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Micro/nanomotors for neuromodulation
Yulin Huang and Fei Peng @ *

Micro—nanomotors (MNMs) are micro/nanoscale intelligent devices with vast potential in the fields of
drug delivery, precision medicine, biosensing, and environmental remediation. Their primary advantage
lies in their ability to convert various forms of external energy (such as magnetic, ultrasonic, and light
energy) into their own propulsive force. Additionally, MNMs offer high controllability and modifiability,
enabling them to navigate in the microscopic world. Importantly, recent research has harnessed the
unique advantages of MNMs to synergize their capabilities in neuromodulation. This mini-review presents
the significant progress and pioneering achievements in the use of MNMs for neuromodulation, with the
aim of inspiring readers to explore the broader biomedical applications of these MNMs. Through continu-
ous innovation and diligent exploration, MNMs show promise to have a profound impact on the field of

rsc.li/nanoscale biomedicine.

1 Introduction

The film Fantastic Voyage released in 1966 vividly shows a
microsubmarine sailing through blood and treating diseases,
attracting worldwide researchers to focus on the research of
micro- and nanoscale machineries. Half a century later, the
Nobel Prize in Chemistry 2016 was jointly awarded to Jean-
Pierre Sauvage, Fraser Stoddart and Ben Feringa for their pio-
neering contributions in the field of molecular machines.
Inspired by molecular machines and benefitting from the
rapid advancement of nanotechnology,* various micro/nano-
motors have been developed, which can convert chemical
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energy and other energy into mechanical energy at the micro/
nanoscale, enabling them to move in a directional manner
through their asymmetric structure, thereby performing more
complex tasks.*

Micro/nanomotors, also known as micro/nanomachines,
micro/nanorobots and micro/nanoswimmers, are generally
tens of nanometers to tens of micrometers in size, and many
researchers have worked on using various ways to make them
move. Because the Reynolds number of MNMs in water is
extremely low, driving such a tiny device is a laborious task. In
this case, the motion of motors is completely dominated by
viscous force, which is similar to one swimming in a pool full
of viscous syrup.” Due to the time reversal symmetry of a low
Reynolds number fluid, many macro-feasible propulsion
methods are not applicable,*” such as breaststroke. Therefore,
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scientists have developed some novel propulsion mechanisms
to drive MNMs. These mechanisms can be divided into two
categories: (1) self-propulsion: achieved by creating an asym-
metric field around the motor using chemical or physical reac-
tions to induce fluid flow or by generating bubbles and direct
mechanical forces to propel the motor. Self-propulsion can be

subdivided into bubble propulsion,®™*? self-
electrophoresis,"*™*° self-diffusiophoresis,"®™° self-
20-23

thermophoresis and biological agent propulsion (directly
utilizing natural motile microorganisms to drive motors, such
as bacteria or spermatozoa).>* (2) External propulsion: utilizing
external energy for propulsion, including light, electricity,
ultrasound, and particularly magnetic field,>>*® which is
regarded as a facile method for clinical settings. Among these
driving mechanisms, a common idea is to make physical or
chemical reactions occur asymmetrically on the motor to gene-
rate uneven forces to propel itself.

Thanks to their ultra-small size, micro/nanomotors can
perform operations in the microscale that cannot be reached
by traditional devices, so they have a particularly profound
impact on biomedicine.””?® For instance, MNMs can be
employed in microfluidic chips for micromanipulation,®*°
they can navigate in the natural lumen of an organism for
medical imaging,>’® and they can even have potential as
label-free biomechanical probes.**?*> MNMs can also work
together, and one can control the MNM groups and reach the
target to release drugs.*®*”

In the past few years, with the vigorous development of
micro/nanomotors, reviews on different applications of motors
have sprung up, which reflects researchers’ enthusiasm for
more extensive application of MNMs. In recent years, our
research group has revealed the immense potential of MNMs
in neuromodulation, but this function has not attracted
enough attention in industry. It is time to summarize the
current research progress of MNMs in neuromodulation,
which have not been reviewed yet.

