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ARTICLE INFO ABSTRACT

Keywords: Cancer represents a significant threat to human health, with the use of traditional chemotherapy drugs being
Nanomotors limited by their harsh side effects. Tumor-targeted nanocarriers have emerged as a promising solution to this
Self-propelled

problem, as they can deliver drugs directly to the tumor site, improving drug effectiveness and reducing adverse
effects. However, the efficacy of most nanomedicines is hindered by poor penetration into solid tumors. Nano-
motors, capable of converting various forms of energy into mechanical energy for self-propelled movement, offer
a potential solution for enhancing drug delivery to deep tumor regions. External force-driven nanomotors, such
as those powered by magnetic fields or ultrasound, provide precise control but often necessitate bulky and costly
external equipment. Bio-driven nanomotors, propelled by sperm, macrophages, or bacteria, utilize biological
molecules for self-propulsion and are well-suited to the physiological environment. However, they are con-
strained by limited lifespan, inadequate speed, and potential immune responses. To address these issues,
nanomotors have been engineered to propel themselves forward by catalyzing intrinsic “fuel” in the tumor
microenvironment. This mechanism facilitates their penetration through biological barriers, allowing them to
reach deep tumor regions for targeted drug delivery. In this regard, this article provides a review of tumor
microenvironment-activatable nanomotors (fueled by hydrogen peroxide, urea, arginine), and discusses their
prospects and challenges in clinical translation, aiming to offer new insights for safe, efficient, and precise
treatment in cancer therapy.

Deep tumor penetration
Hydrogen peroxide
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Surgical intervention, characterized by short treatment cycles and rapid
onset of action, is primarily efficacious for early-stage localized tumors

1. Introduction

According to the estimates from the International Agency for Research
on Cancer (GLOBOCAN), the global incidence of new cancer cases
exceeded 19.3 million in 2020, with approximately 10 million cancer-
related deaths. Cancer is projected to become the leading cause of mor-
tality worldwide in the 21st century and represents a paramount barrier
to improving life expectancy globally [1]. Currently, clinical treatment
methods for cancer tumors cancerous tumors often involve surgery,
radiotherapy, chemotherapy, and immunotherapy [2,3]. While the
various treatment modalities have improved the clinical outcomes and
survival rates of cancer patients, they still face certain limitations.

but yields suboptimal outcomes for advanced or metastatic malignancies.
Moreover, surgical procedures often necessitate delicate maneuvering to
avoid vital organs, vessels, and nerves, rendering complete tumor resec-
tion challenging and potentially leaving behind risks of recurrence. Ra-
diation therapy, although notably effective for certain tumors, carries the
inherent risk of causing irreversible damage to normal musculoskeletal
and neural tissues due to its inherent radiotoxicity [4]. Chemotherapy
demonstrates efficacy across primary tumors, metastatic lesions, and
subclinical metastases. However, it is frequently accompanied by severe
side effects [5] and can foster tumor cell resistance [6].
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2. Emerging therapeutic modalities of cancer
2.1. Molecular targeted therapy

Since the late 1990s, the clinical approval and subsequent utilization
of small molecule drugs or therapeutic monoclonal antibodies as signal
transduction inhibitors have constituted foundational elements of pre-
cision oncology [7]. For surgical interventions, their oral administration
mitigates patient discomfort, while for radiotherapy and chemotherapy,
targeted action minimizes damage to normal cells. However, as clinical
usage progresses, inherent drawbacks have become apparent. Primarily,
efficacy is restricted to tumor patients expressing specific biomarkers.
Additionally, akin to chemotherapy, molecular targeted therapy con-
fronts challenges related to the emergence of drug resistance [8].

2.2. Immunotherapy

Immunotherapy, based on the activation or augmentation of the
intrinsic immune system’s capabilities to identify [9], attack, or induce
apoptosis in tumor cells, is gradually emerging as a prominent thera-
peutic modality [10,11]. This approach offers the advantages of broad
applicability and minimal toxic side effects. However, akin to chemo-
therapy, certain tumors develop resistance mechanisms, enabling
evasion of immune surveillance, thereby resulting in suboptimal thera-
peutic efficacy [12]. Furthermore, immune-related adverse events
commonly manifest in association with immunotherapy [13].

2.3. Multimodal therapy

2.3.1. Dynamic therapy

Faced with such a large patient population and complex healthcare
challenges, the limitations of current treatment methods have not
changed the grim situation of cancer treatment [14]. Therefore, innova-
tive treatment methods, leading precision medicine, breakthroughs in
drug development, and other innovations can enhance our comprehen-
sive understanding of the complexity of cancer, explore new safe treat-
ment modalities for tumors, and provide more possibilities for efficient
and safe cancer treatment. With the continuous advancement of science
and technology, there are emerging new tumor treatment methods.

The so-called dynamic therapies primarily include Chemodynamic
Therapy (CDT) [15], Sonodynamic Therapy (SDT) [16], Radiodynamic
Therapy (RDT) [17], and Photodynamic Therapy (PDT) [18]. These
therapies share a common mechanism of utilizing specific physical or
chemical processes to generate reactive oxygen species (ROS) within the
tumor microenvironment, thereby inducing tumor cell damage or death.

CDT exploits hydrogen peroxide (H2O3) present in the tumor
microenvironment to generate ROS, particularly hydroxyl radicals
(OHe), through Fenton or Fenton-like reactions, inducing apoptosis in
tumor cells [19]. SDT employs sonosensitizers with deep tissue pene-
tration capability to produce ROS under ultrasonic irradiation, leading
to tumor cell death [20]. Additionally, RDT typically uses X-rays or
y-rays to activate drugs, generating ROS to kill tumor cells [21]. PDT is a
method of cancer treatment that involves activating photosensitizers
with specific wavelengths of light [22]. During PDT, the photosensitizer
delivered to the tumor site generates ROS upon activation by
near-infrared light, resulting in tumor cell apoptosis.

However, the disadvantages of dynamic therapies are also common
across these modalities, being largely constrained by the characteristics
of the tumor microenvironment. The excessive expression of reducing
substances within tumors, such as glutathione, can neutralize the
generated ROS, thereby reducing the therapeutic efficacy [15,19].

2.3.2. Photothermal therapy

In contrast to the aforementioned dynamic therapies, photothermal
therapy (PTT) represents an emerging strategy for tumor treatment [23,
24]. PTT utilizes targeted recognition technology to accumulate
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photothermal materials near tumor tissues. Upon excitation by
near-infrared light, these materials convert light energy into heat en-
ergy, thereby selectively killing cancer cells. This method offers ad-
vantages such as minimally invasive procedures, long-lasting effects,
and safety in the treatment of malignant tumors. As a result, PTT can
serve as an independent treatment or an adjunct to other therapies,
achieving efficient tumor inhibition and demonstrating significant
developmental potential [25,26].

