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Different from traditional colloidal particles based on Brownian motion, micro/nanomotors are micro/
nanoscale devices capable of performing complex tasks in liquid media via transforming various energy
sources into mechanical motion or actuation. Such unique self-propulsion endows motors with fantastic
capabilities to access and enter the deep layer of targeted diseased tissue, which in turn breaks through the
limitation of the poor permeability of traditional pharmaceutical preparations, thus providing giant prospects
for active therapy. It is noteworthy that recently several studies, which utilized the byproducts generated
in situ by micro/nanomotors to achieve active therapy, in a truly green zero-waste manner, have been
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carried out. In this minireview, we highlight the recent efforts with respect to active therapy based on the
byproducts of micro/nanomotors, expecting to motivate readers to expand the practical biomedical appli-
cation scope of micro/nanomotors in a broader horizon. Accompanied by ever booming enthusiasm and
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1. Introduction

For quite a long time, scientists have been obsessed with the
desire to invent miniaturized machines that are capable of
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persevering exploration, micro/nanomotors are on their way to revolutionize conventional fields.

navigating spontaneously toward the targeted locations in bio-
logical media and subsequently completing predesignated
missions. The bold hypothesis of a miniaturized machine
could be traced back to a legendary speech “There’s plenty of
room at the bottom” in 1959, given by Richard Feynman, a
Nobel laureate in physics." Shortly thereafter, the imagination
came true on the big screen at first. The film “Fantastic
voyage” elaborated a story that surgeons sailed in blood by
means of a microsubmarine to dissolve the clot and then
escaped through eyes, released in 1966.> The film bears the
ardent thirst to apply micro/nanorobots to the diagnosis and
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treatment of diseases, which impels the development of
machines with similar fascinating properties, especially at the
micro/nanoscale suitable for clinical applications. The past
few decades have witnessed giant breakthroughs in nano-
technology and the embryonic form of miniaturized machines,
giving the credit to the unremitting endeavors of researchers.
In 2004, the first example of micro/nanomotors, contrived by
Sen, Mallouk and Crespi,® came into existence, which has set
off an upsurge in research in the emerging field of micro/
nanomotors since then. Subsequently, micro/nanomotors, fab-
ricated with multifarious structures, propelled by manifold
mechanisms and applied to diverse applications, have sprung
up constantly. In 2016, the Nobel Prize in chemistry was
awarded jointly to Jean-Pierre Sauvage, Fraser Stoddart and
Ben Feringa, in recognition of their pioneering contributions
to the “design and synthesis of molecular machines”,* which
has significantly impulsed the unprecedented development of
micro/nanomotors.

Micro/nanomotors, also known as micro/nanomachines,
micro/nanorobots, and micro/nanoswimmers, are a range of
miniaturized devices which have the ability to walk with ease.
They are competent to convert chemical fuels® or external ener-
gies® into mechanical movement or actuation and subsequently
perform sophisticated tasks, breaking through the bottleneck of
traditional therapeutic platforms. By virtue of their miniaturized
size, distinctive automatic navigation, strong cargo towing and
effective penetrating capability, micro/nanomotors have dis-
played limitless potential to revolutionize various research
areas, particularly the biomedical field, such as drug
delivery,” ™ precise surgery,"*** sensing,"*'® and imaging.'***

In the past few years, accompanied by the vigorous
advances of micro/nanomotors, a multitude of reviews with
regard to motors from different emphasis points have sprung
up. It is worth noting that these reviews often focus on the fab-
rication techniques, propulsion mechanisms, motion beha-
viors and applications of micro/nanomotors,>*>° which
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reflects that researchers tend to pay great attention to perfect
structures, striking motility capacities and conspicuous appli-
cation outcomes of motors. On the other hand, it also implies
from the side that it is easy to disregard the byproducts pro-
duced or generated during the motion process of micro/nano-
motors, and what’s worse, treat them as waste. However, in com-
parison to simply taking motors as active drug carriers to
deliver therapeutic molecules to the prescribed destinations, it
is better to directly use the in situ byproducts formed in
response to the microenvironment or external stimuli for active
therapy. Therefore, it is time to summarize the current progress
in active therapy using micro/nanomotors based on byproducts,
which have not been reviewed yet. For one thing, it is of great
benefit to remind researchers to set up the consciousness and
concept of turning waste into treasure, so as to find out smarter
strategies that are in line with practical clinical applications,
and for another, it is conducive to laying the foundation for
further clinical applications of micro/nanomotors in the future.