2 Micro/nanomotors for
neuromodulation

Neuromodulation refers to biomedical engineering techno-
logies that utilize invasive or non-invasive techniques to modu-
late the activity of the nervous system through physical or
chemical stimulus, resulting in specific functions.*® The devel-
opment of neuromodulation techniques is not only an impor-
tant pathway for basic neuroscience research, but also an
effective option for treating neurological disorders, such as
Alzheimer’s disease, gastrointestinal diseases, Parkinson’s
disease, muscle tension disorders, obsessive-compulsive dis-
order, etc.

Micro/nanomotors as emerging tools for non-invasive
neuromodulation, have begun to receive attention from
researchers due to their advantages of limited trauma and low
cost.*® According to different mechanisms, MNMs for neuro-
modulation are divided into two categories in this article:
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chemical and physical pathways. The two have a common
characteristic that they actually have the ability of nerve stimu-
lation through direct electrical activation of the corresponding
ion channels (such as thermosensitive ion channels, mechano-
sensitive ion channels, and specific ion channels activated by
reactive oxygen species), making them particularly suitable for
the treatment of neurological related diseases, which will be
elaborated in the following sections.

2.1 Physical pathways

Physical stimulation (mechanical, thermal, acoustic, optical
and electrical stimulus) is the most traditional neuromodu-
lation option.*® In this section, we summarized the appli-
cations of cross-modal neuromodulation (such as magnetism-
electric and ultrasonic-electric synergistic stimulation). It is
worth noting that considering the long history and wide appli-
cation of electrical stimulation, we present detailed introduc-
tions to self-established electricity and piezoelectric effects
here. However, besides utilizing electricity, mechanical stimu-
lation, thermal stimulation, and non-thermal stimulation
using mid-infrared light have also been emerging neuromodu-
lation methods in recent years.

2.1.1 Self-established electricity. The role of electrical
stimulation in the field of neural regulation cannot be
ignored. It can be traced back to ancient Egypt, which shows
its long history. People first directly observed the regulation of
brain function by applying weak direct current in the early
19th century. And in the past decade transcranial magnetic
stimulation and deep brain stimulation have been clinically
transformed and used worldwide, providing alternatives for
treating neurological and neuropsychiatric ~ diseases.*!
However, many studies have shown that the structural and
mechanical differences between traditional invasive electronic
devices and their neuronal targets may lead to the destruction
of natural tissues, thus preventing the device from conducting
neuromodulation steadily over time.**”** Moreover, batteries
required by the devices generally have large volume and short
lifetimes. What is more serious is that replacing the battery
and the corresponding surgery increase the economic burden
and risk for patients.** The shortcomings of invasive devices
in energy supply have limited their progress.*® Therefore, it is
of great significance to develop a power supply independent
device.

One approach to addressing the reliance on wired power
supply is by utilizing the self-generated electric field produced
by micro/nanomotors (MNMs). To this end, our research
group has developed a water-driven Ni-Zn tubular MNM
capable of magnetically controlling its direction for the
purpose of directional differentiation of neural stem cells.*®
The aim of this study is to propose new treatment strategies
for neurodegenerative diseases such as Alzheimer’s disease
and Parkinson’s disease. The motor is fabricated using the
electrochemical deposition method and serves as a typical
representative of metal-based micro/nanomotors.”” The
motor’s motion mechanism primarily relies on the reaction
between the Zn segment and water: Zn + 2H® — Zn*" + H,,

This journal is © The Royal Society of Chemistry 2024
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which increases the concentration of Zn>* ions in the zinc
segment, consequently creating a self-generated electric field
towards the Ni segment and inducing the motor’s movement
towards the Zn segment. It is noteworthy that the motion of
the motor does not generate any bubbles. Consequently, when
compared to previous chemically driven micromotors, the like-
lihood of gas blockage is eliminated. Under magnetic field
control, the motor can achieve an average speed of 27.7 +
1.5 um s—1 in deionized water. Leveraging its self-propulsion
and directional capability, motors can reach the region where
endogenous neural stem cells reside, facilitating the exchange
of bioelectric signals and intracellular communication with
neural stem cells through the self-generated electrochemical
fields. As a result, the neural stem cells can undergo differen-
tiation into neurons. In vitro experiments involving the coculti-
vation of the motor and neural stem cells have shown signifi-
cant differentiation of neural stem cells into neurons.
Furthermore, in vivo experiments have provided evidence of
the ability of the motor to guide neuronal regeneration. This
study offers compelling evidence of the neuronal regeneration
capabilities exhibited by micro/nanomotors, unveiling new
possibilities for exploration in the field of minimally invasive
precision medicine (Fig. 1).