Although photothermal therapy has potential applications in cancer
treatment, it still has some limitations. Firstly, the poor solubility of
photothermal materials in water is an important factor limiting their
application. Secondly, low bioavailability is also a challenge for pho-
tothermal therapy. Even if photothermal materials can be successfully
injected into the tumor site, they may not be fully absorbed and utilized
[27].

3. Limitations of nanodrug delivery systems

Targeted nanomedicine systems, due to their excellent water solu-
bility and high bioavailability, offer a new strategy for cancer treatment.
By altering the distribution of drugs in the body and increasing the
permeability of biological membranes, they significantly enhance the
efficacy of drugs and reduce side effects [28]. This system has shown
great potential in areas such as tumors and inflammatory diseases.
However, poor penetration of nanocarriers in tumor therapy is one of
the important reasons limiting its development [29].

For solid tumors, the harsh microenvironment inside poses many
challenges to the efficacy of nanodrugs. Firstly, the abnormal vascular
permeability in tumors leads to thinning of vessel walls, facilitating fluid
extravasation into the surrounding tissues, thus increasing the intersti-
tial fluid pressure (IFP) within tumor tissues. Moreover, the densely
packed tumor cells further impede fluid flow and drug diffusion, exac-
erbating the elevation of IFP. Additionally, the lack of effective
lymphatic drainage systems in solid tumors contributes to the accumu-
lation of interstitial fluid, another factor driving the increase in IFP [30].
Simultaneously, the loss or impairment of endothelial cell tight junction
function may result in vascular inflammation and fluid extravasation,
further augmenting tumor interstitial pressure [31,32]. Furthermore,
the high metabolic activity of tumor cells generates a large amount of
metabolic waste (such as lactate) that accumulates within the tumor,
increasing local osmotic pressure. This, in turn, attracts more water into
the tumor interstitium, exacerbating the elevation of interstitial pres-
sure. These factors collectively form physical barriers that hinder the
effective delivery of drugs to the interior of the tumor[33].

Secondly, tissues typically form pressure gradients, making it diffi-
cult for conventional nanopreparations to penetrate blood vessel walls
and enter the depths of tumor tissues. When these targeted modified
nanocarriers attempt to cross tumor blood vessels, they accumulate near
the vessels by binding to receptors on the vessel walls [34].

Thirdly, as tumors grow, blood vessels grow arbitrarily and may be
severed or damaged, resulting in much lower microvessel density in the
center of the tumor compared to the infiltrating edge, further hindering
nanoparticle delivery to the central region [35]. Despite decades of
in-depth research and laboratory success, only a few nanoparticle-based
small molecule cancer-targeting drugs have succeeded clinically, such as
albumin nanoparticles, polymer micelles, and liposomes [36].

Therefore, in order to improve the therapeutic efficacy of nanodrugs
on tumors and promote their clinical translation, it is crucial to enhance
the penetration of tumor tissues and maximize the therapeutic effect in
the short term [37,38]. An autonomous, drug-loaded nanorobot guided
externally is considered a promising solution as it can actively navigate
through hostile tumor microenvironments, further increasing drug
accumulation within tumor cells and improving drug efficacy, partially
alleviating drug resistance mechanisms [39], releasing anticancer drugs
or responding to other types of therapy, to achieve more efficient
cytotoxic effects.
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4. Nanomotors

At a deeper level, more active intercellular delivery becomes an ideal
way for nanoparticle drug penetration [37]. An autonomous,
drug-loaded nanorobot guided externally is considered a good solution
because it can actively penetrate hostile tumor microenvironments,
further release anticancer drugs, or respond to other types of treatment
to achieve more efficient killing effects.

Nanomotors are microdevices capable of converting different forms
of energy into mechanical energy, thereby achieving self-propelled
propulsion [40]. This idea was initially proposed by Richard Feynman
in his 1959 speech, envisioning tiny devices that could be ingested and
roam through the body’s blood vessels to achieve therapeutic effects
[41], sparking interest in developing nanomotors as a new type of tar-
geted drug delivery system, which in turn has driven generations of
scientists and engineers to continuously expand and improve nano-
technology (Fig. 1). Compared to traditional nanomaterials, nanomotors
can overcome the influence of irregular Brownian motion and break
through the motion limitations of low Reynolds numbers for nanorobots
[42]. Autonomous nanomotors have the ability to actively penetrate
biological barriers, demonstrating superior self-driven penetration per-
formance in dense extracellular matrices, as well as in the blood-brain
barrier and blood-tumor barrier [43]. Furthermore, such powerful
mobility also accelerates the uptake of anticancer drugs by lesion cells,
achieving efficient drug accumulation [44]. Using nanomotors as car-
riers, targeted chemotherapy drugs can penetrate through layers of
barriers, penetrate deep into tumors, and accomplish the important
mission of efficiently inhibiting solid tumors. These outstanding ad-
vantages endow nanomotor drug delivery systems with enormous
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potential applications in the field of cancer treatment, making them a
remarkable frontier technology.

With the continuous expansion and refinement of nanotechnology,
nanorobots are also evolving. According to the types of dynamic
response to the tumor microenvironment, nanomotors can be classified
into biologically hybrid [60], exogenous [61], and endogenous [62]
types. Among them, biologically hybrid nanomotors use naturally
motile entities with high biocompatibility (such as bacteria [63],
phagocytes [64], or sperm [65]) as the development targets, which are
modified using genetic engineering techniques to become “couriers” for
targeted delivery of chemotherapy drugs. Akolpoglu et al. [66] found
that by leveraging the strong affinity of biotin and streptavidin, nano
liposomes loaded with drugs attach to the surface of Escherichia coli.
Meanwhile, magnetic nanoparticles of photothermal agents and
chemotherapy molecules also bind to Escherichia coli. Under the control
of an external magnetic field, these “couriers” can be precisely delivered,
and drug molecules can be released on demand through near-infrared
stimulation.