2. Active therapy based on the
byproducts of micro/nanomotors

Based on the characteristics of byproducts, two classifications
can be divided, chemical byproducts and physical byproducts,
respectively (Fig. 1). Chemical byproducts and physical bypro-
ducts of motors share a mutual feature, that is they actually
possess the ability to exert therapeutic effects, thus making
them especially suitable for active therapy, which will be
expounded in the following sections.

2.1. Chemical byproducts

Chemical byproducts are routinely the results of the spon-
taneous chemical reactions between motors and substrates
existing and readily available in the microenvironment, which
are divided into hydrogen, nitric oxide, and ammonia in this

chemical

byproducts %‘
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2

physical &
byproducts

Fig. 1 Schematic illustration of the byproducts of micro/nanomotors.
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minireview. In this section, we summarize the recent develop-
ments in active therapy by micro/nanomotors based on the
chemical byproducts in detail.

2.1.1. Hydrogen. Hydrogen (H,), as a rising star molecule,
exhibits lots of virtues and is a competitive candidate for a
therapeutic antioxidant owing to its inherent reducibility. It is
worth noting that H, possesses the ability to selectively bind
and scavenge toxic hydroxyl radicals and peroxynitrite without
affecting biologically active free radicals, showing fascinating
prospects in biomedical applications.? The first report was
published in Science in 1975, describing that hyperbaric hydro-
gen conduced remarkable regression of the tumors in hairless
albino mice with squamous cell carcinoma,*” which opens a
new door to the medical research of H,. Then in 2007, Ohta
et al. harnessed H, to suppress cerebral ischemia/reperfusion
injury and stroke based on the idea that H, could selectively
reduce cytotoxic oxygen radicals,®® which has ignited an
upsurge of H, medical research since then.

It is universally acknowledged that active metals could
generate H, bubbles through spontaneous redox reactions
with water or acid. Inspired by this, active metal-based motors
have been designed for the realization of H, therapy.
Magnesium (Mg)-based micromotors, which are dependent on
the Mg-water reaction, are typical representatives of active
metal-based motors.>® Our group prepared a biocompatible
and biodegradable Mg-based Janus micromotor by asymmetri-
cally wrapping a poly(lactic-co-glycolic acid) (PLGA) layer on
the outer surface of Mg microspheres, for the active H, therapy
of acute ischemic stroke (Fig. 2A).>> When immersed in an arti-
ficial cerebrospinal fluid, the motor was capable of travelling
forward with a speed of 51.1 pum s'. The continuous thrust
supplied by H, bubbles which escaped from the small opening
of the micromotor was utilized as an active pump to enhance
the permeation of H, into deep brain tissue, which in turn dra-
matically heightened the therapeutic outcome. Apart from pro-
viding a driving power source, H, also acted as a therapeutic
component to regulate the inflammatory microenvironment.
In the presence of a single therapeutic agent H,, both the
intracerebral inflammatory factors and the brain infarct
volume of rats were distinctly attenuated, which convincingly
showed distinguished neuroprotection and ischemia stroke
remedy effects.

On this basis, our group also designed a magnesium-hya-
luronic acid (Mg-HA) micromotor, for the active therapy of
rheumatoid arthritis (Fig. 2B).*® Real-time dynamic and accu-
rate monitoring in vivo was realized under the guidance of
ultrasound due to the continuous generation of hyper-echo H,
bubbles, which is of great benefit to pave the way to devise
next-generation multifunctional smart motors. Furthermore,
prominent therapeutic outcomes, involving the down-regu-
lation of inflammatory cytokines and the recovery of joint
destruction, were obtained using collagen-induced arthritis rat
models. It is worth mentioning that in this system, H, served
as not only a driving force and therapeutic component, but
also an ultrasonic imaging agent. The advent of such an inte-
grated platform with multiple functions significantly strength-

This journal is © The Royal Society of Chemistry 2023

View Article Online
Minireview

ROS Scavenge
| Mg +2H:0 — Mg(OH)z + Hal

/ 2
1L1B HRQS E .