Additionally, our research group has also conducted other
in-depth studies on the use of self-generated electricity for
neural stimulation. For example, we have successfully devel-
oped motors based on Au-TiO, and explored their application
in modulating neuronal activity. Firstly, we synthesized the
TiO,~Au-nanowire-based motor,*® which converts ultraviolet
light energy into mechanical motion through photoelectric
conversion, achieving highly controllable movement in a bio-
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Fig. 1 The schematic diagram illustrating the motion behavior of Ni—Zn
micromotors, targeted activation and directed cell differentiation of
NSCs. This figure has been reproduced from ref. 46 with permission
from John Wiley and Sons, copyright 2023. The Ni—-Zn micromotor
approach targets NSCs under magnetic guidance. With a self-generated
chemical electric field, the micromotors further activate voltage-gated
ion channels in the cells, thus guiding the differentiation fate of the
target NSCs.
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logical environment. By locally generating electric fields,
motors were able to activate calcium ion channels and achieve
precise manipulation and regulation of individual neurons. In
addition to using MNMs for neural stimulation of individual
neurons, the collective behavior of nanomotors has also intri-
gued us in the field of neuromodulation. Therefore, we further
described the black (B)-TiO,@N/Au nanorobots.*” The main
purpose of studying this motor is to explore collective intelli-
gent systems that effectively interact with biological entities.
When these nanomotors were exposed to program controlled
near-infrared (NIR) light, they showcased periodic swarming
oscillation behavior due to electrophoresis induced by photo-
Iytic water decomposition. It has been discovered that this
oscillating electrochemical field leads to the activation of
nearby neurons in vitro and triggers resonant oscillation of
neural populations without any synaptic contact. This research
explores the connection between oscillating nanomotor popu-
lations and biological rhythms, particularly neuronal activity,
while effectively demonstrating the stability and biocompatibil-
ity of the nanomotor populations in various cellular environ-
ments. Ultimately, the significance of this research lies in the
innovative collective resonant nanomotors which facilitate the
transmission of neural signals beyond the millimeter scale,
thus offering fresh and practical avenues for regulating neural
activity and information transmission. Moreover, these find-
ings have potential to contribute to the advancement of bioe-
lectronics by providing valuable insights and potential appli-
cations (Fig. 2).

It is essential to acknowledge that, despite significant pro-
gress being made in in vitro and animal experiments, there are
still many obstacles to overcome on the path to clinical conver-
sion. One such challenge involves the programmability of elec-
tric fields, which is critical for effective implementation.>*>!

2.1.2 Piezoelectric effect. The piezoelectric effect operates
on the principle that applying pressure to a piezoelectric
material results in the generation of a potential difference,
known as the positive piezoelectric effect. Conversely, the
application of voltage induces mechanical stress, which is
referred to as the inverse piezoelectric effect. In other words,
piezoelectric materials possess the ability to convert and inter-
change mechanical and electrical energy. This intrinsic corre-
lation between the two phenomena is intriguing, and as a
result, piezoelectric devices find extensive utility in the realm
of neural regulation.>*>* Researchers have proposed the use of
micro/nanomotors with piezoelectric properties as promising
solutions to mitigate the tissue trauma caused by traditional
devices, enhance spatiotemporal accuracy and therapeutic
efficacy, and facilitate further miniaturization.”*

BaTiO; is a piezoelectric material with a long history. As
early as the 1950s, it was regarded as a promising candidate
for applications in piezoelectric transducers.>® In recent years,
it has emerged as a viable alternative to lead zirconate titanate
[Pb(Zr,Ti)O;(PZT)], which is the most widely used piezoelectric
ceramic material in the fields of neural modulation and neural
tissue engineering. This substitution aims to mitigate the
severe toxicity associated with lead.>® Our research group pro-
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Fig. 2 (A) TiO,—Au nanowire-based motors are capable of targeting
neuronal retinal ganglion cells under ultraviolet irradiation. They gene-
rate electricity transmitted as a signal to the target cells and trigger cell
activation. This figure has been reprinted from ref. 48 with permission
from John Wiley and Sons, copyright 2020. (B) Under the programmed
near-infrared light, the B-TiO,@N/Au nanorobot swarm demonstrates
periodic swarm oscillations and triggers resonant oscillations of neuron
populations without synaptic contacts (approximately 2 mm apart). This
figure has been reproduced from ref. 49 with permission from the
American Chemical Society, copyright 2023.