Exogenous propulsion utilizes methods such as electric fields [67],
magnetic fields [72], light [73], heat [74], or ultrasound [75] to provide
energy for nanomotor movement, allowing nanomaterials to overcome
the obstacles of Brownian motion. Among them, spherical FeCo nano-
motors developed by Song et al. [72] have controllable motion under a
magnetic field and photothermal therapy characteristics. Based on the
imaging effect of Fe and the radiation damage capability of Co, they
integrate cancer diagnosis and treatment, demonstrating their unique
advantages. A recent study simulated a method for sound wave-driven
Janus particles based on the respective advantages of photothermal
therapy and sound wave propulsion [76]. Represented by Zhang et al.
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Fig. 1. Timeline of discoveries and research on nanotechnology and tumor microenvironment-activated nanomotors. Milestone discoveries are highlighted.
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[75], a strategy involving continuous luminescence (PL) excitation PTT,
synchronous thermotactic propulsion, and PL-triggered NO release was
proposed, utilizing the continuous motion of ultrasound-activated
nanoparticles to enhance cellular uptake, increase persistent PTT, and
intracellular NO levels, thereby combating tumor cells without the use
of any chemotherapy drugs. The continuous motion activated by ultra-
sound promotes the intratumoral accumulation and distribution of
PTT/NO therapeutic drugs. Xing’s research team [77] designed meso-
porous carbon nanomotors coordinated with single-atom copper
(Cu-JMCNSs). It combines single-atom nano catalytic drugs with nano
motion for cancer treatment. On one hand, single-atom Cu can utilize
hydrogen peroxide to convert to toxic hydroxyl radicals (OH), used for
chemodynamic therapy (CDT). On the other hand, carbon has an
asymmetric structure and photothermal properties similar to jellyfish,
and near-infrared light-triggered Cu-JMCNs achieve self-heating swim-
ming motion, significantly enhancing the uptake and penetration of
three-dimensional tumor cells. In vivo experiments have shown that the
combined application of single-atom Cu for CDT and near-infrared light
propulsion can achieve a tumor suppression rate of over 85 %.

Although targeted magnetic nanomotor drug delivery systems have
advantages such as high magnetic field strength, long propulsion time,
and accurate delivery, it is difficult to set precise gradients and rotate
magnetic fields. This not only results in low drug loading efficiency but
also necessitates further consideration of the long-term adverse effects
caused by metals [78]. Compared to magnetic delivery, ultrasound can
provide strong external driving force for targeted nanodrugs, allowing
them to penetrate cells quickly and effectively. However, it suffers from
drawbacks such as poor directional migration rates [79], low portability
of equipment, and high operational difficulty [80]. The so-called
light-driven nanomotor drug delivery system usually achieves control
over the propulsion of nanomotors by controlling the magnitude of light
energy (determined by wavelength or frequency) and the angle of
incidence, leading to thermal effects or chemical reactions in different
directions. These effects significantly affect the speed and direction of
light-driven nanomotor drug delivery systems [81]. However, due to the
weak penetration power of light, the application of these systems in
cancer treatment is still limited (see Table 1).

The significant gap between current capabilities and the vision of
efficient treatment prompts us to reflect soberly on the current status
and future of research on targeted nanodrug delivery systems. In view of
this demand, we seek to draw lessons from comparing various funda-
mental and practical issues of different types of nanomotors. In partic-
ular, we focus on a class of endogenous nanomotors, which can help us
understand the working mechanisms and potential applications of
nanomotors.

Endogenous nanomotor drug delivery systems aim to obtain energy
from the tumor microenvironment or self-carried fuels through chemical
reactions [82] or enzyme-catalyzed reactions [83], converting chemical
energy into mechanical energy for self-propulsion. Compared to the
aforementioned biologically hybrid or exogenous nanomotors, endoge-
nous motors have unparalleled advantages. Firstly, endogenous
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nanomotors do not require specific storage and usage conditions and can
operate stably at room temperature and pressure. Secondly, these mo-
tors can generate driving forces through chemical reactions, enhancing
the reliability and stability of the system (see Table 2).

4.1. H;0; -fueled nanomotors

Gas therapy based on gas molecules is a new approach to promoting
synergistic treatment with other cancer therapies. Studies have shown
that the release of sulfur dioxide gas can induce strong oxidative stress
leading to depletion of glutathione (GSH) within cancer stem cells
(CSQC), further inhibiting CSC growth [116]. Yue’s team [84] designed
Au@MnO;, gold nanoparticles loaded with sulfur dioxide (SO2) prodrug
benzothiazole sulfinate (BTS) for catalytic decomposition of HyO into
oxygen bubbles by manganese dioxide, continuously powering the
nanomotors to penetrate deep-seated solid tumors (Fig. 2A). SO, is
selectively released in acidic environments to enhance the efficacy of gas
therapy for cancer treatment.

One of the key criteria for evaluating nanomotors is the controlled
release of drugs in vivo [117]. The impact of different motor speeds on
drug release varies, making it necessary to explore methods for adap-
tively controlling nanomotor motion in response to environmental
changes. To address this issue, Song et al.[86] investigated a
pH-rate-regulated catalase-driven porous MOFtor (Fig. 2B). They
assembled a binary composite superstructure of p-lactoglobulin and
catalase (CAT) with permeability at neutral pH into porous framework
particles (zeolitic imidazolate framework-L, ZIF-L). Under different pH
conditions, B-lactoglobulin undergoes reversible gelation, controlling
the entry of Hy05 and resulting in different speeds and corresponding
controlled release rates. Additionally, the porous framework enhances
the biocatalytic activity of catalase, enabling it to utilize ultra-low
concentrations of HyOy under physiological conditions. This nano-
system, utilizing both pH and chemical potential, may serve as a
stimulus-responsive drug delivery carrier, potentially operating in
complex biological environments.

Using ultrasound-assisted synthesis and wet chemistry, Wang et al.
[87] prepared a micro-electric motor called MOF-NZ in the form of
ZIF-67 framework (Fig. 3A). This micro-motor efficiently loads iron
oxide NPs (nanoparticles) and fluorescent anticancer drug doxorubicin
(DOX) (doxorubicin hydrochloride). Moreover, due to its degradability
in water, this micro-motor exhibits high biocompatibility suitable for
biomedical applications. The presence of numerous cavity structures in
its framework enables rapid transfer of HyO5 molecules within it,
providing a continuous power source for the micro-motor. Extending the
motor’s operation time to 90 min and adjusting the speed adaptively
based on Hy0, concentration within the range of 15.3-76.3 pm/s.

