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) Check for updates. Organic nanomotors: emerging versatile nanobots
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Artificial nanomotors are self-propelled nanometer-scaled machines that are capable of converting exter-
nal energy into mechanical motion. A significant progress on artificial nanomotors over the last decades
has unlocked the potential of carrying out manipulatable transport and cargo delivery missions with
enhanced efficiencies owing to their stimulus-responsive autonomous movement in various complex
environments, allowing for future advances in a large range of applications. Emergent kinetic systems
with programmable energy-converting mechanisms that are capable of powering the nanomotors are
attracting increasing attention. This review highlights the most-recent representative examples of syn-
thetic organic nanomotors having self-propelled motion exclusively powered by organic molecule- or
their aggregate-based kinetic systems. The stimulus-responsive propulsion mechanism, motion behaviors,
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and performance in antitumor therapy of organic nanomotors developed so far are illustrated. A future
perspective on the development of organic nanomotors is also proposed. With continuous innovation, it
is believed that the scope and possible achievements in practical applications of organic nanomotors with
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diversified organic kinetic systems will expand.

1. Introduction

Nanomotors are tiny artificial devices that translate external
energy (chemical,' light,® ultrasound,® magnetic,” etc.) into
mechanical motion in liquid media.>” This stimulus-respon-
sive autonomous movement can effectively strengthen nano-
materials in carrying out various sophisticated missions in the
microenvironment, including drug delivery,® sensing,’
imaging,'® and environmental remediation.'* These intelligent
nanomachines mainly rely on chemically or physically respon-
sive components installed within nanoparticles that would
work as kinetic systems for efficient energy conversion.'*'?
Meanwhile, the inherent anisotropic nature of colloid mor-
phologies/shapes facilitates the creation of asymmetric energy
gradients across nanoparticles in response to external stimuli,
which provides the driving force for powering a self-propelled
motion.”*™"” In the past decades, considerable efforts have
been contributed to the design and development of advanced
kinetic systems of these nanoscale vehicles for the programma-
ble manipulation and precise modulation of mechanical work,
particularly while considering the integration of these nano-
motors into a large variety of applications.'®° Since the first
model of catalytic nanomotors comprising platinum and gold
segments was reported in 2004,>" inorganic metals, owing to
their diverse and excellent energy-converting behaviors, have
become the most widely applied kinetic engines to power self-
propulsion in liquid media.?* Some energy transfer processes
(e.g. chem-/photo-catalytic reactions and photothermal conver-
sions) can simultaneously improve material performance.* >
However, the potential safety issues of these undegradable
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engineered nanomaterials on the environment and health are
always a concern. Particularly in biomedical fields, heavy
metal-based nanoparticles could give rise to the risks of dama-
ging cellular membranes via electrostatic or hydrophobic
interactions®®*” and causing long-term and non-specific
toxicity.”®° Hence, the biosafety of these nanoparticles
should be considered and addressed for practical applications.

Nowadays, organic nanomaterials have been widely used as
controlled drug delivery systems owing to their good biocom-
patibility.>' Generally, these multifunctional nanoparticles
capable of carrying therapeutic and diagnostic agents are
engineered to passively navigate in complex in vitro and in vivo
environments. These organic nanocarriers can also be ideal
supporting architectures for attaching or encapsulating metal-
based kinetic engines for the effective improvement of their
biocompatibility.”> Meanwhile, with the recent progress of
nanotechnologies in molecular assembly and nanofabrication,
although the construction of artificial nanomotors with
complex compositions and structures is always greatly
challenging,’*?* completely-organic nanomotors fabricated
from a variety of organic substrates (including small molecules
or/and polymers) with biocompatibility and biodegradability
have been developed and have attracted increasing attention.
In stark contrast to conventional nanomotors, recent research
has shown that the organic components themselves could
work as stimulus-responsive energy-converting systems
(engines or fuels) for powering the propulsion. Synthetic
organic small molecules and/or polymers with great flexibility in
structures, properties, and functions allow on-demand program-
ming of energy-converting manners to regulate the motile fea-
tures of the nanomotors for adapting to various sophisticated
applications. Thanks to that, these organic kinetic systems enable
driving the nanomotors with excellent biocompatibility and con-
trollability, and some of their energy conversion processes can
also effectively modulate the physiological environments and
even perform therapeutics against lesions with highly precise
manipulability. Besides, bio-sourced enzymes (e.g, catalase,
urease, and glucose oxidase) with high substrate specificity are
regarded as one kind of biocompatible organic engine for power-
ing catalytic propulsion, which has been exhaustively reviewed in
the last decade.**” In this review, we focus on recent advances
in developing organic nanomotors with stimulus-responsive syn-
thetic organic molecules or their aggregates made kinetic systems
and highlight the corresponding propulsion mechanisms with
classification according to their energy-converting behaviors. In
addition, the potential applications of these intelligent organic
nanomachines in antitumor therapy are presented and discussed.
A summary and an outlook of prospects are also provided in the
last section.

2. The motion principle of organic
nanomotors

The kinetic systems of organic nanomotors are fabricated from
a variety of stimulus-responsive synthetic organic molecules or
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their aggregates, which would undergo catalytic degradation
reactions (working as fuels) or perform energy-converting pro-
cesses (working as engines) for powering the self-propelled
movement in aqueous solution or biomimetic environments
(Fig. 1). Besides, a new generation of nanomotors with organic
kinetic systems of integrating multiple stimulus-responsive
behaviors has been recently developed. Taking advantage of
the versatility of synthetic organic molecules in molecule con-
struction and energy transition would achieve the program-
ming of multiple energy gradients for further reinforcing
mobility.

2.1. Organic molecules as consumable fuels

Synthetic organic molecules can work as consumed fuels
loaded into the nanoparticles by physical encapsulation or
chemical incorporation. In response to various external stimuli
(light, enzyme, etc.), these organic fuels can carry out controlla-
ble catalytic degradation to gradually produce and release
small molecule chemicals to the surrounding medium, creat-
ing a chemical gradient across the particles, which would
spontaneously exert the diffusiophoresis force on the nanomo-
tors for powering self-diffusiophoresis in the liquid media.