posed a strategy that combines the piezoelectric effect of
BaTiO; with micro/nanomotors for neural stem-like cell stimu-
lation. To this end, we have designed and fabricated a magnetic
and piezoelectric nanomotor, denoted as
S. platensis@Fe;0,@tBaTiO;z, which serves as a highly controlla-
ble platform for neural stem cell stimulation.>” The preparation
of this nanomotor involved the coating of Fe;O, and BaTiO;
nanoparticles onto S. platensis. The Fe;0, component endows
the nanomotor with the capability to autonomously migrate
towards the target neural stem cell position under the influence
of a magnetic field. And BaTiO; exhibits the property of convert-
ing ultrasonic energy into electrical signals, thereby inducing the
differentiation of the desired target cells. The research team has
further investigated the functionalities of the nanomotor. By
varying the intensity of ultrasonic stimulation, neural stem cells
can be directed by the nanomotor to differentiate into astrocytes,
functional neurons, and oligodendrocytes.*® Notably, our study
also demonstrates the differentiation of neural stem cells into
dopamine neurons and cholinergic neurons, offering potential
remedies for disorders associated with the degeneration of these
specific neuron types (Fig. 3).

In general, piezoelectric micro/nanomotors have broad pro-
spects for applications in the field of neuroscience. Other
piezoelectric materials, such as molybdenum disulfide (MoS,),
have recently been reported as adjustable artificial synapses,
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Fig.3 The schematic diagram depicting the assembly of

S. platensis@Fez;O,@tBaTiOs micromotors, and the motors precisely
stimulate the differentiation of neural stem cell-like cells under mag-
netic driving. This figure has been adapted from ref. 57 with permission
from John Wiley and Sons, copyright 2020.

providing new inspiration for the development of more piezo-
electric micro-nanomotors.”® However, there are still some
issues in research that cannot be ignored, such as the biocom-
patibility of piezoelectric materials in synergy with MNMs.
Taking the classic piezoelectric material zinc oxide nano-
particles (ZnO NPs) as an example, although ZnO NPs were
previously considered to have low toxicity, recent research has
reported various toxicities and mechanisms of ZnO NPs.®® In
addition, ultrasound, as the signal to trigger the piezoelectric
effect in MNMs, may face attenuation issues inside the human
body. Nevertheless, excessive increase in ultrasound intensity
may lead to side effects such as excessive thermal and ultra-
sonic cavitation effects.

In addition to nerve regulation through electricity, other
physical stimulation has expanded the toolkit and provided
valuable inspiration for subsequent research. Regarding
thermal stimulation, recent research by Wu et al. utilized infra-
red light within the 400-1800 nm range to implement deep
brain stimulation in mice via the photothermal conversion of
nanoparticles.®” However, given the limitations associated
with using light-thermal stimulation, a growing number of
researchers are turning their focus towards non-thermal
methods of nerve stimulation. For instance, Wu et al.>* devel-
oped nanoparticles that directly employ blue light excited by
near-infrared light for neuronal stimulation, taking an impor-
tant step towards non-invasive deep brain stimulation.®?
Furthermore, mechanically sensitive ion channels have
received much interest. Collier et al. designed a magnetically-
driven magnetic microdisk (MMD) with a diameter of 4 pm
and thickness of 100 nm for activating hippocampal neurons
and cortical neurons, showcasing high efficiency and pro-
longed stimulation characteristics.®®

2.2 Chemical pathways

Not only in the field of micro/nanomotors, previous research
has devoted an excessive amount of attention to the appli-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr00008k

Published on 31 2024. Downloaded on 16.10.2025 02:56:56.

Nanoscale

cation of electrical stimulation in the field of neuromodu-
lation. The majority of commercially available neuromodu-
lation methods rely on electrical stimulation, while current
studies on neuromodulation using chemical approaches pri-
marily concentrate on drug design or passive targeting strat-
egies utilizing nanoparticles.>® Therefore, there is a need for
increased focus on actively targeted neuromodulation
methods that involve principles of chemistry.