O Mg@PLGA S
micromotor ROS

TNF-a i Hz

H:

ROS

Inflammatory

™\ cerebrospinal fluid L &
Factors L6 X s |

Anti-inflammatory

B pes RA model Treated
e
Mg + 2H,0
e, IL-1BY
H, bubble evolving
& for US imaging >
. L
Depletion of micromotor s
¢ B Mg(OH), + H, . :g L
+ % TNF-ay (- ||_.s¢
Active H, delivery ‘OH
< ) Alieviate inflammation
b H,0 + H: by ROS scavenging

Hz gas propulsion

o awe J | ]
CQ pet E 3 - =
& P:ie\'\“e” Y jﬂ -
h\& s %: « D@ o0 2e P (0
R \ £ | 2

wiCw@ -

fotion enITanced Hz2

L

oo oo 00 9 Hz

diffusion and delivery { (00 +OH
Decrease intracellular Mechanism of ROS
ROS by active H2 scavenging

Fig. 2 (A) Mg@PLGA micromotor as an active therapy platform for
acute ischemic stroke via selectively scavenging ROS and alleviating oxi-
dative stress. This figure has been reproduced from ref. 35 with per-
mission from the John Wiley and Sons, copyright 2021. (B) Mg—-HA
micromotors capable of regulating the inflammatory microenvironment
for the active therapy of rheumatoid arthritis. This figure has been
adapted from ref. 36 with permission from the American Chemical
Society, copyright 2021. (C) Mg-based micromotors which could disrupt
the redox homoeostasis to induce the apoptosis of cancer cells. This
figure has been reprinted from ref. 37 with permission from the Elsevier,
copyright 2020.

ens the confidence in putting micro/nanomotor technology
into real-world clinical practice.

In addition to employing H, solely to achieve active
therapy, embellishing with other functional ingredients may
bring about superior efficacy owing to the synergistic effect.
Our group developed a kind of Mg-based micromotor by asym-
metrically capping Mg microparticles with a PLGA layer, where
the anticancer drug doxorubicin (DOX) was loaded.>” Thanks
to the selective antioxidant effect of H,, the produced H, could
be used to scavenge cytotoxic oxygen radicals which abun-
dantly exist in the cancer microenvironment, thus breaking
the redox homoeostasis and subsequently resulting in the
apoptosis of cancer cells (Fig. 2C). Additionally, with the assist-
ance of H, diffusion, the sensitivity of tumor cells to DOX was
remarkably promoted, which also played a crucial role in rea-
lizing active hydrogen-chemotherapy synergistic anticancer
therapy, thus endowing it with stupendous prospects for bio-
medical application.

Overall, taking advantage of H, produced in situ from Mg-
based micromotors for active H, therapy is a considerably
promising strategy. First and foremost, in clear contrast to H,
micro/nanocarriers relying on passive diffusion, Mg-based
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micromotors that rely on the bubble recoil mechanism show
astonishing motion performance at low Reynold numbers in
biologically relevant media, thus endowing them with possibi-
lities of further penetrating deeper into tissue, which in turn
facilitates a better curative outcome. Besides, due to the inge-
nious construction of a small opening, which serves as the
interface for the Mg-water reaction, the H, release rate of
motors is slower than that of hydrogen-rich saline as well as
hydrogen-rich water, making it more suitable for practical
application. Furthermore, the propellants of Mg-based micro-
motors, including Mg and water, have great biocompatibility.
For instance, Mg acts as an essential trace element in living
organisms without harm to humans, and more importantly,
Mg-based alloys as biodegradable implants have been success-
fully applied to cardiovascular and orthopedic diseases.*®
Equally, water is ubiquitous and available in organisms,
regarded as an ideal safe fuel for powering micro/nanomotors.

Despite this, there are several obstacles that need to be cir-
cumvented for further clinical practice. Due to the violent reac-
tion with water, it is hard to achieve controllable sustained
release of H, and maintain an effective therapeutic concen-
tration at the damaged sites. Therefore, more efforts shall be
devoted to prolonging the lifetime of Mg-based micromotors.
In fact, besides the Mg-water reaction, among active metals, Al
is able to reduce water to H,, while Zn can also spontaneously
react with an acid to produce H,. Certainly, Al-based motors®”
and Zn-based motors*®*! also have been devised, but reports
in relation to these two types of motors are rarely involved in
the use of H, for therapy, while most tend to merely treat H,
as a driving power source.