2.1.1 N,-driven organic nanomotors. Nitrogen is abundant
in the atmosphere and has been considered and utilized as an
inert gas in many fields. Azo-based molecules are well-known
radical initiators that can produce nitrogen gas through light
or temperature-triggered dissociation.’®*° Landfester and
Crespy reported on the preparation of 2,2'-azobis (2-methyl-
propionitrile) (AIBN)-loaded silica-based asymmetric nanocap-
sules with a diameter of ~100 nm via a one-pot confined sol-
gel process at the oil/water interface of miniemulsion droplets
(Fig. 2A).*° The "H NMR spectra confirmed the loading of
AIBN in the nanoparticles with a concentration of 1.48 mg
mL~". UV irradiation and heating can rapidly decompose the
AIBN with first-order kinetics in the inner cavity of the par-
ticles for the controlled release of nitrogen gas to the liquid
medium, which made AIBN become light- or thermo-respon-
sive fuels for powering the nanoparticles to perform auto-
nomous movement in the solution. Compared with Brownian
motion, an increase in the effective diffusion coefficient
(AD.g) of thermodriven propulsion can go up to 3 pm” s™*
(80 °C).

f Organic Fuels Organic Engines "\

N,) -%‘(\"
@ stimuli 4 : \‘\&
.. — ¢< Organic s .
no (- Kinetic  )ihermal Energy
Catalytic Conversion
Degradation Ha) SyStems 2 E
isomerization

- J

Fig. 1 lllustrated summary of stimulus-responsive organic kinetic
systems for powering organic nanomotors.
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Fig. 2 Organic nanomotors with azo-based organic fuels. (A) Photo-/temperature-responsive AIBN-loaded N,-driven nanomotors.*° Reproduced
from ref. 40 with permission from American Chemical Society, copyright 2020. (B) Photoresponsive N,-driven azo-containing polyurethane-based
nanomotors.** Reproduced from ref. 41 with permission from Elsevier Ltd, copyright 2022.

In addition to azo-based small molecules, Feng et al. syn-
thesized azo-containing polyurethane via a classic polyconden-
sation of dihydroxy-poly(e-caprolactone), hexamethylene diiso-
cyanate, and 2,2'-azobis(2-methyl-N-(2-hydroxyethyl)propiona-
mide) (12.5 mol% of azo-moieties along the polymer back-
bone).*' The azo-containing polymers can be self-assembled
with biodegradable polypeptide (poly(y-benzyl-L-glutamate),
PBLG) or macromolecular prodrug (camptothecin (CPT)-
bearing methacrylate-based copolymers) into asymmetric
nanoparticles with a diameter of 165 nm through a scalable
continuous nanoprecipitation by rapidly mixing water stream
and THF stream in a multi-inlet vortex mixer. In response to
UV irradiation, azo-linkages within the polymer chains under-
went gradual decomposition for nitrogen generation, which
allowed simultaneously achieving a light-response nitrogen
release and polymer degradation (Fig. 2B). This effectively
powered the polymer colloids for carrying out the delivery
mission with ultrafast propulsion in a large range of aqueous
solution (water, PBS buffer, high viscous sugar solution) and
biological environments (extracellular matrix); the maximal
velocities can reach ~150 pm s~'. Meanwhile, the azo-contain-
ing polymer phase within the nanoparticles can be gradually
degraded with irradiation, resulting in complete nanostructure
dissociation after mission accomplishment, which would
relieve the potential risks of engineered nanomaterials to the
environment and health.

2.1.2 NO-driven organic nanomotors. Nitric oxide is one of
most important signalling molecules or effectors in various
bio-regulatory systems.**** In mammalian cells, an r-arginine-
NO metabolic pathway can convert r-arginine into NO mole-
cules by nitric oxide synthetases (NOS) or reactive oxygens
(ROS).***> Inspired by these endogenous biochemical reac-
tions, Shen and Mao designed and fabricated nitric oxide-
driven nanomotors by incorporating r-arginine into hyper-
branched polyamide-based nanoparticles via electrostatic

This journal is © The Royal Society of Chemistry 2024

attraction (Fig. 3A).* In response to H,0, (ROS), 1-arginine at the
surface of nanoparticles was progressively consumed to convert
into NO bubbles in the solution, which would effectively power
the nanoparticles for self-propulsion in the aqueous solution and
biological environment of MCF-7 cells. The particle velocities
were increased with the amount of r-arginine within the particles
and the concentration of H,O, in the surrounding medium.
Thanks to the convenient non-covalent functionalization process,
L-arginine can also be incorporated or encapsulated into bowl-
shaped mesoporous silica nanoparticles,”” poly-carboxybetaine
methacrylate  nanoparticles,”® and  heparin/folic  acid
nanoparticles*>* to work as bio-responsive self-degradable fuels
for powering the autonomous motion. Meanwhile, zwitterionic
t-arginine can also work as a functional substrate to prepare a
series of methacrylate- or trehalose-functionalized r-arginine,”*>*
which would be further self-assembled into r-arginine-fueled
organic nanoparticles with NO-driven propulsion in the complex
biological environments.

Besides, NO donors are one kind of synthetic organic com-
pounds, which can be transformed into NO in vitro and in vivo
via various enzymatic- or chemical-reactions.”® Thanks to the
structural diversity of NO donors, the stimulus-responsive NO
production can be conveniently modulated to meet the
demand of various biomedical applications,’®*™® such as anti-
inflammatory treatment, cardiovascular therapy, and anti-
cancer treatment. To achieve stable NO production, Li and co-
workers directly grafted thiolated NO donors onto the pre-
formed Fe;O04-based Janus nanoparticles to form NO-driven
hybrid nanomotors with a diameter of 233 nm (Fig. 3B).>° In
response to glutathione (GSH) in the surrounding medium,
thanks to the asymmetric distribution of NO donors at the
surface of particles, NO would be produced and released from
one side of particles, which can power the self-diffusiophoresis
in the aqueous solution with a velocity of 7.60 ym s™* and the

network of chitosan gel with a velocity of 3.14 pm s™".
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Fig. 3 Organic nanomotors with bio-responsive organic fuels. (A) Enzyme/ROS-responsive NO-driven nanomotors.*® Reproduced from ref. 46
with permission from Springer Nature Limited, copyright 2019. (B) GSH-responsive NO-driven nanomotors.>® Reproduced from ref. 59 with per-
mission from The Royal Society of Chemistry, copyright 2022. (C) H*/ROS-responsive H,S-driven nanomotors.®® Reproduced from ref. 65 with per-

mission from Royal Society of Chemistry, copyright 2023.