Although such nanomotors have the characteristics of rapidly
generating bubbles and strong power, they behave like deflated bal-
loons, only capable of completely random motion, with a high proba-
bility of failing to target the interior of tumors. In response to this, Zhang
et al. [88]loaded magnetic iron oxide nanoparticles (IONPs) into

Table 1
Comparison of nanomotor drug delivery systems propelled by exogenous and biohybrid power.
Type Power source Material Performance in motion/advantage Safety/limitation Ref
Exogenous Electric Fields  Au,TiO, Under the influence of external forces, it exhibits The intensity of the electric field decreases rapidly [67]1
power excellent directional stability and robust motility. with increasing distance from the power source.
Magnetic Fe The potential hazards of magnetic metals to the human  [68]
Fields body.
Light Fe304,CugSs Ultraviolet light is harmful. [69]
Thermal PDA It may potentially induce thermal damage to [70]
surrounding normal tissues.
Ultrasound Perfluorooctyl Ultrasound may induce cellular oxidative stress. [71]
Bromide
Biohybrid Bacteria - Overcoming multidrug resistance. May elicit an immune response. [63]
power Macrophage - Targeting inflammatory tissues. May elicit an immune response. [64]
Sperm - Targeted therapy for ovarian-related cancers. The lifespan of sperm is relatively short. [65]
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Table 2
Chemically propelled nanomotors with potential biomedical applications.
Fuel Primary Constituent  Catalytic way Size Speed Fuel Concentration Merits and demerits Ref
Materials
H,0, Au@MnO, MnO, 191 nm 8 pixel/ 0.1 mM Abundant fuel (H;05); Oxygen generation, [84]
frame alleviating hypoxia. Weak ability to identify
H,0, MnO,, PEG-PDLLA MnO, 300 pm 15-20 pm/s 5-50 mM tumor heterogeneity. [85]
H,0, CAT -B@ZIF Catalase (CAT) 1 pm 0.65-0.81 0.3-3% [86]
pm?/s
H,0, ZIF-67/Fe304/DOX Co*" and 2-Methylimidazole 5 pm 76.38 ym/s 10 % [871
H,0, L-arginine, HPAM Catalase 170 nm 0.5-4 pm/s 5-20 mM [56]
H,0, Fe,O3 , PEG-b-PS Iron oxide nanoparticles 342.9 nm 307 nm/s 200 pM [88]
(IONPs)
H50, Pt , PEG-b-PS Pt 152 nm 23 pm/s 35% [89]
H,0, Pt , PEG-b-PS Pt 150 nm 8.97 pm/s Tumor [90]
microenvironment
H50, Pt , PEG-b-PS Pt 30 nm 39 pm/s 4.98 mM [91]
PEG-b-PCL
H,0, CAT , PEG-b-PS Catalase 500 nm 60 pm/s 111 mM [92]
H,0, CAT , GOx , Catalase 171.53 25.25 pm/s 100 pM [93]
CAuNCs@HA nm
H,0, CREKA-Ce@PDA/ CeO, 150 nm 9.5 ym/s 4.9 mM [94]
DOX NBs
H50, UCNPs@mSiO,- Catalase 59.8 nm 1.727 pmz/ 50 mM [95]
TAPP @Au-3-MPBA H
H,0, JAuNR-Pt Pt 108 nm 10.18 pm/s 200 pM [96]
Hy02 Au@Pt Pt 100 nm 43.85 + 10 mM [97]
5.49 ym/s
H,0, Cu-JMCNs Cu 356 + 4 5-11 ypm?/s  Not provided [771
nm
H,0, JHP@Catalase Catalase 521 nm 0.63 + 2.5 wt% [98]
0.03 pm?/s
Urea MSNP-Ur/PEG-Ab Urease 481 nm 1.2 pm?/s 50 mM Strong targeting towards regions with higher [99]
Urea Ur-PDA NC Urease 5 pm 10.67 pm/s 100 mM urea levels (kidneys, prostate, bladder [100]
Urea UPJNMs , Ur- PEG- Urease 90 pm 11.1 pm?/s 10 mM cancer). Poor applicability, not suitable for [101]
AuNP urea-free sites.
Urea LM@PDA@CF & Ur Urease 348 nm 0.825 pm?/ 50 mM [102]
s
Urea LL-37@K7- Urease 1.87 pm 0.58 pm?/s 200 mM [103]
Pol@MSNPs@Ur
Urea HSiO,FA-Urease-I Urease Not 12 pm/s 25 mM [104]
provided
Urea HSiO,FA-Urease-O Urease Not 11 pm/s 50 mM [104]
provided
Urea JRs@ HAase@ Ur Urease , hyaluronidase 93-260 4-8 pm/s 5 mM [105]
nm
Urea JHP@Urease Urease 495 nm 0.96 + 300 mM [98]
0.04 pm?/s
Urea UM - NEs Urease 254 nm 4.7 ym/s 50 mM [106]
Arginine L-arginine, HPAM NO synthase (NOS) , Reactive 385 nm 13 pm/s 3.75 mg/mL Nitric oxide production; improving tumor [56]
oxygen species (ROS) microenvironment. Low sustained efficacy,
Arginine  HFLA-DOX NOS, ROS 50 nm 13.3 pm?%/s 10 % limited fuel capacity (arginine); Reliant on [107]
Arginine  HFCA NOS, ROS 40 nm 10 pm?/s Not provided tumor nitric oxide synthase. [108]
Arginine  PCBMA - LA NOS, ROS 220 nm 3.5 pm/s 15 % [109]
Arginine  PMA-TPP/PTX NOS, ROS 200 nm 3 pm/s Not provided [110]
Arginine = DPNMs , L-Arg, NOS, ROS 361 nm 6 pm/s 2.7 mM [111]
CaOy
Arginine  PCBMA-LA NOS, ROS 220 nm 1.8 um/s 121.7 pg/mL [109]
Arginine  TAP nanomotors NOS, ROS 200 nm 5 pm/s Not provided [112]
Glucose AG-DMSNs |, L-Arg gold nanoparticles (AuNPs) 80 nm 11 pm/s 27.8 mM Primary energy source for cells; [113]
AuNPs dendritic mesoporous silica Biocompatible fuel; Abundant in biological
nanoparticles (AG-DMSNs) , systems. Multiple conversion steps; Less
H,0, efficient compared to direct chemical fuels.
Glucose SiO,@Au&PMO Glucose 350 nm 6.34 um?/s 100 mM [114]
Janus Catalase
Glucose GC6@cPt ZIFs Glucose 70-120 2.08 ym/s 10 x 10°M [115]
Catalase nm

self-assembled vesicle structures of PEG-b-PS, along with a photosensi-
tizer, harnessing the advantage of external magnetic tropism, enabling
the targeted delivery system of nanomotors to move directionally to-
wards and aggregate near tumor tissues (Fig. 2C), thereby expanding the
distribution of ZnPc, enhancing the reactive distribution of ROS, and
boosting the activity of photodynamic therapy (PDT).