2.1.2. Nitric oxide. As we all know, nitric oxide (NO), a
simple diatomic molecule, used to be viewed as a labile and
toxic gas in the atmosphere with a bad reputation. It was not
until the 1980s that NO was found to be beneficial for the
maintenance of blood pressure via dilating blood vessels,*?
attributed to the unremitting exploration by several scientists.
Then, as a new discovery of great significance in the scientific
community, NO was selected as “The Molecule of the Year” by
Science in 1992,* which stands out as one of the key mileposts
in the progress of NO medical research. Furthermore, the apex
of the recognition of the discovery of the physiological role of
NO was that the Nobel Prize in Physiology or Medicine was
jointly awarded to Ferid Murad, Robert Furchgott and Louis
Ignarro for their contributions with respect to NO as a signal-
ing molecule in the cardiovascular system in 1998,** which
opens a new chapter in the medical research and application
of NO. In the past few decades, it has been verified that NO
plays a key regulatory role in various pathophysiological dis-
eases, including but not limited to cancer, stroke, diabetes,
arthritis, atherosclerosis, myocardial infarction and various
degenerative neuronal diseases.*’

Since NO plays multiple roles in physiological and patho-
physiological functions, great attention has been paid to the
extension of NO to biomedical applications. However, owing to
the instability of NO, it is impractical to exploit NO directly. To
this end, considerable efforts have been devoted to developing
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compounds allowing the generation of NO in vitro or in vivo,
that is NO donors. Until now, several types of NO donors,
including organic nitrates, organic nitrites, metal-NO com-
plexes, and i-arginine, have been found.*®*” Interestingly,
intracellular NO is almost exclusively produced via the bio-
chemical reaction of r-arginine, catalyzed by nitric oxide
synthase (NOS) and oxygen.*® Enlightened by such a miracu-
lous biochemical reaction within the human body, NO-driven
motors which take r-arginine as fuel for the formation of NO
have been synthesized lately.

In 2019, Shen and Mao’s team reported a type of NO-driven
nanomotor, composed of medically used fluorescent hyper-
branched polyamide (HPAM) and 1-arginine (Fig. 3A).*° By cat-
alyzing the decomposition of r-arginine, the produced NO was
employed not only as a continuous thrust but also as a thera-
peutic drug to pick up the predescribed task, that is to fight
cancer. Moreover, the incorporation of HPAM with conspicu-
ous fluorescence properties allowed monitoring the motion
behaviors as well as the uptake of motors, and in 2021, the
same group proposed an exosome-loaded microneedle array
modified with NO-driven nanomotors for promoting Achilles
tendinopathy healing (Fig. 3B).>® When exposed to the micro-
environment of Achilles tendinopathy, triggered by endogen-
ous reactive oxygen species and NOS generated in high quan-
tity as a result of inflammation reactions and postinjury stress,
t-arginine was found to be converted into NO as the driving
force. Benefiting from the ability of autonomous movement,
the limitations of targeting and penetration were overcome. As
a result, the delivery efficiency of exosomes was improved
markedly, thus facilitating the massive accumulation of exo-
somes at the injury sites accordingly. With the synergistic
effect derived from NO and exosomes, a better healing
outcome, including alleviating inflammation, accelerating the
proliferation of tendon cells and inhibiting extracellular matrix
degradation, was observed in both cells and rats.

In analogy to Mg-based micromotors, NO-driven motors
manifest an eminent athletic performance in the physiological
environment by virtue of the biocatalytic conversion of
t-arginine into NO. Both the reactant and the products are of

HPAM HPAM Micelle
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Fig. 3 (A) Fabrication process of the NO-driven nanomotor composed
of HPAM and L-arginine. This figure has been reproduced from ref. 49
with permission from the Springer Nature, copyright 2019. (B)
Manufacturing procedure of exosome-loaded microneedle arrays
modified by NO-driven nanomotors. This figure has been adapted from
ref. 50 with permission from the American Chemical Society, copyright
2021

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr05818a

Published on 01 gruodzZio 2022. Downloaded on 2025-11-04 04:24:07.