2.1.3 H,S-driven organic nanomotors. Hydrogen sulfide
(H,S) is one of the important physiological active molecules in
the human body.®® The exogenous H,S can promote the cellu-
lar uptake of glucose and inhibit the efflux of protons.®*
L-cysteine can be catalyzed by cystathionine p-synthase (highly
expressed in the tumor microenvironment) to generate H,S
and L-serine.®* To construct H,S-driven nanomotors, Wan and
co-workers firstly prepared zwitterion-based nanoparticles with
a size of 200 nm by the free radical polymerization of zwitter-
ionic sulfobetaine methacrylate and N,N'-bis-(acryloyl) cysta-
mine.®® 1-cysteine as enzyme-responsive fuels was post-loaded
by co-incubation with nanoparticles. The polymeric nano-
particles can be degraded in response to glutathione in
tumors. Compared with incubation with normal cells, the col-
loidal motors showed much higher H,S production in the
environment of cancer cells, resulting in a much faster self-
diffusiophoresis (velocity: 5-6 pm s~'). The results confirmed
the significant contribution of cystathionine f-synthase-cata-
lyzed H,S production to autonomous movement.

(p-Methoxyphenyl)morpholino-phosphinodithioic acid
(GYY4137) is another important H,S donor capable of releas-
ing H,S in physiological environment.®* The release rates can
be effectively increased in the acidic condition. Tong et al. pre-
pared GYY4137-loaded mesoporous silica-based nanoparticles
with the asymmetric decoration of gold nanoparticles, which
can be used as pH-activated nanomotors for carrying out the
mission in a low-pH environment (Fig. 3C).%> H,S release from
these asymmetric nanoparticles with a size of 73 nm (deter-
mined by TEM) was significantly increased in pH 5.0 PBS with
10 mM H,0,. Hence, GYY4137 can be regarded as pH-respon-
sive organic fuels for powering colloidal motors. Compared
with Brownian motion in pH 7.4 PBS, the nanomotors showed
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pH-triggered self-propulsion in pH 5.0 PBS with 10 mM H,0,;
the velocity can go up to 4.62 pm s~ .

2.2. Organic molecules as energy converting engines

The synthetic organic molecules or their aggregates can work
as kinetic engines installed on the nanoparticles, which are of
very high stability in structures, properties, and functions
during energy conversion. Light is the most widely applied
external stimuli to activate these types of organic engines. In
general, the photoresponsive energy conversion within the
nanomotors independent of the surrounding chemical
medium can spontaneously produce energy (surface tension,
thermal, etc.) gradients in the vicinity of the particles.
According to the nature of energy gradients, the organic
engines exposed to light could provide the corresponding
driving force for powering the nanomotors for self-thermo-
phoresis or self-diffusiophoresis in the liquid media.

2.2.1. Photoisomerization-driven organic nanomotors.
Photochromic materials can perform a reversible molecular
transformation in response to light irradiation, which would
lead to an effective shifting of the physicochemical properties
of the materials.®*®” Particularly, the photoisomerization of
azobenzene-based materials can induce surface-free energy
switching between trans-form (low energy) and cis-form (high
energy) to create surface tension gradients at the surface,
which has been widely utilized in the investigation of the light-
driven motion of polymer particles and water droplets on the
azobenzene-containing surface.®®®’ Besides, azobenzene moi-
eties grafted onto the nanomotors with mono- or multiple por-
osities can be used as photoactivated switches capable of regu-
lating the chemical release manners from the internal cavity of
the particles via host-guest interactions, resulting in the light-

This journal is © The Royal Society of Chemistry 2024
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driven control of particle locomotion.”””" In contrast, Abid
et al. directly grafted a large number of azobenzene-based moi-
eties (270 azobenzene per particle) on the surface of preformed
polystyrene nanoparticles via covalent bonds to generate
16 nm-scaled light-driven nanomotors (Fig. 4A).”> In response
to 473 nm irradiation, the photoisomerization of azobenzene
moieties at the surface of particles would convert light into
sufficient mechanical work to propel the particle with optical
control by light intensity gradients. The maximal velocities can
go up to 15 yum s~ " in the aqueous solution of 10 or 15 wt% of
poly(vinyl alcohol) (100 W ¢cm™?). The particle motion analysis
confirmed that photoisomerization would be the main driving
force powering the self-propulsion rather than the optical
force. Also, the photochromic spiropyran was used to functio-
nalize hyperbranched polymer Boltorn H40, which could form
micro-scaled organic colloids in water/dimethylsulfoxide (1/5,
v/v).”® Under asymmetric UV irradiation, the photoisomeriza-
tion of siropyran moieties induced a surface tension gradient
across the particles, which could exert a propulsive force on
the particles to effectively power the autonomous motion in
the aqueous solution. These interesting photoresponsive beha-
viors endowed particle locomotion with a good sensibility to
the direction and gradient light fields, showing an obvious
phototactic orientation.

2.2.2. Photothermal-driven organic nanomotors.
Photothermal nanoparticles can strongly absorb light energy
and convert it into heat via electron-phonon coupling, which
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could transfer from nanoparticles to the surrounding medium
for a temperature increase. Also, an asymmetric thermal distri-
bution across the particle can be used as the driving force for
self-thermophoresis (photothermal propulsion).”* Recently,
except from plasmonic metal components,”” various organic
chromophore aggregates also exhibit good non-radiative light-
to-heat conversion in the energy dissipation of the chromo-
phores after excitation.”® Some of them have been successfully
developed as photothermal engines for nanomotor
fabrication.