Polymer vesicles, a novel type of artificial vesicle, are composed of
amphiphilic block copolymers. These vesicles can be transformed into

oral cells through dialysis-driven artificial endocytosis. Oral cells are
nearly closed bowl-shaped polymer entities capable of trapping catalysts
within their nanocavities, serving as self-propelled nanomotors. Wilson
et al. [89] demonstrated for the first time a method to selectively capture
catalytically active platinum nanoparticles within their nanocavities and
subsequently use catalysis as the driving force for the autonomous mo-
tion of polymer oral cells. PtNPs were prepared using poly(ethylene
glycol)-b-polystyrene (PEG-b-PS) as the material, selectively
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Fig. 2. Nanomotor systems propelled by HyO,. (A) Preparation of BTS-Au@MnO, nanomotors and self-reported gas therapy. Reproduced with permission [84].
Copyright 2021, John Wiley & Sons. (B) Schematic representation of the assembly of micromotors with pH-responsive on/off motion. Note the relative size between
each com ponent is not to scale. Reproduced with permission [86]. Copyright 2019, John Wiley & Sons. (C) Schematic diagram of magnetic field assistant tumor
targeting of ISP-NMs and their 'O, generation, movement and PDT process for cancer treatment. Reproduced with permission [88]. Copyright 2020, Elsevier.

encapsulating platinum nanoparticles within the nanocavities of poly-
mer oral cells. Meanwhile, hydrogen peroxide can freely enter the
interior of oral cells and be decomposed by the active catalyst (captured
platinum nanoparticles) into oxygen and water, thereby causing thrust
and directional motion.

However, achieving efficient, stable, and controllable operation of
nanomotors in biological environments remains a challenge. To address
this issue, the Abdelmohsen team proposed a strategy of enzyme capture
and nanomotor assembly [92]. The core of this strategy is to fold
polymer micelles into cavity cells under mild conditions, thereby
achieving encapsulation of proteins (Fig. 3B). This method enables
proteins to maintain their functionality and stability inside the cavities.
Enzyme-driven nanomotors generated by this strategy exhibit high
motility. They can propel these structures at low HyO2 concentrations,

achieving autonomous motion in biological environments. Importantly,
the confinement of enzymes inside the cavities does not hinder their
activity; instead, it promotes substrate transfer. This is because the
confined space inside the cavity facilitates interactions between en-
zymes and substrates, thereby enhancing catalytic efficiency. Mean-
while, enzymes are protected inside the cavities, shielded from
deactivation by other components in the culture medium.

Although the miniaturization and motility of artificial nanomotors
make them popular tools for exploring new and innovative biomedical
cancer treatment strategies, integrating multiple functions on small
moving entities is crucial for further therapeutic advancements. Repre-
sented by Chen’s team [95], a dual-driven Janus nanomotor is intro-
duced, consisting of a gold layer with up conversion nanoparticles
(UCNPs) and mesoporous silica (mSiO3) core-shell structures, modified
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Fig. 3. Nanomotor systems propelled by HyO,. (A) Schematic illustration showing the processes of ZIF-67 micromotors, ZIF67/Fe304/DOX multifunctional
micromotors fabrication and the mechanism of drug delivery. Reproduced with permission [87]. Copyright 2018, Royal Society of Chemistry. (B)Supramolecular
assembly of the enzyme-driven nanomotor. Reproduced with permission [92]. Copyright 2016, American Chemical Society. (C) Schematic illustrating the
dual-source powered nanomotor for SERS biosensing and multimodal cancer photo-theranostics. Reproduced with permission [95]. Copyright 2022, Elsevier. (D)
Schematic illustration of the cascade enzyme-powered nanomotor (NM-si) for TME modulation. Reproduced with permission [93]. Copyright 2021, Elsevier. (E)
Schempatic Illustration of the Preparation of CREKA-Modified Ceria@Polydopamine Nanobowls (CREKA-Ce@ PDA NBs) and Their Application for Enhanced Tumor
Penetration and Antitumor Effect. Reproduced with permission [94]. Copyright 2023, American Chemical Society.

with HyOp-sensitive 3-mercaptopropionic acid (3-MPBA) and photo-
sensitizer 4-aminobenzyl phthalocyanine (TAPP). By modifying perox-
idase and/or adding H»O5 and using NIR laser at 808 nm, its penetration
depth can be significantly increased (Fig. 3C). This demonstrates its

potential application in tumor diagnosis and treatment. The diffusion
behavior of nanomotors in tumor spheroid models is enhanced,
providing strong support for future research and applications.
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Solid tumors commonly exhibit a significant characteristic - local
hypoxia, leading to their high metastatic potential and insensitivity to
chemotherapy. Compared to directly killing tumor cells, indirectly
inhibiting tumor growth by reconstructing the tumor microenvironment
is considered a novel approach. Therefore, providing sufficient oxygen
to the root of the tumor and alleviating the Warburg effect [118] become
key steps in implementing this therapeutic strategy. Based on this, Yu
et al. [93] constructed a cascade enzyme-driven nanomotor (NM-si),
consisting of glucose oxidase (GOx) and catalase (CAT), where GOx
catalyzed the production of Hy0, as a premise, and CAT continuously
catalyzed the release of oxygen bubbles as a power source, allowing the
entire delivery system to progress along the HyO, gradient between the
bloodstream and the site of tumor occurrence (Fig. 3D). Meanwhile,
during the enzyme-catalyzed reaction process, the continuously gener-
ated oxygen bubbles can alleviate the tumor hypoxia problem, ulti-
mately achieving a “double hit” of delivery and oxygenation.

Addressing the issues of by-products and insufficient power in con-
ventional nanomotors, Zhu’s team [94] proposed a nanomotor
composed of cysteine-arginine-glutamic acid-lysine-alanine (CREKA)
asymmetrically modified cerium oxide@polydopamine nano-bowls
(Fig. 3E), which continuously converts HyO» into propulsion for nano-
motor advancement by leveraging the excellent redox cycling capability
between Ce>" and Ce**, while also avoiding the consumption of metal
materials and by-products. Additionally, utilizing the force of
receptor-ligand interaction, the tumor homing ligand CREKA specif-
ically binds to the tumor integrin terminal fibronectin to achieve
directional control of the nanomotor, ultimately achieving deep pene-
tration. Loaded with the anti-tumor drug doxorubicin (DOX), optimal
therapeutic effects are achieved through the “last step” of chemo-
therapy. Under 808 nm near-infrared (NIR) laser, the nanomotor rapidly
depletes tumor microenvironment-specific hydrogen peroxide (H203) in
the nano-bowl, aiding in self-generated gradients, achieving rapid pro-
pulsion (9.5 pm/s at 46 °C), and achieving deep penetration (70 pm in
multicellular spheroids), fulfilling the mission of deep tumor penetra-
tion, photothermal therapy, and chemotherapy drug release “triple
therapy".