Nanoscale

benefit to organisms without leaving any harmful residue,*’
displaying a high reference value for practical biomedical
applications, nevertheless, having quite a few advantages, but
simultaneously having certain challenges. As the formation of
NO requires to be catalyzed with the assistance of endogenous
NOS and oxygen, the locomotion and therapeutic efficacy are
susceptible to the expression and activity of NOS at the dis-
eased sites. What’s worse, unlike other diseases, the request
for cancer treatment is particularly stringent. Only by supply-
ing high levels of NO can the ideal anticancer effect be
attained, while low concentrations of NO are conducive to
tumor growth,>>** which runs counter to the original purpose.
In order to address the issue, there is an intense demand for
increasing the load of r-arginine to make sure that the pro-
duction of NO exceeds the lowest threshold that can exert an
anticancer effect. The problems mentioned above should be
taken into account when considering for the advent of more
intelligent and controllable micro/nanomotors.

2.1.3. Ammonia. Ammonia is a sort of toxic waste,>® stem-
ming from the metabolism of amino acids. Therefore, the
accumulation of toxic ammonia, especially at high concen-
trations, can easily cause accidental injury to cells, whether
normal cells or cancer cells. It is quite interesting that this
feature of ammonia coincides with the fundamental aim of
cancer treatment, which is committed to killing cancer cells.
Hence, taking advantage of waste ammonia to fight cancer is
quite an appealing option. However, it is universally acknowl-
edged that a key factor in the failure to defeat cancer is the
poor permeability of drugs in the deep layer of tumors.
Attributed to the heterogeneity and structural complexity of
solid tumors, like vessel leakiness and lack of functional lym-
phatics, the interstitial fluid pressure has remarkably elev-
ated,>® which presents an unavoidable obstacle for the entry of
molecules into deep tumor tissue. Thus, how to improve the
penetration ability at the tumor site is a major research
hotspot. The advent of micro/nanomotors, with exceptional
motility performance and effective penetration capability,
offers the possibility to address the issue mentioned above.

Urease, the first enzyme to be purified and crystallized in
1926, is a nickel-containing enzyme found in plants, algae,
fungi and several microorganisms.*® Urea, the natural sub-
strate of urease, is ubiquitous in organisms. Urease is capable
of catalyzing the hydrolysis of urea into ammonia and carbon
dioxide.”” Inspired by such a biochemical reaction within the
human body, the idea of applying urease to construct urease-
propelled motors arises spontaneously. By decomposing
endogenous urea into ammonia and carbon dioxide, urease-
propelled motors could not only achieve self-propulsion due to
the generation of a concentration gradient, but also realize
in situ anticancer therapy owing to the ammonia toxicity.

Sanchez’s group reported a urease-propelled nanomotor,
consisting of a solid silica core and a mesoporous silica shell,
in which the space for the payload of urease and DOX was
furnished amply.’® In the presence of the substrate fuel urea,
the self-propulsion of nanomotors could be activated by the
biocatalytic conversion of the unbalanced distribution of

This journal is © The Royal Society of Chemistry 2023
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urease. Benefiting from the increased diffusion, the release of
DOX from nanomotors increased fourfold in comparison to
their passive counterparts (Fig. 4A). Due to the synergistic
active therapy of improved DOX release and toxic ammonia, a
more effective anticancer activity than a single drug treatment
was exhibited.

On this basis, the same group later devised a species of
urease-powered nanomotors, based on mesoporous silica
nanoparticles coupled with anti-FGFR3 antibodies for the
active therapy of bladder cancer (Fig. 4B).>® With the assistance
of anti-FGFR3 antibodies whose receptors are over-expressed
in bladder cancer cells, motors displayed a more favorable self-
propulsion towards cancer cells. As a consequence, the intern-
alization efficiency of the motor system was almost 14 times as
high as that of passive particles without antibodies.
Meanwhile, the cooperative active therapy brought about extra-
ordinary application potential for bladder cancer therapy,
which originated from not only the cytotoxic effect of
ammonia, the byproduct of the biocatalysis, but also the thera-
peutic effect of anti-FGFR3, which has been proved to be able
to inhibit cell proliferation and growth. Although the studies
on the motor systems shown above only stay at the cellular
level without further animal model investigation, there is no
doubt that these preliminary studies provide valuable guidance
for further exploration, which is worth recognition.