Indocyanine green (ICG) is a cyanine fluorescent dye with
strong absorption in the near-infrared region.””””® Thanks to
the great biocompatibility, ICG has been approved by United
States Food and Drug Administration in 1954 for diagnostic
applications. Nowadays, ICG capable of converting NIR light
into thermal and reactive oxygen species are widely applied in
photothermal and/or photodynamic therapy. Recently, Tu and
Peng reported on photoactivated ICG/DOX-dual drug-loaded
nanomotors with a calabash-like morphology (Fig. 4B).”® Their
symmetric counterpart within one particle was formed via a
double emulsion solvent evaporation technique, which also
allowed the co-encapsulation of hydrophilic (ICG) and hydro-
phobic (DOX) drugs in the particles with a diameter of
~120 nm. The light-responsive ICG molecules were trapped in
the PCL/PLGA polymer phase at one side of the particles, con-
ferring the particles with a laser power-dependent photother-
mal converting capability under 808 nm NIR irradiation (laser
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Fig. 4 Organic nanomotors with organic energy-converting engines. (A) Photoisomerization-driven organic nanomotors with visible light-respon-
sive azobenzene-based engines.”? Reproduced from ref. 72 with permission from American Chemical Society, copyright 2011. (B) Photothermal-
driven organic nanomotors with NIR-responsive ICG-based engines.”® Reproduced from ref. 79 with permission from Elsevier Ltd, copyright 2023.
(C) Photothermal-driven organic nanomotors with NIR-responsive semiconducting conjugated polymer-based engines.®® Reproduced from ref. 83
with permission from Wiley-VCH GmbH, copyright 2022. (D) Photothermal-driven organic nanomotors with NIR-responsive carbon-based
engines.®® Reproduced from ref. 88 with permission from American Chemical Society, Copyright 2022.
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power: 0-20 W cm™2). Thanks to the asymmetric distribution
of ICG within the nanomotors, the NIR-responsive photother-
mal conversion that occurred within PCL/PLGA polymer
phases would create an asymmetric thermal gradient across
the particles for powering the thermophoresis from hot to cold
region in the complex biological environment in the presence
of the glioma cell GL261. In contrast, Zhang et al. encapsulated
ICG derivatives and DOX into the mesoporous silica nano-
particles to construct a photoresponsive symmetric nano-
particles with a diameter of 189 nm.*® The photothermal ICG
derivatives would also work as light-to-heat converting com-
ponents to support the light-driven motion in the solution
with various pH (5.5, 6.5, and 7.4), and the maximal velocities
(16.1 um s') were obtained in the pH 5.5 solution under
808 nm irradiation with a laser power of 1.5 W cm™2, which
may be attributed to additional heat produced by the acceler-
ated release of DOX in the acidic solution.

Semiconducting n-conjugated polymers (SCP)-based nano-
particles with excellent photostability and tunable optical pro-
perties have become one of the most competent nanoagents in
NIR fluorescence imaging, photoacoustic imaging, photother-
mal, and/or photodynamic therapy.®"** In contrast to metal
nanoparticles, the photophysical properties of SCP-based
nanoparticles are less dependent on their sizes. The photo-
thermal conversion efficiencies are mainly determined by the
electron donor-acceptor backbone structures. Recently, we
reported on the straightforward fabrication of asymmetric
polymer colloidal motors assembled by semiconducting conju-
gated polymers and macromolecular anticancer prodrugs via a
classic nanoprecipitation process (Fig. 4C).* The 145 nm-
scaled SCP-based nanoparticles with a broad absorption from
visible light to NIR wavelength can perform a stable photother-
mal converting behavior in response to 808 nm NIR irradiation
with various laser powers (0-2 W cm™?). In this case, the asym-
metric presence of SCP phases within the particles can be
used as NIR-fueled engines to power photoactivated thermo-
phoresis for facilitating macromolecular prodrug (camptothe-
cin-bearing methacrylate-based copolymers) delivery. The par-
ticle locomotion would be accelerated with laser powers and
irradiation time; the maximal velocities can reach 100 pm s™*
after long-termed irradiation (1 W cm™2).

Polydopamine (PDA)-based nanoparticles with similar
structures to natural melanin have shown good biocompatibil-
ity in biomedical applications.®* Also, strong NIR absorption
and high light-to-heat converting capability makes them good
candidates for photothermal therapy. Zhao and coworkers pre-
pared NIR-driven methoxy polyethylene glycol-functionalized
walnut-shaped PDA nanomotors with a diameter of 353 nm.*®
The resulting nanoparticles showed a good photothermal con-
version efficiency (around 40%). Under 808 nm laser
irradiation, the walnut-shaped colloidal motors enabled photo-
activated autonomous movement in the MCF-7 cell culture.
The particle velocities were increased with the laser power,
reaching 4.72 pm s™' using a laser power of 2 W cm™2. In
addition to powering self-thermophoresis, the presence of PDA
nanoparticles within the colloidal motors under NIR
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irradiation can also facilitate the performance of enzymatic
catalytic self-diffusiophoresis for significantly enhancing the
diffusion coefficient in the liquid media.®®

Besides, carbon nanomaterials with excellent light-absorp-
tion toward broad wavelengths are also one of the most practi-
cal photothermal nano-agents in photothermal therapy.®”
Kong and coworkers precisely fabricated jellyfish-like asym-
metric porous hollow carbon nanoparticles through a kinetic-
controlled interfacial super-assembly process using silica
nanoparticles as sacrificial precursors (Fig. 4D).*® The porous
nanoparticles showed a very broad and strong light-absorption
form visible to NIR light, and the maximal absorption wave-
length was about ~970 nm. Under 980 nm laser irradiation,
the carbon nanoparticles performed a rapid light-to-heat con-
version with the laser powers and concentration dependent-
behaviors. In this case, the asymmetric photothermal conver-
sion can effectively power the nanoparticles for light-driven
self-propulsion in the solution. A significant increase in the
diffusion coefficient of nanoobjects was observed, it could go
up to 6.54 pm? s~ in response to 980 nm irradiation with a
laser power of 3 W cm™?, confirming the autonomous move-
ment overcoming Brownian motion.