Reactive oxygen species (ROS) have a significant impact on
the nervous system. ROS is a natural byproduct of oxygen
metabolism and plays crucial roles in cell signaling and
homeostasis. ROS have been demonstrated to activate particu-
lar ion channels, including the mammalian transient receptor
potential (TRP) channels.®* Significantly, the ROS and calcium
pathways have the ability to interact,®® rendering them suitable
for neural regulation. However, exposure to environmental press-
ures such as ultraviolet radiation, heat, and trauma can cause a
sharp increase in ROS levels, leading to severe damage to cell
structures, which is known as oxidative stress.”® Numerous
researchers in the field of micro/nanomotors are dedicated to
counteracting ROS via various strategies to minimize their
harmful effects on the nervous system.”’”* Interestingly, ROS
generation can also be harnessed to eliminate proteins respon-
sible for neurodegenerative diseases in the nervous system.”®”>
Due to the effects of ROS on normal cells including oxidative
stress and carcinogenic risk, many ROS probes have been devel-
oped to prevent damage to normal tissues. In addition, methods
for regulating ROS concentration have also emerged. For
example, Sun’s team developed a titanium oxide electrocatalyst,”
which promotes ROS generation at low ROS concentrations but
exhibits inhibitory effects at high concentrations. It can be
expected that this technology can be applied in the field of micro/
nanomotors, such as for photodynamic therapy and neural
modulation. However, due to the complexity of ROS composition,
it remains a challenge to be addressed for biomedical appli-
cations of ROS. This section aims to present recent research
trends over the past three years and elucidate the extensive devel-
opment possibilities of ROS as a typical chemical neuromodu-
lation approach, in combination with MNMs.

2.2.1 Neutralizing ROS for nerve injury repair. Traumatic
brain injury (TBI) refers to the damage to soft tissues, skull
bones, and brain tissues caused by mechanical forces, and is a
serious public health and socio-economic issue worldwide.
The secondary injuries resulting from neurochemical and
metabolic changes include acute oxidative stress, inflamma-
tory reactions, and blood-brain barrier dysfunction. These sec-
ondary injuries may occur within minutes to hours after the
injury, leading to neuronal death and irreversible neurological
dysfunction.”® Therefore, there is an urgent need to develop a
feasible solution for the rapid management of life-threatening
emergencies until commencement of hospital treatment.
Currently, there are very few expedient interventions available
for brain injuries, and secondary brain injuries are difficult to
reverse with subsequent surgical and medical treatments such
as dehydration agents, neuroprotective drugs, and hemostatic
drugs for treating brain edema.”

This journal is © The Royal Society of Chemistry 2024
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To address this, Xue’s team proposed Janus catalysis-driven
nanomotors (JCNs) using a plasma-induced alloying technique
and sputtering-caused half-coating strategy, successfully
solving the challenge of rapid and deep penetration into brain
tissue.®® Theoretical calculations and experimental results
demonstrate that heteroatom-doped alloy engines endow JCNs
with higher catalytic activity in the removal of reactive oxygen
species (ROS) and reactive nitrogen species (RNS) compared to
common Pt-based motors. When JCNs are dropped onto the
surface of a fractured skull, they effectively catalyze endogen-
ous hydrogen peroxide, as fuel to promote JCNs to infiltrate
deep brain injuries. This allows for further nanocatalyst-
mediated cascade-blocking therapy to clear ROS and RNS,
such as hydroxyl radicals, superoxide radicals, and peroxy-
nitrite ions. Ultimately, JCNs reversed various behavioral
impairments and significantly reduced the mortality rate of
mice with sTBI. In summary, this work provides a revolution-
ary nanomotor-based strategy for sensing brain injuries and
clearing oxidative stress, demonstrating significant therapeutic
potential in assisting emergency TBI.

In addition, spinal cord injury (SCI) is an external trauma
that brings heavy physical and economic burden to patients.
The pathological process of SCI is complex, and once it occurs,
it leads to the loss or severe impairment of motor, sensory,
and autonomic functions.”®”” The existence of the blood-
spinal cord barrier (BSCB) creates challenges in facilitating the
access of numerous drugs employed for SCI treatment to the
specific site of spinal cord injury. Consequently, the selection
of an effective drug delivery system to improve treatment out-
comes has become a hot topic in current research.