4.2. Urea -fueled nanomotors

Urea concentration is relatively high in the bladder, enabling urease-
driven nanomotors to be utilized for the treatment of bladder cancer. By
encapsulating therapeutic drugs within nanomotors, upon entry into the
bladder, urease catalyzes the decomposition of urea into ammonia and
carbon dioxide, generating energy to propel the nanomotors, thereby
delivering drugs accurately to bladder cancer cells. This approach not
only enhances the therapeutic efficacy of drugs but also reduces damage
to normal tissues.

Bladder instillation therapy involves the introduction of drugs into
the bladder via a catheter, retaining them for a certain period before
voiding, to treat various bladder conditions such as cystitis and bladder
cancer. As a localized treatment method, bladder instillation therapy
offers the advantage of low toxicity as it solely affects the bladder mu-
cosa without entering the bloodstream. However, this treatment method
also faces challenging obstacles that need to be overcome urgently.
Firstly, the bladder wall is coated with a mucosal layer composed of
glycosaminoglycans (GAG), making efficient drug delivery challenging
[119]. Additionally, regular urination flushes away the therapeutic
drugs introduced into the bladder, necessitating frequent repeated in-
jections to achieve the desired therapeutic effect [120]. Therefore, such
an environment imposes high demands on the efficient adhesion,
retention, and biocompatibility of the delivered drugs on the bladder
wall.

In light of this, Choi’s team [100] reported on nanomotors capable of
deeply penetrating the mucosal layer of the bladder wall and remaining
in the bladder for an extended period. Exploiting the high urea content
in the existing environment, they surface-functionalized polydopamine
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nano capsules (PDA NC) with urease (Fig. 4A). Experimental results
demonstrated that upon the addition of urea (50 and 100 mM), these
nanomotors exhibited rapid movement and significant directionality,
achieving speeds of 4.56 and 10.67 pm/s, respectively, and enhancing
the maximum bladder wall penetration depth to 60 pm.

Although bladder cancer can be treated through surgical means such
as urinary tract resection, subsequent treatments for patients still rely on
the assistance of immunotherapy or chemotherapy drugs, which also
come with certain side effects. Therefore, frequent bladder endoscopy
monitoring and retreatment of patients are required, making bladder
cancer one of the most expensive cancers. Cristina et al. [121] innova-
tively addressed this issue by using radiolabeled **'I nanorobots for
radioisotope therapy (Fig. 4B). These nanorobots are composed of
mesoporous silica nanoparticles (MSNPs) with a diameter of approxi-
mately 450 nm, surface-modified with urease, polyethylene glycol, and
gold nanoparticles, enabling self-propulsion in urine and accumulation
and penetration into tumors. In a mouse model, these nanorobots were
shown to effectively accumulate at tumor sites, confirmed by positron
emission tomography scans. Additionally, observation under confocal
microscopy of cleared bladder tissues confirmed the penetration of
nanorobots into tumor tissues. Finally, radiotherapy administered to
mice carrying tumors showed a reduction in tumor size by approxi-
mately 90 %, demonstrating the potential of nanorobots as an effective
delivery system for bladder cancer therapy. This study provides new
insights and methods for the treatment of bladder cancer.

Although urease-driven nanomotors can penetrate deep into cancer
tissues, they still cannot address the issues of cancer cell proliferation
and migration. Based on this, Samuel et al. [99] proposed a urease
(Ur)-driven nanomotor based on mesoporous silica nanoparticles
(MSNPs), with the outer surface containing polyethylene glycol and
anti-FGFR3 antibody, which can target bladder cancer cells in the form
of three-dimensional spheres (Fig. 4D). This autonomous movement is
promoted by the inherent high concentration of urea in the bladder.
Fibroblast growth factor receptor 3 (FGFR3), which is overexpressed in
bladder cancer cells, was selected as the target for the antibody. The
anti-FGFR3 antibody can bind to FGFR3 on the surface of bladder cancer
cells, thereby disrupting their signaling pathways, inhibiting cell pro-
liferation and migration. The modified nanomotors can swim in water
and exhibit enhanced diffusion behavior dependent on the matrix. This
means that in simulated or real urine, nanomotors can better interact
with the surface of bladder cancer cells, increasing the chances of
antibody-antigen binding, thereby reducing cell migration and prolif-
eration and inhibiting the occurrence of malignant tumors. This targeted
treatment approach based on nanomotors holds promise as an effective
cancer therapy strategy and demonstrates potential in clinical
applications.

Xu et al. [102] proposed urease-driven liquid metal (LM) nanomotors
with multiple therapeutic functions and imaging signal capabilities.
These nanomotors are based on Ga-In-Sn liquid alloy and serve as a
trackable active nanoplatform by carrying urease-loaded nanorobots,
combining therapeutic and potential diagnostic functions (Fig. 4C). The
significance of this study lies in providing a new approach for designing
and constructing self-propelled nanomotor carriers. In addition to pos-
sessing self-propulsion capabilities, this motor carrier also exhibits
various therapeutic and potential diagnostic functions. Successful
tracking and monitoring of motor carrier movement were achieved
through bimodal imaging of ultrasound and photoacoustic properties,
serving the purpose of dynamic imaging.

Enzyme-catalyzed nanomotors have shown great potential in bio-
logical separation and sensing imaging due to their excellent biocom-
patibility, high turnover rate, and ease of access. However, the flow
fields generated by enzyme-catalyzed reactions may affect the interac-
tion between targets and ligands (or antibodies) due to inherent spatial
conflicts, especially for recognition units (such as ligands) and target
binding on MNMs. Therefore, to ensure the effective operation of
sensing systems, it is crucial to distribute functional modules (antibodies
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with permission [104]. Copyright 2021, American Chemical Society.