2.3. Organic molecules as multi-mode kinetic systems

Currently, most nanomotors are powered by kinetic systems
with a single energy-converting mode. Meanwhile, recent
studies have exhibited a new generation of hybrid nanomotors
with multimode propulsion by installing multi-responsive
kinetic systems,'® which could significantly improve the pre-
cision of manipulating and modulating such tiny nanobots in
the complex microenvironment. In addition, some multimode
organic kinetic systems have also been developed for powering
self-propulsion combining multiple motion mechanisms. This
would confer the nanomotors with enhanced motile perform-
ance for effectively expanding the potential of organic nano-
motors in practical applications.

2.3.1. Photothermal/catalytic-driven organic nanomotors.
Among all the energy-converting manners, photothermal- and
catalytic-powered self-propulsion are the most popular motile
mode for manipulating the nanomotors in the microenvi-
ronment. The organic nanomotors with multimode propulsion
can be conveniently reinforced by constructing the kinetic
systems combining two motile mechanisms. Depending on
the nature of the catalytic reaction involved, photothermal/
chem-catalytic, photothermal/thermocatalytic, and photother-
mal/photocatalytic organic nanomotors have been developed.

Photothermal/chem-catalytic kinetic system. NO-driven nano-
motors have shown good motile performance in the liquid
media and biological environments. To further reinforce this
amino acid-fueled nanomaterials for multimode propulsion,
initially, r-arginine and photoresponsive gold nanoparticles
were used to functionalize the p-cyclodextrin-based organic
nanoparticles, which enabled performing photothermal con-
version and ROS-responsive NO production in the environ-
ment of RAW264.7 cells under 808 nm NIR irradiation (2.5 W
cm>).%? Simultaneous energy conversion within the particles

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3nr05995b

Published on 02 January 2024. Downloaded on 3/22/2026 7:06:01 AM.

Nanoscale

can lead to photothermal/chem-catalytic dual-mode synergistic
propulsion, showing much faster locomotion than single-
mode one (NIR or ROS). Also, Mao and Wan functionalized
photothermal bowl-like porous polydopamine nanoparticles
with r-arginine-containing RGD peptides to construct 200 nm-
scaled completely organic dual-responsive colloidal motors
(Fig. 5A).”° Similarly, 808 NIR irradiation and ROS can simul-
taneously trigger energy conversion for facilitating dual-mode
propulsion in biological environments. In addition, the same
group incorporated r-arginine and ICG into biocompatible
poly(2-methacryloyloxyethyl phosphorylcholine-s-s-vinylimida-
zole)-based nanogels to form submicron dual-responsive nano-
motors (Fig. 5B).”" For this system, ROS can be self-produced
by ICG molecules within the particles in response to 808 nm
NIR irradiation. In this case, the NIR irradiation firstly trig-
gered a classic photothermal conversion of ICG and simul-
taneously generated ROS, which would sequentially induce the
NO production via ROS-responsive r-arginine-NO reaction for
powering dual-mode synergistic propulsion with a velocity of
5.6 pm s (808 nm, 1 W cm™?). In contrast to general NO-
driven nanomotors whose motile features are limited to the
surrounding ROS level, these unique photoactivated ROS-self-
produced nanomaterials can achieve stable autonomous
motion independent of surrounding media, which could be
applied to carry out sophisticated missions in various
microenvironments.

Photothermal/thermocatalytic kinetic system. In addition to
photothermal conversion, some thermoresponsive organic
reactions can be simultaneously introduced to program
sequential energy transition within the colloidal motors for
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further reinforcing the particle mobility. For instance, the
thermoresponsive acyl azide groups can be incorporated into
macromolecular prodrugs (camptothecin-bearing methacry-
late-based copolymers) by polymerization and post-functionali-
zation, which could further self-assemble with semiconducting
conjugated polymers for constructing asymmetric organic
nanorockets with a diameter of 105 nm (Fig. 5C).°> Thanks to
the presence of acyl azides within the particles, the artificial
colloidal motors can undergo a classic Curtius rearrangement
in response to the physiological temperature (37 °C) to release
nitrogen for thermodriven self-diffusiophoresis. More interest-
ingly, 808 nm NIR irradiation with tunable laser powers (0-2
W cm™?) can initially trigger the photothermal conversion
within SCP phases, and the correspondingly produced thermal
energy would sequentially induce the Curtius rearrangement
reaction within acyl azide-based phases to robustly push nitro-
gen out to the surrounding media. Such a two-stage light-to-
heat-to-chemical energy transition would effectively power the
organic nanorockets for a light-driven ultrafast self-propulsion
(up to 300 pm s~ in the solution.

Photothermal/photocatalytic kinetic system. Although multi-
mode propulsion can significantly strengthen the propulsion
under the regulation of multiple energy sources, the on-
demand installation of multiple stimulus-responsive com-
ponents onto the nanomaterials generally relies on a series of
time-intensive assembly processes. Also, the introduction of
multiple energy sources with diverse operations, intensities,
and orientations would seriously complicate the manipulation
and modulation of particle locomotion. Moreover, it is very
difficult to make multiple energy inputs with the complete
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same orientation, so the different propelling forces exerted on
the particles may induce a counterbalance between each other,
resulting in a “seesaw effect” propulsion.”® Recently, we fabri-
cated photoactivated 105 nm-scaled organic colloidal motors
with a single tetrazole-fueled engine for multimode synergistic
propulsion (Fig. 5D).°* In polymer chemistry, the tetrazole
moieties are one of the important linkages capable of integrat-
ing the functionality to the polymers through a straight [3 + 2]
cycloaddition,”®® which could further perform a photoactivated
ring-opening reaction for bio-orthogonal ligation.””*® Also, the
strong light-harvesting n-conjugated moieties endowed the
polymer aggregates with photothermal converting capability.
Thanks to the presence of tetrazole linkages, a sole light (ultra-
violet or visible light) can simultaneously trigger photothermal
conversion and photocatalytic nitrogen release within tetrazole-
containing polymer phases. The spontaneous formation of
thermal and chemical gradients with the same orientation would
exert thermophoresis and diffusiophoresis force on the particles
for powering photothermal/photocatalytic multimode synergistic
propulsion in the aqueous solution. In the long-termed
irradiation, the photothermal temperatures and N, production
rates would vary with the consumption of tetrazole moieties.
Also, the photodegradation rates also corresponded to light wave-
lengths (365, 405, and 450 nm) and laser powers (0-1000 mW
ecm™?). Therefore, the particle velocities would evolve under
irradiation (maximal: ~300 pm s, 365 nm, 1000 mW cm™?).
Besides, various functionalities (biotin, fluoro groups, etc.) could
be quantitatively incorporated into the particles via tetrazole lin-
kages, which would effectively enlarge the application of nano-
materials in biomedical fields.