As one type of enzyme-driven motor, no matter what advan-
tages enzyme-driven motors have, urease-propelled motors
also have advantages, including good biocompatibility, high
specificity and catalytic efficiency of enzymes, together with
mild enzymatic reaction conditions.®® Such inherent advan-
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Fig. 4 (A) Enhanced DOX release provoked by self-propulsion in the
presence of urea. This figure has been reproduced from ref. 58 with per-
mission from the John Wiley and Sons, copyright 2017. (B) Urease-
powered nanomotors as in situ ammonia generators and active therapy
platforms for 3D bladder cancer spheroid treatment. This figure has
been adapted from ref. 59 with permission from the American Chemical
Society, copyright 2018.
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tages have endowed urease-propelled motors with infinite
application potential in vivo. What’s more, since the activity of
urease is certain, as long as the substrate urea is supplied stea-
dily, the motor will be able to keep moving for a long time.
Interestingly, urea is readily available in vivo, especially in the
urinary bladder, where its concentration is up to 300 mM.*"
This characteristic also determines that urease-driven motors
are more suitable for bladder cancer treatment, with narrow
application scope. Every coin has two sides. Given that
ammonia is toxic to all cells without selectivity, while taking
advantage of toxic ammonia to eliminate cancer cells, the
impact on surrounding normal cells remains to be explored on
the way to real clinical translation. To this end, it is of great
necessity to lock the motors at a specific lesion site in order to
minimize systemic side effects.

2.2. Physical byproducts

Physical byproducts generally refer to the physical phenomena
occurring during the motion process. Such physical bypro-
ducts are mainly classified as self-generated heat and self-gen-
erated electric field in this minireview. In fact, in addition to
these two physical byproducts, other physical byproducts, such
as mechanical force and pressure generated by the dynamic
performance of micro/nanomotors, have been discovered
recently. However, how to utilize the generated mechanical
force and pressure during the motion of micro/nanomotors to
achieve active therapy remains to be further explored.

2.2.1. Self-generated heat. Photothermal therapy (PTT), a
kind of phototherapy with a long history, is also a promising
treatment in cancer studies.®” For anticancer therapy, PTT is
capable of taking advantage of the heat, which derives from
the absorbed light energy in the presence of photothermal
transduction agents, to increase the temperature of the tumor
microenvironment, thus inducing the apoptosis of cancer
cells.* Coincidentally, self-thermophoresis is one of the
common propulsion mechanisms for light-driven micro/nano-
motors, which has been deeply explored and discussed in
recent years.®»®® Such light-driven micro/nanomotors can be
simply fabricated by the asymmetric decoration of photother-
mal materials. Photothermal materials including noble
metals®® and carbonaceous materials®” are commonly used to
develop micro/nanomotors based on thermophoresis. Owing
to the functionalization of photothermal materials with photo-
thermal effects and asymmetric structural configuration, light
irradiation leads to the formation of a temperature gradient
around motors, thus allowing autonomous locomotion of
motors by self-thermophoretic force. To sum up, it might be a
fantastic idea to make full use of the heat generated by motors
during the motion process to achieve active PTT in a green
zero-waste manner, which provides an alternative option for
cancer treatment.

He’s group developed a gold nanoshell-functionalized
polymer multilayer rocket in the shape of a conical cylinder
(Fig. 5A).°% In the absence of chemical fuels, the propulsion of
rocket under near-infrared (NIR) laser irradiation was attribu-
ted to the gold nanoshells with strong plasma resonance
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Fig. 5 (A) Synthetic procedure of gold nanoshell-functionalized
polymer multilayer rockets. This figure has been reproduced from ref.
68 with permission from the John Wiley and Sons, copyright 2015. (B)
Biomimetic mem@C@SiO,@DOX nanomotors with self-thermophoretic
propulsion enhanced photothermal and chemotherapy under NIR light
irradiation. This figure has been reprinted from ref. 69 with permission
from the John Wiley and Sons, copyright 2020. (C) Modification of a
Janus capsule micromotor with an erythrocyte membrane coating. This
figure has been adapted from ref. 72 with permission from the American
Chemical Society, copyright 2018.

absorption in the NIR region, leading to asymmetric local
heat distributions on the rocket, which in turn gave rise to
a thermophoretic force to push the rocket to move forward
in pure water. More importantly, the efficient movement of
rocket could also be observed in a cell -culture
medium with an enhanced viscosity and biofouling effect,
indicating the feasibility of further application in vivo. Once
the rocket was attached to HeLa cells, the photothermal
toxicity of the rocket allowed the apoptosis of the targeted
cell in vitro.