or ligands) and motor modules (enzymes) at different positions of MNMs
[104]. In this regard, Liu et al. developed a selectively enzyme-localized
urease micromotor for capturing and sensing exosomes. To achieve
controlled distribution of enzymes, amino groups were selectively
attached to the inner/outer surfaces of hollow SiO, using a two-step
co-condensation method, and urease was finally fixed in the hollow
structure with amino group modification by glutaraldehyde

cross-linking, resulting in HSiO2FA-Urease-I micromotors with urease
located inside and HSiO,FA-Urease-O micromotors with urease located
on the outer layer of SiO9 (Fig. 4E). Through evaluation of their motility
performance, the critical role of modified enzyme position in deter-
mining the distribution of generated flow fields was revealed. This study
enables a better understanding of the role and impact of enzymes in
MNMs, which will facilitate the development of more efficient, stable,
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and reliable MNM devices, laying a solid foundation for their future oxide (NO) released from currently clinically used nitrite donors serves
practical applications. as an example, demonstrating its effectiveness in treating conditions
Endogenous urea-powered urease-driven nanomotors, when injected such as angina and heart failure. Nowadays, numerous studies are
into the bladder, demonstrate uniform distribution and enhanced fluid dedicated to exploring the potential therapeutic applications of NO,
mixing [122], enabling imaging tracking, drug delivery, and targeted particularly in the field of cancer treatment [125].
therapy of bladder tumors [123]. The active collective dynamic By the on-demand release of NO in the tumor microenvironment
behavior, coupled with medical imaging tracking, constitutes an (TME), not only can the expression of mammalian HIF-1a, base excision
important milestone and progress in the field of biomedical nanorobots. DNA repair enzyme, and multidrug transporter protein P-glycoprotein
Additionally, neutrophils with urease-driven motors have been shown to (P-gp) be inhibited, but tumor vasculature normalization can also be
target thrombi and promote thrombolysis by releasing urokinase’s achieved, greatly enhancing the therapeutic effects of tumors [126]. NO
thrombolytic protein drugs at thrombus sites [106], further enriching not only exhibits direct cytotoxic effects on cancer cells but also en-
the diversity of urease-powered nanomotor motion system functions, hances the efficacy of various treatment modalities [127]. Furthermore,
expanding the application areas and therapeutic targets of nanomotors. it is worth noting that due to the extremely short half-life of NO (less

than 5 s), the delivery of NO must be highly targeted and selective [128].
Therefore, NO-driven nano-targeted delivery systems have become a hot
topic in cancer treatment in recent years. At the intersection of NO-based
diagnosis and therapy integration and biomedical nanotechnology,
NO-driven nanomotors have also made remarkable progress in cancer
diagnosis and treatment.

4.3. Arginine -fueled nanomotors
With the innovation of biomedical discoveries and technological

advancements, gas-mediated therapy has attracted widespread attention
due to its high therapeutic efficacy and biocompatibility [124]. Nitric
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In the healthy human body, NO is produced through the enzymatic
reaction of endogenous r-arginine (L-Arg) with nitric oxide synthase
(NOS), primarily expressed in the endothelium and neurons of brain
tissue in isoforms (eNOS, nNOS) [129]. However, tumor cells also
contain abundant nitric oxide synthase (NOS) [130], providing excellent
conditions for the nano-motor drug delivery system to catalyze the
release of NO bubbles by enzyme reaction with r-arginine, facilitating
the dual penetration of nano-systems into tumor cells and tissues. Wang
et al. [107] proposed a NO-driven nanomotor strategy using cage-like
structured heparin and folate (HF) composite nanoparticles as carriers,
loaded with L-arginine and doxorubicin (DOX) (Fig. 5B). With the active
targeting of HF and enzyme-catalyzed reaction, the released NO bubbles
drive the nano-targeted drug delivery system to penetrate into the
interior of tumor cells. While releasing NO to improve the tumor
microenvironment, it also reduces the expression of programmed cell
death ligand 1 (PD-L1) on tumor cells, thereby exerting a synergistic
therapeutic effect and enhancing the treatment efficacy.

Although there have been reports on nanomotors promoting the
penetration of themselves and loaded drugs into tumor tissues, there is
still a lack of relevant data on whether this motility effect can facilitate
the deep infiltration of micrometer-scale immune cells into tumor tissues
in their microenvironment. In-depth research on this issue is crucial for
determining whether nanomotor technology can bring new break-
throughs in immunotherapy. Chen et al. [108] constructed a NO-driven
nanomotor, named heparin-folate-cy5.5/L-arginine (HFCA), which
promotes the normalization of tumor vasculature and degradation of
extracellular matrix (ECM) by releasing NO, thereby significantly
enhancing the infiltration capability of T cells into tumors in vivo
(Fig. 5A). The infiltration efficiency of T cells in tumor tissues increased
from 2.1 % to 28.2 %. The combination of the motility of this nanomotor
power source and its physiological function provides more design ideas
for the future immunotherapy of many diseases.

It is worth noting that common chemically fueled nanomotors (such
as magnesium-based, platinum-based, and enzyme-based ones) produce
certain by-products (Hy, ammonia, Mg(OH),, Pt) during their motion
process, leading to toxic effects (e.g., excessive Hy may cause gas em-
bolism)[131], which also hinders the clinical translation of these
nanomotors. Therefore, designing a zero-waste, self-destructing nano-
motor is of great significance. Wan et al. [56] reported a nanomotor
synthesized from medical-grade fluorescent hyperbranched polyamide
(HPAM) and biocompatible amphiphilic polymer L-arginine, termed
hyperbranched polyamide/i-arginine (HLA) nanomotor. By simulating
the action of nitric oxide synthase (NOS) and reactive oxygen species
(ROS) in the human body, r-arginine is converted into NO, thereby
achieving motility. The HPAM used in the experiment is synthesized
from methyl acrylate and ethylenediamine monomers, which is almost
not degraded in the human body (Fig. 5C), thus possessing excellent
biocompatibility and stability. Additionally, due to its molecular weight
being less than 1000, it can be naturally cleared from the body through
glomerular filtration. Another advantage of HPAM is that its derived
HLA nanomotor exhibits unique fluorescent properties, allowing moni-
toring of its entry into cells without the use of toxic dyes, which is ex-
pected to achieve in vivo tracking of nanomotors in the future.

5. Conclusion and outlook

Currently, nanomotor drug delivery systems for cancer treatment
continue to encounter several challenges. such as the specific recogni-
tion and efficient elimination of tumor cells in vivo. Despite ongoing
efforts by researchers to address these limitations, the ultimate “perfect”
nanomotor has not yet been developed. Therefore, there is a necessity to
explore more innovative active interaction modes, self-propelled
traversal through dense network barriers, and achieve deep penetra-
tion into tumors.

The complex circulatory system and tumor microenvironment pre-
sent significant challenges for nanomotors. Once introduced into the
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bloodstream, they inevitably interact with biomolecules present in body
fluids. Most nanocarriers are influenced by blood substances, leading to
the formation of a “protein corona” on their surface. A prominent
consequence of the protein corona (PC)-induced alteration in
nanoparticle-cell interactions is the loss of the cellular targeting function
of functional ligands [132]. Pioneering work by Anna et al. [133]
revealed that when transferrin nanoparticles are exposed to a biological
environment, proteins form a protein corona, masking the targeting
molecules on the transferrin surface. This results in a loss of targeting
specificity, posing a stringent challenge to achieving specific targeting
with functionalized nanoparticles. Additionally, the PC impedes the
interaction between the chemical reactants on the surface of nanomotors
and the surrounding environment, thereby inhibiting catalytic re-
actions. This means that nanomotors cannot continue to generate
movement or achieve their intended function [134,135].