2.3.2. Photothermal/photoisomerization-driven  organic
nanomotors. In addition to intramolecular photoisomeriza-
tion, liquid crystal azobenzene-bearing polymer aggregates
also exhibit good photothermal converting capability, which
has applicable prospects in various artificial intelligent
devices.”® Based on that, we applied a classic nanoprecipita-
tion process to self-assemble azobenzene-bearing polymers
and various macromolecular payloads (e.g., PLA, polystyrene,
and CPT-containing macromolecular prodrugs) into sub-
200 nm-scaled Janus polymer nanomotors.'® In contrast to
surface grafting, the tight aggregation of azobenzene moieties
within the particles can induce good photothermal conversion
in response to 365 nm UV irradiation. In this case, the nano-
motors simultaneously performed photoisomerization-
induced internal mass migration and light-to-heat conversion
for continuously converting light energy into mechanical
motion. These behaviors highly corresponded to laser powers
(365 nm, 0-500 mW cm™?), particle morphologies (Janus vs.
Plain), and payload rigidities (soft vs. rigid). Considering the
motile mechanism, light-driven thermophoresis would be the
main driving force, and photoisomerization-induced defor-
mation can further facilitate particle locomotion.

2.4. Comparison with inorganic metal-based nanomotors

Organic fuels/engines have shown good performance in power-
ing nanomotors, a brief comparison between organic and
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metal nanomotors is then provided here. Inorganic metal-
based nanomotors have been exhaustively reviewed in recent
years.?>101192 Metal-based nanomaterials have various inter-
esting stimulus-responsive properties, such as electron trans-
fer, electric polarization, plasma resonance, catalysis, and
magnetism, which allows the metal-made nanomotors to carry
out autonomous movement with a variety of mechanisms,
including chemical, electric, thermophoretic, optical, and
magnetic propulsion. In contrast, the so-far-developed organic
nanomotors concentrate on several motile mechanisms. The
organic fuels within the nanoparticles can perform a stimulus-
responsive self-degradation for powering the particle transport,
and some of them even can lead to self-dissociation of the
nanomotors, which would be an attractive solution for reliev-
ing the common biosafety issues of engineered nanomaterials
in biomedical applications. Meanwhile, light-driven organic
engines can carry out various energy-conversion behaviors, but
compared with metal nanoparticles with broadband strong
light absorption, several organic nanomotors rely on a shorter
wavelength of light (i.e., UV) for the remote manipulation of
their self-propelled motion, which may cause potential photo-
toxicity and restrict their bio-applications. The incorporation
of upconversion luminescent system into the nanomotors for
converting near-infrared light into short-wavelength light, or
modulation of the optical properties of the organic molecules
via structure modification for enlarging the absorbing range,
both can improve the nanomotors to carry out the missions in
a biosafe mode. In addition, in comparison with general nano-
fabrication techniques of metal-based nanomotors, the versati-
lity of organic molecular assembly can achieve the controlled
aggregation and ordered organization of various functional
organic molecules within the nanoparticles for the program-
mable construction of multimode organic kinetic systems in a
very convenient process. This would provide the high potential
of on-demand reinforcement of the organic nanomotors.

3. The applications of organic
nanomotors in antitumor therapy

Nanomedicines, due to their unique physicochemical features,
have become potential therapeutics for antitumor
therapy.'®>'** Some of them have achieved clinical tran-
sition.'® However, the current nanomedicines in their passive
delivery stage confront a series of biological obstacles in solid
tumors, such as heterogeneous vascular networks, elevated
interstitial fluid pressure (IFP), and dense extracellular matrix
(ECM), which would seriously limit nanomedicines’ tumor
accumulation, tumor penetration, and accessibility to cancer
cells, causing low delivery efficiency’®® and low antitumor
efficacy.’®”"'°® In the past decades, many efforts have provided
a series of significant contributions to the development of
smart nanocarriers with stimulus-responsive physiochemical
properties (such as size, shape, and surface-functionalization)
for improving the diffusion at the tumor site."""" In contrast
to these nanocarriers highly dependent on blood flow, the
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nanomotors with manipulatable self-propelled capability
in vitro and in vivo can autonomously traverse various biologi-
cal barriers to significantly enhance the adhesion, tumor pene-
tration, and cellular internalization, resulting in the effective
improvement of the therapeutic efficacy in antitumor
therapy."'>"''* Recent studies have shown that organic nano-
motors exhibit good performance on deep tumor penetration
for significantly increasing the delivery efficiency to the solid
tumor lesion. Meanwhile, the therapeutic chemicals produced
by energy-converting organic reactions within the nanomotors
can directly kill cancer cells and/or modulate the microenvir-
onments to facilitate antitumor treatment.

3.1. Deep tumor penetration

The stimulus-responsive self-propelled delivery can endow the
nanocarriers with high permeability against biological barriers
in the solid tumor microenvironment, which would strongly
promote the tumor accumulation, deep tumor penetration,
and cellular uptake, achieving the directed delivery of thera-
peutic agents to the lesion with significantly enhanced
efficiency.'® Light has become more attractive external stimuli
in antitumor treatment for its non-invasive, long-distance, and
penetrative operations with finely tunable intensities and dur-
ations. Particularly, the nanomotors with photothermal con-
verting kinetics achieve deep tumor penetration through sur-
rounding medium-independent thermophoresis. Meanwhile,
thermal production could lead to a significant increase in the
temperature of the microenvironment, which would be used to
ablate the cancer cells for hyperthermia.