Recently, Mao and Wan'’s research group have provided a
new strategy for treating SCI through the design of a poly(2-
methacryloyloxyethyl phosphorylgallylcholine) (PMPC)/
r-arginine (PMPC/A)-based nanomotor.®” This nanomotor can
release nitric oxide (NO), load the nerve growth factor (NGF),
and inducible nitric oxide synthase inhibitor 1400W. With its
high drug loading capacity and strong ability to penetrate
pathological tissues, it shows great potential in SCI treatment.
Researchers have also discovered that this nanomotor can
lower oxidative damage and inhibit the expression of nitric
oxide synthase by regulating the levels of ROS, leading to the
suppression of inflammatory reactions. Additionally, the nano-
motor can effectively penetrate the BSCB, then by regulating
the internal environment and releasing therapeutic drugs,
restore the motor function in a rat SCI model (Fig. 4).

These studies have demonstrated the potential of MNMs in
the treatment of acute neurological disorders. They provide
new ideas for developing novel therapeutic strategies, improv-
ing treatment efficiency, and shortening treatment duration.
However, these studies are still in the laboratory stage and
require further clinical research and validation to ensure safety
and efficacy.

2.2.2 Utilizing ROS for pathogenic protein clearance. It
should be noted that ROS are not only eliminated as harmful
substances but are also utilized in specific contexts to clear
pathological protein aggregates, which serve as crucial
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Fig. 4 JCNs decompose excessive ROS to generate an asymmetric
pressure wave to propel themselves forward, and the decomposition of
ROS can also block the inflammatory cascade reaction induced by oxi-
dative stress, thus preventing secondary damage to brain tissues. This
figure has been reproduced from ref. 68 with permission from John
Wiley and Sons, copyright 2022.

markers for various neurodegenerative diseases. The conven-
tional method for targeted therapy of neurodegenerative dis-
eases primarily relies on the utilization of non-autonomous
nanoparticles to disassemble protein fibers, yet the outcomes
have proved to be unsatisfactory.”®

To enhance the dissociation effect, the Mayorga-Burrezo
team has designed a light-driven micromotor based on
concave BiVO, microspheres.”’ Experimental results demon-
strate that this micromotor can generate reactive ROS, such as
superoxide radicals and hydroxyl radicals, to induce protein
fiber disaggregation. The study also reveals that the helical tra-
jectory of the motor enhances this effect through the uniform
distribution of ROS. This motor not only exhibits great poten-
tial in dismantling protein fibers, but also has the potential to
be extended to photodynamic therapies, such as lung cancer
or skin cancer, which can utilize ROS for treatment. This work
provides crucial insights into the application of novel strat-
egies in the treatment of neurodegenerative disorders, filling a
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Fig. 5 L-Arginine loaded on PMPC/A/1400W/NflF nanomotors can
react with reactive oxygen species in the injured neural microenvi-
ronment to produce NO, thereby propelling the motors. The motors can
effectively penetrate the BSCB and restore motion function by regulat-
ing the internal environment of the rat SCI model and the release of
therapeutic drugs. This figure has been adapted from ref. 67 with per-
mission from the American Chemical Society, copyright 2023.

gap in the application of MNMs for protein fibril
disaggregation.

Although this is an exciting new discovery, the detrimental
impact of ROS on normal tissues cannot be disregarded.
Elevated ROS levels can lead to damage in proteins, lipids, and
DNA, resulting in oxidative stress and ultimately contributing
to the development of neurodegenerative diseases.”” In
addition, the potential adverse effects of ROS produced by
MNMs on cells or animals have not been definitively estab-
lished, creating a controversial issue. Therefore, it is imperative
to precisely regulate the concentration range of ROS generation
to ensure that it does not induce severe consequences while
effectively eliminating pathological proteins. Furthermore,
Hajipour et al. propose that shorter fibrils generated after
nanoparticle disaggregation may exhibit more potent patho-
genic effects compared to longer fibrils. This observation
could be attributed to their smaller size and increased mobi-
lity, enabling them to insert and disrupt membrane environ-
ments.*® As a result, the traditional assumption that protein
fibril dissolution will lead to laxation in Alzheimer’s disease
must be reevaluated. It is important to acknowledge that while
this research presents a groundbreaking application, there is
still a long way to go before clinical implementation and it
requires further efforts (Fig. 5).

