fluorescence method Bubble propulsion H,0, 92, 99,
103, 106
Magnetic field propulsion = Magnetic field 124
Electrochemiluminescence =~ Bubble propulsion H,0, 108
method
Raman-enhanced Light propulsion Light 109
spectroscopy method Magnetic field propulsion = Magnetic field 110
Electrochemical Bubble propulsion Glucose Advantages: high sensitivity and reliability 114
analysis method Magnetic field propulsion =~ Magnetic field  Limitations: lack of selectivity. 116
Bubble propulsion H,0 117
Other methods Magnetic field propulsion =~ Magnetic field = Advantages: label-free detection methods 120
Bubble propulsion H,0, Limitations: high preparation cost and low yield 121
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This method is highly susceptible to environmental influences,
leading to a significant increase in the coefficient of variation
(CV) value of the test results. Furthermore, the detection limit
of this method is constrained and falls short of the detection
limits achieved by traditional spectral detection methods.
Additionally, both the motion-based detection method and
the surface luminescence-based detection method of micro-
nanomotors can solely detect a singular analyte, thereby limiting
the acquisition of diverse detection information simultaneously.

6. Conclusions

In recent decades, significant resources have been invested in
the development of artificial MNMs, aiming to create intelli-
gent platforms capable of efficiently carrying out a wide range
of tasks. As compared with passive particles, the tiny MNMs are
highly advantageous for use as detection probes due to their
tiny size at the micro/nanoscale and high surface area to
volume ratio, which allows for efficient adsorption and specific
binding. Through biofunctionalization of surface materials,
MNMs can be prepared as dynamic micro-biosensors for
the rapid and highly sensitive detection of biomolecules (e.g.,
nucleic acids and proteins) in real time. Additionally, the
autonomous movement and precise manipulation capabilities
of MNMs facilitate efficient fluid mixing and enhance the
binding efficiency of target to the probe. They offer several
advantages over traditional sensing methods, including high
sensitivity, rapid response time, and the ability to perform
multiple sensing functions simultaneously. Despite their
potential, the field of MNMs for sensing is still in its early
stages and there are several challenges that must be addressed
before they can be widely used. As discussed in Section 5, the
majority of MNMs are fuel-based, which will not only impact
the inherent characteristics of the sensing environment, but
also restricts the movement of the MNMs to a brief duration.
The external field-driven MNMs present a favorable option
for sensing applications. Additionally, MNMs face challenges
related to the absence of in situ detection tests and the biocom-
patibility of materials. In the future, it is crucial to enhance the
biocompatibility of materials to fabricate MNMs and explore
more effective biocompatible propulsion mechanism, such as
enzyme-driven and magnetic field-driven approaches. Finally,
there is no work which thoroughly addressed the resolution and
sensing accuracy of the micromotors in a meticulous manner,
despite numerous groups have evaluated the performance of
micromotors in selective target detection. Hence, the future
sensor detection department based on MNMs should expand
beyond in vitro simulation detection and include direct real
sample detection. In the future, in situ detection of MNMs
in vivo is an important research direction. This requires us to
develop higher resolution imaging and in vivo tracking techni-
ques. At the same time, we need to improve the materials’
structure design and driving methods of MNMs.

Despite the numerous challenges and obstacles, the emer-
ging field of MNMs based platforms has managed to introduce
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novelty and revolutionize the field of sensing. Early diagnosis
can reduce mortality rates and faster and expedite treatment
processes, thereby alleviating the burden of high costs. Further-
more, by integrating these MNMs into POCT (Point-of-Care
Testing), early disease detection will be facilitated, enabling
the monitoring of chronic diseases at an early stage. This
comprehensive review may inspire researchers and provide
valuable insights, guiding them on the path of exploration
and development of intelligent sensing based on MNMs.
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