The asymmetric nanomotors with azobenzene-bearing
polymer-based engines showed good tumor penetration and
cellular uptake in vitro (HepG2 cell culture and 3D MTS) and
in vivo under irradiation of 365 nm UV light."”° Thanks to the
flexibility of polymer self-assembly, camptothecin-containing
macromolecular prodrugs can be conveniently introduced into
nanomotors as organic payloads. The enhanced transportabil-
ity would significantly increase the drug delivery efficiency for
improving the antitumor efficacy in vitro and in vivo. Taking
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Cellular Uptake
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advantage of a similar fabrication process, the similar group
further developed asymmetric nanomotors with semiconduct-
ing conjugated polymer-based engines, which would achieve
stable photothermal propulsion under more penetrative NIR
irradiation.®® Thanks to the NIR-activated delivery of anti-
cancer prodrugs and simultaneous hyperthermia at 50 °C
under long-term irradiation (5 min), such a synergetic photo-
thermal/chemo-therapy would give rise to an obvious enhance-
ment of antitumor efficacy. In addition, the manipulation
advantage of light-driven nanomotors allowed for program-
ming the locomotion in the microenvironment. Multiple start/
stop via light on/off using short-term irradiation (2 min) for
each time enabled the gradual improvement of the delivery
efficiency and antitumor efficacy at a low dose and a low
photothermal temperature (43 °C). This would effectively
prevent non-specific damage of long-term hyperthermia to the
surrounding health tissues.'*® Besides, thermoresponsive acyl
azides were further incorporated into macromolecular anti-
cancer prodrugs to fabricate the asymmetric nanomotors com-
prised of photothermal semiconducting conjugated polymer-
based engines and thermoresponsive N, release propellants.
NIR irradiation triggered a sequential two-stage light-to-heat-
chemical energy transition, which endowed the nanomotors
with enhanced self-propelled performance in the tumor micro-
environment (Fig. 6A).°> In vitro and in vivo results demon-
strated that the photoactivated self-propulsion had good trans-
portability crossing the tumor vascular membrane, extracellu-
lar tumor matrix, and cellular membrane for elevating tumor
accumulation, deep penetration, and cellular uptake, resulting
in the significant improvement of delivery efficiency of the pro-
drugs. The combined therapy of chemomedication and photo-
thermal ablation led to the enhancement of the antitumor
efficacy.

In addition, the polydopamine-powered nanomotors carry-
ing anticancer doxorubicin in response to NIR irradiation can
significantly increase the depth of the nanoparticles from 100
to 170 pm in MCF-7 three-dimensional multiple tumor spher-
oids (3D MTS).*® The temperature increase simultaneously
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Fig. 6 Deep tumor penetration of (A) NIR-driven semiconducting conjugated polymer-powered organic nanomotors.’? Reproduced from ref. 92
with permission from Wiley-VCH GmbH, copyright 2023. (B) NIR-driven ICG-powered organic nanomotors.”® Reproduced from ref. 79 with per-

mission from Elsevier Ltd, copyright 2023.
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ablated the 3D MTS via a classic photothermal therapy. The
light-driven motion effectively promoted the cellular internal-
ization efficiency from 10.4 (NIR-free) to 19.4%. Also, doxo-
rubicin-loaded Janus nanomotors with ICG-based engines
could autonomously traverse the blood-brain barriers via NIR-
driven propulsion (Fig. 6B).”” With the reinforcement of trans-
portability at the tumor site, the NIR-driven nanocarriers sig-
nificantly increased the delivery efficiency in vitro
(GL261 glioma cell culture and 3D MTS) and in vivo (glioblas-
toma). Photothermal conversion could initiate hyperthermia
to further enhance the anti-glioma efficacy. The intelligent
nanocarriers showed high potential antitumor applications in
the central nervous system.

Nowadays, organic nanoparticles have been regarded as
practical nanoplatforms integrating a large variety of diagnos-
tic and therapeutic agents in antitumor therapy. Taking advan-
tage of that, the arginine-glycine-aspartate (RGD) tripeptides,
doxorubicin, and ICG derivatives can be straightforwardly
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incorporated into one organic particle to construct multi-func-
tional organic nanomotors (Fig. 7).%° NIR-triggered photother-
mal propulsion can force tumor-associated antigen pene-
tration to facilitate the enhancement of doxorubicin delivery
in vitro (4T1 cell culture and 3D MTS) and in vivo at the tumor
site and to simultaneously activate systematic antitumor
immunity against distant tumors. The triple modal treatment
including photothermal, photodynamic, and chemotherapy
can significantly enhance the efficacy against metastatic breast
cancer.