Zhang’s team prepared a biomimetic mem@C@SiO,@DOX
nanomotor for enhanced synergistic photothermal and chemo-
therapy of breast cancer (Fig. 5B).°° Thanks to the clever con-
struction of an asymmetric carbon semi-yolk core with a distin-
guished photothermal effect, the motion control over the
motor system via NIR exposure was realized. Additionally, the
decoration of a cancer cell membrane contributed to reducing
the resistance of viscosity and bioadhesion during the motion
process in biological media, thus giving rise to a remarkable
elevation of self-thermophoretic propulsion, which was almost
twice faster than that without membrane camouflage. What’s
more, the combination of effective propulsion and hom-
ogenous targeting ability resulted in the improvement of cellu-
lar uptake efficiency, as validated experimentally. More impor-
tantly, by integrating PTT with chemotherapy which stemmed
from the anticancer drug DOX loaded on an outer spiky shell,
a superior therapeutic effect was demonstrated with over 91%
MCF-7 cell growth inhibition rate, which provides precious
experience for the clinical practical application of bionic
micro/nanomotors for active therapy.

This journal is © The Royal Society of Chemistry 2023
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In addition to killing cancer cells, studies have suggested
that hyperthermia could also promote thrombus
dissolution.”®”" Van Hest et al. developed a photothermal
thrombolytic platform based on a Janus capsule micromotor
cloaked with an erythrocyte membrane (Fig. 5C).”> The capsule
structure consisting of heparin and chitosan was established
via a template-assisted layer-by-layer technique, followed by
spraying of a gold shell onto one side. NIR laser irradiation to
the half-coated gold shell with a photothermal conversion
capability enabled the formation of a local thermal gradient
surrounding the motor, which in turn generated a thermo-
phoretic force to actuate the motor. What’s more, the local
temperature elevated apparently, thus facilitating the ablation
of thrombus. Besides, such laser-induced localized heating
triggered the disruption of the structural integrity of the
capsule, bringing about the release of heparin, which in turn
accelerated blood clot lysis even further.

Compared with traditional PTT, in which therapeutic com-
ponents in general collide randomly without control once
entering the body, the motion of light-driven motors could be
modulated conveniently via tuning the intensity of the input
light source,”® which is in line with the development trend of
the intelligent era. However, it is also difficult to completely
avoid the damage to adjacent normal tissue induced by over-
heating and massive heat transfer during PTT, which needs to
be considered prior to applying PTT in complex realistic scen-
arios on a large scale.

2.2.2. Self-generated electric field. Investigating the impact
of electric field on cell growth could be traced back to 1892.7*
Since then, exploring the biomedical application of electrical
stimulation has attracted increasing research interest from
multidisciplinary fields. It is thrilling that pronounced endea-
vors have led to the advances of electrical stimulation in
various aspects of biomedical applications, involving the res-
toration of brain, ear, eye, nerve, spinal cord and muscle
function.”

Capitalizing on electrical stimulation to induce cell differ-
entiation was also displayed by our group in 2020. We fabri-
cated a helical-shaped S.platensis@Fe;O,@tBaTiO; micro-
motor, which could be precisely maneuvered under the gui-
dance of a rotational magnetic field.”® With the aid of an exter-
nal ultrasonic field, the introduced piezoelectric BaTiO; was
able to convert the ultrasonic input into electrical stimulation
relying on the piezoelectric effect, which in turn induced the
differentiation of the targeted neural stem-like cell (Fig. 6A).
However, it is regretful that the resulting electrical signal was
obtained by introducing an extra ultrasonic field and piezo-
electric nanoparticles into the motor system.

Continuous explorations over the past decade have con-
firmed that light-induced self-electrophoresis is one of the pro-
pulsion mechanisms to power light-driven micro/nanomotors.
Briefly, it refers to the movement of the charged motors in a
self-generated electric field. In detail, once excited with light
irradiation, the photoactive materials upon the motors will
undergo a series of photochemical reactions. Among this
process, the marvelous design of the Janus structure permits

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (A) A helical-shaped S.platensis@FesO,4@tBaTiOz micromotor to
induce the differentiation of the targeted neural stem-like cell. This
figure has been reproduced from ref. 76 with permission from the John
Wiley and Sons, copyright 2020. (B) Asymmetric TiO,—Au nanowires
capable of actively seeking the targeted neuronal retinal ganglion cell
and triggering cell activation under UV irradiation. This figure has been
reprinted from ref. 78 with permission from the John Wiley and Sons,
copyright 2020.