3 Conclusions and outlook

The field of micro/nanomotors has witnessed significant
advancements, leading to the development and application of
motors with diverse mechanisms and structures in various bio-

This journal is © The Royal Society of Chemistry 2024
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medical scenarios. Despite these advancements, there remain
untapped potential areas that are suitable for exploration.
Thus, this article aims to review representative emerging
examples of MNMs in the field of neuromodulation within the
last three years, shedding light on their applications in this
field. As a newly emerging application scenario in recent years,
neuromodulation demonstrates the revolutionary potential of
MNMs in the field of nanoscience for practical applications.
Science is limitless, and we believe that in addition to the
several mechanisms mentioned in this minireview, more
physical or chemical properties proposed in fundamental
research on MNMs will be applied to neuromodulation. We
discuss the challenges faced by this field and its future devel-
opment direction in this section in order to provide new inspi-
ration for relevant researchers and urging attention to conflicts
in upstream theories in future research. This is the purpose of
this minireview.

(1) The advantages revealed by MNMs serve as a source of
inspiration for this field. MNMs possess a high spatial resolu-
tion due to their minuscule size, enabling precise stimulation
of neurons through accurate positioning. This characteristic is
particularly beneficial for achieving high spatial resolution in
neuroregulation with the use of piezoelectric nanomotors.
MNMs share the strengths of non-invasiveness, controllability,
and multifunctionality. Compared with traditional methods of
electrical or chemical stimulation, the use of MNMs is less
invasive, minimizing damage to tissues and neurons. By modi-
fying the shape, size, and composition of motors, the pro-
perties and intensity of piezoelectric effects can be controlled,
facilitating various modes of neuromodulation to meet the
diverse requirements and provide customized treatment
approaches. Furthermore, the mechanisms of MNMs are often
not singular, which is known as cross-modal neuromodu-
lation, further augmenting their multifunctionality.>® This
attribute positions MNMs as a highly promising tool for neuro-
modulation, capable of selectively exerting their effects in
different application scenarios.

(2) Focus is required on the challenges currently faced in
the field of micro/nanomotors and further promoting their
practical biomedical applications. Biocompatibility is a crucial
consideration, as studies have shown that nanomaterials can
induce adverse effects such as immune reactions, cell toxicity,
and inflammatory responses. Safety is paramount when utiliz-
ing MNMs for neuromodulation due to the sensitivity and sig-
nificance of the nervous system. For the biocompatibility of
neurobiological materials, it is required that the material has
no adverse effects on neurons during degradation. In addition
to the toxicity during the degradation process, in terms of
physical compatibility, materials in contact with nerves need
to be compatible biomechanically, otherwise inflammatory
reactions can be induced.®’ However, several factors persist
regarding the potential long-term risks of MNM utilization in
the nervous system, including the stability, distribution, and
metabolic pathways of nanoparticles. Additionally, the lack of
standardization and regulation hampers the progress of
research and applications in the field of neural modulation
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using MNMs. Conducting more comprehensive investigations
to determine the optimal dosage, actuation duration, fre-
quency, and other parameters of nanomotors is essential to
ensure the feasibility of practical implementations.
Subsequent research should give priority to addressing these
challenges to promote the further development and appli-
cation of MNMs in neural modulation.

(3) Attention to current upstream research enables the dis-
covery of new possibilities for nanomotors. For instance, sig-
nificant advancements have been achieved in optogenetics
involving model organisms like Caenorhabditis elegans, which
are relevant to neuromodulation.?>®? In addition, there is a
long research history on related nanoparticles, such as upcon-
version nanoparticles (UCNPs).®**> However, the spatiotem-
poral accuracy of these nanoparticles is hindered by the scat-
tering of light in biological tissues and their inadequate target-
ing efficiency. MNMs offer potential solutions to address this
issue. It is crucial to acknowledge that genetic modifications
necessary for this technology continue to be constrained
within human and non-human primate species, resulting in a
challenging path towards clinical trials.

In the past two decades, we have witnessed the emergence
of the first micro/nanomotor and its rapid proliferation, show-
casing its value in addressing various complex problems. In
the future, with the close integration of medicine, materials,
chemistry, biology, and nanotechnology, micro/nanomotors
are destined to evolve into powerful tools for fundamental
neuroscience research and clinical neuromodulation.
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