3.2. Therapeutics

With the self-propulsion of the organic nanomotors in solid
tumor tissue, degradable organic energy-converting com-
ponents would act as consumable fuels to gradually release
physiological signaling molecules to the surrounding tumor
microenvironments via stimulus-responsive organic reactions.
These bio-functional chemicals have shown good capabilities
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Fig. 9 Therapeutic performance of NO-driven nhanomotors. Cascading effect of NO-driven nanomotors in enhanced immunotherapy against glio-
blastoma.>? Reproduced from ref. 52 with permission from Springer Nature Limited, copyright 2023.
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of regulating tumor microenvironments and/or immunogenic
systems, which would effectively facilitate drug delivery in the
microenvironment for improving the efficacy of chemotherapy
and/or simultaneously trigger immunotherapy for achieving
the combined therapeutic effect of immuno/chemotherapy.
NO can react with superoxide anions to form ONOO™ in the
tumor microenvironment, which could stimulate the gene-
ration of matrix metalloproteinases (MMPs) to degrade the col-
lagen in the ECM.""® In addition, NO can achieve the reversal
of multidrug resistance in chemotherapy by inhibiting the
overexpression of P-glycoprotein on cell membranes.'!” Based
on this, catalytic NO production as a driving force of self-pro-
pulsion can also modulate the tumor microenvironments to
promote vascular penetration, tumor penetration, and cellular
uptake of doxorubicin-loaded nanoparticles in vitro (MCF-7/
ADR cell culture and 3D MTS) and in vivo, improving the
overall delivery efficiency.” Meanwhile, in addition to doxo-
rubicin, highly concentrated NO can provide supplementary
anticancer effects against cancer cells for enhancing the anti-
tumor efficacy (Fig. 8A). In addition, NO release from the
organic nanomotors during the drug delivery can normalize
the tumor vasculature system for significantly improving T cell
infiltration in the solid tumor.>® The utilization of NO-driven
nanomotors can achieve the combined therapeutic effect of
immuno/chemotherapy for enhanced antitumor performance
(Fig. 8B). A recent study showed that NO can play various vital
roles in the modulation of the tumor microenvironment for
facilitating immunotherapy. Specifically, NO production
during chemotaxis can induce tumor immunogenic cell death,
normalize tumor blood vessels, regulate matrix metalloprotei-
nases, and macrophage polarization, and improve the selective
inhibition of drug lonidamine derivatives on aerobic glycolysis
and metabolism in tumor cells (Fig. 9).°> The overall perform-
ance of NO cannot only efficiently promote the infiltration of T
cells and carried drugs for increasing the delivery efficiency at
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the tumor site but also facilitate the drugs to destroy the
tumor metabolic symbiosis for enhancing the antitumor
efficacy. Hence, NO release with the self-propulsion of the
organic nanomotors can be used as a very powerful therapeutic
agent capable of achieving multistep intervention of brain
tumor immune enhancement.

In addition, H,S released from the colloidal motors can
promote the cellular uptake of glucose in tumors, leading to
the large production of lactic acid and effective inhibition of
proton efflux, which would cause the acidosis of cancer cells.®?
Besides, a-cyano-4-hydroxycinnamic acid (a-CHCA) can be
further loaded into H,S-driven nanomotors. The presence of
a-CHCA can inhibit the expression of MCT-1/4, which could
cause the excessive accumulation of lactic acid in the cells for
facilitating the acidosis of cancer cells, eventually inducing cell
apoptosis efficiently (Fig. 10).

4. Conclusion and outlook

The review has summarized the recent advances in developing
nanomotors with organic kinetic engines/fuels for stimulus-
responsive self-propulsion in the aqueous solution or sophisti-
cated biological environment. The versatility of stimulus-
responsive behaviors of the organic molecules or aggregates
provides a practical nanoscaled toolbox for programming the
energy conversion within the nanomotors to reinforce the
motile features and/or adapt to specific applications. The good
biocompatibility and biodegradability of the organic kinetic
systems allow an autonomously enhanced drug deliverability
and therapeutic efficacy in a biosafe mode, suggesting the
great potential of organic nanomotors in antitumor therapy.
Although organic nanomotors have exhibited appealing
performance in practical applications, the research is still in
the infancy stage. The progress in nanofabrication has allowed

H,S a-CHCA

| |

Glucose uptake
Lactic acid produce
Lactic acid efflux
Proton efflux
Lactic acid influx

ATP produce —

M= |

Fig. 10 Therapeutic performance of H,S-driven nanomotors.®® Reproduced from ref. 63 with permission from Wiley-VCH GmbH, copyright 2021.
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the development of diverse organic kinetic systems with novel
structures and compositions in the last years. However, for the
aspect of mechanisms, the current stimulus-responsive auto-
nomous movement concentrates on the photothermal- and
catalytic-powered propulsion. The light-driven thermophoresis
relies on light harvesting organic chromophores or aggregates
for achieving a highly efficient light-to-heat transition. Except
for converting photoenergy into thermal energy, a majority of
organic chromophores have also exhibited other energy trans-
fer behaviors under illumination with laser radiation, such as
photochemical reaction, photodynamic process, and photo-
electric effect. The exploration of the application potential of
these energy-converting manners in powering mechanical
motion with mono- or multi-mode mechanisms would be very
attractive for developing versatile organic nanobots. In
addition, for catalytic-powered organic nanomotors, current
efforts are mainly devoted to enzyme-responsive organic fuels
for driving self-propelled motion with high specificity in bio-
logical environments. However, these studies have received
particular concerns for their high dependence on the sur-
rounding biological mediums. The universality of these nano-
motors should be considered for stable performance in
complex tissues with inherent matter gradients. Compared
with the progress in stimulus-responsive organic reactions in
the last decades, the current catalytic-powered energy-convert-
ing behaviors are extremely limited. Hence, it is highly desired
to achieve the construction of more diverse organic kinetic
systems by introducing and programming these available reac-
tions, which allows the production of more powerful nanomo-
tors with practical application in universal or specific environ-
ments depending on the nature of the reactions.

Besides, material nanostructuration have shown a critical
effect on their performance. However, the current investi-
gations mostly rely on nanoparticles with very limited internal
morphologies and shapes, which would restrict the exploration
of their capability of finely regulating stimulus-responsive
energy-converting processes and self-propelled motile beha-
viors. In stark contrast to metal-based nanoparticles, tremen-
dous advances in organic molecular assembly at the nanoscale
allow the controllable production of organic nanoparticles
with much more complex internal nanostructures and shapes
in very convenient processes.''**?° This should require paying
more attention to the design and synthesis of organic mole-
cules with appropriate structures and physiochemical pro-
perties for achieving on-demand self-assembly into nano-
structured organic nanomotors with more diversified energy
conversion processes. These have not been developed yet and
would be very interesting to explore their practical
performance.

To summarize, artificial nanomotors with organic kinetic
systems have shown their advantages in material fabrication
and antitumor treatment. Particularly, the versatility of syn-
thetic organic chemistry in molecular construction and energy
transition provides convenient platforms for the integration
and programming of various energy-converting modes within
the nanomotors. With more in-depth research, we believe that
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there would be an appealing prospect for organic nanomotors
with diversified organic kinetic systems in biomedical
applications.
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