Given the adverse effects of PC on the performance of nanoparticles,
researchers are actively exploring and developing new strategies and
materials to reduce protein corona formation, thereby enhancing the
stability and targeting of nanoparticles in biological environments. One
common approach is to achieve a “stealth” effect by grafting hydrophilic
polymers such as polyethylene glycol (PEG) [136]. For instance,
PEG-modified nanomotors can render the particle surface potential
negative. Negatively charged nanomotors are more likely to repel
similarly negatively charged proteins, reducing nonspecific protein
adsorption and, consequently, the formation of a protein corona.

In addition, pre-coating nanomotors is a viable strategy. By inter-
acting with biomembranes or surfactants, a controllable coating layer
can form, mimicking the interactions between cells and the physiolog-
ical environment, thereby reducing nonspecific protein adsorption.
Yang et al. [137] proposed a strategy for constructing cancer vaccines by
coating immunoadjuvant nanoparticles with mannose-modified cancer
cell membranes. The cancer cell-coated nanoparticles can serve as
tumor-specific antigens to stimulate anti-tumor immune responses and
enhance the uptake by antigen-presenting cells, particularly promoting
the maturation of dendritic cells, thereby triggering a strong anti-tumor
immune response. Cao et al. [138], through CRISPR-Cas9 genome
editing technology, identified ALOX15, a key gene driving ferroptosis,
and encapsulated its saRNA in mesoporous polydopamine (MPDA). The
assembly of saALOX15-loaded MPDA was then coated with modified
macrophage membranes to avoid phagocytosis by the mononuclear
phagocyte system (MPS), promoting the uptake of NPs by glioblastoma
(GBM) and thereby enhancing ferroptosis in GBM cells. These efforts
contribute to theoretical exploration and prospects for the targeted
chemotaxis of nanomotors to deeper layers of tumors.

The speed of chemically driven nanomotors is not ideal [139], even if
the catalytic reaction is highly efficient and fast, the speed generated
within the nanomotor is still only tens of body lengths per second, while
ultrasound-driven nanomotors can achieve high-speed motion, reaching
up to 200 pm per second, which is equivalent to covering 100 body
lengths per second [140]. This means that they may not meet some of
the high-speed and efficiency requirements in practical applications. On
the one hand, their motion ability mainly depends on the rate and ef-
ficiency of chemical reactions. However, due to the special properties of
the blood environment, such as high ion concentration, pH changes, and
the presence of complex biomolecules, chemically driven nanomotors
have relatively slow movement speeds in the blood. On the other hand,
the design and size of nanomotors also affect their motion ability.
Smaller nanomotors usually have higher speeds but face challenges in
stability and controllability. Therefore, it is necessary to balance the
relationship between size and motion ability when designing
nanomotors.

Furthermore, the capacity for penetration exhibited by nanomotors
is intricately linked to their respective fuel sources. The review has
meticulously compiled a variety of fuel-driven nanomotors, systemati-
cally evaluating the advantages and limitations associated with each
fuel type. As the saying goes, every coin has two sides. Therefore, the
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selection of an appropriate fuel source is vital for deep tumor
penetration.

Moreover, we expect nanorobots to possess the ability to rapidly
respond to the tumor microenvironment, utilizing various chemical re-
actions to generate autonomous propulsion, enabling swift chemotaxis
and internalization into tumor cells [141]. Additionally, the substances
produced by these chemical reactions should also exhibit anti-tumor
effects [142]. There are some fundamental strategies to consider. 1)
Exploring ligand/membrane-coated nanomotors. The surface of the
nanomotor could be modified with high-affinity biomolecules (such as
peptides, small molecule ligands, antibodies, etc.). These biomolecules
can bind to specific receptors on the surface of tumor cells, thereby
facilitating the rapid internalization of the nanomotor by the tumor cells
or directing it towards deeper regions of the tumor. Additionally,
coating with cell membranes (e.g., macrophage membranes [143],
cancer cell membranes [144]) is an alternative strategy to circumvent
the complex issues we have detailed above (such as the influence of the
protein corona) while enhancing the interaction between the nano-
motors and tumor cells, thereby improving therapeutic efficacy. To
release the encapsulated nanomotors and initiate the chemical reaction,
a method must be employed to remove the so-called “cell protective
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layer.” This can be achieved by using photothermal perturbation of the
cell membrane to accomplish this task (Fig. 6).

Indeed, while harnessing the robust propulsion of a rapidly
advancing nanomotor, it is also essential to effectively utilize the
products of enzymatic reactions. By coating or modifying the nanomotor
with various catalysts or enzymes, it can not only enhance its propulsion
efficiency but also trigger a series of beneficial reactions in specific en-
vironments. For instance, by producing gases such as hydrogen sulfide,
carbon monoxide, sulfur dioxide, and other specific gases, the nano-
motor can further induce apoptosis in tumor cells or disrupt the tumor
microenvironment. This approach enhances the penetration ability and
therapeutic efficacy of the nanomotor, ultimately inhibiting tumor
growth and metastasis.

Currently, nanomotors primarily rely on chemical response elements
such as urea, hydrogen peroxide, and arginine to respond to the tumor
microenvironment. These elements can trigger the movement and
functionality of nanomotors under specific chemical conditions within
the tumor microenvironment. However, with an increasing under-
standing of the complexity of the tumor microenvironment, relying
solely on these chemical response elements may not fully address the
diverse requirements of different types and stages of tumors. The future
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Fig. 6. Schematic illustration of precision targeting nanomotors for tumor cells.
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development of nanomotors will inevitably involve the exploration of
more diverse response sources. For instance, mechanically pressure-
sensitive nanomotors will emerge as a crucial research direction.
These nanomotors can respond to mechanical pressure changes in the
tumor microenvironment, particularly as tumor growth progresses and
the distribution of tumor interstitial pressure and surrounding pressure
changes significantly. By utilizing this mechanical signal, nanomotors
can more precisely locate and penetrate tumor tissues, thereby
enhancing therapeutic efficacy.

Looking to the future, similar to the Apollo program that sent
humans to the moon, dispatching “customized doctors” - “nanorobots”
to treat cancer in the body is also an ambitious and challenging project.
With the development of new materials and drug preparation technol-
ogies, nanomotor drug delivery systems are expected to precisely locate
and attack cancer cells like “miniature submarines”, while avoiding
damage to normal cells, bringing about revolutionary changes in human
health and well-being.
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