the asymmetric distribution of the light-induced redox ion pro-
ducts around the charged motors, and then a potential differ-
ence is formed accordingly, which in turn gives rise to a local
self-generated electric field. As a result, charged motors will
respond to the self-generated electric field and then move.**””
It is not hard to see that the as-described motors will generate
a physical byproduct, that is a self-generated electric field,
during the motion process. For this, the idea of making the
maximal use of the self-generated electric field so as to stimu-
late cells in situ emerges as the times require.

Enlightened by the above idea, our group carried out a pre-
liminary exploration by devising a light-powered motor based
on an asymmetric TiO,~Au nanowire in the same year.”® Upon
exposure to ultraviolet (UV) irradiation with a low intensity,
the motor could be steered in pure water by a self-generated
local electric field induced by photochemical water splitting. It
is noteworthy that through tuning the UV light orientation on
demand, the nanowires were capable of travelling along a pre-
determined pathway with high precision. Once in contact with
the targeted neuronal retinal ganglion cells, the inherent
photoelectricity produced during the motion process would
act as a stimulus to trigger cell activation (Fig. 6B), rather than
an engine for motion, which provides an alternative minimum
invasive platform for the active therapy of ophthalmic dis-
eases. In comparison to surgical implantation, of which the
invasiveness is an irrefutable flaw restricting their clinical
practice, these motor platforms are more appropriate candi-
dates for noninvasive therapy. However, the tissue penetration
limitation of light remains a paramount challenge that must
be overcome in order to ensure the utility for further clinical
practice. It must be admitted that although great progress has
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been made in vitro, there is still a long way from clinical appli-
cation, which requires more endeavors to shrink it.

3. Conclusions

On reviewing the development of micro/nanomotors, from the
birth of the first motor in 2004 to the present, it could be
found that at first we merely focused on how to make particles
at the micro/nanoscale swim in liquid media, but later such
motion phenomena could not meet our needs. To this end, in-
depth studies on why they could move, namely propulsion
mechanisms, have been carried out, and in recent years, the
practical significance of these micro/nanoswimmers, that is
their applications, has also been extensively studied. In biome-
dicine, how to maximize the efficacy of a certain number of
particles is a key factor. In recent years, attention has been
paid to the use of motor byproducts, which involves the direct
use of the byproducts generated in situ from motors to achieve
active therapy than letting motors bring therapeutic com-
ponents to the designated position. Particularly, with the out-
standing motility performance and effective penetrating capa-
bility of motors, a superior outcome can be achieved. This is
the aim of this minireview, hoping to give readers some
enlightenment. Science is endless; in addition to the bypro-
ducts highlighted in this minireview, we do believe that there
are still many byproducts that are produced or generated
during the motion process of micro/nanomotors waiting to be
discovered. To this end, great importance should be given to
the substances produced or generated during the motion
process of micro/nanomotors and, more importantly, to
further explore their application potential in combination with
expertise and previous reports. Hopefully, more strategies with
significant clinical value will be found in the future.

The pronounced efforts over the last decade have witnessed
the rapid advances in micro/nanomotors in biomedical appli-
cations, from test tubes to the cellular level, and to animal
models. Despite developing at a very fast pace, the actual bio-
medical applications of these miniaturized devices are still in
the infancy stage. On one hand, as the complexity of organ-
isms poses a problem, it remains a continuing challenge to
fully realize the controllability and accuracy over motor
systems in vivo. On the other hand, having a command of the
path of the motors after mission completion and the long-
term impact on the body are indispensable key steps before
real-world clinical application. To this end, the materials
employed to engineer motors shall be at least biodegradable
and biocompatible. Undoubtedly, there is still a long way to
narrow the gap between micro/nanomotors and realistic clini-
cal practice, but with closer cooperation with nanomedicine,
micro/nano engineering and material chemistry, we do believe
that the initial proof-of-concept research studies will be trans-
lated into real-world biomedical applications and address
clinical issues in the near future. We are keenly looking
forward to a new era in which micro/nanomotor-based
approaches are expected to become a significant modality
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within active therapy, truly realizing the envision of the
Fantastic Voyage.
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